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Abstract

Transitional spaces are pivotal in non-residential architecture. Depending on the building
typology, the proportion of such areas may vary between 10% up to 40% of the total
volume. Because of their features transitional spaces are mdependent dynamic spaces
with various physical conditions and behaviour which may that have different thermal
comfort requirements. Being integral part of the non-residential architecture, ther HVAC
design and controls follow however guidelines intended for indoor space. No current
comfort guidelines that are specific for this peculiar building zones exists. Nevertheless,
if designed with appropriate energy saving strategies as mixed-mode ventilation solution
and flexible controls of HVAC, these peculiar building spaces can help achieve more
energy efficient buildings.

With the aim of a deeper understanding of these peculiar building zones, this PhD
dissertation focuses on three aspects related to transitional spaces: mixed-mode ventilation
design, thermal comfort and actual thermal performance.

Information about 17 non-residential building, which integrate a transitional space in their
architecture and mixed-mode ventilation strategy, were analysed and collected in a small
databased. Within the building typologies considered, shopping centres resulted to be a
very interesting one for the implementation of mixed-mode ventilation strategies. From
the analysis of recent examples of shopping centres conversion from fully mechanical
mto mixed-mode operation, a design procedure was proposed.

The conversion from fully mechanical nto mixed-mode operation is further encouraged
by the findings related to thermal comfort in shopping centers common areas. Within the
studies about thermal comfort in transitional spaces, an investigation of human response
within shopping centres common areas was missing. With the scope of understanding
actual comfortable ranges in these spaces, around 700 customers were interviewed about
their state of comfort while measuring environmental parameters. For this scope a specific
questionnaire and a Mobile Environmental Monitoring cart (MEMO) were developed.
The measurements were performed in spring and summer 2016 in three different Italian
shopping centres, fully-mechanical operated. The results show a wider range of indoor
thermal comfort conditions than in typical indoor spaces. The necessity of a tailor-made
model to assess thermal comfort in transitional spaces is also disclosed. The model could
correlate indoor comfort temperatures with outdoor temperatures on the basis of the direct
observation of users’ thermal sensation. In order to expand the database of evidence and
the creation of such model, further field studies are required, gathering together a
conspicuous number of data which cover all the seasons.



These findings unlock important energy use implication. If shopping centre HVAC
systems are operated in a more flexible way and natural ventilation potentialities are
exploited, the final goal of achieving more energy efficient buildings without sacrificing
users’ comfort seems closer.

With the objective of verifying the level of comfort provided by a mixed-mode solution
in a transitional space, the thermal comfort and airflow performance of an atrum located
in a warm temperate climate were investigated. The measurements campaign lasted over
four-weeks i summer 2017. The thermal comfort evaluation of the atrium users’ was
performed under different operational modes. The results showed that users’ state of
comfort was independent from the way the atrium was conditioned. Specific to this case,
the result opens possibilities for the use of just natural ventilation to provide comfortable
conditions in summer. This would reflect in a consistent reduction of the operation costs
for cooling.

In the perspective of the reduction of building energy consumption without compromising
thermal comfort, the results of this thesis confirm and booster the interest towards mixed-
mode operated building. The potentialities of transitional spaces expressed in the thesis
need to be taken into account in non-residential building design.

The nature of the results for shopping centers transitional spaces can be extended to all
those non-residential buildings that have transitional spaces with similar features.
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Introduction

A transitional spaces is meant as

“a space in between indoor and outdoor climate, or between two indoor environments,
which thermal characteristics can be or not modified by mechanical control system and
where occupants may experience the dynamic effect of this change”

Nowadays, transitional spaces are pivotal in non-residential architecture. The proportion
of such areas may vary between 10% up to 40% of the total volume depending on the
building typology [1.1]. Most of the time, transitional spaces are meant as buffer zones
and they do not necessarily accommodate the main activity of the building. But
nonetheless they are operated as an extension of the interior environment. As
consequence, for reaching the same level of comfort as indoor environment, they
consume more energy than the other parts of building of similar size [1.2]. The energy
demand of transitional spaces per unit area or volume might be three times as high as that
of the remaining of the building interior [1.3].

The necessity of reducing buildings’ energy demand and consumption is a tangble fact
after the entry ito force of the EPBD directive 31/2010/EU. Buildings design
consequently went through the mmprovement of thermal envelope proprieties. In
particular, for non-residential buildings this aspect combined with the increased level of
internal gains has changed the energy balance. The low heating demand is compensated
by an increased cooling demand often not restricted to the only summer season.

This evidence has stimulated arenewed interest in designers for the exploitation of natural
ventilation as passive cooling solution. Transitional spaces can rely on a great potential
for natural ventilation exploitation [1.4]:

e they have direct connection with the outside;

e their architecture based on large volume suites with the principles for an effective
natural ventilation;

e users of transitional spaces tolerate warmer thermal environments under summer
conditions, as proved by the few studies about thermal comfort in transitional
spaces [1.1], [1.2], [1.5].

Because of the awareness of natural ventilation limitations [1.6], the interest has
progressively moved towards mixed-mode buildings. Mixed-mode buildings are indeed
designed in such a way that the HVAC system help to prevent uncomfortable conditions
when natural ventilation is not sufficient to guarantee a comfortable environment.
Nevertheless the penetration of natural ventilation solutions and the energy use intensity
of new non-domestic buildings was almost constant during the last decade, even in
locations suitable for natural ventilation [1.7].According to Da Graga and Linden [1.7],
one of the reasons why the integration of natural ventilation has become rare in modern



non-domestic building design is the lack of knowledge and confidence in natural
ventilation system possibilities. This lack of information is keeping designers and
building owners to follow a traditional design based on reliable mechanical and air
conditioning systems.

Within non-residential building stock, shopping centres could have a great potential for
mixed-mode implementation. Their architecture is indeed based on shops with
mterconnecting walkways that enable customers to walk from a shop unit to another.
Shopping centres’ common areas are good examples of transitional spaces with a high
variability in occupancy and thermal conditions. Generally, shopping centres are
conditioned by means of standard HVAC systems. The use of natural ventilation
potentiality to guarantee the minimum air change rate required by IAQ standards and to
reduce cooling demand is not considered. Mechanical ventilation systems are also
preferred to natural ventilation because more controllable and reliable, since they are not
affected by the uncertainty of natural forces. Thereby, within the design process the team
never focused neither on opening sizing nor on control strategies definition for ventilative
cooling systems (natural or hybrid). So far, shopping centres design has ncluded a small
proportion of automated windows, sized for smoke ventilation only. There are only few
examples of shopping centre designed for natural ventilation like the Ernst August Galerie
in Hannover (Germany), the Blue Water shopping mall in Dartford (United Kingdom)
and the Eastgate shopping mall in Harare (Zimbabwe).

No relevant studies related to thermal comfort in shopping centre transitional spaces at
the moment exist. As consequence no current guidelines on thermal comfort have been
identified that are specific to retail transitional space. Most of the time, temperature set
points are based on the experience of the facility/energy manager which are most of the
time different from the design set-pomt for heating and cooling. Based on direct
experience of shopping centre environment, it is easy to experience high internal
temperature in winter while low temperature in summer. This way of conditioning is
meant to promote longer permanence periods with a consequent increase of the shopping
activities and also the customers’ satisfaction within the shopping centre. Nevertheless,
the reality is far from expectation. This way of space conditioning works against an
efficient use of energy. Furthermore it generates thermal shocks increasing the possibility
of generating discomfort in customers that visit the shopping centre. Understanding the
comfortable ranges in these spaces, will open to improvements and further investigation
about mixed-mode operation for these peculiar building zones.

Under the light of these considerations, the research activities presented m this PhD
dissertation focus on investigating three linked aspect related to transitional spaces:
mixed-mode ventilation design, thermal comfort and actual thermal performance.

The topics I faced during the research are:
1. Mixed-mode ventilation design in transitional spaces of non-residential buildings
and shopping centers;



2. Assessment of thermal comfort in shopping centers’ common area based on direct
customers’ thermal comfort evaluation;

3. Assessment of actual thermal comfort and energy performances of a mixed-mode
transitional space.

This PhD is financed by the European project “CommONEnergy”
(www.commonenergyproject.eu/) [1.8] coordinated by Eurac Research, which focuses on
transforming shopping centers into energy efficient and high-indoor-environmental-
quality buildings, by developing smart renovation strategies and solutions, supporting
therr implementation and assessing therr environmental and social impact.
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The research questions of this work can be therefore formulated as:

e [s the conversion from fully-mechanical into mixed-mode operation of transitional
spaces feasible?

e How thermal comfort can be assessed in shopping centre common areas and what
are the actual thermal comfort ranges?

e Do mixed-mode transitional spaces guarantee comfortable conditions to users?

The thesis is organized as follows:

Chapter I mtroduces transitional spaces features and how their use is changed throughout
history. After the presentation of basics mixed-mode ventilation schemes, the role of
transitional spaces in the mixed-mode design is investigated. A database with 17 non-
residential buildings which integrate a transitional space in their mixed-mode ventilation
design was created. The mixed-mode operation of shopping centre was analysed in
details.

Chapter 2 proposes a design procedure for the conversion of shopping centre transitional
spaces from fully-mechanical into mixed-mode operation.

Chapter 3 presents the basic concepts of indoor thermal comfort. Thermal comfort models
mostly used in building design and an overview of the previous studies related to thermal
comfort in transitional spaces are discussed.


http://www.commonenergyproject.eu/

Chapter 4 presents the study related to the thermal comfort assessment in shopping
centres common areas | performed in summer 2016. 724 customers were nterviewed
about their comfort while experiencing three Italian shopping centre common areas. The
purpose of the study was to explore direct human response within shopping centres
transitional spaces with the ultimate goal of finding the actual thermal comfort ranges
under summer and mid-season.

Chapter 5 presents the thermal comfort and energy performance assessment methodology
applied to a mixed-mode atrium in a warm temperate climate. The aim of the study is to
verify the level of comfort provided by a mixed-mode solution

Chapter 6 provides overall conclusions of this work.



1 Transitional Spaces

This chapter introduces transitional spaces features and how their use is changed
throughout history. Basics of mixed-mode ventilation schemes are presented and the role
of transitional spaces in the mixed-mode design is investigated through the analysis of
some examples. A database with 17 non-residential buildings which integrate a
transitional space in their mixed-mode ventilation design is presented. Some of the case
studies are analysed in details with the aim of addressing the use of transitional spaces,
the main ventilation strategies and mixed-mode schemes and the main controls.

1.1 Definition and main features

A transitional space is a building zone that has an intermediate position between the
external and internal spaces, or within two internal spaces. For ther characteristics
transitional spaces may be considered as a “limit”: «the limit does not consist in the end
of something but, as the Greeks had already figured out, it is rather the point where
something begins to assert its presence»’. In architecture, the concept of limit should not
be understood as a clear separation between two areas, but rather as a partition which
allows a dialogue between different spheres: indoor/outdoor, private/public.

Transitional spaces have been existing across different cultures throughout the history of
architecture. From the thermal pomt of view, they are important since they can temper
the thermal condition of people moving from outside to inside and vice versa. Researchers
use a variety of terms when referring to environmental conditions within a space. The
expression transitional, however, is often used synonymously with the term transient.
This leads to confusion about whether we are talking about the architectural space, the
response and behaviour of the human occupant, the physical conditions, or some
combination of these meanings [1.1].

People may use transitional spaces as areas to sit and relax or as a passage way to walk
about, stop shopping or dash to catch a train, and other activities. The most important
factors distinguishing transitional spaces from internal and external ones are:

= big volumes that when conditioned results to be high energy demanding;
= the variability of the thermal conditions (presence of areas in the sun and in the
shade), for which it is not possible to think in stationary terms;

I Martin Heidegger, German philosopher (1889-1976).



= short-term exposure which however depends on the building use;

= multisensory perception that mvolves all the senses in relation to the social and
cultural sensibilities of the people;

= Jow impact of users behaviour on the energy consumption;

= low building-user interaction;

= presence of openable glazed area, usually designed for fire safety reason only;

* big volumes and high spaces are particularly effective for displacement
ventilation.

Because of the plurality of their uses, transitional spaces design faces different climatic,
functional, aesthetic and social challenges.

For the scope of these dissertation, a transitional space is “a space in between indoor and
outdoor climate, or between two indoor environments, which thermal characteristics can
be or not modified by mechanical control system and where occupant may experience the
dynamic effect of this change”.

1.2 Typological classification and functional value

According to existing literature [1.1], transitional spaces have a wide range of different
features. A revised typological classification is proposed in Figure 1.

(a) (b) (c) (d) (e)
Figure 1 Types of transitional spaces: Type (a)-central, Type (b)-perimetral, Type (c)-lobby
space, Type (d)-not attached, Type (e)-passing

Transitional spaces can be classified into:

= Type (a) central: totally enclosed by the building’s walls and opened to the sky,
such as courtyards, patios, atria;

= Type (b) perimetral: a covered transitional space connected to the building, where
outdoor conditions predominate, such as porches, corridors, arcades and
balconies;

= Type (c) lobby space: a transitional space contained within a building, where
conditions are constantly mixed as people move in and out the building. A lobby
space is defined as the first visual and spatial contact that people have with the
nside of a building. Examples of lobby spaces are the atria of hotel entrances and
foyers, which are spaces located before the projection rooms in cinemas or
performance halls in theatres, where people entertain before and after the show;



= Type (d) not attached: an outdoor room not attached to a building, entirely
nfluenced by how the design of the structure modifies the outdoor climate, such
as pergola, bus station, pavilions;

= Type (e) passing: a covered transitional space closed longitudinally by building
walls. It has two openings on the shorter sides, such as a galleria.

In their origin, transitional spaces born to meet needs related to protect from sun, wind
and rain depending on the different climates. In hot-humid climates, the need is both to
protect from solar radiation and to ensure a certain level of ventilation. To meet both
needs, an extension of roofs is usually adopted, also functioning as protection from the
rain called “veranda”. In dry-hot climates, the need is to protect from large solar radiation
that is almost entirely perpendicular to the horizon for most of the year. A major
characteristic of these climates is the perimeter transitional space called “mashrabyia”
(Figure 2). It modulates the passage of light and the arr flow and is usually made of a
wood structure dressed with interstices. In traditional Japanese houses, the perimeter type
is called “engawa”(Figure 2). This is a transitional space between the house and the
external environment that serves several functions: to protect the building from the
outside climate, to welcome guests and to connect different parts of the house [1.9].

Figure 2 Example of “mashrabyia” (left) and “engawa” (right) [Source: Google]

In Mediterranean Countries, characterized by a temperate climate, people are inclined to
spend most of their time in outdoor environment. By shading outdoor spaces, a new social
space where to meet was born, the so-called atria. Ancient atrium examples are the
courtyard of the Roman domus and the cloisters in religious architecture. Atrium provides
mmpressive aesthetic space, exposing adjacent indoor spaces to daylight, maximizing
benefits from direct solar gain and increasing inhabitants' socialization and interactions.
Other examples of transitional spaces used in temperate climate are porches, loggias and
pergolas. Traditionally, the archetype of such space is the porch that, in some cases, was
mtegrated by curtains or other shading system along the squares and streets, to extend the
shaded space. A lot of Italian cities were characterized by the presence of porches, such
as Torino, Bologna and Bolzano. Porches play an important support to activities of
adjacent open space, mitigating summer weather conditions and promoting social



interactions, especially through commercial activities. The modern concept of the
commercial transitional spaces in particular derives from porch.

Starting from early 19" century, transitional space design for both residential and non-
residential buildings was deeply mnfluenced by the use of glass. The use of glass,
especially in cold climates has positively influenced thermal comfort of mnhabitants in
residential building during daytime. An example is the "solar greenhouse™ or "buffer
space", used in European cold temperate climates. These are completely glazed perimeter
transitional spaces, placed on the southern side of the building, exploiting the greenhouse
effect for heat storage. If equipped with shadings to limit solar gain, especially in summer,
this architectural feature could be also used in the Mediterranean climate.

The increased use of wide glazed fagades combined with the higher permeability of
buildings had risen the necessity, especially n summer, to mechanically control the
mndoor conditions. This solution avoids indoor overheating maintaining a certain level of
indoor thermal comfort also for non-residential transitional spaces.

Transitional spaces are nowadays pivotal in the architecture of big retails building such
as shopping centers and malls but also in airports, train station and other typologies of
non-residential buildings.

1.3 The role of transitional spaces in mixed-mode ventilation design

In this paragraph the role of transitional spaces within the mixed-mode ventilation design
is investigated.

Firstty a definition and different operation scheme of mixed-mode buildings are
presented. Then with the help of 17 examples of non-residential mixed-mode buildings
which integrate a transitional spaces in their architecture and mixed-mode strategy, an
overview of their use is given. A small database with information related to, transitional
spaces typology, mixed-mode scheme, natural ventilation strategies and controls and
mtegration with HVAC system was created. The database is free and accessible through
[1.10]. The role of the transitional spaces is investigated though the analysis of some of
the examples that goes from office buildings to shopping centres.

1.3.1 Mixed-mode schemes

In recent years, concerns about global warming and greenhouse gas emissions [1.11],
have motivated designers to reduce building energy consumption through the
implementation of passive solutions without compromising users’ thermal comfort. The
continuous improvements of building thermal envelope proprieties combined with the
increased level of internal gains changed the non-residential building energy balance.
These effects led to a lower heating demand while raising the problem of increased
cooling demand during the whole year. Besides, outdoor temperatures increase as a result
of warmer climate .This has progressively produced an increment of the demand for



electricity, which is the main source of energy for air conditioning [1.11]. This evidence
has stimulated a renewed mterest in designers for the exploitation of natural ventilation
as means of passive cooling solutions. For non-residential buildings, their architecture
commonly based on the presence of large open space such as lobbies and atria, helps the
mplementation of passive cooling solutions though natural ventilation strategies. Before
the uptake of air conditioning, especially in Eastern countries, indeed, large open atria
property of air stratification were used. The warm air flushing out from the top allows the
colder air entering from lower level providing comfortable condition [1.3].

Nowadays, the practice of using natural ventilation for cooling purpose falls mnto the
Ventilative cooling practice. Ventilative cooling [1.12] can be defined as “the use of
natural or mechanical ventilation strategies to cool indoor spaces. This effective use of
outside air reduces the energy consumption of cooling systems while maintaining thermal
comfort. The most common technique is the use of increased ventilation airflow rates and
night ventilation, but other strategies may be considered as well”.

The international research project Annex 62 of the International Energy Agency (IEA)
[1.13], focuses its research activity on Ventilative cooling.

Because ofthe awareness of natural ventilation limitations, which relies on natural forces,
the interest has moved towards mixed-mode buildings. Mixed-mode buildings are indeed
designed in such way that the HVAC system help to prevent uncomfortable conditions
when natural ventilation is not sufficient to guarantee a comfortable environment. By
following this compromised approach, the benefits of both systems are maximized
achieving two important results. On one side the anxiety concerning the performance of
fully naturally ventilated buildings under extreme condition is overcome and, electricity
costs and CO2 emissions are limited on the other.

Today there is not a “standard” mixed-mode approach. The mixed-mode solution need to
be thought and designed in relation to the climate, the available natural sources of the
building site and the building use. The Chartered Institution of Building Services
Engmeers (CIBSE) [1.14] published a classification schemes that describe the mntegration
of natural ventilation and air-condition control strategies. The classification scheme was
originally proposed by Max Fordham and Partners, revised and further explored by Bill
Bordass, Adrian Leaman, Erik Ring and others.

In the simplest terms, the classification is based on whether natural ventilation and air-
conditioning are operating in the same or different spaces in a building, and at the same
or different times.

In Figure 3 a flow chart that help in the classification of buildings within the different
mixed-mode scheme is presented.

The first difference is between zomed and complementary mixed-mode buildings. A
zoned mixed-mode building might have spaces that are either exclusively naturally
ventilated, or exclusively mechanically cooled. Zoned systems can have, for example,



natural ventilation on the perimeter and mechanical ventilation in the core. An example
is the Ecoport Office building [1.15], located in Wien, where the natural night ventilation
is applied just in the central atrium while for the office a mechanical night cooling solution
is considered.

Is the building Mixed-Mode operated?

yes

no

Is there a retrofit potential for the
Mixed-Mode operation of the

Do Natural and Mechanical
systems operate in the same
space?

building?

yes no

no
F—
\ \ yes

- o |

- Chmgomr |
r »|  Adaptable
* - ~| Retrofitable

Figure 3 Flow chart for the classification of the mixed-mode scheme (Source of information then re-
elaborated is [1.14])

Oppositely, for a complementary mixed-mode building there are both systems in the same
space. Depending on the operation time of natural ventilation and mechanical ventilation
and cooling, a further distinction within the complementary category is possible. We talk
about concurrent mixed-mode solutions when the systems work in the same space and at
the same time. An example is the Gap Office Building, located in San Bruno, California
[1.16]. It utilizes an underfloor air distribution system (UFAD) and occupant have control
of both operable windows and floor diffuser. Occupants can use the operable windows at
their discretion, and there are no controls connecting their use to the mechanical system.

With concurrent system a common concern is about the risk of an higher energy demand
because of the need of conditioning the air coming thought the windows. This situation
can be avoided or restrained letting the building working first under passive mode and
then switching to active when the comfortable conditions inside the space are overtaken.
This results can be, for example, simply achieved by running the building with higher
cooling set point than the usual one. By operating the building in this way we are
progressively moving to the changeover mixed-mode scheme. In the same building or
building zones we have both passive and active solution which however work within
different temporal framework. By means of climate-base controls, the two systems work
separately. The aim is still to provide a comfortable indoor environment reducing the
energy consumption. A good examples of climate and time-based control strategies is a
ten-storey office building located in Tokyo [1.17]. The buiding owner has indeed
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established four different operational modes to accommodate different comfort
expectation of the building tenants. The modes basically works prioritizing, on the base
of ambient conditions, the use of natural ventilation. At certain time of the day (12:00,
18:00 and 22:00), the system is reset, turning off all the fan and opening all the openings.
This action is made in case occupants have manually shut openings, but have not re-
opened them after ambient conditions have changed.

The use of climate-base controls which detect the optimal outdoor-indoor conditions for
running the building under either passive or active mode, allows preventing energy
drawback as seen for the concurrent mode. It should anyway considered that despite the
possibility of losing energy if windows are open when the mechanical cooling is running,
the energy savings due to the use of natural ventilation for cooling purpose can outshine
this waste.

When the turnover between natural ventilation and air-conditioning is based on seasonal
variation but the controls is purely manual we talk about alternate mixed-mode building.

In relation to the potential of mixed-mode exploitation, a building can be also addressed
as a contingency mixed-mode building. All the buildings built entirely with either
mechanical ventilation or natural ventilation, but with a good retrofit potential to become
mixed-mode belong to this group. Depending on the available investment for turning the
building into mixed-mode operation, the level of contingency can be further dissociated
mto retrofitable (moderate nvestment) or adaptable (small additional nvestment).

Shopping mall building typology has a big potential in term of retrofitable or adaptable
mixed-mode solutions. The topic will be further analyzed in paragraph 1.3.3 and 2.1.

1.3.2 Database of mixed-mode operated transitional spaces

With the aim of a better overview about the role of transitional spaces in mixed-mode
design, technical information about 17 non-residential mixed-mode buildings among
Europe have been recovered and analysed. All the information have been categorized
and collected in a small database which have open access [1.10].The buildings mnclude a
transitional space in their architecture which has been classified according to the typology
classification presented in paragraph 1.2 (Figure 1).

