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CHAPTER 6

PARAMETRIC ANALYSIS OF AN ATRIUM BUILDING

IN A MEDITERRANEAN CLIMATIC CONTEXT

6.1 Introduction

The previous two chapters concentrated on the thermal performance and thermal
comfort survey of an atrium building in the Mediterranean climatic context. It consisted of an
analysis of the thermal performance of the case study building and the comparison of the
results predicted by a dynamic thermal simulation programme. This method was used in
order to validate the programme so that it would be used in the analysis of the of the impact
of selected design alternatives such as the roof glazing materials, ventilation modes,
building type, etc on the thermal performance of the atrium building and the occupants’
thermal comfort. It was decided to employ a dynamic thermal model to predict conditions
throughout the occupied period and the space, by performing a parametric analysis of
building performance. This is aimed to lead to the identification of effective energy saving

measures and formulate guidelines for climatic responsive atrium design and optimum

occupant comfort, in Greece.
The main aims of this chapteris to give answers to various critical issues raised in the

introductory chapter:
To further examine why the atrium space performs as it does.
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. To further examine whether the atrium would have provided higher thermal comfort

conditions if different geometry, ventilation mode, roof shape and glazing material were

different.
. To examine which strategies would give best comfort if no HVAC is used.
. To examine whether there are elements of the atrium design connected with local

discomfort (to examine the variation in comfort in various spots and heights within an
atrium).
. To establish which are the optimum design-options in terms of comfort for atrium
buildings in a Mediterranean climatic context.

Simulations were performed for one typical day for each of the two seasons. The

results of each design alternative are analysed, and tabulated summaries of the results for

each type are presented and discussed at the end of the chapter.

6.2 Parametric Study

Parametric analysis has been used in previous studies Kolokotroni (1989) in the same
climatic context, and Ho (1996) and Wall (1996) for the same type of buildings (glazed
spaces). It involves varying one element in the model while all the other elements are
constant. Therefore, the change in results is solely due to the change of that element. In the
current study, and since the main aim is to provide comfort, the comfort results along with air
temperature in the atrium space will be used as the main measures of effectiveness and a
benchmark against which all the results will be evaluated.

The use of the thermal comfort model and the resultant presentations will also serve
as a guideline for analysing those specific conditions critical in the atrium design. However,

the results should be carefully investigated and related to the simulated air and surface
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temperatures. Energy is also considered, but in the current study the main aim is to achieve

comfort, not necessarily to reduce energy consumption.

6.2.1 Setting the acceptable thermal comfort limits

Before embarking on the parametric analysis, the first step is to set the criteria by
which to evaluate the thermal comfort results; that is to set the acceptable thermal comfort
limits for the atrium space. That is essential since the atrium space cannot be rigidly

classified under a specific category of spaces for human occupancy. The analysis carried

out in the previous two chapters will be used at this stage to set the thermal comfort limits.

Table 6. 1 Neutral temperature and comfort zone for both seasons

_ Neutral temperature |Acceptable Condition (75%) |Acceptable Condition (90%)

Cool Season 1498 °C 11.98-17.98 13.47 — 16.49
Warm Season 2422 °C 21.22-27.22 22.71-25.73

Table 6. 2: Minimum atrium temperature requirements based on its use, according to Hastings

e . | The users do not stay in the atrium but use it to move T 40-14
Communication ' )
from one place to another or to get fresh air

Functions where the users move around like in a 12-18
lobby, sports hall or an exhibition centre

Active use

Relaxing, sedentary
activity

. Greenhouse or park, minimum temperature depends
Plant growing
on the plants

The users are sitting down for long periods 20
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Table 6.1 was analysed in chapter 5 (Table 5.5) and shows the calculated neutral
temperature, the acceptable conditions for 75% of the occupants and the acceptable
conditions for 90% of the occupants for both the cooling and heating seasons.

In addition to that, research by Hastings argues that the use of the atrium decides its
thermal climate. Table 6.2 shows a classification based on Hastings (1992).

As it can be seen from the two tables, the acceptable conditions that satisfy 75% of
the occupants in the atrium in the cool season as calculated from the analysis of the results
in chapter 5, is similar to the temperature range suggested by Hastings for an active use of
the atrium space. The atrium space of the case study is mainly used as a communication
space and therefore even temperatures as low as 10°C can be accepted. There are no
suggestions as far as an upper comfort limit is concerned for the warm season.

To create the link between 75% acceptability and measured thermal sensation, it is
accepted that a group mean thermal sensation (PMV) between the limits of =1 corresponds
with 25% of the occupants being dissatisfied (PPD). The 25% general dissatisfaction
accounts for a 10% criterion for the body as a whole, corresponding to tests performed in
the laboratory under uniformed conditions. Additional average 10% dissatisfaction might
occur because of local thermal discomfort. Since the adaptive model is based on field
measurements, where people are naturally integrating whole body plus local sensations,
field votes already account for both sources of discomfort. A final 5% is added because of
the greater than normal thermal asymmetries in the atrium space.

The adaptive model of thermal comfort is essential to account for additional contextual
factors and individual experiences that appear to modify people’s expectations in naturally
ventilated buildings. The mean expectation vote for the cool season was “slightly cool” (-
0.51) whereas the largest percentage of the subjects (37%) expected to feel neutral (Figure
5.12). For the warm season, the mean expectation vote was -0.39, indicating that the

majority of the population expected to feel “slightly cool” inside the atrium space. in total
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66.5% of the population votes were amongst the three central categories, 24.5% of the

votes for the cooler side of the scale and only 9% expected to feel “warm” or “hot” inside the

atrium space.

6.2.2 The Parametric Study Scenario

The second step is to set the scenario of the parametric study: an outline of the
expected sequence of actions. This is determined by the evaluation of the research
outcomes of the previous chapters that function as the base on which the parametnc
analysis depends on:

- The main atrium building types identified in the Mediterranean climate

. The thermal processes that occur in an atrium building, and the design factors that
influence it's performance

. The response of the design factors to the Mediterranean climatic context

. The application of the thermal comfort standards as set by the occupants’ survey
and the case study thermal performance analysis.

Figure 6.1 shows the main scenario for the parametric study. The thermal
simulations will be performed for the cool and the warm season as performed for the
analysis of the case study building. The models will focus on the atrium space as a free
running space, assuming a constant indoor temperature of the neighbouring blocks for both
seasons.

The objective of the parametric study is to look into the effect of different parameters
on thermal comfort conditions inside the atrium. The results of the thermal comfort analysis
will be compared to those derived from the analysis of the two previous chapters as

indicators of the occupants’ preference. There will be a comparative analysis of the various
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results aiming to identify the design that reflects the most the occupants’ thermal comfort

preference.

Adjacent building
Steady Temperature

Atrium Free Running

Figure 6. 1: The figure shows the main scenario for the parametric study: the adjacent building has a

steady temperature for each of the two seasons whereas the atrium building is free running

The case study building in loannina provided guidance for a basic geometrical model
for the parametric study. The assumed values have been chosen to correspond to the

following critena:

. The building is non-domestic and occupied during normal working hours for all days
of the week.
. The base case has a plan of 32x32m square plot in a suburban plot, free from

external obstruction.

. The main building envelope has a base temperature of 20°C.

. Independent ventilation for the main building is assumed whereas the atrium space
is naturally ventilated.

. The default climate is that for Athens as it is a more typical example of a city in the
Mediterranean region and expressed some of the more worrying aspects of the climate, i.e.
high summer temperatures. The weather file was already in the CLIDAT component and

represents annual weather data. APPENDIX E includes a psychometric chart for the climate
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of Athens. The sequential analysis performed by the simulation programme also required
specific day of the year and iterations were run for the months of December for the cool
season and June for the warm season and the 22™ day. These dates correspond to the
same period of time for which the comfort zones -based on measurements and occupants’
thermal comfort survey in an atrium building in Greece- were established in the previous
chapter, and will be used as performance benchmarks for thermal comfort assessment of
the simulated atrium models.

