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Introduction

This book sets out to explore the important issue of achieving building comfort 
through natural means. First of all, it has to be established why this is considered 
such an important issue. It is important because in order to reduce carbon emissions 
which lead to climate change it is crucial to minimize the use of energy derived from 
fossil fuels.

If we look at the construction and everyday operation of buildings, we find that 
buildings consume approximately 45% of total energy. Thus, it is imperative that 
this consumption is not only substantially decreased but also that such energy that 
is necessary is obtained from environmentally friendly and sustainable sources.

Building comfort can be described from the viewpoint of the inhabitants of the 
building. This encompasses such factors as heat levels, ventilation, space, lighting, 
acoustic, and levels of activities.

The aim of this book is to investigate the reduction of the use of fossil fuels–
based energy and excessive use of electricity to achieve comfort in buildings. To do 
this, many factors have to be considered: global locality, thermal mass, daylighting, 
ventilation, solar gain, shading, earth shelter, night radiation, building orientation, 
humidity and climate, choice of building material, insulation, noise, energy man-
agement and control, the use of vegetation, the creation of micro-climate, and the 
colour of the building.

A first step towards achieving comfort is to look at the American Society of 
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) directive 
(55-1992) which sets out two comfort zones as plotted on the psychometric chart 
of Fig. 1.

ET lines refer to constant enthalpy lines.
Many investigators have specified that the ideal comfort in domestic and com-

mercial buildings is to maintain a dry bulb temperature of 25 °C and relative humid-
ity of 50%; however, a tolerable level of comfort is acceptable when the dry bulb 
temperature is 25–31 °C with the relative humidity range of 20–60%. It is worth 
noting that building comfort can be achieved only when the following two factors 
are considered, the environmental factor, which involves air temperature, radiant 
temperature, air velocity, and humidity, and the personal factor, which consists of 
clothing insulation and metabolic heat.

https://www.hse.gov.uk/temperature/thermal/factors.htm#airtemp
https://www.hse.gov.uk/temperature/thermal/factors.htm#radiant
https://www.hse.gov.uk/temperature/thermal/factors.htm#radiant
https://www.hse.gov.uk/temperature/thermal/factors.htm#velocity
https://www.hse.gov.uk/temperature/thermal/factors.htm#humidity
https://www.hse.gov.uk/temperature/thermal/factors.htm#clothing
https://www.hse.gov.uk/temperature/thermal/factors.htm#metabolic
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Fig. 1  ASHRAE 
psychometric chart for 
comfort

From 1930 to 2000 several outstanding physicists and architects, such as 
Corbusier, Givoni, Szokolay, Olgyay, and Balcomb, have theorized about achieving 
comfort levels. However, some architects attributed comfort as being mainly based 
on the individual and derived their criteria (for example, from Ole Fanger) from  the 
percentage of people dissatisfied (PPD) and a function of predicted mean vote 
(PMV); see Fig. 2.

The electricity consumption of most households is devoted to space and water 
heating, space cooling, cooking, lighting, laundry, electrical appliances, and outside 
applications such as gardening and outdoor cleaning. According to Eurostat, in 
2018, this represented 26.1% in Europe.

In 2015 some researchers have indicated that typical buildings and their con-
struction account for a massive 36% of energy use and 39% of carbon dioxide (CO2) 
emissions. However, progress towards sustainable buildings and modern construc-
tion methods have failed to keep up with a growing demand for energy. It is of para-
mount importance to improve the energy intensity per metre square of the building 
industry by an average of 30% by 2030 compared with the 2015 figure set forth in 
the Paris Agreement.

The energy consumption, in kWh/m2, of the construction industry according to 
an IEA source (IEA, Energy Technology Perspectives 2017, IEA/OECD, Paris 
www.iea.org/etp), in 2000, was 200 kWh/m2 or 200 EJ (exajoule). In 2015 it was 
150 EJ. The UN in Paris proposed to reduce this to 100 EJ by 2030, that is, by 30%.

If one judges domestic electricity use in different parts of the world then one 
realizes the diversity and uncontrolled reason for it; see Table  1, taken from 
Electricity—BP Statistical Review of World Energy (2020).

The disparity in domestic electricity consumption between different parts of the 
world is highlighted in the table, which indicates that the wealthiest countries are 
profligate in their level of consumption and give scant consideration to the environ-
ment and climate change.

Introduction
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Fig. 2  The ideal comfort is at zero predicted mean vote (PMV). (Ref: http://ceae.colorado.
edu/~brandem/aren3050/docs/ThermalComfort.pdf)

The UK government (Health and Safety Executive, HSE) issued a check list to 
determine comfort in working premises; see Table 2. More than two yes answers 
trigger an investigation into the causes of discomfort.

Natural ventilation is an important tool for achieving comfort and reducing both 
CO2 emissions and electricity demand. Ventilation not only improves comfort levels 
but removes damaging toxins and CO2 from the air. The inhabitants are not the sole 
beneficiaries of good natural ventilation; the ‘health’ of the building itself is boosted 
by the reduction of humidity and condensation, which are associated with the 
growth of mould, which gives rise to health issues and the deterioration of the build-
ing’s fabric. Impurities such as dust, pollen, radon, and variable organic compounds 
are also reduced. Effective natural ventilation must be incorporated at the early 
stage of building design.

One of the forgotten issues in comfort is noise pollution. Acoustic isolation is an 
important issue for comfort. In the UK, there were 313,000 complaints in England 
and Wales of domestic noise disturbance in 2004. Buildings have improved acoustic 
insulation requirements since 2002. One of the main recommendations regarding 
acoustics is to get the building shell right because it is difficult to retrofit an acoustic 
material properly afterward.

In this book there are 20 chapters written by authors from various parts of the world 
covering multiple buildings and complexes achieving comfort by considering: the vari-
ability of climate temperature; shading; using the retrofitting technique; improving effi-
ciency and temperature control; using natural cooling and ventilation; using ventilative 
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http://ceae.colorado.edu/~brandem/aren3050/docs/ThermalComfort.pdf
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viii

Table 1  Electricity consumption per capita in selected countries

Country
Population × 
103

Electricity 
Generation – TWh

Electricity Consumption per Capita, 
kWh

Kuwait 4207 75.0 17,827
UAE 9771 138.1 14,134
USA 329,065 4401.3 13,375
Saudi 
Arabia

34,269 357.4 10,430

France 65,130 555.4 8528
Germany 83,517 612.4 7333
China 1,433,794 7503.4 5233
UK 67,530 323.7 4795
Brazil 211,050 625.6 2964
Algeria 43,053 81.3 1888
India 1,366,418 1558.7 1141
Egypt 100388 14.7 146.4

Table 2  Comfort check list questionnaire

Factor Description Yes

Air temperature Does the air feel warm or hot?
Does the temperature in the workplace fluctuate during a 
normal working day?
Does the hot or cold season affect the working place 
temperature?

Radiant temperature Is there a heat source in the environment?
Is there any equipment that produces steam?
Is the workplace affected by external weather conditions?

Humidity Are your employees wearing (personal protection equipment) 
PPE that is vapour impermeable?
Do your employees complain that the air is too dry?
Do your employees complain that the air is humid?

Air movement Is cold or warm air blowing directly into the workspace?
Are employees complaining of draught?

Metabolic rate Is work rate moderate to intensive in warm or hot conditions?
Are employees sedentary in cool or cold environments?

PPE (Personal Protection 
Equipment)

Is PPE being worn that protects against harmful toxins, 
chemicals, asbestos, flames, extreme heat, etc.?
Can employees make individual alterations to their clothing in 
response to the thermal environment?
Is respiratory protection being worn?

What your employees 
think

Do your employees think that there is a thermal comfort 
problem?

Introduction
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cooling systems; diachronic analysis of daylight design and management technique in 
Mediterranean constructions; enhancing the microclimate towards outdoor thermal com-
fort in urban isles in the Mediterranean region; implementing passive solar design using 
the building’s geometry and orientation; creating thermal and visual adaptive comfort in 
buildings; considering the well-being of the end-users; keeping design in mind of sustain-
ability; neuroscience and architecture; using external shading in humid-to-moderate cli-
mates; building with living bricks to generate energy and wean humanity off fossil fuels; 
creating natural cooling in the very hot Arewa sun of Nigeria in traditional Hausa build-
ings; is still ‘ornament’ a ‘crime’; using orientation and courtyards in arid zones of 
Arabia; integrating thermal mass in sustainable buildings; creating visual comfort in 
UAE heritage buildings such as museums.

The authors come from the Netherlands, Argentina, Egypt, Cuba, the UK, 
Canada, Italy, Cyprus, Greece, Malaysia, Portugal, Iran, Nigeria, the US, and 
Bahrain.

WREN/WREC� Ali Sayigh
Brighton, UK
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Sustainable Schools: Their Passive Systems 
to Provide Comfort with Natural Means 
as an Educational Example for Pupils 
and Their Parents

Wim Zeiler

1 � Introduction

Architecture will, therefore, become more informed by the wind, by the sun, by the earth, 
by the water, and so on. This does not mean that we will not use technology. On the con-
trary, we will use technology even more because technology is the way to optimize and 
minimize the use of natural resources. (Richard Rogers)

As the results of the energy use of the built environment, which is around 40% of 
the total energy consumption [25], become more evident (depletion of fossil fuel 
and global warming), there is a demand for energy reduction. In order to reduce the 
high energy demand and pollution of greenhouse gasses, it is necessary to improve 
the performance of the buildings. In Europe, more than 64 million students and 
almost 4.5 million teachers work inside a school in preprimary, primary, and sec-
ondary schools [26]. School buildings represent a significant part of the building 
stock (17% of the nonresidential sector in Europe) and a noteworthy amount of total 
energy use (12%) [26].

Good education is an essential pillar for citizens’ welfare and well-being. High-
quality education infrastructure is one of the main pillars of economic prosperity 
and can put people on a path toward good health, empowerment, and employment. 
Evidence shows that, on average, each additional year of education boosts a per-
son’s income by 10% and increases a country’s GDP by 18% [11]. Data from the 
Perry Pre-School Study, for example, show that every dollar spent on students when 
they were 4 and 5 years old had a benefit/cost ratio of more than 13 dollars by the 
time they were 40 [33]. Teacher recruitment, retention, absenteeism, and presentee-
ism are affected by poor indoor conditions [44], which also influences learning 
outcomes [12]. It is therefore of critical importance to ensure that schools enable 

W. Zeiler (*) 
Department of the Built Environment, TU Eindhoven, Eindhoven, Netherlands
e-mail: w.zeiler@bwk.tue.nl
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Fig. 1  Dynamic influence factors impacting the indoor climate in school classrooms [49]

children to thrive physically and mentally [49]. Despite this, inadequate ventilation 
is a common problem in school classrooms all over the world [2, 3, 36, 53]. A recent 
Dutch survey of August 2020 stated that from the more than 3386 schools that 
responded and performed a quick scan during summer conditions, 23% did not fulfil 
the minimum requirements for ventilation [40]. These outcomes are in line with the 
earlier outcome by van Dijken and Gelderblom [20], stating that in around 40% of 
the schools, classroom ventilation is seriously insufficient during the winter.

It is essential to create a healthy learning environment besides the sustainability 
aspects of schools [30] and to optimize the consistency of all dynamic influencing 
factors on the indoor environment (see Fig. 1).

2 � Historical Perspective

It is important to learn from buildings of the past while still harnessing the opportu-
nities presented by new technologies to think interdisciplinary and work collabora-
tively [19]. Since ancient times with the Greeks and Romans, the school plays an 
important role in the lives of children and their parents. But after the fall of Roman 
civilization, there was hardly any education in the middle centuries. Within a few 
years after the rise of Christianity, schools which were attached to churches and 
monasteries were built. These were intended for young people from the highest 
ranks to be formed into liturgy and church singers. Despite the fact that education 
was intended for the good, the situation in the big cities did not meet a healthy and 
comfortable climate at all. In rural areas, the condition of school buildings was even 
more dramatic, and school buildings were often compared with pigpens. The school 
from the beginning of the nineteenth century had only one classroom with some-
times hundreds of children. Old prints testify to these massive groups and give an 
idea of the housing. It was not until the nineteenth century that there was a 

W. Zeiler
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Fig. 2  Open-air school Dordrecht 1929 [13]

Fig. 3  Zuidwalschool Den Haag 1933 [13]

Sustainable Schools: Their Passive Systems to Provide Comfort with Natural Means…
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Fig. 4  Open-air school by Duiker and Bijvoet, Amsterdam 1930 [13]

turnaround; education laws proposed all kinds of measures to improve the situation. 
From the 1900s to the 1930s, due to all the health problems of pupils by the then 
prevailing tuberculosis, the concept of the open-air school was developed [13]. The 
phenomenon of the open-air school had a practical origin. Due to the significant 
health problems in industrial cities, such as tuberculosis, the solution was found in 
sanatoria. These were equipped with a lot of light and air as this was considered 
important for school-age children. The emphasis was put on ventilation and day-
light entry intended for sick or weak children and usually situated outside the city 
or in a park-rich environment (see Figs. 2 and 3) [13].

The perhaps most well-known Dutch open-air school was designed by architect 
Jan Duiker in Amsterdam (1929–1930). This building is divided into the classrooms 
and terraces into the three-story structure in such a way that a maximum of light and 
air can be accessed here. The facades are located in one plane with the floor and a 
curtain wall with initially six large steel turn windows on the long sides of the 
rooms. The maximum openness, while minimizing construction, is in line with the 
principles of the new building style [6] (see Fig. 4). In 1994 the school was com-
pletely restored and adapted to the current educational requirements.

3 � Use of Passive Strategies

With regard to passive strategies, architectural design elements, such as building 
shape, building façade, orientation, and window-to-wall ratio (WWR), can signifi-
cantly influence the final energy use of a building. [32] made a complete overview 
of passive solar heating and cooling concepts and their effects on the performance 

W. Zeiler
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of a building’s thermal management. The concepts of Trombe wall, solarium, evap-
orative cooling, ventilation, radiative cooling, wind tower, earth air heat exchanger, 
roof pond, solar shading for buildings, and building-integrated photovoltaic and 
thermal panels are extensively covered in this review. Optimal combination of pas-
sive strategies can be analyzed, such as building shape, orientation, wall thickness 
and insulation, roof insulation, window orientation WWR, window-to-wall ratio, 
glazing, and overhang depth [31, 38, 42, 51] by applying building energy perfor-
mance simulation (BEPS) such as [24]. These imply that the building’s final energy 
can be significantly reduced through the use of passive and active strategies. 
However, excessive use of active strategies may be unproductive [46, 56]. Also, the 
effectiveness of passive strategies can vary depending on the individual thermal 
characteristics in a building [38].

4 � Iconic Examples from the Past

Most architects dream about a school without installations, and many take St. 
George’s County Secondary School in Wallasey as a great example (see Fig. 5).

The school designed by Emslie Morgan was built in 1961 and is considered the 
first English passive sun-controlled school to heat the school entirely with solar 
energy. However, the building has a heating system that only comes into operation 
under extreme outdoor conditions. Normally the sun, internal lighting, and the chil-
dren themselves are a sufficient source of heat. The lighting plays a major role in 
heating the school, and lighting being reflected on the wall heats the room before the 
arrival of the children. The building has a two-story high transparent south façade, 

Fig. 5  St. George’s County Secondary School in Wallasey, Cheshire, England. (Photo: Jeremy 
Marshall [22])

Sustainable Schools: Their Passive Systems to Provide Comfort with Natural Means…
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Fig. 6  Cross-section St. George’s County Secondary School in Wallasey [22]

allowing the sunlight through a double skin façade consisting of two separate single 
glass windows with an intermediate distance of 60 cm. into space [23]. The walls 
and floors are made of heavy materials and thick to obtain a high buffering capacity 
of the structural construction (see Fig. 6).

A recent study into the current state of the building shows that due to new floor 
coverings on the concrete floors and the use of personal computers, the problems of 
overheating in the summer have increased sharply. Although the manually operated 
supply and discharge air valves function well in itself, it is not very user-friendly to 
operate in practice. As a result, the air valves are not always optimally adjusted, 
resulting in insufficient ventilation between 0.3 and 2.5 air changes per hour. The 
main problem of the building is the glare caused by the too much sunlight that enters 
through the all-glass south façade. This problem is very conflicting with twentieth 
century school equipment such as electronic whiteboards and computer screens. 
Although the school is an icon for the current designers of sustainable schools, one 
should also consider the critical aspects of the design. Nevertheless, the 1961 design 
with total energy use of 97 kWh/m2a deserves praise and admiration, compared to 
the current English standard of 250 kWh/m2a.

As the icon of a new generation of sustainable, low-energy, naturally ventilated 
sustainable educational buildings, the Queen’s Building at De Montfort University, 
Leicester, was completed in late 1993. It gained a reputation with its stunning archi-
tecture using distinctive ventilation chimneys [18] (see Fig. 7). Architect Short Ford 
Associates worked on the building design alongside environmental engineer Max 
Fordham LLP, Cambridge Architectural Research (on the stack-effect chimneys), 
and Bristol University (on the physics of the airflow).

The building’s operational performance was revealed in 1996 when a post-
occupancy evaluation was carried out as part of the PROBE (Post-occupancy 
Review of Buildings and their Engineering) project. The assessment revealed a 
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Fig. 7  Queens Building, De Montfort University. [Photo Martine Hamilton Knight]

number of key shortcomings. Unresolved defects meant that for the first 2 years, the 
building operated with problems in critical mechanical and control systems [18]. 
The survey of its occupants showed dissatisfaction with high summertime tempera-
tures and stuffiness in both winter and summer months [18].

The first energy-neutral sustainable elementary school of the Netherlands [58] 
made clear what the focus on sustainable school design should be [57]:

A sustainable school is a sustainably designed, built, and used school building in which 
sustainable education is developed and provided. The building and its surroundings serve as 
an educational tool for illustration, demonstration, exploration, experimentation, and dis-
covery. The concept of the sustainable school and its practical realization must be 
'CONVINCING':

C ONTEXTUAL, O RIGINAL, N EED, V ISIBLE, I NTEGRATED, N ATURAL, C 
LEVER, I NSTRUCTIVE, N ETWORKING, G LOBAL

The whole concept of a sustainable school building is based on principles of sustainable 
development which deal with the limited availability of natural resources, the interdepen-
dence with nature, the fundamentals aspects of interdependence with nature, the fundamen-
tals aspects of production and consumption, and the issue of equity within, between and 
among generations.

5 � Methodology

Traditionally, the potential for energy reduction in the Netherlands was mainly 
determined by the applications of building energy reduction measures according to 
the Trias Energetica method (see Fig. 8). In the first design step, the energy demand 
is reduced as much as possible by avoiding waste of energy, applying high 
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Fig. 8  The Trias Energetica method and the five-step method [55]

insulation levels, and implementing energy-saving measures, such as lowering the 
setpoint temperature in winter or increasing the setpoint temperature in summer 
slightly. In the second step, all possibilities to apply renewable energy sources are 
investigated. In the third step, the remaining energy demand is covered by using 
fossil energy solutions as efficiently as possible. An adapted version of the Trias 
Energetica method, the five-step method, has been developed [60] by adding the 
integration of user behavior, their capability to produce energy locally, as well as 
energy exchange and storage systems (buffer tanks, Aquifer Thermal Energy 
Storage) (see Fig. 8) [55].

More specifically, the first step to minimize the energy demand is to look at the 
actual behavior and occupancy in relation to the ventilation need, which is directly 
related to the number of pupils in a specific classroom. So this demand-driven ven-
tilation is a good step to reduce the energy demand by the ventilators. A similar 
measure in this step is occupancy detection for the control of the lighting and day-
light. This measure minimizes the use of artificial lighting, thus reducing the elec-
tricity demand. The second important step to reach nZEB is the application of the 
passive house strategy. This leads to energy savings on heating of 80% compared to 
conventional standards of new buildings. To reach these goals, the passive house 
concept focuses, first and foremost, on reducing the energy demand of the building 
through high insulation of walls, roofs, floors, and windows/doors, thermal bridge 
free construction, and airtightness.

In 2009, the Dutch government started their so-called UKP NESK program to 
stimulate innovation for energy-neutral buildings. UKP means unique chances proj-
ects, and NESK means “toward energy-neutral schools and offices” (Naar Energie 
neutrale Scholen en Kantoren). The published results by the Rijksdienst voor 
Ondernemend Nederland (RVO) showed the top 15 most energy-conscious schools 
in the Netherlands for 2014 and 2016 [47, 48]. The total energy consumption was 
determined by the energy use for heating, hot water, cooling, ventilation, and light-
ing. The number one school in the top 15 of the combined 2014 and 2016 list [62] 
is a primary school, where high thermal conductivity is obtained in the structural 
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Fig. 9  Overview energy generation by PV panels of school 1 [50]

elements to prevent large heat losses. The open façade parts consist of frames with 
three-layer glass. Solar screens are provided in order to avoid overheating. Besides, 
the school building generates a lot of energy due to a large number of solar panels 
on the roof, with an amount of 135 kWp in total: 41% of the generated energy is 
used by the school, the rest is delivered to the grid (see Fig. 9).

In Table 1, an overview is provided of the different HVAC concepts of the Top 15 
schools. It is pretty remarkable that besides the five schools which are connected to 
a district heating system and the only one using a biomass pellet boiler, all other 
schools are using a heat pump. All Dutch projects are all applied with a balanced 
ventilation system and heat recovery [62].

Schools typically have a high internal heat load (heat generated by people, light-
ing, and buildings). As a result, the required amount of cooling is significantly 
higher than the average building. Nowadays, modern school buildings have reached 
the insulation quality at which the amount of cooling needed during the summer 
roughly equals the amount of heating required during the winter. Hypothetically, if 
all heat could be stored within the building, no external heat source would be needed 
throughout the year. An increasingly popular solution is energy storage in the 
groundwater below the building: aquifer thermal energy storage (ATES) in porous 
sand layers, called aquifers. These systems work in combination with a heat pump 
in order to ensure the required temperature difference for cooling and heating is 
reached. The principle of an ATES system is based on transferring groundwater 
between two separated storage wells. During summertime, water is extracted from 
the coldest well and used to cool the building (see Fig. 10).

During cooling, the water temperature increases from approximately 8  °C to 
16 °C and is injected in the warmer well and stored until the winter season. During 
winter, the extraction/injection flow is reversed, and the heated water (which still 
has a temperature of approx. 14 °C) is pumped back to the building. With a heat 
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School HP ATES Pellet 
boiler

Borehole 
HE

District 
heat ing

HR 
boiler

Vent ilat ion 
system

CO2

control
1 X MS+ME+HR +
2 X X MS+ME+HR +
3 X X MS+ME+HR +
4 X MS+ME+HR +
5 X MS+ME+HR +
6 X X X MS+ME+HR +
7 X X MS+ME+HR +
8 X X MS+ME+HR +
9 X X MS+ME+HR partly

10 X X MS+ME+HR +
11 X X MS+ME+HR partly
12 X MS+ME+HR partly
13 X MS+ME+HR +
14 X MS+ME+HR +
15 X MS+ME+HR -
16 X X MS+ME+HR +
17 X MS+ME+HR partly
18 X X MS+ME+HR partly
19 X X MS+ME+HR -
20 MS+ME+HR -
21 X X MS+ME+HR -
22 X MS+ME+HR +
23 X X MS+ME+HR -

Total 15 10 3 1 5 2 23

Table 1  Overview of different techniques used for heating/cooling and ventilation

pump, the heat is extracted and converted to higher temperatures to heat the build-
ing. The water is cooled to approx. 6 °C and is injected back into the cold well. A 
heat exchanger between the groundwater and the building system water is used to 
avoid water contamination. An optimal performing ATES system can deliver very 
efficient cooling: coefficient of performance (COP) of 12 compared to a regular 
(compression-based) cooling system which reaches a COP between 4 and 6 [8, 9]. 
Because of the favorable soil conditions, the use of ATES systems in the Netherlands 
has become increasingly popular since the first installations in 1990 and became an 
important sustainable alternative to conventional chillers. In the Netherlands, the 
number of ATES applications could rise from 2500 to 20,000 in the next decade, but 
it also has a high potential for other coastal areas throughout the world [10, 29]. The 
concept is suitable for residential complexes and small offices up to large-scale 
clusters of buildings like business neighborhoods or university campuses.
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Fig. 10  Doublet ATES systems [21]

Fig. 11  Science et Vie [41]

Form and function should form a synergy instead of being sometimes in conflict 
with each other. Already many years ago, Le Corbusier showed how the interaction 
between architect and engineer should look like (see Fig. 11). Fortunately, more and 
more integral approaches are becoming common practice to find the optimal solu-
tion between passive and active energy elements and between architecture and 
building services.

Sustainable Schools: Their Passive Systems to Provide Comfort with Natural Means…



12

Le Corbusier explains the roles of the architect and the engineer [45]: “Under the 
symbolic composition I have placed two clasped hands, the fingers enlaced horizon-
tally, demonstrating the friendly solidarity of both architect and engineer engaged, on 
the same level, in building the civilization of the machine age” [41]. The architects 
and the engineers should work together from the very start of a design project and 
must aim to reach synergy by combining the knowledge and the experience of all 
disciplines already in the early stages of the conceptual design. An integral approach 
is needed to make this possible, which represents a broad view of the world around 
us that continuously needs to be adapted and developed from sound and documented 
experiences that emerge out of an interaction between practice, research, and educa-
tion [61]. In the Netherlands, some very interesting examples show that architects 
and engineers can design as an integral team. These will be described next.

6 � Dutch Iconic Examples from the Present and Near Future

“Finally, it is not only a matter of methodology; it is much more. It is the urgent, and uncon-
ditional call for spirituality, and for a poetic mind, which would be able to recognize, 
respect, and support the beauty that nature offers for free. No methodology, no number, in 
fact, can be sufficient alone, as there is no technical layout for beauty.”  – Alessandra 
Scognamiglio, ENEA Italian National Agency for New Technologies, Energy and 
Sustainable Economic Development

Fig. 12  North facade of the EAE building with solar chimney visible [54]. (Photo: Egbert de Boer)
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6.1 � Energy Academy Europe- Groningen

The Energy Academy Europe (EAE) building (see Fig. 12), in Groningen, provides 
education, conducts research, and fosters innovation in the field of energy while 
working toward the transition to a sustainable energy future. The key energy themes 
of the EAE are the energy of tomorrow (such as wind and solar energy), energy 
efficiency, cost savings, and CO2 reduction:

–– Zero emissions (after 40 years, incl. construction)
–– BREEAM-NL outstanding
–– Energy performance coefficient = 0 or less
–– 51 kWh/m2 per year (which is extremely low for an education-related building)

The unique design demonstrates how a building can make optimum use of the natu-
ral elements of earth, water, air, and sunlight as a primary energy source.

The main external feature of interest on otherwise straightforward flat, triple-
glazed facades is the wavy vertical brise soleil made from Siberian larch (from 
Dutch forests) [43]. They are the result of calculations on controlling solar gain to 
particular areas and keep the building as cool as possible on hot days. The ratio of 
glazing to a wall is 50% to the offices on the east- and west-facing facades but 
around 80% to the south winter garden side, and the north, which doesn’t have 
direct sunlight.

A 200-meter-long air vent under the building uses the earth to cool and heat the 
air (see Fig. 13). The design connects outdoor air, collected on the lower south side, 
to the air demand on the buildings’ higher northern side. Pushed through a “thermal 
labyrinth” and assisted by natural powers such as thermal buoyance caused by the 
sun and wind stream, the airflow due to occurring pressure differences is optimal for 
cooling the building in summer.

Fig. 13  Air supply through a “thermal labyrinth.” [Source: Arch20]
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Fig. 14  Hybrid ventilation system with process control by building management system [54]

The north side (the highest point of the building) has a solar chimney, which 
stimulates the airflow using solar energy and controls the flow of the return air out 
of the building. The controls are quite complex as all weather conditions and inter-
nal conditions have to be taken into account (see Fig. 14). This natural ventilation 
saves approximately 20% in energy. On warm summer nights, there is additional 
cooling through a natural process that requires no power. Cool night air flows 
through the interior winter garden via the atrium and through the entire building so 
that the next day occupants can start their day in a cool working environment.

The atrium connects two sections; the north side is the research area with labora-
tories and related workspaces, and on the south side, there are workspaces, a winter 
garden, and the teaching areas. Via wide stair ramps, users will feel a natural prefer-
ence to take the stairs rather than the elevator (see Fig. 15).

The building does not have to rely on natural ventilation alone; if the weather 
conditions are not good enough, the mechanical ventilation system will step in. The 
building has three air handling units with a total capacity of 81,000  m3/h (see 
Fig. 16).

In addition, the building will be heated and cooled through concrete core activa-
tion combined with aquifer thermal energy storage (ATES). The heating and cool-
ing sources mainly come from the stored energy within the ground. However, the 
total cooling capacity of the heat pump is 830 kW and the heating capacity is 550 
kW. Two deep wells dug near the building will use geothermal energy of the ATES 
to keep the building at a comfortable temperature. Two water reservoirs are located 
at a depth of 100 m – one for heating and another for cooling. In summer, the cold 
water is pumped up and absorbs heat in the building. This now warmed water is then 
pumped back into the second reservoir. In winter, this process is reversed. The water 
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Fig. 15  The atrium as a central connection to the different building parts. [Source: Arch20]

Fig. 16  The three different air handling units for the mechanical ventilation. [Source: Arch20]

is further heated by a heat pump which efficiently turns electricity into heat which 
is distributed throughout the building for underfloor heating (60% of the heating), to 
heat the airflow through climate ceilings, and to heat tap water. When needed, cold 
water can also be used from the nearby pond.

The building has an extraordinary energy roof (see Fig. 17). The energy roof has 
an optimal orientation toward the south with an unusual design of a large, slanted 
roof of 1600 solar panels. The panels are arranged in triangles (133 in total) so that 
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Fig. 17  Solar panel roof with windows for daylight. [Source: Arch20]

they cover 100% of the roof surface. At the same time, the design allows daylight to 
pass through, making it effectively a 150% energy roof.

