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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 independent dynamic spaces 
with various physical conditions and behaviour which may that have different thermal 
comfort requirements. Being integral part of the non-residential architecture, their 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 mechanica l 
into mixed-mode operation, a design procedure was proposed. 

The conversion from fully mechanical into 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. 
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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 sacrific ing 
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 atrium located 
in a warm temperate climate were investigated. The measurements campaign lasted over 
four-weeks in 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 compromis ing 
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 tangible fact 
after the entry into force of the EPBD directive 31/2010/EU. Buildings design 
consequently went through the improvement 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 a renewed 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]: 

• they have direct connection with the outside; 

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

• users of transitional spaces tolerate warmer thermal environments under summer 
conditions, as proved by the few studies about thermal comfort in transitiona l 
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 intens ity 
of new non-domestic buildings was almost constant during the last decade, even in 
locations suitable for natural ventilation [1.7].According to Da Graça and Linden [1.7], 
one of the reasons why the integration of natural ventilation has become rare in modern 
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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 
interconnecting 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 ventila t ion 
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 ventila t ive 
cooling systems (natural or hybrid). So far, shopping centres design has included 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-point for heating and cooling. Based on direct 
experience of shopping centre environment, it is easy to experience high interna l 
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 investiga t ion 
about mixed-mode operation for these peculiar building zones. 

Under the light of these considerations, the research activities presented in 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; 
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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-environmenta l-
quality buildings, by developing smart renovation strategies and solutions, supporting 
their implementation and assessing their environmental and social impact. 

 
The research questions of this work can be therefore formulated as: 

• Is the conversion from fully-mechanical into mixed-mode operation of transitiona l 
spaces feasible? 

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

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

The thesis is organized as follows: 

Chapter 1 introduces 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 ventila t ion 
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 transitiona l 
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/
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Chapter 4 presents the study related to the thermal comfort assessment in shopping 
centres common areas I performed in summer 2016. 724 customers were interviewed 
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. 
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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 their characterist ics 
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»1. 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 point 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; 

                                                 
1 Martin Heidegger, German philosopher (1889-1976). 
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 short-term exposure which however depends on the building use; 
 multisensory perception that involves all the senses in relation to the social and 

cultural sensibilities of the people; 
 low 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. 

 
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 
inside 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; 
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 Type (d) not attached: an outdoor room not attached to a building, entirely 
influenced 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 air 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 
impressive 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 
integrated 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 
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interactions, especially through commercial activities. The modern concept of the 
commercial transitional spaces in particular derives from porch. 

Starting from early 19th century, transitional space design for both residential and non-
residential buildings was deeply influenced by the use of glass. The use of glass, 
especially in cold climates has positively influenced thermal comfort of inhabitants 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 façades combined with the higher permeability of 
buildings had risen the necessity, especially in summer, to mechanically control the 
indoor 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. 
Firstly 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, transitiona l 
spaces typology, mixed-mode scheme, natural ventilation strategies and controls and 
integration 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 
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electricity, which is the main source of energy for air conditioning [1.11]. This evidence 
has stimulated a renewed interest in designers for the exploitation of natural ventila t ion 
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 
implementation 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 into 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 of the 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, electric ity 
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 
Engineers (CIBSE) [1.14] published a classification schemes that describe the integrat ion 
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 zoned 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, 
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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 ventila t ion 
is applied just in the central atrium while for the office a mechanical night cooling solution 
is considered. 

 

 
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 ventila t ion 
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 building 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 
into retrofitable (moderate investment) or adaptable (small additional investment). 

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 include 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 Köppen-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  

Powergen Headquarters 
(Coventry, UK, 1994) 

Office CFB2 type e (atrium) changeover 

Barclaycard 
(Northampton, UK, 1997) 

Office CFB type e (atrium) concurrent 

Blue Water Shopping 
Mall (Dartford, UK,1999) 

Shopping 
mall CFB type e ( galleries) concurrent 

Oststeiermarkhau 
(Großwilfersdorf, 
AT,2005) 

Office CFB 
type b ( winter 
garden) 

changeover 

Københavns Energi 
(Copenhagen, DK,2005) 

Office CFB type a ( atrium) concurrent 

Earn August ( Hannover, 
DE,2008) 

Shopping 
mall 

CFB 
type a/ e (atria and 
galleries) 

changeover 

Seixal City Hall  
( Lisbon, PT, 2010) 

Multi-
service 
building 

CSA 3 type a ( atrium) concurrent 

Ecoport Saubermacher 
(Feldkirken, AT, 2011) 

Office CFB type e (atrium) zoned 

Justizzentrum 
(Korneuburg, AT,2012) 

Office CFB type a ( atrium) zoned 

DTU building 324 
(Kgs. Lyngby, DK,2013) Educational CFB type a ( atrium) concurrent 

Windkraft Simonsfeld 
AG  
(Ernstbrunn, AT,2014) 

Office CFB type b  concurrent 

Pakhus  
(Copenhagen, DK,2015) 

Office CFB type a (atrium) concurrent 

City 2 (Høje Taastrup, 
Copenhagen DK,2010) 

Shopping 
mall 

CFB type e 
contingency-
retrofittable 

Forum Kloster (Gleisdorf, 
AT, 2010) 

Multi-
service 
building 

CFB type b ( hall) changeover 

Field’s  
(Copenhagen, DK, 2004) 

Shopping 
mall 

CFB 
type a/e ( atrium-
galleries) 

contingency-
retrofittable 

City Sid 
(Throndeim, NO, 2016) 

Shopping 
mall 

DFC4 type a (atrium) 
contingency-
adaptable 

Marcado dal Val 
(Valladolid, ES,2016) 

Shopping 
mall 

CSB5 type e 
contingency-
retrofittable 

 

                                                 
2 Warm temperate climate, fully humid (warmest temperature ≤ 22 ºC;  mean monthly temperature ≥ 10  
ºC for at least four months) [1.18]  
3 Warm temperate climate with dry summer (Warmest temperature ≥ 22 ºC ) [1.18] 