In chapter 2, four basic atrium-building types were identified. One of the outcomes of
the same chapter was that the atrium building types prominent in a Mediterranean climate
were those of the glazed courtyards and glazed pedestrian walkways and gallerias. The

attached type (e.g. greenhouse) is rarely found in the Mediterranean climatic context.

Enclosed Open-sided Linear

Figure 6. 2: The atrium building types to be analysed in the parametric study.

The thermal mass of the adjacent building is set to the one assimilating the case study
building, which is typical construction in the Mediterranean region. The atrium floor to
building floor ratio is set: AF/BF = 1:3. The three main types of buildings to be analysed are
shown in Figure 6.2. The parameters selected and investigated in the current study are

categorised into the following:
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1. BUILDING TYPE AND GLAZING ORIENTATION
Variations of the glazing proportion and orientation of the three generic atrium types,
as identified above, will be examined. The options selected for the current parametric study

are shown below.

Atrium Adjacent Building

a. Enclosed

b. Open-sided (South)

c. Open-sided (East)

d. Linear (North-South)

e. Linear (East-West)
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All the possible different options of the atrium building types and glazing orientation
were considered. The selection — as stated before- was based on the evaluation of previous
related research. Some of the issues leading to these choices are explained in the following
paragraphs.

Building orientation affects the indoor climate of a space in two main respects; a) solar
radiation from different orientations through the facades has a substantial effect on the
intemal environment and b) the relationship between the direction of the prevailing winds
and the ornentation of the building will influence natural ventilation within the building
(Olgyay, 1992). Assuming that ventilation takes place under natural buoyancy, it becomes
the primary factor that the analyses are most concerned with.

In terms of comfort, as well as energy efficiency, orientation for atria depends on the
heating requirements and the occupancy periods combined with the solar gains from the
atrium’s glazed surfaces. The graph in APPENDIX G shows the solar radiation for a given
surface depending on its orientation and slope: a) horizontal, b) south, c) east/west, d) north.
As it can be seen from the graph, during heating season, when maximum heat gain is
required, the external atrium glazing should preferably be southeast orientated if morning
heating is required. Atria facing south can receive maximum solar gains in early spring and
autumn and could contribute to the heating loads, and less solar gain during summer,
helping reduce the cooling loads. Atria facing west may receive excessive solar gain in the
afternoon, and particularly in summer, when the buildings are already heated and ambient
temperatures are high; that can lead to highly uncomfortable conditions, as seen from the
analysis of the previous chapter. Atria with their facades facing north require higher energy
loads due to lack of solar gain. Therefore, for the current study, South and East orientations

are considered. The option of the horizontal glazing surface is discussed below.

2. Aspect ratio_ a. 3 Floors
b. 6 Floors
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In passive atrium building design, the shape and proportion of the atria primarily
influence the amount of heat transfer between the atria and the ambient environment. The
parametric analysis can give an insight to amount of heat gain and heat loss of the atrium
related to building form (surface area to volume ratio).

3. Roof shape a. Flat Roof

b. Vault Roof
c. Saw tooth Roof

In the Mediterranean climate where the sun angle is relatively high, horizontal glazing
will receive more solar radiation in summer than an inclined roof. Previous related research
claims that that the saw tooth roof shape is the most appropriate for a climate like the
Mediterranean. From the parametric analysis the results of all the different roof shapes could
actually be compared, combined with the use of different glazing material as well as the

option of using shading. Flat roof is included in the options, as it will provide a base case for

comparnson.
4. Atrium glazing type a. Clear glass

b. Reflective glass

c. Low-E glass
As seen in a previous chapter, the challenge of designing an atrium building for the
Mediterranean climate is to cope with the large diurnal and seasonal variations; while heat
build up might feel good on a cold winter afternoon, it presents problems for the designer
trying to control cooling loads during warmer months. One of the options is to reduce heat
gain through proper glass selection: glass thath provides a comfortable environment for
occupants by keeping buildings cool in the summer and warm in the winter (solar control) or

prevents heat escape from the buildings (thermal insulation).
Three things happen to solar energy when it strikes the surface of glass: it is

reflected, absorbed, and transmitted through the glass. Different glass types, such as



Chapter 6: Parametric analysis of atrium building in Mediterranean climate 216

Reflective, or Low-E glass can be used to reduce the solar heat gain. Reflective glass
absorbs and reflects a major proportion of the sun's direct energy, whereas Low-E glass
allows most natural light to enter freely, but reflects a significant portion of long and short
wave heat energy. Clear glass will be also examined as it provides a base case for
comparison.

5. Ventilation rate a. dac/h

b. 10 ac/h

From ventilation viewpoint, as seen in a previous chapter, the atrium is designed to
capture solar gains and create a column of warm air in the space to enhance the ventilating
flow. Naturally ventilated atrium buildings rely primarily on wind pressure blowing in one side
and out the other. Wind can create a negative pressure along the roof to "suck” air out while
letting air in the same vent or in the side vents. Natural buoyancy is another effect, which
predominates especially on hot, low, wind days.

Different modes of ventilation coupling between the atrium and the main building may
be used to optimise the thermal buffering of the atrium. To select an appropriate ventilation
mode for the different seasons, one needs to consider the climate of the site, and the
environmental criteria of the atrium and the main building (Baker, 1988). Ho also adds that is
equally important that the openings be adjustable so that the airflow patterns and ventilation
rates are according to the comfort criteria. In the current study, the atrium is treated as a
naturally ventilated space and ventilation rates of 5ac/h for winter and 5 and 10 ac/h for
summer will be examined.

In the current study, thermal stratification in the atrium is the driving force. Infiltration is
presented by a constant air exchange rate. The radiation model uses air-based view factors
and assumes a high long-wave emission of all surfaces.

6. Glazing ratio facing the atrium space a. 0%
b.30%
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c. 60%

The atrium space was designed to serve as the major circulation area for the new
building. In the daytime, the atrium cavity provides useful light to adjacent blocks and also
keeps plants at the lower levels healthy. In the current study, the analyses focus on the
glazed areas in the internal atrium facades that affect heat and light transmission between
the main building and the atrium. The size of the windows of the adjacent building facing the

atrium space will vary between 0%, 30% and 60%.

7. Shadin

The primary reason for solar shading is to provide thermal comfort by reducing
unnecessary solar gain. In general, the most effective way to reduce solar gain in the atrium
is to provide external shading to the atrium roof glazing and external atrium glazing. As a
consequence, the overall daylight levels in the atrium and the main building are
substantially reduced. The options of the roof shape and different glazing materials will give
an insight of how much, if at all, shading is needed and suggestions will be made according
to the results of the parametric analysis. However, a series of 108 iterations were
completed with the option of constant shading for all the types of atrium buildings, for 30%

of glazing ration facing the atrium space and for all types of glazing.

Another parameter such as the building’s thermal mass is not examined with the same
amount of detail in the current study. Generally, the construction materials used in the
Mediterranean region (e.g. concrete and brick) resolve in heavyweight structures. Also in
cases of retrofitting, the glazing of existing courtyards or walkways won't influence the
thermal mass of the surrounding buildings. Therefore it was decided to use the thermal
mass as a steady parameter in the current study. Reference to previous related studies
provides adequate information and feedback. Another reason is that, in the current study,

the main focus is the atnum space whereas the influence of thermal mass can only be
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examined in relation to the adjacent building. However, the investigation of the glazing ratio
of the wall separating the atrium from the main building will provide some indication on the
amount of heat exchange between the atrium space and its adjacent building.

Having discussed all the above set of parameters, in the next paragraph the basic
models used for the iterations in the parametric study are described. Following that is the

presentation, analysis and discussion of the results.