Such a striking, effective exterior leaves no room for doubt: the building is a 
place with innovative passive and active energy efficiency. A team of experts worked 
together to achieve this, consisting of Broekbakema, pvanb architecten, ICS, Arup, 
Structural consultant Wassenaar, and building physics consultant DGMR.

6.2 � Ecological Primary School De Verwondering Almere

The design of the primary school De Verwondering of 1900 square meters and 14 
classrooms (see Fig. 18) is inspired by nature Architect Daan Bruggink, who sug-
gested biophilic principles should be translated into all kinds of buildings levels and 
spatial context. The school consists of clusters of classrooms that form the biotopes 
for pupils of different age groups. These are so oriented toward each other that a 
natural gap is created that encompasses the central space. The school design is made 
as circular as possible in a dry and demountable system, with local materials and 
local wood. Natural and biobased materials are dominant, and wood is the primary 
building material for the school. In the classrooms, the interior walls are made of 
clay stones to get thermal mass into the building. Nowadays, airtight construction 
and good insulation are two key concepts that are becoming increasingly important 
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Fig. 18  Primary school De Verwondering Almere. [Photo: Ronald Auee]

in building design. However, this also means the need to cool a building increases 
as the indoor temperature can become too high during the warmer (summer) months. 
Therefore, each room is equipped with large ventilation hatches combined with 
large roof hatches in the roof of the central area to provide natural ventilation and 
night ventilation to cool the school in summer. Solar collectors on the roof (see 
Figs. 19 and 20) absorb the heat from the ambient air, and then the heat is stored in 
an underground ice buffer (see Fig. 21).

A heat pump transfers the water from the buffer to the desired temperature to 
heat the building. If it gets colder, that water in the ice buffer is cooled to below 
freezing. When cold water transitions to ice, energy is released, the crystallization 
heat. This heat can then be used to meet the heat needs. The ice can cool the building 
in the summer; the heat of the building is then used for heating again in winter. From 
the end of the heating season, the reverse process begins. The ice buffer is a form of 
thermal energy storage, and such can be an alternative for the earlier discussed ATES.

On the roof of the lowest cluster, there is an open-air classroom, partly covered 
and surrounded by the vegetation roof, on which even chickens walk. This outdoor 
room (see Fig. 22) is used all year round so pupils can experience the weather, the 
seasonal changes, the environment, and all other natural aspects that play a role in 
teaching. It is possible to teach within the covered classroom approximately 300 
days a year. It was already “fully booked” during the first year of operation. Indeed, 
based on natural and biophilic considerations, this is a modern version of the old 
and earlier discussed open-air schools’ principle.
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Fig. 19  The green and energy roof of the school with solar thermal collectors and PV panels. 
[Photo; ORGA architect]

Fig. 20  The solar thermal collectors to feed the heat pump ice buffer system. [Photo: TDS 
Engineering]
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Fig. 21  Ice buffer. [Source ORGA architect, Gemeente Almere, Heko Spanten]

Fig. 22  Open-air classroom on the top floor of the school. [Photo: Ronald Auee]

Design team: Architect Daan Bruggink-Orga architects, Structural engineer 
Lüning, Building Services consultant Bart Ruijs TDS Engineering, Building Physics 
consultant Nieman, Plant design Well Planted, Contractor Van Norel Bouwgroep. 
Special thanks to Daan Bruggink and Bart Ruijs for their collaboration.
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6.3 � Erasmus University Rotterdam: MFO II

The Erasmus University Rotterdam’s (EUR) new multipurpose educational build-
ing MFO II (see Fig. 23), covering some 8500 m2 (91,500 sq ft), is currently being 
built and will become one of the most sustainable university buildings in the 
Netherlands. It will house lecture halls, teaching rooms, a lounge area, and plenty of 
study space for around 3000 students from various faculties. Energy neutrality, cir-
cularity, and vitality are the main goals while simultaneously inspiring and stimulat-
ing, sustainable, and aesthetically appealing surroundings for students and staff. 
The following minimum requirements for its sustainability were formulated [27]: 
BREEAM opens external 1 rating as “outstanding,” building circularity perfor-
mance (BCP/CPG 2) score is 8, and energy performance coefficient (EPC) is 0. The 
design, development, and construction contract was granted to a consortium made 
up of Paul de Ruiter Architects, Halmos Building Services consultants, and 
LBP|SIGHT building physics consultants together with BAM as construction part-
ner. Their design will actually generate more energy than it will use, thanks to roof-
mounted solar panels, heat pumps, and ATES. One of its unique features will be a 
revolutionary new ventilation system using wind and solar energy. This “powered 
by nature” air-conditioning system was developed by Ben Bronsema [14–17], the 
Earth Wind and Fire (EWF) concept (see Fig.  24) in collaboration with the 
Universities of Technology of Delft and Eindhoven [[7, 34], Hooff et al. 2021] and 
first applied at the end of 2018 in hotel BREEZE in Amsterdam [15–17]. The design 

Fig. 23  Erasmus University Rotterdam MFO II Building. [Photo: Paul de Ruiter Architects]
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Fig. 24  The EWF concept [37]

requirements of the EWF concept have been meticulously applied, and multiple 
optimizations have been implemented on the system, such as energy recovery 
between the air from the solar chimney, and to the climate cascade, variable airflow 
by application variable volume controls with low resistance and application of mul-
tichannel heat exchangers (MCHE) as low resistance heating coils. Two EWF ven-
tilation systems are applied with a total air quantity of 135,000m3/h and a resistance 
of 140Pa in supply and in the exhaust of 80Pa (normal for air handling units is 
approximately 900 and 600Pa). With this system, energy savings of more than 50% 
are achieved compared to air treatment cabinets, of which 90% are on fan energy.

7 � Conclusion

Building comfort by natural means is about finding the right balance between archi-
tecture and engineering, form and function. The goal is not to minimize the use of 
external or additional building services systems but to aim for the most optimal 
combination of natural means and other efficient systems, that is, the right balance 
between passive and active systems. In particular, when designing schools, this is of 
utmost importance to create a healthy and effective learning environment. There are 
a growing number of examples where the building itself becomes part of the educa-
tion, not only to facilitate it alone. The focus of this chapter is especially placed on 
schools as they offer possibilities to include elements in the education of the pupils 
and involve their parents and therefore show the new generation what the possibili-
ties to create a more sustainable built environment are. Some of the most inspiring 
Dutch examples are presented in this chapter. They are a good promise of even bet-
ter things to come by a new generation more aware of the necessity and the possi-
bilities that nature and technology offer.
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Living Bricks Can Generate Energy 
in the Home and Wean Humanity 
Off Fossil Fuels

Rachel Armstrong

1 � Introduction

As the world emerges from prolonged lockdowns associated with a viral pandemic, 
microbes probably feature very low down on most people’s list of factors when 
thinking about potentially significant contributions to improving building comfort. 
Most of us will probably regard the fewer microbes there are in a space, then the 
better, but our understanding of the broader role of microbes in issues of health and 
well-being beyond the effects of pathogens is changing and is influencing how we 
design our living spaces. These factors not only affect human occupants but also the 
immediate, character, and environment of our buildings.

This chapter considers the nature of comfort within buildings beyond conven-
tional parameters concerned with ventilation, heating and cooling systems, resource 
recycling, and energy conservation, which optimizes the livability of spaces and 
examines the implications of emerging microbial technologies that enable us to 
strategically generate environmental effects within the building. Taking a first step 
toward how we might imagine living spaces fueled by the “living” processes of 
metabolism, it also introduces the emerging concepts of the human microbiome and 
the microbiome of the built environment, with which the presence of microbes in 
our buildings are entangled. Owing to the cutting-edge nature of this field of 
research, we do not yet fully know the impacts of microbial distribution, within and 
beyond the human body, but we do know that these issues are likely to be important 
characteristics in the near future not only for issues related to building comfort but 
also with respect to their environmental impacts.
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The presence of microbes as co-occupants of our living spaces raises important 
issues about our view of them, as modernity upholds a largely negative view that 
overlooks their role as the living world’s regenerative technology. So to understand 
the issues at stake in the provision of building comfort, we must first examine how 
we obtained such present negative associations and consider why these ideas 
must change.

2 � The Reign of Hygiene

First visualized in the seventeenth century as “animalcules” through Antonie van 
Leeuwenhoek’s microscope—an inverse telescope that revealed an inverse cos-
mos—initially, microbes were a source of wonder. The only way we could relate to 
them was through their shapes, which were simple and, therefore, were associated 
with biological primitiveness. As visualization techniques improved, the long-held 
belief that life spontaneously appeared from nonliving substances during the pro-
cess of spoilage was disproven, as microbial transmission through air and other 
invisible processes was demonstrated by Lazzaro Spallanzini in the eighteenth cen-
tury, who found that boiling broth would sterilize it and kill any microorganisms in it.

Then, through the work of Louis Pasteur and Robert Koch in the late nineteenth 
century, the modern version of germ theory was formed that demonized and equated 
microbes with all kinds of illnesses. Faced with the human catastrophe of infectious 
disease—whereby, even in 1900, the three leading causes of death were pneumonia, 
tuberculosis, diarrhea, and enteritis (which together with diphtheria) caused one-
third of all deaths and children under the age of five accounted for 40% of all those 
deaths from these infections—Western society went to “war” with microbes. It is no 
understatement to observe that the invention of the modern toilet was necessary for 
survival and by the 1920s, “sanitary imperialism,” which freed people from the 
responsibility to personally dispose of their bodily excrements, was in full swing. 
Typified by their white, easy-to-wipe surfaces, modern indoor bathrooms were 
designed into new houses and plumbed into urban sewage systems. Regarded as 
contaminants that needed to be designed out of our lives—via indoor toilets, plumb-
ing systems, sewage plants, white cleanable ceramics, and a host of environmentally 
noxious household products like bleach and detergents— their eradication shaped 
the microbially hostile reign of hygiene. Governed by the principles of germ theory, 
revolutionized by new rituals of cleanliness, and supported by epidemiology, this 
blunt instrument helped keep pathogens at bay.

Modernist architecture designed the fear of disease into its living spaces, where 
the liberal use of germicides became part of the machine à habiter’s defensive 
spaces. Le Corbusier’s houses were a testimony to antimicrobial design being raised 
above the humid ground, where Villa Savoye’s entrance hall sink could be consid-
ered an altar to hygiene. Hugo Alvar Henrik Aalto’s Paimio Sanatorium functioned 
as a medical instrument designed to eliminate tuberculosis, while the clinical 
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minimalism of Ludwig Mies van der Rohe or Marcel Breuer unambiguously boast 
their environmental sterility.

Within the course of a century, the reign of hygiene had taken its toll on the envi-
ronment. With the increased use of water as part of the purification process, the 
volume of wastewater significantly increased but our handing capacity did not. In 
1920, the world’s population was just under 2 billion: today it is 7.5 billion and is 
served by almost the same infrastructures that were available a century ago. Now, 
wastewater is all around us—from the water flowing through the shower drain to the 
runoff from roads, where it seeps into underground water tables and contaminates 
local ecosystems. Compounded by frequent applications of chemical cleaners, 
phosphorous, nitrogen, and ammonia are tipped into toilets, sinks, drains, sluices, 
and dishwashers. Entering the wastewater system, these weak poisons gradually 
accumulate in the environment, particularly in soils, natural bodies of water, and the 
flesh of living things. The pure white layer of modern sterility therefore presents an 
ethical mask for critical issues of wastewater management, pollution, exploitation 
of nature, cheap materials, planned obsolescence, disposable consumption, and 
scarcity economics—amplified by modern consumer society. Having reduced the 
microbial loads in our kitchens and bathrooms, the reign of hygiene has simultane-
ously produced rivers, reservoirs, lakes, and seas that are drowning in chemicals, 
waste, plastic, microplastics, and pesticides. One of the consequences of these 
cumulative toxins is a drastic loss of biodiversity, which is powerfully described in 
Rachel Carson’s Silent Spring.

Why should we tolerate a diet of weak poisons, a home in insipid surroundings, a circle of 
acquaintances who are not quite our enemies, the noise of motors with just enough relief to 
prevent insanity? Who would want to live in a world which is just not quite fatal? [1]

Despite these antimicrobial designs, modernity has been unable to prevent us 
from being quarantined within our own domestic spaces. In fact, presently, our 
homes, and other interior spaces where we socialize, are the most likely places for 
the spread of contagion. The Pandora’s Box that is the microbial era has been well 
and truly sprung, and the issues of infectious disease have not gone away, so a bal-
ance must be struck between the baselines for modernity’s template for cleanliness 
and environmental health and well-being. Rather than pursuing relentless programs 
of environmental sterility, more agentized, probiotics habitats are needed to effec-
tively negotiate a condition of mutual livability between human and microbial 
inhabitants alike. More than our inability to think and act ecologically, the present 
pandemic with its lockdowns, social distancing measures, new rituals of hygiene, 
and intrusions on our lifestyles spotlight the home as a tirelessly generative, experi-
mental space capable of producing new design protocols that become part of our 
everyday routines. Potentially, here, the character of our living spaces can be recon-
ceptualized and transformed into a grassroots response to the pandemic that actually 
changes our lives for the better.

Living Bricks Can Generate Energy in the Home and Wean Humanity Off Fossil Fuels



28

3 � The Environmental Role of Microbes

Less than one percent of all microbes are pathogens. Although this is a large num-
ber, to date, the role and function of more than 99% are still largely unknown and 
until now has been unknowable. Even at the time when microbes were being equated 
with pathogens in the nineteenth century, a parallel stream of scientific investigation 
looked at their largely beneficial environmental effects in agriculture, where their 
role in plant health and recycling life’s primary elements, namely, carbon, hydro-
gen, oxygen, phosphate, and nitrogen, were firmly established. Working in partner-
ship with the sun, these ancient beings were found to generate a commons of 
biochemical goods all around us that forms the “microbial commons” where their 
ongoing metabolic activity sustains the biosphere [2]. As primary producers of bio-
mass, they can remove carbon dioxide from the atmosphere through photosynthesis 
and, using light energy, convert these ephemeral substances into organic (cellular) 
material, generating vital oxygen in the process. They also process the useful mol-
ecules within dead matter, so that it can (re)enter the food chain, linking the cycles 
of life and death through the production of compost. Such world-making narratives, 
however, were less anthropocentric and less relatable than the reign of hygiene, and 
so their critical importance in maintaining the productivity of the world was largely 
unrecognized until the late nineteenth century.

4 � Microbial Diplomacy

The only living beings on the planets billions of years before humans arrived, 
microbes have effectively comprised the world’s society and culture for most of the 
story of life on earth. While their life together is no utopia, it has nevertheless 
resulted in the optimization of site conditions that have produced the flourishing of 
other organisms, resulting in an overall increase environmental liveliness. Since no 
one microbe can perform all possible transactions alone, their systems of organiza-
tion, modes of exchange, and forms of communication comprise an origin of socia-
ble life [3], where diverse microbial species work together to produce livable spaces. 
Myra Hird develops these relational-material approaches within the biosphere as a 
micro-ontology that acknowledges the contributions of this unseen majority as 
being independent of human observation and action. The material forms that emerge 
from these negotiations are structures like biofilms that offer many advantages to 
their inhabitants and possess a high level of organization, where microbes are 
actively engaged in a community of life that is rich with social connections and 
countless acts of design. These “different ways of being that give valuable perspec-
tives on life and the world” [4] may, at first glance, appear to be more chance than 
design, but the tools of molecular biology have recently enabled us to “see” how 
microbes work together using their genetics and metabolism, and researchers are 
starting to reveal their complex inner life. For example, using chemical languages, 
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bacteria can observe their neighbors, understand how many microbes are present, 
and, if sufficiently large numbers of like-minded organisms are present, they may 
even agree to act in a coordinated manner through quorum sensing.1 Such signaling 
systems enable bacterial cells to engage in diverse group behaviors that reach across 
different species—even to animals—to generate a host of outcomes including bio-
film formation, swarming motility, justice systems to deal with cheaters [5], or pro-
duce specific products like extracellular proteases and iron-chelating siderophores. 
Such coordination enables bacterial communities to collectively perform the work 
of giants [6]—decomposing a whale carcass, fertilizing a forest floor, causing tooth 
decay, illuminating breaking waves with pulses of bioluminescence, or occasionally 
becoming toxin-producing pathogens, such as the bubonic plague which devastate 
their hosts [7]. None of these actions take place without coordination, or intent, 
which involve “collective sensing, distributed information processing, and gene 
regulation of individuals by the group” [8]. Since these material effects are pro-
duced over time and space, they can be considered as acts of microbial diplomacy 
or design, as all establish a discriminating primordial ruleset through which deci-
sions are made. Navigating their world in ways that we barely understand they can, 
for example, communicate over long distances to strategically organize into com-
plex patterns of multicellular configurations (fungi, archaea, and bacteria). It is also 
noteworthy that the human-centric tactics for dealing with microbes were identified 
from solutions produced by other microbes, namely, the identification of the antibi-
otic penicillin from mold. So, when it comes to the regulation of microbes, the 3.5 
billion years of experience of dealing with other microbes position the microbial 
realm as the best negotiators when microbiomes are out of equilibrium.

5 � Technology and Microbes

Since we cannot see microbes with the naked eye, our relationship with them is 
mediated by technology. Up until the twenty-first century, our understanding was 
relatively limited and rested largely on old ideas of morphology observed through 
light microscopy and a restricted view of their biotechnology compounded by issues 
of culturing them. Many microbial species actually fare very poorly in refined media 
[9], where usually only one dominant species responsible for a particular disease 

1 Quorum sensing is the regulation of gene expression in response to fluctuations in cell-population 
density. These bacteria produce and release chemical signal molecules called autoinducers that 
increase in concentration as a function of cell density. The detection of a minimal threshold stimu-
latory concentration of an autoinducer leads to an alteration in gene expression. Gram-positive and 
Gram-negative bacteria use quorum sensing communication circuits to regulate a diverse array 
of physiological activities. These processes include symbiosis, virulence, competence, conjuga-
tion, antibiotic production, motility, sporulation, and biofilm formation, see Miller, M.B., Bassler, 
B.L. (2001). Quorum sensing in bacteria. Annual Review of Microbiology, 55, pp. 165–199. https://
doi.org/10.1146/annurev.micro.55.1.165.
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can thrive [10]. In the case of laboratory-cultured microbes, typically those that 
survive under such abnormal conditions are not representative of the species but, by 
definition, “monsters” [11].

The molecular biology revolution catalyzed an important tipping point in micro-
bial understanding, where cheaper, faster, sequencing methods in the emerging sci-
ence of metagenomics enabled the insides of microbes to be “seen.” This enabled a 
picture of their metabolic diversity, rather than morphology, to be mapped and the 
characteristics of entire microbial populations within specific “microbiomes” could 
be more easily understood as communities, rather than collections of individuals. 
Furthermore, new screening techniques using molecular techniques (e.g., 16S ribo-
somal RNA gene sequencing2 based on polymerase chain reaction) enabled the low-
cost broad surveys of microorganisms, which revealed just how diverse and 
important microbial metabolisms are in the fundamental transactions that make up 
the natural realm. While our view of microbial ecosystems is still piecemeal, their 
distribution and specific composition within our personal spaces, atmospheres, and 
habitats have implications for our health and environmental well-being. At the heart 
of this environmental enlivening a better relationship with microbes within our 
homes implies that world-making activities can take place within the domes-
tic realm.

6 � The Human Microbiome

Microbiome … may be defined as a characteristic microbial community occupying a rea-
sonably well-defined habitat which has distinct physio-chemical properties. The term thus 
not only refers to the microorganisms involved but also encompasses their theatre of activ-
ity [12].

Microbiomes are distinctive microbial communities that make up every ecologi-
cal niche. Following advances in biotechnology it was suddenly possible not only to 
see the microbial ecosystems around us but also within us, deeply complicating 
what it means to be “human” [13]. The biggest revelation is just how microbial we 

2 The piece of DNA used for identifying bacteria is the region that codes for a small subunit of the 
ribosomal RNA (16S rRNA), or 16S rDNA. Different bacterial species have unique 16S rDNA 
sequences. 16S rRNA gene sequencing is commonly used for identification, classification, and 
quantitation of microbes within complex biological mixtures such as environmental samples. The 
16S rRNA gene is a highly conserved component of the transcriptional machinery of all DNA-
based life forms, see Cox, Michael J., Cookson, William O.C.M. and Moffatt, Miriam F. (2013). 
Sequencing the human microbiome in health and disease. Human Molecular Genetics, 22(R1), pp. 
R88–R94, and is highly suited as a target gene for sequencing DNA in samples containing up to 
thousands of different species. While the conserved region makes universal amplification possible, 
sequencing the variable regions allows discrimination between specific different microorganisms 
such as bacteria, archaea and microbial eukarya. The identification relies on matching the sequence 
from your sample against a database of all known 16S rDNA sequences. Identification of viruses 
requires metagenomic sequencing (the direct sequencing of the total DNA extracted from a micro-
bial community) due to their lack of the phylogenetic marker gene 16S.
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actually are. Metagenomics shows that ecosystems of microbes inhabit our bodies 
and living spaces, where around 50% by number of our own body cells are bacterial 
[14]. State-of-the-art understanding of the human microbiome is primarily salutary 
where microbes inhabit our guts and skin where, in these transactional spaces, they 
play a significant role in our welfare by acting as an “organ” that influences our 
moods, helping with digestion while releasing microbial “goods” that comprise 
essential vitamins, which we cannot make ourselves and acting as a first-line 
immune system against pathogens [15]. There is no point thinking that we can do 
without these microbial colonize as they are critical for our health. Consider, for 
example, how disordered intestinal flora can be following long courses of antibiot-
ics and how sick we can become in their absence. These microbial populations, 
however, are not always benevolent and, when they become dysfunctional, are also 
responsible for switching on a wide range of diseases including cancer, cardio-
metabolic diseases, allergies, and obesity [16]. The discovery of this human micro-
biome [17] means that we are no longer “pure” bodies but “bodies-as-ecosystems,” 
where we are irreducibly entangled with many nonhuman others [18], sharing 
entangled histories and situated narratives with them [19], where these microbes are 
not “other” than “us” but are kin. Requiring a more holistic understanding of who 
“we” are and the metabolic realms we inhabit, we must learn how to reconceive our 
relationship to our living spaces through an understanding of this expanded notion 
of “self” to identify as a human holobiont [20]. Thinking through the concept of 
holobiont helps us consider our well-being in relationship to multiple actors includ-
ing our habitat, microbial “others,” and the physical makeup of the domestic envi-
ronment. Caution is needed, however, in assuming that all actors within the holobiont 
are either neutral or prioritize human needs, as it is a transactional system that 
depends on how well the constituent agents live together and is not predicated on the 
privileging of any specific entity—human or nonhuman.

Over the last century, the reign of hygiene has also endangered the integrity of 
the human microbiome through rapid changes in sanitation systems, medical 
advances, and modern lifestyles, which threaten essential microbial communities 
whose vital, metabolic networks are in decline and even face extinction. This is the 
dark side to clean living, where cleanliness rituals have resulted in changes in the 
way our bodies appropriately react to microbial “others,” where children’s immune 
systems are not trained appropriately through immunological encounters with dirt, 
resulting in a host of allergies [21]. Additionally, vaccination programs and antibiot-
ics, which are conceived of addressing targeted organisms, also set up the condi-
tions for resistance across the whole microbiome, resulting in the eradication of 
certain “silent” microbial species whose specific metabolic pathways are important 
to a specific individual’s health. Such microbiome diversity losses are particularly 
important in immigrant populations, as by moving to places with new microbial 
ecosystems and health-care practices, people lose key microbial populations that are 
vital to their well-being. Such observations herald the advent of design and proto-
cols for human inhabitation that engage the emerging microbial era, where appro-
priate design of probiotic activity can rearticulate our behavior and contributions to 
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the maintenance of health and well-being—not only during a pandemic but also in 
untroubled times.

7 � Microbiome of the Built Environment

As holobiontic3 subjects, human and microbial ecology compel us to understand 
what kinds of microbes we live alongside, recognize their diversity, and pay atten-
tion to how they behave in different settings. Over the last decade, high-throughput 
molecular techniques became sufficiently affordable for microbial communities in 
indoor environments to be analyzed, which revealed that not only bodies but also all 
surfaces also possess unique microbial colonies. This microbiome of the built envi-
ronment (MBE) is integral to inhabited spaces and is maintained by our everyday 
activities that disseminate, enrich, and even propagate microbes within our living 
spaces. Establishing a critical link between microbes, humans, and environment, 
interior spaces form a natural laboratory for shaping our lives and well-being. 
Present knowledge of the MBE is incomplete, and our understanding of its nature is 
therefore still evolving [22], so state-of-the-art includes its characterization. It is not 
possible to overemphasize the seismic shift in perspective for architectural practice 
with this “discovery,” whose central tenets are the body and environment. Moreover, 
the theater of activity that comprises indoor spaces is where we also spend 90% of 
our lives, and certain organizational principles are emerging that impact our health 
and well-being [23], where the distribution of microbes within each microbiome 
can be variably influenced by how the space is designed and operated. A few archi-
tects have sampled the presence of microbes in buildings using modified laboratory 
apparatuses such as petri dishes to directly visualize them [24] and determine which 
materials provide the best substrates for microbial colonization [25]. Existing 
approaches for modifying the MBE are generic solutions working with established 
building technologies such as through the control of ventilation rates and use of air 
filtration systems [26], envelope tightness, disinfectant applications, moisture con-
trol [27], remediating damp [28], particle filtration [29], germicidal irradiation [30], 
UV irradiation [31], chemical disinfection [32], and natural ventilation to increase 
beneficial outdoor microbial biodiversity in buildings [33] and even by adding ben-
eficial microbes to buildings [34]. Incorporating a longitudinal epidemiological 
study of exposures to chemical and biological agents within an indoor space over 
time, the exposome extends the relevance of the MBE into the realm of the kinds of 
metabolites its agents produce through an ecosystem of relational contracts that are 
now recognized as major drivers of human health and disease [35].

3 Lynne Margulis coined the term holobiont to refer to any physical association between individu-
als of different species to form a coherent ecological unit, see Margulis, L. (1998). Symbiotic 
Planet: A New Look at Evolution. New York: Basic Books. This definition has since changed to 
incorporate more eco-systemic bodies like corals and trees with mycorrhiza, which is in keeping 
with the present usage of the term.
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Changing the fundamental concepts of architecture, buildings are no longer inert 
spaces but environments that house complex ecosystems of trillions of diverse 
microorganisms [36]. All our design protocols are now entangled with a whole 
range of distinct yet entangled microbiomes including the human microbiome [37], 
the built environment microbiome (MBE) [38], and the soil/human microbiome 
[39]. Too important and pervasive for design to ignore, a way forward can be found 
in the intimate relationship between these complex “fabrics” which establishes a 
critical link between microbes, humans, and environment whereby gardening the 
presence of microbes in a place will inevitably alter the MBE. These associations 
are not formalized but are likely and so must be raised and considered at this point 
as a potential way of mediating the composition of an MBE potentially using 
microbe to regulate microbe, as was originally seen in the advent of antibiotics.

8 � Microbial Technology

Even before we could “see” them, we have used microbes as workhorses from com-
posting to fermentation and tanning, and the incredible metabolic diplomacy of 
microbes can be gardened and directed as technology, the fine control of which has 
become increasingly possible with the advent of advanced biotechnology.

In 1911, Michael Cressé Potter used microbes to produce (bio)electricity by 
designing a “living” battery, or microbial fuel cell (MFC), which used the vital pro-
cesses of Saccharomyces bacteria to produce several hundred millivolts of energy 
[40]. Acting as biocatalysts, the microbes converted the chemical energy of organic 
matter from waste streams into electrons for as long as they were fed. Each “cell” 
consisted of two compartments, just like a chemical battery—the anode and the 
cathode—which were separated by a proton-exchange membrane. Bacteria anaero-
bically oxidized the organic matter in the anode chamber to release electrons that 
flowed through an external circuit to provide electrical power. Acidic protons were 
also produced that dissolved into solution and passed through the membrane into 
the cathode, where they reacted with oxygen to produce freshwater. This highly 
mediated relationship set up a power-sharing relationship across mechanical and 
natural bodies that was neither entirely biological nor exclusively mechanical. 
Blurring the relationship between organism and machine, the microbial fuel cell 
provided a technical environment that enabled a natural biofilm to perform a range 
of metabolic tasks at room temperature that in addition to the production of bioelec-
tricity included cleaning wastewater and detoxifying pollutants.

However, the microbial fuel cell (MFC) could not compete with the sheer power 
of other electricity-generating systems that were demanded by industry and modern 
households and were therefore considered a curiosity rather than a potential build-
ing infrastructure. It was not until the late twentieth century when Bill Gates invested 
in research that explored how sanitation could be reinvented that the formal devel-
opment of microbial fuel cells as implementable systems could begin.
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9 � Microbial Technology as Infrastructure 
for Building Comfort

Microbial technologies are not single-purpose systems but create a whole set of 
transformations that potentially change the livability of space. An example of all 
these relationships is provided in the next sections using the Living Architecture 
project and ALICE prototype as case study examples of microbial technologies. The 
protocols of space-making they engender, however, do not propose to be a soft 
equivalent for modern utilities but generate an alternative resource management 
platform with potential to change how we imagine, design, construct, and inhabit 
buildings.