The mixed-mode scheme was instead identified according to the solutions presented in
paragraph 1.3.1. A climate classification was also adopted on the basis of K&ppen-Geiger
climate classification principles [1.18]. Part of the information related to typology,
climate, and transitional space type and mixed-mode scheme are collected in Table 1.
Figure 4 shows the buildings location within Europe.

Except for City Sid shopping mall located in the snow climate of Trondheim (Norway),
all the other buildings are located in warm and temperate climates.
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Table 1 Information about the selected case-studied

Building Typology Climate Transitional space Mixed-mode
P Headquart .
( g::;zrngterr;’ Ulz? lggzr) o Office CFB? type e (atrium) changeover
Barclay card .

Office CFB type e (atrium) concurrent

(Northampton, UK, 1997)
Blue Water Shopping Shopping

CFB t lleri t
Mall (Dartford, UK,1999)  mall ypee (galleries)  concurren
Oststeiermarkhau type b ( winter
(GroBwilfersdorf, Office CFB yfden) changeover
AT,2005) &
Kebenh; Energi
( Ci::n;;;eil, DK.2 (I)l g;‘;gl Office CFB type a ( atrium) concurrent
Earn August ( Hannover, Shopping typea/ e (atria and
CFB h
DE,2008) mall galleries) changeover
. . Multi-
Seixal City Hall
( fl:j?:bon,l IZT, ; 010) sel‘.vic.:e CSA3 type a ( atrium) concurrent
building
Ecoport  Saubermacher .
Offi CFB t t d
(Feldkirken, AT, 2011) 1ee ype ¢ (atrium) zone
Justizzentrum
Offi CFB t tri d
(Korneuburg, AT,2012) 1ee ypea (atrium) zone
DTU building 324 . .
(Kgs. Lyngby, DK,2013) Educational CFB type a ( atrium) concurrent
Windkraft Simonsfeld
AG Office CFB typeb concurrent
(Ernstbrunn, AT,2014)
Pakhus Office CFB type a (atrium) concurrent
(Copenhagen, DK ,2015) P
City 2 (Hegje Taastrup, Shopping contingency-
FB t
Copenhagen DK,2010) mall ¢ ypee retrofittable
Multi-
F Klost leisdorf,
orum Kloster (Gleisdorf, service CFB type b (hall) changeover
AT, 2010) o
building
Field’s Shopping CFB type ale ( atrium- contingency-
(Copenhagen, DK, 2004)  mall galleries) retrofittable
City Sid Shopping 4 . contingency -
DF t t
(Throndeim, NO, 2016)  mall ¢ ype a (atrium) adaptable
Marcado dal Val  Shopping s contingency -
B t
(Valladolid, ES,2016) mall s ypee retrofittable

2 Warm temperate climate, fully humid (warmest temperature < 22 °C; mean monthly temperature > 10
°C for at least four months) [1.18]

3 Warm temperate climate with dry summer (Warmest temperature > 22 °C ) [1.18]

4 Snow climate, fully humid (warmest temperature lower than 22 °C ; mean monthly temperatures <10 °C
for more than 8 months; coldest temperature > - 38 °C ) [1.18]

> Warm temperate climate with dry summer (warmest temperature < 22 °C; mean monthly temperature >
10 °C for at least four months) [1.18]
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Figure 4 Location ofthe 17 mixed—rﬁode non-resi‘dential building considered for the analysis

Differently for warm and hot climate where, the frequency of high temperature during
summer periods, makes necessary the use of active cooling system in order to reduce the
risk of compromising users’ thermal comfort. A suitable solution for both climates, with
a different degree of application, is night ventilation. This technique utilizes the thermal
mass of the building for cooling storage at night [1.4] .At night, heat gains are much lower
or even negative, and colder outdoor air can be used to remove heat from the surfaces,
cooling down the building structure. Within the office building typology, six buildings
over eight, consider night ventilation coupled with thermal mass, as solution for keeping
comfortable conditions.

The main features in terms of typology oftransitional space used and mixed-mode scheme
are summed up in Figure 5.

The typologies mainly used are three: the great part of the buildings analysed integrate in
therr architecture fype a and type e while a small percentage integrate #ype c. In relation
to mixed-mode scheme, concurrent solution is the mostly adopted followed by
changeover and contingency. Just for two case studies (zoned) there is no integration
between the transitional space and the rest of the building in term of mixed-mode solution.
The four case studies which belong to category contingency are shopping centers. A
detailed analysis ofthese peculiar building and their potentiality of conversion from fully
mechanical to mixed-mode operation of their common areas is presented in paragraph
1.3.3 . Therefore in this paragraph the attention is focused on the other buildings
typologies. For office solutions indeed #ype a and e, are most of the time medium-size or
big atria that have a central position between rows of office floors. Figure 6 collect three
examples of central atria used in three different mixed-mode strategies.
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TRANSITONAL SPACE TYPOLOGY

(a) (e) (b)
82% 18%

14 over 17 3 over 17

MIXED-MODE SCHEME

Zoned : 2
Concurrent : 6 Concurrent : 1

Changeover : 2 Changeover : 2
Contingency : 4

Figure 5 Statistics of the transitional space typology and mixed mode schemes adopted in the 17 cases
studies (Table 1)

Figure 6 Examples oftransitional space #ype a and e included into mixed-mode solution. From left to right:
PowerGen Headquarter central atrium (source: here), Ecoport (source: IEA EBC Annex 62 Ventilative
Cooling International Ventilative Cooling Application Database [1.15]) and Seixal City Hall (source:
Natural Works)

A common feature of the three buildings in Figure 6 is the ventilation strategy, mainly
based o stack effect. Air from the lower level of the building is driven by buoyancy in the
upper part of the atria where the presence of openable windows allow its outflow. In the
case of Seixal City Hall, the ventilation strategy was also designed considering the
prevailing wind direction on the site which atnight usually comes from the ocean, namely
from North-West orientation. The natural ventilation solutions is therefore wind-driven
stack ventilation.

For the three buildings, the inlet openings location is different. For Ecoport (zoned) and
Seixal City Hall (concurrent) the mixed-mode solution involves just the atrium and
therefore mlet openings are locate within the atrium perimeter. Contrarily for Powergen
Headquarter (changeover) the big central atrium is open to the lateral offices where
perimeter windows function as inlet. The windows have three level of openings. During
daytime the middle and the lower windows can be manually opened by the occupants and
working in conjunction with automatically operated ventilators high in the atrium. When
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it is not naturally ventilated, an underfloor ventilation ductwork (UFAD) provides up to
three air changes per hours in the offices. The system acts as cooling system on hot days
and also ensures background ventilation in winter when the occupants have the windows
closed. At night the lateral windows are kept closed and just the roof windows are opened
to allow cool air to flow over the coffered concrete ceiling. A warm-water heat bus that
gathers heat from various sources including IT equipment, the atmosphere and a diesel
generator is used to cover the heating demand. The heat is distributed to the heather
batteries of the UFAD system, to underfloor pipes in the atrim and also to anti-
downdraught radiations located at roof level. This last is a very interesting solutions that
allow the use of natural ventilation also when the outdoor temperatures being too low,
can potentially create discomfortable conditions.

Coupled night ventilation with thermal mass is also used in Ecoport and Seixal buildings
where it is mainly controlled on temperature and time.

For Ecoport, when natural night ventilation is not enough to offset the cooling demand,
free cooling effect of ground water is used. The ventilative cooling strategy in the office
is totally mechanical recirculating up to three air change per hour.

Seixal city hall has a dedicated HVAC system for the atrum: a radiant floor feed by a
reversible heat pump, positioned on building roof, covers the cooling demand. During
daytime a cross-ventilation system also help to cool the atrium. Two rows of nine
windows located n the upper part of the atrium, on opposite orientation (North-South),
allow the replacement of the warm exhaust air that stack under the ceiling with fresh one
coming from the outside. Daytime ventilation is most of the time running during the
period between April and October. Although all the windows are equipped with electric
actuators connected to the general Building Management System (BMS) of the building,
the controls is manual. This means that the technical engineer decides, based on outdoor
and indoor conditions, or on atrium worker feedback, the best moment for natural
ventilation operation.

Night cooling is operated more or less within the same seasonal period and again the
control is based on the technical engineer decisions. No automated climate-based controls
are considered.

The three buildings that incorporate type c transitional spaces in their architecture and in
the mixed-mode solution are presented in Figure 7.

While for Forum Kloster and Oststeiermarkhau the perimentral transitional space was
part of the original architecture, for the Forum Kloster the entrance hall was added in
2001 as part of a retrofit process. The ventilation principle is also for these buildings,
based on stack ventilation with opening located at different heights. Night ventilation
coupled with thermal mass is again the main ventilative cooling solutions.
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Figure 7 Examples of transitional spaces type b adopted into the mixed-mode solution. From left to right:
Forum Kloster and Oststeiermarkhau (source: IEA EBC Annex 62 Ventilative Cooling International
Ventilative Cooling Application Database [1.15]), Windkraft Simonsfeld AG (source: IEA EBC Annex 62
Ventilative Cooling International Ventilative Cooling Application Database [1.15])

In Windkraft Simonsfeld AG night ventilation effect is supported by the central massive
wall that can be thermally activated by ground water freecooling. Powerless rotating
extract ventilators also enhance the air changes during nights. The control of the system
is based on indoor and outdoor temperature and humidity. A manual override of the
control system is however left.

For Oststeiermarkhau the night ventilation strategy consider also the adjacent office
zones. By means of special designed doors, the air can circulates in the whole buildings.
The natural ventilation is controlled in temperature and time with a degree of freedom for
possible future changes. Heating and cooling demand is covered by a biomass plant and
with connection to district heating. The mechanical ventilation system takes advantage of
an air-soil-heat exchanger for preheating and precooling the outdoor air. Same solution is
adopted in the Forum Kloster: an air-soil-heat exchanger preconditions the incoming air.
Because the base load are covered by means of a passive solution, a size reduction of the
conventional cooling system was possible. The air pre-treated air is mjected at floor and
wall level and exhausted the top of the atrum where a shed opens automatically
controlled by temperature. Considering that the building is used for different events which
mvolve a high mternal loads and a high cooling demand to be offset, this solution allow
to save an mmportant slide of energy for cooling. Night ventilation in the hall is effective
considering the extensive thermal mass due to the historical structure of the building,

On the basis of the mixed-mode solution presented, transitional spaces such atria or hall
are mainly used as buffer zone. They are most of the time mtegrated in the mixed-mode
strategy as collector for the exhaust air that is then purged out through opening in their
upper part. Night ventilation coupled with thermal mass is a well-established solutions. It
is a reliable solution to cut the temperature peak of the following day of application
guarantying comfortable conditions. Free cooling associate to air-to soil heat exchanger
or directly by exploitation of ground water is an interesting solution for middle and
norther European cold climates. Controls are either automated or manual and they are
basically based on temperatures and time of the day.
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1.3.3 Mixed-mode operation in shopping centre transitional spaces

Shopping centre represent a good examples of contingency mixed-mode buildings. In
their typical layout, shopping mall are organized on small individual stores connected by
common areas such as atrim and galleries. Generally, these spaces are conditioned by
means of HVAC systems. The potential of natural ventilation to guarantee the mnimum
air change rate required by IAQ standards and to reduce cooling demand is most of the
time not considered. The presence of openable skylights for fire safety regulations
combined with the large volumes and height of these shopping centres zones, however
makes the exploitation of natural stack ventilation very attractive.

The Danish company Windows Master has been the first to design and integrate natural
ventilation solutions for shopping mall common areas. The Ernst-August Galerie located
in Hannover [1.19] is indeed the first shopping centre in Europe, where controlled natural
ventilation has completely replaced the mechanical centre-cooling. At mitial design only
the smoke ventilation was planned. The presence of windows actuators in the central area
would have to ensure the exhaust ofthe smoke and heat in case of fire. However, Window
Master was able to demonstrate, via dynamic thermal analysis of the building, that with
an mtelligent control system, the temperature within the centre could be kept stable all
year round. This would reduce the need for additional mechanical cooling. Just the
original roof lights together with some additional vertical windows in the facades were
employed [1.19]. In total, the ventilation strategy mvolves 10 zones within galleries and
atria that can be separately controlled. The control is based on indoor and outdoor
temperature, the CO2 concentration i the zones, wind speed and direction, and rain
detection. During summertime, night ventilation coupled with thermal mass is chosen to
prevent temperature peak of the following day. The shops are maintained at a 10-20%
over pressure compared to the gallery. Therefore, the air flows from the shops to the
central atrium and out through the skylight openings. The stack ventilation concept is
shown in Figure 8.

Figure 8 Ventilation concept( left) and a detail of the gallery roof openings ( right) for the Emst-August-
Gallerie Source: Window Master

After this successful design example, Window Master started to propose similar solutions
but for the retrofit of shopping centre. Examples are the City2 and Field’s (Figure 9)
shopping centres ([1.10] and [1.15]) where the openable windows on fagades and

17



skylights are used to recirculate fresh air from outside during shoulder and summer
seasons. In summer then, when the operative temperatures are over the 26 °C comfort
threshold, the mechanical cooling is operated.

|
U

]

Figure 9 Picture of Field's common area (left) and ventilation strategy (right)

Most recent examples of shopping mall common areas conversion mnto mixed-mode
operation are CitySid in Norway and Mercado dal Val in Spain ([1.20] and [1.21] ). Both
shopping malls were demonstration case studies of the CommONEnergy project [1.8].

The central atrum of CitySid mall was already equipped with openable windows in the
skylight. The operation of those windows was however very limited. The building
manager was not able to modify the control algorithm, exclusively propriety of the
windows manufacturer. Belleri et. al, [1.20] proposes a natural ventilation strategy
combiing the effect of existing sliding doors and skylight openings to enhance stack
ventilation and ventilate/cool the common areas. Climate-based control strategies have
been inttially studied through an airflow network model coupled with the energy model
of the building [1.22]. At a second stage they were implemented in a brand new iIBEMS
that controls in a smart way the operation of either natural ventilation or HVAC system
in the atrium. This is an example of how an adaptable building (see paragraph 1.3.1) can
turn into a changeover mixed-mode building with a capital investment just related to the
installation and commissioning of a new BMSS.

Oppositely to CitySid, for Mercado dal Val the mixed-mode design was part of a deeper
refurbishment intervention. The municipality of Valladolid planned to transform the
market into an mnovative and contemporary commercial building keeping its historic
representativeness. The goal was reached thanks to a newly developed modular climatic
adaptive [1.23]. This new facade system aimed at integrating thermal, daylighting and
ventilation functions, being responsive when internal and external loads change [1.24],
was adapted to the existing iron structure.

6 Building Management System
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Because of the deep retrofit and the multifunctional facade, a sizmg of the openable
windows in the facade was possible. The ventilation strategy (Figure 10) considered also
the existing skylight openings located at ca. 10 m height from the ground level where air
can exhaust [1.21].

conolled.

Figure 10 Ventilation strategy for Mercado dal Val (left) and details of the modular multifunctional fagade
used.

For the definition of the number of openings, a parametrization study to optimize the
mnvestment cost was conducted. The study took into account not only the potential energy
saving due to natural ventilation but also thermal comfort and indoor air quality issues.

The optimization was possible thanks to a coupled thermal Trnsys model with airflow
model by means of the Trnflow plugin [1.25].

The thermal-airflow model was further used to define a detailed control strategy. The
control strategy is climate-based. This means that it takes into consideration the outdoor
temperature measured by the weather station and the indoor temperatures measured by
temperature sensors located within the building. Rain and wind speed are considered as
well. Mercado dal Val represents a successful example of mixed-mode conversion
proving how a retrofit process that includes a mixed-mode cooling solution is a fact even
for buildings under heritage protection.

In all the shopping mall presented so far, the ventilation strategy was mainly based on
stack ventilation because of the favourable architecture. Another way to provide thermal
comfort inside the common areas is to exploit a strategy based on wind-induced
ventilation as in the Blue Water shopping mall [1.26]. The galleries are mixed-mode
ventilated by using 39 rotating wind catcher located on the roof of the building (see Figure
11). The operation of the wind catchers is based on outdoor weather conditions and indoor
thermal conditions. They can operated in two ways:

e assupply in summer with outside temperature range of 16 °C -25 °C;
e asextract in winter and other mild weather conditions for external temperature in

the range of -4 °C -16 °C [1.26].
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Figure 11 Wind scoops application on Blue Water shopping centre, Kent Source:
http://www.battlemccarthy.com/bluewater-shopping-centre-kent
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2 Retrofitting shopping centres
transitional spaces into mixed-
mode operation

A BPIE report released in 2011[2.1] stated that 28% of the European non-residential
building stock is covered by wholesale and retails (see Figure 8).This implicates that the
majority of European shopping centres are already built, but there is still a huge potential
for energy savings due to the practice of regular retrofitting and redesign.

European buildings at a glance

Source: BPIE surw
= Non-residential building stock (m?)

Residential building stock (m?)

Single Family
Houses

64%

MNon
Residential Residential

25% 75% Apartment
blocks
6% Hospitals 7%

Sport facilities 4%
Other 1%

! The European countries have been divided based on climatie, building typology and market similarities into three regions

Figure 12 Distribution of the European building stock according by building typology [2.1]

This state of constant change offers regular opportunities to improve the technical
systems, such as lighting, ventilation, the building envelope and monitoring systems, and
more. In shopping centres, differently from residential buildings where energy is mainly
consumed by heating, cooling, hot water, cooking and appliance [2.1], the major
consumption is due to lighting and air-conditioning and ventilation system (HVAC) as
showed in Figure 13 ([2.2]). Therefore energy retrofit solutions should consider actions
able to reduce both specific lighting power installed and the energy used for the HVAC.
Lighting power installed always affects the HVAC consumption. While during winter
mternal gains have a beneficial effect in decreasing the heating demand, in summer they
cause an increase of the cooling demand.
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Figure 13 Share oftotal energy demand in retail buildings

Next paragraph reports a design procedure for the conversion of shopping centre common
area into mixed-mode operation. The procedure is discussed with reference to a practical
example.

2.1 Design procedure

In paragraph 1.3.1 several mixed-mode operation schemes were presented. Further in
paragraph 1.3.2 and 1.3.3 different examples of how these schemes are applied for both
new buildings or retrofitted one were discussed.

Natural ventilation needs a specific design service dealing with building shape, internal
layout distribution and airflow paths along the building. Therefore its integration shall be
ideally considered in the early design stage of an Integrated Design Process (IDP)
[2.3].When this kind of retrofit action are considered for shopping centres, the building
shape cannot be modified and internal layout can be only partially remodelled. However,
typical architectural archetypes of shopping centres makes the exploitation of natural
ventilation strategies very attractive. This fact was already proved by the examples
presented in paragraph 1.3.3. Typical suitable features are the presence of openable
skylights for fire safety regulations and the large volumes and height in the common areas.
Furthermore shopping centres common areas are managed by a unique referent (e.g.
owner, energy manager) which is also the one who makes the decisions during a retrofit
process. Different situation in the “leasing” area, where each shop is managed by
franchising companies and most of the time standardized protocols restrain the
applicability of general retrofit solutions (e.g installation of a defined lighting
technology, centralized HVAC controls). Beside the architecture suitable features, it is
therefore easier to just consider the common areas because of the higher degree of
freedom in the applicability of the solutions.

The design of mixed-mode solution for shopping centres should follow several steps
which are graphically summarized in Figure 14.
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Figure 14 Process of design and integration of mixed-mode ventilation solutions

2.1.1 Step1 - Ventilative cooling potential analysis

First of all, since the retrofit process may include different solutions, theirr synergies need
to be evaluated. The reduction of'the lighting density level is proved to be one of the cost-
effective retrofitting solution [2.4] therefore is likely to be chosen as first option. The
reduction of the internal gamns for lighting affects the energy balance of the buildings and
as a consequence the potential of natural ventilation for ventilative cooling purpose. This
is what came out from a parametric study the author conducted, correlating lighting level
in shopping mall common areas with the ventilative cooling potential [2.5]. The analysis
was supported by the ventilative cooling potential tool [2.6], developed within the
research activities of the IEA EBC Annex 62 research project [1.13].The performance of
a single zone, representative of a shopping mall common area, was analysed for ten
different climate within Europe’ , under different lighting levels. The results showed a
lmear dependence between the level of lighting power density and the percentage of hours
of direct ventilative cooling use, as showed i Figure 15. Overlooking this
interdependency could lead to discomfort conditions because ofincreased airflows and to
extra investment costs for openings’ actuators, which might not be necessary.

7 The ten climates are the ones of the ten reference shoppingmall of the CommONEnergy project [1.8]. Three of the
reference buildings (City Syd, Studlendas, Pamarys) are located in heating dominated climates, three of them (Katane’,
Coop Valbisagno, Coop Canaletto) are located in cooling dominated climates and the others (M ercado del Val, Brent
Cross, Donauzentrum, Waasland, Grand Bazaar) are located in mixed dominated climates [2.7].
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Furthermore since the exploitation of mixed mode ventilative cooling can significantly
reduce the cooling load, the impact of more efficient cooling systems could happen not
to be relevant anymore. This suggests also that when approaching both retrofit and a new
design, ventilative cooling should therefore be considered before any HVAC
mprovements or before a new detailed design of any HVAC equipment [2.5].
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VC mode [1]: direct ventilative cooling with minimum airflow rates
mVC mode [2]: direct ventilative cooling with increased aurflow rates
BV C mode [3]: direct ventilative cooling not useful

Figure 15 Percentage of hours within a year when direct ventilative cooling is required, usefulor notuseful
in the ten reference building climates considering different values of internal gains [2.5].

Once the retrofitted lighting level is defined, a verification of the climate suitability for
natural ventilation and ventilative cooling exploitation need to be performed. The analysis
consists i the identification of'the number of occupied hours when the ventilative cooling
is useful to provide comfortable condition inside the building. The before-mentioned
ventilative cooling potential tool (VC tool) [2.8] helps in this sense. It can be used to
evaluate the climate suitability for ventilative cooling exploitation. By taking into
account location, building envelope thermal properties, occupancy patterns, internal gains
and ventilation needs an algorithm identifies, over the occupied time, the number of hours
when ventilative cooling is useful. The tool also estimates the airflow rates needed to
prevent building overheating. The analysis is based on a single-zone thermal model
applied to user-input climatic data on hourly basis

Further analysis related to the exploitation ofnatural ventilation could include the analysis
of the wind distribution around the buildings. Depending on the degree of details needed
by the analysis, it can go from a simple analysis of the wind speed direction and
distribution based on local climate data to a more detailed analysis mnvolving CFD
simulation. CFD simulation are used to define the pressure coefficient on different
building facades. They are however time consuming, therefore theirs application is
suggested when the site is particular suitable for the definition of a ventilation strategy
that counts on wind pressure e.g. coastal areas. If the shopping mall is located in the inland
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and no particular effect of the wind speed is foreseen, the static analysis of the wind
distribution and speed frequency can be considered enough detailed.