6.2.3 Modelling and Simulation

In the previous paragraph the design alternatives chosen for the parametric analysis
were described. Some choices were obvious; other choices were made only after qualitative
and quantitative study of design options. There is a combination of 5 building types, 2
building heights, 3 roof shapes and 3 glazing ratios, which respond to 90 basic models.
Appendix C shows the table of the various parameters for each of the 90 models. Each of
the 90 models was analysed varying 6 more parameters (3 glazing materials and 2
ventilation rates), for both heating and cooling season. The 90 models are graphically
presented in APPENDIX F. All the various parameters opted for 540 iterations for summer

and 90 for winter. Further 108 iterations were performed for shading summing up for a total

of 738 iterations for both seasons.

The required input for the comfort analysis includes the position of the subject, which
is set to 1.5m and the activity level, which is set to activity level 3 “walking slowly”. The
clothing insulation is 1 clo for winter and 0.4 clo for summer. Also, the plant type is used to
give a typical air velocity, which is used in calculating the convective heat loss of occupants.
The default values are: Natural Ventilation, Summer - (0.3 m/s)

Natural Ventilation, Winter - (0.08 m/s)
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In the following paragraphs, the impact of variations of all the above parameters on the
thermal and comfort conditions of an atrium building in a Mediterranean climate is
investigated. The results are analysed in a sequence of stages. In the final stage
conclusions are drawn with a summary and evaluation of the findings. Optimum choices in

the form of design guidelines are discussed in the next and final chapter.

6.3 Parametric Analysis Results

As stated before, the main measure of effectiveness in the parametric study will be the
PPD (Percentage of People Dissatisfied) in relation to the air temperature. The calculation
programme used for the thermal study output the Dry Bulb Temperature (°C) in the occupied
region. There is an apparent interface in the effect of all the different parameters in
occupants’ comfort. However, there will be an attempt to analyse the results under the title
of all selected alternatives.

Most of the analysis concerns the summer results as this the time when possible
overheating can cause highest discomfort. The results of the iterations for the winter period

are discussed in a following paragraph.

6.3.1 Building type, proportion and glazing orientation

The analysis of the resuits for the various atrium building types, proportion and glazing
orientation is-at this stage- only for the flat roof with clear double-glazing fenestration, with
30% of windows in the wall separating the main structure from the atrium and no shading.

Figure 6.3 shows the Percentage of People Dissatisfied in the five different atrium-

building types and Figure 6.4 show the Dry Bulb temperatures ("C) in the occupied region
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that result in them, as predicted by ROOM. The highest percentage of dissatisfied people
and for most hours of the day occurs in the open-sided atrium with the east orientation.
However, what is of greater importance is the PPD between 14:00 to 16:00 hours when the
highest ambient temperatures occur. As it can be seen from the graph, between 11:00 hours
and 17:00 hours it reaches 100% of dissatisfaction for all types. The influence of orientation
in comfort is more obvious in the open-sided and linear type. The eastern orientation
propagates discomfort conditions, from the early morning hours until early evening.

The air temperature results presented in Figure 6.4 are used as an indicator of the
thermal conditions inside the atrium during summer. There is a large temperature fluctuation
in all the different types of atrium. The lowest temperature occurs in the linear type with the
north-south orientation. Between 9:00 and 19:00 hours, the temperature exceeds the
established thermal comfort limits for summer.

The above are compared with the corresponding results in Figure 6.5 and Figure 6.6
for the same type of buildings in winter. As it can be seen from the two graphs, although
there is small temperature variation between the different atrium types, there are notable
higher percentages of people dissatisfied between 12:00 and 16:00 hours for the enclosed
type with south orientation. This type also experiences the highest internal air temperature.

The graphs also indicate that there are acceptable internal conditions for all types, within

and above the comfort limits.
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Percentage People Dissatisfied

People Dissatisfied %
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Figure 6. 3: Percentage of People Dissatisfied in the five different atrium-building orientations as

predicted by ROOM during summer.
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Figure 6. 4: Internal dry bulb temperatures in the occupied region in the five different atrium-building

orientations as predicted by ROOM during summer
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Figure 6. 5: Percentage of People Dissatisfied in the five different atrium-building orientations

as predicted by ROOM during winter
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Figure 6. 6: Internal dry bulb temperatures in the occupied region in the five different atrium-

building orientations as predicted by ROOM during winter
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In general, the study shows that southern exposure of the fenestration system was
beneficial from the daylighting point of view but increased heat gain. That resulted in higher
internal temperatures and more discomfort. The eastern orientation resulted in higher PPD
during morning hours, more obvious in the open-sided type. That type has also the largest
proportion of atrium glazing and is therefore more exposed to solar radiation. That was
enhanced by the use of clear glazing and the absence of shading.

The graphs show a series of temperature “bumps” in the early morning hours which
are attributed to the weather file.

Figure 6.7 shows the Percentage of People Dissatisfied in the five different atrium
building orientations with 6 floors height, as predicted by ROOM during winter and Figure
6.8 their internal temperatures for the same period. It is interesting to discover that by
doubling the height of the atrium building, the average winter effects in all the selected
atrium types are low, while the summer atrium temperatures drop depending on the atrium
type. Indeed, the temperatures during winter are on average 0.5°C lower for all types of
building.

By comparing the corresponding graphs, it can be seen that the temperatures follow
the same pattern in both cases. There are slight differences in the pattern of the PPD except
for the linear type atrium with the North-South orientation that the PPD is improved by 24%.

The greatest summer temperature drop (4°C) occurs in the change of height in the
open-sided atria for both the south and east orientations and the enclosed atria (Figure
6.10). For the linear types of atria the average drop of temperature is 2.8°C. This is mainly to

the self-shading effect the taller building is now providing.
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Figure 6. 7: Percentage of People Dissatisfied in the five different atrium building orientations

and 6 floors height, as predicted by ROOM during winter
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Figure 6. 8: Internal dry bulb temperatures in the occupied region in the five different atrium

building orientations with 6 floors height, as predicted by ROOM during winter
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Figure 6. 9: Percentage of People Dissatisfied in the five different atrium building orientations

and 6 floors height, as predicted by ROOM during summer
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Figure 6. 10: Internal dry bulb temperatures in the occupied region in the five different atrium

building orientations with 6 floors height, as predicted by ROOM during summer
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Although compact and taller forms can reduce the overall summer temperature rise in
atrium spaces, the results in Figure 6.9 show that change of height has lower impact on the
PPD. This is more evident in the enclosed, in the open-sided and linear atria with the
southern orientation. In fact, for most of the occupied hours dissatisfaction reaches 100%.

From the above, it is obvious that with the change of height in the atrium space it is
possible to have a temperature drop, but not enough in order to reach comfort conditions. It
is interesting therefore to explore in the following paragraphs weather the shape of roof, the
type of glazing or the use of shading can reduce atrium temperature within the comfort

limits.

6.3.2 Roof shape

As it was mentioned in a previous paragraph, in the Mediterranean climate where the
sun angle is relatively high, horizontal glazing will receive more solar radiation in summer
than an inclined roof. The examples that were analysed so far, all of which incorporated a
flat roof, the conclusion indicate 100% of discomfort for the majority of occupancy hours.
However, these results can be used as a base case for comparison. The vault system has
much less angular selectivity.

Figure 6.11 and Figure 6.12 show the Percentage of People Dissatisfied in the
enclosed, open-sided and linear atrium with south orientation for the flat, saw-tooth and vault
roof and the internal air-temperatures during summer. The iterations were run for 5 air
changes per hour, clear glass and three-floor height of the atrium. From the comparison of
the graphs is obvious that the shape of the roof has a significant impact on the PPD and the
resulting air temperature inside the atrium. Compared to the flat roof, the saw-tooth shape

results in half of the population feeling discomfort, and a drop of temperature of almost 5°C.
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Figure 6. 11: Percentage of People Dissatisfied in the enclosed, open-sided and linear atrium

with south orientation and 3 floors height, as predicted by ROOM during summer
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It is also evident that whereas there is a need for some radical measures in order to
reach comfortable conditions for an atrium with a flat or a vault roof, the saw tooth shape
has the potential of reducing air temperature close to comfort.