10 � Living Architecture

Aiming to establish a regenerative circular economy of the household, the Living 
Architecture project combined the bioelectrical properties of microbes with the 
principles of “animal economy,” “metabolism,” and “ecology”—all of which are 
centered on the every-day or “domestic” activities of daily living within the “oikos.” 
Situating the capacity for transformation of building impacts within the homes of 
ordinary people, it established a circular economy of the household that was founded 
on the reutilization of organic waste. Applying the “living” metabolisms of bacteria, 
our domestic spaces are provided with an alternative resource and energy system 
than the modern dependency on fossil fuels through an alternative, regenerative 
technological platform and infrastructure that not only carries out housework (clean-
ing wastewater and producing small amounts of electrical energy) but also acts as 
site for transactions between humans and nonhumans. All of this takes place through 
vital, metabolic activities such as feeding, metabolizing, excreting, and reproduc-
ing. As both “vital” thing and inhabited structure, the constituent metabolic pro-
cesses are not oblivious to us but respond to our multiple acts of care through the 
quality of housework performed and creating the possibility of interdependencies 
that enable environmentally engaged ways of living. Invoking the iterative, vital 
exchanges performed between human and soil, Living Architecture’s synthetic 
metabolism was designed to perform regenerative transactions as a technical 
embodiment of the ancient relationship between a person and their land. Rather than 
the plot for tender being outside the home, it has been technologically internalized 
and micro-miniaturized (like an organic computer). The soil-inspired system of 
Living Architecture also indicates the same figure and ground that invokes the pro-
duction of architecture—and the acknowledgment that people are not apart from but 
are integrated into the flows of natural (eco)systems. Funded by the Horizon 2020 
Research and Innovation Programme, it ran from April 2016 to June 2019, as a 
transdisciplinary collaboration between the universities of Newcastle, UK; the West 
of England (UWE Bristol); Trento, Italy, and the Spanish National Research Council 
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in Madrid and the Small-to-Medium Enterprises, LIQUIFER Systems Group, 
Vienna, Austria; and Explora, Venice, Italy (Fig. 1) [41].

The first step in producing the Living Architecture prototype was to consider the 
types of useable resources that could be extracted from household waste and then 
design the homes for microbes that were needed to form the foundations for its 
circular economy. Through the careful design of their surroundings, achieved by 
making special houses, or bioprocessors, for them, microbes could take cues from 
their specific environment that helped them carry out particular metabolic tasks.

Three basic types of “homes” were provided for microbes that were sequentially 
configured within an apparatus about the size of a large bookcase (Fig.  2). 

Fig. 1  Fully inoculated Living Architecture “wall” and apparatus installed at the University of the 
West of England, Bristol, photograph courtesy of the Living Architecture project, 2019

Fig. 2  Diagrams of the three basic types of bioreactor in Living Architecture; drawings courtesy 
of the Living Architecture project, 2019
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End-stage metabolic products then become food for next-door microbial communi-
ties, whose own unwanted products go on to feed their neighbors and so on. Being 
self-contained homes, or “metabolic worlds,” different bioprocessors can be 
sequenced in various ways as “metabolic apps” that can be combined to generate 
specific kinds of resources. Such an arrangement of multiple metabolisms, joined 
by one continuous stream of electron exchange, invokes a whole choreography of 
sustained transactions, where opportunities arise for microbes to respond and influ-
ence outcomes (Fig. 3).

The first type of microbial “home” was a photobioreactor. It cultured microalgae, 
which transformed sunlight and carbon dioxide into biomass (cellulose) and oxy-
gen, which acted as an end-terminal acceptor for the electrons harvested from the 
metabolizing biofilm next door. This second type of bioprocessor was a microbial 
fuel cell, whose bioelectricity signal provided both an energy-generating and com-
munications system that powered an artificial intelligence (AI) that observed the 
metabolic activity within the system and accordingly altered the external inputs 
using a system of valves to maintain a steady state. All the other metabolites pro-
duced by the biofilm in the microbial fuel cell passed into the cathode which con-
tained cleaned and filtered water.

The final bioprocessor type was a modification of the microbial fuel cell, but this 
time, the two-chamber device (one chamber is transparent, one opaque) housed 
synthetically modified microbes to create an experimental environment where new 
microbial metabolism could be designed using synthetic biology techniques. The 
transparent chamber was likened to a “farm,” where genetically modified, light-
loving microbes produced high quantities of carbon-rich sugar that passed into the 

Fig. 3  Four-chambered “living” brick design for the Living Architecture project; photograph 
courtesy of the Living Architecture project, 2019
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opaque “labor” module where a range of different “workhorse” organisms4 lived. In 
nature, these microbes do not live together but could do so under energy-rich condi-
tions, where constituent microbial metabolisms could even be designed to work 
across different species. This metabolic modularity greatly increased the available 
toolset for metabolic design with the potential to generate many different kinds of 
metabolic “apps.” In the Living Architecture project, processes that reclaimed phos-
phate from liquid detergents and detoxified gaseous pollutants like nitrogen dioxide 
were designed and implemented as a result of these processes.

From its outset, Living Architecture established diplomatic relationships at the 
human/microbial interface and was central to the project to stop synthetically modi-
fied microbes from escaping into the environment. While a number of “kill” 
switches, such as splitting synthetic metabolisms across more than one microbe, so 
that an escapee could not survive on their own in the wild, were developed, the natu-
ral regulatory capabilities of biofilms in microbial fuel cells were also explored as 
an active interface for removing synthetic microbes from waste streams. Working 
with the pathogenic hepatitis B virus as a model system to test this principle [42], 
the findings were striking. When contaminated wastewater flow was looped back 
through the microbial fuel cell, the natural biofilm removed the pathogens. In other 
words, when flow through the bioprocessor was organized in a circular configura-
tion, then the microbial fuel cells acted like an external microbial “immune system.” 
With the potential to decontaminate domestic waste streams, this capability will be 
particularly useful at times of pandemic. Notably, the strategic use of natural micro-
bial intelligence to regulate the composition and character of neighboring microbi-
omes could be a key technical principle for the ongoing principled investigation of 
technical systems to help us negotiate microbial environments.

11 � Active Living Infrastructure: Controlled 
Environment (ALICE)

Microbes possess a very particular kind of intelligence that reveals a great deal 
about the environmental health of a place. To access this information for the pur-
poses of building comfort requires formal appreciation of what they are telling us. 
This requires a unique, technologized understanding, since we cannot observe them 

4 “Workhorse” organism is a technical term that refers to microorganisms whose genes are well 
known and often have been completely sequenced. The term itself raises questions about the ethics 
of anthropocentric laboratory experiments—in synthetic biology and beyond—as it does not imply 
a partnership between human and microbe, but traditional command-and-control where creatures 
are the subjects for the execution of human will rather than co-constitutive partners in a mutual 
inquiry and is, therefore, open to exploitation (another term used in laboratory experiment specifi-
cally in relationship to results) and multiple abuses. I discuss the use of synthetic biology in the 
Living Architecture project in more detail in Hughes and Armstrong, 2021. The Art of Experiment: 
Post-pandemic Knowledge Practices. London: Routledge, pp.124–125)
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with the naked eye—and when we can see them en masse as an organized biofilm, 
then quite frankly, they are deeply unrelatable. Typically, microbial performance is 
deciphered through their biochemistry—specifically through the expression of their 
nucleic acids and metabolites—but, in human terms, this process is quite slow. 
Tapping into the electron flows within biofilms, however, gives us a direct way of 
understanding the behavior of a microbial population at any given moment and, 
depending on the sensitivity of electron detectors, creates the possibility of develop-
ing a communications platform between human and microbe in the most 
basic manner.

Centered on the microbial fuel cell technology, the ALICE5 prototype aimed to 
develop a readable communications interface between human and microbe to 
change our relationship with and expectations of healthy environmental microbes. 
It established a co-constitutive environment between human and microbe by using 
the direct connection between the electron flows generated by microbial metabo-
lism and the digital realm [43]. Using conventional electronics systems to detect and 
respond to microbial “data”—i.e., electron flow—it directly correlated with micro-
bial “comfort” in the biofilm.

The electrical data from the biofilm was translated by software into animations 
that conveyed the overall status of the biofilm in relatable terms (Fig. 4). Audiences 
could, therefore, respond to the microbial behavior—not by looking at unpleasant 

5 The Active Living Infrastructure: Controlled Environment (ALICE), is a collaboration between 
the University of Newcastle, University of the West of England and Translating Nature. This EU 
funded Innovation Award prototypes the construction of a novel bio-digital interface using 
Microbial Fuel Cells and augmented reality experience for “living” bricks developed in the Living 
Architecture project.

Fig. 4  “Mobes,” from the ALICE website (http://alice-interface.eu) showing dynamic, interactive, 
graphical representations of microbes, courtesy of the ALICE consortium, 2021
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“slime” (the natural “face” of microbial colonies) but by interacting with appealing 
forms on a familiar screen-based interface. Avoiding having to deal with the strange 
appearance of biofilms, participants could play with resident microbes in an explor-
atory exchange through data and performance—as if they were a pot plant or even 
a pet. This world of “Mobes”—a characterful term coined for the data-based repre-
sentations of microbes—helped human-microbial relations by revealing the incred-
ible electron-rich microbial world inside the bioprocessor where they lived. Such a 
probiotic approach to interspecies communication provided access to the highly 
situated realm of microbes, in a relatable manner that could become part of our 
everyday routines. Being in conversation—rather than “exploiting” microbes—
means we may start to learn-along-with them through their ability to generate clear 
and direct signals and data that relate to household resources so that we can manage 
them more strategically.

Due to the ongoing coronavirus pandemic, ALICE currently “lives” online as an 
interactive interface that can be remotely accessed through the many layers and 
options presented. Visitors can access real-time data to observe how a stable biofilm 
population is performing and interact with them remotely by selecting options from 
the project website. A person observing that microbes are “uncomfortable” may 
wish to feed them through a remote controlled valve or gently warm them with an 
LED to speed up their metabolism and generate more bioelectricity.

These simple exchanges between human and microbe create an environment 
where more equitable explorations can be conducted and further interaction invited 
that expands our understanding beyond the human realm. Seeking mutual enliven-
ing, thriving, and continuity, the production of shared languages mediated through 
a digital interface that is co-composed between human and microbe enables us to 
observe and understand such responses to inform new value systems and suggest 
different kinds of (house)work and care for our domestic environments. With 
ALICE, there is no planned “end” to its experiment, as it marks the start of an ongo-
ing conversation where the conditions for mutuality between microbe and human 
can continually be negotiated and developed.

12 � Impact of Microbial Technologies on Comfort

Commercially, no domestic microbial technologies presently exist but they have a 
long informal tradition, having been used in farmhouse settings in rural areas where, 
for example, manure heaps are used to provide hot water. By formalizing the anaer-
obic processes, Living Architecture provides a prototype and platform for formally 
developing an implementable building technology whose protocols of servicing, 
care, and rituals of inhabitation enable a choreography of living that works with 
lower energy systems than typically powered by mains electricity, provides cleaned 
(not potable) water, and can generate the kind of heat typical of a body, as in medi-
eval times when farmers brought their animals indoors during harsh winters partly 
as a heating system for their building.
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Living Architecture does not provide all the power and resources needed to com-
pletely support for modern lifestyles. In fact, it establishes limits on resource con-
sumption within our homes that makes us think about how we use energy and 
resources. In this way, it is a pedagogical system that helps us understand by seeing 
for ourselves, how we can work within broader resource limits set by the carrying 
capacity of the planet. Living Architecture is also the start of an innovation process 
that explores the potential for lower power devices and convergent energy systems 
to work smarter with household resources and increasingly empower end users to 
make strategic choices about their footprints working in concert with microbes.

To date, a version of this technology was developed for and installed at the 
Whitechapel Gallery’s group exhibition “Is this Tomorrow?” as a collaboration 
entitled 999 years 13sqm (the future belongs to ghosts) as a collaboration between 
Rachel Armstrong and Cecile B. Evans in 2019, which explored the possibility of a 
posthuman apartment powered by microbes and haunted by digital figures, or 
“ghosts,” which promoted discussion of alternative futures for the household 
(Fig. 5).

Fig. 5  The installation 999 years 13 sqm (the future belongs to ghosts) is a collaboration between 
Cecile B. Evans and Rachel Armstrong for the “Is This Tomorrow?” exhibition at the Whitechapel 
Gallery, London, photograph courtesy Rolf Hughes, 2019
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13 � Beyond Building Comfort: Microbial Technologies 
as a “Living” Infrastructure

By establishing a communications platform, the relationship between microbes and 
humans is no longer passive but invites rituals of care for our living spaces, which 
deeply influence their performance and character. Synchronizing our habits through 
everyday actions (urination, washing hands, cleaning) and rituals, the nurturing 
work is achieved through a choreography of electron flows, which link the perfor-
mative aspects of our personal habits with our needs. Living architectures will wake 
up with us, go to sleep when we do, will cope with our intimate habits, and will even 
be re-enlivened by our return after a holiday break—being “pleased” to see us on 
our return. In this sense, residents are more than inhabitants but prime these envi-
ronments for further (metabolic) actions through their invisible (metabolic) traces, 
routines, and residues, generating a metabolic milieu within our haunts and domes-
tic spaces.

Through the care and conscious design of their metabolisms, the day-to-day 
interfaces, and nuanced intuitions about the character of living architectures, resi-
dents will differently understand the character of their homes, what they can do, 
how they are part of them, and how they can establish responsibilities toward them. 
They can also expect nonhuman neighbors that form the MBE of their living spaces 
to reciprocate accordingly and, through choreographed engagements facilitated by 
technologies like Living Architecture, may provide valued materials like medicines, 
and edible biomass or generate livable amounts of electricity and heat. Subverting 
the modern expectations of what a “comfortable” home may be, designing with 
microbial metabolism is valued through the way it increases the liveliness of its 
communities and transforms our behavior into a performative ethics composed of 
invisible acts of environmental care, which is fundamental for sustaining worlds. No 
matter how living architectures are deployed, they will require our socialized 
engagement with them, and so they behave in convivial ways [44], for which we are 
accountable through the mutuality of everyday relationships. Through the conscious 
design of their metabolisms, the maintenance of day-to-day interfaces, and myriad 
acts of care, our homes may even acquire a unique character and inner “life”—and 
being truly haunted, these holobiontic spaces may even possess a spirit or soul.

14 � Scaling Up

The next steps for Living Architecture and ALICE are to scale the microbial sys-
tems so they can provide public utilities by reactivating the commons to transform 
notions of “waste” into useable “goods” that are available to all through the electron 
flow economy—which can be accessed through bioelectrical systems. Imagine, for 
example, if public wastewater gardens were quite literally power “plants” where 
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people can go to charge their mobile phones and have free access to online services 
and where LEDs provide street lighting—and all powered by community effluent.

ALICE is one among a range of bioelectrical system technologies that may be 
incorporated into our everyday lives by research conducted by the PHOENIX Cost 
Action network of scientists and urbanists. Applications range from remediating 
brownfield sites using “smart” self-powered sensors and robots to providing public 
utilities from urinals that charge your phone or enable you to play computer games—
which is already available at Glastonbury Festival—and in the near-term whole 
settlements may also draw on waste to provide an alternative, mobile circular infra-
structures that leave almost no footprint behind. Microbial technologies such as 
bioelectrical systems are poised to enable us in the near term to establish a truly 
circular (electron) economy for ecological lifestyles that provide an infrastructure 
for the founding of regenerative cities.

Dealing with a microbial world requires a re-envisioning of the built environ-
ment beyond the home and into the city, where our living spaces are sites for uphold-
ing environmental justice. This requires a revisioning of the very principles on 
which our buildings work including the comforts they afford—from their atmo-
spheres to notions of hygiene, choice of materials, and modes of inhabitation where, 
like our own bodies, buildings breathe, sweat, leak around, and infiltrate us through 
shared microbial relations. A better understanding of microbes as versatile, world-
making agents provides insights about how their actions can be scaled up—poten-
tially to strengthen the holobiontic capacities of our living spaces. A multilayered 
approach to personal health, notions of hygiene and pandemic prevention can 
potentially be developed through a humbler, more care-oriented approach that is 
sensitive to a broad range of parameters from breath to touch, moisture, and airflow 
through the sensibility of the body. Applying the emerging knowledge of the micro-
biome enables us to think through our holobiontic entanglements with microbial 
“others” to establish unique principles of microbial design such as noninnocence, 
incompleteness, horizontality, and co-constitution to enable “permaculture” of 
microbial landscapes.

What these spaces might look like and what kinds of comfort they provide are 
not yet formalized but are characterized by principles of stasis and flow, the forma-
tion of micro-niches, metabolic opportunities, and life-promoting affordances. 
While our understanding of this space will always be incomplete—as we will never 
fully be able to anticipate the responses of our microbial “others”—our constant 
engagement with the more than human fabrics all around us provides a metabolic 
diplomacy that enables us to negotiate specific personal and environmental benefits. 
Working only at the human scale, however, will not generate the regenerative impact 
needed to overturn the impacts of the Anthropocene; so scaling and making visible 
the microbial realm amplify strategic microbial interventions while building co-
constitutive relations between microbes and humans. Rendering visible our micro-
bial neighbors helps us to relate with and care alongside them to design and 
landscape the invisible realm where “they” are no longer “othered” but become our 
kith and kin.
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15 � Conclusions

The concept of “living” microbial systems as a strategy for modulating building 
comfort is a new field of research, even with respect to the fundamental science that 
characterizes human/microbial relations, where findings are still emerging. Despite 
their novelty, the role of microbial technologies in buildings is of strategic impor-
tance in an ecologically stressed world, where gardened microbial systems in build-
ings will stop waste streams being tipped into the environment, reduce consumption, 
and provide probiotic living spaces with regulatable impacts on health and well-
being. As we enter an age of increasing zoonotic epidemics and pandemics, their 
capacity to act as external immune systems by eliminating pathogens from waste 
streams is of particular interest. While microbial technologies are instrumented and 
not in themselves “nature,” they nonetheless draw on the ancient processes of world-
building that generated our fertile planet in the first place. Whether, owing to a 
whole host or socioeconomic-political factors, they areformally adopted in our 
future homes and cities or not, their ongoing interrogation and development provide 
critical environmental lessons with respect to our understanding of building com-
fort, alongside insights into our health and well-being that must be heeded.
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High Comfort – Low Impact: Integration 
of Thermal Mass in Pursuit of Designing 
Sustainable Buildings

Mona Azarbayjani and David Jacob Thaddeus

1 � Introduction

Thermal mass (TM) is effective in improving building comfort in any location that 
experiences daily temperature fluctuations, both in the winter and in the summer. 
When properly combined with passive solar design, thermal mass can play an 
important role in significant reductions of energy utilization in active heating and 
cooling systems. Much like a sponge or a thermal battery, thermal mass diverts and 
stores heat away from space when it is hot outside and later releases it when it is 
cooler, thus ensuring thermal comfort of inhabitants. Through this process, large 
temperature swings are minimized thus guaranteeing occupant comfort.

The use of materials with thermal mass is most advantageous in locations where 
there is an appreciable difference in outdoor temperatures from day to night (or 
where nighttime temperatures are at least 10 degrees cooler than the thermostat set 
point) [1].

Thermal mass is the ability of a material to absorb, store, and later release heat 
energy. Extensive heat energy is required to change the temperature of high-density 
thermal mass materials such as water, concrete, bricks, and tiles. The appropriate 
use of thermal mass can make a big difference to comfort and sustainability in 
regard to heating and cooling consumption. When used appropriately, the thermal 
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mass has the capacity to moderate internal temperatures by averaging out diurnal 
(day-night) extremes. This increases comfort while reducing energy costs.

For thermal mass to be effective, it must be closely coordinated with suitable 
passive design strategies including orientation, shading of glazing, proper ventila-
tion, and appropriate level of insulation. The use of thermal mass may not be appro-
priate if a location has poor air quality and high levels of noise pollution (characteristic 
of many city centers).

Natural ventilation integrated with thermal mass is a passive cooling process that 
can also be used to adjust the indoor environment to ensure indoor thermal comfort 
and maintain acceptable indoor air quality. To be effective, thermal mass must be 
integrated with sound passive design techniques. This means having adequate areas 
of glazing facing proper directions with an appropriate combination of shading, 
ventilation, insulation, and thermal mass.

When properly integrated into the building fabric, thermal modeling tools dem-
onstrate that there are significant benefits to thermal mass in all climates. 
Furthermore, whole building savings range from 3 to 11% and the associated energy 
cost savings range from 2 to 9%. Energy codes in the United States recognize the 
contributions of thermal mass to passive strategies by reducing the amount of insu-
lation required compared to construction in the same climate that has little or no 
thermal mass [2].

This chapter aims to advance the knowledge of integrated thermal mass leading 
to better human comfort and more sustainable building design. As a passive design 
strategy, thermal mass is an ancient practice that is currently experiencing a consid-
erable resurgence.

From sacred to profane, this chapter will also describe a legacy of excellence that 
is recognized by old and new applications of thermal mass. This legacy will be 
affirmed by investigating case studies from around the world and also by exploring 
advances in nanotechnology that are applied to phase change materials (PCMs).

2 � Looking Back

Since the dawn of civilization, man has built shelter from the environment with 
bounties gifted to his survival from the environment itself. In this chapter, we will 
survey what was born out of a quest for survival and an adaptation to human needs 
in a rainbow of climate conditions. Although the term thermal mass (TM) is rela-
tively new, the concept and its application in buildings are not. Based on availability 
and climate appropriateness, ancient civilizations used dense and massive natural 
materials such as earth and stone for shelter. In addition to timber, these materials 
were prevalent in construction until the second industrial revolution introduced 
mass production processes in man-made materials such as brick, concrete, and steel. 
This popularized the use of machine-processed building materials rather than sim-
ple and handmade materials. This naturally ushered in modern architecture in steel 
and glass instead of traditional massive construction. With the vast amounts of glass 
in modern buildings, the use of thermal mass often becomes impractical.
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Evolving from hunters and gatherers to herdsmen and from cave dwellings to 
nomadic tents, man sought to put down roots in more permanent and stable settle-
ments instead of remaining in an ephemeral and temporal existence. This resulted in 
self-built small shelters constructed from readily available materials that could be 
molded by hand. With an abundance of clay, sand, water, and sun, adobe sun-dried 
bricks were the natural approach to constructing family shelters.

Adobe construction was popular in Mesopotamia, the Middle East, and North 
Africa. Among others, larger historic structures in adobe construction include the 
Great Mosque of Djenne in Mali and the Arc e Bam in Iran which dates back to 
500 BC. In addition, evidence of ancient adobe structures may be found in Peru and 
other South American countries. Also, in the hot and arid American Southwest, the 
indigenous Pueblo people built magnificent structures in Taos Pueblo and other 
areas of New Mexico and Arizona. The Native American tribes created the most 
remarkable dwellings in the caves at Mesa Verde in Colorado, where the dwellings 
take advantage of the overhead rocks for a heat sink effect and the massive walls 
serve as thermal mass.

 

Cave dwellings in Mesa Verde National Park. CO. (Image credit: David Thaddeus)

 

Djenne Mosque. Mali. (Credit: Baron Reznik. Creative Commons. Flickr)
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San Miguel Church 161–1628. Santa Fe. NM. (Image Credit: Shiny Things, CC BY 2.0)

3 � Definition of Thermal Mass

Thermal mass is the property of a building material that facilitates the absorption, 
storage, and release of heat energy into an adjacent space. Thermal mass can be 
used year-round, although its greatest efficacy is demonstrated during the summer 
and winter months, as it serves as a storage of heat and cold, allowing the material 
to slowly heat or cool the space relative to seasonal need. The heat from the sun 
during daylight hours is conserved by the thermal mass then released at night to heat 
interior spaces in the winter months, thus maintaining a consistent air temperature. 
The exact process that occurs in the winter months is reversed in the summer 
months, where hot storage reverts to cool storage.

For passive solar heating design, the most common materials used are brick, 
concrete, masonry, tiles, rammed earth, or adobe. These materials are typically 
installed within interior walls or floors. Since water possesses a very high thermal 
capacity, it too can serve as an excellent thermal mass when placed in containers 
that are then used to construct walls. Additional materials and elements such as 
phase change materials (PCMs) or water, among others, may also be used as ther-
mal massing. As their name suggests, PCMs store and release heat through the 
dynamic change of the material’s state (i.e., solid to liquid or vice versa). Here, 
thermal storage capacity is dependent on the conductivity, specific heat, and density 
of the PCM. In the northern hemisphere, the most efficient orientation for a thermal 
mass in a wall is facing south, which provides maximum thermal performance 
throughout the year, regardless of the season.
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The heating load itself can be the result of several factors including external 
loads such as direct solar radiation, or internal loads, such as occupancy, lighting, 
and electric equipment. Since internal loads cause the surrounding air to heat up, the 
primary benefit of using thermal mass is to delay the release of heat. Thermal mass 
absorbs heat without getting hot itself by acting as a conduit for the discharge of 
heat [2]. Additional advantages of thermal mass include reducing greenhouse gas 
emissions by avoiding peak electrical and air-conditioning demand.

Thermal mass materials act as heat sinks in warm periods and as heat sources 
during cold periods. High thermal mass materials reduce temperature fluctuations 
while maintaining comfortable interior temperatures and without consuming much 
energy [3]. In some climates, shading a thermal mass with overhanging eaves may 
be necessary to prevent it from overheating.

At this point, it is important to emphasize the difference between thermal mass 
and insulation. First and foremost, insulation resists heat and prevents its propaga-
tion into the interior of a space. Thermal mass, on the other hand, conducts heat by 
absorbing it and later releasing it. This fundamental difference demands that in 
order to function properly, thermal mass be placed inside the insulated thermal 
envelope and is never a replacement for insulation. Additionally, to serve its pur-
pose, thermal mass must be left exposed to freely exchange heat with the surround-
ing interior air. If a concrete floor, for example, is to serve as thermal mass, it must 
not be covered with a nonconductive material such as carpet nor be covered by a 
raised floor. In contrast, stone, floor tiles, and other conductive materials assist in 
absorbing and later releasing heat [4].

In conformance with general sustainable practices, it is more beneficial if a ther-
mal mass also serves another purpose such as supporting structural loads. Serving 
both purposes simultaneously save resources and expenses and are better for the 
environment.

4 � An Essential Glossary of Thermal Mass Terms

The terms and definitions listed below are fundamental to a better understanding of 
the principles of thermodynamics that regulate the behavior of thermal mass.

Specific Heat Capacity  Heat Capacity is the ability of a material to absorb and 
store heat. It is the energy required to raise and store the temperature of a material 
by one degree. The specific heat capacity is the ability to store heat energy per unit 
of volume for a certain material; in other words, it is the amount of energy needed 
to raise the temperature of 1 pound (1 kg) of the material by 1 degree Fahrenheit (1 
degree Kelvin). As the temperature rises, so does the heat capacity of a material and 
thus it can store more heat. Heat capacity is measured in BTU/°F (J/°K).

Thermal Conductivity  Is the measure of the efficacy of thermal mass to absorb 
and transfer stored heat. Conductivity is described as the amount of heat transferred 
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in time through a material mass as a result of a temperature difference. It is the 
quantity of heat transmitted in a unit of time through a thickness of a certain mate-
rial or the rate of heat transfer through a set thickness and due to a thermal differen-
tial. Thermal conductivity is measured in BTU/Hr.-FT-°F (W/m-°K).

Density  It is the amount of mass or weight in a certain volume. In the context of 
thermal mass, density varies with temperature. Increasing the temperature of a sub-
stance makes it expand and thus decreases its density since heat increases its vol-
ume. Denser and heavier materials can store more heat (heat capacity).

Thermal Admittance  It is the ability of a material to exchange heat with its sur-
rounding under cyclical temperature variations (day/night fluctuations). Thermal 
admittance is measured in BTU/FT2−°F−Hr. (W/m2−°K).

Thermal Lag (Time Lag)  It is the time delay for heat to be conducted through a 
material thickness. A material with high heat capacity and low conductivity will 
have a high thermal lag. Time lag is measured in hours.

Thermal Mass  It is the ability of a material to absorb and dissipate heat based on 
temperature changes. The thermal mass of a material depends on its thickness and 
density, its thermal capacity and conductivity, and the texture and color of its sur-
face [5].

To be considered suitable and efficient in the passive design of a building, ther-
mal mass materials must concurrently maintain three properties, namely:

	A.	 High specific heat capacity to maximize the amount of heat stored for the 
amount of mass

	B.	 High density since heavier materials have more mass to store heat
	C.	 An appropriate thermal conductivity that corresponds to the heating and cooling 

cycles of a building (thermal lag)

Good thermal mass materials will have a high product of (capacity x density x 
conductivity) [6].

Materials in which all of these properties exist simultaneously include water, 
earth materials (adobe, mud brick, rammed earth, stone, etc.), brick, and, of course, 
concrete. In contrast, wood has a high specific heat capacity but low thermal con-
ductivity, whereas steel can store heat but has very high thermal conductivity and 
would lose that heat very rapidly.

In addition to material properties, it is appropriate to use thermal mass in certain 
occupancies and not in others. In institutional, commercial, and academic institu-
tions, for example, the building use is predominantly in the daytime hours. This 
allows for night flushing when the building is unoccupied in preparation for another 
cycle of heat storage and release during the next day. In contrast, the use of thermal 
mass in hospitals may not be beneficial due to continuous occupancy and the 
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difficult prospect of night ventilation to cool the thermal mass. It is essential that the 
heat storage and release cycle be “synchronized” with the building use.

Some materials that serve as good (and bad) thermal mass are discussed below.
In general, ideal thermal mass materials are dense and heavy.

Water  Having the greatest volumetric heat capacity, water is one of the best ther-
mal mass materials although incorporating it inside the insulated envelope in a dis-
crete fashion may present a challenge. Any container of water must be made of a 
material that maximizes heat transfer into and out of the volume of water. There are 
great advantages to subjecting the water directly to solar exposure. With the high 
heat absorption rate of water and through convection currents and conduction, heat 
is transferred uniformly to the entire mass. It is significant to note that water has 
twice the heat storage capacity of concrete. Of course, leakage from containers of 
water is always a possible liability.

Concrete  With twice the density of water, concrete has half the volumetric heat 
capacity.

Concrete is the second most-consumed substance in the world, second only to 
water [7].

Still, concrete is the foremost application of thermal mass for many reasons. It is 
ubiquitous and is among the best thermal mass materials since it is also capable of 
supporting structural loads while remaining cost-competitive. Unlike water, con-
crete has low heat conductance to the entire mass. Although substitutes for cement 
such as fly ash improve its eco-friendliness, the carbon emissions from the produc-
tion of cement remain an eco-concern. Concrete mixes that substitute a portion of 
the cement with fly ash for applications such as autoclaved aerated concrete (AAC) 
has approximately a quarter of the volumetric heat capacity [1].