2.1.2 Step 2 — Definition of the ventilation strategy

Once step 1 is accomplished, the most suitable ventilation strategy can be defined by
identifying possible airfow paths and the locations for arr intake and exhaust. Natural
ventilation needs to be integrated in the overall building design, especially in relation to
area partitioning (shops, common areas, areas closed to visitors), air tightness, building
geometry, and HVAC system and envelope characteristics. The path chart presented in
Figure 16 helps in the definition of the most suitable ventilation strategy according to
architectural features [1.21]. Nevertheless, depending on the climate and shopping centres
typology, the variability of the architecture can open to different ventilation solutions. In
relation to that the author conducted an analysis of the architectural features of shopping
centres that influence and drive the selection of a ventilative cooling solution. Because a
ventilative cooling strategy involves the whole building its selection is strictly dependent
on building design and indoor spaces layout. Considering the internal layout and taking
into account interconnected galleries and atria, number of levels and ceiling height and
the location of parking areas, a decision scheme, shown in Figure 16, was created [1.21].

Number of levels Parking location Existing openings Ventilation strategy

Atrium/gallery with
skylight windows

b |

. Wind
Single level > Parking area on the induced
roof "
ventilation
No skylights
windows
Multi level External parking
» area

facade windows

Figure 16 Path chart to identify the most suitable ventilative cooling system according to architectural
features. Source: [1.21]

Further factors to be taken into account by designers when designing natural ventilation
are:

Urban regulation (historical, landscape...);

Noise and pollution;

Indoor comfort need;

Responsibility on actual building indoor air quality;
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Aesthetic appearance;

Building standard and regulations (acoustic, fire, zoning...);

Safety;

Operative and maintenance costs;

Need to maintain building in operation during the retrofitting.
Those constramts depend on the design complexity. An mtegrated design process can
however help in the identification and the overcome of such constraints. An integrated
design process indeed foresees a continuous discussion and interface between the design
team, building owner, energy manager and other actors directly nvolved, which should
favour the design process.

At this stage the ventilation strategy is the output needed in order to go on in the design
process.

2.1.3 Step 3&4 — Mixed-mode control strategy and performance analysis

Once the suitability i terms of climate and architectural integration and ventilation
strategy is addressed, building simulations models give help in assessing the thermal,
airflow and energy performance of the proposed solution. Considering that indoor areas
of a shopping centre highly interacts among each other, a multi-zones based analysis of
airflows is needed to evaluate the mixed-mode strategy effectiveness and to assess the
potential energy savings.

Within the CommONEnergy project [1.8] activitics a TRNSYS-based simulation
environment namely Integrative Modelling Environment (IME) was developed [2.9]. It
can be coupled with an airflow network model (Trnflow plug-in) that allows to solve the
airflows throughout a building. Those kind of models have been proven to be effective in
early design stages to assess energy savings and size building components [2.3].

Control strategies for the operation of both natural ventilation systems and HVAC
systems need to be developed and tested. They can be implemented in the IME or in a
generic modelling environment to test their effectiveness.

The control strategies has to be shaped accordingly to the necessity and objective of the
specific shopping centre. As a general guideline, control strategies need to modulate the
use of either natural ventilation and mechanical ventilation and cooling depending on the
outdoor conditions, the level of comfort to be provided to users and common areas
condition of use.

The author conducted a feasiility study for the conversion of the Donau Zentrum
shopping centre® common areas into mixed-mode operation [2.10] which included the
first four steps of the design procedure presented in Figure 14.

8 The Donau Zentrum shopping center is one of the ten reference buildings of the CommONEnergy project
[1.8].
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In Donau Zentrum shopping centre, natural ventilation was already applied in the

shopping centre common areas. The openable windows and skylights already presented
(Figure 17) were however activated just on the basis of the energy manager judgment. A
robust control strategy based on indoor-outdoor climatic condition, thermal comfort and
building use was missing.

The author performed a feasibility study which aimed at defining and testing the thermal
and economic performances of anew control strategy for the automation of the windows..

Figure 17 Pictures of the openable windows and skylights considered in the ventilation strategy [2.10]

The control rules for the mixed-mode operation of Donau Zentrum common areas have
been developed taking into account both indoor and outdoor parameters. As a general

guideline, the parameters that should be taken into consideration in the definition of the
control strategies are:

Indoor air temperatures in the common areas and outdoor temperatures;
Mmnimum outdoor temperatures for the operation of the windows;
Temperatures threshold for night cooling activation;

Heating and cooling temperatures set-point;

Common areas occupancy.

Based on the mput conditions different operational modes were defined depending on the
activation of the natural and mechanical ventilation systems and the active cooling

system.

The mixed-mode control developed for Donau Zentrum includes four operation modes:

MODE 0: during opening hours, when the outdoor temperature is below the
minimum outdoor temperature for windows opening, Text min, the minimum
airflow rates are provided by mechanical ventilation and cooling demand is
covered through mechanical cooling system;

MODE 1: during opening hours, when the outdoor temperature is higher than the
Text_ min and when we are out of the heating season, the windows involved in the
ventilation strategy are operated with a variable opening factor. When windows
are operated, the HVAC system is off;

MODE 2: out of the opening hours and between 3 a.m. and 6 a.m., if the
temperatures inside the zones in the previous eight hours (Tzone avg sn) were higher
than the threshold temperature for night cooling application (Tset Nc), natural night
cooling can be operated. Under this mode, windows are used with maximum
opening;
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e MODE 3: during not occupied period and out of the interval between 3 a.m. and
6 a.m., just infiltration are considered, for all the year.

A scheme of the control strategy is reported in Figure 18 and detailed information about
the control strategy can be retrieved i [2.10].

‘ 9 a.m.< Hour < 8 p.m.

Yes No
................. ‘ TEI['> TEI[‘_]]].iII 3 a.m.< Hour< 6 p-m.
Yes Yes
| Tzone > T set_H ‘ ‘ T zone_avg_Sh >T set NC
No - - No

No Yes |

i No
(Text -2 DC) < Tzone <T set_C

| . ‘Yes Yes

Figure 18 Control strategy scheme for mixed-mode ventilation in common areas in Donau Zentrum [2.10]

No

By potentially running the common areas with the new control strategy, the retrofitted
Donau Zentrum can be then classified as a changeover mixed-mode building (see
paragraph 1.3.1).The operation of the mechanical active system and natural ventilation is
indeed disjointed.

Following the design process, once the control strategies are defined, they can be
mplemented in the building energy model in order to assess the performance i term of
energy saving on cooling need, number of activation hours of the mechanical ventilation
system and therefore electrical savings. The potential level of comfort provided to the
users can be also assessed.

For Donau Zentrum shopping centre as example, the operational modes were
mplemented i the building energy model and the energy, thermal and airflow
performance were tested. The simulation results showed that running the common area
with a mixed-mode strategy, 265 MWh can be saved over a year, cutting by 23% the
common areas electrical consumption. Figure 19 shows the simulated monthly electricity
consumption of the mixed-mode solution in the common areas of Donau Zentrum in
comparison with a fully-mechanical baseline. Considering an electricity price of 0.10
€/kWh, savings for around 26500 €/year are foreseen. With an estimation of iitial
mvestment cost of 100 € per window module or entrance door which takes into account
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of the connection of windows automation to a building management system, mstallation
and engineering and permitting costs, the solution turns to be very cost effective. Over an
expected working period of 25 year, the estimated Pay Back Time is less than one year
(with a discount factor lower than 8%). Further information about the economic analysis
assumption can be found i [2.31]. The whole feasibility study related to mixed-mode
conversion of Donau Zentrum common area into mixed-mode operation can be retrieved
n [2.10].
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Figure 19 Monthly trend of electricity consumption for ventilation and cooling for Baseline scenario and
Mixed-mode scenario [2.10].

2.1.4 Step 5&6 —Optimization and approval

At this stage, if the proposed solution does not accomplish regulation requirements,
expected performance and mitial goals, an optimization process should be performed.

The optimization process can involve either the design of additional airflow components,
either the redefinition of control strategies, or both. The modelling environment is a
powerful tool at the optimization stage since it allows to test and compare different
solutions. An iterative process leads indeed to the identification of the optimal retrofitting
solution. The modelling results are used as basis for discussion with the building owner
and/or the energy manager of the shopping center. It is important that the optimization
process is supported by an economic analysis since the return of the investment is one of
the driving force in the decision process.

The design of mixed-mode solution for Mercado dal Val [1.21] is avalid example on how
this interaction and discussion between owners, architects and building physics consultant
was successful for the identification of the cost-effective retrofit solution.
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2.1.5 Step 7 — Implementation and commissioning

Once the retrofit solution is approved by the shopping centre owner and energy manager,
the implementation phase can start.

Depending on the level of retrofit, this phase could simply regard the implementation of
the new control strategies in the Building Management System (BMS) as for City Syd
shopping centre [1.20] or the implementation of airfow components as openable
windows and actuators as for Mercado del Val [2.11].

The mmplementation phase need to be followed by a commissioning period in order to
verify that the building is operated and it performes as designed and expected. This phase
is crucial for the whole success of the mixed-mode retrofit solution. It can happen indeed
that, if not operated in the right way, mixed-mode building does not perform as expected,
resulting in extra energy cost. The benefits of the commissioning phase nvolve not only
the proper operation of the building itself and the occupants but also the designers that
can easily rectified some operational issue hard to estimate during the design.

According to Lomas et al. [2.12], commissioning trials are valuable because an “accurate
communication between design team members that achieves real mutual understanding
is more difficult”. This can also reflect in gained experience exploitable in the next design
projects. Also Ray et al. [2.13] stressed the importance of commissioning “Extended
commissioning of the NV system is highly recommended to ensure all system components
work properly and the building control system accurately follows the designed control
algorithm. Since the NV system relies on natural driving forces that vary throughout the
year, it should be commissioned in each season. Even if it will not be used in the winter,
the NV system should be inspected to ensure all openings are properly sealed and remain
closed and that no unexpected drafts occur in the building due to airflow paths”.

The conversion from fully mechanical to mixed-mode operation of shopping centre
common areas is further encouraged by the new findings related to thermal comfort in
shopping centres common areas which are going to be summarized and discussed in
chapter 4.

All the considerations about mixed-mode retrofit solution for shopping centres can be
broaden to all the building typologies with the same features e.g. airport, educational
buildings.
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3 Thermal comfort in transitional
spaces

We spend 90% of time in indoor spaces. Indoor environment has a great impact on occupants,
including their productivity, health and emotion etc [3.1].This is a fact easy to believe.
Therefore, designing a high quality internal space is a driving pattern in modern architecture. It
is well-agreed mn the mternational scientific and design community that thermal comfort is
essential aspects of the indoor environmental quality.

This chapter gives an overview of indoor thermal comfort model used for building design. In
the final part a literature review of the main studies about transitional spaces of the last fifteen
years is presented. The contents are preparatory for the study about thermal comfort in shopping
mall transitional spaces which will be later presented in chapter 4.

3.1 Definition of Thermal comfort

Thermal comfort is a state people strive for when they feel discomfort and it influences
behaviour. When comfortable conditions are reached, there will be the minimum drive for
change.

The reasons why a person reports thermal comfort (or discomfort) or related feelings of warmth,
freshness, pleasure and so on are complex and not fully understood. What is demonstrated is
that thermal environments affect such feelings. When thermal comfort conditions are not
achieved people may complain, health and productivity may be affected and workers may refuse
to work in an environment that they judge uncomfortable [3.2],[3.3]. For these reasons, in the
twenty-first century research and society interests has been the understanding of the conditions
that produce thermal comfort and acceptable environment [3.2].

An international recognized definition of thermal comfort can be found mn the European
standard EN ISO 7730 [3.4] which settles thermal comfort as “that condition of mind which
expresses satisfaction with the thermal environment”. For the American standard (American
Society of Heating, Refrigerating and Air-Conditioning Engineers-ASHRAE) thermal comfort
is defined as “the condition of the mind in which satisfaction is expressed with the thermal
environment” [3.2].

Personal difference such as mood, culture and other individual, organization and social factors
affect thermal comfort. The judgment of comfort or not is a cognitive process involving many
mputs influenced by physical, physiological, and other factors
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Clearly, subjects’ diagnosis ofthe experienced environment is an indispensable tool for thermal
comfort assessment [3.5]. Most of the times thermal comfort studies, both in controlled
environment (climatic chambers) and fields’ studies, mvolve human subjects, mnvestigating
their thermal sensation, comfort and preference under different ndoor conditions.

3.2 Other important definitions

3.3.1 Thermal sensation and Comfort temperature

Thermal sensation of people is quantified through the ASHRAE seven-point thermal sensation
vote (TSV) scale. The mean thermal sensation vote of a group of people in neutral temperature
is neutral or at the middle point of the seven-point thermal sensation scale (Table 2).

Table 2 ASHRAE seven-point thermal sensation scale[3.2]
-3 -2 -1 0 1 2 3

cold cool slightly cool Neutral slightly warm Warm  hot

Comfort temperature is the temperature at which the subjects express comfort feelings voting
with the three middle categories of the comfort scale (Table 2). Therefore the comfort
temperature can be the same as the neutral temperature.

Nevertheless, there could be a difference between the neutral temperature and what a group of
people may prefer. Mclntyre [3.6] found indeed that the preferred temperature of a group of
people might be below or above middle category (neutral). Later in 2007, Humphreys and
Hancock [3.7] portrayed this discrepancy explaining that “people prefer sensation on the warm
side of neutral if it is warm indoors and cool outdoors, while they prefer sensations cooler than
neutral if it is warm outdoors and cool indoors”. Information about the preferred temperature
can be gained using the Mclntyre or 3 three-point scale. The subject is asked to rate how he/she
would like to be in that moment between Cooler, No Change and Warmer [3.6].

Generally people who voted in the three central categories (-1,0,1) of the seven-point thermal
sensation scale are assumed to accept the thermal environment and therefore to be in comfort
[3.6].This method of thermal comfort assessment is widely used especially when direct
mterview of people is considered.

ASHRAE standard 55 defines an acceptable thermal environment as one that satisfies at least
80% of the occupants [3.2].

3.3.2 Thermal neutrality

Thermal neutrality is defined as the situation in which subject would prefer neither warmer nor
cooler surroundings [3.1]. When people judge the environment they experience as neither too
cold nor too warm, they are in a neutral condition and no feeling of discomfort are felt.

According to Liu et al[3.8], a period of at least 30 minutes need to be considered to reach a
new state of neutrality when experiencing a change in the thermal environment or when moving
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between two environments with different thermal characteristics. During this period,
thermoregulation processes act and people gradually adjust to the change in thermal condition.
According to Nagano et al. [3.9] it takes 50 min to achieve a new steady state conditions after
experiencing a temperature step from hot to neutral.

If in simple term we refer to the variation of the thermal sensation over time as a way to assess
the achievement of a steady state condition, the considered period of acclimatization®, after a
change in thermal condition, can be notably reduced. This is what come out from the results
presented by Chen et al. [3.10]. In this study, a sample of people was asked to assess their
thermal sensation every two minutes for a period of 20 mmutes, experiencing an mndoor
temperature of 24°C. In the previous 30 minutes the sample was exposed to a simulated outdoor
environment of 32 °C, 28 °C and 20 °C. The thermal sensation trends, reported in Figure 20,
show that around 10 minutes are sufficient for athermal sensation stabilization, for all the three
preconditioning conditions. The variation of the thermal sensation, namely thermal sensation
overshoot phenomenon, is what happen within the first two-three minutes of exposition to the
indoor environment. Within this time frame a sudden variation ofthermal sensation is observed.

TSV TSV TSV
32°C —» 24°C . | 28°C —» 24°C . | 20°C —» 24%€

il 113
Hr , . L A7 = = 4 v Y o1 | z
o1 i....-—"""? — .?..................—w-------o .' _'\._.___.’ 3 "y .1;-.-w~.—4w-—-w-—n~ul-! 1 ’1 ! : % % . e

£ 10 12 M4 16 18 XN 0 2 4 & £ 10 12 M K K N o 2 4 & 5 K 1 i 16 15 2

Time (mim) Time (min) Time (man)

Figure 20 Change in thermal sensation vote (TSV) over time in response to temperature steps from 32 °C (left),
28 °C (middle), and 20 °C(right) to 24 °C [3.10].

3.3 Thermal comfort approach

In term of indoor thermal comfort, two different approaches exist:
e Rational or heat-balance approach, based on laboratories and chamber studies;

e The adaptive approach, based on field studies.

3.3.3 The rational or heat-balance approach

The rational or heat-balance approach is the steady-state model developed by Fanger in the
1970s for air-conditioned spaces. It is based on the heat balance model of the human body. Heat
is generated in the body and lost from skin and lungs. It is then transferred through clothing
where it is lost to the environment. Heat balance conceptual equation can be expressed in the
following way:

9 or acclimation if referred to climate-chamber studies
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F(va, Lc1, Ta, Tmr, @2, M) =0

Air temperature (T.), air speed (va), mean radiant temperature (Tmr), relativity humidity (¢a) are
the environmental variables, while thermal resistance of clothing (Ic1) and metabolic activity are
subjective variables.

Fanger’s model [3.1] aims to predict the mean thermal sensation of a group of people and their
respective percentage of dissatisfaction with the thermal environment. It is expressed through
the indices Predicted Mean Vote and Predicted Percentage Dissatisfied (PMV-PPD). PMV is
calculated through six variables: metabolism, clothing, indoor air temperature, indoor mean
radiant temperature, ndoor air velocity and indoor air humidity which are the ones presented
in the heat balance model.

Fanger’s experiments were conducted in controlled climate chamber on 1296 young students
(in USA at the KSU!? and in Denmark at the DTU!!). Participants were dressed in standardized
clothng and completed standardized activities, while exposed to different thermal
environments. While exposed to different thermal environments the participants were asked to
state their thermal sensation using a seven-point scale (Table 2).

Based on experimental data, Fanger was able to derive an equation to express the PMV index
stating the six variable before-mentioned and an empirical relationship between PMV and the
predicted percentage of dissatisfied (PPD), which graphical expression is shown Figure 21.
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Figure 21 Relation between PMV and PPD [3.4]

Considering a group of people, thermal neutrality happens when PMV index is equal to O.
Nevertheless, from the experimental studies came out that, even under general neutral condition
(PMV=0), there were some individual cases of dissatisfaction with the indoor environment.
Although all participants were dressed in a similar way and with same level of activity,
perception was different from one person to another. PMV-PPD relationship takes into account
of this evidence considering a 5% minimum rate of dissatistied at PMV=0 while at PMV=+ (.5,
comfort range, a 10% dissatisfied is accounted (Figure 21).

Fanger’s PMV-PPD model on thermal comfort has been a path breaking contribution to the
theory of thermal comfort and to the evaluation of indoor thermal environments i buildings.

10 Kansas State University

' Denmark Technical University
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As reported in a recent publication [3.12], a memorial of his contribution on thermal comfort
research, Fanger’s research started by “recognizing that existing knowledge of thermal comfort
was quite inadequate and unsuitable for practical applications and that the creation of thermal
comfort for man is one of the principal aims in environmental engineering and indeed in the
entire heating and air-conditioning industry”. Ten years after his death, his theory is still widely
used and accepted for design and field assessment of thermal comfort for mechanically
conditioned indoor environment. PMV-PPD method is indeed on the basis of the ISO 7730
[3.4] and ASHRAE 55 [3.2] standards which are used in practice.

3.3.4 Adaptive approach

In the late 90s the adaptive approach arose from dissatisfaction linked with the narrow band of
temperature controls used in building as consequence of the static comfort model (PMV). This
way of controlling indoor environment was not anymore in lne with the renewed mterest in
climate-responsive and energy-conserving building designs.

According to this approach, building occupants are not passive recipient of the thermal
environment but they play an active role in creating their own thermal preferences. They adapt
themselves to the ndoor condition in order to reach a comfortable condition. Therefore, if there
is any discomfort due to changes in the thermal environment, people would tend to act to restore
therr thermal comfort. This turned to be even more relevant in naturally ventilated buildings,
were occupants can operate windows as possible measure to reach “satisfaction with the thermal
environment”. This new approach, widely spread with the studies of Nicol and Humphreys
[3.13] and De Dear and Brager [3.14], was proved by means of fields’ studies.

Three different categories of adaptation were introduced [3.14]:

e Physiological adaptation (in terms of acclimatization);

e Psychological adaptation refers to the effects of cognitive, social and cultural variables,
and describes how and to what extent the habits and expectations might change people’s
perceptions of the thermal environment. Psychological adaptations are identified as
playing a significant role in explaning the difference in responses in air-conditioned
versus naturally ventilated buildings;

e Behavioural adaptation is by far the most dommnant factor in offering people the
opportunity to adjust the body’s heat balance to maintain thermal comfort. The
adaptation may go from changing the activity and clothing levels and/or opening/closing
windows and switching on fans.

By collecting actual votes from fields’ studies n 160 office building (located n 9 countries- 4
continents) the ASHRAE RP-884 database was created [3.15]. From the collected data linear
regressions relating indoor operative temperatures to pre-vailing outdoor air temperatures were
established, differentiating between buildings with centralized HVAC and ones naturally-
ventilated. Figure 22 shows how the static PMV model works well in air-conditioned buildings
but definitely not in naturally ventilated ones.

In 2004 the adaptive thermal comfort model was introduced in the ASHRAE 55 as optional
method for evaluating naturally ventilated buildings.
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buildings with centralized HVAC buildings with natural ventilation
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Figure 22 Comparison of the RP-884 adaptive models’ predicted indoor comfort temperatures with those predicted
by the static PMV model [3.15]

In 2007 the adaptive model also landed n Europe standards with its introduction in the EN
15251[3.16]. The model was developed within the SCATs project [3.17]. Data from field
studies in 26 office buildings located in 5 countries within Europe where collected in a database.

Findings from the field studies on adaptive models have unlocked important energy use
mmplications. The direct interview of people in their usual “habitat” have revealed an increased
range of temperature acceptability, because of the adaptation measures that can take place. The
acceptance of higher indoor temperatures in summertime conditions lead to less prevalence use
of cooling systems. And even in situations/locations where air conditioning is unavoidable, a
wider range of indoor thermal comfort conditions would mean less cooling demand and hence
less electricity consumption for the air conditioning systems.

3.4 Previous findings on transitional spaces

In paragraph 1.1, the main features of transitional spaces have been presented. Their differences
from a typical indoor environment such as offices or educational buildings were underlined.
Thermal comfort research traditionally focuses on either the ndoor environment of buildings
or outdoor comfort. Thermal comfort research in buildings assume steady-state conditions,
while in real condition the thermal environment is often transient and dynamic over time. Little
has been discussed in previous work about people’s thermal perception and comfort standard
mn indoor transitional spaces, where transient and dynamic conditions happen.

Literature review discloses indeed few studies on thermal comfort in transitional spaces. As a
consequence, current comfort standards do not clearly address this kind of spaces treating them
as typical indoor spaces. It should be considered that these spaces are frequently placed i the
perimeters of buildings with large glazed areas. Because of their characteristics, they also
experience significant air change with outdoor climatic conditions. Therefore, for reaching the
same comfort level, it is truly credible that transitional spaces consume more energy than the
other part of building of similar size [3.18] . According to Pitts and al.[3.19] the energy demand
of transitional spaces per unit area or volume may be three times as high as that of the remaining
of the building interior. Understanding real comfortable conditions also in these spaces is
essential for facing the European building energy reduction challenge. Table 3 collects studies
related to thermal comfort in transitional spaces in the last fifteen years. Only field studies have
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been selected because representative of transitional spaces peculiar conditions which disclose
in real operation.
The common methodological approach is to combine objective measurements and subjective

questionnaire.