4 Snow climate, fully humid (warmest temperature lower than 22 ºC ; mean monthly temperatures ≤ 10  ºC 
for more than 8 months; coldest temperature  > - 38 ºC ) [1.18] 
5 Warm temperate climate with dry summer (warmest temperature ≤ 22 ºC;  mean monthly temperature ≥ 
10  ºC for at least four months) [1.18] 
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Figure 4 Location of the 17 mixed-mode non-residential 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 of transitional 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 
their architecture type a and type e while a small percentage integrate type 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 integrat ion 
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 of these 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 type 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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Figure 5 Statistics of the transitional space typology and mixed mode schemes adopted in the 17 cases 
studies (Table 1) 

 

   
Figure 6 Examples of transitional space type 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 at night 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 inlet 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 

http://www.unige.ch/cuepe/idea/_heavy/b_039.pdf
http://www.natural-works.com/
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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 atrium 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 atrium: 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 in 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 ventila t ion 
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 injected at floor and 
wall level and exhausted the top of the atrium where a shed opens automatica l ly 
controlled by temperature. Considering that the building is used for different events which 
involve a high internal loads and a high cooling demand to be offset, this solution allow 
to save an important 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 integrated 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 atrium and galleries. Generally, these spaces are conditioned by 
means of HVAC systems. The potential of natural ventilation to guarantee the minimum 
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 regulat ions 
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 initial design only 
the smoke ventilation was planned. The presence of windows actuators in the central area 
would have to ensure the exhaust of the smoke and heat in case of fire. However, Window 
Master was able to demonstrate, via dynamic thermal analysis of the building, that with 
an intelligent 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 involves 10 zones within galleries and 
atria that can be separately controlled. The control is based on indoor and outdoor 
temperature, the CO2 concentration in 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 Ernst-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 façades and 
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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 ºC comfort 
threshold, the mechanical cooling is operated.  

 
 

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

Most recent examples of shopping mall common areas conversion into 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 atrium 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 
combining 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 initially 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 iBEMS 
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 BMS6.  

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 innovative and contemporary commercial building keeping its historic 
representativeness. The goal was reached thanks to a newly developed modular climatic 
adaptive [1.23]. This new façade 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 sizing of the openable 
windows in the façade 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]. 

 

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

For the definition of the number of openings, a parametrization study to optimize the 
investment 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:  

• as supply in summer with outside temperature range of 16 ºC -25 ºC; 

• as extract in winter and other mild weather conditions for external temperature in 
the range of -4 ºC -16 ºC [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-residentia l 
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.  

 
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 
internal 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 of total 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, interna l 
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 light ing 
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 Step 1 – Ventilative cooling potential analysis 

First of all, since the retrofit process may include different solutions, their 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 gains 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 Europe7 , under different lighting levels. The results showed a 
linear dependence between the level of lighting power density and the percentage of hours 
of direct ventilative cooling use, as showed in Figure 15. Overlooking this 
interdependency could lead to discomfort conditions because of increased 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 shopping mall of the CommONEnergy project [1.8]. Three of the 
reference buildings (CitySyd, 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 (Mercado 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 significant ly 
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 
improvements or before a new detailed design of any HVAC equipment [2.5]. 

 
Figure 15 Percentage of hours within a year when direct ventilative cooling is required, useful or not useful 
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 in 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 of natural 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 involving 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 airflow paths and the locations for air 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]. 

 
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 ventila t ion 
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 constraints depend on the design complexity. An integrated 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 involved, 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 in terms of climate and architectural integration and ventila t ion 
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] activities a TRNSYS-based simula t ion 
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 feasibility study for the conversion of the Donau Zentrum 
shopping centre8 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 a new 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; 
 Minimum 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 input 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_8h) 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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• 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 in [2.10]. 

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

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 
implemented in the building energy model in order to assess the performance in term of 
energy saving on cooling need, number of activation hours of the mechanical ventila t ion 
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 
implemented in 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 electric ity 
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 init ia l 
investment 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, installa t ion 
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 in [2.31]. The whole feasibility study related to mixed-mode 
conversion of Donau Zentrum common area into mixed-mode operation can be retrieved 
in [2.10]. 

 
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 initial 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 retrofitt ing 
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 optimiza t ion 
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 a valid 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 airflow components as openable 
windows and actuators as for Mercado del Val [2.11]. 

The implementation 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 involve 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, educationa l 
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 in the international 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 conditio ns 
that produce thermal comfort and acceptable environment [3.2]. 

An international recognized definition of thermal comfort can be found in 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 
inputs influenced by physical, physiological, and other factors  



36  

Clearly, subjects’ diagnosis of the 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, involve human subjects, investigat ing 
their thermal sensation, comfort and preference under different indoor 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. McIntyre [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 McIntyre 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 
interview 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 acclimatization9, 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 minutes, experiencing an indoor 
temperature of 24ºC. In the previous 30 minutes the sample was exposed to a simulated outdoor 
environment of 32 ºC, 28 ºC and 20 ºC. The thermal sensation trends, reported in Figure 20, 
show that around 10 minutes are sufficient for a thermal 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 of thermal sensation is observed. 

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

3.3 Thermal comfort approach 

In term of indoor thermal comfort, two different approaches exist:  

• Rational or heat-balance approach, based on laboratories and chamber studies; 

• 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, Icl, Ta, Tmr, φa, M) = 0   

Air temperature (Ta), air speed (va), mean radiant temperature (Tmr), relativity humidity (φa) are 
the environmental variables, while thermal resistance of clothing (Icl) 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, indoor 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 KSU10 and in Denmark at the DTU11). Participants were dressed in standardized 
clothing 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. 

 
Figure 21 Relation between PMV and PPD [3.4] 

Considering a group of people, thermal neutrality happens when PMV index is equal to 0. 
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 dissatisfied at PMV=0 while at PMV=± 0.5, 
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 in buildings. 

                                                 
10 Kansas State University 
11 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 mechanica lly 
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 line with the renewed interest 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 indoor 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 
their 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]: 
• Physiological adaptation (in terms of acclimatization);  
• 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 explaining the difference in responses in air-conditioned 
versus naturally ventilated buildings; 

• Behavioural adaptation is by far the most dominant 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/clos ing 
windows and switching on fans. 

 By collecting actual votes from fields’ studies in 160 office building (located in 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 build ings 
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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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 in 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 
implications. 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 indoor environment of build ings 
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 
in 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 in 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 
Jitkhajornwanich 
et al. 