Rammed Earth, Adobe, and Masonry  Earth materials represent the most ancient 
construction techniques that were developed as a response to hot arid climates. 
Rammed earth and adobe construction specifically are not appropriate for humid 
climates. In this type of construction, thick walls provide plenty of thermal mass 
and thermal lag to moderate interior temperature swings. Walls would have to be 
very thick if they are to support roof or floor loads. The earth materials are readily 
available, noncombustible, and have very low embodied energy. With similar ther-
mal properties and advantages to rammed earth and adobe, masonry has much 
higher embodied energy.

Steel  Although steel is approximately three times as dense as concrete and eight 
times as water, it is not efficient as thermal mass because its conductivity is too high 
which causes it to lose heat rapidly.

Wood  Although wood has a high specific heat capacity, it has low thermal conduc-
tivity because of its moisture content. In general, wood products are slow to absorb 
heat. Mass timber, on the other hand, provides thermal mass with low embodied 
energy compared to concrete or masonry.
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5 � Phase Change Materials (PCM)

The development of emergent technologies is becoming more economical and is 
able to efficiently store considerable amounts of heat and cold within a limited vol-
ume and for an extended period of time. The advent of PCMs offers a lightweight, 
low mass substitute to traditionally heavy thermal mass materials. This makes the 
structure and foundation systems much lighter and thus more sustainable. This may 
offset the upfront cost of using this new technology. In addition, using PCMs such 
as paraffin encapsulated into gypsum wallboards presents lightweight construction 
with the ability to benefit from the advantages of thermal mass. PCMs can store 
three times the heat that can be stocked in water and nine times that in concrete. 
There is also research on the microencapsulation of PCMs in concrete mixes and 
photovoltaics. In changing phase from solid to liquid at constant temperature and 
pressure, paraffin is most efficient in storing latent heat. All other materials men-
tioned above store sensible heat.

The introduction of PCMs as an effective strategy for building energy conserva-
tion makes thermal storage play an increasingly important role. This is further aug-
mented by the deployment of latent heat storage (LHS) technologies into building 
materials. The combination of LHS into PCMs is thus a very desirable solution for 
energy conservation due to its high storage density and low-temperature swing. 
Effective installation of PCMs within thermal mass components of buildings such 
as walls, ceilings, or floors greatly enhances thermal energy storage capacity. They 
can then either capture thermal energy through naturally occurring convection or by 
direct solar gain. The goal is to achieve maximum thermal comfort for building 
occupants by increasing the thermal storage capacity in the material, resulting in 
reduced indoor temperature swings and a more regulated, sustained, and desirable 
temperature for an extended period of time.

The demand for air conditioning has increased tremendously over the last few 
decades, thus large demands for electricity and limited fossil fuel reserves have led 
to an uptick in interest in efficient-energy solutions. Electric energy consumption 
varies drastically during the day and night hours based on the demand by commer-
cial, residential, and industrial activities. A passive cooling strategy that harnesses 
thermal storage in phase change materials has proven to be an effective method for 
improving the thermal stability of rooms that are built within a lightweight envelope.

PCMs are environmentally friendly materials that include “benign salts or 
organic compounds which store and release latent heat energy by changing chemi-
cal bonds through a phase transformation” [8]. This process is antithetical to sensi-
ble heat storage materials, such as masonry or water, which alter a structure 
physically. At first, solid to liquid PCMs perform similar to typical latent heat stor-
age materials; that is, their temperature increases while heat is absorbed. However, 
when PCMs achieve their melting point (or phase change temperature), they are 
able to absorb large amounts of heat without becoming hotter. Then, when the ambi-
ent temperature is reduced, the PCM is solidified, thus releasing the latent heat 
energy that was stored. In other words, PCMs are able to absorb and release latent 
heat energy while maintaining a relatively regulated, constant temperature.
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PCMs are recognized as a possible option for the reduction of cooling and heat-
ing loads directly into the structure, thereby reducing the overall demand for energy. 
That said, incorporating PCMs directly into some materials may threaten their struc-
tural integrity. Accordingly, in order to avoid compromising the building integrity 
and structural performance, but rather to improve it, microencapsulated PCMs can 
be incorporated into the materials. By integrating microencapsulated PCM directly 
into the materials, the problem of leakage is resolved and a solid bond between the 
materials is achieved, which ensures enhanced structural material performance [9].

According to Madhumati et al., “Micro-encapsulation makes it possible to inte-
grate PCMs into conventional building materials.” Innovative phase change material 
products can be used in both new and existing buildings toward the improvement of 
their thermal qualities by adding to the amount of heat-storing mass [10].

The research demonstrates the enormous potential benefit of integrating PCMs 
into typical building materials in order to improve the regulation of temperature and 
to provide thermal mass to both new and existing buildings. This will allow light-
weight buildings to have advanced thermal properties much like their higher-mass 
counterparts and further bring cost savings in the form of only the energy necessary 
to regulate comfortable indoor conditions [9].

As noted previously, thermal mass is an important factor in the passive solar design 
of buildings. It can best be described as a material’s ability to resist temperature 
change as heat is added or removed. Building thermal mass into structures helps bal-
ance temperatures that would otherwise be fluctuating across diurnal cycles [10].

Frequently, lightweight materials with a considerably smaller thermal mass are 
used in modern structures. For this reason, the search has ramped up for a solution 
that will provide increased thermal mass without the undesired effect of subse-
quently increasing the structural loads. Accordingly, PCMs are proving to be an 
ideal choice to solve this problem due to their latent heat storage, because it offers 
high-capacity thermal storage in a narrower interval of temperature. Latent heat is 
that which is absorbed by a material or radiated during a phase change at constant 
pressure and temperature. PCMs are deployable in two particular areas of a struc-
ture. Firstly, they can be used in passive systems, for example, as energy storage in 
passive solar and heating or in cold storage for nighttime passive cooling [10]. 
Secondly, they can be used in areas dedicated to active systems, for example, heat-
ing and air conditioning where energy storage can be utilized, i.e., to “take advan-
tage of off-peak electricity prices.”

When comparing high- versus low-mass materials, low-mass materials have 
proven to be less capable of reaching daytime comfort conditions since they provide 
less time lag. Materials that are lightweight and low in density do not require very 
much heat to increase their temperature but they lose heat rapidly. Thus, they are 
called low thermal mass materials. According to one study, even where a building is 
continuously ventilated, thermal mass still plays an important role in reducing the 
maximum indoor temperature [11]. Subsequently, buildings with a high mass that 
are designed with an effective ventilation system can reach comfortable conditions 
even in a hot, humid environment. The natural cooling potential can be achieved by 
employing a thermal mass that is shaded during the daytime while exposed to a 
cooling breeze by night. In hot, humid regions with moderate diurnal ranges, the 
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well-designed, well-shaded thermal mass has been shown to reduce night tempera-
tures by 3–4 °C.

The two most common categories of PCMs are organic and inorganic. The 
majority of organic PCMs, like paraffin waxes, are noncorrosive and chemically 
stable. Furthermore, they demonstrate little to no supercooling properties which 
means that they do not have to be cooled to below their freezing point in order to 
begin crystallization. They are compatible with the majority of available building 
materials and they possess a high latent heat per unit volume and are recyclable. 
Inorganic compounds, like salt hydrates, demonstrate a much higher latent heat per 
unit volume, higher thermal conductivity, are nonflammable, and are lower in cost 
when compared with organic compounds. Inorganics may also be recycled after 
their life cycle is complete. One important drawback, however, is that they are cor-
rosive toward most metals and are susceptible to decomposition and “supercooling,” 
which can negatively impact their phase change properties.

PCMs serve the particular purpose of acting as a sort of bridge between the 
points where energy is needed and when it is available. One way of looking at 
PCMs is to see them as a thin version of mass. Where construction sites are difficult 
to build on, the use of phase change materials can be a successful alternative. PCM 
as thermal mass should only be added to those zones where overheating is rampant.

With regard to the implementation of PCM within buildings that operate at low 
temperatures near the desired ambient air temperature, we are only interested in 
solid-liquid and solid-solid PCMs. As noted, PCMs can be incorporated into walls, 
ceilings, and facade elements. Technological advancements and research have 
pushed forward studies in new areas like “integration of PCM with walls, gypsum 
wallboard, microencapsulation in concrete mix, thermal solar storage, and thermal 
control of photovoltaics” [10].

Research by Feldman and Hawes have contemplated methods of integration of 
PCM into the structure through “direct incorporation, immersion, and encapsula-
tion” [12]. Richardson and Woods have concluded that construction materials built 
with PCMs can be much thinner and lighter than the same thermal mass without 
PCMs [13]. According to research by Castell et  al., “incorporated macro-
encapsulated PCMs in the typical Mediterranean brick construction system,” mea-
sured savings of more than 15% of total energy consumption [14]. Building 
materials that incorporate PCMs can be integrated using the same construction 
methods and equipment used for typical building materials.

6 � Thermal Lag

Thermal lag is described as the time required for heat to transfer from the outside 
surface of a building to the inside surface. The time lag of a material is influenced 
by thermal mass combinations such as their thickness and sequence, material layers, 
and thermophysical properties [15]. Thermal lag is further dependent on fluctua-
tions of the ambient temperature throughout the day. It becomes much more diffi-
cult to regulate indoor temperature conditions under extreme thermal fluctuations.

M. Azarbayjani and D. J. Thaddeus



57

 

During warm weather conditions, thermal mass can absorb heat gained from 
sunlight. This will make the interior space more comfortable and greatly reduce the 
cooling demand and cost of air conditioning. Thermal mass is most beneficial in 
climates where there is a large fluctuation between the daytime and nighttime ambi-
ent temperatures. As a building cools the stored heat energy is then released during 
the night into the interior space thus reducing the heating demand. In some climates, 
the overnight temperature drop may be enhanced by radiant or evaporative cooling. 
In areas with high nighttime temperatures, thermal mass can still be utilized, and the 
building must then be ventilated at night with cooler night air to exhaust the stored 
heat energy [16].
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7 � Where to Locate Thermal Mass

Thermal mass can be placed either internally or externally. External thermal masses 
typically consist of building envelopes such as the roof and exterior walls. “They 
often integrate heavy materials from the building’s structure and have a significant 
thermal inertia” [17]. The material functions by essentially connecting the indoor 
and outdoor environments since it is exposed on both sides. The indoor thermal 
mass may include all of the indoor components that are not part of the building 
envelope. Examples of this type of thermal mass include furniture, partitions, and 
other accessories and finishes.

The location of the thermal mass is determined by, and dependent on, whether or 
not the building’s energy consumption is dictated by heating or cooling demand. In 
order to determine the optimum positioning of the thermal mass, we must establish 
whether the greatest energy consumption is a result of winter heating or summer 
cooling.

Where heating the building is the primary concern, the thermal mass is located in 
areas that receive the most direct sunlight or radiant heat. If it is determined that 
both cooling and heating are to be equally prioritized, the thermal mass is localized 
in the interior of the building and preferably on the ground floor. Notably, the floor 
tends to be the most economical solution for locating a thermal mass. The ideal 
location for both summer and winter efficiency is to locate the mass toward the 
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south of the structure for solar heat gain and in an orientation that allows it to catch 
any breeze for cooling.

Where the need for cooling is the primary concern, it is paramount that the ther-
mal mass is protected from the sun through the use of shadings and insulation while 
simultaneously ensuring that cool breezes can pass unobstructed over the mass to 
remove the stored heat.

8 � Climate Appropriateness

It is important to note that not all materials can serve as effective thermal mass. 
Furthermore, material selection will vary depending on the region and specific cli-
mate conditions as well as the particular location within the building.

In diurnal climates, there is a drastic temperature difference between day and 
night. Throughout the night, when the outside temperature drops considerably, the 
heat from the walls radiates out into the surrounding air helping to keep the interior 
spaces from getting too cold, then allowing the walls to absorb heat again the 
next day.

In humid climates where the temperature tends to remain more constant over a 
24-h period, thermal mass, such as concrete, is able to successfully absorb low-
angle winter sunlight while being insulated from heat loss. In such cases, additional 
methods of heating and cooling are needed to ensure an appropriate temperature 
range. For example, a house for a young couple designed to comply with the US 
Solar Decathlon requirements must be able to regulate thermal control within each 
room. Thus, by employing geopolymer concrete on the south-facing facade of the 
house, the inherent properties of dense materials are taken advantage of in order to 
provide well-regulated rooms that work with the environment.

Thermal mass is primarily used for storing heat in the daytime (during higher 
temperatures) to be released at night (during lower temperatures) resulting in a 
decrease in the effect of the high temperature by day on the structure and the subse-
quent temperature drop in the evening. Therefore, thermal mass as a passive strat-
egy is most appropriate where outdoor climate conditions are warmer by day than 
the desired indoor temperature while considerably cooler in the evening than the 
desired indoor temperature.

According to research, a region’s climate has the most impact on the efficiency 
of a building’s thermal mass. For example, the temperate climate in California has 
shown a significant reduction in overall cooling load. Thus, the use of thermal mass 
could potentially reduce the cooling load by up to 82% in Los Angeles and up to 
100% in San Francisco; however, many improvements in building performance 
have been noted in less temperate, more humid, or arid climates such as Hong Kong, 
Las Vegas, and New Zealand [18].

A region’s climate influences thermal mass efficiency through different factors 
such as air temperature, solar radiation, wind speed, relative humidity, and tempera-
ture fluctuations. “Thermal mass benefit has the most impact when daily outdoor 
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temperature variations are above and below the balance point of a building. Hence, 
cold climates benefit most in the summer season and hot climates in the winter sea-
son” [19].

8.1 � Mild, Marine Climate

Use of walls with low diffusivity is beneficial for mild climates. The potential sav-
ings annually falls in the range of 22% for a standard wall. Furthermore, a wall with 
a lower diffusivity and a high conductivity can instead be exchanged for a wall with 
high diffusivity and low conductivity as a method of achieving a similar level of 
energy consumption. That is to say, there is a dual benefit to using walls with low 
diffusivity at lower conductivities. The greatest conservation of energy occurs dur-
ing the summer. According to numerical simulations, the annual percentage reduc-
tion in sensible heat and cooling loads has been demonstrated to be as significant as 
40% in more mild climates as a result of the thermal mass levels of the walls (here, 
floors and foundations are presumed to bear zero mass).

Importantly, high interior air and wall temperature variation is restricted by high 
mass buildings and thus are able to maintain a steadier overall thermal condition. 
The result is increased comfort, especially in the milder seasons (spring and fall), 
during drastic air-temperature swings (i.e., solar heat gain), and in areas with sig-
nificant swings in temperature. In Southern European countries, traditional archi-
tecture has effectively demonstrated the aforementioned positive outcomes.

8.2 � Hot, Dry Climate

According to research, the overall benefit of thermal mass falls in the range of 4.9% 
annually for a typical wall built in a hot, dry climate. Furthermore, a key aspect of 
reducing energy consumption is lowering conductivities. However, it is important to 
note that the impact of thermal mass benefit is reduced by lower conductivity. In this 
case, the greatest energy savings is observed in the wintertime.

Thermal mass serves as an effective passive strategy for indoor climate tempera-
ture control, particularly in hot, dry climates. Thermal mass can potentially improve 
extreme indoor variation. It may also serve as an efficient solution for protection 
against sudden weather events like those that are common in deserts and becoming 
more frequently observed in nearby regions. It is important that thermal mass be 
distributed evenly throughout a structure to ensure the facilitation of an indoor 
microclimate that is well balanced. On the more extreme side, solutions like excess 
thermal mass and Trombe walls ought only be considered with utmost skepticism, 
and if installed, they ought to be designed in such a way that would allow their isola-
tion when needed.
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In consideration of the aforementioned climate conditions, a pivotal method for 
controlling and improving a building’s microclimate, and thus lowering its energy 
demand and consumption (which weighs heavily on infrastructure), is its capacity 
to store energy. Indoor maxima can be reduced by 35–45% of respective outdoor 
maxima by using high thermal capacity in shaded and insulated buildings when said 
buildings are unventilated [11]. Therefore, thermal mass arguably ensures the most 
beneficial and, oftentimes, the only solution when considering the potential for 
power outages caused by storms or extreme seasonal demand on the power grid. 
Similarly, when such outages caused by increased demand occur in the wintertime, 
thermal mass is able to take high indoor temperatures and store the heat [20]. As the 
global climate becomes increasingly unpredictable, the key ability of thermal mass 
to adapt is gaining importance and relevance, particularly where disparate hot and 
cold spells occur. Thus, it becomes considerably more difficult to provide and main-
tain conditioning demands in lightweight structures [21].

8.3 � Hot, Humid Climate

Hot, humid climates demonstrate similar attributes to hot, dry climates; however, 
the overall impact of the thermal mass benefit is reduced. Here, the thermal mass 
benefit falls in the range of 3.1% annually for an average wall. When the thermal 
mass is added to all four sides of a building envelope, the indoor temperature pro-
files showed dramatic change. The addition of thermal mass managed to reduce the 
indoor maxima. Simultaneously, thermal mass increases indoor minima and the 
influence on maxima is greater than on minima. Secondly, thermal mass also influ-
ences and has a direct effect on time lag, where the heat storage properties of ther-
mal mass have the ability to delay the occurrence of peak indoor temperature for 
several hours. Since the impact of thermal mass is two-way, its particular applica-
tion is dependent on the circumstances in which it is installed [22].

According to the research of Y. V. Perez and I.G. Capeluto [23], simply placing 
the thermal mass of the roof on the inside and the insulation on the outside for a 
south-facing classroom produces a savings of 7 kW h/m2  in annual energy con-
sumption as compared to insulation on the inside and thermal mass on the outside. 
Similar results were produced in varying orientations. The results of yet another 
study indicate that an optimization of thermal mass and window size coupled with 
the use of evening ventilation together reduces peak indoor air temperature in warm, 
humid climates and improves overall thermal comfort [24].

8.4 � Cold Climate

The principal mechanism for decreasing energy consumption in a cold climate is the 
conductivity of an equivalent wall. When monitored annually, the benefit from the 
thermal mass is negligible in cold climates. The annual benefit falls in the range of 
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1.5% per year for a typical wall. As mentioned, the thermal mass benefit is entirely 
dependent on seasonal variation in temperature, where the greatest impact is 
observed in the summertime.

Results from additional research conclude that “while increased thermal mass 
does have advantages in all climates, such as a decrease in summer overheating, it 
is not an effective strategy for decreasing annual heat demand in typical residential 
buildings in Alaska.” It should be noted here that increased thermal mass did indeed 
improve the level of comfort for occupants within the house as measured by pre-
dicted mean vote (PMV) and further triggered a decrease in summer temperature 
fluctuations. However, in Fairbanks, and Juneau, in Alaska, the variation in heat 
demand between a thick thermal mass and a thin wall was negligible, reported at 
less than 1% when compared to a 20% reduction in heat demand in Clayton, New 
Mexico. These findings corroborate those of previous studies which indicate that 
thermal mass is clearly not a worthwhile method of reducing heating demand annu-
ally in residential construction in cold climates. That said, further energy savings 
might be accomplished by the inclusion of passive solar design strategies. However, 
the aforementioned research only addresses the use of thermal mass in typical struc-
tures which do not employ passive solar design. For the typical home in a cold cli-
mate, the analysis demonstrates that increased thermal mass does not reduce heat 
demand annually by a significant margin [25].

9 � Thermal Mass Impact on Comfort

Thermal mass is one of the passive solutions deployed for improving thermal com-
fort within buildings while simultaneously decreasing energy consumption. The 
studies show that buildings with larger amounts of thermal mass and thermal inertia 
help prevent the overheating of the buildings, which will improve overall thermal 
comfort [18]. In addition, reducing fluctuations in temperature throughout the day 
is another contributing factor to the thermal comfort in a building with high thermal 
inertia. Providing thermal comfort for a building with thermal mass requires a heat-
ing control system for allowing some degree of temperature swing. Therefore, a 
combination of thermal mass and a building management system could provide the 
best results, both economically and environmentally [26].

As discussed, thermal mass is a beneficial passive strategy for both summer and 
winter. During the summer, relieving heat stress by reducing the high temperature 
can also help reduce the energy consumption due to cooling. Similarly, in the win-
tertime, the peak heating demand decreases. In the summertime, thermal mass 
materials such as brick and concrete absorb the high air temperature that in turn 
decreases the cooling load in the daytime and regulates the night temperature by 
releasing the heat when the indoor temperature drops.
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10 � Rules of Thumb

Significant amounts of sunlight (i.e., heat gain) must be admitted into a space during 
the daytime and stored within that same space to be released during the cooler eve-
ning hours.

To best store a significant portion of the heat gained, construct walls, floors, and/
or ceilings of masonry (concrete, brick, concrete block, adobe, etc.):

•	 A minimum of 10 cm (4 inches) in thickness.
•	 An exposed surface area to solar glazing area ratio of 3:1 to 9:1.

 

The higher the ratio, the more heat stored and the more stable the indoor tem-
perature becomes.

Ensure that ceilings and lightweight construction are kept a light color. Walls can 
be any color while floors must be a medium to dark color. For exterior masonry 
walls, locate the insulation on the exterior side of the wall so the masonry is exposed 
to the interior.
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A Thermal storage wall is typically constructed in masonry and is located behind 
south-facing glazing (in the Northern Hemisphere). The wall and the south-facing 
glazing are sized as a percentage of the floor area that is to be heated. Two different 
climate conditions are illustrated below: cold (20 °F −30 °F / −6.7 °C to −1.1 °C) 
and temperate climates (35 °F –45 °F/2.2 °C –7.2 °C).
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11 � Looking Forward

In conclusion, the concept and use of thermal mass is a time-proven lesson that has 
evolved over centuries and that will continue to provide thermal comfort far into the 
future. In his dedication to the book The Timeless Way of Building [27], Christopher 
Alexander writes “To you mind of no mind in whom the timeless way was born.” 
Thermal mass is one of those timeless ways of inhabiting the planet and living on it 
in harmony with the environment.

11.1 � Case Studies

UrbanEden  Solar Decathlon 2013- UNC-Charlotte. Charlotte, North Carolina.

UrbanEden is a net-zero, solar-powered prototype house designed for the cli-
matic conditions of Charlotte, North Carolina in the USA, and consists of four inte-
grated interior modules, each with a corresponding exterior component. In response 
to Charlotte’s temperate climate and the lifestyles of southern living, UrbanEden 
increases the living space with a series of connected indoor and outdoor rooms, 
which create a versatile environment that can be adapted to multiple uses, allowing 
the home to be small but feel big. The vertical garden on the south side of the porch 
provides privacy and natural beauty. The house’s canopy shelter at the entrance cre-
ates an inviting entry to the home while also providing a space for casual gathering.

Upon entering the house one finds a multipurpose living space, kitchen, and din-
ing areas awash with natural light, with a lovely view to the exterior garden through 
the south-facing glass wall. Urban living defines the design, both interior and exte-
rior. Emphasis is on adaptability and versatility, doing more with less. At 822 FT2 
(76.4 M2), the interior of the home comfortably accommodates a single occupant or 
a couple, and by utilizing the outdoor space, the home doubles to 1644 FT2 (153 M2).
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Photo Credit: Jason Flake / US Department of Energy Solar Decathlon
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11.1.1 � Modular

UrbanEden is designed to match the rhythms of urban living, maximizing custom-
ization and adaptability through a modular design. The house includes four basic 
modules—living room, kitchen, wet core (bathroom and mechanical room), and 
bedroom. Homeowners can upgrade each of these modules or add additional mod-
ules linearly. Each of these modules has their independent function with the possi-
bility of rearrangement, mass production, and endless opportunities to reconfigure 
the house. As shown in Fig. 1, the modules are all lined up with the exception of 
one, which sets back and creates a welcoming entrance to the house.

The modularity of the house allows the owner(s) to make several decisions that 
cater to their needs and thus leading to an endless number of potential design con-
figurations. The owner starts by choosing the number of bedroom and living mod-
ules, then chooses in which order to arrange the volumes in a linear scheme, and 
finally chooses which modules to shift forward or backward. Arrangement possi-
bilities include four, five, and six modules. Adding an additional bedroom or living 
module makes the home large enough for families or for those who desire additional 
space. In order to sift out the designs that meet the objectives of the UrbanEden 
house, three essential rules can be employed:

	1.	 The kitchen module and the living room module should be placed next to each 
other and not be separated by any walls to ensure an open floor plan.

	2.	 The kitchen module should be placed next to the core module where mechanical 
and plumbing functions are housed for ease of connection.

	3.	 If there are two-bedroom modules in a certain design, they should be placed on 
opposite sides of the house so that hallways do not cut through them.

 

Fig. 1  Solar Decathlon House Diagrams
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Fig. 2  Examples of house plans with more modules. (a) 4-module arrangement—1 bedroom, 1 
living room, 1 kitchen, 1 core. (b) 5-module arrangement—2 bedrooms, 1 living room, 1 kitchen, 
1 core. (c) 6-module arrangement—2 bedrooms, 2 living rooms, 1 kitchen, 1 core

 

Photo Credit: Jason Flake / US Department of Energy Solar Decathlon

11.1.2 � Wall System

UrbanEden’s envelope was designed to minimize the heat transfer through well-
insulated, air-tight construction, while maximizing heat storage capacity by placing 
considerable mass in the living space. UrbanEden’s precast concrete walls consist 
of 6-inch styrofoam insulation sandwiched between two layers (or wythes) of 

Even when adhering to these rules, the number of possible arrangements is enor-
mous. The calculations for the module numbers below do not include mirrored or 
flipped plan scenarios (4 modules = 46 arrangements, 5 modules = 112 arrange-
ments) (Fig. 2).
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geopolymer concrete. Unlike post-and-beam or metal/wood stud construction sys-
tems, there are no columns in the wall to interrupt the insulation.

Traditional Portland cement concrete is responsible for 5–8% of the collective 
worldwide carbon footprint since manufacturing a ton of cement takes about 6.5 
billion BTUs of energy. By completely eliminating Portland cement from its com-
position, the geopolymer cement concrete used in UrbanEden becomes a much 
greener product, reducing both energy consumption and carbon dioxide emissions 
in its production while recycling a waste product (fly ash) to beneficial use. The 
geopolymer concrete completely replaces Portland cement with an advanced fly ash 
mix that not only yields a stronger material but also makes safe use of a waste prod-
uct of coal combustion. This process lowers the carbon footprint of concrete by up 
to 90%. Geopolymer cement concrete is made by reacting aluminate and silicate 
bearing materials with a caustic activator. Commonly found waste materials such as 
coal combustion fly ash or slag from iron and metal production are used in the 
manufacture of geopolymer cement.

 

Photo Credit: Jason Flake / US Department of Energy Solar Decathlon

Another passive strategy incorporated into UrbanEden’s design is thermal mass 
that has moved to the walls in the form of fully insulated, precast panels instead of 
just being on the floor in order to increase the surface area. By markedly increasing 
the area and related volume of the thermal mass in the passive solar context, we 
were able to implement a hybrid passive/active hydronic cooling system that, unlike 
conventional hydronics, uses only pump energy to accomplish temperature changes. 
UrbanEden’s high-mass geopolymer cement concrete walls provide a container in 
which to store large quantities of thermal energy. In the summer ambient heat soaks 
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Fig. 3  Wall section

into the thick walls throughout the day primarily by means of radiation as shown in 
Fig. 3. At the end of each day, the stored thermal energy can be released from the 
walls by an innovative hybrid system. Hydronic or capillary tube mats embedded 
within concrete walls provide a vessel for the circulation of a water-based working 
fluid throughout the building’s envelope, which flushes out the heat accrued during 
daylight hours. Once captured within the water, the thermal energy extracted from 
the walls must be dissipated. Heat dissipation is made possible by a network of 
custom-fabricated, rooftop-mounted copper-fin tube heat exchangers, designed to 
serve as radiation emitters. After the sun sets each evening, the water in the wall 
tubes is pumped onto the roof of the house and circulated through the heat-exchanger 
network. Passing through the serpentine heat-exchanger network, the warm water 
releases its stored thermal energy into the cool night sky. In fact, the exchange of 
radiant heat to the night sky is so efficient, the temperature of the fluid on the dis-
charge side of the heat-exchanger network could potentially drop below that of 
ambient air (Fig. 4).
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Fig. 4  System integration

11.1.3 � Dynamic Thermal Property Calculator

Design Builder has a time lag built into it. The graphs shown below are the findings 
of the potential thermal time lags of the 4″ (10.2 cm), 5″ (12.7 cm), and 6″ (15.25 cm) 
interior geopolymer walls. Each test was over a 24-h prior and an internal surface 
resistance of 0.13 m2 K/W, which is a default for ISO 6946. For the calculations, we 
used an exposed dense concrete with the following constants:
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The results of the analysis shows that a 4″ thick concrete wall will have a time lag 
of 2.6 h, a 5″ thick concrete wall will have a time lag of 2.9 h, and a 6″ thick concrete 
wall will have a 3.08-h time lag. There was a 10.4% increase in time lag between the 
4″ and 5″ thick walls while there was a 5.9% increase from the 5″ wall to the 6″ wall. 
There was a 15.6% increase in time lag between the 4″ and 6″ concrete walls.

The following graphs show the heat flow over a 24-h period for each of the three 
wall thicknesses. Each shows the internal temperature of the room in relation to the 
internal and external surface heat flow over the 24-h time period.

 

11.1.4 � Analysis

The thicker wall required less energy usage by the heat generation and cooling loads.

12 � Energy Consumption

Our focus in this study was to see if by increasing the interior concrete wall thick-
ness, energy consumption would be reduced, we then ran calculations to see how 
the time lag was affected by the thickness change and if it was significant enough to 
affect the energy consumption. While the study proved that insulated wall systems 
work well as thermal storage, built wall testing proved the simulations not to be as 
accurate as the real world resting, requiring extra cooling energy to be used.

The results that have been calculated for the hot humid climate have consistent 
information. Each offers the same ideas with respective information.

Our simulation shows a decrease in energy consumption from four inches to six 
inches in Charlotte, North Carolina. Further testing proved that there is a maximum 
depth of concrete at which point energy consumption will increase due to an 
increased time lag that would require much time for heat transfer to occur over the 
24-h period.