Table 3 Field studies related to transitional spaces

Author Building typology Research Method Location Year Ref

Jitkhajomwanich Educational building, Questionnaire Bangkok, 2002 [3.22]

et al. Office Physical Measurements Thailand

Chun et al. Lobbies, Balconies, pavilions  Physical Measurements Yokohama, 2004 [3.20]
(long & short term) Japan
Observation (activities)

Pitts et al. Educational Buildings Questionnaire Sheffield, 2008 [3.19]
Physical Measurements UK

Hwang et al. Entrance Atrium. Service center  Questionnaire Taichung, 2008 [3.23]
Physical Measurements Taiwan

Kwong et al. Lobby-Educational Building Questionnaire Serdang, 2009 [3.18]
Physical Measurements Malaysia
CFD simulations

Hui and Jie Lift lobbies corridors  Questionnaire Hong Kong 2014 [3.21]

Educational building Physical Measurements

Energy simulation tool

Kotopouleas A.  Airport Terminal Questionnaire Manchester 2016 [3.24]

Nikolopoulou Physical Measurements London, UK

Mishra et al. Museum Questionnaire Amsterdam, 2016 [3.25]
Physical Measurements Netherlands

Vargas Lobby Questionnaire Sheffield, 2016 [3.26]
Physical Measurements UK

Hou Atria - Educational buildings, Questionnaire Cardiff, 2016 [3.27]

Business Center Physical Measurements UK

Chun et al [3.20] gave a literature review trying to address transitional spaces and setting order
between the terms transitional and transient, often used indistinctly by researches to address
environmental condition within these spaces. They defined the transitional zones as “in
between” architectural spaces where the indoor and outdoor climate is modified, without
mechanical control systems and the occupant may experience the dynamic effect of this change.
In transitional spaces, fransient conditions are meant as a consequence of outdoor conditions.
They defined three transitional space typologies, with different proximity to the indoor space,
and performed pilot physical measurements. None of the case studies was mechanically
conditioned. The typical behaviours they observed were walking, standing, and sitting which
are different and varied compared to the sedentary behaviour in offices or homes. They
concluded that PMV cannot be used for transitional spaces thermal comfort prediction because
of'its unstable and dynamic physical and MET value. They also observed that the most efficient
architectural shape of transitional spaces is related to the corresponding regional climatic
condition. In general transitional spaces can help to relieve the thermal shock to humans and
reduce the energy loss.

In 2008, at the 25" Conference on Passive and Low Energy Architecture, Pitts et al [3.19],
presented a further study related to thermal comfort in transitional spaces and its energy
implications. 120 occupants of six buildings located in UK were interviewed whilst passing
through transitional spaces.
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While physical measurements were recorded (air temperature, mean radiant temperature,
relative humidity and air velocity) occupants were asked about therr thermal sensation,
preference and comfort. The study highlighted how users were inclined to accept less stringent
environmental conditions, compared to the one predicted by the PMV model. The causes were
unclear but speculated by several factors as the fact of non-equilibrium conditions because of
the movements within the spaces. Also users were still influenced by the previous place and
were not concerned about the upcoming environment because of the awareness they would be
moving mto a further zone within a short space of time. Based on this evidence the authors
suggest to expand the PMV limit for transitional spaces beyond the conventional mdoor limit
of £0.5. The impact of widening effective PMYV boundaries for transition spaces would be
reductions in winter heating demand and summer cooling demand.

Hui and Jie [3.21] studied semi-opened and fully enclosed lift lobbies and corridors in The
University of Hong Kong (HKU) campus. Environmental parameters related to the body
thermal balance were measured at 1.1 m above the floor level in the centre of each site. The
results obtained from the objective measurements were tabulated and applied for the calculation
of PMV and PPD and compared with the information gathered with the questionnaires. This
study also disclosed that people can accept a wider range of thermal environmental conditions.
Their thermal responses varied with dressing, activity level, past thermal experience and prior
thermal preference. According to the authors changes in the current design guidelines and
standards could be beneficial. And they conclude, “If the transitional spaces are designed with
appropriate energy saving strategies such as passive design, hybrid ventilation and flexible HVAC
controls, it can help achieve more energy efficient and healthy buildings in the future”.

Jitkhajornwanich et al.[3.22] performed a field study in buildings in Bangkok, Thailand. They
selected four groups of people: those moving from external environments into both air-
conditioned and naturally ventilated transitional spaces, and those going outdoors from the same
environments. From the thermal comfort assessment of whole sample group, they reported a
neutral temperature of 27.1°C in the cool season, and of 26.5°C in the warm season.

By observing that in previous studies on transitional spaces only guests were iterviewed,
Hwang et al. [3.23] decided to investigate if differences between guests and staff occur.

In a time frame between June and September both guests and staff of a service center located
in Taichung (Taiwan) were surveyed about their thermal sensation, thermal preference, and
thermal acceptability. The service centre was air-conditioned with a centralized HVAC system.
The results showed that the guests and staff had the same span for comfortable zone. Moreover,
the PMV-PPD model seems to accurately estimate the percentages of unacceptability for both
guests and stafft Within the considered study, this is [3.23] the only one to accept the
applicability of the PMV-PPD model for transitional spaces.

A similar study was recently conducted in three UK airport terminals mvestigating both
passengers and terminal staff [3.24]. Passengers demonstrated higher tolerance of the thermal
conditions and consistently a wider range of comfort temperatures, whereas the limited adaptive
capacity for staff allowed for a narrower comfort zone. As a consequence of these results, the
authors indicate little scope for increasing the cooling systems set-points in summer and suggest
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alternative methods. They however identified a greater potential for energy savings by lowering
the heating set-points. As a final consideration they suggest more flexible dressing codes for
staff to improve their thermal comfort.

The theme of the changing thermal comfort level according to time spent within a transitional
space is faced by Mishra et al[3.25]. The study was performed n a museum located in
Amsterdam. They analysed the subjective thermal comfort responses of users to bring to the
fore any underlying trends and differences for visitors who had spent different durations oftime
indoors. They observed that for the first 20-30 minutes, visitors still retained a connection with
the outdoor environment. According to the authors, the discernment of this buffer period in
buildings open up possibilities for flexible and less energy intensive indoor conditioning. As
examples, if the entrance area “are conditioned in manner so as to “encourage” visitors to
modify their clothing ensembles more in accordance with the settings being maintained” in the
bulk of the building, substantial energy savings can be reached throughout the year.

The effect of thermal sequences on users’ thermal comfort was investigated by Gloria Vargas
in her Doctoral Thesis [3.26]. She studied how the use of a lobby space could positively modify
people’s short thermal history by analysing temperature order, people’s thermal direction, and
temperature changes when people move from the outdoor to an iterior seminar room. She
concluded that “an appropriate temperature order in spatial connections can positively conduct
people towards a gradual thermal adaptation in the short term, allowing a reduced set
temperature in AC buildings and consequently reducing energy demand”

In 2016 another Doctoral thesis related to transitional spaces have been released. Guoying Hou
[3.27] mvestigated thermal comfort requirements and the use ofthree transitional spaces located
mn Sheffield, United Kingdom. The method is still the combmation of objective and subjective
measurements. He demonstrated how that heat balance indices (PMV) cannot explain the
thermal preferences of subjects n UK climates. The predicted percentage of dissatisfied people
(PPD) was always higher that the real conditions. This provides evidence that people in imdoor
transitional space have a higher tolerance of theirr thermal environment. Operative temperature
appeared to be the most important predictor of thermal sensation in three cases.

The main findings of literature review of'the field studies on transitional spaces in the last fifteen
years can be therefore summarized:

e the approach that combine measurements of environmental parameters affecting thermal
comfort with direct interview of users is the one mostly followed;

e transitional spaces are independent dynamic spaces with various physical conditions and
behaviour [3.20] which may that have different thermal comfort requirements;

e Dbecause of their dynamic features, the Fanger’s model based on steady-state conditions
seems to overestimate the discomfortable condition with respect of the real perception
of transitional space users (with the exception of the study conducted by Hwang et al.
[3.23]);

e people in indoor transitional space have a higher tolerance of thermal environment
which reflect in the possibilities in more relaxed set-point temperatures with consequent
air-conditioning energy savings;
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e further investigation at different time of the year are required in order to expand the
database of evidence.
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4 Thermal comfort in shopping
centres transitional spaces

4.1 Introduction

Large shopping centres are based on a model of small individual stores connected by common
areas. These walkways enable customers to move from a shop unit to another staying in the
indoor. They can be shaped as galleries, atria or in a sort of ring, as shown in Figure 23, and
can be located on a single level or connect multiple levels. Shopping centres common areas
possess all the characteristics of transitional spaces described in chapter 1 .

! . . SECONDO PIANO
£
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3

Figure 23 Clockwise, from top left: shopping mall plants of Katané (Gravina di Catania, CT) and Donau
Zentrum (Wien),interior of Donau Zentrum [Unibail-Rodmanco] and large atrium of Katané

Use of common areas is not constant but affected by the high variability of people walking
through them. Observed users’ activity is dynamic even though the permanence period deeply
differ depending on the motivation in visiting the shopping centre. This creates a very unstable
and variable occupancy.

Generally, shopping centres are conditioned by means of basic all-ar HVAC systems that can
handle both the individual stores and the retail units, or have separate individual systems for
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each of the retail units. In both cases, the temperature set pomnt inside the single shops are
controlled by managers or workers. Most of the time this results in indoor temperature that are
different from the temperature experienced in the common areas. This means that by moving
within the shopping centre, customers experience several temperature differences.

Moreover, the indoor temperatures experienced by the customers are generally independent
from the actual outdoor temperature conditions. Indoor air temperature set-points are based on
guidelines intended for more traditional indoor environment, or setup based on the experience
of the system manager. The variability i term of clothes worn by customers and their activity
is not taken ito consideration, sometimes resulting in discomfort conditions throughout the
year.

Nevertheless considering their features, common areas, as other typology of transitional spaces
analysed i paragraph 1.1, may not require the same high level and close control as indoor or
fully occupied areas. A more relaxed range of interior conditions may be allowed without
compromising (or improving) customers’ comfort.

According to Coleman [4.1] customers who feel comfortable will shop longer and spend more.
This proves the importance of customers’ thermal comfort also from profit point of view. The
no profit association GreenSense has released the results of a survey conducted in ten shopping
malls in Hong Kong [4.2]. The study is part of a so-called “awareness raising project” with the
aim to let drop the common idea of shopping mall managers that “colder the better”. The results
of the study have indeed disclosed that one third of the interviewed customers would leave a
shopping centre if the conditions inside are judged “too cold”. According to the authors the
judgement derives from adirect comparison with the previous experienced temperature, usually
the outdoor one. Furthermore, high temperature steps between inside and outside not only create
potential discomfort conditions but also generate a not necessary waste of energy. Indoor
temperatures and indoor-outdoor temperatures steps affect the time customers spend inside the
shopping centre and consequently on the probability of shopping. The connection between
thermal comfort and shopping centre profit, indicates that improving the first, the beneficial
effect will be recovered on the second.

In 1998 Chun and Tamura presented comparative results of a thermal comfort field study in
underground shopping mall and department store in Japan [4.3]. The objective was to assess
any difference in thermal comfort requirements between the two typologies. They found that
customers were more tolerant about mdoor condition in underground shopping mall than i the
department store. No others studies related to shopping mall were found in literature in the past
twenty years.

To date, no current guidelines on thermal comfort have been identified that are specific to
transitional spaces. Being integral part of the building architecture, ther HVAC design and
control follows guidelines intended for ndoor space, even though the utilization conditions
differ from a common indoor space. In Table 4 the recommended design criteria for department
stores according to standards are presented.

Moving from one shop to another, shopping centres’ customers experience different indoor
temperatures. It is important to avoid excessive temperature steps that may cause thermal
discomfort. The mvestigation of optimal outdoor-indoor temperature differences based on
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customers actual thermal perception will lead to a better control of air conditioning inside
transitional spaces and to the exploitation of natural ventilation with sub sequential potential
energy saving.

Table 4 Recommended design criteria for department stores

EN 7730 EN 15251

Operative temperature, °C Operative temperature, °C

Winter Summer Maximum Maximum

(heating (cooling for heating for cooling
Department season ) season) (winter (summer
store season)- 1.0 season)- 0.5
Standing Category Category clo clo
walking- A 190 £ 1.5 23.0 %10 I 175 24
1.6 met B 190 £30 230 2.0 1l 16 25

C 19.0 £ 4.0 23.0 £3.0 I 15 26

4.2 Methods

For the content of the study, the common approach of combining the environmental monitoring
with direct questionnaire to users was followed.

During the measurement campaigns while the customers were asked to complete the
questionnaire, a mobile monitoring cart was placed close to them recording indoor
environmental parameters. At the same time, outdoor environmental parameters were recorded
as well.

4.2.1 Environmental monitoring

The measurements campaign considers the monitoring of both indoor and outdoor

environmental variable as described in the next paragraphs 4.2.1.1 and 4.2.1.2.

4.2.1.1 Indoor environmental monitoring

For the scope of the study, a tailor-made mobile monitoring cart named MEMO (Mobile
Environmental MOnitoring) was built in EURAC Research laboratory.

MEMO can be easily moved within the indoor environment and the height of the sensors can
be modified, resulting in a very flexible device to monitor indoor environment quality in
different building typologies.

For this field study, MEMO was set up to measure both global thermal comfort at 1.1 m
(abdomen level) and to record air velocity and air temperature at 1.6 m (head level), n order to
evaluate possible local discomfort. The ankle level (0.1m) was disregarded because the relative
air velocity generated by people when walking.
reported.

In Figure 24 a scheme of the sensors used is
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1.6 m: head level
L, 1 -
air’ “air LOCAL COMFORT/DISCOMFORT

+ omnidiretional anemometer

+ shielded temperature sensor

£ 1.1 m: abdomen level
air’ “air
GLOBAL THERMAL COMFORT
top’ 5 + omnidiretional anemometer

+ shielded temperature sensor
+ globe thermometer

+ hygrometer

Figure 24 Mobile environmental monitoring cart (right) and definition of parameters measured at different levels

The accuracy of the sensors meets the recommendations of'the European standard EN ISO 7726
[4.4]. Air temperature is measured using radiation-shielded Pt100. As suggested by Humphreys
mn the late 1977[4.5], later stated by the European normative [4.4] and then proved by Simone
et al[4.6], for indoor application, the operative temperature approximates closely to the
temperature at the centre of a 40mm black pamted globe. Thus, operative temperature refers to
the globe temperature. The 40mm globe thermometer was built using a ping-pong ball, which
was painted in grey in the inside and black on the outside (Figure 25). Mean radiant temperature
was then determined starting from the temperature measured by the globe thermometer through
the procedure suggested by the European standard EN ISO 7726 [4.4].

An Omni-directional hot wire sensor was used to measure air speed, and a portable probe for
the indoor relative humidity.

Figure 25 Sensor used for measuring indoor environmental parameters, from left to right: omnidirectional
anemometer omnidirectional anemometer, radiation shielded thermistor, 40 mm -globe thermometer

The thermal parameters where measured and recorded every 10 seconds. In Table 5 the
characteristic of the sensors used to measure the environmental parameters are presented.

50



Table 5 Measured indoor environment parameters and sensors characteristics

Parameter Sensor types Measuring range  Accuracy
Pt100 class A o o

Air temperature, Ta Radiation-shielded -50.+150°C £02°C(-25..474.9°C)
Pt100 class A and R .

Meanradiant temperature, Tmr 40mm diameter globe -50..+150°C £0.2°C(-25.474.9°C)
Anemometer

Air speed, Va Sensor electronics 0.05 to 5.0 m/s 0.02 m/s + 1.5% of reading
SensoAnemo 5130LSF

Relative humidit EE

e Ve aumidity . 2% RH (0-90% RH)
Ritve EEOS series 0-100% +3% RH (90-100% RH)
(at ambient pressure) HC101 sensor ° °

4.2.1.2 OQOutdoor environmental monitoring

Outdoor temperature and relative humidity at 10 seconds frequency were also measured. To
this aim, we used a MEMS (MicroElectroMechanical System) integrated portable data logger
whose features are listed in Table 6.

Table 6 Measured outdoor environment parameters and MEMS integrated portable data logger characteristics

Parameter Sensor & Brand Type Measuring range Accuracy

MEMS Integrated portable data

Outdoor temperature Tout -30...+70°C +0.5°C
logger
Outdoor Relative Humidity = MEMS Integrated portable dat
utdoor Relative Humidity ntegrated portable data 0-100% L 29
RH% logger

4.2.2 Questionnaires with customers

Customers were interviewed through a questionnaire structured into three sections:
Background, Thermal comfort field survey and Clothing.

4221 Background

In the first section of the survey, general questions such as age and gender, and other questions
related to the physiological condition (health conditions, if customers had eaten or drunk,
previous activities) were asked to customers. They were also asked about their permanence
period within the shopping mall which means the duration of their stay inside the building
before taking the survey.

4222 Thermal comfort field survey

In the second part of the survey customers were asked about their acceptability (TAV),
sensation (TSV) and preference (TPV) regarding the indoor temperature and theirr level of
thermal comfort (TCV). Thermal acceptabilty was directly assessed on a 2-pont scale
(acceptable, not acceptable). Customers were asked to assess their thermal sensation with
respect to the thermal environment on a 7-point scale according to ASHRAE standard 55 [3.2].
Customers’ thermal preference was surveyed using the Mclntyre 3-point scale [3.3] (Right now
I want to be: cooler, no change, warmer).
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Finally, interviewees were asked to evaluate therr thermal comfort status on 6-point scale (very
comfortable, comfortable, just comfortable, just uncomfortable, uncomfortable, and very
uncomfortable). A screenshot from the questionnaire is shown in Figure 26 while the full
version in English and Italian language can be found in Annex A and B.

How do you evaluate the thermal environmentin this moment?
Acceptable Not acceptable
For the whole body, rate your current thermal sensation In this momentyou preferto be_..?
O Warm O No change
QO Slightly Warm QO Warmer
O Neutral
O Slightly cool
Please evaluate the thermal environment
very not not comfortable just not just comfortable comfortable very comfortable
comfortable comfortable

Figure 26 Screenshot from the questionnaire.

4.2.2.3 Clothing

Helped by the customers, we recorded interviewee’s clothing ensemble to estimate the thermal
resistance according to EN ISO 7730 standard [3.4]. Clothing level is one of the parameters
needed to calculate the PMV value. In Figure 27 the reference values for clothing that have
been used for the study are reported.

Physiological parameters were not measured, thus the metabolic activity was assumed to be 1.6
met (shopping) according to the EN 7730 [3.4].

4.3 Case studies

The measurement campaigns were conducted in the transitional space of three Italian shopping
centres. Two located in the north (Trento) and one in the south (Catania). The main features of
the shopping centres are presented in Table 7, while Figure 28 shows their geo-localization.
Figure 29 shows pictures of the three shopping centres.

The first row of measurements was conducted in the “Shop Center Valsugana” (Trento
Province) over four days: 4", 5th, 6" April 2016 and 10" June 2016. The centre was built in
2000 and it has a total area of 9774 m?, laid out over two floors. The common areas of the
shopping centre are mainly shop galleries and there are 55 retail units. The main entrance atrium
has a fully glazed fagade (with sun control film) oriented towards south-west. The field study
was performed in different locations within the common areas, which included shop galleries
and atria on the ground and first floor.
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Figure 27 Reference clothing values used for the analysis on the base of EN ISO 7730 [3.4]

Table 7 Characteristic of three case studies

Case study Location Reference  Typology Climate Level

Shop Center Pergine Valsugana nighborhood

Valsugana (TN) SCo1 centre H&CD 2
Rovereto community

Millenium Center (TN) SC02 centre H&CD 3
Gravina di Catania superregional

Katan¢ (CT) SC03 centre CD 1

The second measurement campaign was at “Millennium Center over two consecutive days: 21%
and 22" June 2016. The centre is arranged over three floors. The common areas of the shopping
centre are mainly shop galleries, with a total area of 6898 m? and it contains 47 retail units. The
main entrance is an atrium with a fully glazed fagade oriented towards south-east. The field
study was performed in different locations within the shop gallery on the first floor.

The last measurement campaign was conducted in “Katané”, over six days: 1379, 14th, 15th 18t
19t and 20" July 2016. The centre was built in 2009 and it contains a two-storey gallery with
more than 60 retail units, offering a gross leasable area of 27521 n? of which 8.000 n? are
dedicated to a hypermarket. The shorter building axis is rotated of 27.5° from absolute north.
Therefore, the main building facade is oriented towards south- east. The field study was
performed in different locations within the shop gallery at the second floor.
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Shop Center Valsugana, Pergine Valsugana (TN)

Millenium Centre, Rovereto (TN)

Katané, Catania (CT)

Figure 28 Localization ofthe case studies (left). Pictures of three different shopping malls
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Figure 29 Pictures and diagram of Shop Center Valsugana (left), Millenium Centre (middle) and Katané (right)

A one-day pilot study was also performed in August 2015 in Shop Center Valsugana (Figure
30). From the pilot study we learned the best approach for conducing the interview with the
customers. We also gained awareness about possible problems that could happen during the

measurements.
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Figure 30 Some pictures of the pilot measurement campaign in SCO1. Set-up of MEMO (left) and interview with
customers (right)

4.4 Research Process

A total of 724 customers where interviewed during the three measurements campaigns. All of
them were included in the sample, also those with critical physiological conditions, ie. those
who have eaten or drunk in the previous twenty minutes before the questionnaire. This to have
a better representation of typical shopping centre customers, who are used to drink coffee or eat
ice-cream before shopping, especially during summer season.

The research process consisted on different steps. Firstly, the applicability of the two thermal
comfort models (see paragraph 4.5.4) on transitional spaces was evaluated. To do that, PMV
and PPD parameters were calculated applying Fanger’s model equations and using the data
collected by MEMO and the clothing ensembles recorded during the interview. The metabolic
activity was assumed at 1.6 met for all the customers. The R package “comf’ was used [4.7] for
the PMV-PPD calculation.

The rough data collected by MEMO were processed using both Microsoft excel [4.8] and the
R software [4.9].

For the application of the adaptive algorithm, I refer to the method presented by Nicol and
Humphreys [4.10].The equations are the same included n the European standard EN 15251
[3.16]. As described in paragraph 3.3.4 the adaptive method was derived to assess comfort in
free running or naturally ventilated buildings. The measurements were performed in
mechanically ventilated and cooled transitional spaces. Nevertheless, because thermal comfort
in shopping centre is not yet addressed, the applicability of the adaptive model was tested as
well. In order to calculate the mean running temperature (trm), data coming from weather
stations located closer to the three case studies [4.13] were used. This was necessary because
the outdoor temperatures during the days before the measurement campaign were not recorded
by the MEMS. The evaluation of the thermal environment using the two thermal comfort
models was compared with the real customers’ satisfaction votes commng from the survey.

In a second step, the customer perception of the thermal environment was deeply investigated
by analysing their answers related to thermal acceptability, sensation, preference and comfort
m relation with the operative temperature experienced.
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The last step was the nvestigation of the effect of temperature down-step (outdoor-indoor
temperature difference) on customers’ thermal sensation and preference trying to identify an
optimal temperature that mmimizes the percentage of dissatisfied people with the mndoor
environment.

By following this approach, a characterization of the actual thermal comfort conditions inside
shopping centres transitional spaces was performed.