Educational building, 
Office 

Questionnaire 
Physical Measurements 

Bangkok, 
Thailand 

2002 [3.22] 

Chun et al. Lobbies, Balconies, pavilions Physical Measurements 
(long & short term) 
Observation (activities) 

Yokohama, 
Japan 

2004 [3.20]  

Pitts et al. Educational Buildings Questionnaire 
Physical Measurements 

Sheffield, 
UK 
 

2008 [3.19] 

Hwang et al. Entrance Atrium. Service center Questionnaire 
Physical Measurements 
 

Taichung, 
Taiwan 

2008 [3.23] 

Kwong et al. Lobby-Educational Building Questionnaire 
Physical Measurements 
CFD simulations 

Serdang, 
Malaysia 

2009 [3.18] 

Hui and Jie Lift  lobbies corridors 
Educational building 

Questionnaire 
Physical Measurements 
Energy simulation tool 

Hong Kong 2014 [3.21] 

Kotopouleas A., 
Nikolopoulou 

Airport Terminal Questionnaire 
Physical Measurements 
 

Manchester 
London, UK 

2016 [3.24] 

Mishra et al. Museum Questionnaire 
Physical Measurements 
 

Amsterdam, 
Netherlands 

2016 [3.25] 

Vargas Lobby Questionnaire 
Physical Measurements 

Sheffield, 
UK 

2016 [3.26] 

Hou Atria - Educational buildings, 
Business Center  

Questionnaire 
Physical Measurements 

Cardiff, 
UK 

2016 [3.27] 

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, transient 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 mechanica lly 
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 25th 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 their 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 into 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 indoor limit 
of ±0.5. The impact of widening effective PMV 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 calculat ion 
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 27.1ºC in the cool season, and of 26.5ºC in the warm season. 

By observing that in previous studies on transitional spaces only guests were interviewed, 
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 staff. 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 investigating 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 transitio na l 
space is faced by Mishra et al.[3.25]. The study was performed in 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 of time 
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 interior 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] investigated thermal comfort requirements and the use of three transitional spaces located 
in Sheffield, United Kingdom. The method is still the combination of objective and subjective 
measurements. He demonstrated how that heat balance indices (PMV) cannot explain the 
thermal preferences of subjects in UK climates. The predicted percentage of dissatisfied people 
(PPD) was always higher that the real conditions. This provides evidence that people in indoor 
transitional space have a higher tolerance of their 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: 

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

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

• because 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]); 

• 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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• 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 . 

 
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-air HVAC systems that can 
handle both the individual stores and the retail units, or have separate individual systems for 



48  

each of the retail units. In both cases, the temperature set point 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 set up based on the experience 
of the system manager. The variability in term of clothes worn by customers and their activity 
is not taken into consideration, sometimes resulting in discomfort conditions throughout the 
year. 

Nevertheless considering their features, common areas, as other typology of transitional spaces 
analysed in 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 a direct 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 beneficia l 
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 indoor condition in underground shopping mall than in 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, their HVAC design and 
control follows guidelines intended for indoor 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 investigation 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 
 
 
 
Department 
store 
Standing 
walking-  
1.6 met 

 
 
 
 
 
Category 

Operative temperature, ºC  
 
 
 
 
Category 

Operative temperature, ºC 
Winter 
(heating 
season ) 
 

Summer 
(cooling 
season) 

Maximum 
for heating 
(winter 
season)- 1.0 
clo 

Maximum 
for cooling 
(summer 
season)- 0.5 
clo 

A 19.0 ± 1.5 23.0 ±1.0 I 17.5 24 
B 19.0 ± 3.0 23.0 ± 2.0 II 16 25 
C 19.0 ± 4.0 23.0 ± 3.0 III 15 26 

 

4.2 Methods 

For the content of the study, the common approach of combining the environmental monitor ing 
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), in order to 
evaluate possible local discomfort. The ankle level (0.1m) was disregarded because the relative 
air velocity generated by people when walking.  In Figure 24 a scheme of the sensors used is 
reported. 
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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 
in 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 painted 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. 
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Table 5 Measured indoor environment parameters and sensors characteristics 
Parameter Sensor types Measuring range Accuracy 

Air temperature, Ta 
Pt100 class A  
Radiation-shielded -50..+150°C ± 0.2 °C (-25..+74.9°C) 

Mean radiant temperature , Tmr 
Pt100 class A and  
 40mm diameter globe   -50..+150°C ± 0.2 °C (-25..+74.9°C) 

Air speed, Va 

Anemometer  
Sensor electronics  
SensoAnemo 5130LSF 

0.05 to 5.0 m/s 0.02 m/s + 1.5% of reading 

Relative humidity 
RH% 
(at ambient pressure) 

EE  
EE08 series 
HC101 sensor 

0-100% 
±2% RH (0-90% RH)  
±3% RH (90-100% RH)  

4.2.1.2 Outdoor 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 

Outdoor temperature Tout 
MEMS Integrated portable data 

logger 
-30...+70°C ± 0.5°C 

Outdoor Relative Humidity 
RH% 

MEMS Integrated portable data 
logger 

0-100% ± 2% 

4.2.2 Questionnaires with customers 

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

4.2.2.1 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 build ing 
before taking the survey. 

4.2.2.2 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 their level of 
thermal comfort (TCV). Thermal acceptability was directly assessed on a 2-point 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 McIntyre 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 their 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. 

 

 

 

 
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-localizat ion. 
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: 4th, 5th, 6th April 2016 and 10th June 2016. The centre was built in 
2000 and it has a total area of 9774 m², 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 façade (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 
Valsugana 

Pergine Valsugana 
(TN) SC01 

nighborhood 
centre H &CD 2 

Millenium Center 
Rovereto 
(TN) SC02 

community 
centre H &CD 3 

Katanè 
Gravina di Catania 
(CT) SC03 

super regional 
centre CD 1 

The second measurement campaign was at “Millennium Center over two consecutive days: 21st 
and 22nd 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 m2 and it contains 47 retail units. The 
main entrance is an atrium with a fully glazed façade 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: 13rd, 14th, 15th, 18th, 
19th and 20th 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 m² of which 8.000 m² are 
dedicated to a hypermarket. The shorter building axis is rotated of 27.5° from absolute north. 
Therefore, the main building façade 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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Figure 28 Localization of the case studies (left). Pictures of three different shopping malls 

 
SC01 SC02 SC03 

 
  

   
Figure 29 Pictures and diagram of Shop Center Valsugana (left), Millenium Centre (middle) and Katanè (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 SC01. 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, i.e. 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 in 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 coming from the survey. 