For our purposes, the data above shows that a two-inch increase of the interior 
concrete wall will contribute to a reduction of energy usage for the Solar Decathlon 
House. Simultaneously, the dynamic Property Calculation test shows that the two-
inch increase in concrete thickness is a significant jump for the time lag. Combined 
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this data shows that a 6″ thick interior concrete would be more beneficial than a 
four- or five-inch interior concrete wall due to an increased time lag that would 
require too much time for heat transfer to occur over the 24-h period.

13 � Lycee Schorge Secondary School/Kéré Architecture

 

Photo Credit: Iwan Baan
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•	 Location: Ouagadougou, Burkina Faso
•	 Heating degree days: 0
•	 Cooling degree days: 3242
•	 Solar radiation: 5372 w/m2 (average daily)
•	 Annual precipitation: 1000 mm
•	 Building type: secondary school
•	 Area: 11,660 sqm (built area)
•	 Client: Stern Stewart Institute & Friends
•	 Design team: Kéré Architecture
•	 Completion: 2016

In Africa, designers and architects are taking the lead in an effort to rethink the 
use of concrete in construction, with particular consideration given to its ecological 
footprint and structural inequity. Additionally, research on materials that are locally 
sourced, readily available, easily constructed and maintained, and more effectively 
ventilated, cooled resulting in better energy efficiency [28]. Certain uses for these 
materials are founded on common traditions as demonstrated in the design of Lycée 
Schorge Secondary School designed by Francis Kéré in Burkina Faso [28]. The 
Lycée Schorge Secondary School, built in Burkina Faso’s capital and most popu-
lated city, Ouagadougou, highlights an architectural precedent for locally sourced 
materials in an inventive and modern way while also serving as a center for educa-
tion [29]. Along with the strategic use of locally sourced materials, other efficient 
methods like the use of cooling towers and innovative ceiling structures render this 
building effective for quick response to problems and other potential challenges 
while keeping costs low.

Nine modules form the plan and overall geometry of the school. The modules 
support a system of classrooms and administration zones; one of which houses a 
dental clinic that provides dental health services to students. The architect selected 
a local stone called laterite stone for the module walls. This stone is easily cut and 
formed into bricks after being quarried. The stones harden when given time above 
ground and proper exposure to the atmosphere [29]. “It has a high thermal mass, 
plus a beautiful color and a porous, textured surface,” says the architect.

Serving as a secondary facade for the school is another system of wooden ele-
ments beyond the modules’ walls. This facade is built from locally sourced and 
fast-growing wood that provides the structure with shaded, semi-open spaces 
between the classroom walls and the courtyard. From the outside, the secondary 
facade is perceived to be transparent in nature; however, in reality, it consists of a 
system of wooden screens [29]. These screens serve the dual purpose of securing 
protection for the classrooms against wind and dust while simultaneously providing 
spaces for students to engage in learning activities while waiting for their classes 
[29]. A unique screen is deployed to cover the outside of the school. It is made from 
a fast-growing tree that is typically used for scaffolding or firewood. As previously 
mentioned, there are several reasons that warrant its use based on sustainable prac-
tices. “I wanted to give this material a more powerful and sustainable purpose,” says 
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Kéré when discussing the enclosure, which is used to frame the walkways and 
patios [28].

Contrarily, beyond reasons of sustainability for selecting locally sourced materi-
als to build the school, economical considerations were also considered. The need 
for expensive transportation can be avoided by having access to several local mate-
rials. This method has proven less harmful to the environment locally and may also 
provide an obvious solution for furniture making. Furniture inside the classrooms is 
constructed from locally sourced hardwoods and other leftover materials like steel 
scraps [29].

A courtyard in the center of the school plays an important role in both educa-
tional and sustainable objectives. It serves as a common gathering space for the 
school. However, the various environmental impacts of this project can also be 
enumerated.

According to studies, the average size of a courtyard in a particular region is 
determined by latitude [30]. Here the courtyard is thin enough to allow for a shaded 
area during the heat of summer days, yet wide enough to ensure sufficient penetra-
tion of sunlight during the wintertime. Furthermore, the courtyard can function as a 
zone of security, privacy, and comfort. A pleasant environment and beautiful setting 
are ensured by landscaping the courtyard with trees, flowers, and shrubs [30]. The 
students of the Lycée Schorge Secondary School are exposed regularly to these 
serene features and may well serve to enhance learning outcomes.

The project also managed to make good use of daylight and maximize its poten-
tial. This on top of the passive heating and cooling elements that have been success-
fully incorporated into the earlier design phases.

As previously discussed, the secondary facade built from locally sourced wood 
has several gaps in it to allow sunlight to reach through to the walkways. However, 
the interior spaces of the classrooms are treated differently with masonry facades 
punctuated by tall, unglazed windows covered with colorful metallic shutters that 
ensure copious amounts of light and air to pass through the classrooms [28].

The architect takes advantage of a unique system of classroom ceilings to maxi-
mize natural light with the ability to penetrate into the interior areas. The architect 
deployed one of his “signature design strategies” when it came to designing the 
corrugated steel roof [26]. Circulation of natural air is aided by a clever system of 
trusses creating a gap between the walls of the modules and the ceilings. With the 
use of trusses made from rebar, the architect elevated the roof above the building 
envelope, which allows hot air to escape more easily.

The materials used for the ceilings are constructed from a type of perforated 
plaster. With the selection of this material, indirect sunlight is diffused by the ceil-
ings of the module while radiation is blocked [29]. The architect further takes 
advantage of the light-reflecting properties of white-colored materials which make 
it an effective reflective material for interior spaces, thus allowing the diffusion 
of light.

Above the roof, 8 ft. (2.5 M) high concrete wind towers were designed to capture 
fresh air and send it downward, thus improving the indoor climate [26]. A wind-
powered, renewable energy source is deployed to ensure successful ventilation via 
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wind catchers. Wind towers serve as a potent solution for augmenting the tempera-
ture in a living space by using the thermal energy of wind, coupled with natural 
convection along with naturally occurring temperature variations.

These undulating ceilings are built from gypsum fiberboard, cement mortar, and 
straw. Lastly, cream-colored surfaces with long slits enable classrooms to breathe 
and release heat while allowing diffused daylight.

The general consensus is that the school has had a positive impact. “I cried when 
I saw it,” said Pertle, who noted that buildings of lesser quality would not have been 
as successful. “The landmark shows our students that we want them to work hard, 
dream big, and achieve great goals” [30]. As a whole, the project takes advantage of 
local resources to offset costs of construction and maintenance. Although con-
structed on a low budget, it manages to serve as an effective monument, which 
demonstrates to students how creative design and innovation make big goals that 
much more achievable.

14 � Turtle Sanctuary at Kalba Mangrove Reserve, Sharjah, 
United Arab Emirates (UAE)

 

Photo Credit: Marc Goodwin
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Photo Credit: Marc Goodwin

•	 Location: Kalba Mangrove Reserve, Sharjah, United Arab Emirates (UAE)
•	 Heating degree days: 137
•	 Cooling degree days: 3507
•	 Solar radiation: 2285 kWh/m2 (Annual Average)
•	 Annual precipitation: 106.9 mm
•	 Building type: aquarium/research center
•	 Area: n/a
•	 Client: Sharjah Environment and Protected Areas Authority (EPAA)
•	 Design team: Hopkins Architects
•	 Completion: 2021

Khor Kalba Turtle and Wildlife Sanctuary is located on a nature reserve in the 
Persian Gulf (one of the most fragile and diverse such reserves) that serves as a 
center for the rehabilitation of turtles, care of endangered birds, and collaboration 
with local governments [32]. At a certain point in the building construction, a 
method of prefabrication is deployed to reduce the overall effect on the environment 
and existing landscape. Passive design strategies such as sealed shells as thermal 
mass are able to cope in the warm climate of the region as well as the challenges 
brought on by close proximity to water.
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Photo Credit: Marc Goodwin

An important aspect of the project’s initiative is that Sharjah’s Environmental 
Protected Authority (EPAA) will help raise environmental awareness and provide 
education and visitor facilities for such programs. The important work done by the 
EPAA will be enhanced by a research and monitoring facility dedicated to the pro-
tected Kalba Reserve [33].
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Photo Credit: Marc Goodwin

As visitors approach the Reserve, they are greeted by an inspired, semi-enclosed 
ribbed pod which acts as a space for orientations. It boasts glass window openings 
oriented toward key vistas. A color palette of light, beachy tones is used to soften 
the interior which is further lit by skylight oculi [32].

Seven interconnected pods and tensile structures allow guests to explore a visitor 
center offering panoramic views on the mangrove forest and mountains in the dis-
tance. This method minimizes the negative impact of construction on the site by 
using prefabricated parts. The center boasts exhibition areas, amenities for visitors, 
offices for staff, veterinary facilities, classrooms, gift shops, a cafe, and aquariums. 
“A carefully set out nature trail encourages visitors to explore the reserve’s rich 
biodiversity of indigenous mangrove forests and mudflats and the species it sup-
ports including turtles, stingrays, gazelles, and the rare Arabian Collared 
Kingfisher” [32].

 

Image Credit: Marc Goodwin
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Photo Credit: Marc Goodwin

“The geometry of the pods is inspired by urchin exoskeletons and purposefully 
echoes those of the Buhais Geology Museum, with which the Sanctuary is paired” 
[32]. Due to the tidal location and to protect the pods from the tide, simple concrete 
foundations of robust, elevated discs are used—their design helps to keep the pods 
from disturbing the adjacent terrain.

The modular buildings invite the landscape into the spaces, using framed panoramic views 
out and rays of natural light from above. The pods are clad with segments of white scal-
loped precast concrete referencing the shells found on the local shoreline and creating 
subtle variations of light and texture. An array of steel ribs accentuates the sculptural canti-
levered forms and completes this robust cladding system, itself designed to withstand the 
site’s unforgiving coastal conditions [33].
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Photo Credit: Marc Goodwin

 

Photo Credit: Marc Goodwin

Passive design methodologies were applied during the construction phase to 
ensure interior spaces are well protected from the intense desert heat and to reduce 
overall levels of energy consumption [32]. Precast concrete shells, ribs, and in-site 
foundation discs across the pod floor provide a thorough thermal massing method. 
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An insulating membrane and a waterproof membrane are combined within the clad-
ding cavity.

In summary, the primary catalyst behind building a project like this is in consid-
eration of environmental concerns and to strive toward the protection of the ecosys-
tem of turtles in their natural environment. The method of construction of the shelter 
also served to achieve this primary goal. The construction process itself was inclu-
sive of sustainable methodologies. Prefabricated elements were selected in response 
to the particular nature of the project. The construction methods deployed here are 
environmentally friendly and able to help block radiation and are thus more sustain-
able than traditional construction methods.

15 � Las Vegas Spring Preserve: Rammed Earth 
as Thermal Mass

A Leadership in Energy and Environmental Design (LEED) Platinum building in 
the middle of the Las Vegas desert; no, not a mirage; an impossible feat for sure 
though. The complex includes a visitor center, a learning center, and a broad range 
of gardens. For more than 15,000 years, springs broke through the desert floor to 
create grassy meadows, an oasis on the Old Spanish Trail. This 180-acre site is the 
birthplace of Las Vegas (Spanish for meadows) and is protected by the National 
Register of Historic Places since 1978 [40]. The Las Vegas Springs Preserve has 
won many awards since its opening including the Best Green Project in 2007 and 
continues to lead by example.

There are many ways in which sustainability was incorporated into this project. 
Through the use of rammed earth as thermal mass, coupled with natural ventilation, 
the façade allows for proper solar intake in the winter and keeps interior space cool 
in the summer. Sustainability was first and foremost in the initial stages of design 
and until the very end. The many strategies employed coalesce to produce much 
more than the sum of the individual approaches. The focus in this study will mostly 
be on the benefits of deploying a thermal mass strategy in the harsh environment of 
the Mojave Desert in Nevada.

The Desert Living Center (DLC) is an action-based public outreach and applied 
research facility that serves as a catalyst for individual and community change from 
being “In the desert” to being “of the desert.” It comprises a complex of five LEED 
Platinum-rated buildings. Exhibits illustrate the benefits of recycling, conservation, 
and alternative energy sources through an interactive environment of galleries, 
design labs, and training centers where the architecture and construction techniques 
of the buildings also double up as a learning platform. The interpretive educational 
storylines are carried throughout the facility with items ranging from the 43 hands-
on interactive environmental exhibits, 20 static sustainable design principles exhibit 
integrated into the buildings, two temporary galleries, four classrooms, a dialogue 
center, library/research center, design lab, and a technical training studio [41].
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This project has all the sustainability bells and whistles including the use of such 
materials as straw bales, soda cans, recycled glass, shredded blue jeans for insula-
tion, and much more. Rammed earth coupled with cooling towers feature promi-
nently in the façade as they secure a cool daytime interior environment.

 

The Desert Living Center at the Las Vegas Springs Preserve

Designed by Lucchesi Galati Architects of Las Vegas, the 46,000 FT2 (4274 m2) 
Desert Living Center (DLC) is an environmental education campus that champions 
and teaches sustainable building practices, celebrates recycled materials, and tech-
nologies specific to life in the harsh desert environment [42]. With engineering con-
sultant LERA (Leslie E. Robertson Associates, NYC), several of the green strategies 
and materials were put to the test when the complex opened in 2007. This includes 
one of the first uses of self-consolidating concrete (SCC) which minimizes any 
damage to the formwork and is sustainable since the concrete does not need any 
vibration [44].

Even though technology changes very rapidly, the DLC continues to be a beacon 
for climate-sensitive design for its application of time-proven methods of surviving 
in the desert and on the planet in general. For example, the orientation of the DLC 
optimizes solar daylighting and heat. Passive technologies for the Desert Living 
Center are incorporated throughout the facility but are not the primary focus of the 
design. In living up to sustainability ideals, the roof of the DLC was built with 

High Comfort – Low Impact: Integration of Thermal Mass in Pursuit of Designing…



84

recycled railroad trusses. Furthermore, the building does not use any active mechan-
ical systems since it relies entirely on passive strategies to maintain the thermal 
comfort of visitors.

 

Shaded parking lot with tracking photovoltaics

The Las Vegas Springs Preserve project is a showcase for high-tech implementa-
tion of low-tech principles. One such example is in the parking lot that displays 
high-tech (for its time at least) tracking photovoltaic cells to generate power while 
simultaneously shading the cars below it with the aid of a light-reflecting 
shade canopy.

Next to the rammed earth envelope, the predominant feature of the Las Vegas 
Springs Preserve is the conservation and collection of precious and scarce rainwater 
to augment the irrigation of gardens in the Preserve meadow [42]. This is most evi-
dent in the butterfly roofscapes and water collection cisterns that are prevalent in the 
architecture. Also, garden exhibits are used to further Mojave Desert education, as 
are the constructed wetlands for the treatment of all gray and black water for the 
entire Preserve site. The treated water is reused in the DLC toilets and gardens 
which is yet another example of how the building function is on display for educa-
tion and awareness for visitors and Las Vegas alike.
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Butterfly roof and collection cistern

Starting from the conceptual design itself, the DLC is intended to fit with the 
local environment, beginning with solar orientation and continuing down to earth by 
utilizing it as a thermal insulator for the structures by integrating the buildings into 
the land and subsequently above ground, where the mass and thickness of walls 
assist in protecting from heat gain and loss. The thermal mass of rammed earth and 
cast-in-place concrete is most suitable in the dry arid desert climate.

Additionally, through the use of straw bale construction and shredded blue jeans, 
the buildings on the campus are able to achieve very high insulation values, which 
protects the indoor environment from the intense Las Vegas heat. The long roof 
overhangs protect the buildings from summer heat gain while allowing the low win-
ter sun to warm the interior spaces [42].

Cooling towers and courtyard designs are intrinsic to reducing heating and cool-
ing loads. In addition, a radiant heating system of hot solar water heats slabs, which 
in turn are cooled by the rammed earth. The technologies that are used serve as a 
complement to the basic sustainable design principles. A responsive façade allows 
windows to open automatically for natural ventilation and cooling of the rammed 
earth thermal mass [42].
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Along with automatic windows, cooling towers aid in the night flushing of the rammed earth 
thermal mass

The estimated annual energy savings for the DLC alone approximate about 
279,591 kWh avoiding 258 tons of carbon emissions annually. Water savings are 
estimated at 380,099 gallons per year and about 7748 tons of waste has been diverted 
from landfills [42].

Using recycled content and sourcing materials locally, construction materials are 
manufactured nearby and are not on the red List. Furthermore, any non-repurposed 
wood products used in the manufacturing process come from certified sustainable 
forests and rapidly renewable crops. Visitors will be able to see firsthand examples 
of sustainable design in the Preserve, including straw bale walls throughout all five 
Desert Living Center buildings and carpeted walkways made of recycled soda bot-
tles [44]. Materials from the old trestles of the old railroad crossing Salt Lake were 
used in creating the support trusses for the Desert Living Center [44].

By using the earth as a thermal insulator, buildings can be protected from solar 
radiation by being embedded in the ground. As one of the main materials in the 
project, straw rice also provides noise reduction in addition to heat insulation [43].

M. Azarbayjani and D. J. Thaddeus



87

 

The roof framing structure is repurposed from old railroad ties

Another initiative that was development in the Las Vegas Valley is a region-
specific carbon-emissions mapping tool [39] that accurately baselines residential 
energy use per street and provides a comprehensive picture of local hotspots. The 
tool utilizes valley-wide databases of energy consumption, taking a single dwelling 
as its smallest unit of measurement. Thus, a bottom-up inventory of resultant carbon 
emissions was created. Using web-enabled geographic information systems (GIS) 
functionality, the tool further lends itself to mass outreach programs where consum-
ers are able to compare their individual carbon footprint to neighborhood, city, state, 
and national averages. This continues to instigate a behavioral change among con-
sumers by providing them with specific information on the effects of their individ-
ual energy use on the environment. The mapping tool is designed to delineate local, 
state, and national averages of electricity usage and generated carbon dioxide emis-
sions [42].
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Automatic windows and ventilation arrows “teach” the time-proven strategy of night ventila-
tion of cooling thermal mass

There are sustainable elements in different areas and parts of the building that 
demonstrate that sustainability was incorporated into design plans from the very 
beginning, which is another way to say sustainability was prioritized. In response to 
climate challenges, the Las Vegas Springs Preserve has introduced several new sus-
tainable strategies.

The Las Vegas region has two places that one can refer to as “places” with regard 
to a sociological perspective, which is intangible and involves a sense of belonging. 
Las Vegas is not just the mythical tourist heaven but speaks to the reality of the 
working class, families, and persons living outside of the Las Vegas strip. As the 
Preserve continues to gain foothold and popularity as a nationally recognized sym-
bol of sustainable design, it continues to act as a bridging ground for this discon-
nect [42].

“The Springs Preserve was developed to create a sense of place, a sense of iden-
tity for Las Vegas,” said director Francis N.  Beland. The Visitor Center, where 
guests begin their tour of this unique facility, and the Desert Learning Center both 
achieve that goal. The first of its kind, the Preserve is designed to set new standards 
in “green building” [44]. Although the Preserve is from 2007, it serves as an 
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inspiration for projects and technologies that followed, including the prefabricated 
rammed earth panels of the Morocco Pavilion at the EXPO 2020 in Dubai, UAE.

The Las Vegas Springs Preserve has earned its stellar reputation and its LEED 
Platinum status. It is of the earth and is just as timeless.

 

Gabion walls assembled with local stones provide screening of work areas. (Credit for Las 
Vegas Springs Preserve Photos: David Thaddeus)
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16 � The British Pavilion at Seville: World EXPO 1992

 

Photo Credit: Jo Reid & John Peck. By permission of Nicholas Grimshaw and Partners

The British Pavilion at the 1992 World Expo in Seville, Spain, by architect Nicholas 
Grimshaw and Partners (NGP) was a tour de force of sustainable building design 
and construction. The sustainability movement was still in its infancy and the design 
for this pavilion was well ahead of its time. Designed specifically for the hot and 
arid climate of Seville, the design showcased environmental strategies and tech-
nologies that were and continue to be an inspiration to many architects and design-
ers around the world.

The “92 Expo was intended to commemorate the 500th anniversary of Christopher 
Columbus” discovery of the New World. It was held on the Island of Cartuja on the 
Guadalquivir River at Seville. This was the location from which Columbus set sail 
to discover the Americas [51].

The official theme of the last Expo of the twentieth Century was “Discovery.” 
The unofficial theme, though, was “Man’s troubled relationship with climate and 
ecology of the planet” and is the one that more accurately reflected global concerns 
at the end of the twentieth Century [47]. Not unlike the present, it was the troubling 
realization that the planet’s energy resources are finite and are rapidly being depleted 
after the second industrial revolution.
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Grimshaw’s approach to the design of the British Pavilion in his commitment to 
creating a comfortable environment for an estimated 12,000 visitors/day without 
wasting precious energy and creating unnecessary pollution. In the spirit of the age 
and the high-tech movement, Grimshaw strongly believed that modernist architec-
ture is rooted in expressing function and technology instead of mere form. “The 
British Pavilion is unashamedly Modern and a product of industrial technology.” In 
the end, it is “an expression of function and the character of the building is derived 
from climate-moderating technology” [47].

The challenge for Grimshaw was to create a cool environment for visitors with 
minimal energy consumption. Seville is the hottest and driest city in continental 
Europe where daytime temperatures could reach as high as 115 °F (46 °C) and as 
low as 40 °F (5 °C) on the same night [48]. As a result, The British Pavilion had to 
respond to Seville’s typically hot climate with huge diurnal changes in temperature. 
“Its simple rectilinear façades were clad with a range of materials to moderate diur-
nal change and extreme temperatures” [49].

Grimshaw was inspired by the local vernacular building traditions of Andalucía, 
ones that specifically addressed the climate of Seville. The dryness of the air causes 
large swings in temperature and low humidity allows major heat gain. Windows 
were small and well-shaded. In addition, any opportunity for evaporative cooling by 
incorporating fountains and courtyards is common practice in the region. Heavy 
thermal mass in the form of stone was prevalent to passively mitigate the afternoon 
and evening scorching heat. Any good thermal mass has high heat capacity and will 
act as a thermal flywheel to moderate internal air temperatures despite rising heat 
outside.

Having the highest heat capacity and ideal thermal lag, the architect selected 
water as the ultimate thermal mass for the pavilion. “Grimshaw’s competition entry 
proposed that the exhibits should be interpretations of a unifying theme: WATER!” 
[47]. His approach was to take full advantage of the cooling properties of water. The 
pavilion incorporates running water, evaporative cooling, and water as thermal 
mass. The pavilion is one of the “earliest structures to use water in a wide variety of 
ways for passive cooling” [50].

The entire envelope of the pavilion is conceived as a passive climate moderator 
since energy conservation and the recyclability of building components were fore-
front in Grimshaw’s mind. As with most high-tech architects, Grimshaw conceived 
of a building that would be prefabricated with minimal on-site assembly and with-
out the need for the on-location skilled craft. For this reason, the building was con-
ceived as a kit-of-parts with pinned joints that would facilitate its design for 
disassembly (DfD). The prefabrication of the pavilion had to be tailored to accom-
modate the climate and context of Seville. With all the structure, details, and tech-
nological devices expressed on the envelope, “the architect was sharing all the 
information about the building installations and structure with the visitor” [46].

To enter the pavilion, visitors had to walk over a moat and through the “water 
wall” on the east façade that provided a cool and refreshing mist (this was way 
before Diller and Scofidio’s Blur project!). The water in the half-in and half-out 
pool cools visitors and reduces the heat on the east-facing curtain wall and is 
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recirculated using submerged pumps that are powered by the photovoltaic cells on 
the roof. Using the heat of the sun to cool the air inside the pavilion is brilliant. “… 
but in an exhibition pavilion such as this, the poetic idea of a cooling device directly 
powered by the heat of the sun is as important as the actual measurable perfor-
mance.” Air conditioning was limited to pods that were suspended from the struc-
ture to house the exhibits [47]. “Patterns forming in the falling water gave the glass 
a dynamic, translucent quality which enhanced views in both directions. In engi-
neering terms, the water also limited the maximum glass temperature to around 
24 °C (75 °F so that it remained below skin temperature, thus contributing to visitor 
comfort” [52].

 

The Water Wall on the East façade with overhanging fabric sails that provide shading to the 
water wall and roof. (Photo credit : Richard Bryant. By permission of Nicholas Grimshaw 
and Partners)
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The most inspiring innovation on this project graces the west façade where the 
loading docks were located. Here water is used in a most unconventional manner 
and represents the main reason we elected to include this project as a case study in 
this chapter. On this façade, Grimshaw deployed a “shield” [49] of 24 water-filled 
metal shipping containers filled with water to a height of 49.2′ (15 M) [48]. The 
shipping containers were painted white to reflect the afternoon sun and minimize 
the heat gain and were fitted with a butyl rubber lining for waterproofing. The ther-
mal mass of approximately 1.2 million BTU/°F kept the indoor environment cool 
without the use of any air-conditioning in the main volume. According to engineers 
at the consultant firm Arup & Associates, “… the inside surface stayed at a constant 
86 °F (30 °C) while the exposed face experienced a 77 °F (25 °C) temperature swing 
between day and night extremes” [48]. This allowed the heat from the west wall to 
radiate into the cool night sky. As in Samuel Taylor Coleridge’s The Rime of the 
Ancient Mariner, “Water, Water, everywhere, nor any drop to drink.” Not quite the 
case here as seven of the shipping containers stored potable water.

In contrast to the heavy west façade, the north and south façades were made of 
elegant and ultra-lightweight PVC-coated polyester fabric sails that provided fil-
tered soft light. The roof was also covered with photovoltaics and fabric that pro-
vided shading and reduced the heat gain on the roof. In addition, the roof housed 
photovoltaic cells that also provided shading to the roof while generating power to 
run the pool pumps. The cells were elevated off the plane of the roof to allow air to 
flow freely and cool both the cells and the roof. Another climate-specific feature of 
the roof was the bold decision to omit roof drains based on annual rainfall rates for 
the region. Up to 3.2″ (80 mm) of rainwater was allowed to accumulate and would 
provide additional evaporative cooling of the roof surface [47].

The British Pavilion in Seville of 1992 remains an inspiration to many architects 
and designers as it served as a bell-weather for sustainable design and implementing 
passive strategies that abound today. “Ultimately, 11 illustrates that there is no 
inherent conflict between high technology and ‘green’ issues and in any future use 
this fundamental statement should not be lost” [52]. The reuse of the building was 
successful as the pavilion was disassembled and shipped back to Britain for use as 
a museum. The Asian Sky TV corporation purchased it from the British Department 
of Trade and Industry (DTI) for £750,000 but the costs grew exponentially with 
shipping and storage costs. The pavilion sat with each component labeled in con-
tainers for a long time. Mr. Sharad Patel of the proposed Asian Sky and owner of the 
building said: “Mr. Grimshaw visited the site twice. He is excited about it. At least 
we were able to show him that it was not going to turn into a curry house” [53].

The ultimate fate of the building remains unknown but does not take away from 
the genius and the elegance of the work.
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Enhancing the Microclimate Toward 
Outdoor Thermal Comfort in Urban Isles 
of the Mediterranean Region

Despina Serghides, Stella Dimitriou, Ioanna Kyprianou, 
and Costas Papanicolas

1 � Introduction

The trend of increasing urbanization has induced anthropogenic climate change and 
contributed to increased energy consumption patterns in cities, accompanied by 
high CO2 emissions and the phenomenon of urban heat island [8, 10]. Urban heat 
islands are caused due to the heat imbalance of urban areas, where heat is created 
and absorbed by the surroundings but is not equally lost, leaving a positive balance 
of heat [16]. This is especially pronounced in urban areas with typical Mediterranean 
climates and long dry summers [19]. Heatwaves and extremely high temperatures in 
poorly developed urban environments are imposing a risk on human health as well 
as leading to poor thermal energy performances for urban isles [14]. It is estimated 
that for every 1 °C increase in temperature, electricity demand in cities increases by 
2–4% and therefore with continuously increasing temperatures, the energy con-
sumption and the associated carbon emissions increase exponentially in a short 
period of time [1]. With cities being the major emitters of CO2, accounting up to 
70% of the global carbon emissions [15], action needs to be taken to improve urban 
sustainability. Therefore, urban centers should be assessed and measures need to be 
taken in order to limit the heat island effect, increase outdoor thermal comfort, and 
decrease energy consumption and CO2 emissions, in accordance to the European 
Union’s (EU) regulations. In an empirical study using climatic data collected in the 
duration of almost three decades (1983–2010), support was provided for the exis-
tence and development of the urban heat island effect in Nicosia, Cyprus [20]. 
Although Cyprus holds a small share of energy use and impact on climate change 
on a global scale, its urban environment influences the temperature profile of the 
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island as a whole, which in turn affects the greater Eastern Mediterranean region 
due to the island’s geographical position. Urban centers stand for areas par excel-
lence in the pursuit of enhanced urban energy performance and pedestrian thermal 
comfort. Their role is especially prominent in Mediterranean countries due to the 
extreme heat stress of summertime in this region.

Thermal comfort at its basis is the condition of the mind, which expresses satis-
faction with the thermal environment [3]. However, it can be considered in three 
ways. Thermal comfort can be defined from a psychological standpoint, at which 
the mind is satisfied with the environmental thermal conditions; from a physiologi-
cal perspective, where the human body reacts to the environmental thermal stimuli 
in biological ways through skin receptors and finally from the energy outlook, 
where thermal comfort is relative to the heat flows between the human body and the 
external environment [18]. Outdoor thermal comfort is harder to define and analyze 
than indoor thermal comfort, due to various additional affecting variables (e.g., 
solar radiation, wind speed, and urban geometry).

When it comes to urban geometry, many variables could alter the outdoor ther-
mal environment and therefore influence thermal comfort. Landscaping of urban 
areas, grouping of individual buildings into blocks, as well as specific features such 
as shading mechanisms, surface materials and building arrangement (affecting solar 
radiation, wind orientation, as well as the heating balance of the buildings them-
selves) are a few of the most significant features that should be considered when 
urban areas are developed [6, 11, 15, 21]. Improper design and not accounting for 
the abovementioned factors often contribute to thermal discomfort at the pedestrian 
level [2]. On the other hand, carefully considering the building and insulation mate-
rials could go a long way in improving public health and the impact of urban centers 
on the environment [12].