4.5 Analysis and Results

In this paragraph the main results of the study are presented. The paragraph is structured as
follows:

statistics of the sample;

validation of operative temperature measurements;

environmental characterization;

application of the thermal comfort models: Fanger’s and adaptive model;

mvestigation of the customers’ perception of the thermal environment;

mvestigation of the temperature-initiated thermal overshoot.

4.5.1 Statistics of the sample

The selection of the customers was completely random and a total of 724 people were involved
in the study and directly interviewed. Customers participate voluntarily. After a brief
explanation about the content of the study, they could decide to be part of it or not. Because of
the followed approach, the percentage between man and woman is unbalanced. Female gender
indeed accounts for 59% of the sample. In relation to the age, 44% of the people were less than
30 year old, followed by the range between 31 and 50 years old (33%) and just 23% were more
than 50 year old. The statistics of samples for the three case studies is showed in Table 8.

Table 8 Statistics of the sample

Totalsample Female Male

Sco1  Number of interviews 204 130 74
less than 30 years old 76 45 32
between 31-50 years old 55 37 18
more than 50 years old 72 48 24

SC02 Number of interviews 180 115 65
less than 30 years old 88 51 37
between 31-50 years old 57 38 19
more than 50 years old 35 26 9

SC03 Number of interviews 340 185 155
less than 30 years old 150 77 73
between 31-50 years old 128 75 53
more than 50 years old 62 33 29
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SCO1:the sample is composed by 204 customers (130 females and 74 males) distributed among
three age groups: 77 interviewees were less than 30 years old, 55 interviewees were between
31 and 50 years old and 72 interviewees were over 50 years old.

SCO02: the sample is composed by 180 customers (115 females and 65 males) distributed among
three age groups: 88 mterviewees were less than 30 years old, 57 interviewees were between
31 and 50 years old and 35 interviewees were over 50 years old.

SCO03: the sample is composed by 340 customers (185 females and 155 males) distributed
among three age groups: 150 interviewees were less than 30 years old, 128 nterviewees were
between 31 and 50 years old and 62 mnterviewees were over 50 years old.

4.5.2 Validation of operative temperature measurements

The operative temperature, to is defined, according to the EN ISO 7730 [3.4] as:

“uniform temperature of an imaginary black enclosure in which an occupant would exchange
the same amount of heat by radiation and convection as in the actual non-uniform
environment”

The exact equation for the operative temperature is showed in Eq. (1):

__ hetg+h o,
to = heth, &

where:

ta is the air temperature, °C;

t, is the mean radiant temperature, °C;

he is the heat- transfer coeflicient by convection;
hr is the heat- transfer coefficient by radiation.

For the direct measurement of the operative temperature, MEMO was equipped with a black
painter 40 mm globe thermometer.

The operative temperatures measured with the globe thermometer were compared with the
operative temperatures calculated according to the procedure described by the EN ISO 7726
[4.4].

Based on EN ISO 7726 the operative temperature is calculated as:

_ Tay10 Vg +T;
o= 1+,/10V gy @

where:
Vair is the air velocity, mv/s
Ta is the air temperature, K;
T, is the mean radiant temperature, K.
The mean radian temperature of equation (2) is calculated converting the temperature measured
by the globe by using equation (3)
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_ h,
M= T+ 2217, ~ 7, 3)

where:

Tg is the temperature of the black globe, K;

gg1s the emissivity of the black globe;

o is the Stefan-Boltzmann constant equal to 5.67 x 108 W/(n? -K#).

In Table 9 the mean errors and standard deviations of the two operative temperature values for
each day of measurements are reported.

Table 9 Mean error and standar deviation between

Day of measurement bias £ std Day of measurement bias + std
4-Apr 0.06 +0.07 13-Jul 0.08 £0.14
5-Apr 0.06 +0.05 14-Jul 0.03 £0.05
6-Apr 0.05 +£0.05 15-Jul 0.03 +0.04
10-Jun 0.06 +0.07 18-Jul 0.04 £0.04
21-Jun 0.18 £0.15 19-Jul 0.27 £0.11
22-Jun 0.08 +0.01 20-Jul 0.04 +0.04

Considering the accuracy of the Pt100 (Table 5), it is possible to consider the temperature
measured by the globe thermometer as the operative temperature defined by the EN ISO 7730
[3.4].

4.5.3 Environmental characterization

Table 10 reports a statistics of the indoor and outdoor physical measurement in the three
different shopping centres.

Table 10 Indoor and outdoor environmental conditions for the three case studies

Indoor Outdoor Clothing
top. Vair RH tdry out. RH
(°C) (m/s) (%) (°C) (%) Clo
SCo1 Mean  25.1 0.12 48 243 43 0.64
SD 0.9 0.06 7 2.1 7 0.2
Min 229 0.00 59 19.4 31 0.18
Max 26.7 0.33 33 29.5 55 1.41
SC02  Mean 253 0.12 48 30.8 40 0.45
SD 0.5 0.08 29 1.3 2 0.1
Min 24.4 0.00 43 28.5 35 0.23
Max 26.3 0.40 53 32.6 46 0.85
SC03  Mean  26.1 0.14 42 30.1 42 0.38
SD 1.1 0.08 3 1.7 14 0.1
Min 21.7 0.00 33 27.4 17 0.22
Max 29.6 0.41 49 34.6 62 0.67

The operative temperatures (to) recorded during the measurement campaigns range between
21.7°C and 29.6 °C. Both extreme values of the range were recorded in SC03. Indoor Relative
humidity (RH) was well controlled by the HVAC system in all the three shopping centres with

58



measured values ranging between 33% and 59%. The air speed measurements generally showed
very limited values, with a maximum of 0.41 nv/s recorded in SCO03.

Regarding outdoor conditions, the air temperature (tyyo.)ranges between 19.4°C and 34.6 °C
measured respectively in SCO1 during the mid-season campaign (April 2016) and in SCO3 in
July 2016.

The data collected in the three shopping centres were aggregated to investigate the frequency
distribution of the main environmental parameters.

Figure 31 reports the frequency distributions of the indoor parameters while Figure 32 shows
the ones of the outdoor parameters.
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Figure 31 Frequency distribution of the Indoor parameters measured during the three campaigns: air temperature,
Operative temperature, indoor air velocity and relative humidity
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Figure 32 Frequency distribution of the outdoor parameters measured during the three campaigns: Dry-Bulb
temperature and relative humidity

The highest frequency (around 45% of the time) of dry-bulb outdoor air temperature distribution
ranged between 28 °C and 31 °C. The indoor air temperature frequency distribution is centred
between 24.5 °C and 25.5 °C, accounting for around 45% of the total. The highest frequency of
the operative temperature distribution ranged between 25 °C and 26 °C, accounting for around
47% of the total. Most of the measured indoor air velocities were lower than 0.25 m/s. This
value is low because of the big volume mvolved. Measured indoor relative humidity is normally
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distributed with peak between 40% and 50%. Fmally, the difference among the outdoor relative
humidity distribution was relatively small, with the highest frequency ranging from 35% to
45%.

The distribution of indoor air temperatures is slightly different from the distribution of the
operative temperatures. This is due to the radiant effect of internal gains such as lights and the
effect of solar radiation passing through the wide glazed facades that characterize shopping
centre transitional spaces.

The measurements were performed in both mid-season and summer conditions. This is visible
from the frequency distribution of the outdoor-indoor temperature difference shown in Figure
33.

100 150
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Figure 33 Frequency distribution of the difference between outdoor and indoor temperature during the three
campaigns

From Table 10 differences i the average clothing level mn the three shopping centres is
observed. In SCO1 the measurements took place in both April and June. This justified an
average value of clothing higher than for SC02 and SC03 where the measurements were
performed just under summer conditions. The lowest average clothing level is recorded for
SCO03 were the highest outdoor temperatures were recorded. The average clothing level are
anyway lower than 0.50 clo, the standards references value for the calculation of the comfort
temperatures under summer condition [3.4].

4.5.4 Thermal comfort model applied to transitional spaces

4541 PMYV-PPD model

By merging the data collected with MEMO, the information about the clothing level gained
through the questionnaire and assuming 1.6 met as metabolic activity, Fanger’s indicators, PMV
and PPD, were calculated for each interviewee using the validated package “comf’ [4.7]
developed in R environment.

To assess the applicability of Fanger’s model, the predicted and actual number of people
dissatisfied were compared over 1 K operative temperature intervals. The interval of operative
temperature considered are shown in Table 11. The value of operative temperature in the first
column is the centre value of + 0.5 °C interval with respect of the value showed.

The actual dissatisfied people were considered the ones whose TSV was out of the mterval [-1;
+1], [3.3]. As predicted dissatisfied people were considered the customers which PPD is above
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20% which is the considered threshold for comfortable conditions by both EN 7730 [3.4] and
ASHRAEE 55 [3.2].

Table 11 Intervals of operative temperature considered for the whole analysis

mterval to ,°C range °C

22 21.5 <t<22.5
23 22.5<t<23.5
24 23.5<t<24.5
25 245 <t<25.5
26 25.5<t<26.5
27 26.5 <t<27.5
28 27.5 <t<28.5
29 28.5<t<29.5

The comparison between the two values, the customers’ samples size and the average clothing
levels, are reported in Figure 34. As it can be seen in the figure, for operative temperatures
between 25°C and 28°C, Fanger’s model tends to overestimate the number of dissatisfied
customers. When the operative temperature is in the 24 °C mterval, the trend is reversed with a
slight underestimation of the comfortable conditions.

The discomfort overestimation increases with the increase of the operative temperature. This
suggests that users of transitional spaces can stand higher operative temperatures than predicted
by the steady state model.
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Figure 34 Comparison between the actual (field study)and predicted (from Fanger) number of people not
satisfied with the operative temperature

Because of the nature of the seven —point scale used to assed customers’ thermal sensation, the
TSV is a categorical variable which is not directly comparable with a continuous variable as the
PMV. A direct comparison between actual TSV and PMV is however possble with a
categorization of the PMV. Taking advantage of the function “cutTSV” of the package “comf”
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[4.7] the categorization was realized: e.g. all values lower and equal then -2.5 were set to a value
of -3, higher than -2.5 and lower or equal -1.5 to -2, and so on.

Once the categorization was completed, the calcBias function [4.7] was applied in order to
compare the prediction of PMV with respect of the actual sensation of customers (TSV). The
function calculates the mean bias and its standard deviation and standard error between
predicted thermal sensation votes (coming from the categorization of the PMV) and actual
thermal sensation votes (TSV).

The differences between the Fanger’s model and the actual thermal sensation of customers are
confrmed by looking at the mean bias between the PMV and the TSV reported n Table 12.
For operative temperatures between 25 °C and 27 °C the error in prediction is between 0.4 and
0.6 thermal sensation unit. At 24 °C there is still an error prediction of 0.3 thermal sensation
unit but in opposite direction. This means that the actual thermal sensation of customers is
towards cool compared to the prediction. The inaccuracy of PMV model in predicting thermal
sensation for transitional spaces finds explanation in the assumptions at the base of this model.
The method is indeed based on the assumption that people are in steady-state condition, which
is not the case of shopping centre transitional spaces. As explamed in the introduction, subjects
are under a constant thermal transient because of moving within different zones of the shopping
centres (shops, common areas, food store, ecc..). Furthermore, they experience an mitial thermal
sensation overshoot due to the temperature difference between outdoor and indoor, parameter
that is not taken into account by Fanger’s theory and model

Table 12 Means Bias, standard deviation and standard error between predicted PMV and actual TSV

to [°C] Ni mean Bias sdtBias se Bias
22 5 0 1.73 1

23 11 -0.45 0.93 0.28

24 48 -0.29 0.87 0.13

25 247 0.40 0.93 0.06
26 284 0.60 1.04 0.06
27 104 0.54 0.85 0.08

28 21 0.57 0.81 0.18
29 3 0 1.73 1.0

4542 EN 15251 Adaptive comfort model

The adaptive comfort model was also tested. In particular, it was verified how far the average
operative temperatures recorded during the measurements days were from the predicted comfort
temperatures. The data were crossed-checked with the level of satisfaction of customers with
respect of these temperatures.

For each day of measurement the daily comfort temperature has been calculate as shown in
equation (4)

teomr = 0.33t,, +18.8 °C (4)

comf

Where tim is the mean running temperature calculated according to the procedure described in
the EN15251 [3.16].
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The mean running temperature is an index introduced by Nicol and Humpreys [4.10] as
improvement on the monthly mean temperature that was originality used by Humpreys [4.11]
to predict neutral temperature i free-running buildings. Considering that the temperature
within a month can be very variable, they suggested the use of an exponentially weighted
running mean of the daily mean air of the previous days. The formula is therefore express in
the form of a series [4.11].The weather data of the three sites in the days before the
measurements, used for the calculation of the t:m were retrieved from weather station closed to
each shopping centre [4.12].

The customers are assumed to be satisfied when their TSV is within the range of slightly cool
(-1) and slightly warm (1). Their percentage is calculated over the total respondent of each
measurement day.

For the graph reported in Figure 35 some interesting consideration about the applicability of
the adaptive model to shopping centre transitional spaces.
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Figure 35 Comparison between comfort temperature calculate according to adaptive model (EN 15251) the average
operative temperature measured during measurements days and the percentage of customers satisfied

During the 4", 5t" and 6" of April in SCO1, the active cooling system was off. The mechanical
ventilation system was providing just the mmnimum hygienic airflow rates.

For the measurements days in SCO1 and SCO2 the estimated comfort temperatures are in line
with the actual average operative temperatures experienced by the customers. While for SCO1
on summer period (21" and 22! of June) these temperature allow for 90% of satisfied
customers, for SCO1 the percentage of satisfied customers cross the 80% just one day (6" April).
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On April 5, 60 customers were interview and just 50% of them were satisfied with the thermal
environment.

The almost same level of operative temperature is experienced on July 18™ in SC03 by 52
customers and the percentage of them being satisfied reached the 100%.There are two main
reasons creating this difference on customers’ thermal sensation:

e the first one is the clothing level: in April, customers of SCOI have an average level of
clothing equal to 0.78 clo (April 5t") which quite well represents a mid-season situation.
In July the average level of clothing in SC03 is equal to 0.38 clo (July 18). Therefore,
experiencing the same operative temperature, the level of satisfaction is higher when the
clothing level is lower!2.

e the second factor in creating such difference in satisfaction is the effect of the
temperature step between outdoor and indoor. While in April an up-step temperature
difference is experienced, in July we have a down-step temperature difference. This
subject will be further analysed in paragraph 4.5.6 where the effect of the temperature
difference on customers’ thermal sensation and preference during the day of
measurements before mentioned will be investigated.

The average operative temperatures recorded m SCO02, which was mechanically conditioned
during the measurements, are almost equal to the predicted comfort temperatures. The
percentage of satisfied customers was around 90%. Looking at the data from SCO03, the
percentage of satisfied people are quite high but at lower average operative temperature than
the predicted comfort temperatures.

Based on the analysis, the direct application of the adaptive thermal comfort model for
transitional spaces is judged not recommended. This conclusion was reached especially for the
conditions of dissatisfaction that such predicted comfort temperature can create in mid-season
period.

In order to derive a model to assess thermal comfort in shopping centre transitional spaces, it is
first of all necessary to better understand the range of operative temperature judged as
comfortable by the customers. This aspect will be further mvestigated i the following
paragraphs 4.5.5. and 4.5.6..

A tabulation of the data shown in Figure 35 is reported in the Annex C, Table 30.

4.5.5 Investigation of customers’ perception of the thermal environment

In the following paragraph the distribution of the customers’ answers related to thermal
acceptability, preferred thermal sensation, and comfort are presented and discussed. The data
have been grouped and binned over 1 K operative temperature intervals. From the direct
observation of the data, it will be possible to understand the thermal perception of the customers
and to understand what the comfortable ranges are.

12 We can assume from the measurement that the otherparameter affecting thermal comfort are almost comparable
(paragraph 4.5.3).
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4.5.5.1 Customers thermal acceptability

In Figure 36, thermal acceptability for each temperature range is presented. In case of imdoor
operative temperatures up to 28°C the percentage of people not accepting the thermal
environment is below 20%. The situation is completely different, with 100% of non-acceptance
when the operative temperature is over 29 °C. It has to be highlighted that for this interval the
sample is made just by 3 customers, therefore no solid considerations can be derived, as well as
for temperature intervals 22 °C and 23 °C (because of the same reasons)!3.
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Figure 36 Bar Chart of the distribution of customer’s thermal acceptability over operative temperature intervals

4552 Customers thermal sensation
Thermal sensation votes were divided into three subcategories:
e TSV(-1,0,1) stands for customers that are satisfied with the thermal environment;
e TSV (-3-2) stands for customers that are cold dissatisfied;
e TSV (+3,+2) stands for customers that are warm dissatisfied.

By grouping in this way the thermal sensation votes, for each operative temperature interval, it
was possible to identify the reason that generates discomfort (too cold or too warm).

A general satisfaction with the environment is observed, from 22 °C up to 28 °C (Figure 37). A
great adaptation/tolerance to a wide range of operative temperature is hence demonstrated.
When the operative temperature is 29 °C the environment is perceive as too warm.

13 Statistical validation for the temperatures ranges is presented in paragraph 4.5.5.4.
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Figure 37 Bar Chart of the distribution of thermal sensation over operative temperature intervals [°C]

By adopting the same aggregation of the TSV the percentage of satisfied, cold dissatisfied and
warm dissatisfied were plotted in the graph in Figure 38. The aim is to find the optimal operative
temperature which minimizes the number of dissatisfied customers. Since there is no significant
variation in the percentage of the dissatisfied, a range of optimal operative temperature can be
assumed between 25 °C and 28 °C.

By filtering only the date of the TSV (-1, 0, 1) into:
e neutral, customers who voted for “neutral” (0);
e warmer than neutral, customers who voted for “ slightly warm(+1);
e cooler than neutral, customers who voted for “slightly cool(-1);

it is possible to look at the neutral temperature (see paragraph 3.2).

The data gathered in this way are showed in Figure 39. The neutral temperature should be the
temperature at which the curve of “% warmer than neutral” and “% cooler than neutral” cross
each other and the “% neutral” should be at that pomnt the maximum recorded. This situation
does not happen because of an unusual behaviour of the distribution of the votes for the
operative temperature intervals below 25 °C.

The percentage of “warmer than neutral” should proportionally decrease with the decrease of
the operative temperature. The percentage of “cooler than neutral” should on the other hand
increase. The behaviour is in this case inverted. The explanation could be found i the small
samples in the extremities. Nevertheless, it is reasonable to assume that the neutral temperature
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falls in the range between 25 °C and 26 °C where the distance between the curve “% warmer
than neutral” and “% cooler than neutral” is minimized.
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Figure 38 Distribution of satisfied, warm dissatisfied and cold dissatisfied overoperative temperature intervals [°C]
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Figure 39 Distribution of customers with TSV equal to neutral, warmer than neutral and cooler than neutral over
operative temperature intervals [°C]

4553 Customers thermal preference
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The bar graph in Figure 40 reports the distribution of customers’ thermal preferences.
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Figure 40 Bar Chart of'the distribution of customer’s thermal preference over operative temperature intervals

For operative temperatures between 22 °C and 24 °C, customers’ preferences are almost equally
distrbuted between ‘“no change” and “cooler”. The higher the operative temperature
experienced the higher is the percentage of people preferring to be in a cooler environment.

Again, as observed for the neutral temperature (Figure 39), a unique derivation of the preferred
temperature cannot be assessed. As shown m Figure 41 indeed the curve of ‘% wanting to be
warmer” and “% wanting to be cooler” cross in two different points. It is assumed therefore that
the preferred operative temperature falls in the range between 25 °C and 26 °C.
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Figure 41 Distribution ofthe customer’s thermal preference over operative temperature ranges
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4554 Customers thermal comfort

As last question the customers were asked to rate their general state of comfort using a six-point
scale. The results are reported in the bar chart in Figure 42.
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Figure 42 Bar graph distribution related to the thermal comfort questions

For the majority of the operative temperatures, people express theirr vote in the comfortable side
of the scale. Looking at the results, an operative temperature of 28°C in summer still guarantee
a comfort for at least 80% of the occupants.

The results presented in Figure 42 suggest that customers judge as comfortable a wide range of
mdoor operative temperatures. This result is in line with previous finding about transitional
spaces acceptable temperatures presented in paragraph 3.4.

A generalization of the data is possible if the results are broaden from the sample of this study
to the entire population of shopping centres users. We take advantage of inferential statistic and
in particular of the Central Limit Theorem [4.13]. The application of this theorem is allowed
for categorical data (as in this case) when these three assumptions are verified:

a) the sample is random;

b) the sample is independent;

¢) n*p>5 and n*(1-p)>5, where “n” is the sample number and “p” is the minimum
expected probability.

For the content of our study, the goal is to have for each operative temperature interval 80% of
people satisfied with the thermal environment. This means that the minimum expected
probability is 80% (p=0.8). To simplify the statistical analysis we have grouped the answers of
mterviewees into two macro categories that are: respondents stated to be n “thermal comfort
condition” and those that answered to be in “not thermal comfort condition”.

Thus, looking at the data, conditions a) and b) are respected because of the nature of the study
(see paragraph 4.4). If we want to infer the observation to the entire population, we need to
verify the operative temperature itervals that respect also condition c).
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From Table 13, condition c¢) is verified for operative temperature intervals between 24 °C and
27 °C. Considering the way intervals have been created (see Table 11), we can conclude that
the comfortable temperatures during summer season range between 23.5 °C and 27.5 °C.

Table 13 Central limit Theorem assumption check for different operative temperature interval

Operative
temperature  Number Minimum n*p n*(1-p)  Min(n*p,
interval (n) expected n*(1-p))>5
O probability
®

22 5 0.8 4 1 no

23 11 0.8 8.8 22 no

24 48 0.8 384 9.6 yes

25 247 0.8 197.6 49.4 yes

26 284 0.8 227.2 56.8 yes

27 104 0.8 83.2 20.8 yes

28 21 0.8 16.8 42 no

29 3 0.8 24 0.6 no

4.5.6 Investigation of temperature-initiated thermal overshoot

Several literature studies involving human subjects revealed the occurrence of a phenomenon
named thermal sensation overshoot. This events consist in a variation of the thermal sensation
after experiencing a temperature difference while moving from outdoor to an mndoor
environment, [3.10],[3.11],[4.14]. After moving from a warmer/colder environment to another
environment which is respectively cooler/warmer than the previous, thermal alliesthesia takes
effect. Thermal alliesthesia relates to the thermal pleasure sensation and overshoot generated
by the restoration of a thermal stress towards neutral conditions [4.15],[4.16].

Nevertheless, attention should be paid to the initial thermal stress that generate the overshoot.
The goal is assure always a temperature step between mdoor and outdoor that avoids
uncomfortable thermal overshoots. If reaching this goal the use of thermal sensation overshoot
mn summer transient condition can be used to adjust the indoor design temperature on the base
of the outdoor conditions striving for energy efficient improvements with no thermal comfort
penalty [4.17].

The objective is to find the optimal temperature difference between outdoor and ndoor which
allow to minimize the percentage of dissatisfied people. The awareness about optimal
temperature can help in a better control of the indoor environment on the base of the outdoor
conditions.

45.6.1 Effect of the permanence period on customers sensation

Before analysing the effect of temperature differences on customers’ thermal sensation, the
influence of permanence period is investigated.

