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Abstract

Philippine low-income housing is uncomfortable since it is not built to deal with the hot and humid climate in
a passive way. Since local vernacular architecture is known to have a good climatic responsive performance,
the aim of this research is to learn how Philippine vernacular design strategies can improve thermal comfort
for low-lying, sub-urban and rural, low-income housing. The strategies studied are openings, eaves, stilts,
orientation, roof insulation and roof angle.

Two-day in-situ thermal measurements are used to study the comfort performance of the housing typol-
ogy. To study the influence of the strategies or combinations of them on comfort, numerical predictions are
used consisting of energy and CFD, wind-driven simulations. The numerical models are validated before the
strategies are varied on a general case or a case study. The average exceeding temperature (AET) in Kelvin is
used to assess comfort. It is calculated by accumulating for every hour of the year the exceeding temperature
in Kelvin and divide this by the amount of hours that could be uncomfortable. A conceptual implementation
study is performed to take disaster resilient and practical considerations into account.

The impact of varying the strategies on the case study resulted in a reduction in AET of about 5 K for
openings, 0.7 K for orientation, 0.6 K for eaves, 0.5 K for stilts and 0.1 K for roof insulation. On this basis, it
can concluded that applying the guidelines as stated below, comfort increases significantly. More impact can
be obtained if the strategies are implemented and combined as described by the passive design guidelines
below.

• To increase wind driven ventilation in wind direction, openings should be made on the wind- and lee-
ward facade until ground floor, have an opening height (Oh) based on the facade height Fh by the rule
of thumb: Oh[m] = 0.85·Fh[m], include a leeward roof opening and include openings on the remaining
facades.

• Dependent on the wind direction, the openings should be opened accordingly. If no wind is present,
all roof openings should be opened. During typhoons, they should be closed.

• As much open area on facades in the main monsoon wind direction is advised. The openings on the
other facades should be placed in the middle of the width to increase the performance with wind com-
ing from the other directions.

• Hinged eaves with a 15° and length calculated by the rule of thumb: El ,15◦ [m] = 0.6 ·Fh[m] should be
used. During typhoons they should be folded in to decrease the related pressures.

• Increasing stilts height increases comfort by an exponential decay. To determine the height, a comfort
increase of about 0.17 K for 1 meter, 0.30 K for 2 meter and 0.40 K for 3 meter in AET reduction are
obtained. Braced, wooden stilts are advised to protect against floods and increase earthquake resilient
behaviour.

• A roof insulation with an Rc-value of 1 m2K/W is advised to gain about 0.2 K AET.

Further research is needed on buoyancy driven ventilation to improve the provided design guidelines.
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1
Introduction

In this chapter, the subject and framework of this research is introduced. First, the relevance is discussed.
The objective with corresponding research questions, terminology and delimitations are discussed next. The
methodology that is adopted to answer the research question is discussed in the third section. The chapter is
concluded with the outline of this report.
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2 1. Introduction

1.1. Relevance
The high temperatures and high humidities found in the Philippines result in severe difficulties in achieving
thermal comfort in a passive way [19]. Since low-income housing households lack the means to use active
design solutions, they suffer from undesirable thermal comfort conditions. These conditions are the worst in
low-lying areas, because they are subject to the highest temperatures. Therefore, applicable passive climate
design knowledge for low-income and low-lying households is necessary.

The housing typologies found in cities show a large variety in terms of scale and surroundings. In sub-
urban and rural areas however, the typologies found are observed to have similar scales and surroundings.
In addition, heat can dissipate easily in these areas compared to dense cities. Therefore, providing passive
design knowledge for sub-urban and rural housing is widely applicable with a greater potential. As a benefit
of passive design knowledge, the need for air conditioning decreases. Since air conditioning is a significant
portion of the energy use of the Philippines, this can contribute to reducing the energy use which is in line
with our global aim to reduce energy consumption.

Vernacular architecture is known to be well adapted to the climatic and social conditions of its location
[20]. Studies in countries with similar conditions like Vietnam [25] and Malaysia [19], showed the potential of
vernacular passive design solutions (or strategies) to improve thermal comfort. Figure 1.1a illustrates a quali-
tative analyses of the used vernacular design strategies found in Vietnam. Philippine vernacular architecture
is also known for its climate responsive behaviour and similar to the intended housing typology. Several ar-
chitectural analyses expressed the qualities, distilled several climate responsive design strategies [21] [28] or
performed an implementation step of the strategies to modern mass housing [12]. However, thermal comfort
performance of Philippine vernacular architecture is not studied and translations to applicable solutions are
missing. Therefore, studying Philippine vernacular architecture has high potential to provide applicable cli-
matic design knowledge. The figure below (1.1b), illustrates an example of Philippine vernacular architecture.

(a) Vernacular design strategy of attic and cross ventilation [25]. (b) A bahay kuboAn example of Philippine vernacular architecture, [33].

Figure 1.1: Analyses of Vietnamese vernacular architecture and an example of Philippine vernacular architecture.

Since the Philippines is also one of the most disaster prone countries of the world, focussing on climatic
principles only is not durable. The table in figure 1.2, illustrates the impact of the top three disasters in the
last 117 years. To reduce this impact, disaster resilient behaviour should be taken into account when design
guidelines are provided. However, quite some research is already performed on the influence of these strate-
gies on disaster resilient design. Applicable recommendations and guidelines on shape, materials, founda-
tion systems and methods [43] [11] [2] are available to use when providing design guidelines.

Figure 1.2: Total damages by top 3 recorded natural disaster types in the Philippines (1901-2018):EM-DAT: The Emergency Events
Database - Université catholique de Louvain (UCL) - CRED, D. Guha-Sapir - www.emdat.be, Brussels, Belgium

1.2. Objective, research questions and delimitations
The objective is defined first in this section. The research question is derived next, which is then narrowed
down by the scope. It is ended by a further definition of the used concepts.
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1.2.1. Objective definition
Based on the relevance of this issue as stated in section 1.1, the following objective can be defined:

"To provide passive design guidelines to improve indoor thermal comfort for low-lying, sub-urban and
rural, low-income housing in the Philippines."

1.2.2. Research questions
The objective translates to the following main research question.

"How can Philippine vernacular climate responsive design strategies improve thermal comfort for low-

lying, sub-urban and rural, low-income housing in the Philippines?"

From the main question the sub-questions stated below can be derived. By answering the sub-research
questions, the main question is answered. The sub-questions are as follows:

Ch. 3 What is the thermal comfort performance of this housing type?

Ch. 4 Which design strategies should be studied in this research to improve thermal comfort of this housing

type?

Ch. 5 How do the design strategies influence thermal comfort parameters?

Ch. 6 How do the design strategies influence thermal comfort performance?

Ch. 7 How could the design strategies be implemented in this housing type to improve thermal comfort?

1.2.3. Delimitations
The following delimitations are used.

Strategy selection Since many Philippine vernacular design strategies can be used to improve thermal
comfort, a selection must be made. In chapter 4, a selection is performed based on the potential to im-
prove thermal comfort and applicability. Materials are not considered as a design strategy to study because
the aspects are too extensive to study within the given time frame.

Housing typology While the housing typologies knows different shapes and dimensions, a general square
shape is used. Windows are defined at mid-height. Their with is half the length of the facade and their height
is half the facade height. Single-story buildings are considered with a hipped roof of 45°. The length and width
considered are 4.8 m by 4.8 m to house a single family. The house can consist of a single room or multiple
rooms.

1.2.4. Definition of concepts
The terms below are often used in this research. To avoid misinterpretations, the definitions used are elabo-
rated.

• Vernacular architecture - Architecture or housing that has originated in the course of centuries through
an evolutionary process. It is based on availability of local materials, techniques and social conditions.
It can be considered optimized to the needs and traditions.

• Passive design - Design that takes advantage of the climate to maintain a comfortable temperature
range in the home.

• Design strategy - An architectural feature or design solution, to reach a certain goal or principle. For
example, an eave is a climate responsive design strategy for the climatic responsive principle, solar
shading.

• Climate responsive principle - A principle to use one of the climatic features to its advantage or protect
against it, also called passive design principle. For example, solar shading or natural ventilation.

• Low-income housing - Single-family housing of one story with a value between 300.000 to 500.000
pesos in the Philippine context. In euros this would be roughly 5000 to 9000 euros.

• Sub-urban and rural - Areas with low density population compared to urban cities. The places where
singular free standing low-rise buildings are found.
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• Thermal comfort - Describing the state of mind related to thermal sensations like hot and cold.
• Low-lying - Areas close to sea level.
• Flow - A description for the stream of air through a building including its velocity.
• Flow pattern - A description for the stream of air through a building but not indicating its velocity.

1.3. Methodology
In this section the methodology to answer the research questions is discussed.

1.3.1. Research steps
Per sub-question, a step is defined and corresponding method discussed. The last step concludes the find-
ings. The flow chart of figure 1.3 shows an overview of the method per step.

Step 1 To answer the first sub-research question, in-situ thermal comfort measurements are performed on
a building of the intended housing type. Thermal measurements are a well known and used [19] [25] method
to obtain reliable thermal comfort performance. Since several vernacular design strategies are used in this
building, their influence can be evaluated.

Step 2 To answer the second sub-research question, Philippine vernacular architecture is analysed by liter-
ature study to distil the used climate responsive design strategies. A selection is made on potential to increase
comfort and applicability for the housing typology. Step two is concluded by a literature review on the state
of the art of the selected strategies.

Step 3 To study the influence of the design strategies on thermal comfort parameters, computational sim-
ulations are performed. The development of computational simulations allows the extensive analyses per
strategy or combination of strategies on their comfort parameter. It has shown to be a valuable tool for analy-
ses of these kind of strategies in vernacular architecture by Nguyen [25]. To avoid influence of specific design
features, general dimensions related to the housing typology are used.

Step 4 To obtain a realistic influence of the strategies on comfort performance, a case study is used. Certain
influences found in specific designs are thereby taken into account. Computational simulations are used in
extension of step three to be able to do extensive simulations.

Step 5 To be able to provide applicable design guidelines to improve comfort, a conceptual implementa-
tion study is performed. An explorative case study design is used to discover the relevant considerations in
implementation of the strategies.

Figure 1.3: Research steps and their corresponding method.

Step 6 After an evaluation of all the results the conclusions and answer to the main question can be formu-
lated.
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1.4. Report outline
The following outline is used in this report. First, the theoretical framework is discussed in chapter 2. This
includes the analyses of Philippine vernacular architecture and its design strategies. From chapter three to
chapter seven, a sub-question is answered by the method defined in section 1.3. The research questions
and corresponding chapter numbers are used as presented in section 1.2. The outline for these chapters is
as follows. First, the method is further defined and discussed. Then, the results are shown and evaluated,
followed by the conclusions. Chapter 8 answers the main research question. The findings of each chapter are
used in the following chapters.





2
Theoretical framework

In this chapter the theoretical framework used to answer the research questions is elaborated. First, thermal
comfort will be discussed. Then, studying air velocity is addressed. It is followed by Philippine vernacular
architecture and its use of design strategies before the chapter is ended with a summary of the conclusions.

7



8 2. Theoretical framework

2.1. Thermal comfort in the Philippines
To be able to study the influence on thermal comfort of design strategies, the concept of thermal comfort is
discussed. First, the theory is elaborated. Then, the Philippine climate is addressed. The section is concluded
with a discussion of the comfort model.

2.1.1. Thermal comfort theory
The term thermal comfort is used in general for describing the state of mind related to its thermal environ-
ment. This state of mind is influenced by thermal sensations, psychological and physiological parameters.
Thermal sensations are influenced by the heat balance of the body. It aims for thermal neutrality (equilib-
rium) between the heat produced (or gained) and heat loss of the body. Psychological parameters deal with
aspects like expectations. The physiological parameters are defined by the response of the body to the envi-
ronment, i.e., if it can adapt naturally. To understand the mechanisms influencing the conditions related to
thermal sensations, these are discussed first. The psychological and physiological parameters are incorpo-
rated in the comfort model.

Heat exchange mechanisms

Two types of parameters influence the heat balance of the body. These are personal and ambient parameters[9].
The ambient parameters are temperatures, air velocity and relative humidity. These are the parameters that
can be controlled in a building. The personal parameters are clothing insulation and metabolic heart rate.
On a more specific level; age, food and gender could also taken into account. If these are not in equilibrium,
we heat up or we cool down which causes discomfort [9].

The four laws of thermodynamics provide the basis to relate heat and temperature to energy and work,
exchange and equilibrium. The main mechanisms regarding heat exchange are elaborated below. While they
have different characteristics, they often occur at the same time and influence each other.

• Thermal convection - Heat transfer by carrying it along the flow of matter, is called thermal convection.
This flow can be caused by external or internal processes like buoyancy forces when the thermal energy
expands the fluid.

• Thermal conduction - Also called thermal diffusion, is the heat transfer by exchanging kinetic energy
of particles by collisions. This takes place within bodies, matter or the boundary of two systems. The
heat flows to reach equilibrium between the particles or bodies in that system.

• Thermal radiation - The transfer or energy by photons in electromagnetic waves due to thermal motion
of matter. This transfer occurs through any transparent medium like fluids, gas or solid and does not
need matter to travel. The amount of heat emitted of a material is dependent on its temperature and the
property called the emissivity factor. For most materials this is around 0.9. An example of an exception
is shiny materials, with a factor of 0.05.

• Phase change - When a material changes its phase, energy is needed while the temperature stays con-
stant. This energy is needed to change the bond between the molecules.

Ambient thermal comfort parameters

Several expressions are used to describe ambient thermal comfort parameters or a combination, influencing
heat mechanism and the heat balance of the human body. The primary parameters are elaborated below.

• Dry-bulb temperature - Dry-bulb temperature is considered the true temperature of the air. It is mea-
sured by a thermometer which is exposed to air but shielded from radiation and moisture. The dry-bulb
air temperature is influenced by thermal conduction of heat by exchanging it to the human body and
environment. It is also influenced by convection which transports heat away or to the object.

• Mean radiant temperature - The mean radiant temperature describes the influence of thermal energy
or heat radiated by matter. It uses the weighted average of the radiant surface temperatures enclosing a
zone in steady state conditions [9]. Since the human skin is very perceptible to radiant heat, the radiant
temperature has a significant influence.

• Operative temperature -To establish a better indication of the temperature that is experienced, the
operative temperature is defined. It knows multiple definitions. The most straight forward one uses the
average of the mean radiant temperature and the dry-bulb temperature in a zone.

• Relative Humidity - A way for humans to lose heat is by the evaporation (phase change) of sweat. For
this process to happen, the air should be able to absorb the vapour. The relative humidity expresses
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the amount of water vapour in the air, compared to the maximum amount of water vapour that the air
can absorb. Since the latter is dependent on air temperature, relative humidity is influenced by tem-
perature. To indicate the total mass of water vapour present in a volume of air, the absolute humidity
is used. It is the mass of the water vapour, divided by the volume or air and water vapour mixture. This
value is more constant compared to the daily drops and rises in temperature.

• Air velocity - Is the rate of air movement to a given distance over time. An increase of air velocity
increases the process of thermal conduction or sweat evaporation from the human body and building
surfaces to the air. It also increases the thermal convection from outdoor to the indoor environment
for example.

2.1.2. Philippine climate
The Philippine climate is shortly elaborated and related to the housing type and area. In appendix A, more
information is provided regarding the climate data used later in this thesis. The national Meteorological and
Hydrological Services of the Philippines [32] is used for the climatic review.

Classification and seasons The Philippine climate can be classified by tropical and maritime. It is char-
acterized by relatively high temperature, high humidity and abundant rainfall [32]. Based on distribution of
rainfall, four climate types are recognized. The climate can be divided into two major seasons, based on rain-
fall and temperature. One, the rainy season from June to November. And two, the dry season from December
to May [32]. The dry season can be divided into a cool dry season from December to February, and a hot dry
season from March to May. The latter is considered as summer and experienced as the most uncomfortable
[32].

Humidity Due to the high temperature and its location being surround by water, the Philippines has a
high relative humidity. The monthly average lies between 85 percent in September and 71 percent in March.
The combination of a high temperature and relative humidity in the Philippines results in the climate being
experienced as very hot [32].

Typhoons Typhoons influence a significant portion of the rainfall, humidity and cloudiness of the Philip-
pines. They originate around the Marianas and Caroline islands. They follow a path Northwest, sparing the
island of Mindanao mostly. The recorded paths per month of the typhoons are illustrated in figure A.3.

Monsoon The Philippines are subject to the climate phenomenon of the monsoon. It describes seasonal
changes in atmospheric circulation and precipitation. The monsoon is caused by unsymmetrical heating of
air by the warm seas in the south and cooler lands in the north. The summer monsoon from late April to
October is coming from the west and south-west. The warm, sea air filled with water vapour cools down
when it goes north over land. As a result, precipitation increases. The winter monsoon comes from east or
north-east direction from late October to April [12]. It is formed over Siberia and northern China. The wind
is cooler and precipitation decreases.

Temperature At or near sea level, the annual temperature is observed to be generally the same in the Philip-
pines. Even in the most northern and southern stations, the differences found are insignificant [32]. Signifi-
cant differences are only found when a difference in altitude is present. As a rule of thumb: with every 1000m
of elevation the temperature decreases with 6 to 10 degrees. For low-lying areas therefore, an example set of
temperatures is applicable.

Wind direction The monsoon causes the wind to have two main directions which are in opposite direction.
The wind is coming from the east or north-east and west or south-west. Figure 2.1 shows an example of
wind speed, frequency and direction from Manila. As can be seen, the wind is coming from east and west
for the majority of the hours. However, a considerable smaller portion comes from the other directions with
a relatively evenly spread. The wind direction is influenced by obstacles like mountains or buildings [43].
However, these influences are location specific and should be taken into account when relevant.
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Figure 2.1: Wind frequency, direction and speed of Manila [5].

Climate conclusion

The climate of the Philippines can be characterized by high temperatures, high humidity and abundant rain-
fall. The temperatures found in low-lying Philippine areas are the same and therefore generally applicable.
Two main wind direction are caused by the monsoon. These are winds coming from east or north-east and
south-west or west and depend on the time of the year. Evenly spread, smaller amounts of wind comes from
the other directions, these are considerable as well. Location based influences like mountains can change the
main directions of the wind, and should be taken into account when relevant.

2.1.3. Comfort model
In order to assess thermal comfort, multiple models have been developed. They are introduces first, before
they are discussed and a selection is made.

The predicted mean vote model

The first extensively studied thermal comfort model is the predicted mean vote (PMV) model. It is based on
experiments involving over a thousand subjects being exposed to well-controlled environments [29] [10]. It
showed that comfort appreciation is predictable by a function of activity, clothing and the four classical ther-
mal environmental parameters: air temperature, mean radiant temperature, air velocity and humidity. The
comfort appreciation is indicated by a description and numerical value, illustrated in figure 2.2. Since com-
fort appreciation is different per person, a percentage of people dissatisfied (PPD) is used. This is 5 percent
for a neutral appreciation.

Figure 2.2: PMV comfort scale used in ASHRAE

The PMV model has been an international standard since 1980. However, several studies [26] showed that
the PMV model does not give correct predictions compared to field studies in several climates and buildings.
This resulted in the development of improved PMV models or alternative models.

For naturally ventilated buildings in hot climates the extended PMV model (ePMV) has been introduced
by Fanger and Tofum [29]. This model takes into account an expectancy factor ep by a multiplication of the
PMV. The expectancy factor is based on local climate and popularity of mechanical conditioning. By defining
an ep value per situation or country, the ePMV has shown to agree well with available quality field studies [29].
It has to be noted that a decimal change in the expectancy value has a tangible result on comfort, resulting in
strong over- or underestimations [9].
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eP MV = ep ·P MV

The PMV en ePMV model have limitations regarding comfort in naturally ventilated buildings in hot cli-
mates. Since they are based on a steady state balance approach in stable controlled environments, they do
not take the adaptability of people into account. For example, if it is hotter, people tend to slow down their
activities and the estimated metabolic rate in the PMV model is not correct. While this is just one example of
adaptability, their accumulation has shown to influence comfort significantly [26]. This adaptive idea, led to
the adaptive thermal comfort approach.

The adaptive thermal comfort model

The fundamental assumption of the adaptive approach is as follows. If a change occurs that produces dis-
comfort, people react in ways which tend to restore their comfort. As a result, the acceptable comfort range
is widened.

Based on field studies, it was found that the neutral temperature is related to the mean average of the
outdoor temperature with a comfortable range of +/- 2 °C. It uses dry-bulb temperature, radiant temperature
and air velocity. If the building gives control to change the conditions, this range can be increased up to 4 de-
grees. Figure 2.3b illustrates an example of the adaptive thermal comfort model with the neutral temperature
and comfort ranges. Humidity is not taken into account in the adaptive thermal comfort model. It is taken
into account by adjusting the model for humid climate types as will be discussed later.

(a) ANSI/ASHRAE adaptive comfort chart [6]. (b) European 16798-1 comfort [6].

(c) Dutch model, ISSO 74:2015 [6].

Figure 2.3: Comfort models illustrated as charts in the different codes [6].

Adoption in building codes The adaptive thermal comfort model gained momentum since its develop-
ment. This resulted in adoption of the model in multiple building codes. Several examples are illustrated
in figure 2.3. The comfortable range of indoor operative temperatures is plotted over the horizontal mean
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outdoor temperature. As can be seen, different comfortable ranges are used based on applicability for build-
ing types, use classes or acceptable percentage limits. Since these models are intended for different source
regions and based on data of different field studies, difference in approximate equations are found. However,
the different models result in roughly the same adaptive temperatures. This reinforces the robustness of the
theory and regulatory documents [6]. However, the adaptive thermal model is also being criticised. It is stated
that the approach is too simplified or needs more research. In addition, several studies [44] [47] [27] and [26]
state that the model should be adapted to comply with field studies for hot and humid climates.

Adaptive model for hot and humid climates Toe [44] studied how the adaptive thermal comfort model
should be adapted for hot and humid climates. The conclusions are presented in the list below. Figure 2.5
shows the field study results used and relevant neutral lines. The outdoor average temperature range of the
Philippines is indicated in red.

• The neutral line for hot and humid climates is based on the field study results for hot and humid cli-
mates. Figure 2.5 illustrates this line.

• The upper comfortable limit is defined by the neutral temperature minus 0.7 °C for an 80% comfort
vote.

• No lower comfortable temperature limit is observed in hot and humid climates.
• With an indoor air velocity of: v > 0.65 [m/s], the upper comfortable limit can be increased above the

neutral operative temperature.

Many studies showed the significant contribution of indoor air velocity to increase the comfort range in
hot climates [26] [44]. For example, Nicol [26] showed that an air velocity of 0.45 m/s in hot climates increases
the comfortable temperature by 2 °C. From a theoretical analyses and assuming a constant air velocity, the
allowance is raised by the relation depicted in the graph of 2.4 [26]. The EN15251 comfort model uses the
same approach and values. The ASHRAE uses several steps to increase comfort by wind speed.