Middel et al. [9] demonstrated that shading in the hot-arid urban area of Tempe, 
Arizona, could lead to heat stress mitigation at the pedestrian level. This is possible 
by means of either natural or artificial shading. For example, a photovoltaic canopy 
is proposed to be used for shading and at the same time to generate energy and con-
tribute to the improvement of the energy performance of urban isles. The impor-
tance of shading and wind speed was highlighted as well by Rodríguez Algeciras 
and Matzarakis [7] in their study on the impact of these parameters on the outdoor 
thermal comfort conditions in Barcelona, Spain.

Regarding outdoor materiality and vegetation, Turini et al. [22] investigated dif-
ferent renovation measures for the improvement of outdoor thermal comfort condi-
tions in two case study areas in Madrid, Spain. These included substitution of the 
existing asphalt with cool materials or white asphalt and increasing green bands 
with shrubs and trees. Through simulations, they concluded that the green area 
increase using tall trees is the best solution in terms of reducing heat stress during 
summer. Moreover, in a study of Perini and Magliocco [13], ground areas with 
trees, shrubs, and grass were shown to have a higher positive impact on thermal 
comfort at the pedestrian level, relative to green roofs. However, the role of green 
roofs should not be disregarded, whether they are employed as vegetative areas or 
to increase the albedo of cities, since they can offer significantly decreased ambient 
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temperatures in urban settings [17]. In fact, green roofs were found to be more 
effective in decreasing the cooling load of buildings, which is significant within the 
context of energy management systems in urban isles [13]. Still, in addition to the 
development of urban isles in order to be sustainable and energy efficient, the design 
of urban areas should take into account the human behavior. Particularly, urban 
centers should be designed with a certain degree of social responsibility in mind, in 
order to prompt the corresponding human behavior that is suitable for such loca-
tions [5]. For instance, the decreasing physical activity and increasing obesity of 
urban dwellers have been linked to poor construction and esthetics [23].

It is therefore essential that the initial design, as well as later developments and 
refurbishment of urban areas, takes into account the various implications regarding 
the energy performance of urban isles, while considering the human behavior and 
activities that are intended to take place at the specific locations.

This study examines the current situation in terms of outdoor thermal discomfort 
for a region impacted by increasingly frequent extreme heat phenomena. Through 
simulations of proposed interventions on the surrounding built environment in a 
case study of an urban isle in Cyprus, results indicate optimal and nonoptimal adap-
tations of the measures, as they present variations on both seasonal and spatial 
aspects. The following sections describe the methodology employed as well as the 
case study. The results of the simulations for the measures introduced as interven-
tions to enhance the microclimate and thereof improve the pedestrian thermal com-
fort are analyzed, and recommendations are made accordingly.

2 � Methodology

The present study aims to determine the current outdoor thermal conditions and 
provide targeted measures to be taken, on a specific urban isle under study in the 
coastal city of Limassol, in Cyprus. It aspires to improve the overall experience of 
pedestrians, mitigate heat stress, and at the same time improve the energy perfor-
mance of the surrounding buildings.

Based on the Smart Urban Isle (SUI) project criteria, a typical urban isle from the 
historic, cultural, and commercial center of Limassol was selected as a case study. 
Among the selection criteria of the isle was the number of buildings, which was to 
include 10–100 buildings, of which at least one would be public. In addition to the 
size and the geometry of the site, the decision for its selection was based on the 
coexistence of older stone buildings with newer concrete ones as well as on its 
capacity to accommodate multiple uses, including leisure, retail, office, and services.

The 3D model of the Urban Isle was created based on architectural drawings 
provided by the Cyprus University of Technology (CUT), who is the owner and ten-
ant of the largest building on the site. The thermal properties of the building’s enve-
lope its energy performance and its impact on the outdoor environment and comfort 
was investigated in depth in other studies. The height of the remaining buildings, the 
type of vegetation, and the outdoor materials were recorded based on on-site 
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observation. The weather data information was collected from a weather station 
installed by the Cyprus Institute (CyI) SUI project research team on the roof of the 
CUT building.

The simulations were performed using the ENVI-met V4.1.2 software, a soft-
ware used to simulate urban environments and to assess the effects of green archi-
tecture on the outdoor thermal comfort.1 The simulation was run for a time interval 
of 6 h, from 10 AM to 4 PM, for typical summer and winter days. The hours selected 
for the simulations are the most compromising in terms of outdoor thermal comfort 
during summer and were used for both the summer and the winter simulations, in 
order to allow comparisons of the seasonal outputs. Some of the important assump-
tions made in the ENVI-met simulation process were that the terrain was flat, the 
buildings’ geometry was adjusted to the cubic grid of 1 m, which is the maximum 
resolution available, and the wind profile had a constant value.

The results from the simulations were processed with ENVI-met application of 
Biomet for a model of a 35-year-old male, of 80 kg, walking at a speed of 1.2 m/s. 
The clothing was set to 1 clo for winter and 0.6 clo for summer, in order to obtain 
the predicted mean vote (PMV). The PMV is a stationary value, which means that a 
person is assumed to be exposed long enough to a constant climate situation until all 
energy exchange processes of the human body have become stationary. This is, of 
course, only true if this person stands exposed to the same climate conditions for up 
to 20 min in some cases [4]. The outcome was visualized with ENVI-met applica-
tion of Leonardo, which produces layered data maps. Through the graphic output, 
PMV was correlated with other parameters, such as the mean radiant temperature, 
the wind speed, the air temperature, etc., in order to assess their impact on thermal 
comfort and propose alternatives toward improving it.

From the outdoor thermal comfort analysis, conclusions were drawn regarding 
the impact of the built environment on it and how it can be enhanced thus mitigating 
the outdoor discomfort in the city center of Limassol, for the sunlight working 
hours, both in summer and winter.

Subsequently, an intervention scenario is proposed with measures aiming at min-
imizing outdoor thermal discomfort, and a revised, improved model was created. 
The effectiveness of the scenario in improving thermal comfort conditions was 
assessed through comparison of the PMV outcome, between the revised model and 
the current state model, for the most compromising hour interval to be outdoors, 
both for summer and winter.

3 � Case Study Overview

The case study isle is located in the built-up area of the coastal city of Limassol, 
adjacent to the main commercial street and the headquarters of the Cyprus University 
of Technology.

1 ENVI-MET official website: https://www.envi-met.com/
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There are various open spaces nearby, such as squares and parking lots. The 
buildings comprising the isle are a mixture of one- and two-story-old stone build-
ings and newer concrete structures of more than three floors. There are mainly retail 
stores and education buildings in the area, along with cafeterias and wine and cock-
tail bars, thus propelling the number of visitors.

From the drawings and the survey questionnaire conducted, the geometrical 
characteristics and the occupancy motif (users and visitors/day) of the area were 
extracted (Table 1). Of special interest are the two short-length covered galleries.

The materiality of the environment, buildings, and road and pavement surfaces, 
together with the type and height of the trees were recorded during on-site observa-
tions. The existing materials of the horizontal surfaces are asphalt on the road, gran-
ite cube stones on the pavement, and gray concrete on the ground of the open space 
in the center of the isle. For the unsealed soil, the default material is used. The build-
ings were mainly identified and modeled as concrete/brickwork structures (com-
mon practice in Cyprus), the trees of lower height as deciduous, and those of higher 
stature as coniferous. The graphical representation of the urban isle is depicted 
in Fig. 1.

4 � Results

From the results, it is indicated that during winter, from 10 am to 4 pm, the most 
compromising hour to be outside (according to the Biomet results) is between 3 pm 
and 4 pm (Fig. 2). Nonetheless, the PMV does not fall below −2 at any part of the 
understudy area. Overall, the PMV ranges from −1.8 to +0.2 and is directly posi-
tively affected by the mean radiant temperature.

Table 1  Urban Isle case study characteristics

Area characteristics
Urban location: City center

Area (including pavement): 4267 m2

Built area (ground floor): 2374 m2

Green area: 22 m2

Green area/area: 0.5 %
Ground space/area (GSI): 55.6 %
Total floor space/area (FSI): 126.5 %
OSR (spaciousness) 
{OSR = (1–GSI)/FSI}

35.1 %

Occupancy
Nr. of occupants (employees): ≈130
Nr. of visitors/day (customers, 
students):

≈970–1240
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Fig. 1  ENVI-met model

Fig. 2  PMV: typical winter day at 3 pm

During wintertime, it is expected to experience worse thermal conditions prior to 
10 am and after 4 pm, since there is reduced sunlight during early morning and late 
afternoon; however, this study focuses on the sunlight hours, when the highest 
crowds of people in the area, take place.

D. Serghides et al.
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The wind speed also affects the PMV value in a negative way, yet not signifi-
cantly, due its low velocity. Relative humidity and temperature, barely oscillate 
through the simulation model and do not therefore contribute to the changes 
observed in the PMV of the area at a specific hour frame. Overall, pedestrians can 
move around the isle relatively comfortably during a typical winter day from 10 am 
to 4 pm, with the roads on the southwest to northeast axis having the best conditions.

In contrast, during a typical summer day, at the same time range, the PMV does 
not fall below +2, ranging from +2.1 to +5.7, being over +4 (classified as extremely 
hot) during most of the time and in most of the space. The most compromising time 
to be outside is between 1 and 2 pm (Fig. 3).

In summer, mean radiant temperature is once more the main impact factor for 
outdoor comfort, with the least uncomfortable spaces being the covered galleries. 
Nonetheless, even when walking through a covered gallery, the PMV exceeds the 
accepted value range.

Aiming at minimizing the thermal discomfort conditions during summer, with-
out adversely affecting the winter comfort, a revised model was developed, in which 
specific design measures were examined in an integrated approach, focusing on the 
combination of the materiality of the horizontal surfaces and the prospects for shad-
ing provision. The two measures concern the replacement of the road and pavement 
materials with surfacings of higher albedo, increasing the value by up to 0.6 and 
adding shading via horizontal opaque awnings around the isle under study and the 
neighboring ones at a height of 4 m. The width of the shading varies from 1 m to 
2 m, depending on the geometry of the pavement.

Fig. 3  PMV: typical summer day at 2 pm
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The simulations were repeated for the same hour interval for winter and summer, 
using the same variables for the person’s age, sex, clothing, and activity. The PMV 
during winter in the revised model ranges from −0.4 to −1.8, retaining almost the 
same range as before. By comparing this with the existing state during winter, the 
difference observed in the PMV ranges from slight improvement (0.2) to deteriora-
tion, up to −1.10, but only at a few limited spots under the shade from the canopy 
(Fig. 4). The resulting thermal discomfort could be mitigated by installing adaptable 
awnings, which can be designed to be removed during winter in order to allow the 
solar interception.

The summer results of the revised model give a PMV range of 2.4–5.2, increas-
ing the lowest value by 0.3 and reducing the highest prior value by 0.5.

When the revised model is compared with the existing state, significant reduction 
of the PMV is shown under the awnings, up to 2 points. In addition, less prominent 
but significant reductions in PMV are present in the parts of the road that were 
assigned previously as asphalt (Fig. 5). Despite all this, the PMV is still over 2 in the 
entirety of the isle, a value which is considered to be very hot, leading to overheat-
ing of the pedestrians and extreme dissatisfaction. Although there is overall notable 
improvement during summertime, the measures proposed are not sufficient to reach 
outdoor thermal comfort during summer. This is mostly due to the very high tem-
peratures prevailing during the summer, which might exceed the 40 degrees centi-
grade, especially during the critical interval of a hot day selected for the purpose of 
the present study.

Fig. 4  Absolute difference in PMV in summer at 3 pm: comparison before and after the measures
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Fig. 5  Absolute difference in PMV in winter at 2 pm: comparison before and after the measures

5 � Conclusions

In Cyprus, urban thermal discomfort during summertime is pronounced and has to 
be mitigated, so as to create a more pleasant outdoor environment. The predicted 
mean vote (PMV) for outdoor comfort was used as an index of comfort evaluation, 
along with environmental parameters such as air temperature, radiant temperature, 
relative humidity, and wind. Simulations were performed with ENVI-met V4.1.2, 
on a selected urban isle, for summer and winter. The results confirm high or extreme 
discomfort during summer, which discourages people to visit the city centers espe-
cially during midday, with PMV over 2.1 in the whole area and over 4 in most of the 
space. On the contrary, during the sunlight hours of a typical winter day, pedestrians 
feel comfortable to slightly cold.

After the modification of the simulation model with the introduction of awnings 
around the isle and the replacement of the entire road and pavement materials with 
ones of increased albedo value, the positive impact on the summer PMV values was 
evident, as targeted, reaching local improvements up to 2.25 points. The results for 
winter are not as prominent, with the PMV only slightly affected and mostly in a 
negative way.

The combination of the awnings with the increased albedo is effective in mitigat-
ing thermal discomfort during summer. However, it was observed that the albedo 
increase has negative impact on comfort, if the replaced material has less than 0.4 
difference in albedo value, since the decrease in air temperature is counteracted by 
the increase in mean radiant temperature. Also, it is critical for the awnings to be 
retractable, so as to allow solar access in winter, since shading affects in a noticeably 
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negative way the outdoor and possibly indoor comfort in winter, which is expected 
to impact additionally the energy consumption of the surrounding buildings.

Future studies are intended to determine the optimal albedo values for paving the 
roads in coastal urban centers in Mediterranean, as well as the most effective dimen-
sioning and the most appropriate materials of the awnings. Further to the outdoor 
materiality and the introduction of small-scale constructions, such as awnings, the 
impact of vegetation is another prospective aspect for study. Finally, the influence of 
the proposed outdoor measures on the surrounding buildings’ energy consumption 
will be examined through the development of an outdoor-indoor-coupled environ-
mental simulation.
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Energy Management and Savings 
in the Domestic Situation: A Case Study

Tony Book

Description of a house that was recently refurbished to a high specification of insu-
lation and windows is given.

In addition, a 5.4 kWp PV system was installed on the southeast facing roof, an 
underfloor heating system and various controls which can be monitored by smart 
phone apps.

The hot water comes from an immersion heater (3 kW) primarily from the roof 
through a smart switching system. This detects when the house electricity load is 
exporting and instead diverts this energy to the hot water cylinder (210 liter).

The underfloor system which is zoned in every room is heated by gas. There is 
also a 7 kw log burner in the main living area, which due to the efficiency of all the 
above is hardly ever used. There is also a 10 kW battery storage system (3200 mAh).

The paper demonstrates several points.
The baseline of about 7000 kWh per annum is reduced by about 80% with the 

use of the PV running in tandem with the battery system. The dwelling is virtually 
self-sufficient most of the summer months.

The efficiency of energy diversion for hot water, battery charging, and running 
an electric vehicle is demonstrated by reducing the export of PV to less than 10%.

The financials of the above are discussed together with discussion of using smart 
variable tariffs now becoming increasingly available (Fig. 1).

The house was recently refurbished to a high specification of insulation and K 
glass windows.

Additional installations were a 5.4 kWp PV array on the southeast facing roof, 
underfloor heating, and various system controls which can be monitored by smart 
phone apps.
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Fig. 1  5.4 kWp PV 
system

Fig. 2  Distribution boards 
and control

The hot water comes from an immersion heater (3.2  kW) powered primarily 
from the roof through a smart switching system. This detects when the PV-generated 
electricity is exporting and instead diverts this energy to the hot water cylinder 
(210 liter).

The underfloor system, which is zoned in every room, is heated by gas. There is 
also a 7 kw log burner in the main living area, which due to the efficiency of all the 
above, is hardly ever lit. When it has been used, the living area, which is quite large 
(7 m × 6 m), overheats to about 25 C even if the outside temperature is around 0 C 
(Fig. 2).

New electrical distribution boards were installed, future proofing for installation 
of battery storage.

All high power requirements such as the oven and hob are on one set of circuits, 
and all the lower power systems, TV, fridge, lighting, phone hubs, computers, etc. 
are on the other ring circuits (Figs. 3 and 4).
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Fig. 3  Upper distribution 
board and 100 amp supply

Fig. 4  Lower distribution 
board (EDDI (DWH 
diverter) (lower right)

1 � Electricity Meters

There are two electricity meters: One is the smart meter for the power readings 
recorded half hourly and the other is the generation meter to record the harvesting 
of energy from the PV system. The former is for billing from the utility company, 
and the latter used to collect the feed in tariff from the energy produced from the PV 
generation.
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2 � Power Diverter and Hub

The white and gray box on the lower left is the “smart” controller which diverts the 
exportable energy. The system is connected via a hub which balances the excess 
load between the hot water tank and the car charger (Figs. 5 and 6).

This readout on the simple screen of the power diverter shows that about 5 kW 
have diverted to the hot water tank by 2 pm on a mid-March day saving £1 of energy 
and average saving over a year is about £400.

The data can also be seen on an app (see later).
This example shows, toward the end of a day in May, 7.75 kWh has been diverted 

into the 210 liter tank.
Hybrid car being charged is shown in Fig. 7. About 75% of the energy over the 

year came from the PV panels, the remainder from the grid, usually off peak.
The car had a battery range of 30 miles in the winter months and up to 50–55 miles 

in the summer months. Additionally there was a 35 liter petrol tank which provided 
energy to a small generator which powered the electric motor extending total range 
by another 300 miles.

The car was driven about 10,000 miles per year (Fig. 8).
The hybrid was exchanged for an EV which averages 5 miles (8 km) per kW in 

the summer and 3 miles (4.8 km) per kW in the winter.
The 50 kW battery has a range of about 225 miles in the summer.
At the time of publication, the car has traveled about 5000 miles and consumed 

1306 kW, 589 kW from the grid at 5 p/kWh, 546 kW from the PV system on the 
roof. In addition 150 KW @25p was purchased on journeys (the balance was free 
charging at various locations). This works out at about 1.3 pence per mile or 1 euro-
cent per km.

Fig. 5  Blue light shows 
tank up to temperature 
(60 C)
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Fig. 6  Diverter screen

Although there is a price premium on EV purchase when compared to ICE cars 
(internal combustion engines), EVs have very low maintenance expenses and run-
ning costs. The financial break-even is about 30,000 miles when compared with an 
equivalent ICE car (Fig. 9).

The hot water tank and underfloor heating manifold on the left.
The hot water tank is heated by PV-generated energy about 300  days a year. 

There are coils in the tank which can be heated by the gas boiler but this system has 
been used on less than a dozen occasions in 4 years (Fig. 10).

Each room has its own control and is a controllable zone by itself.
In terms of energy management, not a lot of thought is given to water usage other 

than heating it.
It pays to be mindful of how water volume is used. There are two people in this 

household, who mainly shower. The average volume of water usage is about 240 
liters per day in the winter months and 400 liters per day during the summer period. 
This extra amount in the summer is due to watering the garden, including irrigation 
for growing vegetables.
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Fig. 7  A picture of electric 
plug for car charger

Fig. 8  EV being charged

3 � Water Usage

In order to ameliorate the water use in summer (4 × 250 liter) water butts filled via 
down pipes from the roof have been added to reduce the water volume purchased 
(Figs. 11 and 12).

4 � Further Improvements After 3 Years

There is incorporation of a charge inverter and battery pack to “time shift” electric-
ity consumption throughout the year.

There is purchase of an all-electric car (EV).
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Fig. 9  Plant room 

Fig. 10  Underfloor 
heating system

There is acquisition of a smart car charger which “fuels” the car only when there 
is surplus on the house. This works in tandem with the smart hot water diverter and 
is very efficient.

There is the opportunity to obtain split plunge pricing of electricity from a utility 
company and pay for power by the half-hour and even get paid for using it in the 
off-peak times. This is dependent on the carbon intensity which is difficult to predict 
from week to week. By definition the carbon intensity tends to be higher in the sum-
mer as the grid sources more “clean” energy from PV, wind, and other renewables 
(Figs. 13, 14, and 15).

The storage system comprises 16 × Calb 2000 mAh lithium-ion phosphate bat-
teries controlled by a set of 123Smartbms microprocessors. These cards calibrate 
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Fig. 11  Water 
consumption readings

Fig. 12  Three of the four 
250 liter water butts

the batteries to ensure they neither are overcharged nor over discharged. The param-
eters are set at 90% and 20%, respectively. In addition the BMS prevents the batter-
ies from overvoltage and over/under temperature. The charge-inverter was sized to 
match the PV array (5.4 kWp) with charge and discharge rates of 4 kW from the 
grid or the PV system.

In the winter months, the charge-inverter is scheduled to come on during off-
peak times at 2:30 am. To charge from 20% to 90%, it generally takes about 2.5 h 
and uses about 10 kW and costs 50p (5 p/kWh on the Octopus GO-Faster Tariff). At 
5:00 am the hot water is boosted for 90 min. This uses 5 kW (15p). The charge-
inverter is “held” until 0630 before being switched back on. This stops the batteries 
supplying the hot water and using up some of the battery storage. It also allows the 
BMS time for absorption and to float the cell units, conditioning them, and increas-
ing their life. The EV can be charged during this time if it is required, but that 
depends on driving plans and current car range levels.
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Fig. 13  Two inverters: On 
the left, the PV inverter; on 
the right, a charge inverter 
which controls the 10 kW 
battery system

Fig. 14  The CALB 16 × 2000 mAh battery set

During the day in the winter, the property runs on off-peak electricity stored 
overnight and released during the day. Without any added PV energy, on a typical 
winter’s day, the batteries will last until early evening and may or may not cover the 
whole of the evening meal cooking.

Gradually as the PV energy increases in late January into February, the battery 
supply goes through to at least 0230, with a combination of off-peak grid and 
solar energy.

As the spring comes round, the battery state of charge (SOC) is reduced to 
60–80% allowing the increasing solar radiation to make up the difference during 
the day.

Similarly, the grid-sourced water heating is cut back too. By late March the bat-
teries and solar generation are capable of meeting all the system charging, hot water 
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Fig. 15  The BMS smart 
card ensures the batteries 
run between 20% and 90% 
charge and do not 
overvoltage or overheat

heating, and house requirements of cooking, washing, drying, and the EV, around 
the clock.

This continues until late September when the grid starts to be used more 
frequently.

5 � Examples of Spring and Summer Energy Usage

Note: The baseline when away on holiday is 2 kWh. This is the amount required just 
to keep the tank hot at 60 C from one day to the next (Fig. 16).

The hot water was boosted for an hour around 6 am as there had been no sun-
shine the previous day.

The car was charged during the morning and more water was heated around the 
middle of the day and early afternoon.

Only 13 kW was imported (purchased). The evening consumption shows a small 
increase around supper time and the rest for lighting and evening TV (Fig. 17).

A small car boost first thing followed by a lot of water heating on a sunny day.
Only 4 kW imported all day and 7.5 kW actually used (Fig. 18).
The car was charged overnight with off-peak electricity and there was washing 

machine usage/cooking in the morning (Fig. 19).
A good summer’s day produces over 30 kW (the annual amount is 5500 kWh).
Once again plenty of hot water was produced. There is 84% green contribution 

on this day which is typical for the summer months (twice that gained in the winter), 
and additional saving was made due to energy management using the diverter 
(Figs. 20 and 21).

The running costs are very attractive.
The hybrid car was filled with petrol about every 5–6 weeks. Most journeys were 

local except for occasional 400 mile round trips.
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Fig. 16  App screen of performance: 27 kWh consumed, of which 20 kWh generated

During the recent Corona Virus lockdown, from March 2020 to July 2020, the 
car was used for short journeys only. About 900 miles were covered in up to 40-mile 
journeys using electricity only. No petrol was purchased for 5 months. Indeed you 
have to be mindful of the gasoline deteriorating in that time period.

It is estimated that about a third of the PV generated off the roof is used to charge 
the car. This produces a very economical result… (see above Fig. 22).

This is self-explanatory.
About a quarter of the PV output heats the hot water and the “roof” contributes 

significant savings to the utility bills and running the car…
This is self-explanatory.
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Fig. 17  Typical spring day

About a quarter of the PV output heats the hot water and the “roof” contributes 
significant savings to the utility bills and running the car… (see above Fig. 23)

On a slightly cloudy day, the PV system is generating 2.6 kW, the batteries are 
floating, and the hub is balancing the car and hot water… (see above Fig. 24)

A winter’s day (off peak 00.30–04.30): Eddi = DHW, Zappi = car, home = bat-
tery charger. At 00.30 am, the batteries get charged at 02.30, the car receives 5.9 kW, 
and the hot water about 5 kW. The PV heats the water a further 1 kW around midday 
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Fig. 18  A summer’s day

from the winters sun, which produces 5.3 kWh over the day. It is a heavy day of use; 
overall 27 kWh was imported.

Off peak was changed to 02.30–0630 after 6 months to ensure the DHW was at 
its hottest at late as possible… (see above Fig. 25).

From 6 am the PV starts generating and the batteries (home) get charged up first.
The car gets a good 15.6 kW which is the equivalent of about 62 miles (100 Km) 

and the hot water takes nearly 6 kW. In all 34.5 kW was generated by the PV and 
2.2  kw imported. Only 0.9  kW was exported, so that 95% of the PV-generated 
energy was used up. Once the sun goes down, the batteries cover evening cooking, 
TV, lighting, and all consumption through the night.

In the winter the batteries don’t get much charge from the winter sunshine and 
need topping up overnight to get through the day. On the night tariff (Octopus Go) 
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Fig. 19  More activity

at 5p per unit, it only costs about 50p, which is a third of the daytime tariff. The 
savings are considerable.

The household consumes 7500 kWh per year excluding space heating (gas).
About 5400 kWh comes from the PV system. About half the year the property is 

self-sufficient, defined as importing of energy of 1 Kwh or less, per day. It takes 
1 kW per day to run the 16 battery control cards. About 11 kWh per day is the winter 
average consumption, most of that from the batteries. There is a lot of debate about 
the economics of the PV and or batteries. It depends a lot on life style choice. These 
days, and it is improving all the time, PV will pay back in 5–7 years and batteries in 
7–9 years.

Buying this technology is equivalent to buying energy forward which stays at 
today’s price while the actual tariffs rise with inflation and governments energy 
policies not only in this country but throughout the world.
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�The car...hybrid

�10000 miles per year.

�360 litres purchased £468.

Fig. 20  Car financials

�Car 33 mpg. = 8.6 l/100 km.

�Cost of Electricity to go 40 miles 
£2.34peak
£1.04 off peak

Equivalent to  97 mpg  2.9 ltr/100 peak
236 mpg  1.2 litre /100 off peak

Fig. 21  Hybrid car costs

Fig. 22  Financial Saving 
from Electric Car during 
the year

It is important to choose the most economical electricity tariffs, and this is best 
researched from the price comparison websites. The best prices can be found from 
products that use smart meters where supplies are priced by the half hour and can be 
monitored by an IDH (in-home display).
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Fig. 23  Home Energy 
Stats

For space heating which is still using a gas boiler (at least for another decade), 
shopping around for the most economic tariff is important. Gas at 10000–20000 
kWhs are being purchased per year so even small variations in tariff can make a dif-
ference to the budget also taking into consideration the daily standing charge.

The monthly consumption of the household is 600  kWh/month throughout 
the year.

Apart from gas space heating, all cooking, washing, drying, TV, etc. are electric.
All lighting is by LED.
The consumption of grid electricity in the winter months:
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Fig. 24  Overall 
EXPORTING POWER 
Winter Readings (Actual 
Meter Reading).

Per month.
About 200 kWh comes from the PV system, the rest from the batteries.
The time shift of supply from off-peak to peak times has changed the ratio of grid 

consumption from 60:40 to 10:90 with commensurate savings.

Summer months:

Per month.
700 kWh is supplied by the PV. On average the only 35 kW is imported and monthly 

bill is £12–£14 of which £7.50 is the standing charge.

Below are sample reports from a smartphone app analyzing the smart meter data.
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Fig. 25  Overall 
EXPORTING POWER 
Summer Readings (Actual 
Meter Reading)

6 � Typical Winter Consumption

6.1 � 10th Jan 2021–9th Feb 2021 (31 Days)

Your total electricity cost is £47.77 inc 5% VAT.
The unit consumption cost is £40.02 inc VAT.
The standing charge cost is £7.75 inc VAT.
On Go, you would have paid an estimated £47.77 inc 5% VAT – est. 6.81p/kWh.
Your electricity usage is STABLE during this period.
Your electricity cost is STABLE during this period.
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You have a total consumption of 587.5 kWh.
Your average unit rate is 6.81p/kWh.
Your average factual unit rate is 8.13p/kWh (includes your standing charge).
Your average standing charge is 25.00p/day.
Your national carbon footprint is 98.68 kgCO2, or 170 gCO2/kWh.
Your regional carbon footprint is 88.55 kgCO2, or 151 gCO2/kWh.

Both the national carbon footprint (across Great Britain) as well as your 
regional footprint (for your distribution area) is calculated. An average value 
between 0–59  gCO2/kWh is very low, 60–159  gCO2/kWh is low, 
160–259 gCO2/kWh is average, 260–359 gCO2/kWh is high, and 360 gCO2/
kWh or more is very high. You can improve your carbon footprint by avoiding 
peak hours, reducing your base load, and planning consumption when carbon 
intensity on the grid is the lowest.

Your estimated base load is 52 W, totaling 39.1 kWh.

This is an estimate of the amount of electricity used when you are not actively 
using anything. This includes devices that are kept running all the time such 
as routers and fridges, smart lights, standby power for plugged in appliances, 
etc. An average home has a base load of 105–120 W. Lowering your base load 
can make a big impact on your electricity cost and can be as simple as turning 
a device off at the socket when not in.

7 � Typical Spring Consumption

7.1 � 14th Apr 2021–14th May 2021 (31 Days)

Your total electricity cost is £15.53 inc 5% VAT.
The unit consumption cost is £8.42 inc VAT.
The standing charge cost is £7.11 inc VAT.

On Go, you would have paid an estimated £14.87 inc 5% VAT – est. 9.92p/kWh avg. 
import unit rate in p/kWh avg. import in kWh (one standard deviation error bar).