Customers move within the shopping centre going to and from the shops placed along the
common areas where, most of the time, the thermal condition are different. Therefore,
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customers are constantly subjected to a thermal transient and particularly they can experience
two different typologies of thermal sensation overshoot:

e a first thermal sensation overshoot due to outdoor-indoor temperature difference
experienced when they first enter inside the shopping centre;

e secveral thermal sensation overshoots due to the temperature difference between the
shops and the common areas.

In paragraph 3.3.2 the period of time need to reach thermal neutrality was discussed. A reference
period of 10 minutes is assumed to be enough to reach neutrality with the environment after a
temperature difference step [3.10].In relation to shopping centre we can assume that in the first
10 minutes customers are just experiencing the common areas thermal environment. If thermal
sensation overshoot due to outdoor-indoor temperature occurs, the thermal sensation of
customers should be mnfluenced by the temperature difference they undergone within this
timeframe. Figure 43 shows the distribution of the permanence period at the moment of the
mterview for the three case studies. Looking at the total sample, 34% ofthem were interviewed
within the first 10 minutes of permanence, 27% had spent a period between 10 and 20 minutes
while the majority of the customers, 40% were mnside the shopping center for more than 20
minutes.
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Figure 43 Permanence period within the three case studies

To verify any correlation between the environmental parameters measured and the thermal
sensation, comfort, and preference of the customers, correlation statistics was used.

The Kendall non-parametric test is used since we deal with categorical data with pairwise. The
Kendal correlation coeflicient gives mnformation about the strength of dependence of a
dependent variable from the independent ones.

For the content of the study the dependent variables, named Y, are:
Thermal sensation vote TSV;
Thermal comfort vote TCV;

Thermal preference vote TPV.
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The null hypothesis (Ho) is: “Y is independent from X’ where X can be:
tdry,out. outdoor air temperature (°C);
tin : indoor air temperature (°C);
tdry,out -tin : difference between outdoor and mndoor air temperature (°C);
to : operative temperature (°C);
RHin : indoor relative humidity (%);
RHout : outdoor relative humidity (%);
Vair : indoor air velocity (m/s).

If data gives us confidence to reject the null hypothesis then this provides support for our
experimental hypothesis. Once we have calculated the test statistic, we calculate the probability
of this test statistic occurring by chance; if this probability is less than 5% (p-value
<0.05/confidence level 95%) then we generally reject the null hypothesis which means that the
relationship between dependent and independent variable is statistically significant.

According to the test set-up, a negative value of the correlation coefficient implies an inverse
relationship between environmental parameters (X) and the dependent variable ().

The data were filtered for customer who have spent less than 10 minutes and more than 10
minutes. The results are shown respectively in Table 14 and Table 15.
Table 14 Correlation values among TS, TC, TP with the indoor and outdoor environmental parameters through

Kendall non-parametric test (* statistical significance with 95% confidence interval, ** statistical significance with
99% confidence interval) for customers who have spent less than 10 minutes

Environmental parameters

Outdoor Indoor
Dependent variables Taryout  RHout Tin RHin  Vair Top. Tdry,out - Tin
Thermal sensation (TS) NS NS NS NS NS NS -0.16%*
Thermal comfort (TC) NS NS NS NS NS NS 0.11*
Thermal preference (TP) NS NS -0.11%* NS NS -0.11%* NS

Table 15 Correlation values among TS, TC, TP with the indoor and outdoor environmental parameters through
Kendall non-parametric test (* statistical significance with 95% confidence interval, ** statistical significance with
99% confidence interval) for customers who have spent more than 10 minutes

Environmental parameters

Outdoor Indoor
Dependent variables Tdryout  RHout Tin RHin Vair Top. Tadry,out - Tin
Thermal sensation (TS) -0.12**  0.08* NS 0.14%* NS NS -0.17**
Thermal comfort (TC) NS NS NS NS NS NS NS
Thermal preference (TP) NS -0.08* -0.11**  -0.11%* NS -0.11%* 0.11*

As general comment, even when the null-hypothesis can be rejected, the values of the
correlation coeflicient are weak. According to [3.25], only correlation coeflicient > 0.3 can be
accepted as relevant. Therefore no strong correlations are observed. This result is not surprising
considering the multi-causality that defines the state of comfort of a person. The results are
however interesting because they allow to better understand the dynamics if comparing results
for customers who have spent less than 10 minutes and more than 10 minutes.
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For the first 10 minutes of permanence within the shopping centre thermal sensation and
comfort just correlate with the outdoor-indoor temperature differences. For TS the value is
negative while positive for TC meaning that for high temperature difference Tary,out - Tin the
TS vote goes towards the cool side of the thermal sensation scale but at the same time the
level of comfort increase. This is due to the thermal alliesthestial phenomenon before-
mentioned. The preferences seem not to be connected with temperature difference but
influenced by the indoor and operative temperatures. Negative correlation coeflicients suggest
a preference towards cooler environment with the increase of the operative temperature which
is confirmed by the data earlier presented in Figure 40 and Figure 41.

The framework seems to get more complicated after 10 minutes spent inside the shopping
centre. Direct questions about customers’ movements within the shopping centre were not
placed. Nevertheless, it is very likely that customers are under a constant state of thermal
transient because they experience different temperatures by moving from one shop to another
crossing the common areas without reaching a thermal neutrality. This is proved by the fact that
the thermal sensation is not correlating with either indoor or operative temperature. Indeed, the
temperature recorded and used for this correlation analysis is just the one experienced during
the mterview in the common areas. Because of high variability of the customers’ path and the
complexity of a measuring campaign which would have been included also all the shops, no
mnformation about the environmental parameters experienced in the different shops are
available. After 10 minutes the TS still correlates with the temperature difference Tary,out - Tin
but also with the indoor relative humidity.

While in the first 10 minutes of permanence thermal comfort was influenced by the outdoor-
indoor temperature difference, later on it is not correlating with any environmental parameters.
This result is quite strange but it probably means that after ten minutes being inside the shopping
centre, subjective parameters are more influent in the determmation of the state of comfort.

Thermal preference is equally influenced by indoor temperature, relative humidity and outdoor-
indoor temperature difference. For this last one, the correlation coeflicient is negative meaning
that there is a preference towards warmer environment with the increase of outdoor-indoor
temperature difference experienced.

These results show that there is not a specific environmental parameter that correlates
significantly with the way people perceive the indoor thermal environment. However, the
temperature difference between outdoor and indoor is the one recording the highest correlation
coefficients with the thermal sensation for both permanence periods (less than 10 minutes and
more than 10 minutes).

Because thermal sensation and preference are affected by Tary,out - Tin, @ further investigation
was conducted. The cumulative frequency distributions for the ‘‘want to be warmer’ and
“want to be cooler’” inclinations were plotted against the sensation of the thermal environment
reported by customers for both permanence periods (Figure 44).

The point located at the mtersection of the two cumulative curves corresponds to the subjects’
preference in terms of sensation. As shown in Figure 44, this preference did not coincide with
the thermal neutral condition, but was shifted slightly toward a negative value on the sensation

73



scale. The optimal sensation occurred at levels of -0.33 and -0.35, respectively, for “less than
10 min” and “more than “10 min”. The values are very close meaning that no significant
difference occur. The cumulative distrbution on the left side of the thermal sensation scale
(Figure 44) is wrregular compared to the right side. This trend is probably due to the low or
sometimes absent distribution of votes for that side of the scale. From the correlation analysis,
we discover that for the first 10 minutes the thermal preference is influenced just by outdoor-
mdoor temperature difference. After this period, in addition to the outdoor-indoor temperature
difference the thermal preference correlates also with the indoor parameters as indoor
temperature. Nevertheless from a deeper investigation no significant difference was noticed in
the optimal sensation. No matter the time spent indoor, the thermal preference of customers is
slightly bias toward cool. Nevertheless, it was noticed from the analysis of the thermal
preference vote over the operative temperature intervals (Figure 40) that the majority of the
preference goes for “no change”.
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e
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Figure 44 Percentage of preference against sensation depending on permanence period

Table 31 and Table 32 (Annex C) report the rough data of the customers’ preference which
have been used for building the cumulative frequency in Figure 44. The respectively show the
data for “less than 10 minute” (Table 31) and “more than 10 mmnutes” (Table 32).

45.6.2 Down-step outdoor-indoor temperature difference effect on thermal sensation

When a subject move from warmer environment to a cooler environment we refer to down-step
temperature difference. In the case of shopping centre, this is basically what happen in summer
season when customers from outside enter in the shopping center.

The objective is to identify the optimal temperature difference between outdoor and ndoor
which allow to minimize the percentage of dissatistied people. To assure a statistical good
sample for the considered temperature difference mterval, because of the nature of the data
collected, the analysis can be conducted just for the operative temperature mtervals where the
highest frequency of interview was observed. From the frequency distribution presented in
Figure 31 these two intervals are 25 °C and 26 °C. The data related to thermal sensation were
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analysed according to the different outdoor-indoor temperature difference experienced. The
results are presented in Figure 45 and Figure 46, for 25 °C and 26 °C respectively. The
percentage of dissatisfied customers, mainly warm dissatisfied for all temperature difference
mtervals, is marginal compared to the percentage of people that are satisfied which is always
over the 80% threshold.
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Nevertheless an optimal outdoor-indoor temperature difference can be considered the one that
minimize the percentages of dissatisfied, even though are already very low. These are 2-4 °C
and 4-6 °C respectively for 25 °C and 26 °C operative temperature interval (Figure 45 and Figure
46).

45.63 Down-stepoutdoor—indoor temperature difference effect on thermal preference

Because the objective is to find the temperature that optimize customers experience mside the
centre, it is important to understand temperature difference which affects also thermal
preference. Therefore the same approach of paragraph 0 was also applied to the customers’
thermal preference votes. The results are shown in Figure 47 and Figure 48 respectively for 25
°C and 26 °C operative temperature intervals.
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Figure 47 Effect on preference of different outdoor-indoortemperatures for operative temperature equal to 25°C

For operative temperature in the interval of 25 °C (Figure 47), the percentage of the customers
who want to be warmer and cooler undergo to atrend inversion when the Tary,out - Tin is between
2 °Cand 4 °C. This is probably due to the lower clothing level of the customers i that interval.
It seems, however, that no specific temperature difference optimize the customers’ preference.

As it can be seen in Figure 48, the temperature difference between outdoor and indoor that
mmimize the percentage of the customers asking for cooler environment is equal to 2-4 °C,
which is also the interval that maximizes the percentage of customers that want no change.
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45.64 Effect of outdoor-indoor temperature step under different seasons

In paragraph 4.5.4.2, it was highlighted that for two different days of measurements (April 5
and July 18h) customers experiencing the same operative temperature expressed different
satisfaction with the thermal environment. Even though the days were in different season and
in two different shopping centres, SCO1 and SCO03, almost the same level of environmental
parameters were recorded. A summary is shown in Table 16. Average outdoor temperature are
different because of the two different period of the year.

Table 16 Average values of the relevant indoor and outdoor environmental parameters the April 5t and the July
lgth

Indoor Outdoor
Date Sample top RH Vsair tdry out RH Clo
(0 (%0) n/s (°C) (%)
SCo1 April 5t 60 24.9 59.0 0.11 24.8 35.0 0.77
SC03 July 18th 52 25.2 41.0 0.16 28.6 384 0.38

One of the reason of the different customers’ dissatisfaction was attributed to the higher level
of clothing resistance in Apri. Morgan and De Dear endorsed the fact that the outdoor
temperature affects the way people are dressed and therefore their clothing msulation level. In
their study [4.19] they also found out that among the twenty environmental variables they tested,
indoor operative temperature is the second most important variable affecting clothing
msulation. They support the theory that people adjust their clothing as a function of the mdoor
condition they are exposed to. As example, people can lower or increase their clothing
resistance by removing or adding some items depending on the condition they are experiencing.
There is anyway, especially for summer season, a mnimum level of clothing that cannot be
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overcome. For example the minimum values recorded during these two period of measurements
were 0.50 clo (April 5t%") and 0.23 clo (July 18™).

In Table 17 the Spearman’s'# rank coefficients are reported. They were calculated assuming the
clothing level as dependent variable which might be influenced by the outdoor temperature or
by the operative temperature (independent variables). In April the clothing level correlates just
with the outdoor temperature. The fact that is not correlating also with the ndoor operative
temperature can be potentially explamed in two ways:

e Customers cannot adjust their level of clothing because they are wearing a single items
for the upper part of the body that cannot be removed;

e (Customers that can potentially adjust their clothing level, do not do so because of
psychological mechanism.

Both reasons can explain the lower percentage of satisfied people with the thermal environment
compared to the day n July.
Table 17 Correlation coefficient among clothing level with the outdoorand operative temperature through Parson

parametric test (* statistical significance with 95% confidence interval, ** statistical significance with 99%
confidence interval)

April 5th July 18t
clo ~ Taryout -0.32%* NS
clo ~ Top. NS -0.39%*

The other reason which effect could be in a way added is the temperature step experienced by
the customers while entering the shopping centre. With the aim of a better understanding of this
phenomenon, the effect of the temperature difference on customers’ thermal sensation and
preference during the day of measurements was investigated.

First of all in Figure 49 the outdoor temperature trends in SCO1 on April 4" 5th 2017 and in
SCO03 on 17h-18™M July 2017. The temperature trends are quite different and in particular the
daily temperature swing is higher in the SCO1 location on April. This means that, even though
the customers are experiencing the same operative temperature inside the shopping centres,
their thermal experiences of outdoor condition are quite different. The analysis of the thermal
sensation vote over the different outdoor-indoor temperature step is reported in Figure 50.
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Figure 49 Outdoor temperature trends. April (left) and July (right)

14 Both dependent (clothing level) and independent (outdoor temperature and operative temperature) are continuous variable
with non-normal distribution therefore the use of Spearman’s rank coefficient is justified [4.13].
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For SCO03 customers experience only down-step temperature differences (right side of the bar
chart), meaning that they move from a warmer environment (outside) to a colder (inside the
shopping centre common areas). The thermal overshoot generates an alliesthesial effect which
results indeed in the highest percentage of satisfied customers.
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Figure 50 Bar Chart of the distribution of thermal sensation overoutdoor-indoortemperature differences for SCO1
and SCO03 with average operative temperature close to 25 °C

What happens in SCO1 is quite different. Customers experience an up-step temperature
differences which create the percentage of warm dissatisfied (TSV equal to +3 and +2). People
that comes from the outside were expected to find a cooler or at least the same temperature than
outside, which is however not the case most of the time. The failure of this expectation creates
such high percentage of dissatisfied. Most of time during the questionnaire, customers were
exactly complaining about this.

Thermal sensation results find agreements with the votes related to thermal preferences shown
in Figure 51. For SCO1 the higher is up-step temperature difference the higher is the percentage
of customers that would like to have a cooler environment. For SC03 instead the percentage of
people who asked for cooler environment is lower and even some customers would prefer a
warmer environment.

Based on the analysis, we can assume that high level of dissatisfaction with the thermal
environment and the preferences for a cooler environment in SCO1 on April are due to the still
high level of clothing combined with the up-step temperature differences experienced by the
customers.
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4.6 Conclusion

The main results of the study can be summarized as follows:
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The steady-state model of Fanger was proved to be not accurate in the estimation of the
customers’ thermal sensation. It tends to overestimate discomfort, with an over-
prediction error between 0.4 and 0.6 thermal sensation unit, with the increase of the
operative temperature;

The direct application of the adaptive thermal comfort model for transitional spaces is
not recommended. This conclusion was reached especially for the conditions of
dissatisfaction that such predicted comfort temperature can create in mid-season period.
The reasons of the high level of dissatisfaction were identified in the clothing level
(average value 0.77 clo) combined with the up-step temperature differences experienced
by the customers;

Shopping centres customers judge as comfortable operative temperatures that go from
23.5°C up to 27.5 °C. Neutral temperatures fall in the range between 25 °C and 26 °C
while the preferred operative temperatures are in the range between 24.5 °C and 26.5
OC;

Independently from the time spent inside the shopping centre, the temperature
difference between outdoor and indoor seems to have an influence on customers’
thermal sensation and preference. It comes out that a comfortable environment could be
guaranteed if this temperature step is restrained between 2°C and 4 °C. Nevertheless,
because of the nature of the data collected during the measurements campaigns, which
highest frequency was concentrated in the range of 25-26 °C of operative temperature,



the result cannot be however generalized to the whole range of outdoor temperature for
the summer season;

e The study arose the necessity of a tailor-made model to assess thermal comfort in
transitional spaces which correlates outdoor temperatures with indoor comfort
temperatures on the basis of the direct observation of users’ thermal sensation. In order
to expand the database of evidence further field studies are required, gathering together
a conspicuous number of data which cover all the seasons;

e To extend its reliability, the study needs to be replicated in other transitional spaces
located under different climatic conditions within Europe.

4.7 Study limitation

The methodology of the field study considers both advantages and disadvantages for the
research itself Limitations arise from the lack of direct control over the environmental variables
and from the difficulties to precisely asses human physiological conditions. On the other hand
field studies are of great importance to study people thermal perception in areal environment
under normal operation.

A first limitation of the study was that the physiological parameters of the customers were not
directly measured. Therefore the metabolic activity was assumed according to the
recommendation of the European standard comfort EN ISO 7730 [3.4], which suggest a value
of 1.6 met for “shopping” activity.

As second limitation can be found in the scale used in the questionnaire for the evaluation of
the thermal sensation. It was not continuous but discretized (7-point scale). The choice of a
discrete scale was done mainly because ofthe paper-based questionnaire. The limitation showed
up when directly comparing the PMV, a continuous value, with the actual thermal sensation of
customers which is a discrete value (it varies between -3 and +3).Within the study a direct
comparison was possible by categorizing the PMV (paragraph 4.5.4.1). By doing so, however
a certain level of thermal sensation detail is lost.

In relation to the questionnaire, we also need to consider a bias error not quantifiable due to the
spoken question with the subject in the mterview. This may also affect the results as suggested
by Mclntyre [3.6].

As further limitation of the study it should be also considered the cultural influence of the
customers interviewed. The study was conducted entirely in Italian shopping centres which

means that it reflects the thermal perception of Italian customers. The results may vary if the
study was conducted in another country.
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S Thermal comfort and airflow
performance of a mixed-mode
atrium in a warm temperate
climate

5.1 Introduction

In paragraph 1, several mixed-mode ventilation scheme were presented and transitional
spaces role within the ventilation strategy was investigated. In theirr original design
mtention, mixed-mode buildings are designed in such way that the HVAC system
operates to maintain comfortable conditions when natural ventilation limitation shows up.

The design of a natural ventilation system is however not an easy task. The design of
active systems, as mechanical ventilation and air-conditioning systems, relies on
controllable energy sources. Contrarily, natural ventilation is driven by pressure
difference which is extremely variable. Natural ventilation indeed relies on natural forces:
wind and air temperature differences generate pressure gradients between outdoor and
indoor or between different internal zones. This makes natural ventilation design very
challenging [1.6]. Even for the best design practise example, the assessment of the actual
performance a difficult task. The variability of climate condition outside and the indoor
condition in term of internal gains play a considerable role.

In arecent work [1.7], ten typical question design practitioners have on natural ventilation
were answered. The authors sustain that the rarity of natural ventilation integration in
modern non-domestic building design is due to the lack of knowledge and confidence in
natural ventilation system possibilities. This lack of knowledge is also generated by the
lack of information about the real performance of naturally ventilated and mixed-mode
buildings. As consequence, the penetration of natural ventilation solution and the energy
use intensity of new non-domestic buildings was almost constant during the last decade,
even in locations with a climate suitable for natural ventilation.

The authors also stressed the fact that to overcome this stationary situation, engineers and
design practitioners need improved airflow simulation tools by means of reliable
measurements validation.
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With the aim of reducing this lack of information, the author carried out a long term
measurement campaign in a central atrim of a mixed-mode multi-service building
located in a warm temperate climate. The atrium has most of the transitional spaces
characteristics identified in chapter 1. The objective of the measurement campaign was:

e the quantification of effect of a wind and stack-driven night ventilation over the
total cooling energy consumption of a transitional space;

e the evaluation of the indoor thermal environment by means of direct thermal
comfort assessment with the users of the atrium.

Thermal comfort evaluation followed the same methodological approach used for
shopping center which was already presented in chapter 4.

In the following paragraphs the case study, the methodology followed and the results
about the characterization of the thermal environment and thermal comfort assessment
are presented and discussed.

5.2 Case study

The building is located in the warm temperate climate of Seixal [1.18], in the south bay
area of Lisbon, Portugal Some ofits features have been already presented in paragraph
1.3.2 being one of the case studies of the database of mixed-mode ventilated transitional
spaces [1.10].

It is a multi-service building consisting of two main blocks with 3-floors connected by a
central atrium. Each block is equipped with both single and open space offices. On its
north —west orientation the building faces an auditorium which is physically separated
from the main building. The ground floor is occupied by the atrium and a cafeteria. In the
basement there are a parking, the technical room and an archive. The two offices blocks
face North and South orientation.

The central atrium (volume = 16244 m?) is a transitional space for temporary users and
people working in the adjacent offices as well as a working area for internal employees.
The space is conditioned by means of a radiative floor system, which is supported, during
mid-season and summer, by a night-time ventilative cooling strategy. The nighttime
ventilative cooling strategy involves different openings located at different oriented
facades.

Wind and stack-driven ventilation runs during night circulating airflows from West to
East side of the atrum through top hung openings located at different heights. The
strategy was designed considering the prevailing wind direction of the site. At night, it
usually comes from the ocean, namely from North-West orientation. In Figure 52 the
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exterior and the interior view of the atrium while in Figure 53 the ventilation strategy is
reported.

ATRIUM INTERIOR VIEW

Figure 52 Building view from the outside (left), an internal view of the central atrium (right)

On the inlet side (West facade) there are two rows of windows consisting of 8 openable
modules each (see Figure 53). On the outlet side (East facade) there is one row of 12
windows but just 5 of them can be operated. All the windows can have two positions,
totally closed or opened with 25° opening angle. No modulation is applied. Windows
features are reported in Table 18.

East

T | .
VENTILATION STRATEGY W S N i e

Figure 53 A 3D sketch of Seixal city Hall showing the night ventilation strategy (left) and an outdoorview
of'the second row of inlet windows on west side (right)

Table 18 Features of the windows used in the ventilation strategy

Facade Dimension Typology Maximum Number of Reference height
Orientation opening Module of the middle
angle plane from the
ground
130 cm x 95 cm Top hung 25° 14 2.12 m (first row)
West tilted (7 mod/row) 3.1 m (second row)
85cm x 95 cm Top hung 25° 2 2.12 m (first row)
tilted (1 mod/row) 3.1 m (second row)
Est 124 x 145 cm Top-hung 25° 5 13.8 m

tilted

The windows are equipped with electric actuators which are connected to the general
Building Management System (BMS) of the building. The control strategy is manual
which means that the technical engmneer of the building, based on outdoor and indoor
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climatic conditions, decides between two different modes, mode A and mode B (Table
19).

When mode A is selected, on inlet side (west fagade) only the second row of windows is
opened while on outlet side (east fagcade) 3 windows are operated. In mode B, all openable
windows on both mlet and outlet are operated. When night ventilation is applied, the
windows are kept opened for all night starting from closing hours (8 p.m.) until the
morning next day (8 a.m.). The ventilation strategy was tested by the technical engineer
also during working hours. Because of complains about draught from the people working
in the atrium, he decided to operate the windows only at night.