At this stage, it is also very interesting to compare the above observations with the
results that have been analysed so far; the high PPD levels do not correspond in every case
to equally proportionally high internal temperatures. This coincides with the presence of
direct solar radiation and suggests that there are issues of local discomfort. That can be
furthered explored in the graphs in the following pages. The graphs represent a sample of
images of sun patches and the corresponding mountain PPD plots for all three types of roofs
for the enclosed and linear type.

The graphs show that highest percentages of discomfort correspond to the presence
of direct solar radiation. It is therefore evident that solar radiation can give rise to a different
experience of the thermal environment in various spots of the same surface. For example, in
the enclosed type with flat roof, the PPD can be up to 30% higher within 5 m distance of the
floor surface where there is direct solar radiation. However, these are the results predicted
for a person walking slowly within the atrium, and they would be different for a sedentary
activity, such as standing or sitting. In both cases, it is important to predict such effects and
taking them into account when designing an atrium space for more permanent activities,
such a reception desk or a sitting bench.

These results could not have been predicted merely by studying the air temperature.
Naturally, for design purpose, and in order to have a better understanding of the thermal
conditions that occur, more than one single hour has to be studied. In the current study, it
was considered important to investigate the PPD when the highest ambient temperatures

occur and therefore there Is an increased chance for higher discomfort.
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6.3.3 Glazing ratio facing the atrium space

As stated before, the investigation of the glazing ratio of the wall separating the atrium
from the main building is an indication of the amount of heat exchange between the atrium
space and its adjacent buildings. This is one of the most important parameters investigated
in studies of atrium buildings in relation to their energy requirements.

As an example of the influence of the glazing ratio facing the atrium, the PPD and
temperature in the enclosed and linear types are examined for 0%, 30% and 60% of glazing.
Both types have a flat roof with clear double-glazing. The calculations presented in Figure
6.13 and Figure 6.14 show that the difference between the three glazing ratios is very small
during winter. There is slightly higher temperature in the linear type with the 60% glazing
ratio, which is represented by 2% higher in the PPD. If the amount of glazing in the internal
atrium facades increases, then the atrium temperatures are expected to increase slightly. In
the current study, the adjacent building is conditioned to have constantly 20°C whereas the
temperature inside the atrium does not rise above 19°C. Therefore there is a heat loss from
the warmer building to the cooler atrium. Furthermore, the increase in glazing ratio means
that less opaque surface area is now available for storing solar gain.

In the summer, although there are no substantial differences in the PPD, it appears

that the smaller the glazing ratio, the higher the temperature inside the atrium (Figure 6.15

and Figure 6.16).
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Figure 6. 13: Percentage of People Dissatisfied in the enclosed and linear type for various

glazing ratio facing the atrium as predicted by ROOM during winter.
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Figure 6. 14: Internal dry bulb temperatures in the enclosed and linear type for various glazing

ratio facing the atrium as predicted by ROOM during winter.
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Figure 6. 15: Percentage of People Dissatisfied in the enclosed and linear type for various

glazing ratio facing the atrium as predicted by ROOM during summer.
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Figure 6. 16: Internal dry bulb temperatures in the enclosed and linear type for various glazing

ratio facing the atrium as predicted by ROOM during summer.
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That is the reverse of what occurs in winter: there is heat transfer from the warmer
atrium to the cooler adjacent building. It was evident in the results of the previous chapter as
well as from the above graphs, that during summer in the atrium there are large temperature
fluctuations; that is because thermal conditions in naturally ventilated spaces tend to be
close to that of the ambient climate. The results also indicate that the larger the amount of
shared by the atrium and the adjacent buildings, the smaller the temperature fluctuations in
the atrium and therefore the more acceptable the thermal environment. This could result in
greater temperature swings in the adjacent buildings. It is generally acknowledged that
some forms of temperature fluctuation are beneficial for thermal comfort (Givoni, 1976).
However, large and rapid temperature swings can cause discomfort. Therefore, the aim is to
design atria with temperature swings within acceptable limits. One way to achieve that is by
having a well-insulated intermediate boundary.

The analyses showed that the more atrium surfaces connected to the adjacent
building, the more effect the changes of the glazing ratio have. This is expected since
buildings with enclosed and linear atria have more spaces adjacent to their atria than other
types and therefore the potential for the atrium to act, as a buffer is substantial since it can
affect a greater portion of the building. For that reason, the glazing ratio is a parameter of
more importance in the enclosed type in controlling temperature swings in the adjacent
building.

At this stage of the analysis, it would be difficult to determine the optimum-glazing ratio
for each type of building. That is because of two main reasons that could offset each other:
One is the fact that large glazing ration could result in large heat exchange between the
atrium and the adjacent building and increase its cooling and heating load. On the other
hand, the higher the glazing ratio, the higher the amount of natural lighting. This will also

depend on the amount as well as the type of glazing. The latter is analysed in more detail in

the following paragraph.
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6.3.4 Glazing type

The thermal characteristics of glass used for the atrium fenestration obviously
influence its thermal conditions and subsequently the occupants’ comfort. The term thermal
characteristics refer here to the U value of the glazed construction and the properties of the
glass with regard to transmission, reflection and absorption of solar energy. The tables of
these thermal characteristics of the glazing types used in the current study are presented in
APPENDIX G.

There is a clear influence of the glass type on the internal conditions of the atrium
space as shown in Figure 6.17 and Figure 6.18. The iterations are for the enclosed and the
open-side types, for winter. The reduction of the air temperature in both types of buildings is
slightly higher than 19C. In the case of a winter day, it is more important to look at the levels
of the PPD during the first and last hours of the occupied period. The PPD in the open-side
atrium type, during the first occupied hours is lower than that of for the enclosed type, for all
three types of glazing. This is because the east-facing atrium fenestration receives intense
morning sun and results in a warmer atrium environment.

It is also interesting to note here, that the incorporation of the low-e and reflective
types glass with low admission of solar radiation can reduce the PPD by 6% and 18%
respectively compared to the clear glazing for the open-side type. In the case of the
courtyard type the results do not have large differences for each of the glazing types.

The same pattemn of PPD in relation to different glazing types is found in the
corresponding results for the summer (Figure 6.19 and Figure 6.20). The predicted results
show that the use of the selected high performance glass has the potential of lowering the
internal air temperature for atrium types of 1°C. However the levels of dissatisfaction will still

be very high (100% for all the occupancy hours).
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Figure 6. 17: Percentage of People Dissatisfied in the enclosed and open-side type for different

glazing types as predicted by ROOM during winter
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Figure 6. 18: Internal dry bulb temperatures in the enclosed and open-side type for different

glazing types as predicted by ROOM during winter




Chapter 6: Parametric analysis of atrium building in Mediterranean climate 237

Percentage People Dissatisfied

&

People Dissatisfied %

o

0o 1 2 3 4 5 6 7 8 9 ® N ©” B ¥ B B 7 B W 20 21 22 23 24
Hour of Day

pa3f30%(low-e) pa3f30%(reflective) pb3f30%(clear) pb3f30%(low-e) pb3f30%(reflective)

pa3f30%(clear)

Figure 6. 19: Percentage of People Dissatisfied in the enclosed and open-side type for different

glazing types as predicted by ROOM during summer
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Figure 6. 20: Internal dry bulb temperatures in the enclosed and open-side type for different

glazing types as predicted by ROOM during summer
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The open-side type has larger surfaces exposed to solar radiation; therefore even the
use of a high performance glass will be probably offset by the large amount of solar gains,
which result in higher PPD.