Your electricity usage is STABLE during this period.
Your electricity cost is STABLE during this period.
You have a total consumption of 71.8 kWh.
Your average unit rate is 11.72 p/kWh.
Your average factual unit rate is 21.62 p/kWh (includes your standing charge).
Your average standing charge is 22.94 p/day.
Your national carbon footprint is 14.83 kgCO2, or 204 gCO2/kWh.*
Your regional carbon footprint is 10.86 kgCO2, or 163 gCO2/kWh.
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* Some of the CO2 data was not available. Instead, estimates were calculated 
based on the available data.
Both the national carbon footprint (across Great Britain) as well as your 
regional footprint (for your distribution area) is calculated. An average value 
between 0–59gCO2/kWh is very low, 60–159gCO2/kWh is low, 160–259 gCO2/
kWh is average, 260–359 gCO2/kWh is high, and 360 gCO2/kWh or more is 
very high. You can improve your carbon footprint by avoiding peak hours, 
reducing your base load, and planning consumption when carbon intensity on 
the grid is the lowest.

Your estimated base load is 6 W, totaling 4.5 kWh.

This is an estimate of the amount of electricity used when you are not actively 
using anything. This includes devices that are kept running all the time such 
as routers and fridges, smart lights, standby power for plugged in appliances, 
etc. An average home has a base load of 105–120 W. Lowering your base load 
can make a big impact on your electricity cost and can be as simple as turning 
a device off at the socket when not in use.

8 � Conclusions

The system has been operating for 4 years and has been constantly monitored, using 
smart phone apps. It is proving to be very efficient in making significant savings of 
both energy and running costs. The return on investment is about 20%, and the resi-
dence uses about half the normal fossil fuel energy compared to a similar sized 
house without such a system.

The system is saving about 6 tons of CO2 per year. The gas boiler uses about 3 
tons of CO2 per year. If it was realistic to equip half the homes in the UK similarly 
over the next 10–15  years, the savings (of CO2) would be over 30  million tons 
per year.
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Adaptive and Sustainability for Visual 
and Perceptive Comfort: Neuroscience 
and Architecture

Carla Balocco

1 � Introduction

The connection between light, lighting, and neurosciences should not make people 
forget that they concern three different but interrelated domains: light, as the physi-
cal quantity, i.e., a small portion of the electromagnetic spectrum, between 380 nm 
and 800 nm, that can evoke a neural response from photoreceptors in the human 
retina and brain; lighting as the design and application of electromagnetic radiation 
by means of the visual and thermal effects control for architectural and social ben-
efits; neuroscience as the quest for understanding physiological and behavioral 
responses to the electromagnetic radiation and/or different indoor/outdoor luminous 
climate. Tackling a lighting project is always a complex operation, because with 
light (natural and/or artificial) it is possible not only to respond to functional needs, 
connected to the user safety and visual performance, but also to create or recover 
atmospheres and suggestions, as well as bright, pleasant, and comfortable environ-
ments. If the lighting project concerns historical buildings, with a high cultural, 
artistic, and symbolic value, the lighting designer must combine the technical-
scientific skills with a solid historical-humanistic culture, as well as a strong artistic 
sensitivity to manage the difficult plant system installation, contemporaries in an 
architectural context that did not foresee them [1–3]. Many literature researches 
have demonstrated that technologies belonging to cognitive neuroscience can be 
used for lighting design [4–7]. In particular, the new neuroesthetics wave, which 
refers to cognitive neurosciences applications and to the well-known embodied cog-
nition, is a basic instrument for all the research contexts concerning perception, 
aesthetics, teaching, art, education, and culture spread communication [4–7]. On the 
other hand, physics, optics, information theory, and neuroscience applications can 
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provide an important support to theoretical and practical lighting research [8–10]. It 
is well known that the interaction between observer and object is a complex system 
of top-down and bottom-up cognitive processes. The top-down processes are guided 
by knowledge, empirical, tactile, visual and previous kinesthetic experiences, 
semantic/cognitive representations, and syntactic representations of the subject. The 
bottom-up processes are guided by the optical, photometric, and colorimetric prop-
erties of the object but above all by light, luminance, spectral distribution, and color 
that invest it in the “perceptive neutrality” of the subject. Health benefits, learning 
and cognitive improvement due to quality of light and lighting, and optimal combi-
nation between natural and artificial light, occurring at the right time of day, can 
help to regulate our circadian clock, mood, alertness, and activity level. Starting 
from practical investigations, analyses, and comparisons of crucial literature evi-
dences, an integrated methodological approach was defined for a new lighting 
design based on adaptivity, resilience, and dynamic brain plasticity, rhythm in the 
light in space and time for quantity and quality of vision and perception [1, 2]. This 
method allows the analysis of architectural models and their semantic content 
referred to sociocultural factors but mainly to embodied cognition and perception, 
i.e., the feedback signals from the regions that involve the visual cortical areas and 
the cerebral sensomotory and premotory circuits in the presence of visual affor-
dance of displayed stimulus. The proposed method uses an experimental and 
numerical simulation integrated approach. Therefore, it is based on photometric, 
colorimetric, and radiometric measurements and psychophysical tests of ergonom-
ics of vision but also eye tracker and visual mapping techniques, visible light com-
munication (VLC) application combined with COB and DALI control regulation 
systems, connected to numerical transient simulations [11, 12].

Research findings showed that all the visual explorations, the greater number of 
fixations, vision and perception quality, mental elaboration, interpretation and rep-
resentation of cognitive processes, and perception of different building architectural 
areas, objects and/or artworks, and people movements and paths inside different 
environments happen because of their greatest informative content [12, 13]. The 
information theory was applied to assess the adaptivity and sustainability of lighting 
design: it is based on messages’ transmission (set of signals) from a source (light), 
through a communication channel (object and/or artwork, visual exploration path) 
to a receiver (subject/observer). This involves the visual stimuli transmission and 
the perception as information transmission which also requires a source (light), a 
transmission channel (the visual system), and a receiver (the brain that processes the 
information received). For this reason, the application of our method can be useful 
to understand how much, where, and when a different illumination of the signifier 
(object/artwork) can alter the meaning and therefore the interpretation and percep-
tion of the one who uses it and observes it. In other words, the choice of the illumi-
nant and light color is connected to the relationship between the number of favorable 
cases to the occurrence of the perceptual event and the number of possible cases or 
the probability of making common the mental representation of the perceptual-
cognitive experience. By means of practical experiences and tests, it was possible to 
evaluate the quality of light in different environments, which people surely 
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appreciated because it is a part of that common sense of the communication experi-
ence. The latter constitutes the information transmitted that can be measured and 
assessed by means of the knowledge of all the visual and perceptive data concerning 
visual path and visual performance changes [1, 2, 4, 11–14]. The method applica-
tions show how the concepts of sustainability and adaptivity derive from the sensa-
tion of beauty, physiologically mapped in the hippocampus. The sensation and 
awareness (consciousness) of beauty that light can trigger as an activator of brain 
and visual-perceptive, cognitive-interpretative functions, allow to outline important 
and new connectomic maps that are able of activating the well-being and develop-
ment of a prospective optimism that intensifies and strengthens the resilience 
differential.

2 � Methods and Materials

2.1 � Knowledge Base

Nowadays, lighting engineering for both research and design is a very wide and 
complex discipline. It requires interdisciplinary approaches and it is constantly 
expanding and evolving. Lighting design should be understood as a project with 
light and of light: this fact is a sign of success but also of acquired complexity. Any 
lighting project should be set on a methodological approach for quality and sustain-
able, adaptive lighting design that can be applied to any historical building and 
newly designed, guaranteeing the optimal use and control of natural light, preven-
tive conservation, visual comfort, and visual ergonomics, well-lighting. A deep 
knowledge of the luminous climate due to natural and artificial light existing in the 
building and its environment is a necessary starting condition. However, especially 
in the case of historical buildings or cultural heritage buildings, museums, exhibi-
tion spaces, etc., it is also necessary to know their history, transformations of func-
tional organization, and use that they have undergone over time. It is well known 
that we do not see light, but we experience luminous, virtual, synergistic, dynamic, 
inferential spaces. It is necessary to start from the study of light, on the possibilities 
of natural/artificial light control, but also of the connected physical, optical, photo-
metric, colorimetric phenomena that give rise to vision and perception and that trig-
ger the “eye shot” (i.e., the understanding of an object, artwork, space/environment, 
sense of beauty, imagination, mental elaboration, “common sense”). This concept 
means that psychophysical attitude, through which people imagine stories, starts 
from the “simple vision” of a color, a particular scene, and any object. Light inves-
tigation turns out that “normality” (i.e., light and lighting that everyone likes) is 
often surprising. Color perception is a complex phenomenon that refers to physio-
logical and functional mechanisms through which the brain perceives color and has 
a psychophysical dimension. The neurosciences and deep sciences applied to vision 
show how the two types of photoreceptors, rods, and cones, respectively, used for 
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vision at low luminance levels (night vision) and “blind” to color and the seconds 
for vision at high luminance levels (daylight) are the first neural structures involved 
in the color perception. The color of a light radiation or an object is defined by the 
relative activity of three types of cones, each sensitive to short, medium, and long 
wavelengths. No cellular structure can mark that a certain color has been perceived. 
A photoreceptor creates an electrical code that depends on how much energy (num-
ber of photons) it has managed to capture from a specific radiation. For this reason, 
the cells of a single class of photoreceptors would confuse the wavelength of the 
light radiation with its intensity (completely different size), making it unable to 
“see” the different colors (“univariance problem”). This question is solved by com-
paring the neural activity of three different classes of photoreceptor cones. But since 
this comparison is the true equivalent of the perceived color, color has not a physical 
dimension: this means that it does not belong to the external world but to a psycho-
physical dimension, “created” by the brain. As a consequence, visual and color 
information is transmitted by specific neural mechanisms to the occipital (backside) 
part of the head, where the first cortical area used for visual analysis is located. This 
area, called V1 (Vision1), contains a full spatial representation of the external world 
(a spatial map) but also neural structures with the task of analyzing color at a higher 
level of complexity than what is done by peripheral visual structures. From the pri-
mary visual cortex, information on color follows a so-called ventral path to reach 
brain structures located in the temporal lobe (the one near the ears) where color 
analyses reach a higher level of complexity, e.g., it has been shown that due to the 
activity of the brain area V4 (Vision4), we are able to see always the same colors 
even when the lighting characteristics change. This phenomenon is called color 
constancy [6–9]. Brain damage on this brain area produces serious perceptual prob-
lems and sometimes total color blindness, i.e., the achromatopsia phenomenon. 
Retinal images, vision, and perception coexist with the self-image or body scheme, 
i.e., the understanding, the awareness that the mind has about the body, as well as its 
encumbrance in space, perceptions, and visions, in a continuous and reciprocal 
semantic, physical, perceptive, visuospatial, and topological contamination [10]. 
Light should be understood as a physical element that makes it possible to view and 
receive the information associated with the scene or the illuminated objects, repre-
senting an essential vehicle of information and knowledge. Vision can be consid-
ered an interpretation and transformation process of the external world that begins 
in the retina, with the excitation of millions of light-sensitive receptors. It has its 
final stages in the cerebral cortex and in the behavioral responses that guide our 
interaction with the outside world [4, 5]. It is difficult to distinguish between what 
we actually perceive and what is inference, interpretation, and integration with the 
long-term memories of our brain. The contact with external objects, although phe-
nomenally immediate, is actually mediated by a series of transformations, which 
make up the psychophysical chain, consisting of distal stimulus (physical bodies, 
delimited by surfaces and immersed in a medium); proximal stimulus (two-
dimensional image, generated by the projection on the retina of light reflected from 
the surface of objects, color of things, and surfaces); activation pattern of retinal 
receptors; decoding/coding, organization, and interpretation processes; and 
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precepts, thoughts, and actions. Through vision, we create an image of the outside 
world starting from the luminous information collected and processed. The relation-
ship between light and matter has always been twofold and rather controversial: if, 
on the one hand, it proves indispensable to be able to see the surrounding world and, 
above all, fill it with colors, on the other hand, it reveals its nature capable of irre-
versibly, by means of modifications, with more or less long times, of the chemical-
physical properties of a substance (e.g., photodegradation phenomena).

The process of transduction of analogic signals into digital ones includes the 
encoding of the visual signals into neural signals, their transmission along the nerve 
pathways, and their parallel processing in the different visual stations, with the 
selection of that part of the information that is considered most important and atten-
uation or rejection of the others considered redundant.

This dynamic constitutes what the functional neuroimaging, the basic tool of 
cognitive neuroscience, calls the activation process of a network of brain areas (i.e., 
feedback, synchrony, and plasticity of the brain). These brain areas, activated and 
producing the connectome, when a certain task is performed, play a key role for 
understanding behavior, emotions, cognitive functions, and neuronal substrate, e.g., 
an activation of the occipital lobes is typical for those tasks in which there is a visual 
stimulation, which receives cortical afferents from the retina, so that it is the first 
substrate for visual perception. There is always interaction between logical cogni-
tive processes with hot/cold ones (emotional, affective, interpretative functions) 
which lead, by means of the mind operation of cleaning, pruning, and construction 
to the three understanding directions of the information flows: i.e., from inside to 
outside, from outside to inside, and from inside to inside. These processes are trig-
gered by activators, such as light, and synchronously modify the connectome. The 
connectome is the informational neuro-electric current (electrical-wiring) that 
determines the dynamic traces of memories, transforming the mental structures into 
molecular structures [4, 5].

If we read these processes by means of information theory, we can see that these 
three mechanisms are the link between source, signal, transmission channel, and 
receiver. They are in turn very complex systems because they are linked to an inter-
active and constructive social dynamic with a continuous transformation (visual 
communication). The information theory connected to the ergonomics of the multi-
perceptive learning and optical physics can be used for the assessment of the correct 
light sources in terms of spectral emission and color light temperature but also 
vision and perception quality. If interaction between observer and object is a com-
plex system of top-down and bottom-up cognitive processes, then sustainable light-
ing design should be conceived in its ability to carry information: i.e., light is an 
information channel that carries signals with informational and cultural content. 
This fact means that lighting design must be based on dynamic light control to reor-
ganize spaces and environments, and create new pathways, by means of information 
and new perceptions carried by light. Any lighting solution, with its quantity and 
quality rhythm over time, can describe a newly designed or historical space and its 
different use, particularities and preciousness, and cultural and social value by 
means of that prospective optimism that only a plastic and resilient lighting design 
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can trace in the neural networks. Nowadays, lighting design can “write” by tracing 
on the retina, in the memory networks, the enormous transformations we are expe-
riencing, causing them to become cognitive retinal images and guiding us to the 
rediscovery of the peculiarity of spaces and places. Effective lighting control and 
regulation systems, filtering and transforming natural light (e.g., different kinds of 
plants, films of advanced nanostructured materials, absorbent opaline fabric materi-
als, matte textiles, and optical fiber textiles) through digital technologies applica-
tion, provide a visual and perceptive setting where reading and writing, museum 
itineraries, shopping, working, and any visual task becomes a new proximity as a 
new visual and perceptive physical distance and therefore a new creative emotional 
experience.

3 � Light Measurement and Simulation Approaches

3.1 � Experimental Measurements

If we consider the triple function of light radiation (i.e., visual, circadian, cognitive), 
it is necessary to change the traditional lighting design, using interdisciplinary 
methodological approaches both from the point of view of measurements and light-
ing simulation. The knowledge and assessment of the existing luminous climate of 
any environment require specific direct measurements carried out by means of lux 
meters, luminance meters, and colorimeters on a number of points for certain 
dimensions of grids suggested by the standards [15, 16] (Fig. 1). This is possible 
only when the type of environment has been identified for architectural, historical, 
and functional features; different types of materials present, for photometric, opti-
cal, radiometric, and colorimetric characteristics; different accesses of solar radia-
tion; and existing artificial light sources. Experimental measurements should be 
done repetitively and sequentially and for defined time steps. The greatest difficulty 
arises in conditions of mixing between natural and artificial light. In this case, mea-
surements must be made for different external climatic conditions (sky conditions 
and solar radiation for thermal and luminous aspects) and with continuity over time, 
with invasiveness and cost reduction, but ensuring sequentiality, repetition, and reli-
ability. The compliance with these conditions suggests the possibility of using 

Fig. 1  Some basic instruments for experimental measurements: from left to right, photoradiome-
ter, luxmeter, luminance meter, colorimeter, digital camera with Vλ filter, hardware platform 
Arduino, fundamentals of eye tracker technique
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advanced techniques such as that one we developed by a recent research project 
carried out at our Department in cooperation with the National Institute of Optics-
CNR in Florence, titled “Simultaneous illuminance measurements on large sur-
faces.” A rapid illuminance measurement technique on large surfaces was developed 
by means of the use of a digital camera with V-lambda filter, coupled to a data pro-
cessing system on a PC and to a sample panel, which exploits the appropriate cou-
pling of the characteristics of the sensor, optics, and reference panel. A digital 
camera and a calibrated luxmeter and/or luminance meter are the instruments 
involved (Fig. 1). Generally, the luminance measurements require the use of dedi-
cated photometric instruments, such as luminance meters and video photometers. 
The former allows luminance measurements for small solid angles, requiring, for 
surveys on large surfaces, measurement repetitions for numerous points with a con-
sequent increase in times and costs and problems about the detection simultaneity 
in the presence of light fields that vary over time (e.g., natural lighting measures). 
Video photometers exploit CCD detectors to obtain measurements of large surfaces 
allowing to reduce survey times and guaranteeing the measurement simultaneity for 
all the points of the field of view. Using perfectly diffusing surfaces (Lambertian) 
positioned at the site to be analyzed as targets, both instruments allow to obtain 
illuminance measurements, once the reflectance of the surface is known and used as 
target. The video photometer and the calibrated targets are replaced with a digital 
camera flanked by a calibrated luxmeter. The digital camera is used to perform 
luminance measurements. The illuminance value obtained is used for fixing the 
proportionality coefficient between the value of the single pixel and that one of the 
illuminance of the corresponding portion of the diffusing surface (each pixel is 
reached by the radiation coming from a small area). This technique allows carrying 
out measurements at the same time as the presence of visitors, making the authori-
zation process easier.

An important detection phase concerns all the measurements dedicated for iden-
tifying the chromatic aspects of light on surfaces from any direct or indirect light 
source, colorimetric measurements for determining the color both in transmission 
and reflection. The color characterization of a material/object is not a simple opera-
tion. Usually, a certain type of organic material is combined with other means, such 
as wood or metal, with the function of support and base, and undergoes degradation 
effects, including indirect and irreversible, due to their chemical and thermal-
mechanical alteration. For example, if the pigments are organic in nature (e.g., oxi-
dized copper resins, copper resins, and organic metals), they are very sensitive to 
environmental conditions due to light and thermohygrometric variations. The use of 
colorimeters for incident light to measure the chromatic aspects of light on surfaces, 
starting from any light source, direct or indirect, allows the evaluation of illumi-
nance, tristimulus values, X,Z,CIEx,y and color coordinates, and correlated color 
temperature CCT. It is also possible to observe that the CCT detected on any surface 
depends on the color temperatures of the lamps installed and to a lesser extent on the 
chromaticity of the indirect lighting produced by the different surfaces of the envi-
ronment. In these cases, it can be more useful to use the spectrophotometer. It is an 
instrument that allows the measurements of the spectral energy distribution of a 
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Fig. 2  Experimental setup for identifying the chromatic aspects of light on surfaces from any 
source, direct or indirect, colorimetric measurements for determining the color both in transmis-
sion and reflection

light source for identifying its radiometric, photometric, and colorimetric properties 
(Fig. 2). In particular, for the measurements of the emission spectra of the studied 
sources, the Spectralon, a material whose reflectance is greater than 99%, calibrated 
with the spectrophotometer, was used as the reference surface/point to carry out the 
measurements. First of all, it was necessary to choose a repeatable and possibly 
internationally coded method of measurement. For the measurement of any diffus-
ing object, the light source was put at 45° with respect to the object, and measure-
ments from its front (configuration 45/0), without the specular light component, 
were carried out in the visual field of the instrument, which is the part of the radia-
tion specularly reflected from a particularly shiny object. Figure 2 shows the experi-
mental setup.

The instrument, equipped with a camera lens, “looks” at a certain area on the 
studied surface and analyzes the diffuse light component. Diffuse light component 
depends on the light with which the object is illuminated and on the reflective char-
acteristics of the specific pigment of the surface/object (e.g., blue, red, and gold).

If the illuminated surface is not a painting or an object, but a white diffusing 
surface (i.e., the white reference tile, Spectralon Labsphere), then the reflected light 
is the same as the one emitted by the light source: it is possible to trace the spectral 
characteristics of the single light source. When it is used with its own white refer-
ence tile, it can also measure the spectral distribution, luminance, chromaticity, and 
color temperature of different light sources (Fig. 3) [17]. In Fig. 3, the experimental 
error is not represented: it is smaller than the size of the experimental point in the 
corresponding graph. The LEDs characterization is based on the color of the light 
emitted, the emission spectrum and relative white point (i.e., the black body curve), 
and the correlated color temperature (Fig. 3). Compared to other sources (discharge 
or induction lamps) for LEDs, the ANSI/IES TM-30-18 [17] suggests metrics based 
on two indices, the fidelity (Rf) and the gamut (Rg) indices. Rf, similar to Ra, is an 
accurate measurement of the average color fidelity with range values from 0 to 
100 in comparison with a reference illuminant.
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Fig. 3  Results of color characterization (emission spectrum) of the light of two LEDs and color of 
a portion of the pictorial surface

Fig. 4  The tools and components needed for the eye-tracking technique application

Rf index does not allow color quality measurements related to perception, in 
addition to fidelity, or other effects related to color memory, or it is a measure of 
human color preference or naturalness perception. Therefore, maximizing Rf does 
not necessarily correspond to the increase of desirability, utility, or any other per-
ceptual attribute of naturalness. Rg index is an index of the gamut: an increase 
(greater than 100) or a decrease (less than 100) in the average saturation level of the 
source with respect to the reference illuminant. Rg index provides information 
about the relative range of colors that can be produced (with reflection) by a white 
light source. An Rg score close to 100 indicates that the light source produces colors 
with saturation levels similar to those of an incandescent bulb (i.e., 2700 K color 
temperature) or daylight (i.e., 5600 K–6500 K color temperature).

For LEDs with good color quality, Rg can typically range between 80 and 120, 
with higher scores representing higher overall levels of saturation. From the lighting 
point of view, visual perception happens if the observed object, light source, and the 
observing subject are interacting. Visual perception measurement can be obtained 
with the use of eye-tracking techniques (Fig. 4) [18].
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First of all, a sample of visually impaired subjects without anomalies in the per-
ception of color, of different sex and age, must be defined. This set depends on the 
type of environment studied (museum, office, library, etc.). Each sample subject 
must be instructed with respect to the task to be performed: e.g., “During the experi-
ment it is required to concentrate on the works shown, trying to exclude, as far as 
possible, the rest and express one's preference for the work itself, as the light scenes 
vary choices;” each participant after wearing the Glasses, which are calibrated each 
time on each different participant, can access the room where lighting is only on the 
studied area. Each subject is positioned at a certain distance in relation to the dimen-
sions of the surface, artwork, and object (e.g., usually 1 m, 1,5 m, 2 m).

The observed object is lighted with different sources previously calibrated for 
color temperature, emission spectrum, and white point or black body curve. 
Generally, a relatively short time is used for preventing the adaptation phenomenon 
(10–15 s) during which all the eye movements of the subject are recorded with the 
eye tracker. This measurement is repeated for each subject in relation to each differ-
ent light source. Everything must be repeated for each sample person. By measuring 
the fixations and visits duration for each participant, it is possible to deduce the 
visual preference in terms of vision, perception, and reading, identifying the most 
effective source in attracting the observer’s gaze and attention. The Tobii Pro 
Glasses 2 system connected to the Analyzer software is the device used for data 
recording (Fig. 4). When the aim of the project is the evaluation of the light influ-
ence on perception, the filter used is I-VT (Fixation). This filter, separating the sac-
cades from the fixations, can also be used when the observer is in motion (i.e., for 
static and dynamic vision). For each light source, all the acquired data are mapped 
in order to identify the exploratory pattern of the subjects. The Heat Maps, obtained 
for each participant and light source, are a function of the fixations duration and 
different Gaze Plot images.

The Gaze Plots are images that provide information about the greatest number of 
fixations per surface/object observed and their duration. These investigations are 
developed after the identification of the areas of interest (AOI) on the surface, 
object, pear, etc. The AOIs must be the same for each snapshot of different light 
sources. This allows the evaluation of the differences between fixations, visits, and 
their duration within each AOI. The visit is the time interval between the beginning 
of the first eye movement (fixation) within an AOI and the end of the last eye move-
ment within the same AOI. In particular, during a fixation, defined as the ability to 
maintain the image of an immobile object on the fovea, the four systems of eye 
movement control (saccadic, tracking, vestibular-oculomotor, and convergence) 
participate simultaneously.

For example, in the reading process, each saccade is followed by a fixation pause, 
lasting 200–250 milliseconds, which represents the phase in which the letters that 
make up the words are decoded and interpreted. Postprocessing results allow to 
obtain the path of the eyes both in the dynamic and static observation phase and in 
relation to the type of light source.

Therefore, it is possible to obtain the different Gaze Plots in relation to the light 
source used. Data processing allows one to obtain graphs of the number of fixations 

C. Balocco



143

in the considered AOIs, graphs of the number of visits to the same AOIs, the average 
value of the duration of each visit in each AOI, the average value of the duration of 
the fixations in each AOI, the relationship between the visits detected with respect 
to the analysis time, the relationship between the fixations detected with respect to 
the analysis time, and the relationship between the highest (total) number of fixa-
tions with the lowest number of visits [18].

A particular measurement system developed by the LUCE5 company (engineers 
Federico Bartoli and Matteo Castelli), called “Gaze,” allows to detect the user 
behavior within an environment (i.e., position, tracking, gaze, age, gender, emo-
tional state, Fig. 5). It is a very interesting system for the acquisition of information 
on people in a space and their postprocessing. It allows any user analysis, which can 
be consulted by the manager/owner of the space (i.e., the most used path, the aver-
age age of visitors, which object arouses the most interest, and how many visitors in 
certain time slots). Gaze was integrated with control systems on the turnout and 
maximum number of people in an environment but also to regulation systems for 
dynamic lighting control.

3.2 � Lighting Simulation

The real lighting simulation tools are not those that produce renderings without con-
nection with the physics of light, considering only direct lighting and neglecting the 
inter-reflections between surfaces. This type of instrument uses the first-order algo-
rithms that evaluate only direct illumination and the first reflection of light on sur-
faces. They are known as local lighting models. The tools based on models that take 
into account the multiple reflections between the surfaces, rendering the secondary 
effects for perception, are known as global illumination models. They can simulate 
the real conditions, or potential effects of a project, using two calculation algo-
rithms, radiosity and raytracing. Raytracing is a global computation technique that 
incorporates, within the same computational scheme, the aspects of interaction 
between light and objects using different algorithms for local reflection models. 
Raytracing allows to trace the path of light rays specularly reflected, transmitted, 

Fig. 5  Two photos of the real operation conditions of the Gaze system
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and refracted within any environment. One ray is drawn from a fixed point of view, 
through each pixel in the direction of the scene that must be simulated. This is the 
backward ray tracing technique, which considers only photons reaching the observ-
er’s eye. A series of rays is drawn back from the position of the observer’s eye, until 
it intersects a surface. The light rays are traced from this point of view to the light 
source. Furthermore, multiple reflections and transparency are always considered 
tracing back rays within the same algorithm. Radiosity simulates diffuse inter-
reflection phenomena by calculating the lighting characteristics of discrete points in 
the environment, whose surfaces have been divided into meshes combining smaller 
polygons with homogeneous photometric properties (e.g., reflection coefficient). 
All surfaces are considered Lambertian type, i.e., homogeneous isotropic diffusers. 
Therefore, it is not possible to simulate the specular reflection characterized by a 
preponderant directionality. Each element receives the light energy and returns a 
quantity, until all the reflected energy has not been totally absorbed. After the distri-
bution of illuminance and luminance has been calculated, the analysis can be devel-
oped in real time, because it is independent from the observation point. Whichever 
simulation tool is used, model validation is required by comparing simulated data 
with those measured. Two numerical simulation models can be implemented: the 
first obtained using experimental data, the second based on the knowledge of the 
physical laws expressed by numerical governing equations and defining the correct 
boundary conditions. In the first case, the numerical model is calibrated by experi-
mental data, i.e., the latter will be directly used in the simulation to reduce the dif-
ference between the real measured and calculated data; in the second case, the 
numerical model is validated, and comparison between measured data and calcu-
lated/simulated ones is carried out by means of the assessment of standard devia-
tion, percentage error, and Chi-Square test. Any lighting simulation must use precise 
boundary conditions: definition and possible simplification of the architectural 
three-dimensional solid model, built-up urban context or surrounding green, sky 
model used, typical and precautionary day and its hourly data (i.e., maximum and/
or minimum values of solar radiation and external illuminance; number of hours of 
max and/or min illuminance and luminance), and reference color model or color 
space model.