Figure 2.4: Increase in comfort temperature with air velocity [26].

Comfort model selection

Since the PMV and the adaptive thermal comfort models comply with field studies, the idea behind the mod-
els is compared to align with the living conditions in the intended housing typology. The PMV model is
intended for controlled environments while the adaptive model is intended for adaption to the outdoor en-
vironment. Since living and working in low-income and sub-urban and rural areas is usually not done in
controlled environments, the adaptive comfort model is selected.

If the available adaptive comfort models are compared to the adoptions for hot and humid climates, the
EN15251 model shows representative results with a slight overestimation of comfort. This is illustrated in
figure 2.6. The EN15251 upper comfortable limit is plotted over the mean outdoor temperature of the Philip-
pines. As can be seen the lines are almost identical. However, Toe [44] recommended to decrease this neutral
temperature with 0.7 °C. Therefore, comfort is deemed slightly overestimated. To take air velocity into ac-
count, a continuous relation of the comfort range to air velocity is deemed more realistic than a step wise
function. Since the EN15251 model shows representative results and uses a continuous relation to air veloc-
ity, it is selected for this study.
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Figure 2.5: Results and neutral line per climate type [6]. The red area indicates
the mean outdoor temperature range of the Philippines.

Figure 2.6: The EN15251 80% upper comfortable limit
temperature [°C] plotted as a red line over the outdoor

temperature range of the Philippine.

Conclusion comfort model

Thermal comfort knows several concepts to assess the state of mind to its thermal environment. The adap-
tive approach is selected because it complies with field studies and is in line with the living conditions of the
studied housing typology. The adaptive model relates a +/- 2 °C comfortable range to the mean average of the
outdoor temperature. If the adoptions for hot and humid climates are taken into account, the EN15251 adap-
tive thermal comfort model shows representative but slightly overestimated comfort indications. In addition,
the lower comfortable limit is removed.

2.2. Studying air velocity
In this section, knowledge necessary to study air velocity and flow patterns in buildings is addressed. First,
aerodynamics and its principles is introduced. Then, the use of computational fluid dynamics (CFD) is dis-
cussed.

2.2.1. Aerodynamics
Aerodynamics is a branch of fluid dynamics and studies the movement of gasses. If the movement of gasses
in buildings is studied, the continuum assumption is used. This assumption neglects the discrete behaviour
of molecules and allows properties as density and flow velocity to be defined. These properties can then be
used in the dynamics conservations laws of mass, momentum and energy. When the flow is much lower
everywhere then the speed of sound, an incompressible flow can be used. This means the density does not
change in the flow and allows a simplified version of the differential equations to be solved.

• Laminar or turbulent flow - A laminar flow is characterized by the flow following smooth paths in
layers with little or no mixing. Turbulent flow is in contrast with the laminar flow. It is a rough flow with
adjacent layers mixing and chaotic changes in pressure and flow velocity.

• Reynolds number - The Reynolds number, describes the relation between the inertia force versus the
shearing force. E.i. the speed of the flow relative to the viscosity. It relates the speed of the flow to the
occurrence of laminar or turbulence flow [4].

• Boundary layer - The boundary layer concept refers to the layer close to the boundary. In this layer,
the effects of viscosity are significant. It describes the different flow in this region compared to the
undisturbed free flow stream. It is defined by the particles reaching 99% of the free stream velocity.
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• Aerodynamic forces - Air flowing around and past the surfaces of a body, exert a force on it. Drag is
the force in parallel direction to the wind while lift is the force in perpendicular direction. Drag force is
proportional to the velocity for a laminar flow, and is proportional to the squared velocity for a turbulent
flow.

2.2.2. Indoor air velocity
To provide an air flow, a pressure difference and a path to solve it are required. Two natural ways are used to
provide this pressure difference. These are wind driven ventilation and buoyancy driven ventilation.

Wind driven ventilation Since the building forms an obstacle for wind, a higher pressure is created on the
windward side and a lower pressure is created at the leeward side. This is illustrated in figure 2.7a. The pres-
sure difference is found to be relatable to the squared wind speed at the roof edge as illustrated in figure 2.7b.
To estimate the volume of air going in through the openings based on this pressure difference, Bernoulli’s
equation can be used. Bernoulli uses the concept of conservation of energy and mass along a streamline to
relate the pressure, the potential and kinetic energy of the flow through the area. An incompressible flow is
used without viscous forces. Applying these equations to the building and simplifying, resolves in the equa-
tion written below. This is known to result in good estimates of volumes of air for simple cases. However, the
flow is not defined and eaves, orientation and roof angle are not taken into account

(a) Pressure development on facades due to wind [41]. (b) The pressure difference related to wind speed at roof height [45].

Figure 2.7: Pressure development and difference related to a reference wind speed at roof height.

V ≈ vh ·Cd · Ae

Where

V = Air volume [m3/s]

vh = Wind speed at roof edge [m/s]

Ae = Equivalent opening area defined as 1/A2
e = 1/A2

1 +1/A2
2

Cd = Discharge coefficient between 0.65 and 0.8

Buoyancy driven ventilation Buoyancy driven ventilation is also called stack effect. It is caused by differ-
ences in indoor and outdoor temperatures which create pressure differences. When the indoor temperature
is higher than outside, the higher pressure will cause it to rise and exit the building. It is then replaced by
cooler, denser air from below creating the so called stack effect. The stack effect is dominant during periods
of low wind speeds [1]. It was found that the difference in temperature and vertical distance between in and
outlet determine the efficiency of stack ventilation [1]. Since in tropical regions no substantial differences
between in and outdoor environments are present, studies agreed that cross ventilation is a more effective
approach than stack ventilation [13] [3]. In addition, our single-story housing provides little vertical distance
and the velocity should be above 0.2 m/s to increase the comfortable limit. Therefore, no significant con-
tribution of stack effect to air velocity is expected. Initiating air movement however does contribute to heat
dissipation and therefore still contributes to increase comfort. Especially when no wind is present this effect
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2.2.3. Computational fluid dynamics analyses
To study the flow of air through a building computational fluid dynamics (CFD) analyses can be used. In
CFD, modelling assumptions influence the result significantly. Validation of the results to wind tunnels test
is therefore necessary.

2.3. Philippine vernacular architecture and its design strategies
In this section, Philippine vernacular climate responsive design strategies are reviewed by a literature study.
The Philippine vernacular buildings are introduced first. It is followed by a list of the used strategies.

2.3.1. Philippine vernacular buildings

The bamboo hut

One main vernacular building was found everywhere in the archipelago [33]. Perez [33] used the term "bam-
boo hut" to describe the following similar characteristics of this building type. It was a hut constructed of
wood, bamboo and thatch. It used a single room as depicted in figure 2.9b. It rested on stilts and was cov-
ered by a steep roof. The roof could be hipped, pyramidal or gable shaped and continued in eaves. Although
having many similarities, further distinction is made based on location and other characteristics [33]. For
example, the bahay kubo (cube house), mountain dwellings and island dwellings [33]. These are illustrated
in figure 2.8. Figure 2.9a shows a section of the bahay kubo.

(a) A mountain dwelling found in Cordillera [33]. (b) A bahay kubo found in Panay [33]. (c) An island dwelling found in Sulu [33].

Figure 2.8: Several bamboo hut types as recognised by Perez [33].

(a) Section of a bahay kubo [33]. (b) Room of a bahay kubo [33].

Figure 2.9: Bamboo hut section drawing and picture of a room [33].

The bahay na bato

The bahay na bato is the product of evolution of the bahay kubo with a mixture of Spanish architecture. Due
to the Spanish influences, it is up to debate if it can be considered real vernacular architecture. However, it
also went through an evolutionary process of hundreds of years, mainly used local materials and is known for
its passive design performance. It is therefore also reviewed for its use of design strategies.

It is characterised by a hipped roof, elevated living quarters, a post and lintel construction and a stone
facade on ground level. The introduction of stone to the building went through an evolutionary process.
Stone was introduced to increase fire safety but comfortability and earthquake behaviour limited its use to
the first floor height. The houses were mostly designed in a town setting for the rich. Abundant space, rooms
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for servants and multiple prestige rooms were therefore provided. Through time it has known many shapes
and forms. Figure 2.10 illustrates several of its appearances.

(a) A typical early form of a bahay na bato [49]. (b) The all weather bahay na bato [49]. (c) A preserved bahay na bato in urban setting.

Figure 2.10: Several bahay na bato appearances.

2.3.2. Philippine vernacular design strategies
Several design strategies are mentioned by scientific studies regarding Philippine vernacular architecture [21]
[28] [12]. More elaborate analyses were found in architectural books [33] [49]. The found climate responsive
strategies are presented below.

• Facade openings for natural ventilation and lighting. Sometimes in the form of a removable wall panel
• Permeability of floor, wall and roof to provide natural ventilation.
• Material permeability to cool air.
• Eaves to provide solar shading and rainwater discharge.
• Building on stilts to increase natural ventilation and prevent flood damages.
• The callados concept (walls not to ceiling) to enhance natural ventilation.
• Building orientation and location for natural ventilation and solar shading.
• Hipped and high pitched roof for protection against solar radiation and providing stack effect.
• Light building materials to have a light thermal mass.
• Evaporative cooling for passive cooling.
• Light colour use for passive cooling.
• Courtyard induced ventilation for natural ventilation.
• Roof insulation by a thick thatch roof to decrease solar gain.
• Using orientation and location for solar shading and natural ventilation.
• Adjustable openings like jealousies for natural ventilation and lighting.
• High ceiling, no ceiling or permeable ceiling to increase natural ventilation.
• Big openings between rooms in houses for natural ventilation.
• A volada (balcony with facades) for solar shading, thermal insulation by design and dust and noise

protection.
• A corridor for solar shading and thermal insulation by design.
• An opening between the facade and roof for natural ventilation and natural lighting.

2.4. Conclusions
To assess comfort, the European adaptive thermal comfort model (EN15251) without lower comfortable limit
is selected. It is shown to be representative with a slight overestimation for the hot and humid climate of the
Philippines. It uses an operative comfortable temperature range around a neutral temperature. The opera-
tive temperature is the average of the dry-bulb temperature and the mean radiant temperature. The neutral
temperature is related to the mean outdoor temperature. The range is increased by air velocity.

The climate of the Philippines can be characterized by high temperatures, high humidity and abundant
rainfall. The temperatures found in low-lying Philippine areas are the same and therefore generally applicable
in these areas. An opposite sided main wind direction is caused by the monsoon. The winds are coming from
east or north-east and south-west or west and depend on the time of the year. A considerable evenly spread
smaller amount comes from the other directions.

Wind driven ventilation mode is selected to study air velocity. Buoyancy driven ventilation is not expected
to significantly contribute to air velocity, but should be provided to enhance heat dissipation.



3
Comfort performance of housing type

In this chapter the comfort performance of low-income, sub-urban and rural housing is discussed. The fol-
lowing sub-research question is thereby answered: "What is the thermal comfort performance of this housing

type?" To answer this question thermal measurement are performed on a house in San Remigio, Cebu, the
Philippines. In section one the method is discussed and the hypotheses formulated. The results are discussed
in section two. The findings of this chapter are concluded in section three.

17
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3.1. Method
To study the thermal comfort performance, in-situ measurements are performed. First the performed mea-
surement are introduced. The measurement variables and equipment are addressed next. The measurement
plan is defined in sub-section three. The section is concluded by definition of the hypotheses.

3.1.1. Introduction measurements
The house measured is depicted below in figure 3.1. Information about duration and location of the measure-
ments is presented in the table of figure 3.2. The duration addresses two day and night cycles. The building is
regarded as an example of sub-urban and rural, low-lying and low-income housing for the following reasons:
it is located in a low-lying and rural area, the dimensions are close to our intended housing typology, and its
materials and construction method is low-income based. Air velocity is measured in a half-hour time window
at multiple locations in the building.

Figure 3.1: Measurement object of housing type.

Figure 3.2: Measurement specifications of the object.

Additional measurement objects

In addition to the previous object, a bahay na bato and a bamboo hut in a resort were measured. They were
selected on their use of vernacular design strategies, resemblance to Philippine vernacular architecture and
availability. The buildings are illustrated in fig 3.3 and their measurement specifications in the table of figure
3.4. Since their results did not significantly contribute to the conclusions, the results of these measurements
are shown in appendix B. The air velocity measurements of the bahay na bato are most relevant and discussed
more elaborately in appendix B.2.2.

(a) Bahay na bato. (b) Bamboo resort hut.

Figure 3.3: Additional measurement objects. The results are shown in appendix B.

Figure 3.4: Measurement specifications of additional measurement objects.
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3.1.2. Measurement variables and equipment
As explained in section 2.1, the relevant comfort parameters are dry-bulb temperature, radiant temperature
and air velocity. The equipment, the variable(s), the range, interval and accuracy are shown in the table of
figure 3.5. Relative humidity is also measured since it indicates a thermal sensation and is inversely related
to the dry-bulb temperature. A 10-minute interval is used to obtain a representative indication of the perfor-
mance over time.

Figure 3.5: Specifications measurement machines and logging

Test measurement A test measurement of dry-bulb temperature is performed to validate the accuracy of
the equipment. The observed accuracy is +/- 0.7 °C for the I-buttons except one. The result of this I-button
are therefore calibrated to the mean of the other temperatures by adding 1.2 °C.

Radiant temperature By placing the I-buttons with their sensors against the material surface, the surface
temperature can be measured. The radiant temperature can then be determined by taking into account the
emissivity factor (usually 0.9). For rough or curved surfaces, it is expected to be less accurate due to the sur-
faces not being in direct contact. As a result, the air in between can be replaced by fresh air, underestimating
the results during hot periods.

Air velocity Based on availability, the Aimometer is used to measure the air velocity. However, the range
of the Aimometer might not be sensitive enough (v > 0.8 m/s) to measure the expected indoor wind speeds.
Since it measures a one-dimensional direction of the velocity, multiple directions per location are measured.

3.1.3. Measurement plan
In this section, the building is elaborated and the measurement plan discussed.

The object

The building is illustrated in the pictures of figure 3.6. Its surroundings are indicated in figure 3.7. As can
be seen, the building uses modern galvanised iron (GI) roof panels, three layers hollow core cement blocks
stacked on the ground floor and sawali mats (woven bamboo slats) for the facades. The use of GI roof panels
and sawali mats makes it a lightweight building. The floor is made of cement. More information about the
building and choices for the materials is provided in appendix section B.1.

The following design characteristics and strategies are recognised. An operable opening and a door on
the front north-east facade, a hipped roof of 30 degrees, eaves of 0.8m with a 30 degree angle and permeable
facades. Between the roof and facade, a 30cm opening is present all around the building as illustrated in
figures 3.6f and 3.6g. The location is close to sea but on higher ground. The rural setting and orientation is
illustrated in figure 3.7. As can be seen, the building is not protected by shading of the surroundings during
the day. The kitchen is located outside. The electrical appliances are a speaker set and a small tv. A family
consisting of two parents and two children inhabits the building.

Measurement plan

The measurement plan is depicted in figure 3.8, using the equipment and intervals depicted in figure 3.5. The
locations of the loggers are discussed below.

Placing equipment To measure the dry-bulb temperature in every room, at least one meter is placed per
room. They are situated away from appliances generating heat to avoid disturbances. In the rooms that are
used for sleeping, the height is adjusted to sleeping level. In the living zone, meters on multiple height are
used to see if the temperature is influenced by height. To determine the radiant temperature a temperature
logger is placed on the surface of every roof panel and most of the facades. The directions of the panels
are indicated by abbreviations. For example, s-e indicates the panel which faces the south-east direction.
Multiple data loggers are placed outside to avoid location based influences.
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(a) Front facade north-east. (b) South-west facade. (c) South-east facade.

(d) Interior. (e) Facade permeability. (f) Roof material and structure. (g) Opening between eave and wall.

Figure 3.6: Illustrations of the measurement building.

Figure 3.7: The surrounding of the measurement object. In green the trees. The height is indicated by the shade of green used. Only the
trees in the north are higher than the building.

(a) Location of equipment in the floor plan. (b) Location of equipment in the ’AA’ cross-section.

Figure 3.8: Measurement plan in cross-section and floor plan.

Use of house The inhabitants occupied the house during the measurements. The inhabitants opened the
openings during the day and closed them during the night. As observed, living during the day was mostly
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done outside.

3.1.4. Measurement plan air velocity

To obtain an indication of the air velocity and flow through the building, the speed at several openings and
rooms is measured. A single half our measurement period is used per building because the outdoor wind
speed and direction are known to be quite constant in this range. To have a realistic indication with only one
measurement machine, per location the velocity is measured for 1 minute in the relevant direction. After-
wards, the average is taken to determine the air velocity.

3.1.5. Hypotheses

The basis which led to the hypotheses are shortly discussed before the hypotheses are presented in italic. A
distinction of day and night is used to refer to the hours with or without sunlight. Based on the sunrise (05:50)
and sunset hours (17:25), day indicates the time range from 05:30 to 17:45 and night indicates the hours in
between.

• The building is a lightweight structure and has low insulation values of the facades and roof. In addi-
tion, a permanent opening between the roof and facade in combination with a considerable permeabil-
ity, allows heat to dissipate during day and night. Consequently, the following hypothesis is formulated.
"The building is responsive to the outdoor temperature."

• During the day, the heat load on the building can’t dissipate as easy as outside since no constant wind
driven flow is allowed by the openings. During the night, the extra heat generated by people and
electrics, cause more heat to be inside than outside. "The indoor dry-bulb temperatures are higher than

the outdoor dry-bulb temperature."

• Since the insulation values of the facades and roof are low, the inside surface temperature are expected
to rise up significantly. They follow the solar radiation load and orientation. The GI roof panels are
subject to the most solar radiation and are therefore expected to heat up most. "The inside surface

temperatures are expected to increase significantly, dependent on solar orientation and load."

• The heat radiated to the direct environment by the inside surface temperatures is expected to influence
the dry-bulb temperature of the rooms. The air temperature rises accordingly by conduction of the heat
to the environment. "The inside surface temperatures influence the dry-bulb temperatures of the room

correspondingly."

• The high solar radiation load emitted by the GI roof panels, the short eaves and lack of openings to
increase the upper comfortable temperature by providing velocity, cause the living room to be uncom-
fortable during the major part of the day. Since it is a lightweight building where air can constantly
dissipate through the permeable walls, the heat is released easily when the night arrives. Therefore, for
the major parts of the day, it is expected to be uncomfortable. "The building is uncomfortable during

the major part of the day."

• As explained in section 2.2, the openings in combination with the pressure difference, result in a flow
through the openings and house. Since the area is the smallest at the opening, the highest speed is
expected. The area increases in between the openings through the house, therefore decreasing the
speed. "The air velocities measured are maximum at the openings and lowest in the rooms."

3.1.6. Conclusion method

The comfort performance is measured by in-situ measurements of dry-bulb temperature, radiant tempera-
ture and air velocity. Based on a test measurement, the accuracy of the temperature meters is determined
within a range of 0.8 °C. The inside surface temperatures are expected to be underestimated when rough or
curved surfaces are measured. Due to availability, the Aimometer is used to measure air velocity. Its range of
(v > 0.8 m/s) might not be sensitive enough to measure the air velocity.

The measurement plan is designed as follows. In every room a dry-bulb temperature meter is placed. In
the living room the temperature is measured at different heights. The inside surface temperature of the roof
panels and two facades are measured to obtain the radiant temperature. The outdoor temperature is mea-
sured at several locations to obtain a more reliable result on the outdoor temperature. One-minute average
air velocity measurements are used at multiple locations to generate an indication of the velocity and flow in
the building.
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3.2. Results
In this section, the thermal performance results of the two-day field measurements are presented and dis-
cussed respectively. The following hypotheses are tested.

• "The building is responsive to the outdoor temperature."

• "The indoor dry-bulb temperatures are higher than the outdoor dry-bulb temperature."

• "The inside surface temperatures are expected to increase significantly, dependent on solar orientation

and load."

• "The radiant temperatures influence the dry-bulb temperatures correspondingly."

• "The building is uncomfortable during the major part of the day."

• "The air velocities measured are maximum at the openings and lowest in the rooms."

3.2.1. Results
All the temperature results and the monthly average are plotted in the graph of figure 3.9. The in and outside
dry-bulb temperature results are plotted in figure 3.10. Figure 3.11 illustrates the thermal performance of the
building and indicates the surface temperatures by dashed lines. In these graphs the horizontal axis indicates
the time. The vertical axis indicates the temperatures. The outdoor temperature results are discussed first so
it can be used for discussion of the other results.

Figure 3.9: All temperature results plotted over time. The orange dashed line indicates the average temperature of the month November.

Outdoor temperature

Results The loggers T2, T3 and T San Carlos (Tsc) indicate the outside temperature. The outside tempera-
tures are different during the day. E.g., T2 is significantly lower during the day than THobo 2 and THobo 3.
TsanCarlos has lower values during the day than inside and than Thobo2 and Thobo1.

Discussion The unrealistic high outdoor dry-bulb temperatures during the day of Thobo3 and Thobo2 are
explained by their location. Their attachment to GI panels covered it from rain but also caused it to heat
up significantly due to the solar radiation. TsanCarlos was better protected versus solar radiation because it
was placed under the kitchen under a cover. However, the cover is exposed to solar radiation coming from
north east (in the morning) and heat by cooking. This explains the small peaks found in the morning. Since
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TsanCarlos has the least influences from external factors which can be distinguished easily, it is used as the
governing outdoor dry-bulb temperature.

Indoor environment results

Dry-bulb Temperature The inside dry-bulb temperatures, are indicated by T1, T2, T7, T10, THobo1 and
THobo4. All the temperatures except T7 follow the same day and night pattern. They rise to a top during day
and then cool down to their minimum point just after 5AM. T7 is the only temperature meter which performs
fluctuating behaviour during the night with differences of 6 °C between peaks and troughs. During the night,
the outside temperatures follow the same regression line as inside but about 2 °C lower. At 6 AM, the in and
outside temperatures, start to increase again.

Figure 3.10: The plotted indoor and outdoor dry-bulb temperatures over time. The indoor temperatures are plotted as dashed lines and
the outdoor temperature as the continuous green line.

During the day, the range between temperatures is several times greater than during the night. For ex-
ample, T2, which is located just under the roof, is hotter with around 4 °C during the day. The range of the
fluctuations is also greater than during the night. In night-time, the same regression line within a range of
1.5 °C is observed for all the temperatures except T7 and T10. T10 which is located in the west room is hotter
than the other dry-bulb temperatures with about 1.5 °C.

Radiant temperature The radiant roof temperatures are indicated by T3 s-e, T4 n-w, T5 s-w and T6 n-e.
They indicate the south east, north west, south west and north east roof temperatures. Logger T8 is from the
south-east facade and T9 from the north east facade. All the temperatures follow the day and night pattern.
They rise through the day to a maximum and than cool down to their lowest point in the early morning. The
south-west and roof surface temperatures rise up to their maximum at 46.3 °C. During the day, the facade
surface temperatures are significantly lower than the roof surface temperatures and are close to the indoor
dry-bulb temperatures.