Examples of the application of various glazing types in the enclosed and linear type
with the saw-tooth roof are presented in Figure 6.21 and Figure 6.22. The internal air
temperature for both atrium types drop is very close to the ambient temperature for the
whole day. The PPD, during the warmest time of the day, is higher for the atria with the clear
and low-e glazing (54%) and lower for the atria with the reflective glass (38%). The enclosed
type appears to have more acceptable thermal conditions than the linear type although the
internal temperatures have little difference. In both cases, the reflective glass has noticeable

positive results compared to the low-emission glass.

Percentage People Dissatisfied

88 1
80

72
64
56
\ E—
48 S
(L x

;

N\

:Z # Il : .
24 — /
\ A

People Dissatisfied %

y \_ .
8 1 \ ' i
N ..-'/ —, — i
0 - ” Y r Y - Y Y Y r - . . Y v - - ,!,
0 1 2 3 4 5 6 7 8 9 » N '’ B W v ¥ ¥y 85 B 20 2 22 28 24
Hour of Day
| pa3st30%(clear) pa3st30%(low-e) pa3st30%(reflective) pd3st30% clear)
| — pd3st30%(low-e) —— pd3st30%(reflective)

Figure 6. 21: Percentage of People Dissatisfied in the enclosed and linear type for different

glazing types as predicted by ROOM during summer
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Figure 6. 22: Internal dry bulb temperatures in the enclosed and linear type for different glazing

types as predicted by ROOM during summer

Nevertheless, the internal conditions could be improved with the combination of other

design parameters such as higher ventilation rates or the use of shading, the analyses of

which are in the following paragraphs.

6.3.5 Ventilation

Ventilation of atria concerns the removal of hot air in summer to maintain reasonable
comfort levels. According to Simmonds (1994) “ventilation for air quality is not an issue since
the large space volume of the atrium and the likely adventitious fresh air openings mean that
fresh air levels will always be satisfactory’. It is also important to note the following:

. Peak summertime conditions in a Mediterranean climate occur for relatively short
periods. The traditional summer design outside temperature of 30°C is exceeded for 15% of

the time in the three-month summer period (June-September). Local climate data for
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Greece in Chapter 3 Indicate that the summer monthly average temperatures are within
comfort zone but the diurnal swing exceeds the comfort limits established in Chapter 5. The
Bioclimatic chart permits increased ventilation to extend the comfort zone for higher
temperature in summer.

. Peak air temperatures do not usually coincide with the time of peak solar radiation
or of high humidity. It is rare for all these factors affecting thermal comfort to occur

simultaneously but time lags caused by the building fabric have an effect on internal

conditions.

. The analysis of the results from the comfort survey showed that if the use of the
atrium relates to transient space, higher air temperatures can be accommodated without
compromising comfort standards.

it is very important to acknowledge that the indoor environment of an atrium space is
strongly affected by solar radiation. It was also discussed in Chapter 2 that the combination
of large glazed surfaces, the atrium height and the buoyancy force could cause air
stratification. Figure 6.23 shows a 3-D visualization of air-temperature distribution in three
different times in an enclosed atrium with a flat roof. When the temperature at the lower
levels within the atrium is much lower than that at higher levels it results in an increase of

the pressure difference, which in turn enhances the natural buoyancy effect for natural

ventilation purposes.

Figure 6. 23: 3-D visualization of air-temperature distribution in three different times in an

enclosed atrium with a flat roof
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%

The analyses of the results so far indicate that in the summer the atrium space can be
very hot leading to high levels of discomfort. Iterations for two ventilation rates were
performed only for the summer period. The influence of ventilation on comfort and
temperature varies for different types of atrium spaces. Figure 6.24 and Figure 6.25 show

the effect of 5ac/h and 10ac/h in the enclosed atrium with 3 and 6-floor height, for a flat roof

and for two types of glazing.

In this set of results the three-floor height atrium with the clear glass and 5ac/h is the
warmest (at occupied level) and the percentage of discomfort is still very high for most hours
of the day. As it can be seen, higher ventilation rates improve thermal conditions in the

atrium with the smaller height, regardless of the glazing type. This causes an average

temperature drop of 2°C.
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Figure 6. 24: Percentage of People Dissatisfied in the enclosed type for 5ac/h and 10ac/h as

predicted by ROOM during summer
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Figure 6. 25: Internal dry bulb temperatures in the enclosed type for 5ac/h and 10ac/h as

predicted by ROOM during summer

However, the effect of the selected ventilation rates on comfort is lower than the
change proportion atrium height ratio or to that compared to the use of a high performance
glass. The maximum ambient temperature during the day analysed is 28°C. Naturally, it is
not possible in the middle of the day to achieve by ventilation a lower temperature than that
outside. The influence of solar radiation is very strong. Therefore it is very difficult to rely
only on natural ventilation in order to reduce the temperature during summer. The
combination of a taller atrium with a reflective glass and 10ac/h resulted in temperatures
slightly above the comfort limits and therefore a more comfortable environment for a wider
span of hours.

At the same time is worth investigating whether comfort can be maintained by venting
excess heat produced by solar radiation through a controlled opening of the atrium

fenestration for the rest of the day (except for the night time and the peak day hours that
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have already been discussed above). What is important in this case, is to check the
prevailing wind direction. Roof-mounted exhaust fans can cool the atrium space by
extracting hot air via grilles in the ceiling and replacing it with cool air drawn in through open
windows. However, if ventilation is maintained only through roof openings, the orientation of
the glazing of the roof has a more significant role.

Figure 6.26 and Figure 6.27 show the PPD and air temperature for the two linear types

of atrium with saw-tooth roof with clear glazing and for two different orientations: north-south

and east-west axis.
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Figure 6. 26: Percentage of People Dissatisfied in the linear type for different orientations and

for 5ac/h and 10ac/h as predicted by ROOM during summer

The external temperature ranges from 17°C to 28°C. The temperatures in all four types
of atria analysed follow closely this pattern with maximum 2°C above the ambient
temperature in the atrium with the east-west axis during morning and late afternoon hours.

The PPD however, follows a pattern with much greater swings. Acceptable comfort levels
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are achieved between 9:00 and 12:00 hours in the atrium with the north-south axis. When
the ventilation rate is 5ac/h, the PPD falls below 25% after 18:00 hours. This can be
achieved an hour earlier by raising the ventilation rate to 10 ac/h.

As expected, the linear atrium with the east-west axis has high levels of discomfort
during early morning hours and late afternoon; this is caused by direct solar radiation since
the sun has a lower angle at these hours. The increase of ventilation rates from 5 ac/h to 10

ac/h can lower the PPD by maximum 10%, but it won’t be effective enough to create a

comfortable environment.
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Figure 6. 27: Internal dry bulb temperatures in the linear type for different orientations and for

5ac/h and 10ac/h as predicted by ROOM during summer

In the case of a retrofitting of a galleria or a walkway in an east-west axis, where not
much can be done to alter the orientation of the building, appropriate shading should be

applied in the access of the airflow that ventilates the space.
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The application of shading in the atrium fenestration in the summer and the results of

that parametric study are discussed in detail in the next paragraph.

6.3.6 Shading

The primary reason for solar shading is to provide thermal comfort by reducing
unnecessary solar gain. Design parameters include orientation, sun path, sun angle,
daylight transmission, ventilation, user control, maintenance and cost. All these parameters
vary according to climatic characteristics and the functions of the spaces (Goulding, 1992).

In the Mediterranean climate, a glazed roof is exposed to high solar radiation during
summer when the solar altitude is high. Sunshades can be used in order to reduce the heat
gain from solar radiation. It is not unusual for solar shadings to be installed in an atrium after
the building is completed, i.e. during the first summer. This may due to the insufficient
knowledge of how to estimate the influence of solar shading on the atrium thermal
conditions and consequently on thermal comfort. There is also insufficient knowledge of the
physical properties of different types of shadings as well as their performance in combination

with different types of glazing (Wall, 1996).