In a second step, the customer perception of the thermal environment was deeply investiga ted 
by analysing their answers related to thermal acceptability, sensation, preference and comfort 
in relation with the operative temperature experienced. 



56  

The last step was the investigation of the effect of temperature down-step (outdoor-indoor 
temperature difference) on customers’ thermal sensation and preference trying to identify an 
optimal temperature that minimizes the percentage of dissatisfied people with the indoor 
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; 
• investigation of the customers’ perception of the thermal environment; 
• investigation 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 
    Total sample Female Male 

SC01 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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SC01: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. 

SC02: the sample is composed by 180 customers (115 females and 65 males) distributed among 
three age groups: 88 interviewees were less than 30 years old, 57 interviewees were between 
31 and 50 years old and 35 interviewees were over 50 years old.  

 SC03: 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 interviewees were 
between 31 and 50 years old and 62 interviewees 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): 

 

𝑡𝑡𝑜𝑜 = ℎ𝑐𝑐·𝑡𝑡𝑎𝑎+ℎ�𝑟𝑟·𝑡𝑡̅𝑟𝑟
ℎ𝑐𝑐+ℎ𝑟𝑟

              (1) 

where: 
ta is the air temperature, ºC; 
𝑡𝑡̅𝑟𝑟 is the mean radiant temperature, ºC; 
hc is the heat- transfer coefficient 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: 

𝑇𝑇𝑜𝑜 = 𝑇𝑇𝑎𝑎·�10 ·𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎+𝑇𝑇�𝑟𝑟
1+�10·𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎

                                                              (2) 

where: 
Vair is the air velocity, m/s 
Ta is the air temperature, K; 
𝑇𝑇�𝑟𝑟 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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𝑇𝑇�𝑟𝑟 = �𝑇𝑇𝑔𝑔4 + ℎ𝑐𝑐𝑐𝑐
𝜀𝜀𝑔𝑔·𝜎𝜎

· |𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑎𝑎|4                 (3) 

where: 
Tg  is the temperature of the black globe, K; 
εg is the emissivity of the black globe; 
σ is the Stefan-Boltzmann constant equal to 5.67 x 10-8 W/(m2 ·K4). 

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. 

(ºC) 
    Vair 

(m/s) 
RH 
(%)   

tdry ,out. 
(ºC) 

RH 
(%)   Clo 

SC01 Mean 25.1 0.12 48   24.3 43   0.64 

  SD 0.9 0.06 7   2.1 7   0.2 

  Min 22.9 0.00 59   19.4 31   0.18 

  Max 26.7 0.33 33   29.5 55   1.41 

SC02 Mean 25.3 0.12 48   30.8 40   0.45 

  SD 0.5 0.08 2.9   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 
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measured values ranging between 33% and 59%. The air speed measurements generally showed 
very limited values, with a maximum of 0.41 m/s recorded in SC03. 

Regarding outdoor conditions, the air temperature (tdry,out) ranges between 19.4°C  and 34.6 °C 
measured respectively in SC01 during the mid-season campaign (April 2016) and in SC03 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. 

  

 
 

Figure 31 Frequency distribution of the Indoor parameters measured during the three campaigns: air temperature, 
Operative temperature, indoor air velocity and relative humidity 

  
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 distribut ion 
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 involved. Measured indoor relative humidity is normally 
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distributed with peak between 40% and 50%. Finally, 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 façades that characterize shopping 
centre transitional spaces. 

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

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

From Table 10 differences in the average clothing level in the three shopping centres is 
observed. In SC01 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 
SC03 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 

4.5.4.1 PMV-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 ºC interval with respect of the value showed. 

The actual dissatisfied people were considered the ones whose TSV was out of the interval [-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 
interval to ,ºC range ºC 
22 21.5 ≤ to< 22.5 
23 22.5 ≤ to< 23.5 
24 23.5 ≤ to< 24.5 
25 24.5 ≤ to< 25.5 
26 25.5 ≤ to< 26.5 
27 26.5 ≤ to< 27.5 
28 27.5 ≤ to< 28.5 
29 28.5 ≤ to< 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 25ºC and 28ºC, Fanger’s model tends to overestimate the number of dissatisfied 
customers. When the operative temperature is in the 24 ºC interval, 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. 

 
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 possible 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 
confirmed by looking at the mean bias between the PMV and the TSV reported in Table 12. 
For operative temperatures between 25 ºC and 27 ºC the error in prediction is between 0.4 and 
0.6 thermal sensation unit. At 24 ºC 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 explained 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 initial 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 [ºC] Ni mean Bias sdt Bias 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 

4.5.4.2 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)  

𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0.33𝑡𝑡𝑟𝑟𝑟𝑟 + 18.8  ºC                        (4) 

Where trm 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 in 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 trm 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. 

 
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 4th, 5th and 6th of April in SC01, the active cooling system was off. The mechanica l 
ventilation system was providing just the minimum hygienic airflow rates. 

For the measurements days in SC01 and SC02 the estimated comfort temperatures are in line 
with the actual average operative temperatures experienced by the customers. While for SC01 
on summer period (21th and 22th of June) these temperature allow for 90% of satisfied 
customers, for SC01 the percentage of satisfied customers cross the 80% just one day (6th April). 
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On April 5th, 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 18th 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: 

• the first one is the clothing level: in April, customers of SC01 have an average level of 
clothing equal to 0.78 clo (April 5th) which quite well represents a mid-season situation. 
In July the average level of clothing in SC03 is equal to 0.38 clo (July 18th).Therefore, 
experiencing the same operative temperature, the level of satisfaction is higher when the 
clothing level is lower12. 

• 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 in SC02, 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 SC03, 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 investigated in 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 other parameter 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 indoor 
operative temperatures up to 28ºC 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 ºC. 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 ºC and 23 ºC (because of the same reasons)13. 