The peak of the south east roof panel is early in the day and at midday. The peak of the south west roof
panel is during the whole day, and the peak of north west in the middle and end of the day. During morn-
ing and midday, the south east facade and north east facade show a temperature increase of one or several
degrees Celsius more than the dry-bulb temperature increase.

Air velocity The air velocity measurement were all 0 m/s.
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Thermal comfort performance In the graph of figure 3.11, the light green area indicates the comfort range
of operative thermal comfort temperature for November. Since no air velocity is measured, this range is not
increased by air velocity. As can be seen, at 8AM, all the indoor temperatures rise above the upper comfortable
limit. The dry-bulb living room temperature (T1) increases with two to three degrees Celsius above the upper
comfortable limit and is highest just after midday. All the surface temperatures are higher than the dry-bulb
temperature of the living room.

Figure 3.11: The comfort performance of the building. In light green, the comfortable temperature range. The surface temperatures are
indicated by the dashed lines. The continuous line present the governing dry-bulb temperatures of the living room.

3.2.2. Discussion results
The results are discussed per hypothesis.

Building responsiveness to outdoor temperature The indoor dry-bulb temperature results show the same
trend in rising and decreasing as outdoors except one. The short response time of less than half an hour is
explained by its light weight structure and provision of natural ventilation. The fluctuating behaviour and
increase of general temperature during the night of T7 can be explained by the uncontrolled environment
of the measurement. It is placed close to the ground, making it susceptible to contact with animals or per-
sons sleeping next to it. Another option would be that electrical appliances were moved. The hypotheses is
therefore deemed as true.

Indoor dry-bulb temperatures higher than outdoor The hypotheses holds except for the small peaks.
These are explained at the outside temperature discussion. Therefore, the hypotheses is tested as true.

The inside surface temperatures follow solar radiation The inside roof surface temperatures follow the
orientation to the sun clearly. Several reached the limit of the equipment. The high temperature were also
confirmed by indicative measurements using the infrared thermometer. The hypotheses is therefore tested
as true for the roof panels.

The facade temperatures are both from the living room. They show a small increase in inside surface
temperature which corresponds with the fluctuations of the living room dry-bulb temperature. It is expected
that T8 did not increase significantly because the eave protected it from solar radiation. T9 did not because it
was placed just underneath the opening. This shutter blocked the solar radiation.
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The influence of radiant temperatures The heating up of T2 during the day can be explained by the role of
the radiant temperature. Is it located close to the significantly hotter roof panels which emit a lot of radiant
heat. In addition, the hotter rising air can not escape and is therefore trapped. As a result the temperature
rises even more. Therefore, radiant temperatures influence the dry-bulb temperature significantly in the
ridge.

The two facade temperatures measured don’t increase significantly. However, the dry-bulb differences
in temperatures of the room can be explained by their orientation and solar radiation. This indicates the
influence of the inside surface temperatures on the dry-bulb temperatures. The rooms on the west show
the highest temperatures in the afternoon and evening. The south east room show higher temperatures in
the morning and midday and has a significant increase compared to the other rooms. The latter can be
explained by its location close to the facade at a low height. This makes it susceptible for influence of solar
radiation load. Based on the increase of temperatures inside the house on solar radiation and roof surface
temperatures, the hypotheses is deemed true.

Air velocity No air velocity was measured. This is explained by the sensitivity of the Aimometer which is not
sensitive enough to measure the low air velocities. However, the occurrence of a small breeze was experienced
and observed by moving curtains due to wind during the measurements.

Comfort performance T1 is used as the governing temperature since it is in the living room and close to
living height. The graph in figure 3.11 illustrates clearly the performance compared to the comfort range.
As can be seen, the dry-bulb temperature is 3 to 4 °C higher than the upper comfortable limit temperature.
Several roof surface temperatures are at least 16 °C higher than the upper comfortable limit temperature.
Since the other surface temperatures are expected to be in the same range or higher than the indoor dry-bulb
temperature, the house is uncomfortable during the day. It is most uncomfortable during midday when the
dry-bulb temperatures and radiant temperatures are the highest. Since the level of discomfort is high and the
days measured have average temperatures, its yearly performance is considered to be uncomfortable. The
hypothesis is thereby tested as true with the specified addition.

3.2.3. Conclusion

The hypotheses were all tested as true with some small additions. The building has a short response time to
the outdoor dry-bulb temperature and has a higher indoor temperature than outside. The inside surface tem-
peratures follow solar radiation orientation except if they are blocked by eaves or shutters. The inside surface
temperatures influence the dry-bulb temperatures of the rooms accordingly. They increase the temperatures
during the day significantly. The high dry-bulb temperatures and radiant temperatures and the lack of air
velocity, results in an uncomfortable building during the day and the least performance at midday.

3.3. Discussion
Two main principles are recognised in this building to increase comfort. These are providing natural venti-
lation and reducing heat absorption. Since no air velocity is measured, the upper comfortable limit is not
raised. Furthermore, natural ventilation decreases the inside temperature to the outdoor temperature. Since
the outdoor temperature also rises above the upper comfortable level, the necessity to increase the comfort
limit is emphasized. The performance of the building is clearly influenced by solar radiation load. It increased
the radiant and dry-bulb temperatures significantly. Reduction of heat absorption is therefore important to
increase comfort.

Towards comfortable circumstances The dry-bulb living room temperature (T1) exceeds the upper com-
fortable limit with around 3 °C for most of the day. If the inside surfaces would be protected against solar
radiation, the indoor surface temperature would be close to the dry-bulb temperature. To cover a 3 °C opera-
tive temperature exceedance, figure 2.4 shows an air velocity of 0.7 m/s to be necessary.

If the indoor environment would be the outdoor temperature. An air velocity of at least 0.5 m/s is neces-
sary to cover the 2 °C exceedance during most of the day.
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3.4. Conclusions
In this section, the findings op this chapter are concluded. The following question is thereby answered: "What

is the thermal comfort performance of this housing type?"

The measurements on a house similar to our housing typology concluded to be uncomfortable during
day time. Around midday the performance in indoor climate is at its lowest. Two phenomena influence this
weak performance. These are too much heat absorption and too little ventilation. The indoor environment
absorbs too much heat because the inside surfaces are not protected from solar radiation. This causes the
inside surface temperatures to rise and the indoor environment to heat up significantly. Too little ventilation
is recognised because the indoor temperature is several degrees Celsius higher than the upper comfortable
limit. Providing air velocity is therefore expected to increase comfort significantly by raising the upper com-
fortable limit and allowing heat to dissipate. If the inside surface temperatures would be protected, an air
velocity of 0.7 m/s is necessary to cover the exceeding 3 °C operative temperature.



4
Strategy selection and state of the art

This chapter answers the sub-research question: "Which design strategies should be studied in this research

to improve thermal comfort of this housing type?". Section one deals with selection of the design strategies
for this study. Section two presents the state of the art of the selected strategies. Section three concludes the
findings of this chapter.
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4.1. Vernacular strategies selection
In this section, the selection process of the strategies is elaborated.

4.1.1. Criteria
Two criteria are used to select the strategies. The first criterium is based on the findings of chapter 3. It
concluded that natural ventilation and heat reduction of solar radiation are the two phenomena to increase
thermal comfort. The contribution of the strategies to these phenomena is therefore the first selection crite-
ria. To provide useful design guidelines, applicability of the strategies on the housing typology is the second
criterium. The housing typology is addressed in subsection 1.2.3.

4.1.2. Applying criteria
Using these criteria as a filter, the strategies stated in the list below remain. For example, using corridors for
solar shading is not selected since the housing typology has too little space. The list found is similar to the
strategies found by Gavieta [12] in his study for mass housing based on traditional design and indigenous
materials using passive cooling techniques.

• Openings for natural ventilation
• Permeability of wall, floor and roof for natural ventilation and cooling of air.
• Building on stilts to increase wind speed.
• Orientation and location for natural ventilation and solar shading.
• Eaves for solar shading.
• Hipped and high pitched roof protection sun and rain and stack effect.
• The callados concept (walls not to ceiling) to enhance natural ventilation.
• Roof insulation by a thick thatch roof to decrease solar gain.

Since studying all these strategies is not feasible, further selection is necessary. Since the goal of this re-
search is to improve comfort, their potential to increase comfort in the intended housing typology is the basis
for further selection. Since few rooms are used and the dimensions are small, the influence of the callados
concept is not deemed significant compared to the other strategies. To provide general applicable knowledge,
using location specific elements is not possible. Location based influences are therefore not further studied.
Permeability and openings both contribute to natural ventilation. However, the area which is open is much
higher for openings than permeability. Its contribution to increase natural ventilation and thus comfort is
therefore deemed significantly higher. After subtraction and translation of these, the following list remains
for further study in this thesis. It should be noted that all the selected strategies were used in the bahay kubo.
Thereby the title of this research is explained.

4.1.3. Selected strategies
• Openings
• Orientation
• Eaves
• Stilts
• Roof angle
• Roof insulation

4.2. State of the art of selected strategies
In this section the selected strategies and their relation to comfort parameters are studied by a literature
review.

4.2.1. Openings
Openings influence the climate performance in three direct ways. They allow air to exchange between in-
and outside, they increase air velocity and dry-bulb temperature exchange (convection), and they let solar
radiation in (if no shading is present). Aflaki [1] concluded that natural ventilation is one of the two dominant
passive design strategies in tropical climates. The effects of natural ventilation and openings have known
quite some research by for example Omrani [31] [30], Sacht [39] and Aflaki [1]. Their important findings are
addressed below. The solar radiation effect is often reduced by means of shading devices and therefore not
separately addressed.
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Configuration and location The configuration and number of openings influence the mode of ventilation
used [22]. Using full-scale measurements, Omrani [31] concluded that cross ventilation contributes signifi-
cantly to improve thermal comfort while single sided ventilation does not. Ma [22] also founded the signifi-
cant this by full numerical investigations. Aflaki [1] found that the pressure discrepancies between the wind-
ward and leeward facade side in combination with perpendicular openings are significant variables regarding
air velocity. Sacht [39] used numerical analyses to determine the flow through the building dependent on the
opening configuration and location. Figure 4.1a illustrates cross ventilation flow from the windward opening
(left side) to the leeward opening. The colours indicate the velocity distribution of the flow. As can be seen,
both the configuration and location of the inlet and outlet openings determine the flow through the building.

Roof opening Section 2.2 concluded that the potential of stack effect to provide air velocity is not signifi-
cant. However, providing roof openings is found to contribute significantly to heat mitigation, especially on
wind still days. Significant reduction of indoor temperatures at ground level are found when roof openings
are provided [40]. Multiple roof openings also allow heat to mitigate by wind driven ventilation because the
speed inside is increased due to the pressure differences. In addition, this also decreases the inside surface
temperatures of the roof [38].

(a) Incident angle of 0° [39]. (b) Incident angle of 45° [39]

Figure 4.1: Air velocity and direction (flow) results in buildings in horizontal section by [39].

Window size Sacht [39] concluded that the indoor air velocity is influenced by the size of windows. A larger
opening allows the passage of air with less head loss due to the obstruction of the facade. The internal envi-
ronment then benefits from greater air exchange rates per hour and higher air velocities.

4.2.2. Stilts
Using stilts influences air velocity in combination with openings and if the ground floor is in contact with the
soil.

Air velocity When no stilts are used, it was found that air velocity is relatable to outdoor wind speed at a
reference height [31]. Since wind speed increases with increasing height, this could increase indoor wind
speed correspondingly. However, no literature was found describing this influence. The wind speed parallel
to the ground surface can be described by the wind profile power law. For wind speed at a certain height, it
uses the following relationship.

u(z) = ur

( z

zr

)α
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The wind speed is defined by u(z) [m/s] at height z [m], ur is the known wind speed [m/s] at a reference
height zr [m]. The exponentα is the terrain roughness factor and takes the influence of the surroundings into
account.

Figure 4.2: The profile power law wind speed distribution in different area types [14].

Ground contact Stilts with zero height could indicate contact between the ground floor and soil. This ef-
fect influences the surface temperature of the ground floor. Since this was often not the case in vernacular
architecture and is not expected to contribute significantly to thermal comfort, this effect is not studied and
contact with air is assumed.

4.2.3. Orientation
Orientation influences air velocity and solar radiation.

Air velocity by incident angle Sacht [39] concluded that the incident angle in combination with openings
influence air exchange rates and indoor velocity significantly. The highest exchange rates per hour were
recorded when the angle was between 0° and 45°. The lowest values for air exchange rates and indoor air
velocity were found when the incident angle was parallel to the openings (90°). Fig 4.1 illustrates the influ-
ence of the angle on the flow through the building with its corresponding flow and direction properties.

Solar radiation The sun path determines the solar radiation load on the building by its incident angle to-
wards the building. The shape of the building and orientation determines which area is subject to the solar
radiation. Since the geometry of the building is not separately studied on shape, the influence of orientation
is only studied in this research in combination with eaves.

4.2.4. Eaves
Eaves influence air velocity by obstructing wind and radiant temperature by protection versus solar radiation.
They are addressed respectively.

Radiant temperature Eaves protect the facades versus solar radiation. As a result the inside surface tem-
peratures decrease. The sun path of Manila is depicted in 4.3. It illustrates the orientation from the sun to
the building. The values around the outer circle depict the horizontal angles. The circles from the mid-point
to the outer circle illustrate the incident angle in vertical direction. As can be seen, in the east and west low
incident angles of solar radiation are found. In the north a minimum angle of 70° is found and in the south a
minimum of 40°. This indicates that to protect the facades, short eaves suffice for the north while longer eave
lengths are necessary for the south west and east.

Air velocity Numerical analyses by Peren [34] on a sawtooth building with cross ventilation showed that
air velocity is influenced by the eave length and angle. Figure 4.4 illustrates how increasing the eave angle
influences the flow through the building.
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Figure 4.3: Sun path of Manila [5].

Figure 4.4: Influence of eave angle on air velocity, direction and pressures [34].

4.2.5. Roof insulation
Insulation influences radiant temperature by influencing the heat resistance of the building element. This
means it protects the inside surface temperature from the solar radiation falling on the outside surface. It is
about thermal conductivity −k of the material(s) and is expressed in [m2K /W ]. Fourier’s law for heat con-
duction is as follows.

q =−k∇T

Here ∇T is the temperature gradient in Kelvin. q is the heat flux in (W /m2), i.e., the flow of energy per
area. To describe the heat resistance of the roof, the Rc-value [m2K /W ] is used. It indicates the resistance of
all the materials used without the resistance between the materials and the in- and outside air.

4.2.6. Roof angle
The roof angle causes the radiant heat to be radiated by a different angle and the solar load to be subjected
to a different surface area [35]. If steep angles are used, the area is perpendicular to the solar radiation in
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the mornings and afternoons. As a result, more heat is absorbed during these periods. During midday, the
opposite effect is created by increasing the area subjected to the same amount of solar radiation. In terraced
houses in Malaysia, it was found that the indoor dry-bulb temperatures decreases with 1.5 °C if the roof angle
is decreased from 60 degrees to 0 degrees during midday [35]. In the morning and afternoons it increased
with 0.5 °C [35].

4.2.7. Strategies relations to thermal comfort parameters
Although heat mechanisms often occur at the same time, the literature study showed the significant relations
between the strategies and the comfort parameters. The direct relations are depicted below in the table of
figure 4.5. As addressed in the literature study, the relations indicated in black are selected to study separately.

Figure 4.5: Strategies and corresponding comfort parameter. The black crosses indicate the relations separately studied in chapter 5.

4.3. Conclusion
Based on applicability and potential to increase comfort, the following climate responsive design strategies
are selected to study in this research.

• Openings
• Orientation
• Eaves
• Stilts
• Roof angle
• Roof insulation

Based on a literature study, openings significantly influence air velocity by providing a flow and direct-
ing it through the building. Roof openings are found to increase heat mitigation significantly by stack effect
during wind still times. Eave length and angle influence indoor wind speed in combination with openings
and radiant temperature by protection from solar radiation. Orientation influences air velocity by the in-
cident angle of the wind in combination with openings. Roof insulation influences radiant temperature by
its thermal conductivity. Increasing roof angle influences radiant temperature positively during midday and
negatively in mornings and afternoons. The table of figure 4.5 illustrates the relations that are further studied
in this research.



5
Influence study on comfort parameters

In chapter 5, the sub-question "How do the design strategies influence thermal comfort parameters?" is an-
swered. First, the method to answer the question is discussed. Section two addresses the validation of the
computational models used in this chapter. Section three to section eight show the results, discussion and
conclusions per strategy. In section nine, the conclusions of this chapter are summarized.
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5.1. Method
In this section, the method to answer the sub-question is discussed. Per strategy, the comfort parameters
that are studied are discussed first. The context and geometry used to test the strategies is discussed in sub-
section two. The assessment method is evaluated in the succeeding section. The section is concluded with
formulation of the hypotheses.

5.1.1. Geometry and climate
To study the influence of the strategies on the adaptive comfort parameters for the intended housing typology,
a suitable, general geometry and climate are used.

Geometry and materials

According to the housing typology as described in section 1.2.3, a box geometry with a hipped roof is defined.
Specific design features are avoided in order to increase the applicability and obtain clear associations be-
tween the strategies and results. The dimensions of the case study are used because they are representative
in size to the intended typology. The geometry chosen is illustrated in figure 5.1a. The dimensions are 4.8 m
in length and width and 2.8 m in height. A hipped roof of 40° is used. Openings are defined in the middle
of the facade height as is common. The width of the window is 2.4 m and the height 1.4 m. The eaves are
rectangular shaped in line with the case study. This results in openings on the corners.

Figure 5.1b shows the material properties and the conditions of the two hourly simulation steps used.
To generate a building perceptive to the outdoor climate, thin wood siding for the facade, floor and roof is
chosen with a relative low Rc-value and a high solar absorptance of 0.78.

(a) General geometry. (b) Material properties of the facade, roof and floor elements.

Figure 5.1: The general geometry for this chapter with dimensions and material with corresponding properties.

Climate

The climate data of Manila is used for the simulations. As found in section 2.1.2, it is representable for the
low-lying areas in the Philippines. In appendix figure A.1 the used dry-bulb temperature, the air velocity and
the radiation load is graphically presented per hour.

5.1.2. Method per comfort parameter
In section 4.2, the relations of the design strategies to their comfort parameters are discussed. The black
crosses in the table of figure 4.5 depict the relations studied in this chapter. As can be seen, radiant temper-
ature and air velocity are studied. Their general method is addressed before by their assessment method is
discussed.

Radiant temperature Radiant temperature is influenced by many aspects like the incident angle of solar
radiation, geometry, material and climatic conditions. To take all these aspects into account, an energy per-
formance simulation calculation is used. It determines the mean radiant temperature for every hour of the
year. Since roof insulation is not dependent on all these factors, analytical calculations suffice to study the
influence.
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Air velocity Computational fluid dynamic simulations are used for two reasons. One, because it can provide
detailed information on air velocity, direction and air inlet. Two, because it provides the possibility to study
many alternatives in the available time.

Radiant temperature assessment method

A commonly used indication of the radiant temperature in a room or zone is the mean zonal radiant temper-
ature (MRT) [9]. It is measured by an average of the radiant temperatures of the surfaces enclosing the zone
weighted by their areas. The radiant temperature is calculated by the inside surface temperature times the
thermal absorptance coefficient of the corresponding material (usually 0.9).

The influence of a strategy can be assessed on a yearly performance or on a specific time. For example,
when eaves are considered, the geometry determines the influence on the comfort parameter per hour of the
year. Consequently, the yearly average is used to give a representative result. The strategy roof insulation is
not dependent on geometry. Therefore, a single time is sufficient to study its effect on reducing heat.

The yearly total radiation load per incident angle is depicted in figure 5.2a. The horizontal angles are
indicated around the outer circle and the vertical angles are indicated by the inner circles. As can be seen, the
main solar load follows the east-west path and is at its strongest from above.

Air velocity assessment method

As explained in section 2.2, wind-driven flow is used to study air velocity. In this section, the conditions
regarding wind are discussed first. The assumptions done to reduce the number of CFD simulations are
discussed next. It is followed by definition of a comfort zone to obtain a representative indoor air velocity.

Wind conditions The yearly outdoor wind speed and direction distribution from Manila is used. It is de-
picted in the wind rose in figure 5.2b. The colours illustrate the speed. The numbers around the outer circle
indicate the direction. The enclosure by a semi-circle indicates the occurrence of this direction. As can be
seen, one main east wind direction and a secondary significantly smaller west direction is present. Figure
4.2 shows how the distribution is adjusted for sub-urban and rural housing. For the simulations, a reference
speed of 6 m/s at 10 m height is used. This distribution is depicted in figure 5.3a.

Wind is available for 67% of the time of the year in this set. Figure A.1c illustrates the air velocity per hour
of the year. It shows several months or weeks to have considerable more air velocity than others. 50.3% of
the time of the year when wind is present, it is coming between 60° and 120° with the majority from 90°. On
the opposite side between 240° and 300°, 22.5% of the total wind with the majority at 270 ° is present. If an
opposite sided wind direction in east and west is used, it is representative for three-fifths of the total time of
the directions.

(a) Solar radiation load per incident angle in degrees. (b) Yearly outdoor wind speed and direction distribution.

Figure 5.2: Yearly solar radiation load and outdoor wind speed and direction distribution of Manila.
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Assumptions To reduce the number of simulations necessary per variant studied, a single CFD from east
direction is used. Since in most cases the building is symmetrical, it is also representative for wind coming
from the west direction. As a result it is representative for three-fifths of the time as explained above. However,
the remaining part is also still substantial. To take this into account, the influence of changing the orientation
angle is also studied.

Comfort zone The actual velocity experienced in the building is dependent on the specific location in the
building. However, the space used for living is often a zone. A singular measured point is therefore not
representative. To achieve a representative air velocity, a zone is defined where people live in the building
during the day. In this case, the comfort zone is defined to cover most of the space in the middle of the
building at living height (from 0.3m until 1.8m). As a benefit of an average over an area compared to a single
point, it provides a more representative indication of the amount of air going entering the building.

To define test points, this zone is cut by planes of points in the x-y, x-z and y-z directions. The average
velocity of the points in the box is taken as the air velocity experienced. The building with comfort zone and
test points is illustrated in figure 5.3b. In appendix section C.0.1, a result is used to analyse how representative
the average is compared to the velocities measured. It is concluded that the average is representative.

(a) Air velocity distribution over the height for sub-urban and rural
housing areas. A speed of 6 m/s at 10 m height is used.

(b) General geometry with comfort zone and test points for air velocity.

Figure 5.3: Air velocity distribution and geometry with comfort zone definition.

5.1.3. Influence study method
To study the influence of the strategy on the corresponding comfort parameter, the governing variable or
parameter of the strategy is varied. This is referred to as the influence study or parameter study. Figure 5.4
illustrates the parameters of the strategies studied and the direction of their angles.

Figure 5.4: Illustrated influence study of the strategies and the direction of their angles.