In the context of this research, the use of different types of solar shadings was not
possible to be examined. However, there was an investigation of the use of simple solar
shading in the selected atrium types in combination with various roof shapes, two ventilation
rates and different types of glazing.

The predictions shown in Figure 6.28 and Figure 6.29 are for the enclosed type with

30% glazing ration and flat roof.
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Figure 6. 28: Percentage of People Dissatisfied in the enclosed type with shading and 10ac/h as

predicted by ROOM during summer
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Figure 6. 29: Internal dry bulb temperatures in the enclosed type with shading and 10ac/h as

predicted by ROOM during summer
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During the hours of peak ambient temperatures, the PPD is less than 33% for the
clear and the low-e glazing, and slightly less (25%) for the reflective glazing. It can also be
seen that the atrium space maintains comfortable conditions throughout the occupancy
hours. The temperatures inside the atrium have a slight difference for all the glazing types
and follow the pattern of the ambient temperature.

The incorporation of sunshades does not seem to cause a noticeable air temperature
drop in the atrium space but does reduce radiative heat gain. This conclusion derives from
the comparison of the results in Figure 6.29 to the internal temperatures predicted earlier for
various combinations of parameters. However, it is clear that comfortable conditions are
achieved and maintained with use of solar control shading, and more importantly during the
peak hours.

The above results apply to the enclosed atrium type, where shading is applied on the
atrium glazed roof to protect it from the high angle summer sun. It is therefore interesting to
investigate how effective is shading in an atrium type with different orientation.

Figure 6.30 shoes the PPD for the open-side atrium type with 30% glazing ratio, a
ventilation of 10ac/h, with a flat roof and for the three different glazing types. The predicted
results show that for the 2/3 of the occupied hours there are acceptable thermal conditions
in the atrium. The percentage of dissatisfied people is higher than that in the enclosed type,
and the atrium with the reflective glazing is predicted to maintain more pleasant thermal
conditions.

From the results discussed so far, it is evident that the high percentages of
dissatisfaction from the occupants are due to direct solar radiation. The use of shading can
affect that feeling of discomfort by reducing unnecessary solar gain. Figure 6.31 shows a
comparison of solar gains for the open-side atrium type with and without shading. It can be
seen from the graph that the incorporation of shading, the solar gains in the atrium reduce

dramatically.
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Figure 6. 30: Percentage of People Dissatisfied in the open-side type with shading and 10ac/h

as predicted by ROOM during summer
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Figure 6. 31. Comparison of solar gains for the open-side atrium with clear glass with and without

shading as predicted by ROOM during summer
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In general, the analyses confirm that a combination of solar shading and ventilation is
an effective means of achieving thermal comfort conditions in the atrium space in the
summer — not necessarily reducing the temperature. The overall contribution of shading in
providing acceptable conditions in different atrium types has to be discussed in combination
with other parameters such as the atrium glazing orientation, the proportion of atrium glazing
exposed and the roof shape.

Comparing the graphs showing the predicted temperatures inside the atrium building
in loannina and those of the parametric study there appears to be a difference in the way the
two buildings behave i.e. Figure 4.35 shows that the temperature inside the atrium in the
early morning hours is higher than the ambient temperatures and later on in the day the
ambient temperature increase to levels higher than those inside the atrium. However, this is
not apparent in the results presented in the parametric analysis. This could be attributed to
the thermal mass effect, as this was an area difficult to deal with and its worthy of more
investigation. The building in loannina was obviously a special case-it was designed and
modelled as accurately as possible so it can be compared with the measured conditions.
The parametric analysis was referring to a more general building model and so could be
expected to show some differences in its performance. The surrounding building in the
parametric studies may be acting as a general low level heat transfer modifier (which is not
present in the case study building in loannina in the same way); it may be that it is not
absorbing the heat in the same cyclic or responsive way. It is concluded therefore that the
thermal mass effect in relation to atrium thermal performance should be further investigated
in a future study.

The parametric study explored the combination of a wide range of design parameters
and their effect on atrium thermal conditions. It is not feasible to cover all the possible

alternatives, however, for the purposes of this study the range was considered suitable, as
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the main aim was to explore the general trend of behaviour of an atrium space in the
Mediterranean climatic context.

There was however the need for understanding the relative effectiveness of each
element and their combination, in the atrium environment. The method devised to evaluate

the influence of all the selected parameters is described in the following paragraph.

6.4 Summary of performance evaluation

Since the objective of this research is to achieve comfort or reduce discomfort, it was
decided to use the level of discomfort as a measure of effectiveness of the design
alternatives. In practice it is necessary to examine all months and hours of the day to arrive

at a statistical description of comfort within the atrium space. The analyses produced a large
amount of results. The approach taken was to assess the percentages of discomfort
between 900 and 1800 hours. These were added in a cumulative way and summarised in a
table. The values are "Percentage Discomfort Hours” per day and are referred to as
“dissatisfaction scores”.

If the research was concentrated in energy performance then other factors should be
considered. For the current study, the aim is to achieve occupants’ comfort and therefore
only the hours of occupancy were taken into consideration. 900 to 1800 hours is a typical
span of a building's occupied hours in the Mediterranean climatic context. Additionally, by
choosing this period of time, the bumps in the ambient air temperature in the early morning
hours, and consequently in the air temperature inside the atrium space, do not affect the
results.

The “dissatisfaction scores” (ds) for all the design parameters are summarised for

each atrium type in two tables. The first table represents the dissatisfaction score for the 10-
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hour span. The second table shows the percentage of the effect on comfort of each factor,;
as the general trend for each type of building The design options that result in equal or less
than 250 discomfort hours is considered acceptable.

The advantages of presenting the results for each type of building separately are: a) a
less complicated and more comprehensive comparison of the impact of the selected design
parameters on the atrium thermal conditions and b) an easier application of the results by
the designers that are restricted in shape and type of the atrium, i.e. in the case of
retrofitting. General conclusions from the comparison of all the results above are drawn at

the end of the chapter.

Building type A (Glazed Courtvard Tvpe

Table 6.3 and Table 6.4 show the results for the enclosed type (PA). The results for
winter are calculated for one glazing ratio facing the atrium, ventilation rate of 5ac/h and for
three types of glazing. It can be seen that the differences of the dissatisfaction scores are
low; such is the case that no design parameter has a prominent impact on the atrium's
thermal conditions. That was also confirmed by the analyses of the graphs: the atrium
temperature followed the pattern of ambient temperature and the excess heating gains from
the exposed glazing in the roof seem to result in an acceptable environment.

The results for the summer season are discussed in more detail since there is a
significant difference between the various scores predicted, i.e. the worse case scenario
(ds= 932) for the enclosed type is three floor height, flat roof with clear glazing, 0% glazing
ratio and 5ac/h. The best-case scenario results to dissatisfaction score of 99 and applies to
the atrium with the saw-tooth roof with reflective glass, 0%glazing ratio and Sac/h. The
tabulated summarised results are very beneficial in that it is possible to see the effect that a

contiguous design parameter has on comfort
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Table 6.4 summarises the relative improvement that can be obtained by varying
certain design parameters for the A atrium type. On average, by incorporating a vault roof in
an enclosed atrium there is a reduction of 29.7% in dissatisfaction and with a saw-tooth roof
shape a reduction of 75.4% in dissatisfaction compared to the flat roof. This is due to the
fact that the flat roof collects and transmits more solar radiation at high altitudes (summer
time) than the other two types of roof. Compared to the base case design (clear glazing), the
low-e glazing and the reflective glazing reduce the seasonal percentage of occupants’
dissatisfaction by 5.6% and 20.5% respectively. The change in height from three floors to six
floors results in 39.3% of people less dissatisfied more likely due to the self-shading effect of
the enclosed atnum. The change in glazing ratio of the adjacent building walls facing the
atrium space from 0% to 30% and 60% resulted in 6.3% and 18.5% more acceptable
conditions for the occupants as predicted by the programme. As discussed earlier, that is
due to the fact that the airflow from the atrium to the adjacent spaces (which were
conditioned at 20 °C) contributed to lower the atrium temperature, especially that of the
ground floor and, therefore, resulted in more acceptable conditions.