The building is also equipped with two rows of nine windows located in the upper part of
the atrium, on opposite orientation (North-South). Operated between April and October
these windows in the upper part of the building allow during daytime to exhaust the warm
exhaust air that stack under the ceiling with fresh one coming from the outside.
Nevertheless, for the content of this study just the openings located on west and east
orientation are considered in the performance assessment.

Table 19 Control modes for windows operations

Total Effective Total Effective Opening
Inlet Outlet Opening Area Area/
Mode Openings Openings [m?][5.1] Floor Area
A Second row 3 modules 9.7 1%
B First & Second row 5 modules 18.7 2%

5.3 Methodology

The aim of the study is to assess the performance of the large mixed-mode atrium. The
advantage of using natural ventilation at night is expected to affect the thermal
performance of the atrium resulting in a reduced coolng demand while maintaining
comfortable conditions.

In order to assess the performance, a long-term monitoring campaign was set up. During
a period of four weeks, the atrium was therefore operated under three different modes
which features are described in Table 20.

In a reference scenario, mode RFC, the atrum was operated just with the radiant cooling
floor during daytime. Under mode NV & RF'C natural ventilation operates at night from
8 p.m. till 8 a.m. and the cooling radiant floor is activated during day when needed. The
cooling set-point is equal to 24 °C which means that the system switch automatically on
when the indoor temperatures are higher than this threshold. The last mode named NV
consists in recirculating outside fresh air at night. The cooling system is mntentionally
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switched off during the day in order to prove if natural night ventilation could be alone
enough to mamntain comfortable conditions within the atrum during the day.

Table 20 Operation modes tested during the long-term measurments

Mode Description

RFC Operation of just theradiant cooling floor during the day with cooling set-point equal
to 24 °C

NV & RFC Operation of natural ventilation at night under mode A (Table 19). During the day the

radiant cooling floor is activated if the indoor temperature is higher than 24 °C.
NV Operation of natural ventilation at night only. The radiant cooling floor is intentionally
switched off.

We assessed indoor thermal comfort during the long-term measurements campaign by
applying the same methodology presented in chapter 4. 15 guests and 15 workers of the
atrim were interviewed under modes NV and NV & RFC to check if any differences
occur in the way theirr perceive the thermal environment. The data collected though the
questionnaires were cross checked with the environmental variables recorded by MEMO

(Figure 24).

Before the long term measurements set-up, a first experiment to calculate a correlation
coeflicient between the air velocity at inlet and the bulk airflow at night was performed.
This coeflicient will help to quantify the bulk airflow under mode NV and NV & RFC
during the long term measurement campaign. In paragraph 2 the methodology of this
experiment 1is presented while i paragraph 5.3.1.1 the set-up of the long term
measurement is discussed. For the methodology of the thermal comfort assessment we
refer to chapter 4.

5.3.1 Correlation coefficient and bulk airflow measurement

Full-scale measurements of airflow in buildings are commonly performed by using tracer
gas technique. This technique is based on the ijection of gas into the space where
concentration response is then measured. Carbone dioxide was used as tracer and two
different tracer gas methods were tested. The first method, Constant release method,
consists in a continuous release of a traceable gas into the space with a constant flow
during the entire measuring period. When stabilized indoor conditions are reached the
bulk airflow is calculated by solving the mass balance described in equation (5) [5.2]

co mg
3
m 2,released (T)
F(=)

s’/ [COZ,outlet]_[COZ,inlet] (%)

©)

Where
F is the bulk air flow m?/s;
€03 reteasea 18 the CO2 released during the experiment, mg/s;

€0, ourier 18 the CO2 concentration measured at outlet windows, mg/m?’;
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€Oy intet 18 the CO2 concentration measured at inlet which we assume equal the outdoor
concentration, mg/ny.

After reaching stabilized mdoor conditions the release of the CO:is stopped and a natural
decay of its concentration begins. By knowing the CO2 concentration at multiple point
during the decay it is possible to calculate the airflow through the equation (6) [5.3]

F (m_3) _ (Z}lzﬂj)*2?=1ln[c(tj)_cbg] - n*z?zﬂn[c(tj)_cbg] N Vatrium

2
N n o 42 n . 3600
el £ ‘(Zj=1t1)

(6)

Where

Cug is the CO2 background concentration equal to the initial value of COz at the beginning
of the decay, mg/m’® ;

tj is the j-th elapsed time from the decay process starting;

C(tj) is the measured gas concentration at time (tj), mg/m?’;

n the total number of measured elapsed time points (n=35);

Vatrium 1 the total volume of the atrium, nr.

The bulk air flow rate is evaluated using both methods and then the average value is used
to calculate the correlation constant k£ between airflow and mlet air velocity through
equation (7).

k = (7
Where

F is the average value of the two bulk airflow calculated with equation (5) and (6), n?;

Vair in 18 the average value of the air velocity measured at inlet opening, m/s.

53.1.1 Experimental set-up

The experiment was conducted under control mode A (see Table 19). Figure 54 shows
the measurement setup.

8m
16m ;
5m. ) )
3m ® Air velocity _
-------- } CO, release point
/ hm 15m: CO, &Air temperature

Figure 54 Location ofthe sensors used for the experiment and CO» release point location

The CO2 mjection took place at 3.1 m from ground, close to the inlet in two different
positions. The air velocity of the air entering the atrium is monitored at the same level. A
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central row of CO2 and air temperature sensors is used to track the development of the
condition (air temperature and CO2 concentration) inside the atrium as well at the outlet
level. Sensors characteristics are collected in Table 21.

Table 21 Specification of the measurement equipment used for indoor

Sensor Measurement Specification
. Air velocity (indoor) Range 0to 10 m/s
E+E elektronik EE6S
elextron Accuracy +0.2 m/s + 3%
Carbon dioxide (indoor) Range 0-10000 ppm
Accuracy + 30 ppm+ 3%
CO2 Meter (K-33 ELG
eter ( ) Temperature (indoor) Range -40 to + 60°C
Accuracy +0.4 °C at 25 °C

Natural ventilation relies on natural forces. For this reason information about the actual
climatic conditions of the building site are important for the assessment of the ventilation
performance. Therefore a dedicated weather station was positioned close to the building
in an open free area at 5 m above ground level as indicated by the red star in Figure 55.

Figure 55 Location of the installation of the weather station marked with the red asterisk

It consists of a wind speed and direction sensor, a pyranometer for measuring the global
and diffuse radiation and a temperature and humidity sensor. The data were acquired
every 5 minutes. The sensors specifications are collected in Table 22.

Table 22 Specification of the measurement equipment used for the weather station

Sensor Measurement Specification
Wind speed(outdoor) Range 0-100 m/s

Wind M onitor 05103 Accuracy + 0.3 m/s or 1% reading

Campbell Scientific Wind Direction(outdoor) Range 0to 360 °
Accuracy +3°

Pyranometer SPN1 Solar radiation (global and diffuse) Range 1 to 2000 W/m?

Delta-T Devices Accuracy +5% +10 W/m2

HOBO (U12-013) Temperature (outdoor) Range —20.0 to 70.0 -C
Accuracy +0.35 °C from 0t050.0 -C
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The experiment was performed at the end of May 2017, after public opening hours, once
the building was not occupied. Starting from 6:30 p.m. CO2 was released in the atrium
for two hours and a half before reaching stabilized conditions ataround 9:15 p.m. During
this time the CO2 release rate was monitored assuring to be constant. Once the stability
was reached the release of CO2 was stopped and a natural decay process started for about
45 minutes. The experiment was concluded at 22:00 p.m..

5.3.2 Long term measurement campaign

The long term measurement campaign lasted one month n July 2017. In Figure 56 the
measurement set-up is reported.

® Air velocity
Air temperature & RH

18m i
S5m! CO, & Air temperature

Ve

$106m

-—

65m

Figure 56 Location ofthe sensors used during the long-term measurements campaign

The configuration is similar to the one used for the buk airflow experiment (see
paragraph 5.3.1.1). A center line of sensors at different positions from the ground (2m,
5m and 11m) measures CO2 concentration and air temperature. Then, within the usually
occupied area three HOBO sensors were positioned at 0.6 m from the ground recording
air temperature and relative humidity. Air velocity is tracked at inlet opening while CO2
concentration and air temperature are also monitored at mlet level and outlet level. In
order to quantify the cooling demand of the radiative floor system, the supply and return
water temperatures were also monitored by using two thermocouples positioned in direct
contact with the water flow side the pipes. The sensors characteristics are collected in
Table 23. Acquisition time step was set to 5 minutes. The same weather station described
in paragraph 5.3.1.1 was used for the long term measurements.

5.4 Results and discussion

In this section the results of the whole study are presented and discussed. The results are
presented in the following order:

e Determination of the correlation constant % ;
e Comparisons in term of energy consumption, thermal and airflow characteristics
of the modes during the long term measurements;
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e Thermal comfort assessment.

Table 23 Specification of the measurement equipment used for the long term monitoring

Sensor Measurement Specification
. Air velocity ( indoor) Range 0to 10 m/s
E+E elektronik EE65 Accuracy 0.2 m)s + 3%
Carbon dioxide ( indoor) Range 0-10000 ppm
CO2 Meter (K-33 Accuracy + 30 ppm+ 3%
ELG) Temperature( indoor) Range -40 to + 60°C
Accuracy +0.4 °C at 25 °C
HOBO (U12-013) Temperature (indoor) Range —20.0 to 70.0 -C
Accuracy +0.35 °C from 0 to 50.0 °C
Relative Humidity Range 5% -95% RH
Accuracy +2.5% from 10% to 90% RH
HOBO (U12-013) Temperature ( inlet /outlet) Range —20.0 to 70.0 -C
Accuracy +0.35 °C from 0 to 50.0 -C
TEL AIR 7001 CO2 concentration (inlet/outlet) Range 0-2500 ppm
Accuracy +50 ppm or 5% of reading
ONSET TM C6-HE Water temp erature radiant floor Range -40° to 100°C
sensor probe (Supply and Return) Accuracy £0.25°C from 0° to 50°C

5.4.1

Determination of the correlation constant &

As already discussed in the introduction, pressure differences drive the circulation of
airflow within building. The pressure difference can be either generated by wind or by
the thermal stratification mside the building, named buoyancy. The pressure force due to
wind is expressed in equation (8) while the one produced by buoyancy in equation (9).The
combined effect can be calculated with equation (10).

Where

AC, is the pressure coefficient difference, Pa;

AP,,, = ZAC,pW}

p is the air density, kg/m?’;
W, is the wind speed recorded by the weather station, nys.

Where

p is the air density, kg/m’;

g is the gravitation acceleration m?/s;
H,,, is the reference height of the outlet openings, m;
H;, is the reference height of the mlet openings, m;

T

0

T

[0

u¢ 18 the outdoor temperature, °C;
utier 1S the air temperature measured at outlet openings, °C.

AP, = JAP,Z+ AP 2

(®)

Tout—Toutle
AP, = pg(Hoy — Hip) (24—222¢0) ©)

outlet T273.15

(10)
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Where
AP, is the pressure difference due to wind, Pa;
AP, is the pressure difference produced by buoyancy, Pa.

The pressure coefficient diiference,ACp, used in equation (8), is the difference between
the average pressure coefficient at mlet and the one at outlet calculated according to

equation (11)

_ Piocal
Cp = _1—‘;;2‘1 (11)
2PYrer

Where

Piocaris the local wind driven static pressure, Pa;
p is the air density, kg/m’;
Uycris the reference value of wind speed equal to 10m/s at 10m from the ground, m.

By means of a CFD simulation model I estimated the local pressure, P;,.,;, generated by
the wind at inlet and outlet level for eight different wind orientations. The simulation was

run with the commercial CFD code Ansys Fluent 15 [5.4] and the pressure coefficient out
coming from the simulation are collected in Table 24.

The pressure coeflicient is the ratio of the local wind driven static pressure and the
mcoming wind pressure express by equation (11).

Table 24 Pressure coefficient at inlet, outlet and difference
N NE E SE S SwW W NW

Cpin 073 -027 -018 -054 000 046 097 031

Cpout -064 007 019 033 -058 -0.72 -042 -0.82
AC, -0.09 -035 -037 -0.86 058 118 139 1.13

At each time step, depending on the wind direction I calculate the AP, by using the
associated AC,. The analysis of the pressure trend during the experiment, even if was
conducted afterwards, was essential to understand the airflow physic within the atrium
during the whole experiment. It was also crucial to verify the goodness ofthe experiment.

The graph in Figure 57 shows the distribution of the monitored wind direction, and wind
speed and the pressure generated by wind during the experiment according to the pressure
distributions predicted by the CFD analysis. The prevailing wind direction was from north
and north-west orientation. We also observed a progressive decrease of the wind speed
along the duration of the experiment.
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Figure 57 Wind distribution, wind speed and pressure generated by the wind during the experiment

While the pressure due to wind decreased with time, the difference between indoor and
outdoor temperature increased resulting in an increase of buoyancy pressure (Figure 58).
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Figure 58 Temperature distribution during the experiment and buoyancy pressure

For the first half of the experiment the main driving force is the wind pressure which is
very variable and unstable as shown in Figure 59. In the second half, the airflow is mainly
driven by the buoyancy resulting in more stabilized conditions.
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Figure 59 Physics ofthe pressure during the experiment
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With reference to the CO2 concentration variation, three different phases during the
experiment can be identified as showed in Figure 60.
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Figure 60 Phase of the experiment on the bases of CO distribution

The first phase is the mixing phase, where the total pressure conditions are unstable and
the CO2 concentration progressively increases. This phase lasts for around one hour and
half till a stable concentration of CO:2 is reached. At this pomnt we enter in the second
phase, named stabilized phase, where we can observe a stable conditions for both the CO2
concentration and the total pressure for around one hour inside the atrium. The stabilized
conditions allow us to calculate the average airflow. Considering a total CO: release of
1720 mg/s and a CO2 concentration difference between inlet and outlet of around 330
ppm (600 mg/m?®), the airflow, calculated through equation (5) is equal to 2.9 m’/s.

For both calculations the CO2,inier and the C,, are assumed to be equal to 400 ppm,
measured value of the outdoor CO2 concentration.

The last phase, named decay phase, starts when the CO2 release is stopped and the CO2
mndoor concentration begins its natural decay. During this last phase we also observe
stabilized condition of total pressure .The decay time was about 35 minutes. After this
period the initial conditions inside the atrium were reached again. The airflow calculated
during the decay, through (6), it is equal to 2.7 m?/s. The error between the two methods
is 6%. For the calculation of the constant correlation k we use the average of the two
airflow values which is equal to 2.8 n’/s.

Considering an average air velocity at inlet of 0.40 m/s for the stabilized phase, the
correlation constant k, calculated though equation (7), is equal to 6.93.

This constant in going to be used to assess the bulk airflow at night under modes NV and
NV & RFC during the long term measurements, just by tracking the air velocity at inlet.

5.4.2 Analysis of the atrium energy and thermal performances

Outdoor condition may deeply differ within the timeframe of a month and it is common
that temperatures, solar radiation and relative humidity daily distribution do not follow
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the same trends. Therefore a first analysis to identify which days in term of outdoor
conditions are comparable is essential. Assuring an equality in outdoor conditions allow
us to derive more robust consideration about the energy and thermal performance of the
atrium.

For each day of measurement the number of hour is which the outdoor temperatures were
above the cooling set-point threshold (24°C) was calculated through equation (12).

CDH = Y |T,,, — 24°C| (12)

ut

The parameter CDH, which can be associate to a cooling degree hour parameters, helps
to understand for which days the outdoor climatic conditions are more extreme, resulting
in a higher cooling demand.

Solar gains play an important role in the energy balance of a building. Especially for big
space as atria with large glazed fagade, the level of solar gains to be offset in order to
maintain comfortable level in the indoor spaces is not negligible. An approximation of
the level of solar gain is done by multiplying the average valued of the direct solar
radiation'> during the occupied hours (8 a.m.-7p.m.) with the g-value of the glazing
facade system which is equal to 0.41.

CDH and Solar gains for each measurement day are presented in Figure 61. In the graph,
the different operation modes are marked with boxes with different colours. The days
identified with the star are the one in which the direct thermal comfort assessment with
guests and workers took place. As expected, it is challenging to have days that can be
directly compared. Nevertheless, some information about the reduced cooling demand
because of the operation ofthe night ventilation can be retrieved. This estimation is indeed
possible by comparing 25™ and 26" July (mode NV & RFC) with 27" and 28 (mode
RFC). For these days the level of the solar gains and the CDH trend are quite the same.

The thermal performances of the atrium under the three different modes can be examined
by comparing the days 14" (mode NV) 26" (mode NV & RFC) and the 28" (mode RFC).
In Figure 62 the wind speed and direction rose chart of the data recorded during the
measurements campaign period is presented. As expected the prevailing wind direction
is from North and North-West. The wind speed highest frequency is between 3 m/s and
4 m/s. In Annex C the wind speed and direction rose chart for each hour of the night from
8 p.m. till 7 a.m., period n which night ventilation is operated, are collected.

15 The direct solar radiation is calculate as difference between the global and the diffuse solar radiation.
Both parameters were recorded by the dedicated weather station (see Table 22).
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Figure 61 CDH and Solar Gains for all the days of the measurements campaign. Days identified with the
star are the one in which the direct thermal comfort assessment with guests and workers took place.
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Figure 62 Wind rose based on the datarecorded by the weather station installed close to the building in the
period between July 4t and July 31th 2017
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54.2.1 Comparison between NV & RFC and RFC

By comparing the coolng demand of the atruim under mode NV & RFC with the
reference mode RFC is possible to estimate the effect of night ventilation i term of
cooling demand reduction. As observed in paragraph 5.4.2, two consecutive comparable
days under mode NV & RFC and mode RFC are respectively 25t - 26t July and 27%-
28hJuly. Even though the outdoor conditions are quite similar, a more accurate
comparison between the cooling demands under the different modes is possible by
normalizing the data over the external climate conditions.

The cooling demand was estimated thanks to the monitoring of supply and return water
temperature of the dedicated radiant cooling floor of the atrum. The cooling demand was
calculated according to equation (13)

. h;.
Qcool =m,,* pr * Zhj (Tw,r - Tw,s) (13)

where:

m,, is the water flow of the radiant cooling floor which is equal to 7.2 kg/s [m*/h]'¢;
Cp,, 1s the specific heat of the water which is equal to 4.186 [kl/kg KJ;

T, is the return water temperature [°C];

T,, s is the supply water temperature [°C];

hiis 8 a.m.;

hjis 7 p.m.

In order to be able to compare the energy consumption during different days and cooling
modes, the daily cooling demand (kWh) was normalized over the cooling degree hour, as
shown i equation (14)

Q
Qcool,nl = CCL;ZI (14)

where:
QOcool is the cooling demand, kWh;
CDH is calculate according to equation (12).

The results are presented in Figure 63. The outdoor maximum temperature is different
just in July 27" being 2.5 °C lower than the other three days of measurements when
maximum outdoor temperature is around 34.5 °C. When night ventilation is operated
(mode NV & RFC) the normalized cooling demand is reduced by 43%. The values are
calculated as average values over the two days of measurements under mode NV & RFC

16 The value was recovered from the technical information gave from the energy facility manager of Seixal
city Hall
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and under mode RFC. The absolute values of the cooling demand, normalized and not,
are shown i Table 25.

e Qcool,nl —&— Tinavg ==® == Textmax —8— Textavg

220 360

200 35.0

340
180
330

160 32.0

140 31.0

30.0
120

290 %
100
28.0

80 27.0

Atrium Cooling demand [kWht/K]

26.0

250
40

240

0 23.0

220

Tue,25/07 Wed,26/07 Thu,27/07 Fri,28/07

Figure 63 Comparison of the normalized cooling demand (Nland N2) between mode NV & RFC and
RFC. The graph also show the average indoor and outdoortemperature during occupied hours (8 a.m.-7
p.m.) and the maximum outdoortemperature recorded for the four measurements days

Table 25 Comparison in term of normalized cooling demand between mode NV & RFC and RFC

Mode Qcool Qcoolnt
[kWht] (kWht/K]

RFC 315 96

NV & RFC 438 168

saved 123 72

% saved 28% 43%

The reduced cooling demand is related just to one day measurements; therefore
considering the whole summer season the potential energy saving are promising. In the
following paragraph 5.4.2.1 and 5.4.2.2 the thermal performance of the atrium operated
under the three modes are analyzed. In particular, the thermal performance of the
environment under mode NV are examined and compared with the other modes. By doing
so we want to investigate if the cooling system can be avoided or restrained to extreme
outdoor conditions. This achievements could result in reduction of operation costs of the
building without compromising users’ thermal comfort, which is also tested by the direct
thermal comfort assessment presented in paragraph 5.4.3.
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54.2.2 Comparison between NV and NV & RFC

As already discussed in 5.4.2 , a robust comparison between the different modes would
be possible if the outdoor climatic conditions are almost the same. The selected days for
comparison of thermal performance are the 14" (mode NV), the 26" (mode NV & RFC)
and the 28" (mode RFC). In Figure 64 the indoor and outdoor temperature trends for the
three days are shown. The values showed are the mean values recorded by the three
sensors located in the occupied area at 0.6 m from the ground (see Figure 56 ).
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Figure 64 Indoor and Outdoor temperature trends during the three different modes (NV-141" July, NV &
RFC-26" July, RFC-28" July)

The trend and the values of the outdoor temperatures recorded under mode NV and NV &
RFC are quite the same. The outdoor condition under mode RFC slightly differ in the
maximum and mnimum peak of temperature reached which are on average 2K lower
compared to the other modes. During occupied hours, under mode NV, although the
outdoor temperature are unfavourable in comparison with other modes, the indoor
temperature in the occupied area is just 1K higher compared to mode NV & RFC and
mode RFC. The decrease in temperature at night operated by night ventilation atoccupied
level is about 1K. This values is observed by comparing the indoor air temperature trend
of NV & RFC mode with the one of RF'C between 12 p.m. and 6 a.m.

When looking at the temperatures recorded at the different height of the atrium, the
effectiveness of the natural displacement ventilation at night is more evident. Figure 65
reports the temperature trends at 2m, 5m and 11m and outlet together with average CO:
concentration. A decrease of about 5 °C is observed at 11m and outlet level between 8
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p.m. and 7 am.. At this time the solar gains probably starts to influence the thermal
balance of the building and consequently the temperature inside the atrum. At that time
indeed the indoor temperature start raising at all the measurements height.