Combining strategies However, the strategies that influence air velocity influence each other as a conse-
quence. To generate a realistic amount of variants and still capture the influence of the parameter on air flow,
a method with the following idea is used.
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• The strategy is varied using a set of relevant combinations of the other strategies. The relevant combi-

nations are defined by the strategies which influence the air flow in the same plane. Consequently, the

strategies are studied with the vertical and horizontal combinations as depicted in figure 5.5.

(a) Relevant combinations of strategies in vertical direction.
(b) Relevant combinations of strategies in horizontal direction.

Figure 5.5: Relevant combinations of strategies in horizontal and vertical direction.

As a result, only the opening variations which change the flow in the corresponding plane need to be
considered. The dimensions of the parameters used by these configurations are chosen to generate a clear
influence on air velocity. The eaves are therefore defined by a inclination of 45° and 1.5 m length. An orienta-
tion angle of 45° and stilts of 1 m are used. Later it is shown that stilts do not significantly influence the flow
qualitatively in the building. Since they lower the computation time significantly, the horizontal combina-
tions are used with stilts.

While this only yields results of the performance with that specific combination, it indicates the influ-
ence of the parameter with these strategies and provide thereby a basis for extrapolation of these results. Per
strategy, the parameter study and relevant combinations are discussed below.

Openings parameter study

Defining opening variations Openings are studied on air velocity. The following parameters of openings
can be defined that influence air velocity: the dimensions, the position on the facade and the configuration
across the facades. If these were all used for generating variations, the amount generated would not be fea-
sible to study in the limited time frame of this thesis. Therefore, assumptions are necessary to reduce the
variations to a realistic number. However, they should still take the significant influence on air velocity and
flow into account. The rules used for defining variations are presented after the discussion in italic.

• The findings of the literature study in section 3 and 2.2 concluded that the configuration of openings
direct the flow through the building. It is therefore used as the main parameter to define opening vari-
ations. The configuration of the openings is used as the main parameter to define opening variations.

• The literature study in section 4.2.1 showed that by increasing the area of the opening, the volume of air
entering through the opening increases. If it is assumed that air velocity is dependent on the volume of
air entering, than increasing the size of the openings increases velocity and vice versa. The relation of
opening size to air velocity is thereby assumed to be known. Only one size of openings is used.

• To further reduce the number of variations, the opening variant which change the flow in vertical di-
rection are combined with the vertical combinations. And similarly for the horizontal opening variants
with the horizontal combinations. The variants that are expected to change the flow in horizontal plane

are considered in the horizontal plane. The variants that change the flow in vertical plane are considered

in the vertical plane.

• The literature study in section 4.2.1 concluded that the position of the openings determine where the
flow enters or leaves the building. Only the positions that are expected to have the biggest difference
in results are therefore studied. For example, in the horizontal plane a position on the left, middle and
right side of the facade is used. In the horizontal plane, the opening positions studied are the left side,

the middle and the right side. In the vertical plane the top, middle and bottom positions are studied.

• If only a single opening is used per facade, the influence of the opening is better discernible. A single

opening per facade is used.

Using these assumptions results in the opening variations depicted in figure 5.6. They are also referred to
as configurations because that is essentially their main characteristic. Figure 5.6a illustrates the cross sections
in the vertical plane. Figure 5.6b depicts the floor plans in the horizontal plane. It has to be noted that variant
1 and 12 are the same configurations.
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(a) Vertical opening configurations. The cross section is at the middle of
the building. (b) Horizontal opening configurations as floor plans at 1.4 m height.

Figure 5.6: Opening configurations studied as cross sections on the right and floor plans on the left.

Figure 5.7: Openings influence study with vertical configurations
and relevant vertical combinations.

Figure 5.8: Openings influence study with horizontal
configurations and relevant horizontal combinations.

Combining openings and relevant strategies Following the idea of combinations, the opening configura-
tions are studied with their relevant combinations. This is depicted in figure 5.7 and 5.8.

Eaves parameter study

The angle of the eaves and length are studied on air velocity and radiant temperature. Two opening config-
urations are studied. A standard case with facade openings on middle height and a case with addition of a
leeward roof opening are studied. 15 and 15+5 respectively. Since applying stilts showed not to significantly
influence the result, stilts are applied to reduce computation time.

(a) Varying eaves length and angle. (b) The relevant combination of other strategies used.

Figure 5.9: Varying eaves length and angle on air velocity with relevant combinations of other strategies.

When radiant temperature is studied, the study geometry is used as a closed box to decrease the influ-
ence of other effects on the energy calculation. The yearly mean radiant temperature is used to assess the
influence. Figure 5.10 illustrates this.

Orientation parameter study

The orientation angle is varied on air velocity with the relevant combinations C and D. The two opening
configurations used are 1 and 15. The first has two openings across the facade while the latter has openings
on all sides. This is illustrated in figure 5.10.
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(a) Varying the orientation angle by changing the wind direction. (b) The relevant combination of other strategies used.

Figure 5.10: Varying the orientation angle by changing the wind direction with the relevant combinations of other strategies.

Stilts parameter study

The stilts height is varied on air velocity using two opening configurations. They are combined with the
relevant vertical combinations A and B. It is tested with a standard configuration with openings in the middle
of the facades at all sides (configuration 15). To study if this effect is influenced by a leeward roof opening,
this is added to the configuration (indicated by 15+5). This process is illustrated in figure 5.11.

(a) Varying stilts height. (b) The relevant combination of other strategies used.

Figure 5.11: Varying stilts height with the relevant combinations of other strategies.

Roof insulation parameter study

The Rc-value [m2K/W] of the roof insulation is varied on the inside surface temperature.

Roof angle parameter study

The angle of the roof is varied on mean radiant temperature.

5.1.4. Hypotheses
In this section, the hypotheses are discussed. To avoid repeating text, the hypotheses are presented in the
section of the corresponding strategy. The findings of the previous chapters are used. After the discussion,

• Openings As explained in chapter 2, the flow of air is determined by a pressure difference and a path to
solve this pressure difference. If the flow is directed through the comfort zone, air velocity increases and
vice versa. It is therefore expected that openings on the wind and leeward facade plus roof openings
result in the highest air velocities for Ans, A, Bns and B. For combination C and D, this translated to
openings on the corners to the wind and leeward direction.

• Stilts Since air velocity is often related to a reference outdoor wind speed on building height, it is ex-
pected that air velocity increases as wind speed increases.

• Orientation For combination C, if the orientation is used to direct the wind in alignment with the open-
ings through the comfort zone, air velocity increases and vice versa. For combination D, the eaves are
shaped to have openings on the corners. If these are placed in wind direction, the flow is not obstructed
and benefits air velocity.

• Eaves Eaves influence air velocity and radiant temperature. The longer and more inclined the eaves
are, the more solar radiation is blocked and wind obstructed. As a result the radiant temperature and
air velocity decrease.

• Roof insulation Increasing the insulation value or Rc-Value of the roof increases the heat resistance of
the material. As a result, the inside surface temperature reduces. However, the effect of increasing the
insulation diminishes until at some it is only depended on the indoor temperatures.

• Roof angle As explained in section 4.2.6, increasing the roof angle decreases the yearly mean radiant
temperature because it influences the peak hour temperatures significantly.

5.1.5. Computational simulation method
To be able to generate reliable results for the method proposed, the software chosen for the computational
models is discussed. It is followed by addressing the validation steps necessary for this model.
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Software

A modelling environment capable of running CFD and energy performance calculations is necessary. Fur-
thermore, it must be capable of performing the multiple parameter studies. The parametric environment of
Grasshopper-Rhino environment is capable of these simulations and is the most extensive parametric en-
vironment at this date. It uses EnergyPlus for the energy analyses. The link to EnergyPlus is executed by
OpenStudio and the Honeybee and Ladybug plug-ins for Grasshopper. EnergyPlus is a renown program and
used for many years in doing extensive energy simulations of the built environment. OpenFOAM is used to
run the CFD analysis and is directed by the plug-in Butterfly. OpenFOAM is known as a very powerful and
robust CFD solver with endless capabilities [8]. The software is therefore deemed appropriate for this study.

Computational models validation

In order to value the results and draw appropriate conclusions, the models need to be validated. They are
addressed respectively.

CFD validation To validate a CFD model, using wind tunnel tests is the only option [16]. Since our geometry
is fairly simple, wind tunnel tests with similar geometries are available to validate our model. Subsequently,
the geometries can be extended and compared to see if the results make sense. This is a common procedure
and done in many studies [34] [36], [15], [24].

Beforehand, the following actions can be taken to improve the result. The wind tunnel dimensions should
be based on the object size exposed to wind [37] [48]. The height and width to both sides of the tunnel should
be 5 times the object size, the leeward side 15 times and the windward side 5 times. The following meshing
requirements are advised [17]. The refinement of the mesh should be built up gradually. The cells should be
square-shaped and high refinement levels around edges should be used.

Energy model validation To make sure the model is built properly, it needs to be validated if it takes all the
effects into account. To validate this, basic cases are defined by adding mechanisms and design strategies
step by step. Consequently, it can be examined if they influence the result accordingly.

5.1.6. Method conclusion
The influence of the strategies on their corresponding comfort parameters is studied in this chapter. Air
velocity and radiant temperature are studied by respectively CFD and energy simulations or analytical calcu-
lations. The computational models are validated so the results can be valued accordingly. A general design is
used to increase the applicability and obtain clearer associations between the strategies and effects.

To study the influence per strategy, it is varied to to assess its effect on the corresponding comfort pa-
rameter. However, the combination of certain strategies also influences this comfort parameter. Hence, the
strategy is varied using a set of relevant combinations of the other strategies. If this method is used, not every
influence is captured because not every possible combination and variation is tried. However, it generates an
indication about the effect of the combination with other strategies.

5.2. Computational model validation
In this section, the computational models used in this chapter are validated. The energy model will be ad-
dressed first, followed by the CFD model. The most relevant steps taken in the validation are elaborated here.
The other steps are addressed in appendix C.

5.2.1. Energy model performance validation
First, the method is discussed. than, the results of the single-zone model and corresponding strategies are
addressed, followed by the results of the multi-zone model and strategies.

Method

The energy model is validated by an empirical validation of the performance to a series of cases. This series is
built up by adding step by step energy performance mechanisms or design strategies. The model conditions
are elaborated first, before the cases are defined with corresponding hypotheses.
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Model conditions Two simulation steps are used. They are a day and a night time with circumstances as
depicted in figure 5.12. Case numbers followed with an index _N indicate the night time simulation step. The
dimensions of the geometry are chosen according the dimensions of the case study.

Figure 5.12: Outdoor climate conditions of the day and night simulation step.

Single-zone cases definition and hypotheses A closed box is taken as the first basic case. This is expected
to result in high temperatures compared to outside during the day because heat can’t dissipate. Openings are
added as case 2. This is expected to increase the temperature because solar radiation can enter the building.
Adding air inlet as case 3 than decreases the lower zonal temperatures because heat can now dissipate. In
the night cases temperatures like outside are expected. Increasing eaves length for case 4 and 5 results in
decreasing mean radiant temperature because solar radiation is blocked by the eaves. Increasing the roof
angle decreases the mean radiant roof temperature as explained earlier. The inside surface temperatures are
expected to be higher in south east direction since they follow the solar radiation load.

Multi-zone cases definition and hypotheses First, the building including an inclined roof is studied as a
single zone. than, it is considered as two zones split by a wooden floor. Since conduction is less efficient
than convection in transferring heat through the zones, a clear separation in zonal temperatures is expected.
Since it is not possible to create a virtual opening in a zone, the material "air wall" is used to fill this gap.
This material has the insulation properties of an air film and exchanges air between zones. It is therefore
expected that the temperatures equalize between the zones compared to the floor intersection. However, an
air wall does not directly transmit radiation through as a normal opening would. Therefore, the mean radiant
temperature of the living zone is deemed underestimated. Adding openings with air flow decreases the zonal
temperatures of the living room to the outside temperature. As a consequence of the air exchange between
the living zone and attic zone, this temperature also equalizes.

Results and discussion single-zone cases and strategies

In figure 5.13 the defined cases are described on the left side and the corresponding performance results
on the right side. During night time the temperatures are lower than outside. When wind is added, the
dry-bulb temperature increases close to the outside temperature. Figure 5.14b illustrates the inside surface
temperatures of selected cases. It is observed that the facades on the south-east side are significantly hotter
during the day than the north-east side.

The results follow the hypotheses except during night time. In the night the temperatures are lower than
outside. This is explained by the radiation emissivity to the surroundings. It causes the low surface tem-
peratures. This effect is deemed slightly overestimated but is not significant since the comfort problems are
expected during the day. The orientation is taken into account properly by heating up of the facades exposed
to solar radiation. This can be seen in figure 5.14a.

Figure 5.13: Cases and results of the single-zone model validation.
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(a) Case 1. (b) Case 3_N. (c) Case 5.

Figure 5.14: Inside surface temperatures selected cases.

Results and discussion, multi-zone and strategies

The cases for the multi-zone model and corresponding results are shown in figure 5.15. In the appendix in
figure C.6 it is shown how the inter-zonal exchange rate of air in m3/s influence the temperatures in the house.

The results follow the hypotheses. The relation of the inter-zonal exchange rate to the results illustrate the
added benefit of a corresponding CFD simulation to improve the accuracy of the simulation model.

Figure 5.15: Cases and results of the multi-zone model validation.

(a) Case 8b. (b) Case 8e.

Figure 5.16: Inside surface temperatures selected cases multi-zone.

Conclusion energy model validation

The performance of the model follows the hypotheses with two exceptions. One, the night time radiation
emissivity is deemed slightly high. Consequently, the performance is overestimated. However, this is not
deemed significant for the results since the difference is small and the focus of the model is during the day.
Two, the radiant temperature of the living room in the multi-zone model is underestimated. This is caused
by the air wall which does not directly transmit radiant heat through. Being aware of these exceptions, it can
be concluded from the empirical validation to basic cases that the energy model takes the influences of the
strategies and mechanisms into account properly.
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5.2.2. Validation CFD simulation model
In this sub-section the CFD model is validated. First, the method is discussed. than, the validation results are
considered and conclusions drawn.

Method

The method as explained in section 5.1.5 is used and further defined below. In appendix C additional analyt-
ical calculations results are presented to validate the results.

Model set-up The meshing is done using the recommendations provided in sub-section 2.2.3. To make sure
the automatic meshing is done regarding the requirements, manual refinement regions are added. Based on
the validation of the mesh to the results and computation time, the meshing settings illustrated in figure 5.17
are used. The green lines indicate the outlines of the manual refinement levels which are added.

Wind tunnel validation Since the geometry of this study is almost a box with openings, wind tunnel tests
are available from literature. Three relevant tests are available from Ramponi [36]. They are shown in 5.21a,
5.20a and 5.18. All show a box with openings at different heights. The comparison to the wind tunnel tests
are done in several steps. First, the wind tunnel tests are exactly copied. than, the geometry is changed to
the dimensions of the geometry used in this chapter. It is followed by adding strategies and comparing their
influence to the relevant wind tunnel test. Since no wind tunnel tests are available in the horizontal plane,
the results are checked if they make sense and correspond to the other results.

Figure 5.17: Manual mesh refinement levels displayed by green outlines on the left side and the wind tunnel set-up on the right side.

Results and discussion

Per paragraph, a step is addressed.

Wind tunnel copy In figure 5.18, the result of copying the wind tunnel test with openings at mid-height is
shown. In appendix figure C.3 the results of copies of the other two wind tunnel tests are shown. As can be
seen for al three, the same flow pattern and air velocity are observed. At the top left corner the CFD result
shows less recirculation. However, this is not deemed to have a significant influence since the indoor flow is
the same.

Study geometry In figure 5.19a the result is shown. The flow pattern and speed distribution observed follow
the flow of the wind tunnel. It is spread more evenly than the wind tunnel and less circulation is observed.

The results to the changes in geometry behave as expected. Decreasing the height of the building and
increasing the opening size results in a more evenly spread flow through the building. Correspondingly, the
recirculation area and downward angle decrease compared to the wind tunnel.

Stilts and eaves In figures 5.19b and 5.19c, the results of adding stilts and eaves are shown respectively.
Since outdoor wind speed increases with height, the slight air velocity increase when stilts are added is

explained. The indoor flow remains the same. This can be expected because the incident angle of the wind is
not changed. The eaves split the flow before entering the building. It directs a major part above the building
and the remaining flow underneath and upwards through the opening. This incident angle is maintained
inside.
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Figure 5.18: Wind tunnel test by PIV [36] with openings at middle height on the left and CFD result of the copied geometry on the right.

(a) Study geometry. (b) Adding stilts of 1 meter. (c) Adding eaves of 1.5 meter at 45°.

Figure 5.19: Validation of dimensions of the geometry, stilts and eaves by comparison.

Roof and roof openings In figure 5.20, the wind tunnel test with a low in and outlet is shown. It is compared
to the geometry including a roof because it shares a large area above the openings. As can be seen, the same
flow pattern in the building is observed. In figure 5.21 a leeward roof opening is added. It is compared to the
wind tunnel test with a low inlet and high outlet opening. It shows a similar but wider spread flow and follows
the floor and wall to reach the opening.

Both the CFD results follow the wind tunnel flow. While the hipped roof is different than the box, it does
not influence the flow pattern inside significantly as is reasonable.

(a) Wind tunnel test by PIV with low openings [36]. (b) CFD result of adding a roof angle of 40°.

Figure 5.20: Validation of roof angle by comparison to a wind tunnel test.

Changing orientation In figure 5.22a, the horizontal flow pattern of the study geometry from figure 5.19a
is shown. Figure 5.22b shows the result with an orientation angle of 45°. As observed, both flows follow the
incident angle and decrease after entering. They increase again at the leeward opening. The flow of the
changed orientation is obstructed by the wall. After the obstruction it is redirected to the leeward opening.

The decrease and increase of the speed in figure 5.22a corresponds to the vertical flow of figure 5.19a.
Changing the orientation effects the incident angle of the wind. Consequently, it follows this direction until
obstructed by the wall. The downward pattern is also observed. This makes sense because the incident angle
in the vertical plane is not changed.
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(a) Wind tunnel test by PIV with low inlet and high outlet opening [36]. (b) CFD result of adding a leeward roof opening.

Figure 5.21: Validation of a leeward roof opening by comparison to a wind tunnel test.

(a) Orientation angle of 0°. (b) Orientation angle of 45°.

Figure 5.22: Validation of a 0° and 45° orientation by comparison.

Conclusion CFD validation

Copying the wind tunnel tests showed accurate and representative results for the flow pattern and air velocity
in the building. Changing the geometry and adding strategies showed logical results in the flow. Hence, it can
be concluded that the CFD model generates representative flow pattern and velocity distribution results.

5.3. Openings
In this section, the results of openings on air velocity are studied. First, specific additions to the method are
addressed. Then, all the results are presented and discussed per observation. The section is ended with the
conclusions. The hypotheses stated below are tested in the discussion section.

• "For combinations Ans, A, Bns and B openings on the wind, leeward facades and roof sides result in the

highest air velocities."

• "For combinations C and D, openings on corners in wind and leeward direction plus roof openings result

in the highest air velocities."

5.3.1. Method
The method as addressed in 5.1 is used to evaluate the influence of the openings on air velocity.

• In the horizontal variants an eave length of 2.2 m instead of 1.5 m is applied to make the eave and influ-
ence visible in the horizontal flow results. As a result, differences in air velocity results for configuration
1 with combination 1D and 12D are expected.

• Different distances between the generated test points in the vertical and horizontal plane are used.
This is done to make sure the solution is read out properly into the flow results. Consequently, small
differences are expected between variant 1 and 12.
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5.3.2. Results and discussion
The numeral air velocity results of the vertical configurations and combinations are presented in figure 5.23.
The horizontal ones are presented in figure 5.24. Per combination, the best performing configurations are
highlighted in green and the second best configurations in light green. In figures 5.26 and 5.25, the air velocity
and direction (flow) results are shown. A selection is made of the results which contribute to the findings of
this chapter.

Figure 5.23: Air velocity results of vertical configurations and combinations. Per combination, the best performing configurations are
highlighted in green and second best in light green.

As can be seen in figures 5.23 and 5.24, the opening configurations which result in the highest air velocities
are not the same in every combination. This shows the significant influence of the combinations. The results
are elaborated and discussed per observation below.

Figure 5.24: Air velocity results of horizontal configurations and combinations. Per combination, the best performing configurations
are highlighted in green and second best in light green.

The air flow From observation of the flow, the results can be described as follows. The flow follows its initial
direction through the opening until obstructed and redirected to the opening(s) on the leeward side. It shows
a recirculation with low speeds in parts of the building were it is directed away from the leeward opening.
A downward pattern at ground floor is observed when no eaves are used, and an upward pattern when the
eaves are present.

These results follow the validation and theory. The flow can be described by the theory because it follows
the pressure difference through the openings and around obstructions. If this flow is directed through the
comfort zone, air velocity is benefited.

Applying stilts It is observed in figure 5.25 that adding stilts from AnS to A and BnS to B results in the the
same flow pattern but not a proportional speed increase. For all configurations except 2 and 11, air velocity
increases when stilts of 1 meter are used.
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This can be explained by further studying the flow results. As can be seen, the incident angle of the out-
door wind is not changed. Since the lower pressure area on the leeward side does not change, the same flow
pattern is explained. However, the space created by applying stilts under the building allows the pressure
difference to be solved underneath also. If this path is shorter than the path through the building like in
configuration 2, the area underneath is used for the major part of the flow. Hence, air velocity decreases.

Figure 5.25: Air velocity and direction (flow) results for opening configurations with the relevant combinations in the vertical plane. The
wind is directed from left to right as indicated in the combination 0Ans in the top left corner.
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Figure 5.26: Flow results for opening configurations with the relevant combinations in the horizontal plane.

Using windward and leeward facade openings In the vertical plane, configurations with openings at both
the windward and leeward facade side (1,4,5,6,8,9,10,11) score significantly better in all the combinations.
The flow pattern illustrates this by directing the flow through the comfort zone. The configuration with a
single opening (configuration zero), is observed to have an air velocity several times lower than the other
configurations in every combination.

Providing an opening on the wind and leeward facade side increases the velocity because the pressure
difference is solved through the comfort zone.

Aligning orientation and openings When the orientation is changed to 45°, configuration 16 and 17 in com-
bination C result in the highest indoor air velocities. The alternating openings of configuration 16 illustrate
the comfort zone to benefit from the redirection of the flow. Configuration 17 benefits from an unobstructed
aligned flow through the comfort zone and building. The other configurations perform less compared to an
orientation of 0°. The configuration with two openings performs the least. Configuration 15 with four open-
ings results in two continuous flows directed around the comfort zone. Consequently, air velocity reduces.