 
Figure 36 Bar Chart of the distribution of customer’s thermal acceptability over operative temperature intervals 

4.5.5.2 Customers thermal sensation  

Thermal sensation votes were divided into three subcategories: 

• TSV(-1,0,1) stands for customers that are satisfied with the thermal environment; 

• TSV (-3-2) stands for customers that are cold dissatisfied; 

• 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 ºC up to 28 ºC (Figure 37). A 
great adaptation/tolerance to a wide range of operative temperature is hence demonstrated. 
When the operative temperature is 29 ºC 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 [ºC] 

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 ºC and 28 ºC. 

By filtering only the date of the TSV (-1, 0, 1) into: 
• neutral, customers who voted for  “neutral” (0); 
• warmer than neutral, customers who voted for “ slightly warm”(+1); 
• 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 point 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 ºC. 
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 in 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 ºC and 26 ºC where the distance between the curve “% warmer 
than neutral” and “% cooler than neutral” is minimized.   

 
Figure 38 Distribution of satisfied, warm dissatisfied and cold dissatisfied over operative temperature intervals [ºC] 

 
Figure 39 Distribution of customers with TSV equal to neutral, warmer than neutral and cooler than neutral over 
operative temperature intervals [ºC] 

4.5.5.3 Customers thermal preference 
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The bar graph in Figure 40 reports the distribution of customers’ thermal preferences. 

.  
Figure 40  Bar Chart of the distribution of customer’s thermal preference over operative temperature intervals 

For operative temperatures between 22 ºC and 24 ºC, customers’ preferences are almost equally 
distributed 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 in 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 ºC and 26 ºC. 

 
Figure 41 Distribution of the customer’s thermal preference over operative temperature ranges 
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4.5.5.4 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. 

 
Figure 42 Bar graph distribution related to the thermal comfort questions  

For the majority of the operative temperatures, people express their vote in the comfortable side 
of the scale. Looking at the results, an operative temperature of 28ºC 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 
indoor operative temperatures. This result is in line with previous finding about transitiona l 
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; 
c) 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 
interviewees into two macro categories that are: respondents stated to be in “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 intervals that respect also condition c). 
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From Table 13, condition c) is verified for operative temperature intervals between 24 ºC and 
27 ºC. Considering the way intervals have been created (see Table 11), we can conclude that 
the comfortable temperatures during summer season range between 23.5 ºC and 27.5 ºC. 

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

temperature 
interval 

 (°C) 

 
Number 

(n) 

 
Minimum 
expected 

probability 
(p) 

 
n*p 

 
n*(1-p) 

 
Min(n*p, 

n*(1-p))>5 

22 5 0.8 4 1 no 
23 11 0.8 8.8 2.2 no 
24 48 0.8 38.4 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 4.2 no 
29 3 0.8 2.4 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 indoor 
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 indoor and outdoor that avoids 
uncomfortable thermal overshoots. If reaching this goal the use of thermal sensation overshoot 
in 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 indoor 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. 

4.5.6.1  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: 

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

• several 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 influenced by the temperature difference they undergone within this 
timeframe. Figure 43 shows the distribution of the permanence period at the moment of the 
interview for the three case studies.  Looking at the total sample, 34% of them 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 inside the shopping center for more than 20 
minutes. 

 
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 coefficient gives information 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 (ºC); 
 tin : indoor air temperature (ºC); 
 tdry,out -tin : difference between outdoor and indoor air temperature (ºC); 
 to : operative temperature (ºC); 
 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 (Y). 

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 Tdry,out 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 Tdry,out RHout   Tin RHin Vair Top.   Tdry,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 coefficient are weak. According to [3.25], only correlation coefficient ≥ 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 Tdry,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 coefficients 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 interview 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 
information about the environmental parameters experienced in the different shops are 
available.  After 10 minutes the TS still correlates with the temperature difference Tdry,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 determination 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 coefficient 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 Tdry,out - Tin,  a further investigat io n 
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 intersection 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 
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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 distribution on the left side of the thermal sensation scale 
(Figure 44) is irregular 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 analys is, 
we discover that for the first 10 minutes the thermal preference is influenced just by outdoor-
indoor 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”. 

 
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 minutes” (Table 32).  

4.5.6.2 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 indoor 
which allow to minimize the percentage of dissatisfied people. To assure a statistical good 
sample for the considered temperature difference interval, because of the nature of the data 
collected, the analysis can be conducted just for the operative temperature intervals where the 
highest frequency of interview was observed. From the frequency distribution presented in 
Figure 31 these two intervals are 25 ºC and 26 ºC. 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 ºC and 26 ºC respectively. The 
percentage of dissatisfied customers, mainly warm dissatisfied for all temperature difference 
intervals, is marginal compared to the percentage of people that are satisfied which is always 
over the 80% threshold. 

 
Figure 45 Effect on thermal sensation of different outdoor-indoor temperature for operative temperature equal to 
25ºC 

 
Figure 46 Effect on thermal sensation of different outdoor-indoor temperature for operative temperature equal to 
26ºC 
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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 ºC 
and 4-6 ºC respectively for 25 ºC and 26 ºC operative temperature interval (Figure 45 and Figure 
46). 

4.5.6.3 Down-step outdoor–indoor temperature difference effect on thermal preference 

Because the objective is to find the temperature that optimize customers experience inside 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 
ºC and 26 ºC operative temperature intervals. 

 
Figure 47 Effect on preference of different outdoor-indoor temperatures for operative temperature equal to 25ºC 

For operative temperature in the interval of 25 ºC (Figure 47), the percentage of the customers 
who want to be warmer and cooler undergo to a trend inversion when the Tdry,out - Tin  is between 
2 ºC and 4 ºC. This is probably due to the lower clothing level of the customers in that interva l. 
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 
minimize the percentage of the customers asking for cooler environment is equal to 2-4 ºC, 
which is also the interval that maximizes the percentage of customers that want no change. 
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Figure 48 Effect on preference of different outdoor-indoor temperatures for operative temperature equal to 26ºC 

4.5.6.4 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 5th 
and July 18th) 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, SC01 and SC03, almost the same level of environmenta l 
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 5th and the July 
18th 
  

Date 
 
Sample 

Indoor Outdoor  
Clo top 

(ºC) 
RH 
(%) 

Vair 
m/s 

tdry,out 

(ºC) 
RH 
(%) 

SC01 April 5th 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 38.4 0.38 

One of the reason of the different customers’ dissatisfaction was attributed to the higher level 
of clothing resistance in April. Morgan and De Dear endorsed the fact that the outdoor 
temperature affects the way people are dressed and therefore their clothing insulation 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 
insulation. They support the theory that people adjust their clothing as a function of the indoor 
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 experienc ing. 
There is anyway, especially for summer season, a minimum 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 5th) and 0.23 clo (July 18th).  