It can also be seen from the tabulated results that the increase of ventilation rates from
S5ac/h to 10 ac/h has a reduction of 8.8% in dissatisfaction. In the case of the saw-tooth roof,
the increase of ventilation rates actually increases the dissatisfaction score or has no effect
at all. Finally, by shading the atrium roof fenestration, a reduction of 72.1% in occupants’
dissatisfaction can be achieved. Especially in the case of the glazed courtyard, the source of
solar radiation inside the atrium, and as it was concluded from the previous paragraph a
main cause of users' dissatisfaction, is the glazed atrium roof. By providing adequate

shading during the summer period, acceptable thermal conditions can be achieved.
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Building type B (Open side-south

Table 6.5 and Table 6.6 show the results for the open-side type of atrium with the
vertical fenestration facing south. As discussed previously in the chapter, that atrium type
has a larger amount of glazing exposed to ambient climate compared to the courtyard type.
This resulted in more seasonal temperature fluctuations and daily temperature fluctuations,
higher solar gains for both seasons and therefore less percentage of dissatisfaction in winter
and higher requirements for shading in summer.

For winter, there are no significant differences in the dissatisfaction scores from the
courtyard type, except that the higher amount of solar radiation results in slightly more
satisfying conditions.

During summer, more people are likely to feel uncomfortable (ds=931) in the atnum
with three floors and a flat roof, clear glazing, 0% glazing ratio and 5ac/h. The six-floor, saw-
tooth roof shape model with reflective glass, 60% glazing ratio and 10ac/h provides the most
acceptable conditions (ds=129). Considering the dissatisfaction score for the atrium model
with the flat roof and the clear glazing as the base case, there is a reduction of 59.2% and
39.3% by replacing the flat roof with a saw-tooth roof and a vault roof, respectively. The
choice of a low-e type of glazing can have a positive effect on lowering the dissatisfaction
score by 2.3% and the reflective type of glazing by 13.6% compared to the clear glazing.
The statistic results show that the increase of the glazing ratio in the walls shared by the

adjacent building and the atrium from 0% to 30% and from 30% to 60%, resuits in the same

effect, an average reduction in the dissatisfaction score of 6.5%.
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The increase of height of the building also results in 35.5% of reduction in the
dissatisfaction score. It is also concluded that the effect of ventilation in achieving comfort is
lower than that in the courtyard type. Cross ventilation would be more effective if the
incoming air was from the lower vents of the vertical south facing fenestration is pre-cooled.
That could be achieved by placing external shading in the atrium south facade or even by
evaporative cooling from water-features outside the building. By shading the whole atrium

fenestration thermal conditions inside the atrium improve for the occupants by 66.3%.

Building type C (Open side-east

Tabulated results for the open-side type with the vertical fagade facing east are shown
in Table 6.7 and Table 6.8. In this set of results there is the highest and lowest of
dissatisfaction scores amongst all the iterations for summer (excluding shading), which
indicates that this type of atrium is more sensitive to the change of certain parameters.

According to the graph in Appendix D that shows the annual amount of solar
irradiation available in Athens, surfaces facing east receive more solar radiation than those
vertical surfaces orientated towards the south. The eastern exposure is very beneficial
during winter, since it takes advantage of solar gains early in the morning when the building
most needs them. However, during summer, it can build up high temperatures inside the
atrium.

In winter the dissatisfaction scores are lower compared to the previous two types of
buildings discussed above, nevertheless without significant fluctuations.

This is not the case for the summer however considering that the worse case scenario
has a dissatisfaction score equal to 993 (3-floor height, 0% glazing ratio, flat roof with low-e
glazing and 5ac/h) whereas the lower score is 111 (saw-tooth roof shape, 60% glazing ratio,

reflective glass and 10ac/h). There are no iterations for shading.
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The comparative results in Table 6.8 show a radical improvement in occupants’ satisfaction
by replacing the flat roof with a saw-tooth roof of 77.1% and 43.7% for the vault roof. The
low-e glass affects the users’ satisfaction overall by 2.4% whereas the reflective glass is
much more effective, reducing the dissatisfaction score by 14.3%. The change in glazing
ratio from 0% to 30% and 60% results in 7.9% and 13.8% less people dissatisfied
respectively. More effective seems to be the change of the building height from 3 to 6 floors
(28.9%). The south internal fagade of the atrium will be shaded for most time of the day and
will have an impact on the amount of daylighting available for the adjacent spaces. Increase
ventilation rates from 5ac/h to 10ac/h will reduce the dissatisfaction score by 7.3%. In this
case, as for the type of atrium discussed in the previous paragraph, pre-cooling the

incoming air would have a more significant effect in comfort.

Building type D (linear north-south axis

Type D, represents the linear atrium building with orientation in the north-south axis.
This is the only atrium model that has a glazing fenestration facing north; in terms of passive
solar heating that means that the north-facing glazing receives insignificant amount of solar
radiation but a good energy value of natural lighting [Lewis, 1997]. Again, form the tabulated
results presented in Table 6.9 and Table 6.10, it can be seen that there are low differences
between the dissatisfaction scores for winter and a wider gap between the lowest (157 for
the model with 6 floor height and 60% glazing ration, saw-tooth roof with reflective glass and
10ac/h) and the highest (842 for the model with 3 floor height and 0% glazing ration, flat roof
with low-e glass and 5 ac/h) dissatisfaction score for summer.

In this atrium type, the difference of the effect between the flat roof and the vault roof
in comfort is low (4%) whereas the saw-tooth roof can reduce the dissatisfaction score by

60.6%.
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The south facing glazing orientation of the atrium will receive a beneficial amount of
solar heat dunng winter when the sun is low for the maximum hours of the day, and will
provide adequate shading during summer. Compared to clear glazing, the use of low-e and
reflective glass in the atrium fenestration results in 1.9% and 16.6% reduction in the
dissatisfaction score respectively. This is quite significant when having to make a cost
effective choice between an expensive high performance glass such as the low-e and a
clear double-glazing system. Compared to the previous types of atrium models analysed,
the increase of the glazing ratio in the walls shared by the atrium and the adjacent buildings
from 0% to 60% causes the highest reduction in the dissatisfaction score of 24.1%. In the
case of building height, the 6-floor height atrium is reducing the dissatisfaction score by
31.6%. As the predicted results indicate ventilation can be more effective in this type of
atrium building and the increase from 5ac/h to 10ac/h will reduce the dissatisfaction score by
0.5%. If the atrium fenestration is shaded there is a dramatic improvement in comfort of

68%. This is more effective for the buildings with flat and vault roof.

Building type E (linear east-west axis

The results for the linear type with the east-west axis are summarised in Table 6.11
and Table 6.12. Compared to the results predicted for the linear type with the north-south
axis, it is obvious that this type provides less comfortable conditions. The benefits and
disadvantages of having an east orientated fenestration were discussed for type B; morning
sun can provide a passive warm-up which can be very beneficial on chilly winter mornings.
Solar control however, can be quite challenging for west-facing fenestrations especially
during the summer months and can lead to excessive overheating. A west orientation
means that the benefit from solar radiation during winter will be late in the afternoon hours,

which doesn’t include the time that the building is occupied.
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Yet, the predicted results for winter show the lowest dissatisfaction scores compared
to the previous types. Nevertheless, there are small differences between the predicted
dissatisfaction scores.

From the results calculated for summer, the most unpleasant thermal conditions are
predicted for 3-floor height with 0% glazing ratio, flat roof with clear glazing and 5ac/h
(ds=981). The more acceptable thermal conditions are predicted for the 6-floor height atrium
building with 60% glazing ratio, saw-tooth roof with reflective glass and 10ac/h (ds=341).