In addition to the discussion on wind and leeward ward facade openings, the alignment of openings and
comfort zone should be in direction of the wind to increase air velocity. Alternating openings can also be used
to direct the flow through the comfort zone.
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Leeward roof opening As can be observed in figure 5.23, the configuration with facade openings at middle
height and a leeward roof opening (configuration 5) scores the best in every combination. This effect is il-
lustrated by the flow pattern results. The flow is directed upwards through the comfort zone and the velocity
increases at the inlet opening. If a roof opening is used on the wind and leeward side, two separate flows are
observed. This increases the velocity slightly in the comfort zone.

A single roof opening on leeward side increases the velocity and influences the flow pattern by directing
it upwards. This is explained by the increase in area of openings and its location. Since openings at mid
height result in a downward flow pattern, adding a leeward roof openings increases velocity significantly by
redirecting it upwards. Both hypotheses therefore need to be redefined to a leeward roof opening instead of
roof openings.

Four-sided openings When the building is parallel to the wind direction, openings on all sides have higher
air velocity than two-sides (configuration 12 and 15). In the flow results of combinations 15A and 15B in figure
5.26, it can be seen that the additional openings on the sides contribute to the total flow in the building and
higher velocities in the comfort zone. If the openings are alternated like in configurations 16 and 17, having
four sided openings also increases air velocity if they direct the flow through the comfort zone.

The increase in air velocity can be explained as follows. When the building is perpendicular to the wind
direction, openings on the sides provide an additional path to solve the pressure difference. As a result, more
air flows through the building and velocity increases.

Location of the opening As can be observed, the location of the openings on the facade significantly influ-
ences the flow pattern and air velocity. Since it is observed that the wind maintains its initial or downward
direction in the building, the flow is for a major part determined by the inlet opening. For combination A,
locations at middle or at the top of the facade benefit air velocity. For combination B, openings positioned at
the middle or at the bottom of the facade perform well. For C and D, openings on the corners in wind direc-
tion are beneficial. These findings are illustrated by the flow results. The first part of the second hypothesis is
thereby tested as true.

5.3.3. Conclusions
The conclusions of this section are presented below. It is followed by a discussion on the assumptions used
to generate opening variants.

• Applying stilts of 1 meter does not change the flow pattern but does change the air velocity.
• The alignment of opening configuration and location with the comfort zone should be in direction of

the wind to increase air velocity. Openings on the wind and leeward facade therefore benefit air velocity.
Alternating openings also showed to perform well if their positions direct the flow through the comfort
zone.

• To benefit air velocity, the location of the openings should be adjusted to the combination of other
strategies and the comfort zone. For example, when the orientation is changed, the openings should be
aligned on the corners in wind direction to increase air velocity. When eaves are used, lower positioned
openings benefit air velocity because the flow is less obstructed by the eaves. When eaves are used in
combination with a 45° orientation angle and opening on the corners, air velocity increases because
the gap between the eaves does not obstruct the flow.

• A roof opening on leeward side influences the flow pattern by directing it upwards and increasing the
velocity.

• Openings on all sides increase air velocity because they provide additional paths to solve the pressure
difference. This is especially the case when the orientation angle is changed.

Discussion on air velocity assumptions As is illustrated by the flow pattern results, the configuration and
location are significant to determine the flow and velocity through the house. The influence of the dimen-
sions of the windows however is not as simple as assumed. Because the comfort zone does not benefit from
a even spread flow through the building, increasing the size of the openings does not directly result in higher
air velocities.
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5.4. Stilts
In this section, stilts height is varied to study the influence on air velocity. The following hypotheses is thereby
studied.

"Increasing stilts height increases air velocity with an exponential decay."

5.4.1. Method

The method as discussed in 5.1.3 is used. Figure 5.27 illustrates the method.

(a) Varying stilts height. (b) The relevant combination of other strategies used.

Figure 5.27: Varying stilts height with the relevant combinations of other strategies.

5.4.2. Results

In the graph of figure 5.28 the air velocity results are plotted over the stilts height. An general exponential de-
caying trend is observed with two exceptions. One, the trend observed is not very smooth. And two, for stilts
height between 0m and 0.5m a decrease in air velocity is observed. The flow results in figure 5.29 illustrate the
increase in velocity by increasing stilts height in the building. It can also be seen that the flow pattern does
not change. It is observed that underneath the building, a faster flow is present than the outdoor wind speed
at the same height.

Figure 5.28: Air velocity versus stilts height for configuration 15A, 15B, 5+15A and 5+15B.

(a) 0 m stilts height. (b) 0.6 m stilts height. (c) 2 m stilts height.

Figure 5.29: Flow results for several stilts heights with combination 15A.
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5.4.3. Discussion
The results are in line with the hypotheses with some exceptions. The decrease of air velocity at small stilts
height can be explained by the pressure difference is also solved underneath the building. As a result, in-
door air velocity decreases. The irregularities in the exponential decay could be caused by the relative large
(0.22m) mesh settings used for reading the CFD solution. However, only a slight general decaying trend is
still observed. If the hypotheses holds is therefore up to debate. To test the hypotheses, greater stilts height
lengths should be studied. This will be done in the following chapter. In addition, a finer mesh setting will be
used for reading the CFD solution.

5.4.4. Conclusion
Increasing stilt height influences air velocity but does not significantly influence the flow pattern in the build-
ing. The results showed that increasing stilts height increases air velocity. However, when inlet openings are
used at middle height of the facade and stilts height below 0.5 m, a decrease in air velocity is obtained com-
pared to stilts of 0 height. This is caused by the flow also going underneath the building. In the next chapter,
larger stilt heights are studied to be able to test the hypothesis.

5.5. Eaves
The results of the parameter study on eaves are elaborated in this section. First some specifications to the
method are discussed. Then the result are discussed and concluded per comfort parameter. Mean radiant
temperature is evaluated first and is followed by air velocity. The hypothesis defined below is thereby tested.

"Increasing the eaves length and angle decreases air velocity and mean radiant temperature.

5.5.1. Method
The length and angle (to horizontal) of the eaves are studied on air velocity and mean radiant temperature
as discussed in section 5.1. Figure 5.30 illustrates the variants studied for natural ventilation. For radiant
temperature a box with eaves is used. The following additions are done.

• Five angles in combination with five lengths are defined to cover the significant part of the range of
eaves and still have a realistic computation time.

• The same time step as in 5.2 is used for the inside surface temperature results. The specifications are
depicted in figure 5.12.

• To accommodate hinged behaviour, the eaves are shaped as illustrated in figure 5.3b. As a result, there
is a gap on the corners between the eaves. This gap does not block solar radiation and is therefore less
effective than continuous eaves. The eaves are modelled as shading to block the radiation. As a result,
they block the solar radiation but don’t transmit heat. The effect is therefore slightly overestimated.

(a) Varying eaves length and angle. (b) The relevant combination of other strategies used.

Figure 5.30: Varying eaves length and angle on air velocity with relevant combinations of other strategies.

5.5.2. Air velocity

Results

In the graphs of figure 5.31, the air velocity is plotted over the length for configuration 15 and configuration
15+5 respectively. Figures 5.32 show three selected flow results by varying the length. Figure 5.33 shows
several results when the angle is varied. The same trends in air velocity are observed in both graphs. It can be
seen that the results of configuration 5+15 are in general slightly higher.

For a 0°, 15° and 30° angle, varying the length results in small air velocity. For a 45° and 60° angle, in-
creasing the eaves length decreases air velocity significantly. Increasing the eave length above 1 m shows a
decrease in air velocity per angle increase and per length increase. For a 0° angle, no significant wind decrease
and flow pattern change is observed. This can be seen in figure 5.33a.



52 5. Influence study on comfort parameters

(a) Combination 15B. (b) Combination 15+5B.

Figure 5.31: Air velocity inside over eave length per degrees angle to horizontal of eave for configuration 15+5B.

As is illustrated by the flow results, an upwards redirection of the flow inside the building is observed when
the length or angle is increased. Increasing the angle of the eaves results in an enhancement of this effect and
an occurrence with shorter eave lengths.

(a) Length of 0.5m. (b) Length of 1m. (c) Length of 2m.

Figure 5.32: Air velocity and direction results at increasing eave lengths with an angle of 30° at configuration 15+5B.

(a) Angle of 0°. (b) Angle of 30°. (c) Angle of 60°.

Figure 5.33: Air velocity and direction results at increasing eave angle in degrees with a length of 1.5 m for configuration 15+5B.

Discussion

Increasing the eave length for small angles, does not negatively direct the flow away from the comfort zone
and therefore does not decrease the air velocity. It is even observed to benefit air velocity slightly. This can
be explained by the air being forced through the opening since the eave blocks it from going upwards. The
hypothesis is thereby tested as false.

Together with the inlet location of the opening and the opening configuration, the eaves influence the flow
by changing the initial direction of the air. As can be seen in the flow results, long inclined eaves direct the
flow upwards through the opening above the comfort zone. Short, strong inclined eaves or longer and slight
inclined eaves direct the flow slightly upwards to benefit the velocity in the comfort zone. Adding a leeward
roof opening to the configuration increases air velocity slightly in general. This support the conclusion made
in section 5.3.
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5.5.3. Mean radiant temperature

Results and discussion

In figure 5.34 the results are plotted. The graph shows per eave angle the mean radiant temperature over the
length. A decreasing exponential decay in mean radiant temperature is observed by increasing the length of
the eaves. This holds for every angle. The difference in mean radiant temperature per angle increase is about
equal. The difference between a 0° and 60° angle at 2.5 m length is 0.7 °C and 1.3 °C respectively. Figure
5.35 shows the inside surface temperatures for two combinations of eave lengths and angles. The increasing
length and angle results in lower inside temperatures of about 3 °C of the south and east facades. This is
indicated by the light blue colour compared to the yellow colour of the shorter eaves.

The results follow the hypothesis. The relative slight decrease of 1.3 °C in yearly mean radiant temperature
using maximum eave lengths is explained because it is a yearly average.

Figure 5.34: Plotted results of yearly mean radiant temperature over the length of the eaves per angle of the eaves.

(a) Eaves of 1 m and 0°. (b) Eaves of 2.25 m and 15°.

Figure 5.35: Inside surface temperatures result at 11 AM.

5.5.4. Conclusion

An increase in eave length or eave angle decreases mean radiant temperature with a slight exponential decay.

Eaves length and angle in combination with the opening influence the flow pattern and velocity. Horizon-
tal eaves and short eaves don’t effect the velocity and flow significantly. Longer and inclined eaves change the
initial direction of the flow before entering. As a result, the flow is directed upwards. For openings at middle
facade height and small eave angles this can benefit velocity by counteracting the downward flow pattern.
For larger angles and larger lengths, velocity decreases since a major part of the flow is guided around the
building and the remaining part is directed above the comfort zone.
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5.6. Orientation
In this section, the result of changing the orientation angle on air velocity is studied. This is done in combi-
nation with eaves and without eaves. The latter is discussed first.

• "For combination C, increasing the orientation angle increases air velocity when the incident angle of the

wind is in alignment with the openings and comfort zone."

• "For combination D, using a 45° orientation angle benefits air velocity."

5.6.1. Method
The method as defined in section 5.1 is used. The following specifications to the method are made. Figure
5.27 illustrates this method.

• The eaves used are 2.2 m at an 45° angle so they are visible in the horizontal section of the flow results.
• Only angles from 0° to 90° are studied since they are representative due to symmetry.

(a) Varying the orientation angle by changing the wind direction. (b) The relevant combination of other strategies used.

Figure 5.36: Varying the orientation angle by changing the wind direction with the relevant combinations of other strategies.

5.6.2. Combination C
In figure 5.37 the results per configuration and combination are plotted over the orientation angle. The ve-
locity and direction results are shown in figure 5.38 for combination C and figure 5.39 for combination D.

Figure 5.37: Results influence of orientation angle on air velocity.

Results

Configuration 15 shows after a small increase at 15°, a declining trend to a minimum at 45°. It is followed by
a reversed trend until 90°. Configuration 1 shows after an initial increase at 15°a declining air velocity with a
minimum at 90°.

Figure 5.38 shows the flow to follow its incident angle. It is then redirected by obstructions to the other
most aligned opening. It is observed in figure 5.38c that the flow is separated and partly guided around the
comfort zone. In figures 5.38b and 5.38c it can be observed how the velocity is more continuous than at a 0
°angle.

Discussion

The hypotheses holds since it is observed that the wind follows its initial direction through the opening before
being redirected by obstructions and other openings. Therefore, a direct alignment of wind direction with the



5.6. Orientation 55

(a) Orientation of 0°. (b) Orientation of 15°. (c) Orientation of 60°.

Figure 5.38: Results air velocity and direction for changing the orientation for configuration 15C.

inlet opening, comfort zone and other openings benefit air velocity. Consequently, this explains why varying
the orientation angle for configurations 1C and 15C does not benefit air velocity.

The more constant velocity observed can be explained as follows. If the orientation angle is varied, the
distance between the openings in wind direction decreases. As a result the downward flow pattern has less
distance to develop. Hence its effect decreases.

The small exceptions observed for configuration 1C at 15°and 15C at 15° and 75 °Can be explained the
influence of the specific opening variants studied. The obstruction of the walls direct the flow more upwards
through the comfort zone. This increases air velocity slightly but is not deemed significant since the difference
is small and dependent on the variant tested.

Changing the orientation angle showed the significant influence of incident angle in combination with
the openings. Using openings on all sides is shown to perform significantly better when the wind is not
coming from the main directions. Therefore, openings on all sides are recognised to increase air velocity
throughout the year significantly.

5.6.3. Combination D

Results

In figure 5.37 the parabolic symmetrical of configuration 15D can be seen. It has a constant part between 30°
and 60°. For configuration 1D, varying the orientation decreases the air velocity. Figure 5.39 shows the flow
to be directed outwards underneath the eave. It maintains this direction in the building.

(a) Orientation of 0°. (b) Orientation of 15°. (c) Orientation of 30°.

Figure 5.39: Flow results for changing the orientation angle of configuration 15D.

Discussion

The hypotheses does not hold. This can be explained by the role of the opening configuration. When vary-
ing the orientation angle, the gap between eaves and the openings are not aligned. Consequently, velocity
decreases. The section of 5.3 showed that if they align, air velocity increases.
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Conclusion

Based on the results and discussion, it can be concluded that the wind follows its initial direction through the
opening before it is redirected to the other openings or obstructed. Therefore, varying the orientation angle
to be in alignment with the inlet opening, comfort zone and outlet opening increases air velocity.

When the orientation angle is varied with long inclined eaves, the opening configurations determine how
the air velocity is influenced. Openings aligned in wind direction on the corner then benefit air velocity.
Openings in the middle of the facade increase air velocity when they are in normal direction to the wind.

Using openings on all sides increase air velocity significantly when the wind is not coming from the main
wind directions.

5.7. Roof insulation
In this section, the influence of roof insulation on inside surface temperature is studied. The method is dis-
cussed first, before the results are evaluated and conclusions drawn. The hypothesis stated below as defined
in section 5.1.4 is thereby verified.

"Increasing the Rc-Value m2K/W of the roof decreases the inside surface temperature with an exponential

decaying trend."

5.7.1. Method

The method as defined in section 5.1 is used. In figure 5.40a, the analytical calculation method is outlined by
the formulas and values. It is based on the formula elaborated in section 4.2.5. An extreme case of a hot and
sunny day without wind is used.

5.7.2. Results and discussion

In 5.40b, the result of the inside surface temperature over the Rc-value is plotted. An exponential decay is
observed from 68 °C to 33 °C for Rc-Values of 0 m2K/W to 5 m2K/W.

The hypotheses holds. An Rc-value of 1 results in an inside surface temperature of 39 °C. This covers 83%
of the total decrease possible. Since the decrease in temperature per increase in Rc-value is relative slow after
Rc = 1, this is deemed the significant part. Using the warm conditions without wind causes the temperature
to rise to 68 °C. As can be seen, increasing the insulation value converges the inside surface temperature to
the inside climate.

(a) Inside surface temperature formulas and input values. (b) Inside surface temperature results versus the Rc-value.

Figure 5.40: Roof insulation calculation formulas, input values and results.

5.7.3. Conclusion

From the analytical calculations it can be concluded that roof insulation influences the inside temperature
by an exponential decaying trend. The significant difference of 83% made is made for a Rc-value of 1 m2K/W.
Increasing the insulation value converges the inside surface temperature to the indoor temperatures.
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5.8. Roof angle
To study the influence of changing the roof angle, first the validation results are analysed and discussed. It is
followed by a further literature study to base the conclusion on. The following hypotheses is tested.

"Increasing the roof angle, decreases the yearly mean radiant temperature."

5.8.1. Results and discussion
The results and case description is depicted in the table of figure 5.41. As can be seen, the yearly mean radiant
temperature of the living zone does not decrease when increasing the roof angle in respectively the single-
zone and multi-zone cases. The yearly mean radiant temperature of the roof zone does decrease slightly.
The hourly temperatures on the other hand are influenced considerably. They decrease with several degrees
Celsius.

Figure 5.41: Results validation study on roof angle. On the left the case description and on the right the performance results.

The decrease of the zonal temperatures at 11AM is explained by literature [35]. Increasing the roof angle
increases the area subject to solar radiation during peak hours. Since the increased area is subject to the same
amount of solar radiation, the temperatures during midday decrease. However, in the mornings and after-
noons, this effect is reversed because the more amount of solar radiation is captured. This effects explains
the differences found in yearly mean radiant temperature to be insignificant.

In addition, the computational model does not transmit the radiant temperature between zones. As a
results, the influence of heat radiated to the living zone by the roof panels is not taken into account. Since
the means are lacking to further study roof angle on mean radiant temperature, literature is used for the
conclusions.

5.8.2. Literature results and discussion
In section 4.2.6, the results are shortly presented and discussed. It is found that increasing the roof angle
is beneficial for indoor temperatures by increasing the roof angle during peak hours [35]. During non-peak
hours the temperatures increased [35]. However, the influence of solar radiation is less significant during
these hours. In addition, increasing the angle also benefits the zone underneath by the incident angle of the
radiated heat. Therefore, increasing the roof angle is deemed to decrease the radiant temperature overall,
benefit the incident angle of radiant heat and thereby increase comfort.

Another consideration on roof angle is to be able to provide buoyancy driven ventilation. Increasing the
height of the building increases this effect as explained in section 2.2. It must be noted that roof openings
should be present to provide stack ventilation.

5.8.3. Conclusion
Since the means are lacking for an appropriate study, the conclusion is based on literature [35]. Increasing
the roof angle decreases mean radiant temperature overall and benefits the incident angle of radiant heat. If
roof openings are used, increasing the roof angle enhances stack ventilation which benefit heat dissipation.

5.9. Conclusion
In this chapter, the sub-question: "How do these vernacular design strategies influence thermal comfort pa-

rameters?" is answered. The findings are discussed per strategy.

Openings Openings influence air velocity by providing a flow through the building. This flow is directed by
the opening configuration and location. When the flow is guided through the comfort zone, air velocity in-
creases. If openings on the wind and leeward side are used, air velocity increases. Using additional openings
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on the other facades benefits air velocity. Alternating openings can also benefit air velocity when they direct
the flow through the comfort zone. When inlet openings at middle height are used, adding a leeward roof
opening increases the velocity and direct the flow upwards. If combined with other strategies, the location of
the openings should be aligned to result in an unobstructed flow through the building to increase air velocity.

Stilts Increasing stilts influences air velocity but does not significantly influence the flow pattern in the
building. Increasing stilts height increase air velocity in general with an exponential decaying trend. However,
when inlet openings are used at middle height of the facade and stilts height below 0.5 m, a decrease in air
velocity is obtained compared to stilts of 0 m. This is caused by the flow also going underneath the building.

Eaves Eave length and angle influence air velocity and radiant temperature. An increase in eave length
or eave angle decreases the yearly mean radiant temperature with a slight exponential decay. Air velocity is
influenced by the eave length and angle in combination with the opening variant. However, horizontal eaves
and short eaves do not effect the velocity and flow significantly. Longer and inclined eaves change the initial
direction of the flow before entering. As a result, the flow is directed upwards. For openings at middle facade
height and small eave angles, this can benefit velocity by counteracting the downward flow pattern. For larger
angles and larger lengths, velocity decreases since a major part of the flow is guided around the building and
the remaining part is directed above the comfort zone.

Orientation Changing the orientation angle influences air velocity. The flow follows the initial direction
wind direction through the opening before it is redirected to the other opening or obstruction. Therefore,
varying the orientation angle to be in alignment with the inlet opening, comfort zone and outlet opening
increases air velocity. Using openings on all sides, significantly increases indoor air velocity when the wind is
not coming from the main directions. In combination with long inclined eaves and openings in the middle
of the facade, a normal direction to the wind increases air velocity.

Roof insulation Roof insulation influences the inside temperature by an exponential decaying trend. The
significant difference of 83% made is made for a Rc-value of 1 m2K/W. Increasing the insulation value con-
verges the inside surface temperature to the indoor temperatures.

Roof angle Since the means are lacking for appropriate study, the conclusion is based on literature [35]. In-
creasing the roof angle decreases mean radiant temperature overall and benefits the incident angle of radiant
heat. If roof openings are used, increasing the roof angle enhances stack ventilation.



6
Influence study on comfort performance

In this chapter, the influence on comfort performance is studied. To obtain a representative comfort perfor-
mance, using an actual design is necessary to take the influence of required rooms, usage characteristics and
materials into account. This decreases the general applicability but allows the strategies to be assessed on
their overall influence. The following question is thereby answered: How do the design strategies influence

thermal comfort performance?. First, the method is discussed. Then, the computational model of the case
study is validated. The results of the performance analyses of the case study are presented next, followed by
the discussion of the influence study per strategy. The chapter is ended with a summary of the findings of this
chapter.

59
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6.1. Method
In this section, the method to answer the sub-question stated in the introduction of this chapter is discussed.
The design of the case study is presented first. The steps to answer the question are defined next. It is followed
by addressing the assessment criteria and hypotheses formulation. Then, the build-up of the computational
simulation model is discussed before the paragraph is ended with a conclusion on the method.

6.1.1. Case study project
The case study project is the Finch Floating Homes project. It is located in the town of Macabebe, Pampanga,
the Philippines which is situated just above Manila at the Manila bay. Figure 6.1 illustrates a render of its
design [46]. For the purpose of this study, it is considered to be built on land. Figure 6.2 and 6.3a illustrate the
floor plans and cross-sections with dimensions as used in this study. The used materials with corresponding
properties and energy loads can be found in figure 6.3b. The height, width and roof angle are the same as
used in chapter 5.

Figure 6.1: The Finch Floating Homes design [46]. For the purpose of this study it is considered to be built on land.

The design consists of multiple rooms. The living room and the bathroom are situated at the ground floor.
The room on the first floor is open and covers half the ground floor area at the north side. The openings at
every side span from ground floor to first floor. A roof insulation with a Rc-value of 0.5 m2K/W and eaves of
1.3 m long at a 15 ° angle are used.

(a) Ground floor plan [46]. (b) First floor plan [46] with dimensions used.

Figure 6.2: The floor plans of the case study design as used in this research. The top side indicates the north direction. This is the 0°
orientation angle.