In Table 17 the Spearman’s14 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 indoor operative 
temperature can be potentially explained in two ways: 

• 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; 

• 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 in July. 

Table 17 Correlation coefficient among clothing level with the outdoor and operative temperature through Parson 
parametric test (* statistical significance with 95% confidence interval, ** statistical significance with 99% 
confidence interval)  

 April 5th July 18th 
clo ~ Tdry,out -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 SC01 on April 4th 5th 2017 and in 
SC03 on 17th-18th July 2017. The temperature trends are quite different and in particular the 
daily temperature swing is higher in the SC01 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. 

  
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 SC03 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. 

 
Figure 50 Bar Chart of the distribution of thermal sensation over outdoor-indoor temperature differences for SC01 
and SC03 with average operative temperature close to 25 ºC 

What happens in SC01 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 SC01 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 SC01 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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Figure 51 Bar Chart of the distribution of thermal preferences over outdoor-indoor temperature differences for 
SC01 and SC03 with average operative temperature close to 25 ºC 

4.6 Conclusion 

The main results of the study can be summarized as follows: 

• 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 ºC and 26 ºC 
while the preferred operative temperatures are in the range between 24.5 ºC and 26.5 
°C; 

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

• 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; 

• 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 a real 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 of the 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 interview. This may also affect the results as suggested 
by McIntyre [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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5 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 transitiona l 
spaces role within the ventilation strategy was investigated. In their original design 
intention, 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 a recent work [1.7], ten typical question design practitioners have on natural ventila t ion 
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 atrium 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: 

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

•  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 of its features have been already presented in paragraph 
1.3.2 being one of the case studies of the database of mixed-mode ventilated transitiona l 
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 m3) 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 nightt ime 
ventilative cooling strategy involves different openings located at different oriented 
façades. 

Wind and stack-driven ventilation runs during night circulating airflows from West to 
East side of the atrium 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. 

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

On the inlet side (West façade) there are two rows of windows consisting of 8 openable 
modules each (see Figure 53). On the outlet side (East façade) 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 25º opening angle. No modulation is applied. Windows 
features are reported in Table 18. 

  

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

Table 18  Features of the windows used in the ventilation strategy 
Façade 
Orientation 

Dimension Typology Maximum 
opening 
angle 

Number of 
Module 

Reference height 
of the middle 
plane from the 
ground 

 
West 

130 cm x 95 cm Top hung 
tilted 

25º 14 
(7 mod/row) 

2.12 m (first row) 
3.1 m (second row) 

85 cm x 95 cm Top hung 
tilted 

25º 2 
(1 mod/row) 

2.12 m (first row) 
3.1 m (second row) 

Est 124 x 145 cm Top-hung 
tilted 

25º 5 13.8 m  

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 engineer 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 façade) only the second row of windows is 
opened while on outlet side (east façade) 3 windows are operated. In mode B, all openable 
windows on both inlet 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 

Mode 
Inlet 

Openings 
Outlet 

Openings 

Total Effective  
Opening Area 

[m2][5.1]  

Total Effective Opening 
Area/ 

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 cooling 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 atrium was operated just with the radiant cooling 
floor during daytime. Under mode NV & RFC 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 ºC 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 intentiona l ly 
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switched off during the day in order to prove if natural night ventilation could be alone 
enough to maintain comfortable conditions within the atrium during the day. 

Table 20 Operation modes tested during the long-term measurments 
Mode Description 
RFC Operation of  just the radiant cooling floor during the day with cooling set-point equal 

to 24 ºC 
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 ºC. 
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 
atrium were interviewed under modes NV and NV & RFC to check if any differences 
occur in the way their 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 
coefficient between the air velocity at inlet and the bulk airflow at night was performed. 
This coefficient 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 is presented while in 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 injection 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] 

𝐹𝐹(𝑚𝑚
3

𝑠𝑠
) =

𝐶𝐶𝐶𝐶2,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝑚𝑚𝑚𝑚
𝑠𝑠 )

�𝐶𝐶𝐶𝐶2,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜�−�𝐶𝐶𝐶𝐶2,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖� (
𝑚𝑚𝑚𝑚
𝑚𝑚3)

                                           (5)                                                                                          

Where 

F is the bulk air flow m3/s; 

𝑐𝑐𝑐𝑐2,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  is the  CO2 released during the experiment, mg/s; 

𝑐𝑐𝑐𝑐2,𝑜𝑜𝑜𝑜𝑜𝑜𝑙𝑙𝑙𝑙𝑙𝑙  is the CO2 concentration measured at outlet windows, mg/m3; 
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𝑐𝑐𝑐𝑐2,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  is the CO2 concentration measured at inlet  which we assume equal the outdoor 
concentration, mg/m3. 

After reaching stabilized indoor conditions the release of the CO2 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] 
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2 ∗ 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
3600

      (6) 

Where 
Cbg is the CO2 background concentration equal to the initial value of CO2 at the beginning 
of the decay, mg/m3 ; 
tj  is the j-th elapsed time from the decay process starting; 
C(tj) is the measured gas concentration at time (tj), mg/m3; 
n the total number of measured elapsed time points (n=35); 
Vatrium is the total volume of the atrium, m3. 

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 inlet air velocity through 
equation (7). 

𝑘𝑘 =  𝐹𝐹�
𝜈𝜈𝑎𝑎𝑎𝑎𝑎𝑎_𝑖𝑖𝑖𝑖

                                                           (7) 

Where 

𝐹𝐹� is the average value of the two bulk airflow calculated with equation (5) and (6), m3; 

𝜈𝜈𝑎𝑎𝑎𝑎𝑎𝑎_𝑖𝑖𝑖𝑖  is the average value of the air velocity measured at inlet opening, m/s. 