The predicted reduction in the dissatisfaction score when incorporating a saw-tooth

instead of a flat roof is 38.7%, whereas the difference between the flat roof and a vault
shape roof is low (5.2%). Compared to the base case for clear glazing, the reflective glass
can reduce heat gains and provide 18.7% more acceptable conditions whereas the low-e
glass wouldn't be so effective. When increasing the glazing ratio from 0% to 60% there is a
reduction of the dissatisfaction score by 13.9%. The change in atrium height has a positive
contribution to occupants’ comfort of 15.9%. Ventilation, as in the previous type, can be
more effective in the linear atrium. The increase of ventilation rate from 5ac/h to 10ac/h can

reduce the dissatisfaction score by 8.1%.

6.5 Conclusions

In this chapter, comfort and thermal conditions for an atrium building in a
Mediterranean climate were predicted from a selection of glazing types, shading,
fenestration orientation and geometry, and overall atrium size and shape. A parametric
study was carried out and a large number of simulations were performed for the 22" of
December for winter and 22™ of June for the summer. The weather file used was that for

Athens. The results of each design alternative were analysed, and tabulated summaries of
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the results for each atrium type were presented and discussed. It could be argued that the
month and date selected for the iterations correspond to higher for winter and lower for
summer ambient temperatures than expected. However, the purpose of the parametric
study and indeed of the tabulated results was not to evaluate the actual values but to assess
the general trends i.e. the measure of effect of each parameter to occupants’
comfort/discomfort.

The results showed that daily external temperature fluctuations clearly have an
influence on the predicted results; the atrium temperature follows the pattern of the ambient
temperature, which is anticipated by a naturally ventilated building.

For winter, the results indicate that all of the atrium types have the potential of raising
the atrium temperature close to comfort level. Atria with east orientation provide a much
more acceptable environment in the morning hours but prove to be more challenging in
terms of shading. The parametric analysis showed that there is none of the parameters had
a prominent effect in occupants’ comfort, as long as the atrium air temperature was kept in
reasonable acceptable levels.

In summer the main concern is to prevent overheating. Even for the enclosed type of
atrium, which has the smallest temperature fluctuations, the atrium temperatures can still be
very high due to the large amount of solar radiation. However, as it was predicted, it is
difficult to reduce air temperatures in the atrium below ambient temperature throughout the
day; a combination of shading and ventilation can keep the temperature increment to within
1°C or 2°C above ambient during peak hours.

In general, the results indicate that more people are going to be dissatisfied in the
atrium type B (open-sided with east orientation) with flat roof, low-e glass, S ac/h and with no
glazing in the adjacent building overlooking the atrium space. This is due to the combination
of east orientation, which builds up heat from the early morning hours, the flat roof that

receives intense solar radiation and the low ventilation rate.
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After the first stage analyses, it becomes clear that there are elements of the atrium
design connected with local discomfort; 2D and 3D visual representations show variation in
comfort in various spots and heights within an atrium. As the programme predicts there are
issues of local discomfort; where there is direct solar direction this is expressed by the
highest PPD even if the average air temperature inside the atrium does not vary significantly
between different models.

The roof shape that proved to be more suitable for the atrium in a Mediterranean
climate is the saw-tooth roof; it admitted useful solar radiation during winter and provided
adequate shading during summer. Vault and flat roof could be used but with but have an
increased amount of shading requirements

Acceptable thermal conditions were achieved during summer with the use of reflective
glass; the results also indicated that there is no significant increase in comfort when
replacing a clear double-glazing system with a low-e type of glazing. Additionally, what
seemed to have a most noticeable impact on comfort is shading. In fact, as some of the
results indicated, a flat roof with appropriate shading results in more acceptable conditions
than the same type of atrium with a saw-tooth roof. Therefore, it has to be considered
whether it is worth investing in an expensive shaped glazing system as well as in a shading
device system? Or whether comfort can be achieved with a normal double-glazed clear
glass and shading devices in order to avoid local discomfort and at the same time have
adequate solar gains in winter?

The tabulated results show that the 5ac/h of ventilation is not adequate to remove
warm air and reduce discomfort and, in some cases, the increase of ventilation from Sac/h to
10ac/h can have a positive impact on comfort. There was also evidence of thermal
stratification; the graphical representation of the results indicated acceptable conditions at
occupant levels, but a lot higher temperature distribution at the upper levels of the atrium

space.
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Variations in the proportion of the glazing shared by the atrium and the adjacent
building also have an influence in the heat transfer between them and the range of
temperature fluctuations in the atrium space.

In general, the enclosed and the linear type of atria seem to be the most appropriate in
the specific climatic context. This supports the notion that covered courtyard buildings and
glazed streets and walkways are most effective climate modifiers.

Some irregularities of the temperature in the early morning hours attributed to the
weather file used were detected but they don't affect the main resuits.

In the current study some critical questions regarding the atrium thermal comfort
conditions in respect to geometry, ventilation, roof glazing material and ambient climate
were answered. It was also established which strategies result in best comfort if no auxiliary
heating and cooling is used. Additionally, in this chapter the concept of discomfort hours was
used as a benchmark of acceptable indoor conditions. The research produced a table of
optimum design-options in terms of comfort for atrium buildings in a Mediterranean climatic
context. The acceptable design options are highlighted and are those that result in equal or
less than 250 of discomfort hours.

A summary of the findings of the research and recommendations for the design of

atrium buildings in Mediterranean climate are presented in the final chapter.
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CHAPTER 7

RECOMMENDATIONS AND CONCLUSIONS

7.1 Research Summary

In principle, buildings are designed to optimise the thermal environment and achieve
acceptable indoor thermal conditions. The current research focused on the atrium building
type. Some of the reasons were the fact that they create an aesthetically interesting
environment and they fill social and economic needs. Furthermore, the multiple functions of
atria increase their appeal to building owners but make the design analysis more complex.

Atria were originally defined as open courtyards of buildings in the Mediterranean
region. In their covered/glazed form they have only evolved since the last century and have
generally been developed for temperate or cool climates where they attempt to create the
environment to be found outside in typically warmer climates, i.e. the Mediterranean. Thus
when such glazed spaces are used in warmer climates, potential for overheating occurs.
Research and literature refers to atrium buildings’ attributes and the potential energy
contribution to their parent buildings, and covers a wide range of atrium design. Extensive
research also exists on thermal comfort and occupants requirements for dwellings and
offices. Some also cover aspects of thermal comfort in transient conditions, [Hensen,
1990], [Jitkhajornwanich, 2002] and [Nakano, 2002].

The current research is an attempt to cover the gap of knowledge regarding atrium

building design, climate and occupant comfort. This has been done in an effort to optimise
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both the comfort and the thermal performance of the whole building, particularly when set
in a warm climate.

Consequently it was considered important to investigate both the main features of
the local climate as well as the occupants’ thermal expectations. The main research
methods used have been physical measurements of a case study building in a
Mediterranean climate along with an occupant thermal comfort survey and, a parametric
study, with the use of a dynamic thermal simulation programme. This enabled the
investigation of the thermal conditions of various selected atrium types in relation to
occupant comfort. The selected alternatives were building type, building proportion and
orientation, glazing type, glazing ratio overlooking the wall separating the atrium from the
parent building, shape of the roof, ventilation rate and the use of shading. Some of these
parameters are determined early in the design stage, which means that proper analysis of

the above will have a decisive impact on the atrium thermal conditions.

7.2 Main Findings

7.2.2 Findings from background research

From the analysis of the Mediterranean climate it was concluded that buildings in
that region generally need heat in winter and cooling in summer. The use of the Bioclimatic
Chart indicated a number of possible strategies in order to improve thermal conditions with
passive means. Many researchers claim that an atrium can contribute to passive heating,
can be useful in overall ventilation and cooling strategy, and always makes daylight more
available to the spaces surrounding it. The atrium buildings visited in Greece are thermally
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