6.1.2. Method in steps
The flow chart in figure 6.4 illustrates the three steps of this method. They are discussed per step below. The
knowledge gained in chapter 5 is often applicable and therefore used to avoid unnecessary work.
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(a) Cross section in north south direction [46]. For the purpose of this
study, it is considered to not have roof openings. (b) Case study materials, properties and energy loads definition.

Figure 6.3: Cross section of the case study and material properties as used in this research.

Figure 6.4: The three steps of the method taken in this chapter.

1. Case study analyses

It is expected that design features like the bathroom, the dimensions of the openings and the first floor have
a significant influence on certain comfort parameters and thus comfort performance. Therefore, these influ-
ences are analysed first.

2. Parameter study per strategy

A similar parameter study to the one in chapter 5 is performed. Figure 5.4 illustrates the idea. Per strategy,
the parameter is varied and assessed on comfort performance using the the case study design. No other
combinations are used. This means the case study design is the only combination of other strategies studied.
If the effect on the comfort parameter is significantly different than in chapter 5, the results are addressed.
Several strategies require some alterations to this method. They are discussed below.

• Openings - The design features of the case study like the openings over the whole facade height are ex-
pected to influence the air velocity significantly. The opening variants studied are therefore determined
after the case study is analysed.

• Roof insulation - When the roof insulation is varied to a Rc-value of 0 m2K/W, the radiant heat emitted
from the attic surfaces to the living room is expected to have a significant influence. However, the
energy model does not transmit radiant heat through openings between zones. Therefore, a different
calculation method is introduced at the corresponding section.

• Roof angle - The conclusions are based on a literature study as explained in chapter 5.

3. Results comparison of the strategies

In this step, the impact of the strategies on comfort are compared to each other. The knowledge gained can
be used for designing the strategies and combinations.

6.1.3. Assessment method
The comfort performance is assessed by the adaptive thermal comfort model as explained in section 2.1.
Two expressions are defined to indicate the performance regarding the adaptive thermal comfort model. The
yearly average comfortable percentage and the accumulative difference comfort temperature. These are dis-
cussed after the air velocity assessment is adjusted to the case study.

Air velocity assessment method

Air velocity is assessed by the same method as explained in chapter 5. Since living during the day is done
in the living area, this zone is used to define the comfort zone. Figure 6.5 illustrates the defined comfort
zone in yellow and the test points in grey. The blue planes in figure 6.6 depict the locations where the air
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flow is considered in this chapter. The vertical plane is placed to the left instead of the middle to be able to
capture the flow that enters the building. In appendix section C.0.1 it is checked how well the average velocity
represents the air velocity experienced. It concludes to be representative.

Figure 6.5: The case study with comfort zone and test points.

Figure 6.6: The case study with comfort zone and planes for vertical and horizontal air flow results.

Average exceeding temperature [K]

To indicate the absolute effect of the strategies on comfort, the average exceeding temperature (AET) in Kelvin
is used. It indicates an average temperature in degrees kelvin which exceeds the upper comfortable limit. It
expresses essentially the discomfort. A lower number thus means a better comfort performance.

It is calculated by first accumulating for every uncomfortable hour throughout the year the difference in
Kelvin to the upper comfortable limit. This number is then divided by the hours that could be uncomfortable
during the year. This number is based on a model that resulted in the most uncomfortable hours. These were
obtained by modelling the case with no eaves, no ventilation, openings to let solar radiation in, no stilts and
no roof insulation. This is benchmark number three in section 6.2. For 57.6% of the year it is uncomfortable.
This translates to 3714 hours.

6.1.4. Hypotheses
Per step defined in sub-section 6.1.2 the hypotheses are discussed. The hypotheses are presented in their
respective section to avoid repeating them.

1. Case study performance

The hypotheses for the case study are discussed per comfort parameter. Consequently, the comfort perfor-
mance hypotheses can be evaluated.

Air velocity The openings over the vertical height of the facade allow the outdoor wind speed distribution to
continue inside. The alignment of the openings of the living room direct the flow through the south opening
and around the bathroom to the west opening. In the attic a recirculation of the flow is expected as found
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in chapter 5. In the bathroom the openings are parallel to the wind direction. Therefore, the living room is
expected to have the highest air velocities and the other two rooms to have relatively low velocities.

Mean radiant temperature The inside surfaces in every zone are protected by roof insulation or eaves.
Therefore, no significant differences in mean radiant temperature are expected.

Comfort performance The air velocities in the rooms are expected to be significantly different. The mean
radiant temperature is expected to be the same. The differences in dry-bulb temperature are expected to be
insignificant due to the air exchange between the rooms. Consequently, the difference in comfort perfor-
mance is expected to correspond to air velocity.

2. Parameter study

Per strategy, the hypotheses are discussed.

• Stilts The openings over the vertical height are expected to result in the same indoor flow distribution as
outside. Therefore, increasing stilts height increases air velocity by an exponential decay. It is expected
that only the air velocity is affected by changing the height. Consequently, comfort performance has
the same trend as air velocity.

• Orientation Changing the orientation angle influences the air velocity because the flow pattern follows
the incident angle of the wind. Angles around 0°, 90°and 180° direct the flow through the comfort
zone. As a result, higher air velocities are expected for these angles. Changing the orientation also
influences radiant temperature. Since the bathroom can act as a buffer to protect the living room from
low incoming solar radiation, the angle around 0 to 45 and 225 to 270 is expected to be beneficial for
comfort. Since low incoming solar radiation is not that strong, air velocity is expected to be governing
in the comfort trend.

• Eaves In chapter 5 it was found that increasing the eave length and angle, decreases air velocity but
increases its protection versus solar radiation. Therefore, eaves that block solar radiation and do not
significantly influence air velocity are expected to have the best comfort performance. Strongly inclined
long eaves block the wind too much while short horizontal eaves protects the facades too little. There-
fore, smaller angles with considerable lengths are expected to have the best comfort performance.

• Roof insulation Because roof insulation only influences the inside surface temperature directly, the
same exponential decaying trend in comfort is expected.

• Openings Since the variants are defined in section 6.4, the corresponding hypotheses are also discussed
in this section.

3. Results comparison

Openings provide air velocity and heat dissipation. Hence, they are expected to have the biggest impact on
comfort. Eaves, orientation and stilts all considerably effect air flow or mean radiant temperature. Their
influence on comfort is therefore expected to be of equal proportion. Roof insulation decreases the mean
radiant temperature of the attic. Since the living room is covered by a first floor for half of the area, the
influence of roof insulation is expected to be the smallest.

6.1.5. Computational simulation method
To be able to assess the computational model and its results, the built-up of the model is discussed. First,
the combined model approach is addressed. Then, the built-up of the computational model is evaluated
before it is concluded with the method of validation. Since the case study is an extension of the model used
in chapter 5, the additions or changes to the model are validated accordingly. Unless specified otherwise, the
same software and settings are used as specified in section 5.1.5.

Combined CFD and energy-model approach

In naturally ventilated building, the design is influenced significantly by natural ventilation and its corre-
sponding properties like air inlet, inter-zonal exchange and flow pattern. However, the Energy model uses
only basic estimations of these properties. Therefore, using CFD analyses to complement an energy calcu-
lation significantly improves the results. It is a known and advised method for naturally ventilated buildings
[48]. The combined model uses the same geometry for the analyses. This means for example that a change
in orientation angle occurs in the energy model and the CFD model. Consequently, the solar path and wind
directions are adjusted appropriately.
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Computational model built-up

Air velocity dependencies The CFD calculation is used to calculate the air velocity, the air inlet and an
exchange rate for the inter-zonal exchange area between the attic and living room. They are defined to be
linearly dependent to the outdoor wind speed in same direction. [4]. To improve the accuracy, the air inlet
is adjusted to the wind direction throughout the year. As a consequence of not adjusting the air velocity and
exchange rates, the comfort results are less precise for the parts of the year addressed in section 5.1.2. Figure
6.7 illustrates the calculation procedure. Since the bathroom and attic are not thoroughly studied on comfort,
the inter-zonal exchange rate between the attic and living room suffices for an indication of the velocity in
the bathroom and attic.

Figure 6.7: The calculation procedure of the combined model approach of CFD and Energy calculation.

Zonal definition Climatic zones are defined in the energy model to capture the effect of the separation
between rooms. Consequently, the living room, attic and bathroom are defined as a zone. The opening
betweens these zones exchange heat and air by definition of an air wall. Figure 6.8 illustrates the definition of
the zones and air walls of the case study.

Figure 6.8: The energy model zones extruded with openings as transparent and "air walls" between zones in light blue.

Energy loads and usage characteristics The energy loads and usage characteristics are specified in the
table of figure 6.3b. The "schedules" indicate the usage or presence of the energy load. The people schedules
indicate two people at home from 8AM to 4PM. It also indicates that half the of the equipment and one-fifth
of the lighting is used during these times.
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6.1.6. Conclusion Method
To answer the sub-question, three steps are defined. First, the performance of the case study is analysed
to study the influence of the design features. Second, a parameter study per strategy is performed on the
case study to study the relation to comfort parameter and comfort performance. And third, results of the
comfort performance are compared to each other to relate their significance in the design face. To indicate
the effect of the strategies on comfort, the average exceedance temperature (AET) in Kelvin is used. The
combination of the computational models for comfort assessment improves the accuracy significantly and
gives a representative result for the significant part of the year.

6.2. Validation
The additional features of the case study and the additions to the computational model are validated in the
same way as in section 5.2. The energy model and CFD model are validated respectively.

6.2.1. Energy model validation

Method

Like the validation in section 5.2, the energy model is validated by an empirical validation of the performance
to a series of cases or benchmarks. The significant benchmarks are addressed on comfort.

Benchmark definition and hypotheses

The benchmarks and expected performance are shortly elaborated in this paragraph. They are listed in fig-
ure 6.9. The first benchmark is the case study modelled without openings and eaves. This is expected to
result in a low comfort score since heat can’t dissipate. Then, infiltration is added in benchmark two. Con-
sequently, comfort increases slightly. Benchmark three includes openings to allow solar radiation to enter
but no ventilation. As a result, the performance is decreased. Number four allows wind through the opening
which increases comfort performance because heat can dissipate and air velocity is provided. Then, closing
behaviour during the night is checked. This reduces the performance only slightly because discomfort occurs
during the day. Benchmark six adds people and electrics in the form of energy loads. This decreasing perfor-
mance slightly because heat is added. The last benchmark adds eaves and roof insulation. Hence, comfort
increases.

Figure 6.9: Benchmark description and comfort results in average exceeding temperature and percentage of comfortable hours.

The comfort performance of the benchmarks are expected to follow the climate conditions. The outdoor
solar radiation load, air velocity and dry-bulb-temperature are plotted for every hour of the year in appendix
figure A.1. Based on the load of solar radiation and dry-bulb-temperature, the uncomfortable hours are con-
centrated during mid-day and diminish towards the evening and morning. The summer months April and
May are expected to have the least comfort performance. Due to the low amount of solar radiation, dry-
bulb temperature or a significant amount of wind, the best comfort performance is expected in September,
October, November (except the beginning), December and between half July and half August.

Results and discussion

The results with corresponding benchmark description are shown in the table of figure 6.9. Figure 6.10 shows
the inside surface temperature at hour thirty-five for benchmark two and seven and their two corresponding
discomfort graphs. The colours indicate the difference for every hour to the upper comfortable limit when
it is uncomfortable. It is observed that the comfort performance follows the radiant load and dry-bulb tem-
perature for the discomfort results. This is lessened or diminished when high air velocities are present. The
numeral results of the benchmarks and the hourly discomfort results show the trends defined by the hypothe-
ses.
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(a) Inside surface temperatures benchmark 2. (b) Inside surface temperatures benchmark 7.

(c) Hourly discomfort results benchmark 2.

(d) Hourly discomfort results benchmark 7.

Figure 6.10: Inside surface temperature at hour 35 and hourly discomfort results for benchmark 2 and 7.

6.2.2. CFD Validation

Method and hypotheses

No specific wind tunnel tests are available of the additions to the design. Therefore, the same method will be
used as in section5.2.2. The results are compared to the validated results to see if they make sense.

Results and discussion

In fig 6.11 and 6.12a respectively, the vertical and horizontal results of the validated geometry of chapter 5
and the results of the case study CFD are shown. The openings over the whole facade height results in a
continuous flow in the building, maintaining initial direction. Since the opening is not directly aligned the
flow is redirected as can be seen in figure 6.12a.

6.2.3. Conclusion
It can be concluded that the simulation model of the case study takes the added mechanisms and features
into account as expected for the energy model, the CFD calculation and the comfort calculation. It also
responds to the climate as expected.

6.3. Case study performance analyses
In this section, the performance of the case study is analysed. The results are discussed before the conclusions
are drawn. The tested hypotheses are stated below.



6.3. Case study performance analyses 67

(a) Validated geometry result. (b) Case study flow result at the plane as illustrated by figure 6.6.

Figure 6.11: Validation of the case study air flow results in vertical direction by comparison to geometry that is validated in section 5.2.2.

(a) Validated geometry result. (b) Horizontal flow result.

Figure 6.12: Validation of the case study flow results in horizontal direction by comparison to geometry that is validated in section 5.2.2.

• "The inside flow pattern has a similar speed distribution as the outdoor wind speed. In the attic a re-

circulation is expected. The flow is directed from the east opening to the south opening and around the

bathroom to the west opening. Low air velocities compared to the living room is expected in the bath-

room."

• "The living room has a significantly better comfort performance than the attic and bathroom. The latter

two have a similar comfort performance."

6.3.1. Results
The results used for testing the hypotheses are presented here. The hourly exceeding temperature results and
the energy balance per month are illustrated in appendix figure D.2 and D.1 respectively.

Results and discussion air velocity

In figure 6.11b the flow result in vertical plane is illustrated. As can be seen, a considerably even spread over
the height is observed until two-third of the width of the section to the right. Then, the speed in parallel
direction starts to diminish before it stops at the east wall at the right side. No circulation is observed in the
attic.

The evenly distributed spread can be explained by the influence of the house and eaves. The eaves and
building change the pressures a redirect the flow slightly upwards, causing a more evenly distributed spread.
The first two parts of the first hypothesis are thereby tested as false.

In figure 6.12b the horizontal flow result is shown. As can be seen, the flow follows its initial direction with
a slight redirection to the south facade after entering. It is then separated at the west wall and south opening.
Most of it leaves the house at the west opening and the other part at the south opening. In the bathroom a
small circulation is present with low velocity.
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The second part of the first hypothesis is tested as true. The bathroom at the north side is observed to
decrease air velocity since it blocks a part of the flow and redirects the flow slightly away from the comfort
zone after entering.

Results comfort performance

In figure 6.14 comfort performance criteria are illustrated per zone. As can be seen from the limited amount of
warm colours in the figure, the living room performs the best. This performance is supported by the numeral
results of figure 6.13. The attic and bathroom show similar comfort performance pattern but the bathroom
is slightly more uncomfortable in the morning. In figure 6.10b the inside surface temperatures at midday are
shown. As can be observed, the roof temperatures show lower inside surface temperature than the facade.

Figure 6.13: Numerical results comfort performance.

The second hypothesis is tested as true. The decrease in comfort of the bathroom in the morning is ex-
plained by its orientation to the north-east. As a result it suffers from direct solar radiation in the morning.
The decrease in comfort is however small.

(a) Living room zone.

(b) Bathroom zone.

(c) Attic zone.

Figure 6.14: Hourly discomfort results per zone of the case study.

Conclusion

The openings over the vertical height cause the flow pattern to spread more evenly over the height of the
building than compared to outside. As a result, the velocity close to the floor and in the attic increases. The
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configuration of the openings benefit air velocity by directing the flow through most of the comfort zone.
Because the openings of the bathroom are parallel to the wind direction, it has a low air velocity and forms
an obstruction for the flow in parallel direction. It thereby reduces air velocity in the living room.

Because the three zones are protected from most of the direct influence of solar radiation by the eaves or
roof insulation, the comfort performance is strongly dependent on air velocity. Accordingly, the living room
has a significantly better comfort performance. The north-east orientation of the bathroom results in direct
solar radiation hitting the facade in the morning. As a result, the comfort performance of the bathroom is
slightly reduced in the morning hours compared to the attic.

6.4. Openings
In this section, the results of the influence study of openings are discussed. The method is defined first. It is
then followed by discussion of the results before the conclusions are drawn.

6.4.1. Method
Based on the knowledge gained in section 6.3, the hypotheses stated below are defined. Due to the limited
time frame, several configurations are only studied on air velocity. To test the strategies, the opening varia-
tions illustrated in 6.15 are used. The roof openings have the same dimensions as used in 5 and are modelled
as a roof panel since some kind of shading or shutters are assumed to be in place.

• "Decreasing the height of the air inlet increases air velocity and comfort."

• "A roof opening on the leeward sides benefits air velocity and comfort."

• "Using a 90 degree orientation angle with all sides are open increases velocity."

• "Changing the first floor to the west side, decreases air velocity with and without leeward roof opening."

Figure 6.15: Opening variants tested. 0 to 8 are illustrated as vertical cross sections and 9 as floor plan.

6.4.2. Results and discussion
Figure 6.16a shows the numeral results on air velocity. Figure 6.17 and 6.18 show the velocity and direction
results. The comfort performance results are illustrated in figure 6.16b. To keep it orderly, the results are
discussed per hypotheses.

(a) Numeral air velocity results [m/s] per variant. (b) Comfort performance results per variant.

Figure 6.16: Air velocity and comfort performance results in AET of opening variants tested.
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(a) Configuration 2. (b) Configuration 5. (c) Configuration 6.

Figure 6.17: Flow results for configuration 2, 5 and 6.

Height inlet The results show the velocity to increase when the height of the inlet is reduced. The flow
results in figure 6.17a illustrate this by directing the flow more concentrated through the comfort zone. De-
creasing the height from 0.5 and 0.7 meter does not result in a difference in velocity. However, it does decrease
comfort by increasing the average exceeding temperature. When a leeward opening is added as in case 6, the
velocity stays the same but comfort increases significantly compared to the other configurations.

The difference in comfort at the same air velocity are explained by the differences in air changes per hour.
When the areas of the openings change, the air inlet and inter-zonal exchanges rates are influenced. As a
result, the air exchange rates per hour increase or decrease. Consequently, comfort is influenced. When the
inlet height is lowered, comfort increases. The hypotheses is thereby tested as true. However, the difference
is small for only lowering the inlet height. But, when it is combined with a leeward roof opening, it increases
significantly.

A rule of thumb for the opening height - If the building would be scaled, the same relation would be
found of the reduced opening height to the facade height to improve air inlet and velocity. Reducing the
height has shown to increase comfort significantly in the configuration with a leeward roof opening. This
allows the formulation of a rule of thumb for the opening height if a leeward roof opening is present and for
facade heights which is in reasonable range. Since the best performing opening height is 2.3 m on a facade
height of 2.8 m. This would result in the rule of thumb stated below.

2.3

2.8
≈ 0.85 →Oh[m] = 0.85 ·Fh[m]

Where Oh in m is the height of the opening from ground floor and Fh in m is the facade height.

Leeward roof opening Adding a leeward roof opening is observed to decrease air velocity but increase com-
fort by decreasing the AET. The flow pattern in figure 6.17b illustrates this because the flow is directed up-
wards, away from the comfort zone. However, when the height of the inlet is decreased by 0.5 meter, adding
a roof opening does increase the velocity and comfort.

The first part of the hypothesis does not hold while the second does hold. This can be explained by the
provision of stack effect and heat mitigation. For inlet openings with decreased height of around 0.5 meter,
the hypotheses is deemed as true.

Changing first floor Changing the first floor to the west side is observed to decrease velocity both in con-
figuration 7 and 8. The flow is illustrated in figure 6.18a and shows a direction upwards.

This can be explained by a recirculation of the wind upstairs before it leaves the building. It is not directed
through the comfort zone. Since velocity decreases the comfort is expected to decrease.

All facades open and rotation of 90° If a 90° orientation angle with all facades open is used, it is observed
that velocity increases. The flow pattern in figure 6.18b illustrates this by providing an almost continuous flow
through the building and comfort zone. The hypothesis is thereby tested as true. However, the difference to
the case study air velocity is relative small. This can be explained by the change of first floor to the leeward
side. If the first floor is changed to align in the wind direction, the increase in air velocity is larger. Since the
air exchange rates also increase considerably, comfort is expected to increase significantly.
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(a) Configuration 8. (b) Configuration 9.

Figure 6.18: Flow results for configuration 9 and 8.

6.4.3. Conclusion
Openings influence comfort by air velocity and air exchange rates per hour. Air velocity is found to be the
governing factor. When velocity does not change significantly, air exchange rates determine the comfort
performance.

Openings until ground floor with a reduced inlet height increase comfort and air velocity significantly if
it is combined with a leeward roof opening. Based on the best performing configuration, the rule of thumb
stated below is defined to relate the opening height (Oh [m]) to the facade height (Fh [m]). Only adding a
leeward roof opening or decreasing the height, does not significantly influence comfort. Rotating the building
with 90°, changing the first floor and having the facades in wind direction open increase air velocity and
comfort significantly. Using openings yields a significant comfort increase of 4.94 AET Kelvin.

Oh[m] = 0.85 ·Fh[m]

6.5. Stilts
In this section, the influence of stilts height is addressed. The method as outlined in section 6.1.2 is used. The
hypothesis stated below is thereby tested. The results are presented and discussed before the conclusions are
drawn.

"Increasing stilts height increases air velocity and comfort performance with an exponential decaying trend."

6.5.1. Results and discussion
In figure 6.19 the air velocity is plotted over the stilts height. Figure 6.20 shows two corresponding flow results
of 0.4 and 1.5 meter of stilt heights. The average exceeding temperature over the stilts height is plotted in
figure 6.21. It is also plotted with a constant outdoor wind distribution over the height in figure 6.21b.

Air velocity

An exponential decaying trend is observed in air velocity over stilts height. For stilt heights below 5m the
increase is relatively linear. As can be seen in figure 6.20, the flow pattern is the same and velocity increases
when stilts height is raised. The general air velocity observed in the building is the same as the outdoor
undisturbed wind speed at the middle of the facades height.

The hypothesis is tested as true. The difference in air velocity for smaller stilt heights is relatively large
compared to the wind profile power law distribution depicted in figure 5.3a at roof height of 2.8m. This could
be explained by the eaves which lower the reference speed as observed in figure 6.20.

Comfort performance

A general exponential decaying trend with some fluctuations is observed in AET over stilts height for the
common outdoor wind speed distribution. The hypotheses thereby holds. Using a stilts height of 5 meter
reduces the AET with 0.55 Kelvin. For stilt heights between 5 to 10 meter it is almost constant. The constant
part and fluctuations do not match the air velocity trend. However, these could be explained by the effect
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Figure 6.19: Air velocity results of varying the stilts height.