A decrease of the indoor temperature of around 4 K is also observed when night
ventilation is not operated as Figure 66 displays. Nevertheless the outdoor temperatures
in the night between 27 and 28" are lower and have a different behaviour compared with
the one of the night between 13" and 14" (mode NV) therefore we can assume that the
decrease in indoor temperature is influenced by the infiltration which makes also the level
of CO2 decreasing.
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Figure 65 Temperatures and CO; trend during night under NV mode (night between 13t and 14" July)

In paragraph 5.4.1, the results of the tracer gas experiment for the calculation of bulk
airflow and the correlation coefficient & were presented. This coefficient is now used to
estimate the bulk airflow at night during mode NV and NV & RFC by multiplying the
coefficient for the air velocity values recorded at ilet level (see 5.4.1).The values are
plotted for both mode NV and mode NV & RFC respectively in Figure 67 and Figure 68.
By elaborating the environmental data recorded during the measurement campaign the
total pressure difference that drives the circulation ofthe airflow was also calculated. The
methodology was presented in paragraph 5.4.1. In Figure 66 the total pressure rise along
the night up to 2 Pa, when the morning after the windows are closed. During the night
between 25" and 26" the pressure difference is more unstable with higher peaks in the
first three hour of operation. It became more stable during the rest of the night. The mean,
minimum and maximum values of the bulk airflow and the total pressure difference for
the two nights of measurements are reported in Table 26.The values are similar to the one
calculated during the tracer gas experiment, meaning that the conditions in which the
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correlation constant was derived were not far away from the real conditions in which the

building is usually operated.
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Figure 66 Temperatures and CO; trend during night under RFC mode (night between 27" and 28" July)
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Figure 67 Bulk airflow and pressure (NV mode) during the night between 13th and 14t of July

Table 26 Bulk airflow and pressure during the mode NV and NV &RFC

Mode Bulk Airflow [m’/h] Pressure [Pa]
NV Mean 9449 1.66
Min 4941 0.27
Max 11952 2.02
NV & RFC Mean 9550 1.11
Min 4824 0.74
Max 13672 2.23
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Figure 68 Bulk airflow and pressure (NV & RFC mode) during the night between 25th and 26 of July

5.4.3 Thermal comfort assessment

The central atrum of Seixal City Hall has all the characteristics of transitional spaces
described in chapter 1. There are two main typologies of users:

e Temporary users that we are going to call guests, which represent citizens and
external people that occasionally go to the City Hall to handle different
bureaucratic activities. Workers usually based in the lateral row of offices also fall
within this category. They pass by the atrum to go to the cafeteria or to attend
meeting in the meeting rooms based at the atrium level. For the scope of the study,
we however decided to interview only external guests;

e Internal employees based in the office spaces in the atrum, which we are going
to call workers. Differently from guest they daily experience the thermal
environment.

The main difference between these two building users is the permanence period within
the space. While the workersspend inside the atrium around eight hour per day, the guests
spend in general few hours inside the building. While waiting to be served they usually
relax on the couch and sofa in the middle of the waiting area showed mn Figure 69.

Guests are the one who experience thermal transient. It occurs when coming from the
outside, they enter inside the building. After ten minutes however, as seen in the study of
Chen et al.[3.10], their thermal sensation should be stabilized as well as the one of the
workers that are inside the atrium since longer.

Our question is if there is any differences between guests and workers in the way they
perceive the indoor environment under the different operation modes. To answer to this
question a thermal comfort assessment campaign was set up. The methodology adopted
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is the same presented in paragraph 4.2. The questionnaire was translated into Portuguese
language. The full version is available in the Annex D.

Figure 69 Interior view of the central atrium of Seixal City Hall

The five days of measurements are highlighted with a star in Figure 60. Each day 15
workers and 15 guests were mterviewed between 9 a.m. and 12 a.m. about their state of
comfort inside the atrium. Because of the very different outdoor climatic conditions met
during the campaign it is possible just to compare the results of the days 14" (mode NV)
and 26" (mode NV & RFC) which have almost comparable outdoor conditions. The days
before have almost the same trend. This mean that we are comparing the thermal sensation
of participant that have experienced similar outdoor conditions (see Figure 60).

From the study we want to understand if night ventilation only (mode NV) is enough to
assure a comfortable environment during days of full summer. This is possible by directly

comparing users’ thermal acceptability, sensation and preference under the two modes
(NVand NV & RFC).

Table 27 reports the statistics of the sample. Table 28 reports the indoor and outdoor
environmental characteristics during the measurements days. The clothing level is
reported too.

Table 27 Statistics of the sample of thermal comfort assessment in Seixal City Hall

NV NV & RFC
Female Male Female Male
Number of guests 8 7 7 8
less than 30 years old 1 0 0 0
between 31-50 years old 7 2 6 4
more than 50 years old 0 5 1 4
Number of workers 9 6 10 5
less than 30 years old 1 0 1 0
between 31-50 years old 4 2 5 2
more than 50 years old 4 4 4 3
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Table 28 Environmental characteristics (indoor and outdoor) and clothing level under modes NV and NV
& RFC during the thermal comfort assessment

Indoor Outdoor Clothing
To Vair RH CO, Tdry out. RH Clo
) (mss) (%) (ppm) ) (%)
NV Mean 25.0 0.10 58 813 25.8 59 0.59
SD 0.2 0.08 | 32 1.6 5 0.13
Min 24.7 0.01 57 744 23.7 47 0.38
Max 254 0.44 59 870 29.3 66 0.82
NV & RFC Mean 24.1 0.11 60 780 26.4 52 0.60
SD 0.2 0.09 1 38 1.6 5 0.11
Min 238 0.05 59 705 23.7 44 0.37
Max 245 0.51 61 833 293 60 0.82

The mean operative temperature for mode NV is 1 K higher than in mode NV & RFC
which is the only parameter slightly differing. The other parameters are almost
comparable. Also the average clothing level is the same and equal to 0.6 clo. Because all
of the nterviewee were seated, the mnsulation of the chair was also considered. This is
why the value is higher is compared to the average clothing values recorded during the
study in shopping centre (Table 10).

For the calculation of the PMV, the activity level considered is different between workers
and guests. Referring to EN ISO 7730 [3.4] for workers 1.2 met which refers to office
activities was used while for the guests 1.0 met was used which refer to relaxed activities.
For the scope of this thermal comfort assessment, the reference measurements point for
global thermal comfort of the mobile cart MEMO (Figure 24) was lowered at 0.6 m,
reference position for seated people [3.4].

With the same methodology presented in the paragraph 4.5.4.1, the PMV values were
calculated for each interview and compared with the actual thermal sensation vote,
expressed through the questionnaire. The comparison between the two values is shown in
Table 29.

Table 29 Comparison between thermal sensation prediction (PMV) and actual (TSV)

User type  Mode Ni mean Bias sdBias seBias
guests NV 15 -0.33 0.49 0.13
guests NV &RFC 15 -0.53 0.52 0.13
workers NV 15 -0.13 0.83 0.21
workers NV &RFC 15 -0.07 0.46 0.12

The comparison is between both mode NV and NV & RFC and between guests and
workers. The values of the mean Bias are negative meaning that the actual thermal
sensation of customers is towards cool compared to the prediction. For the case of workers
the mean Bias is lower compared to the guests. The reason can be related to the fact that
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workers do not experience any thermal transition due to temperature difference, while
this happens for the guests when entering inside the atrium. Fanger’s model indeed does
not correlate with the outdoor condition or either takes mto account the temperature
differences experienced by people since it is based on steady-state conditions.

From the analysis of the thermal acceptability (Figure 70) and thermal sensation votes
(Figure 71), no substantial differences between guest and workers under the two different
modes are observed. Under NV mode, for both guests and workers two over fifteen (13%)
have a thermal sensation toward warm (+3,+2).

Acceptable m Not Acceptable

14 14 14 15

Number of interviee, [nr]

el el et
S=MNWELAADNROO— WAL

NV NV & RFC NV NV & RFC
(0.59 clo) (0.60 clo) H (0.59 clo) (0.59 clo)
guests ! workers

Figure 70 Distribution of thermal acceptability between guests and workers under mode NV and NV &
RFC

TSV (+3,+42)  ®WTSV(-3,2)  ®WTSV(-1,0.+1)

b
L= e R A B = - oS VR R )

Number of interviee, [nr]

>

D

NV NV & RFC | NV NV & RFC
(0.59 clo) (0.60 clo) H (0.59 clo) (0.59 clo)
guests : workers

Figure 71 Distribution of thermal sensation votes between guests and workers under mode NV and NV &
RFC
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The distribtuion of the thermal preference vote (Figure 72) slighlty differ between guests
and workers. In both modes there is always one worker asking for a warmer environment.

B warmer H no change cooler

Number of interviee, [nr]

1 1

O =W B O -] 00O

NV NV & RFC NV NV & RFC
(0.59 clo) (0.60 clo) (0.59 clo) (0.59 clo)
guesis workers

Figure 72 Distribution of thermal preferences between guests and workers undermode NV and NV & RFC

The distribution of thermal comfort votes shown in Figure 73 reveals that for both
workers and guests the 80% threshold is reached under the two different modes. For the
guest under NV mode the achieviement of the theshold is however very tight (exactly
80%).

u very comfortable » comfortable © just comfortable  just not comfortable - not comfortable m very not comfortable
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. clo)
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Figure 73 Distribution of thermal comfort votes between guests and workers under mode NV and NV &
RFC

Under the light of the direct interview with both guests and workers, no substantial
differences have been underlined. The thermal conditions guaranteed through NV mode
are accepted and judged comfortable from both guests and workers as well as the one
provided by NV & RFC mode. Thefore it is reasonable to think that the atrium can be
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operated just letting the night ventilation working resulting in a significant reduction of
the cooling consumption.

5.5 Conclusion

The main findings related to this thermal comfort and airflow performance assessment of
a mixed-mode atrium located in a warm-temperate climate are:

e The realization of tracer gas technique in big volumes is difficult and challenging.
Nevertheless, stabilized condition can be reached. The analysis of the pressure
differences that drive natural ventilation, even though realized in the post-
processing data phase, is essential to understand whether the experiments are
successful or not;

e The derivation of the correlation coefficient between the bulk airflow and the air
velocity measured at mlet level turned to be a good method to characterize
windows when no information about windows opening are available;

e The operation of the night ventilation allow to save around 43% of the daily
cooling demand (72 kWht/K) if compared to a fully active cooling operation of
the atrium;

e Direct thermal comfort assessment of the atrium users (both guests and workers)
revealed no substantial differences i the way the thermal environment is
perceived when operated under different modes. It seems therefore reasonable to
suggest that by recirculating fresh air from the outside at night, it is enough to
maintain comfortable conditions inside the atrium i the following day.

Further analysis, which consists in validated thermal and airfow model for the atrium
will help us to better understand the physics and performance of the atrium. Analysis for
the optimization of the controls and modulation of opening area also during the day can
be afterword performed. The validated model can also help in understand and quantify
the fully potential of the atrium. Because of the difficulties in the derivation of the bulk
airflow for such large volume, the whole experiment was conducted considering just part
of the potentiality in term of night ventilation, in fact only part of the available openings
were operated (mode A). The full potentiality (mode B, Table 19) can be investigated by
means of a building energy simulation model of the atrum validated using the collected
measured data.
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6 Conclusion

Transitional spaces are widely employed in non-residential architecture. Their use may
range from areas to sit and relax or as a passage way to walk about, stop shopping or dash
to catch a train, and other activities. They do not accommodate the main activity of the
building but nonetheless they are operated as an extension of the interior environment.
As a consequence their design look for the same level of comfort of indoor spaces.

With the aim of a deeper understanding of these peculiar building zones, this PhD
dissertation focused on three aspects related to transitional spaces which are:

e the mixed-mode ventilation design;
e the thermal comfort requirements;
e the actual thermal performance of mixed-mode operated transitional spaces.

Within non-residential buildings, shopping centers have shown a great potential for the
conversion from fully mechanical nto mixed-mode operation. Shopping centres common
areas have indeed some characteristics (both architectural and technical) that makes the
conversion very feasible. The conversion becomes also very cost effective when the
mvestment costs are restrained to the connection of the windows and skylight actuators
to the BMS, which is most of the time already present in complex buildings as shopping
centres. The conversion from fully mechanical into mixed-mode operation falls, i reality,
mto a retrofit action of the common areas. When approaching a retrofit action, synergies
with other retrofit solutions, e.g. the level of mnternal gains, cannot be overlooked. The
mvestigation of the potential synergies between retrofit solutions is indeed suggested as
the first step of a design procedure proposed for the retrofit into mixed-mode operation
of the shopping centre common areas.

The conversion from fully mechanical into mixed-mode operation is further encouraged
by the findings related to thermal comfort in shopping centers common areas. The field
study allowed to identify wider range of indoor thermal comfort conditions for summer
period. This range could suite with the more relaxed ranges of indoor temperature that
passive system can assure. Shopping centers customers’ judge as comfortable operative
temperatures that go from 23.5°C up to 27.5 °C while the actual recommended design
criteria for department stores (EN 7730) refer to a narrow range. The recommended
comfort temperature are also completely disjointed from the high variability of outdoor
condition within a season. Contrarily the study proved that outdoor condition cannot be
disregarded. The way customers perceive the thermal environment is indeed nfluenced
by the indoor-outdoor temperature difference they experience. In particular, it was
observed that customers were dissatisfied with the thermal environment, preferring a
cooler one, when they were experiencing an up-step temperature difference wearing a
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typical spring-like clothing ensemble. The two thermal comfort models, PMV-PPD
model and adaptive model, resulted to be not accurate to estimate customers’ thermal
sensation. Therefore the necessity of a tailor-made model to assess thermal comfort in
transitional spaces is disclosed. The model could correlate indoor comfort temperatures
with outdoor temperatures on the basis of the direct observation of users’ thermal
sensation. In order to expand the database of evidence, further field studies are required,
gathering together a conspicuous number of data which will cover all the seasons.

The study highlighted how customers are inclined to accept less stringent environmental
conditions, compared to the one predicted by the PMV-PPD model This finding unlock
mmportant energy use implication. If shopping centre HVAC systems are operated in a
more flexible way and natural ventilation potential is exploited, the final goal ofachieving
more energy efficient buildings without sacrificing users’ comfort seems closer. The
ability of providing comfortable indoor conditions by natural ventilation was proved by
the thermal comfort performance assessment of a mixed-mode operated atrium.

Daytime indoor thermal conditions guaranteed by just operating night-time ventilation
were judged comfortable by the atrium users as well as the ones provided by a mixed-
mode operation of the atrium. Users’ state of comfort was independent from the way the
space was conditioned. It is therefore reasonable to think that when climatic and
occupancy conditions allow for it, mdoor comfort condition of transitional spaces can be
potentially guaranteed by passive solution only, as ventilative cooling. This reflect in a
consistent reduction of the operation costs for cooling. These results are restrained to a
warm-temperate climate. But even in situations/locations where air conditioning is
unavoidable, the wider range of indoor thermal comfort conditions would mean less
cooling demand and hence less electricity consumption for the air conditioning systems.

In the perspective ofthe reduction of building energy consumption without compromising
thermal comfort, the results of this thesis boost the mterest towards building operated
under mixed-mode. The potentialities of transitional spaces expressed in the thesis need
to be taken into account in non-residential building design.

The nature of the results for shopping centers transitional spaces can be then extended to
all non-residential building that have transitional spaces with similar features.

In relation to the mixed-mode operated atrium, an energy model validation of thermal and
airflow performance over the measured data is foreseen. A validated model is a powerful
tool that can be then used to assess the mixed-mode solution in different climates. It can
be as well used to identify better control strategies that can further reduce the energy
consumption of the building optimizing thermal comfort.
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Annex A

i S
EuRac LI
research ComminN Lnergy
Study related to the shopping centre users” indoor thermal com-
fort perception

With this guesfionnaire, we would like to hawe information about your comfort inside fhe shopping centre. In particular, we want
to know your satisfacion aboutthe ambienttem perature that you are experence in this moment The results will help us to
identify possible change on the heating-cocling systems” set-poinis with a possible contribution an reducing fhe shopping cen-
tre energy consum pion. Eurac reseanch will use the collected data only for scientific purpose. Yourimwhementis wluntary
and the data willusein an anomymous and confidential way. Thanks for collaboration.

Eumpean Accademy of Bozen, Viake Dwuso 1, 359100 Bolzano, Is responsibie Tor the data processing avallabie at the following =-mal address: marta av antag-
platoeurac. edu. Marts Av antagglato and ARramana Bellen are nesponsible Torthe data anaiysis.

Before starting the questionnaire, we need to know:

1. Did you drink some water, coffes, tea or alcoholic drink in the last 20 minutes?

2 Did you eat something in the last 20 minutes?

3 Hesalth condition: were you sick in the previous 7 days?

4 What activity were you been doing 30 minutes ago?

Some questions about you...
age? gender?
less than 30 years old 31— 50 years old more than 50 years old # "i“'
How long have you beeninside the shopping centre?
less than 10 min o betwesn 10 and 20 min ° more than 20 min °
How long have you beenwalking inside this mne?

less than 5 min ° between 5 and 10 min o between 10 and 20 min ° more than 20 min °

Howdo you evaluate the indoorair quality?

wery satisfied quite satisfied quite unsatisfied very unsatisfied

How do you evaluate the thermal environmentin this moment?

Aoceptable Mot acceptable
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Annex B

EURAC )

rasearch.ommiN Snergy

Studio relativo alla percezione del comfort termico degli utent
allinterno del centro commerciale

‘Con guesto questionario vormemmo avere informazioni riguardo il two stato di benessere all'intemno del centro commerciale & in
particolare il tun grado di soddisfazione riguardo la temperatura dell’ambients in cui ti frowi in questo momento. | isultati del
questionario ci serviranno a identificare possibili modifiche ai parametri di controllo dei sistemi di fiscaldamento e raffresca-
mento contribuendo ad una possibile diminuzione dei consumi energetici del centro commerciale. | dafi raccolti saranno utiliz-
zati da EURAC {Accademia Europea di Bolzano) al solo fine scientifico per un progetio di icerca riguardo il comfort termico
allintermo dei centri commerciali. La partecipazione al questionario & volontaria e i dati saranno trattai in maniera anonima e
confidenziale. Ti ringraziameo in anticipo per la disponibilita.

Al sans] deiraricoio 13 oel D. Lgs. n. 1952002 La Informiameo ehe | Sunl 633 sono trattat 3 find sclentMed. | dati vermanne trafial con modalta Infomatizzte &
earacee & nan 50n0 5009t 3 comunicazicns & dffusione. | conferimenio del dall & facoitative; futiavia il mancato conterimento degl shessl compora Fimpos-
sibillts d essers sothopoet 3 questionano. Lel pud In ognl momenin eseniiare e tacolts previste daifart. 7 ded D. Lgs. 196/2003 contattando | titolare el tratta-
mento, FAccademia Erpea Bolzano, Visle Do 1, 33100 Baizano, al sequente Indnzzo emall: mat Svanzggiaigeurse eou. | responsatil de trattaments
el datl sono: Marta Avantaggiao @ Annamara Belled,

Prima di cominciare col questionario, vorremmo sapere:

1. Hai bevuto acqua, t&, caffé o bevande alcoliche negli ultimi 20 minuti?

2 Hai mangiato negli ultimi 20 minuti?

3 Hai avuto l'influenza o il raffreddore negli ultimi 7 giomi?

4. Quale attivita stavi svolgendo circa 30 minuti fa?

Alcune domande su di te...

eta? _sessa?
mena di 30 anni 31— 50 anni pili di 50 anni % T

Dia gquanio tempo sei all'interno del centro commerciale™
menao di 10 minuti e dai 10 ai 20 minuti ° pits di 20 minuti o
Dia quanio tempo stai camminando in questo ambiente?

meno di 5 minut © wissomnt )  csinsizomne P | piddi 20 minus ]

Quanio & soddisfatto della qualita dellaria dell' ambiente in cui si trova in quesio momenio?

molfio soddisfatio abbastanza soddisfatto piuttosio insoddisfatio molto inseddisfatto

Dal punto di vista termico: come valuta 'ambiente in cui si trova?

Accettabile Mon accettabile
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Cosastal INdoss andd In queste momento?

camicis manichs coris

A o 7 10

magione o lans magicns o colonefelpa

T-skirt manichs lunghs

I

‘vestito maniche corbe

iy

wesiio maniche lunghe

£
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Annex C

Table 30 Tabulation of the data plot in Figure 35

SCO1 SC02 SC03

Da 04- 05- 06- 10- 21- 22- 13- 14- 15- 18- 19- 20-

y Apr Apr Apr Jun Jun Jun Jul Jul Jul Jul Jul Jul
N; 18 60 25 101 94 86 55 75 73 52 54 31
clo 0.78 0.77 0.78 0.50 0.48 0.42 0.36 0.38 0.38 0.38 0.37 0.40
tim 17.3 17.9 18.3 21 19.5 20.4 26.2 25.9 25.9 25 24.4 24.4
teomt 245 24.7 24.8 25.7 25.2 255 27.4 27.4 27.4 27.1 26.9 26.9
to 243 24.6 25.2 25.5 25 25.7 26.6 27.2 25.8 25.2 25.8 25.6
%

. 67% 52% 84% 78% 89% 90% 95% 89%  96% 100% 96%  97%
satisfied

Table 31 Distribution
permanence period

of preference over thermal sensation for customers with “less than 10 minutes”

wanting wanting no % wanting % wanting

TSV Ni warmer cooler change warmer cooler

-3 0 0 0 0 - -

-2 1 0 0 1 0% 0%

-1 61 14 5 42 23%, 8%

0 89 4 12 73 4% 13%

1 71 0 36 35 0% 51%

2 21 0 18 3 0% 86%

3 1 0 1 0 0% 100%

Table 32 Distribution of preference over thermal sensation for customers with “more than 10 minutes”
permanence period

wanting wanting no % wanting % wanting

TSV Ni warmer cooler change warmer cooler

-3 1 1 0 0 100% 0%

2 2 1 1 0 50% 50%

-1 96 18 5 73 19% 5%

0 165 1 21 143 1% 13%

1 162 1 102 59 1% 63%

2 50 0 47 0% 94%

3 4 0 4 0% 100%
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Annex D
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Annex E

EURAC C S:.?snbccitgs

research

Estudo de percecdo do conforto térmico dos utilizadores da
Camara Municipal do Seixal

Através deste questionrio, gostarBmos de obter informagfes sobre asua sensagiode conforto térmico no interior da Camara Municipal do Seixal
Em particular, gostaramos de saber o seu grau de satisfagio relativamente 3 temperatura ambiente que esta a experienciar neste momento. Os
resultados obtidos ajudar-nos-3o a identificar possiveis mudangas no sistema de ar condicionado do edificio & uma eventual contribuigio para a
redugdo do consumo de energia do edificio.

A equipa de investigadores da Eurac e da Facuklade de Ciéncias da Universidade de Lisboa utiizarSo os dados recolhidos apenas para fis
cientificos. A sua contribuigio neste estuds & voluntaria e os dados recohidos serdo usados de forma andnima e confidencial. Obrigado pela sua
colaborag&o.

Ewnpean Accagemy of Bozen, Vile Druso 1, 39100 Bolzano, @ responcavel peld processaments 02 dados, dISponivel no sequinte endersgo de e-mall
marta avantagglatofeurac.ede. Maria Avantagglato & a responsavel pela andlise dos dades.

Antes de iniciar o questionario, gostariamos de saber:

1. Condigdes de salde: Esteve doente nos dltimos 7 dias?

2 Comeu alguma coisa nos Gltimos 20 minutos?

3. Bebeu agua, café, cha ou alguma bebida alcodlica nos dltimos 20 minutos?

4. Que atiidade estava afazer ha 30 minutos?

Algumas perguntas sobre si...
Idade? Género?

L] [ ]
Menos de 30 anos 31-50 anos Mais de 50 anos * ’H\

Ha quanto tempo esta dentro do edificio?

Menos de 10 minutos 0‘ Enfre 10 e 20 minutos o Mais de 20 minutos °

Qual a sua opinido sobre a qualidade do ar interior?
Muito satisfeito Satisfeito Insafizfeito Nuito insatisfeito

Como avalia o ambiente térmiconeste momento?

Aceitavel N&o Aceitdvel
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