5.3.1.1 Experimental set-up 

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

 
Figure 54 Location of the sensors used for the experiment and CO2 release point location 

The CO2 injection 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 

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 ventila t ion 
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 

E+E elektronik EE65 
Air velocity (indoor) Range 0 to 10 m/s 
 Accuracy ± 0.2 m/s + 3% 

CO2 Meter (K-33 ELG) 

Carbon dioxide (indoor) Range 0-10000 ppm 
 Accuracy ± 30 ppm + 3% 
Temperature (indoor) Range -40 to + 60°C 
 Accuracy ±0.4 °C at 25 °C 

Sensor Measurement Specification 

Wind Monitor 05103 
Campbell Scientific 

Wind speed(outdoor) Range 0-100 m/s  
 Accuracy ± 0.3 m/s or 1% reading 
Wind Direction(outdoor) Range 0 to 360 ° 
 Accuracy ±3 ° 

Pyranometer  SPN1 
Delta-T Devices  

Solar radiation (global and diffuse) Range 1 to 2000 W/m2 
 Accuracy ±5% ±10 W/m2 

HOBO (U12-013) Temperature (outdoor) Range −20.0 to 70.0 ◦C 
  Accuracy ±0.35 ◦C from 0 to 50.0 ◦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 at around 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 in July 2017. In Figure 56 the 
measurement set-up is reported.  

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

The configuration is similar to the one used for the bulk 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 inlet 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 inside 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:  

• Determination of the correlation constant k ; 
• Comparisons in term of energy consumption, thermal and airflow characterist ics 

of the modes during the long term measurements; 
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• Thermal comfort assessment. 

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

5.4.1   Determination of the correlation constant k 

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 inside 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). 

𝛥𝛥𝛥𝛥,𝑤𝑤 = 1
2
𝛥𝛥𝛥𝛥𝑝𝑝𝜌𝜌𝑊𝑊𝑠𝑠

2    (8) 

Where 
𝛥𝛥𝛥𝛥𝑝𝑝 is the pressure coefficient difference, Pa; 
𝜌𝜌 is the air density, kg/m3; 
𝑊𝑊𝑠𝑠 is the wind speed recorded by the weather station, m/s. 

𝛥𝛥𝛥𝛥,𝑏𝑏 = 𝜌𝜌𝜌𝜌(𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜 − 𝐻𝐻𝑖𝑖𝑖𝑖)( 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜−𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜+273 .15

)      (9) 

Where 
𝜌𝜌 is the air density, kg/m3; 
𝑔𝑔 is the gravitation acceleration m2/s; 
𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜  is the reference height of the outlet openings, m; 
𝐻𝐻𝑖𝑖𝑖𝑖 is the reference height of the inlet openings, m; 
𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜  is the outdoor temperature, ºC; 
𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  is the air temperature measured at outlet openings, ºC. 

 

𝛥𝛥𝛥𝛥,𝑡𝑡𝑡𝑡𝑡𝑡 = �𝛥𝛥𝛥𝛥,𝑤𝑤2 + 𝛥𝛥𝛥𝛥 ,𝑏𝑏
2     (10) 

Sensor Measurement Specification 

E+E elektronik EE65 
Air velocity ( indoor) Range 0 to 10 m/s 
 Accuracy ± 0.2 m/s + 3% 

CO2 Meter (K-33 
ELG) 

Carbon dioxide ( indoor) Range 0-10000 ppm 
 Accuracy ± 30 ppm + 3% 
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 TMC6-HE 
sensor probe 

Water temperature radiant floor Range  -40° to 100°C 
(Supply and Return) Accuracy  ±0.25°C from 0° to 50°C  
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Where 
𝛥𝛥𝛥𝛥,𝑤𝑤  is the pressure difference due to wind, Pa; 
𝛥𝛥𝛥𝛥,𝑏𝑏 is the pressure difference produced by buoyancy, Pa. 

The pressure coefficient difference,𝛥𝛥𝛥𝛥𝑝𝑝, used in equation (8), is the difference between 
the average pressure coefficient at inlet and the one at outlet calculated according to 
equation (11) 

𝐶𝐶𝑝𝑝 = 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
1
2𝜌𝜌𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟

2        (11) 

Where 

Plocal is the local wind driven static pressure, Pa; 
𝜌𝜌 is the air density, kg/m3; 
𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟 is 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, 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙, 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 coefficient is the ratio of the local wind driven static pressure and the 
incoming wind pressure express by equation (11). 

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

Cpin -0.73 -0.27 -0.18 -0.54 0.00 0.46 0.97 0.31 

Cpout -0.64 0.07 0.19 0.33 -0.58 -0.72 -0.42 -0.82 
ΔCp -0.09 -0.35 -0.37 -0.86 0.58 1.18 1.39 1.13 

At each time step, depending on the wind direction I calculate the 𝛥𝛥𝛥𝛥,𝑤𝑤 by using the 
associated ΔCp..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 of the 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).  

 
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. 

 
Figure 59 Physics of the pressure during the experiment 



94  

With reference to the CO2 concentration variation, three different phases during the 
experiment can be identified as showed in Figure 60. 

 
Figure 60 Phase of the experiment on the bases of CO2 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 CO2 is reached. At this point 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 CO2 release of 
1720 mg/s and a CO2 concentration difference between inlet and outlet of around 330 
ppm (600 mg/m3), the airflow, calculated through equation (5) is equal to 2.9 m3/s. 

For both calculations the CO2,inlet and the Cbg 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 

indoor 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 m3/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 m3/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 (24ºC) was calculated through equation (12).  

𝐶𝐶𝐶𝐶𝐶𝐶 = ∑ |𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 − 24º𝐶𝐶|                   (12) 

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 façade, 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 
radiation15 during the occupied hours (8 a.m.-7p.m.) with the g-value of the glazing 
façade 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 of the night ventilation can be retrieved. This estimation is indeed 
possible by comparing 25th and 26th July (mode NV & RFC) with 27th and 28th (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 14th (mode NV) 26th (mode NV & RFC) and the 28th (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 in 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. 