(a) Stilts height of 0.4 m (b) Stilts height of 1.5 m

Figure 6.20: Flow results of stilts height 0.4 m and 1.5 m

of stilts height when the wind speed is kept constant. The general linear increase in AET for the constant
outdoor wind speed counters the decrease in AET for common outdoor wind speed. Its deviations also ex-
plains the fluctuations between 1.5 and 3 meter. The influence when wind speed is kept constant is however
unclear. It might be caused by radiation conditions dependent on height in the energy calculation method of
EnergyPlus. Since the hypotheses holds, it is not further studied.

(a) The results with an outdoor wind profile power law distribution over the
height.

(b) The results with a constant outdoor wind speed distribution over the
height.

Figure 6.21: Results in AET of varying the stilts height with the standard outdoor wind speed profile power law distribution and with
outdoor wind speed distribution which is constant over the height.
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6.5.2. Conclusion
Increasing stilts height with openings over the facade height increases air velocity and comfort with an expo-
nential decay. Using stilts with a height of 5 meter reduces the AET with about 0.55 Kelvin.

6.6. Orientation
In this section, the results of changing the orientation angle are shown and evaluated. The method as outlined
in section 6.1.2 is used. The hypotheses stated below are thereby tested. A 0° angle considers the orientation
of the building towards north as stated in figure6.2a with an upwards north direction. The rotation of the
building is counter-clockwise. From the perspective of the wind direction, the rotation is clock-wise.

• "Orientation angle around 0°, 90° and 180° benefit air velocity."

• "The comfort performance has the same trend as the air velocity with a better performance from 0° to 45°

and 225° to 270°."

6.6.1. Results
The air velocity results over the angle are plotted in figure 6.22. Several corresponding flow results are shown
in figure 6.23 and the AET over the angle is plotted in figure 6.24.

Air velocity

A constant air velocity is observed from 0° to 30°. It drops to around 0.8 m/s from 60° to 120°before climbing
to its second peak around 190°. Then it drops to 0.8 m/s from 255° to 285° before rising to 1.05 m/s for angles
of 300° until 345°.

The flow pattern of 15°and 195 show how the air velocity benefits from the incident angle of the wind. It
directs the flow through the major part of the comfort zone. Oppositely, the 105 degree angle, directs the flow
through the bathroom and thereby avoids most of the comfort zone.

Figure 6.22: Air velocity results of varying the orientation angle.

(a) 15°. (b) 105°. (c) 210°.

Figure 6.23: Flow results for several orientation angles.
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Results comfort performance

The AET is in figure 6.24 show peaks at 0° and 195°, and troughs at 75° and 285°. The trend is disrupted slightly
at 180°.

Figure 6.24: Results in AET of varying the orientation angle.

6.6.2. Discussion results
The incident angle of the wind is shown to have a significant impact in directing the flow through the comfort
zone. The openings of the bathroom show to play an important role as well since it significantly decreases
the flow through the comfort zone at a 105 degree angle. If the flow results of 15 and 30 degree are compared
to the 0 degree flow, the change in direction of the flow benefits air velocity.

The air velocity and AET show a roughly similar inverse trend. The differences could be explained by
factors like air inlet, inter-zonal exchange rates and solar radiation entering through the openings at certain
hours. Since globally the same trend is observed, the first part of the second hypotheses holds.

The second part of the second hypothesis does not hold. This could be explained by the low intensity of
the incoming solar radiation. Since the facade is protected by eaves, it is only exposed in the afternoon or
early morning to a relatively weaker solar radiation load. As a result, it does not make a significant difference
compared to the changes in air velocity.

6.6.3. Conclusion
The air velocity inside is positively influenced around 15° and 210° because the incident angle directs the
flow through the comfort zone. It is negatively influenced between these angles.

It can be concluded that air velocity is the governing factor on comfort performance when changing the
orientation angle. The angles around 180° or 0° show the best comfort performance while between those
areas the performance is significantly less. The difference between the worst and best performing angle in
the case study in AET is 0.73 Kelvin.

6.7. Eaves
In this section, the results of varying eave length and angle on air velocity and comfort performance are
discussed. The method as outlined in section 6.1.2 is followed. The hypotheses stated below are thereby
tested.

• "Increasing eave length and angle decreases air velocity."

• "Eaves with small angles and considerable lengths result in the best comfort performance."

6.7.1. Results
Figure 6.25 and 6.27 show the results of AET on respectively air velocity and comfort performance over the
length for various angles. The flow for several eave lengths and angles is depicted in figure 6.26.

Results and discussion air velocity

It can be observed in figure 6.25 that for lengths greater than 0.8 meter and angles greater then 0°, increasing
the length and angle reduces air velocity. Angles of 60° and 0° score the best for a length of 0.5 m. The eaves



6.7. Eaves 75

with a 0° angle have a constant air velocity over the length. An angle of 15° also is relatively constant between
0.5 and 1.6 m meter lengths. The flow pattern for a house with no eaves is depicted in figure 6.26a. It shows a
slight downward pattern which spreads after entering with a small recirculation in the attic. The flow pattern
corresponding to a horizontal eave of 1.3 meter length is observed to have a more even spread over the height,
including the attic. A length of 1.5 meter with a 45° angle results in a significant part of the flow going around
the building. The part that enters under the eave spreads diminishes over the height.

the two hypotheses given above do hold for most of the cases regarding the eaves length and angle with
two exceptions. One, a 0° angle gives a constant air velocity. Secondly, a 60° eave angle with eave length of
0.5m however benefit the air velocity the most in comparison with angles lower than 60° for this eave length.
The latter can be explained by the main flow being directed through the comfort zone.

Figure 6.25: Air velocity results of varying the eave lengths and angles.

(a) No eaves. (b) Eaves of 1.3m and 0°. (c) Eaves of 1.6m and 45°.

Figure 6.26: Flow results for several eave lengths and angles.

Results and discussion comfort performance

The average exceeding temperature over the eave length in figure 6.27 show a general decreasing trend, with
per angle, troughs at different lengths. The best performing eave lengths and angles are a 1.9 m length with a
0° degree angle and a length of 1.6 meter with a 15° angle. The difference found between the best performing
eaves and no eaves in AET is 0.63 kelvin.

Thy hypotheses holds. Because the comfort criteria take the influence of solar radiation and air velocity
into account, the length optimums are different per angle. Although a 0° eave angle does not have a signifi-
cant impact on air velocity, it does block more solar radiation when increasing the eaves length. The observed
exponential decaying trend for large eave lengths is thereby explained.

A rule of thumb for the eave length The effectiveness of eaves to block solar radiation is dependent on
multiple aspects. These are the height of the facade, the eave length and the eave angle. If openings over the
vertical height are used, eaves of 15° score the best or significantly close to the best for all relevant lengths.
Therefore, if openings over the vertical height are used, eaves at an 15° angle are used to make a rule of thumb.

If the angle is known, the length of the eave can be related to the facade height. By dividing the length of
the eave (1.6 m) by the facade height (1.8 m), a factor is found that can be multiplied by the facade height to
obtain the desired eave length. This is illustrated in the equations below.



76 6. Influence study on comfort performance

1.6

2.8
= 0.57 ≈ 0.6 → El ,15◦ = 0.6 ·Fh

With El ,15◦ in m is the eave length at 15° and Fh in m is the facade height.

Figure 6.27: Results in AET of varying the eave lengths per angle.

6.7.2. Conclusion
In general, increasing the eave length and angle decreases indoor air velocity, although it is constant for a 0°
angle. Eaves with small angles and considerable lengths result in the best comfort performance. For the case
study, a 1.6 m eave length at a 15° angle results in the best performance and yields a decrease in AET of 0.63
Kelvin.

6.8. Roof insulation
In this section, the results of varying the roof insulation value on comfort are presented and discussed. First,
the method is discussed. Then, the results of the parameter study are evaluated before the findings are con-
cluded and the following hypothesis tested.

"Increasing roof insulation increases comfort performance with an exponential decaying trend."

6.8.1. Method

Method selection

To take the radiant heat into account that is emitted to the living room zone from the attic, two options are
shortly discussed. The first method is to change the energy performance calculation. Changing the calcu-
lation requires thorough knowledge of the way its programmed in the links between Honeybee, OpenStudio
and EnergyPlus. This would be time consuming and requires an additional validation study to examine the
model and its performance. The second method is to use the results of the energy performance calculation
and modify them before the comfort calculation is performed. By modifying the results, a clear dependency
can be created to take the influence of the radiant heat into account. This is suitable for testing the hypothesis
and would be less time consuming than the previous method. Therefore, the second method is applied.

Calculation method

The mean radiant temperature (MRT) of a zone is calculated as explained in section 5.1.2. It uses the weighted
(on area) mean average of the inside surface temperatures times the thermal emittance coefficients of the
surfaces enclosing the zone. To create the effect of the radiant heat emitted through the opening, the south
roof surface temperature is used as the surface temperature of the opening. Subsequently, it is weighted with
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the remaining surface areas times the calculated MRT from the energy calculation. The relation is described
in the formula below. The south roof panel is used because it is subjected to the significant part of the solar
load during the day. It overestimates the influence during midday slightly and underestimates the effect in
the morning and afternoon.

MRTnew =
((S Azone −S Aai r w al l ) ·MRT +S Aai r w al l ·RTr oo f )

S Azone

where:

S A = Surface area [m2]

MRT = Mean radiant temperature [°C]

RT = Radiant temperature [°C] times emmitance factor (0.9)

Using this method adds extra heat or energy to the building because the inside surface temperature is
now taken into account twice. However, the overestimation of heat to the building is not deemed to have a
significant influence on the effect studied because it is a constant overestimation of the effect.

6.8.2. Results and discussion
The results of roof insulation versus AET is plotted in the graph of figure 6.28. The influence on several surface
temperatures are shown in the appendix in figure D.3. As can be be seen in the graph in figure 6.28, an
exponential decaying trend is observed. The hypothesis is thereby tested as true. From Rc-value 0 m2K/W to
1 m2K/W the AET reduction is 0.10 Kelvin. The trend is the same as observed in section 5.7, and also shows
about a 81% benefit made by an Rc-value of 1 m2K/W.

Figure 6.28: Results in AET of varying the Rc-value.

6.8.3. Conclusion
Increasing roof insulation increases comfort performance with an exponential decaying trend. The signifi-
cant part (81%) is made from an Rc-value of 0 m2K/W to 1.0 m2K/W with a decrease in AET of 0.10 Kelvin.

6.9. Roof angle
As explained in section 5.8 results of literature are used for the conclusion on comfort. As stated; increasing
the roof angle decreases mean radiant temperature overall and benefits the incident angle of radiant heat
emitted to the living room. In addition, if roof openings are used, increasing the roof angle enhances stack
ventilation and thus heat mitigation. During wind still times, this is expected to contribute significantly. It is
therefore concluded that if roof openings are provided, comfort increases significantly with increasing roof
angle.
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6.10. Comparison strategy results
In this section, the results of this chapter are related to each other. First the method is introduced. The results
are discussed next. It is followed by the discussion, and ended with the conclusion. The following hypothesis
is thereby tested.

"Openings have the largest impact on comfort. It is followed by orientation, eaves and stilts with a similar

proportion. The influence of roof insulation is the lowest."

6.10.1. Method
To relate the effect of the strategies, the criteria stated below are defined. Changing the roof angle is not taken
into account since no data is available which can be compared.

• Total potential - It shows the potential of using the strategy as studied in this chapter. It is the difference
between the zero or worst performing variant of the strategy to the best performing variant in AET
Kelvin.

• Realised potential - This is the gain in comfort of the strategy as used in the design of the case study
from the zero or worst performing variant in AET Kelvin.

The results should be considered as a rough indication for the following reasons. One, the effect of combi-
nations of strategies is not taken into account. Two, the effect is now measured with the presence of the other
strategies (except for stilts). And three, it is limited by the variants studied. For example, certain opening
configurations are expected to increase comfort significantly but are not taken into account.

6.10.2. Results and discussion
The results are presented in figure 6.29. The left axis indicates the two criteria defined above. As can be
seen, openings have the biggest total potential. Orientation, eaves and stilts give similar results, while roof
insulation has a relatively small impact. All strategies excepts stilts have a considerable high realised potential
in relation to their total potential. Stilts does not because it was not used yet.

The hypothesis is tested as true. The potential reached of all is considerably high in the case study except
for stilts. However, significant benefit can still be gained by using combinations of strategies and openings
variants which are not studied on comfort in this research or presented in this graph.

Figure 6.29: The total potential from zero to the best performing variant tested and the realised potential of the variants used in the case
study design AET Kelvin. It must be noted that certain combinations of strategies and opening configurations are not taken into

account which are expected to result in higher performances.
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Relevance to general housing type

The intended housing type of this research consist of a of a single story building with a ground floor. The
design of the case study added a partial first floor. The partial first floor influences radiant temperature and
thereby roof insulation significantly.

Underestimation of roof insulation The partial first floor poses a barrier between the living room and the
attic by reflecting radiant heat and obstructing air flow. Since a part of the radiant heat does not reach the
living room, the influence of roof insulation is underestimated. Since a third of the living room is covered,
removing this area would roughly add half of the influence to the effectiveness. As a result, the total potential
effect of roof insulation would be a decrease of about 0.18 AET Kelvin instead of 0.12.

6.10.3. Conclusion
It can be concluded that openings have the most impact on comfort performance. It is a considerable amount
of times higher than the others. Orientation, eaves and stilts respectively are next in the ranking and are close
to each other in their impact. Roof insulation follows with an impact of about one-third of the impact of
eaves. Their potential impact for the intended housing typology per strategy is about 5 degrees Kelvin for
openings, 0.7 for orientation, 0.6 for eaves, 0.5 for stilts and 0.2 for roof insulation.

The potential reached of all is considerably high in the case study except stilts since they are not used yet.
However, significant benefit can still be gained by using combinations of strategies which are not presented
by these numbers.

6.11. Conclusion
In this chapter, the following sub-research question: "How do the design strategies influence thermal comfort

performance?" is answered. Based on the results and discussion the following conclusions are drawn.

Openings Openings influence comfort mainly by air velocity. When velocity does not change significantly,
air exchange rates determine the comfort performance. The opening configuration used in the case study
perform relatively well in the main wind direction. Openings until ground floor with a reduced inlet height
increase comfort and air velocity significantly if it is combined with a leeward roof opening. Based on the best
performing configuration, the rule of thumb stated below is defined to relate the opening height (Oh [m]) to
the facade height (Fh [m]). This rule is applicable if the height of the facade is within the usual range of single-
story buildings. Only adding a leeward roof opening or decreasing the height, does not significantly influence
comfort. Changing the first floor to the leeward side decreases velocity. The best comfort performance is
obtained by rotating the building with 90°, changing the first floor to align in wind direction and having as
much open area on the facade in wind direction as possible. Using openings yields a significant comfort
increase of 4.94 Kelvin in AET.

Oh[m] = 0.85 ·Fh[m]

Stilts Increasing stilts height increases comfort and air velocity by an exponential decay. Using stilts with a
height of three meter reduces the AET with 0.40 Kelvin in the case study.

Orientation It can be concluded that air velocity is the governing factor on comfort performance when
changing the orientation angle. The angles around 180° or 0° show the best comfort performance while be-
tween those areas the performance is significantly less. The difference between the worst and best performing
angle in the case study in AET is 0.73 Kelvin. In the case study, the air velocity is positively influenced around
15° and 210° and negatively between these angles.

Eaves Eaves influence comfort by air velocity and radiant temperature. Eaves with small angles and consid-
erable lengths result in the best comfort performance. For the case study a 1.6m length at a 15 degree angle
results in the best performance and yields a decrease in AET of 0.63 Kelvin. It is shown that eave angles of 15
degree perform the best or significantly close to the best for every eave length when openings over the vertical
height are used. Therefore, the following rule of thumb can be defined to find the optimum eave length [m]
based on the facade height [m].
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El ,15◦ [m] = 0.6 ·Fh[m]

Roof insulation Increasing roof insulation increases comfort performance with an exponential decaying
trend. The significant part of about 80% is made from an Rc-value of 0 m2K/W to 1.0 m2K/W with a decrease
in AET of 0.10 Kelvin.

Roof angle Comfort is benefited by increasing the roof angle. In addition, adding roof openings allows heat
to dissipate and provides air velocity. Comfort is thereby benefited significantly.

Comfort impact Per strategy, the potential impact for the intended housing typology is decrease of about 5
for openings, 0.7 for orientation, 0.6 for eaves, 0.5 for stilts and 0.2 for roof insulation. The potential reached
per strategy is considerably high in the case study except stilts since they are not used yet. However, signifi-
cant benefit can still be gained by using combinations of strategies which are not presented by these numbers.

In the chapters until now, the relation of the strategies to thermal comfort is obtained. In the following
chapter, its implementation is studied so design guidelines to improve comfort can be provided.



7
Implementation of the strategies

In this chapter the sub-research question; "How could the design strategies be implemented in this housing

type to improve thermal comfort?" is answered. Section one discusses the method of this chapter. Philippine
disaster resilient design is reviewed in section two. Section three addresses the implementation consider-
ations per strategy. The last section discusses the implementation of the strategies on the case study and
concludes with the recommendations for the case study.

81
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7.1. Method
In this section, the method is shortly discussed. The use of a case study implementation is briefly elaborated
before the relevant considerations are addressed.

7.1.1. Case study implementation
An explorative case study design is used to discover the limitations in implementing the strategies. The Finch
Floating Homes as addressed in section 6.1.1 is used for the design. Using a single design results in a thin basis
for conclusions. However, certain limitations have to be dealt with in every design. Hence, implementing the
strategies provides an insight in the relevant implementation considerations.

Implementation considerations Per strategy, the design considerations limiting the implementation are
addressed. The considerations used are divided in the categories disaster resilient and practical. Disaster
resilient design is approached by a literature study. The practical considerations are based on a design ap-
proach. Relevant aspects discussed are for example limitations in the use of the building and materialisation.

7.2. Disaster resilient design
Disaster resilient design in the Philippines is about typhoon and earthquake resiliency. They are addressed
respectively. The general guidelines are presented afterwards.

7.2.1. Typhoon resilient design
Typhoon resilient behaviour contains multiple aspects like wind pressure development, impact behaviour,
flooding resistance, replace-ability and post-impact behaviour. Pressure development and flood resistance
are in line with the implementation level of this research and are therefore addressed. Figure A.2 illustrates
the minimum typhoon wind speed per area in the Philippines where buildings have to deal with. Very high
wind speeds of 310 km/h compared to the Eurocode have to be dealt with.

7.2.2. Earthquake resilient design
Most important in earthquake resilient design is to prevent the house from collapsing [7]. The intended hous-
ing typology is low-rise and light-weight. These are known to behave well in earthquakes when compared to
multiple-story buildings.

7.2.3. Available guidelines
The building guidebooks on disaster resilient buildings focus on geometry, construction quality and connec-
tions [7] [11] [43]. They provide applicable knowledge on shape, materials, foundation systems and methods.
An example of such recommendations are presented in figure 7.1. The relevant disaster resilient recom-
mendations are presented in the section of the relevant strategy. The general recommendations are shortly
presented below.

Figure 7.1: Disaster resilient structure advise of a rafter and tie system applicable for small and narrow floor spans. [7].
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Disaster resilient deigns emphasizes the structural integrity [7] [11] of the building. Consequently, a lot of
the recommendations are therefore on a structural level. It is recommended to use good materials, connec-
tions and structural design. For example, proper connections between the roof, walls and to the foundation
should be used. Enough nails or steel straps to connect roof members strongly to one another should be used.
An example of this is illustrated in figure 7.1. Wooden structures must be well connected to the foundation
[11]. Also stated is that sufficient wind bracing is important and therefore the walls should not be to far apart.
To decrease typhoon wind pressures, geometry should be made square or rectangular and symmetrical.

7.3. Implementation considerations
In this section, the implementation considerations are presented. Per strategy, the practical and disaster
resilient design considerations are addressed. The relevant comfort considerations are found in the chapters
of 5 and 6.

7.3.1. Openings
Practical considerations The indoor space should be inhabitable. Doors and openings should be at conve-
nient locations. Furniture should be able to stand versus the wall. Also, view lines too outside and natural
lighting are important. All the openings should be able to be closed. Some openings should have the possi-
bility to be open during the night without allowing people to enter.

Disaster resilience For typhoon resilient design of openings it is generally advised to have a closed shell
[7]. The openings should therefore be closable by strong shutters and a have strong connection to the struc-
tural frame [7]. Since enough wind bracing is important and openings decrease the structural integrity, open-
ing locations are limited. Combining an opening with cross bracing could be an option. However, the crosses
would then be visible through the opening. When using roof openings, extra attention should be paid to make
the roof openings watertight considering the heavy rains in combination with high wind speeds. Columns are
advised be be placed next to openings [7].

7.3.2. Eaves
Practical considerations Long eaves are not practical. They increase the size of the area of the house and
cost a lot of material. Longer eaves should consider support from the foundation or ground. Shorter eaves
on the other hand require less material and are more easily supported with diagonals from the house. If long
strongly inclined eaves are used, doors or shutters are effected and can not open. Small inclinations angles
are therefore advised.

Disaster resilience Eaves increase typhoon related pressures significantly [2] [42] [18] by changing the
pressure development around the eave and house as illustrated in figure 7.2a. Several solutions are provided.
They could be separated from the structural frame to avoid damage. However, they are still likely to be dam-
aged or destroyed. They could be kept short although this is not advised for comfort. As depicted in figure
7.2c an opening close to the facade could be made in the eave. Although it is expected that still relative big
pressures will develop. It would also be possible to use a lattice structure to let the wind through. However,
this requires more material. Another option would be to make it hinged so they can be folded in during
typhoons. It should be noted that a typhoon proof, continuous load path from the eave to the foundation
should be provided. Also, the use of doors is affected when they are folded in.

(a) Normal eave design [43]. (b) Eave with an opening close to the facade [43]. (c) Hinged eaves.

Figure 7.2: Wind pressure development around different eave designs and a hinged eaves as solution.
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A rule of thumb for northern eave length If the orientation of the building is aligned to the cardinal di-
rection, the north eave length can be reduced significantly. The yearly solar load distribution in figure 5.2a
shows the significant part of the solar load to reach 70° at its lowest. Consequently, the eave can be reduced
to 0.7 meter and still protect the facade from the solar load. This is depicted in figure 7.3. Subsequently, a rule
of thumb can be made for the north eave related to the facade height using the same method as in section
6.7. An angle of 15° is used because it is perpendicular to most of the low incoming solar load and does not
influence air velocity significantly as found in section 6.7.

Figure 7.3: Reduction of north eave length based on the minimum angle of solar radiation from north direction. Consequently, material
is saved and doors can be opened if the eaves are folded in.

7.3.3. Orientation
No relevant practical or disaster resilient considerations are found for orientation. Since typhoons have a
rotational wind direction around its eye and show paths everywhere over the Philippines, no main wind di-
rection is applicable for the high wind speeds.

7.3.4. Roof angle
Practical considerations Using a roof angle creates extra space and allows the use of roof openings. The
current 45° angle, provides enough space for the sleeping purposes of this room [46]. The first floor also
provides easy accessibility to close the openings.

Disaster resilience The roof angle influences pressures during typhoon wind speeds. Based on analysing
wind pressures [42] and failures after typhoons [23], it is concluded that hipped roofs perform better than
gable roofs. An angle of 30° or close to 30° is found to have the best performance in pressures. A pitched
roof also has the benefit of preventing leakages due to ponding of water. If metal sheets are used, thick metal
sheets of at least 0.48 mm are advised. Enough fasteners should be used to be wind resistant [7].

7.3.5. Stilts
The case study is a floating structure. However, for the purpose of this implementation step it is considered
to be on land.

Practical considerations Using stilts allows the use of the space underneath. The stilts height determines
how much space can be used. However, long stilts heights and more expensive and less practical. For ex-
ample, if eaves are used which are supported from the foundation, they require a very long support from.
Foldable eaves from the house could be a solution. It should be considered how they can be operated at an
elevated height. Stairs could be provided for example to fold the eaves and connect them to the facade.

Disaster resilience To reduce the risk of damage from floods and storm surges it is advised to elevate
the structure [11] [43]. Proper bracing is necessary in order to reduce damage from wave action and wave-
driven debris. Possible bracing as advised by Taher [43] are depicted in figure 7.4. Based on local flood levels
the height should be adjusted to be above the flood levels to reduce damage if possible. Wooden stilts and
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structure are known to perform well in earthquake and are therefore advised. The influence on pressure
development of stilt heights is not found.

(a) Knee bracing [43]. (b) Cross bracing [43]

Figure 7.4: Bracing types as advised [43].

7.3.6. Roof insulation
Practicality Since it is does not require big structural changes or influence typhoon resilient behaviour, im-
plementing roof insulation is relatively easy. However, proper fastening should be used to increase its dura-
bility. If no proper insulation material is available, 6cm of straw or multiple bamboo reet mats can be used to
make a significant difference.

7.4. Discussion and conclusion implementation steps
In this section, the implementation of the strategies are discussed and concluded per implementation step.
The results are illustrated in the floor plans of figure 7.5.

• Alignment of bathroom openings and first floor to main opposite sided wind direction - To improve
comfort, section 6.4 concluded that the openings, bathroom and first floor should be aligned in the
opposite sided main wind direction. This would mean a 90° counter-clock wise rotation of the current
design.

• Roof angle of 45° - This angle is advised to increase comfort, provide sufficient space underneath [46],
allow roof openings to be placed and significantly reduce the pressures from typhoon wind speeds.

• Openings from ground floor with a reduced height of 0.5 m and a leeward roof opening. - This con-
figuration concluded comfort to be improved by reducing the average exceeding temperature by about
5 K. This is 0.20 K if compared to the current opening lay out. It must be noted that it does not take the
increased amount of openings and changed orientation into account. By providing these openings in
every direction, comfort is significantly benefited since all the wind directions are enhanced.

• As much open area on facades in main monsoon wind direction - Figure 7.5a shows the openings
at ground floor at the east and west side. Extra openings are added to increase wind speed and con-
sequently comfort while sufficient room for wind bracing is provided. The opening at the north east
corner benefits the spread of the flow from multiple directions. The main monsoon direction should
be studied to effectively place the building.

• Secondary openings in the middle of the width at the north and south facade - Adding openings on
the south and north facade are concluded to increase comfort significantly. In figure 5.26 variant 16C,
it can be observed how openings in the corners benefit the flow at a 45° orientation. However, it can
also be observed that only openings in the corners does not work if the wind is from a perpendicular
direction. Since the main facades (facing west and east) already have openings on the corners, the
performance from the inter cardinal directions (N-E, S-E, S.) is enhanced. Placing the openings in the
middle on the south and north facade thereby increases the performance when the wind is coming in
this direction. By only using the middle part of the facade for the openings, sufficient wind bracing
possibilities remain on these facades.

• Closing behaviour - Dependent on the wind direction, only the roof openings on the leeward side need
to be opened. If this is not done, an decrease of 0.07 K AET instead of 0.20 K is achieved. When the wind
is coming from the west or east, the bathroom openings should stay open for optimal performance.
During wind still times, they should all be opened to enhance stack ventilation.
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• Solid strong shutters - Shutters are advised for practical considerations like privacy and to realise a
closed shell during typhoons. The latter protects the inside and decreases the pressures during ty-
phoons. To provide the desired strength, solid strong shutters are advised. These could be from wood
for example. Attention should be paid to make sure the roof openings are water tight to be able to deal
with the combinations of heavy rains and winds.

• Hinged eaves of 1.6 m at a 15° angle - Eaves of 1.6 m length at an 15° angle are advised to reduce the
AET with 0.63 Kelvin. If compared to the original case study design of 1.3m length at an 15° angle, 0.07
Kelvin AET would be gained. The eaves are advised to be supported from the structure of the house to
reduce the length of the supports. They are made hinged to so they can be folded in during typhoons
and reduce the occurring pressures.

• Reducing of north eave length - If the monsoon directions follows the east and west direction, this
allows the north eave angle to be reduced significantly. A length of 0.7 meter is advised to still cover
the significant part of the solar radiation load. The shorter eave on the north allows the door to be fully
operable when the eaves are folded in.

• Wooden braced stilts - Practical considerations play a significant role in stilts height. Important con-
siderations are cost, local flood level and the use of the space underneath. Stilt heights of 1 meter are
advised to gain about 0.17 K in AET. Stilts of 2 meter would gain 0.30 K in AET and 3 meter 0.40 K in AET.
A braced wooden pile structure is advised to improve earthquake resilient behaviour, reduce damage
due to floods and typhoon winds.

• Rc-value of 1 m2K/W - An Rc-value of 1.0 m2K/W is advised to reduce the AET with 0.10 Kelvin. It
reduces the AET with 0.02 Kelvin when compared to the original design with an Rc-value of 0.5 m2K/W.
This decrease is relative small compared to the other strategies. However, on hot, wind-still days it is
expected to still make a noteworthy difference.

• Disaster resilient structural integrity - The structure, foundation and connections should provide the
desired strength and structural integrity to resist typhoon wind power, earthquakes and floods. In ad-
dition, the shutters, doors and eaves should be connected to transfer the load adequately.

(a) Floor plan with openings and 90° orientation change. (b) First floor plan.

Figure 7.5: The floor plans of the new proposed case study design with implementation of the strategies.
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Conclusions, recommendations and

discussion

In this chapter, the main research questions is answered. "How can Philippine vernacular climate responsive

design strategies improve indoor thermal comfort for low-lying, sub-urban and rural, low-income housing in

the Philippines?" The conclusions are presented first. It is followed by the recommendations which illustrate
the passive design guidelines. The chapter is concluded with discussion on the implication of this research is
and definition of further research directions.
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8.1. Conclusion
In this research, the following research question is answered: "How can Philippine vernacular climate respon-

sive design strategies improve indoor thermal comfort for low-lying, sub-urban and rural, low-income housing

in the Philippines?". Based on thermal measurements, numerical predictions and conceptual implementa-
tion, it can be concluded that by using the provided passive design guidelines, thermal comfort increases
significantly. If the guidelines presented below are followed, per strategy, the average exceeding tempera-
ture (AET) reduces by about 5 degrees Kelvin for openings, 0.7 Kelvin for orientation, 0.6 Kelvin for eaves, 0.3
Kelvin for stilts and 0.2 Kelvin for roof insulation. More impact is obtained if the strategies are implemented
and combined as described by the passive design guidelines. Per strategy, the conclusions and corresponding
guidelines are presented.

Openings Openings increase thermal comfort by enhancing the two natural ventilation modes. These are
wind driven and buoyancy driven ventilation (stack effect). Wind driven flow is found to increase comfort
significantly by increasing air velocity. Since openings direct the flow trough the house, they can increase air
velocity by directing it through the living area. The opening configuration that results in the highest air veloc-
ity has leeward and windward facade openings until ground floor, a height of the opening (Oh [m]) based on
the facade height (Fh [m]) by the formula depicted below, a roof opening on the leeward side and additional
openings on the side facades. To improve comfort, provision of these configurations on every facade with as
much open area is advised. However, sufficient area for typhoon resilient wind bracing should be provided.
If wind is present, only the leeward roof opening should be opened. If there is no wind, all the roof openings
should be opened to enhance buoyancy driven ventilation. Solid shutters should be provided to decrease
typhoon related pressures and increase privacy. Attention should be paid to increase the watertightness of
the roof openings considering the heavy rains in combination with high wind speeds.

Oh[m] = 0.85 ·Fh[m]

Orientation Changing the orientation influences comfort by effecting the flow of air through the building.
Since the flow maintains its initial direction after entering, the alignment of openings, orientation and living
area benefits air velocity and thus comfort. The main opposite sided monsoon wind direction should be used
to align these to benefit comfort for the significant part of the year. To improve the performance if the wind is
coming from the other directions, the openings should be placed in the middle of the width. Since the main
monsoon direction varies slightly between north-east and south-west, or east and west, this direction should
be checked at the location of the building.

Eaves Eaves influence comfort by air velocity and radiant temperature. Eaves with small angles and consid-
erable lengths result in the best comfort performance since they block the solar radiation and do not signifi-
cantly influence air velocity. In combination with the openings as advised and for considerable eave lengths,
a 15° angle result in the best comfort performance. The first rule of thumb defined below calculates the op-
timum eave length in meter based on the facade height in meter. If the monsoon is in cardinal direction, the
eave length at the north facade can be reduced as defined by the second formula depicted below. Hinged
eaves are advised so they can be folded in to improve typhoon related pressures significantly.

El ,15◦ [m] = 0.6 ·Fh[m]

Enl ,car di nal ,15◦ [m] = 0.25 ·Fh[m]

Stilts Stilts height influences comfort by changing the air velocity while the indoor flow pattern stays the
same. If the openings are used as advised, increasing stilts height increases comfort and air velocity by an
exponential decay. If openings are used which are not until ground floor, small stilt heights (below 0.5 meter)
are not advised because the flow is partly directed to pass below the building. Consequently, comfort reduces
for these heights. Using 1 meter stilts reduces the AET with about 0.17 Kelvin, 2 meter would gain a reduction
of 0.30 in AET or three meter 0.40 in AET. The following implementation considerations should be taken into
account when the height of stilts is determined; cost, local flood level and the use of the space underneath.
Braced, wooden stilts are advised to protect against the impact of floods and increase earthquake resilient
behaviour.
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Roof insulation Roof insulation increases comfort performance by an exponential decay by decreasing the
mean radiant temperature. The significant part of about 80% is made at a Rc-value of 1 m2K/W.

Roof angle Increasing the roof angle increases comfort during peak hours because it benefits the area sub-
ject to solar radiation and incident angle of radiant heat emitted [35]. Using a roof angle allows the use of roof
openings, increases buoyancy driven ventilation and improves water drainage and damage due to ponding
of water. An angle close to 30° is advised to decrease the pressures that develop during typhoon wind speed.

Disaster resilient implementation The structure, foundation and connections should provide the desired
strength and structural integrity to resist typhoon wind power, earthquakes and floods. In addition, the shut-
ters, doors and eaves should provide connections that can adequately transfer the load.

8.2. Recommendations
The recommendations to improve thermal comfort are illustrated in figure 8.1.

8.3. Discussion and further research
The aim of this research was to learn how Philippine vernacular design strategies can improve thermal com-
fort for low-lying, sub-urban and rural, low-income housing. Literature recognised that vernacular climate
responsive design strategies increase thermal comfort significantly. However, the advice given is often on a
qualitative level and thermal comfort analyses is lacking. This research took a step towards quantifying the
influence of certain strategies and study how they could be implemented to obtain the best performance. It
built upon the knowledge of certain strategies studied in literature by using their findings. It then took the
next step and added results. For example, the influence on natural ventilation is further mapped by CFD
analyses of openings, eaves, orientation and stilts or their combinations. Then, in addition with roof insula-
tion, the effect of these strategies on comfort is considered. The results showed how these strategies could
increase comfort significantly. Consequently, a sound scientific basis is provided for implementation of these
strategies.

Although the results indicated how comfort is benefited, the contribution to comfort of the advised pas-
sive design guidelines is not exactly studied. It would increase the basis of the recommendations if these
would be analysed. Furthermore, it would give insight how it could be improved further. The role of buoy-
ancy driven ventilation is also not specifically studied. Since during 33% of the year no wind is present, its
heat dissipation is expected to considerably improve thermal comfort. Therefore, in combination with roof
angle and openings, further research could determine how these should be used.

To extend the list of passive design guidelines, more climate responsive strategies should be taken into
account. In this research, the potential to increase comfort by using permeable walls, floors and using roof
angle are recognised. However, these were not studied. Also, literature concluded that evaporative cooling,
active stack effect and material properties like colour and reflectiveness benefit comfort significantly. Further
study of these strategies would contribute to the objective and make satisfactory comfort performance by
climate responsive strategies more realistic.

To assess the influence of the strategies on the relevant thermal comfort parameter, a general case with
no specific design features is used. To asses comfort performance, a case study was used. This proved to be
very time consuming and might not have been necessary for every strategy. For several strategies however, it
extended the basis for conclusions. From hindsight, studying a general case on comfort would have gained
more insight and allowed to study the strategies separately on their comfort parameter. For future studies,
this would be advised.

As stated in the problem statement and found by measurements, the housing built in the Philippines is
uncomfortable. It was also found that the applicable comfortable design guidelines were lacking or could be
improved. Next to normal low-income housing built in the Philippines, shelter design is a relevant issue due
the severe impact of disasters. The observed different shelter types were recognised to benefit significantly
from passive design guidelines. By improving the comfort performance of these shelters, the durability of the
buildings and the quality of living of the inhabitants would be increased. In other hot and humid climates, the
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Disaster resiliency
• Typhoon and earthquacke resistant 
structural connections, bracing and 
integrity of structural frame with doors, 
shutters and eaves

Stilts
• Increasing stilts height Sh enhances natural 
ventilation significanlty and protects versus 
floodings
•  Base height on local flood levels, use of 
space underneath and practical consider-
ations

Eaves
• Eave length El  [m] at a 15˚ angle to 
protect from solar radiation and improve 
natural ventilation
• Hinged eaves to decrease typhoon 
pressures when folded in

Roof insulation
•Rc-valvue  of 1 m2K/W to protect from 
solar radiation
• if no insulation material is available, 
use straw of 6cm or multiple bamboo 
reets

Roof angle
• Roof angle of 30 degree to improve 
typhoon wind pressures and enhance 
stack effect 

Orientation
• As much openings in main monsoon driven 
wind direction for natural ventilation 
• Opening configuration in secundary direc-
tion in the middle of the width to improve all 
sided ventilation
• Align building to main monsoon wind 
direction.  If this is the cardinal direction, 
reducing the north eave length El,n [m]  is  
possible

Openings
• Opening configuration untill ground 
floor with an opening height Oh [m] and 
a leeward roof opening to enhance 
natural ventilation
• When no wind, open all roof openings 
to enhance stack effect ventilation
• Room for bracing should be provided
• Closable with solid shutters for 
typhoon pressure,  water tightness of 
openings  and privacy

El = 0.6 · Fh

15˚

30˚

El,n = 0.25 · Fh

Fh 

Sh  

Oh = 0.85 · Fh  

Oh

N

SE

W

Monsoon wind 
direction

Passive design guidelines for Philippine low-income housing 
based on the bahay kubo

Rc = 1

Figure 8.1: The recommendation of this research illustrated.

provided guidelines are also applicable. If natural disasters are irrelevant, the guidelines related to comfort
can easily be filtered. An important aspect for implementation in these areas is knowledge of the local wind
directions. These should be studied to use the provided design guidelines optimally.

The collaboration with OMRT helped to push the computational model to its limits. It showed the ben-
efits of the parametric environment by doing a thorough extensive analyses in a limited time frame. The
performed validation study showed the capabilities of the software and the model to obtain a high level of
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accuracy. It also showed the challenges involved with modelling naturally ventilated buildings accurately.
Using CFD to improve the accuracy showed the accessibility of these analyses and the benefits it gains versus
the time needed.

The Finch Floating Homes project is used as the case study for extensive analysis and implementation.
It benefits of this research by an extensive knowledge of its performance and the influence of varying the
strategies. It showed that the strategies as implemented in their design score considerably well. To increase
this performance, the proposed design is advised to be implemented as fully as possible. It is thereby advised
to study the proposed and future designs on comfort to see how much is gained and have a sound basis for the
conclusions. Since a considerable amount of the year no wind is present and natural ventilation has proven to
be a key element to improve comfort, working with stack effect is advised. It is advised that passive and active
stack effects are considered, and should be studied how to be further used. In this research, the building was
considered to have a stilts height of zero meter. However, the building is placed on a floating foundation. Its
location and the floating foundations are expected to have several benefits. Raising it increases wind speed
as found in this research. The location on water increases air velocity since less obstructions are present.
Since the wind is blocked by the floating foundations to go underneath, air velocity is expected to increase.
However, the precise effect could be further studied. Furthermore it is advised that the local (main) wind
directions are studied to optimally benefit from this distribution.
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A
Philippine climate

(a) Dry-bulb temperature.

(b) Radiation load.

(c) Wind speed at 10 meters height.

Figure A.1: Climate data as used in the computational simulations per hour of the year in Manila.
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Figure A.2: Building code (NBCP) minimum wind speed requirements per area in the Philippines.

Figure A.3: Recorded typhoon paths 1948-2016 over the Philippines per month [32].



B
In situ measurements thermal

performance

B.1. Background of measurement object of housing type
After super typhoon Yolanda hit the building in 2013, everything except the hollow core cement blocks was
destroyed. It was rebuilt in the following way and reasons. The hollow core cement blocks and floor were used
because they were already there. They were finished with a plastered layer to increase its durability. The roof
was rebuilt using GI panels instead of Nipa leaves for durability and availability. The GI was donated to he
inhabitants after the storm. They were happy with the choice of GI because Nipa leaves have to be replaced
in a one to two year interval. The choice for sawali mats for the facade was due to its price. The inhabitants
want to improve the house by repairing windows but did not do this yet because the landlord wants to sell
the area. The joints were nailed. Stilts were not used because they would be too expensive. Typhoon resilient
behaviour was increased by strengthening the connections with metal strips. The preparations for a typhoon
included tying the roof down with cables and closing everything off. To increase the strength of the structure,
wooden posts are embedded in cemented columns.

B.2. Bahay na bato measurement results

B.2.1. Results thermal measurements
The building, measurement plan and results are presented in figure B.1, B.2 and B.3 respectively. The follow-
ing observations are done. The temperature is fairly constant. This is different from the bahay kubo where it
would start to cool down before 5 pm. This slower responsive time can be explained by the protection of the
higher thermal mass and the corridor. The indoor environment was experienced as comfortable due to the
significant breeze and considerably lower temperatures then outside. Rooms on the sun-striken side heated
up a bit more more then the others in late afternoon (Thobo1).

(a) west facade of the building. (b) Nort west room picture.

(c) Surroundings plan. In grey, buildings
with similar height. In green, trees of

about building height.

Figure B.1: The bahay na bato backside, inside and surroundings.
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Figure B.2: Bahay na bato measurement plan.

Figure B.3: Bahay na bato temperature and humidity results versus time. The scale in temperature is indicated in degrees Celsius on the
left y-axis. The relative humidity is indicated on the right y-axis.

B.2.2. Results air velocity bahay na bato

The results are illustrated at their corresponding location [m/s]. The following observations are done. The
wind speed measured at the openings are the highest. The openings close to the wind direction show the
highest wind speed. The wind speed measured in the north-west room is significantly lower then at all the
openings. The wind speed in the north west opening is several times lower then at the openings, even more
than might be expected. This can be explained by the alignment of the openings. The openings do not provide
a path for the flow in that direction. Therefore, the little flow in the room results in the low wind speed. At the
east opening measurement location the highest velocity is observed (1.0 [m/s]). The speeds at the west side
or south side are half that. This can be explained by how the air flows through the building. The north east
room obstructs the flow and directs it along its sides, increasing air velocity there. After the opening the flow
can spread to the openings on the west or south side. Thereby its wind speed decreases. The measurements
therefore illustrate how the openings determine the flow and speed through the building and its dependency
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on openings.

Figure B.4: Wind speed results at the first floor level.

B.3. Bamboo hut resort measurement results
The measurement plan and results are depicted in figure B.5 and B.6. As can be seen, the permeability of the
facade is high, there are many huts close to each other and the building is covered by a tree.

The following observations are done on the results. During night, the indoor temperature is on average
one degree higher then outside. All the inside temperatures are close to each other. The light blue arrow
is the expected wind flow direction. In the floor plan, the measured wind speeds are highlighted. It didn’t
contribute noticeably to ventilation. On the porch air velocity was noticeable due to big openings in wind
direction. It was noticed how the surrounding influences the wind direction by directing the wind between
the corridor of buildings. In the morning the building has a fast response time. which can be explained by
the low thermal mass and openings in facade. Stack effect is not observed in the temperature results or air
velocity results.

Figure B.5: Bamboo hut surroundings, the facades, measurement plan and air velocity results.
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Figure B.6: Bamboo hut temperature and relative humidity results versus the time. The scale in temperature is indicated in degrees
Celsius on the left y-axis. The relative humidity is indicated on the right y-axis.



C
Computational model validation

C.0.1. Comfort zone results evaluation
The design features and comfort zone are less homogenous then the general geometry and comfort zone in
chapter 5. As a result, the differences in the results are expected to increase. Hence, the results of the case
study is analysed. The results of the velocity per test point in the case study are illustrated in figure C.1. As
can be seen, the majority of the points is close to the average of 1.31 [m/s]. Therefore, it can be concluded
that the air velocity is representative for the comfort zone.

Figure C.1: Velocity per test point in the comfort zone for the case study geometry.

C.0.2. Computational model validation results
Analytical calculations The results of the analytical calculation are depicted in figure C.2. It can be con-
cluded that the results of th model correspond with the analytical calculations.

Figure C.2: Analytical validation calculation results. Validation G indicates the validation geometry, i.e., the exact copy of the wind
tunnel. Study g indicates the geometry and dimensions used to test the strategies in chapter 5.
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Figure C.3: Validation of computational model by rebuilding wind tunnel test. The depicted wind tunnel tests are taken from Ramponi
[36].

Figure C.4: Validation steps in vertical direction of strategy roof angle. The depicted wind tunnel test is taken from Ramponi [36]. On
the right side the pressure distribution with corresponding scale is depicted.
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Figure C.5: Validation steps in horizontal direction of the strategy orientation. From left to right, a 0 degree followed by a 45 degrees
orientation of the same geometry.

Figure C.6: Validation temperature results on the influence of air mixture rates.



D
Case study results

Figure D.1: Energy balance per month results of the case study.

Figure D.2: Hourly exceeding temperature results of the case study.

(a) Rc-value of 0. (b) Rc-value of 0.3. (c) Rc-value of 0.9.

Figure D.3: Inside surface temperature results for several roof insulation values in m2K/W on the case study.
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