 
Figure 62  Wind rose based on the data recorded by the weather station installed close to the building in the 
period between July 4th and July 31th 2017 
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5.4.2.1 Comparison between NV & RFC and RFC 
 By comparing the cooling demand of the atrium under mode NV & RFC with the 
reference mode RFC is possible to estimate the effect of night ventilation in 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 25th - 26th July and 27th-
28thJuly. 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 atrium. The cooling demand was 
calculated according to equation (13) 

𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑚̇𝑚𝑤𝑤 ∗ 𝐶𝐶𝐶𝐶𝑤𝑤 ∗ ∑ (𝑇𝑇𝑤𝑤,𝑟𝑟 − 𝑇𝑇𝑤𝑤,𝑠𝑠)
ℎ𝑗𝑗.
ℎ𝑖𝑖

                                           (13) 

where: 
𝑚̇𝑚𝑤𝑤 is the water flow of the radiant cooling floor which is equal to 7.2 kg/s [m3/h]16; 
𝐶𝐶𝐶𝐶𝑤𝑤 is the specific heat of the water which is equal to 4.186 [kJ/kg K]; 
𝑇𝑇𝑤𝑤,𝑟𝑟 is the return water temperature [ºC]; 
𝑇𝑇𝑤𝑤,𝑠𝑠  is the supply water temperature [ºC]; 
hi is 8 a.m.; 
hj is 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 in equation (14) 

𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,𝑛𝑛1 =  𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐶𝐶𝐶𝐶𝐶𝐶

                                                (14) 

where: 
Qcool 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 27th being 2.5 ºC lower than the other three days of measurements when 
maximum outdoor temperature is around 34.5 ºC. 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 in Table 25. 

 
Figure 63 Comparison of the normalized cooling demand (N1and N2) between mode NV & RFC and 
RFC. The graph also show the average indoor and outdoor temperature during occupied hours (8 a.m.-7 
p.m.) and the maximum outdoor temperature recorded for the four measurements days 

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

[kWht] 
Qcool,n1 

[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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5.4.2.2 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 14th (mode NV), the 26th (mode NV & RFC) 
and the 28th (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 ). 

 

Figure 64 Indoor and Outdoor temperature trends during the three different modes (NV-14th July, NV & 
RFC-26th July, RFC-28th 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 minimum 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 at occupied 
level is about 1K. This values is observed by comparing the indoor air temperature trend 
of NV & RFC mode with the one of RFC 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 CO2 
concentration. A decrease of about 5 ºC is observed at 11m and outlet level between 8 
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p.m. and 7 a.m.. At this time the solar gains probably starts to influence the thermal 
balance of the building and consequently the temperature inside the atrium. 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 27th and 28th are lower and have a different behaviour compared with 
the one of the night between 13th and 14th (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. 

 
Figure 65 Temperatures and CO2 trend during night under NV mode (night between 13th and 14th July) 

In paragraph 5.4.1, the results of the tracer gas experiment for the calculation of bulk 
airflow and the correlation coefficient k 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 inlet 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 of the 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 25th and 26th 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. 

 
Figure 66 Temperatures and CO2 trend during night under RFC mode (night between 27th and 28th July) 

 
Figure 67  Bulk airflow and pressure (NV mode) during the night between 13th and 14th of July 

Table 26  Bulk airflow and pressure during the mode NV and NV &RFC 
Mode  Bulk Airflow  [m3/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 26th of July 

5.4.3 Thermal comfort assessment 

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

• 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 atrium 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; 

• Internal employees based in the office spaces in the atrium, 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 workers spend 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 in 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 interviewed 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 14th (mode NV) 
and 26th (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 
(NV and 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 CO2 

 
Tdry ,out. RH 

 Clo 
(ºC) (m/s) (%) (ppm) (ºC) (%) 

NV Mean 25.0 0.10 58 813  25.8 59  0.59 

  SD 0.2 0.08 1 32  1.6 5  0.13 

  Min 24.7 0.01 57 744  23.7 47  0.38 

  Max 25.4 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 23.8 0.05 59 705  23.7 44  0.37 

  Max 24.5 0.51 61 833  29.3 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 interviewee were seated, the insulation 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 activit ies. 
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 sd Bias se Bias 
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 into 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).  

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

 
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. 

 
Figure 72 Distribution of thermal preferences between guests and workers under mode 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%). 

 
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 substantia l 
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: 

• 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; 

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

• 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; 

• Direct thermal comfort assessment of the atrium users (both guests and workers) 
revealed no substantial differences in 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 in the following day. 

Further analysis, which consists in validated thermal and airflow 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 atrium 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: 

• the mixed-mode ventilation design; 
• the thermal comfort requirements; 
• 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 into 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 
investment 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, in reality, 
into a retrofit action of the common areas. When approaching a retrofit action, synergies 
with other retrofit solutions, e.g. the level of internal gains, cannot be overlooked. The 
investigation 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 influenced 
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 environmenta l 
conditions, compared to the one predicted by the PMV-PPD model. This finding unlock 
important energy use implication. If shopping centre HVAC systems are operated in a 
more flexible way and natural ventilation potential is exploited, the final goal of achieving 
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 ventila t ion 
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, indoor 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 of the reduction of building energy consumption without compromis ing 
thermal comfort, the results of this thesis boost the interest 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 C 
Table 30 Tabulation of the data plot in Figure 35 

  SC01 SC02 SC03 

Day 04-
Apr 

05-
Apr 

06-
Apr 

10-
Jun 

21-
Jun 

22-
Jun 

13-
Jul 

14-
Jul 

15-
Jul 

18-
Jul 

19-
Jul 

20-
Jul 

Ni 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 

trm 17.3 17.9 18.3 21 19.5 20.4 26.2 25.9 25.9 25 24.4 24.4 

tcomf 24.5 24.7 24.8 25.7 25.2 25.5 27.4 27.4 27.4 27.1 26.9 26.9 

to 24.3 24.6 25.2 25.5 25 25.7 26.6 27.2 25.8 25.2 25.8 25.6 

% 
satisfied 

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

 

Table 31 Distribution of preference over thermal sensation for customers with “less than 10 minutes” 
permanence period 

TSV Ni 
wanting 
warmer 

wanting 
cooler 

no 
change 

%  wanting 
warmer 

%  wanting 
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 

TSV Ni 
wanting 
warmer 

wanting 
cooler 

no 
change 

%  wanting 
warmer 

%  wanting 
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 3 0% 94% 
3 4 0 4 0 0% 100% 
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