3.3 � Lighting Design

In this section, some lighting designs, developed by means of the integrated multi-
disciplinary approach linking the adaptivity and sustainability concepts to the neu-
roscience for architecture, visual, and perception comfort are shown and discussed. 
All the projects have a common thread. Regardless of the setup and protocol of 
experimental measurements carried out, type of measuring instruments used, spe-
cific simulation performed, and specific software used for lighting simulation, the 
methodological approach is the same and consists of the following phases: data 
collection on historical references, limits and constraints due to current standards 
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[19–21], external ambient climate, architectural-functional aspects, and different 
uses of the ambient; identification of different volumes and paths; technical data on 
the existing lighting system and evaluation of the possible recovery and reuse of the 
existing electrical, suspending, and control systems; existing luminous climate 
assessment by experimental measurement on natural and artificial light; 3D build-
ing/environment solid architectural modeling; lighting simulation with color model 
integration; luminous climate analysis at the existing state and comparison with 
current standards; new lighting proposal by means of adaptivity, sustainability, and 
reversibility concepts; and simulations of the new lighting solutions and compari-
sons. In particular, all the issues concerning the “history” of the building and its 
context, all the materials, plants, and artificial lighting systems, regulation, and con-
trol system, when come to newly designed environment, refer to concepts and proj-
ect choices that can change together with lighting. The current standards refer to 
different requirements, depending on the intended use, visual tasks, and any limits 
due to the constraints of conservation and preventive protection but always with 
reference to health, visual comfort, and ergonomics of vision, as well as well-
lighting and energy saving [19–22]. The examples shown in the present section 
belong to recent researches extensively analyzed and discussed. Fundamentals of all 
the proposed lighting solutions, differently used and applied depending on the con-
text, type of building and its use, are the following: to conceive light as a channel of 
information and transmission of contents and meanings (signs/signals); to define an 
informational lighting project because of quality inside quantity and relational light-
ing because it is characterized by communication and transmission of intersubjec-
tive information that constitute the “common sense;” to use LEDs for effective, 
dynamic, flexible, and adaptive light together with high-quality control/regulation 
systems and visual mapping by space syntax techniques, taking into account the use 
of environments, different people activities and paths, visual comfort, and ergonom-
ics of vision; to obtain well-lighting and human-centric lighting solutions but also 
well-being and energy sustainability; to refer to sustainability of a lighting design 
understood as its ability to assure energy-saving and carry information (i.e., light is 
an information channel that carries signals with informational and social/cultural 
content); to obtain dynamic light control and light design for space reorganization 
and new paths creation, user/visitor information, communication, and new percep-
tions; to apply visible light communication on lighting design, oriented to the criti-
cal and dramatic period we are experiencing; to use light and lighting for a 
prospective optimism along new paths of proximity and physical but creative dis-
tances; to propose solutions of new light rhythmic over time for quantity and qual-
ity, inside workspaces, museums, and exhibition spaces of newly designed and/or 
historic/listed buildings; to provide luminous environment/architecture or architec-
tures of light, tracking new cognitive retinal images in the memory networks; to 
propose control/regulation systems for an optimal combination between natural and 
artificial light, effective integration with natural elements, which filter and trans-
form it, such as plants and/or digital technologies; and to create a visual and percep-
tive frame, where every human experience and activity can become a new visual, 

Adaptive and Sustainability for Visual and Perceptive Comfort: Neuroscience…



146

perceptive, kinesthetic, proximal, and immersive-emotional experience, and rhyth-
mic by light over time and space.

3.4 � Light for a Florentine Historical Monastery Used 
as University Library: Diffusing Sail Systems for Solar 
Radiation and Daylighting Control

This is a lighting design focusing on lighting quality, adequate lighting conditions 
for visual tasks, vision ergonomics, and well-being and guarantying the preventive 
conservation and protection of heritage books [2]. An optimal toolset for lighting 
with the aim of sustainability was proposed decomposing the whole space into dif-
ferent illumination volumes, according to different occupant activities, visual tasks, 
and uses (Fig. 6). Three zones were identified inside the historical monastery used 
as library, taking into account the corresponding illuminance values and photosen-
sitivity classes of different materials: reading room (reading books on open shelves, 
online consultation, reception), apse room (display of paper material, manuscripts, 
etc. with important historical value), and media room (activities related to software 
applications use). Experimental measurements of illuminance and luminance at the 
existing state, for different external climatic conditions, were used for lighting mod-
els calibration.

Three lighting scenarios were identified and simulated: museum-philological-
historical, functional-library, and exhibition. In particular, for the exhibition sce-
nario, a passive infrared system (PIR), able to detect any very limited people 
movement, was used for light dimming and control. The solar radiation control was 
obtained by means of the integration of matte surfaces, which exploit the splaying 
of the windows, with custom LED sources, designing and checking their specific 
beam and aiming angles, position, and the connected efficient control system 
(Table 1). The existing transversal electrified tracks were used for the suspension 
and fixing of two sail systems made of polyester fabric with braided and thermo-
fixed PVC-coated thread, which has light diffusion (opaline surface) and sound-
absorbing properties. The installation of the sail systems together with the covering 
of all the splayed arched windows with a matte surface provided an optimal control 
of natural and artificial lighting (Fig. 7 first and second block; Fig. 8).

Fig. 6  Photo: Three views of the University Library housed in the Seminary Chapel
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Name Typology Control
System

Photometric curve Luminous 
Flux/Power 
Ratio(lm/W)

Ra Rf Rg Colour
temperat
ure (K)

N.
installed 
lamps

Height 
from  
Floor

Optec
Wallwasher LED DALI 511 / 8.6 92 90 100 3000 8 5.51

Optec
Washer LED DALI 4685 / 36 92 90 99 4000 4 6.51

Parscan 
Zoom LED DALI 630 / 6 92 90 100 3000 14 5.51

Parscan 
Zoom LED DALI 1161 / 14 92 90 99 4000 16 6.51

Lucy LED Dimmer 221 / 13 92 90 100 3000 18 1.50

Table 1  The new lighting system: characteristic of the LED used

Fig. 7  The first four figures on the left. Rendering of new lighting design (functional-library sce-
nario) for cautionary conditions with mixing between natural and artificial light and all the LED 
luminaries 100% working. At 10 am: top left false colors of illuminance (lx) and top right of illu-
minance (cd/m2); bottom left at 10 am and bottom right at 2 pm
The second four figures on the right. Renders in false colors of the illuminance values in the 
afternoon 2 pm (top left; lx) and the luminance values (top right; cd/m2) – exhibition scenario 
design; Exhibition scenario rendering: view from the apse (bottom left) and view from the 
entrance (bottom right) 6 pm

The proposed reversible solutions maximize the use of natural light with a cor-
rect and effective control for its mingling with the artificial one (Fig. 9), allowing to 
obtain not only visual comfort, reduction of energy consumption, and costs (espe-
cially due to maintenance) but also compliance with the limit values envisaged for 
different visual tasks, vision ergonomics, and quality of perception (Table  2). 
Energy performance and efficiency of the lighting proposal (and for all the lighting 
scenarios) were evaluated by means of the lighting energy numerical indicator 
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Fig 8  Rendering new 
lighting design (functional-
library scenario), mixing 
between natural and 
artificial light, all the LED 
luminaries 100% working. 
10 am: top left illuminance 
(lx); top right luminance 
(cd/m2); bottom left at 10 
am and bottom right 
at 2 pm

Fig. 9  New lighting proposal: Illuminance (left; lx) and luminance (right; cd/m2) at 10 am – only 
natural light (artificial light off) for the functional library scenario design

Parameters 100% 
working

Museum-
Philological
Historical

Functional 
Library

Exhibition

Apse
Esc (1.2m) lx
Esc (1.6m) lx
Ev (1.2m) lx
Ev (1.6m) lx

17.5
17.2
14.4
13.5

42.6
45.7
46.8
48.7

8.03
8.25
5.19
6.09

51.6
58.3
62.4
67.3

Reading Room
Esc (1.2m) lx
Esc (1.6m) lx
Ev (1.2m) lx
Ev (1.6m) lx

58.1
54.2
45.0
42.7

22.2
22.1
20.1
21.4

54.2
51.9
44.8
42.5

17.5
18.0
14.2
14.1

Modelling 
Index
(M=Esc/Ev)

Apse (1.2 m)
Apse (1.6 m)
Reading room (1.2 m)
Reading room (1.6 m)

1.21
1.27
1.29
1.27

0.91
0.94
1.11
1.04

1.55
1.35
1.20
1.22

0.83
0.87
1.23
1.27

Lighting Energy Numeric Indicator, Energy consumption and costs – new lighting proposal
Existing 

State
Museum-Philological-

Historical
Functional 

Library
Exhibition

Consumption 
(kWh/year)

10300-
15100 4650-7000 4200-6300 4200-6300

Costs (€/year) 3093-4528 1400-2100 1260-1890 1260-1890

LENI
(kWh/year/m2) 22-23 11-17 10-15 10-15

Table 2  Basic illumination and modelling index values – new lighting proposal

(LENI [22]) for total energy consumption. Table 3 shows results comparison with 
the existing state: the appreciable, strong reduction of LENI, annual energy con-
sumption, and costs can be noted.
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3.5 � Combining Natural Light Control with Optic Fiber Textiles

Natural light control combined with artificial light regulation by means of optic 
fiber textile integration acted as fundamentals of the proposed sustainable and adap-
tive lighting design [13]. This is a deepening of previous studies applied to a histori-
cal monastery used as university library. The integrated use of natural light with 
LED systems and optic fibers by means of a command structure made with supervi-
sion and home automation systems based on Konnex, the first open building auto-
mation standard, allows lighting solutions for quality and environmental and energy 
sustainability. Solar radiation and daylight were assessed by the calculation of the 
hourly variation of the incidence angle on the splayed arched windows using the 
method suggested [23]. For simulations, the transparence index results were used 
and suggested “asymmetrical” artificial light sources for the two sail systems of 
optic fiber textile. Due to the asymmetry in the intensity distribution of natural light, 
two different control and regulation groups for the dimming LEDs, installed in the 
optic fiber textiles, were designed. At the entrance zone and in the center of the 
church (i.e., in the nave zones), emergency lights were connected to the electrified 
tracks. Taking into account the natural light availability, different dimming systems 
were used for LED sources grouping luminaires in different control groups. This 
choice provides important energy savings guarantying light quality, in compliance 

Existing 
State

Museum-Philological-
History

Functional 
Library

Exhibition

Consumption 
(kWh/year)

10300-
15100 4650-7000 4200-6300 4200-6300

Costs (€/year) 3093-4528 1400-2100 1260-1890 1260-1890

LENI
(kWh/year/m2) 22-23 11-17 10-15 10-15

Table 3  Lighting Energy Numeric Indicator, energy consumption and costs  – new lighting 
proposal

Commercial 
name

Lamp 
type

Control
System

Luminous 
flux [lm]

Power 
[W] Ra Rf Rg

Correlated 
colour 
temperature 
[K]

Number 
installed 
lamps

Height 
from  
floor
[m]

Optec
Wallwasher

LED DALI 511 8,6 92 90 100 3000 8 5,51

Optec
Washer

LED DALI 4685 36 92 90 99 4000 4 6,51

Parscan 
Zoom

LED DALI 630 6 92 90 100 3000 14 5,51

Parscan 
Zoom

LED DALI 1161 14 92 90 99 4000 8 6,51

Lucy LED DIMMER 221 13 92 90 100 3000 18 1,50

Table 4  Technical and photometric data of the new proposed artificial lighting system
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with standards [19–22] (Table 4). Results showed that the proposed lighting assures 
preventive protection for people and book heritage “health and well-being” but also 
visual quality and ergonomics. The efficiency and efficacy of the new lighting were 
evaluated for two scenarios, in the precautionary condition of mix between the high-
est levels of natural and artificial light (i.e., artificial lighting system operating at 
100% without dimming and control and at 10 a.m.) and referring to 1,2 m height 
from the floor for people sitting and 1,6 m height for people standing as required for 
the average cylindrical illuminance (Esc) maintained evaluation (Table  5). The 
modeling index M that describes the balance between diffuse and directed light, i.e., 
the ratio of semi-cylindrical illuminance to vertical illuminance at a defined point 
was calculated M index value for the whole library/reading/apse zone, is within the 
limits which is in the range of 0,8–1,3 (Table 5). M index results compared with 
luminance and illuminance distribution, the local contrast index, and unified glare 
index prove light optimal mix, good distribution and uniformity, and visual ergo-
nomics but also goodness of light modeling.

Our findings highlighted that sustainable, reversible, and adaptive relighting 
solutions, oriented to the integration of human-centric lighting with preventive con-
servation of cultural heritage, can be achieved by the optimal mix between natural 
and artificial light combining efficient control and dimming systems with innovative 
application of LED technologies and smart-advanced textiles (Figs. 10 and 11).

Parameters 100% 
working

Museum -
Philological

Historical

Functional 
Library

Apse
Esc (1,2m) lx
Esc (1,6m) lx
Ev (1,2m) lx
Ev (1,6m) lx

59,0
63,4
70,7
73,2

58,9
63,3
70,7
73,2

46,6
52,7
57,9
63,6

Reading Room
Esc (1,2m) lx
Esc (1,6m) lx
Ev (1,2m) lx
Ev (1,6m) lx

125
116
160
144

123
125
155
153

137
124
168
153

Modelling Index
(M=Esc/Ev)

Apse (1,2 m)
Apse (1,6 m)

Reading room (1,2 m)
Reading room (1,6 m)

0,83
0,87
0,80
0,80

0,83
0,86
0,80
0,82

0,8
0,83
0,81
0,81

Lighting Energy Numeric Indicator, Energy consumption and costs – new lighting design
Existing 

State
100% Museum-

Philological-History
Functional 

Library
Consumption
(kWh/year) 10300 -15100 3800-5700 2500-3600 3400-5150

Costs (€/year) 3093-4528 1139-1709 800-1200 1025-1538
LENI (kWh/year/m2) 22-23 9-14 6-8 8-12

Table 5  Illumination and modelling index value – new lighting design
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Fig. 10  First four images (left): new lighting design for the functional-library scenario at caution-
ary conditions with mixing between natural and artificial light and all the LEDs 100% working at 
10 am: (top left) false colors render of illuminance values (lx); (top right) false colors render of 
luminance values (cd/m2); (bottom left) rendering at 10 am and (bottom right) rendering at 6 pm 
(with natural light)
Second four images (right): new lighting design; two images at the top: Illuminance values 
(left; lx) and luminance values (right; cd/m2) at 10 am – only natural light (artificial light off) 
for the functional library scenario a view below the two sails system with optic fiber textile; 
two images at the bottom: from left to right rendering of functional-library scenario all the 
LEDs at 100% working at 6 pm (without natural light)

Fig. 11  Rendering views of the lighting proposal: from left to right rendering of new lighting 
design (museum-philological-historical scenario) obtained at cautionary conditions with mixing 
between natural and artificial light and all the LEDs 100% working, at 10 am

3.6 � Science of Anatomy and Light: The Example 
of the Anatomical Waxes of the Specola Museum 
in Florence

The new light for anatomical waxes of the Specola Museum (Fig. 12) is based on 
the dynamic integration between quantity and quality [24]. The lighting solution is 
flexible and adaptable, with low energy consumption intended for works sensitive to 
light and in compliance with the limits required by the legislation for conservation 
and preventive protection. The environment of an operating theater was reproduced, 
i.e., a seventeenth century anatomy laboratory, with these aims: rediscovery of the 
pedagogical purpose of waxes; dynamic, flexible, easily maintainable, and remov-
able but also involving display of works of art that are very sensitive to the action of 
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Fig. 12  Photos from left to right of the Specola Museum and the exhibition halls of the anatomi-
cal waxes

Fig. 13  New lighting. At the top: (left) rendering of the accent light, (center) rendering of the 
basic light, (right) illuminance levels distribution. At the bottom, different views: (left) rendering 
of the accent light, (center) rendering of the basic light, (right) illuminance levels distribution

microclimatic and light factors; and safety, quality, and ergonomics of vision. 
Experimental measurements of illuminance and luminance levels at the existing 
state but also of the color of light and different materials, in particular the anatomi-
cal waxes, were carried out.

The first scenario was designed by means of the installation of eight Parscan 
LED pointers (spotlights on electrified tracks, 12 W, 1590 lm, 4000 K) dimmable, 
with wide flood light distribution, and two Parscan LED washer mounted on electri-
fied tracks, dimmable, with oval flood light distribution (12 W, 1590 lm, 4000 K) 
direct the light respectively on the perimeter display cases and on the central hori-
zontal ones.

Transient simulations were implemented on the 3D model of the ambient and 
calibrated by means of experimental data. The assessment of the existing luminous 
climate highlighted the possibility of design two new lighting scenarios (Figs. 13 
and 14).

To allow visitors to see the individual anatomical details and the representations 
hanging on the walls, a second light scenario is proposed, regulated by a presence 
detector sensor (Figs. 13 and 14). The project is therefore oriented toward the mod-
ern concept of interactive museum, according to which the visitor, the container (the 
exhibition space), and the content (the works of art) of the museum play different 
but all interacting roles. Here the visitor is the director and can change the lighting 
scenario: at his entrance six lights (two for each long wall and one for both shorter 
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Fig. 14  New lighting. At the top: (left) rendering of the accent light, with illuminance levels dis-
tribution on the display cases, (right) rendering of the basic light, with illuminance levels distribu-
tion on the display cases. At the bottom, the same 3D views: (left) illuminance levels due to the 
accent light, (right) illuminance levels due to basic light

Fig. 15  Rendering lighting simulation of the lighting scenes connected to the visit (entrance-exit) 
of a visitor

walls) LED wall-washers Quadra recessed luminaires in the ceiling equipped with 
lenses and dimmable high the walls and activate the spectacular cascades of light. 
The LENI value for the new design is 7,53  kWh/m2  year, for the existing state 
32,30 kWh/m2 year.

The visit to the museum is not identified as an observation of an almost serial 
succession of works but as a real perceptive, tactile, kinesthetic, emotional, and 
historical-cultural evocative experience guided by light capable of arousing interest, 
the imagination, and perhaps even the enjoyment of visitors (Fig. 15).
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Fig. 16  Photos: (left) a view of Villa La Quiete, (center) the frescoed room studied, (right) detail 
of the grotesque frescoes on the ceiling

3.7 � Light, Information, and Visual Perception: An Experience 
Inside the Florentine Medicean Historical Building “Villa 
La Quiete”

This is a crucial example of physics, optics, information theory, and neuroscience 
applications for providing an important support to applied research for lighting our 
Cultural Heritage, the Medicean historical building Villa La Quiete in Florence [1, 
25] (Fig. 16). Quantitative measurements of the relationship between observer and 
artworks were performed, with eye-tracking technique application. Information 
theory connected to the ergonomics of multiperceptive learning and optical physics 
was used for the assessment of the correct light sources in terms of spectral emis-
sion and color light temperature. Results showed that different colors of light change 
the observer’s perception and, from the information theory point of view, the com-
munication and interpretation process of the connected signals. It was also possible 
to measure the informative content of the interaction of light with works of art by 
assessing the perceptive data of the visual path.

Three lighting sources were used for optical measurements: a LED vivid warm 
plus (VWP), a LED vivid white (VWh), and a LED standard (STD). Their main 
component is a COB (chip on board) light source with a combination of specific 
LEDs with specific phosphor mix and with nominal light beam opening up to 120°. 
Their secondary optics are provided by a combined diffusing/shielding and diffrac-
tive/shielding system that works with a front closure in extraclear tempered glass, 
up to 60° nominal opening of the light beam. Nominal color temperatures of the 
three LED sources are 3200 K for VWP, 3000 K for STD, and 4100 K for VWh LED.

Results obtained for the three LED sources lighting the white reference tile, and 
their spectral characteristics are provided in Fig.  17. From light experience and 
perceptive experimental measurements visit number, visit duration, gaze number 
(number of times that the eye stops on different areas), fixation number (number of 
micromovements of fovea occurring during visual path), time from the first gaze, 
and time from the first were obtained. Comparing visual patterns of the visitors 
sample and Gaze data collected, the definition of the areas of interest (AOI, targeted 
by fixation count and visualized by the HeatMap) that is the fresco zones with the 
highest number of visits was obtained. In particular, 54% of observers preferred 
VWh. The ratio between higher fixations number and less visits number provided 
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Fig. 17  Results for each LED: at the top, the first three images, center second three images, bot-
tom third three images, respectively, for VWh, ST, VWP, emission spectrum, white point compared 
to black body, and light effect on a portion of the fresco

Fig. 18  Eye tracker measurement result: the AOI (left); HeatMaps (center); Gaze Plots (right) for 
a fresco studied

indication about the information content, because fixations tend to be concentrated 
on a certain AOI that appears to be more interesting.

The greatest variations in time, and fixation numbers of each area, depend on the 
type of light source: higher concentration, processing of visual stimulus, visual 
scanning patterns with many fixations oriented to an AOI before moving to another, 
perception and then higher transmission of information content are obtained with 
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Fig. 19  Luminance (left) and illuminance (center) levels at the existing state. A rendering (right) 
of the room studied

Fig. 20  Simulation results. Lighting proposal: (a) render with light meters; illuminance (b) and 
luminance (c) levels for accent lighting; (d) rendering at the existing state; (e) rendering for accent 
lighting; (f) rendering for basic lighting

colder light, i.e., the VWh. With the vivid white LED, the best and consistent results 
were obtained: greater concentration, greater processing of visual stimuli, increased 
perception, and visual scanning pattern with numerous fixations oriented to a spe-
cific AOI before moving to another. Lighting simulations, using a 3D model of the 
rooms studied, were calibrated by means of these experimental results. Figures 18, 
19, and 20 show the simulation results.

One of the main findings of this study concerned the knowledge on how, when, 
and how much light color affects perception [25]. In particular, if the AOIs were 
common to most visitors, the order and observation priority (visual pathway) was 
different, i.e., lighting design can be linked to the “common sense” that light, as a 
visual-perceptive experience, can return in the transmission-communication of 
information content.
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Fig. 21  Carthusian Monastery housing History Museum of Pisa University; isovist for point A at 
the museum entrance; visibility graph for the galleries with connectivity index trend (left) and 
integration index trend (right)

Fig. 22  At the top: (left) map with measurement points in the exhibition space, (right) a photo of 
one of the meaningful environments. At the bottom: (left) a photo of the light source and its techni-
cal data; (center) map of the luminaries and artworks positions; (right) experimental data measured 
at each points

3.8 � Light and Visual Mapping for People Visual Behavior 
and Movement: Space Syntax Modeling 
for Cultural Heritage

This is an operative example of the use of space syntax technique for improving 
indoor lighting and understand where and how enhance visitors experience, percep-
tion, and visual well-being and also guarantee preventive conservation, health, and 
comfort protection [14]. The gallery of the Natural Museum of the University of 
Pisa was the case study [14] (Fig. 21). A grid on the analyzed spatial layout was 
superimposed and two synthetic parameters were calculated, i.e., the connectivity 
and the integration index.

The connectivity index counts how many points of the grid are visible from an 
analyzed point considering the walls restrictions. It derives from the concept of 
isovist, which is a polygon drawn on a building layout around a reference point 
(Fig. 21). The integration index concerns the accessibility of a given point within 
the analyzed layout and describes the mean depth of one point with respect to all the 
other points.
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The depth of a single point is defined as the topological (not geometrical) dis-
tance separating a pair of points, and it is measured as the number of points that 
divides them along the shortest path between the two points. The integration index 
quantifies how close a given point is from all the other points (Fig. 22).

The greater the integration index value of a point in a spatial layout is, the more 
accessible and integrated is in the system; vice versa the lower the value of the inte-
gration index is, the more isolated and segregated the point results. Space syntax 
analysis can be automated by means of dedicated software. All the plans were used 
as input data for the software, in a vector format (e.g., dxf files). All the boundaries, 
given by walls and museum display cases, were used to reproduce the viewer’s eye 
limits (at the height of 1,50 m; Fig. 22).

The outputs, i.e., color maps (visual maps) and numerical tables provided com-
parison between the two synthetic parameters connected to different environments. 
Lighting simulations were carried out on a 3D model of the gallery and luminaires 
arrangements. Simulation model was validated by the experimental measurements 
carried out on luminance and illuminance levels at the existing state.

The percentage difference between the modeling indices calculated from the 
measured values and those calculated/simulated is lower than 14%. In Fig.  23 a 
false color rendering of the vertical illuminance mapping and semi-cylindrical illu-
minance mapping for the gallery are shown at the height of 1,50 m. The modeling 
index can be used for light modeling effect evaluation. The modeling index was 
chosen to be connected to the spatial properties of the museum environments. It 
describes the balance between diffuse and direct light, i.e., the ratio between semi-
cylindrical illuminance and vertical illuminance at one defined point. In particular, 
the grid points for semi-cylindrical and vertical illuminance coincide showing the 
quality of lighting design. For uniform arrangement of luminaires and roof lights, 
the value between 0,8 and 1,3 is an indicator of good modeling (Fig. 23).

Additional benefits of daylighting with respect to artificial lighting can compen-
sate for its effect on modeling values. As a consequence, modeling values from 
daylight can be extended from the range previously indicated. The modeling effect 
improves as the modeling index decreases: for modeling index values higher than 
1,3, shadows appear very soft and the 3D objects contour are not clearly distinguish-
able from the background; for values lower than 0,8, the perceived images are with 
a high contrast and shadows are very harsh. A correlation between the modeling 

Fig. 23  False colors rendering of the vertical illuminance mapping (top) and semi-cylindrical 
illuminance mapping (bottom); correlation between the integration and modeling index (center); 
correlation between the connectivity and modeling index (right)
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Fig. 24  Two planimetric views (left): the first, most followed path (continuous lines) and main 
deviations (dashed lines); the second, VGA graph of the I index. Example of three eye-tracking 
results: (left) the AOI; (center GazePlot (circles are fixation points; circle numbers are gaze 
sequence; different colors are different observers; circle size is fixation duration); (right) heat 
maps, from green to red, from higher to lower interest (concentration)

Fig. 25  Photo of shop window at west (left) and south (center); illuminance level of the new light-
ing proposal (right)

index and the space syntax connectivity index was carried out (Fig.  23). It was 
stronger than that one obtained for the integration index. This fact means that in 
museum spaces human behavior is more influenced by the visual connections and 
the visibility interactions (meaning the property, expressed by the connectivity 
index of a point to be visible to all the other points in space) than by the shortest 
paths linking different points (property expressed by the integration index; Fig. 23). 
Integration with eye-tracking techniques allowed to know the visual-spatial and 
temporal sampling, cognitive processes analysis, data collection on attention, visi-
bility, mental processing, and understanding. Experimental setup and measurements 
protocol were those explained in Sect. 3.1.

The exploratory pattern calculation, by means of the measurements assessment 
and postprocessing obtained from a sample of more than 31 participants, with 
respect to each AOI, and the duration and number of fixations and visits obtained 
show that their greatest number and their maximum duration concerned the faces of 
the main subject of each artwork (Fig.  24). The results assessment, combining 
visual mapping with eye tracker data (Fig. 24), highlighted that when light is not 
designed to see well (i.e., for well-lighting and well-being), the energy linked to the 
vision is dispersed on boundaries (e.g., areas of little significance of the artwork 
and/or the surrounding museum space); but when it is designed for well-lighting, it 
can be a fundamental guide for the project of setting up, exhibition, and museogra-
phy, based on quality light that everyone likes (the historian, museum exhibition 
curator, conservator, and any visitor).
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3.9 � Natural Lighting Design for the Enhancement 
of Historical Spaces, Sustainability, and Health 
in the Proximity: The Scervino Space in Florence

A sustainable and well-lighting solution was proposed in a space of historical and 
architectural value for a precious and exclusive tailoring art, like that of Ermanno 
Scervino [11] (Fig. 25). The new lighting, based on the optimal mix of natural and 
artificial light, was obtained with technical control/regulation solutions (PIR sys-
tems integrated with COB/DALI), with bioclimatic solutions (i.e., tropical plants 
that filter and transform it), minimally invasive, energetically sustainable and easily 
maintainable, guaranteeing the protection of particular fabrics and materials. It is 
also capable of guiding the purchase along paths of new visual experiences, but in 
proximity, because the dramatic situation we are experiencing. The proposed solu-
tion kept the existing luminaires, modifying their arrangement and pointing angles, 
but introduced regulation and dimming systems for the luminous flux control, cor-
related color temperature and light color of LEDs linked to the new daylight sen-
sors, photoresist twilight switches, with on/off and dimmer actuators, and people 
presence sensors. The LED lighting fixtures were reorganized into custom groups to 
obtain a base lighting, 30% reduced in terms of intensity, in comparison with exist-
ing condition, and a selective accent lighting, respectively for the whole space, the 
exhibition spaces, and different routes, was designed (Fig. 25). The natural light and 
photodegradation risk control were achieved by inserting groups of different tropi-
cal plants in the window area (Fig. 26). These plant groups, from the first to the 

Fig. 26  Rendering of different views of the new lighting, best mix between natural and artificial 
light with tropical plant
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third, include Areca palm, bamboo, and Strelitzia nicolai, with 4  m height; 
Philodendron, Ficus, and banana with 2–3 m height; and Alocasia, Strelitzia regi-
nae, and the braided Ficus (weeping fig tree) with 1,5–2 m height. This is a mini-
mally invasive solution with low maintenance costs but also suited to stimulate 
creativity, a state of well-being (visual and perceptive), and contribute to air purifi-
cation. There is no doubt that plants cannot be a mere replacement of controlled 
mechanical ventilation systems, but they can really be a useful addition to support 
environmental quality and health requirements, since this kind of environment is 
characterized by a reduced number of people, whose access would be entirely 
planned.

Tropical plants were subdivided according to height and leaf area index and 
arranged in successive layers, for controlling, screening, and absorbing solar radia-
tion. Referring to recent research, an average value of the absorption coefficient of 
80–85% and reflection coefficient of 20–15% for all three groups of plants was 
deduced. Taking into account the precious and photosensitive materials of building, 
items of clothing, and objects displayed inside (e.g., silk, linen, wool, special yarns, 
damask, and lace), basic degradation parameters were calculated and compared 
with the photosensitivity classes defined in Blue-Wool ISO standards and Italian 
MiBAC standard [21], the maximum levels of annual dose of light is always within 
the limits imposed by the current standards (Table 6).

Although the illuminance levels near doors and windows are appreciably higher 
than in the surrounding zones, the corresponding values show a reduction of more 
than 50% compared to the existing state, due to the introduction of the three layer-
groups of tropical plants. In particular, likewise, the direct illuminance value on the 
south wall, which is the most important area of the shop windows, is reduced by 
33,83%; the corresponding value on the west wall, which has just as many shop 
windows, is reduced by 35,43% (Figs.25 and 26). Significant results were therefore 
achieved through the use of tropical plants that allow solar radiation control inte-
grated with the limitation of UV penetration. Considering the opening hours of the 
boutique throughout the year, the LENI value obtained for the lighting solution was 
42,92 kW/m2 year, compared to 89,11 kW/m2 year of the existing state; this fact 
shows an important energy consumption reduction of 51,84%.

LO shop-windows LO Shelves

wall Summer natural&artificial light Winter natural&artificial light Only artificial light

South 64642.5 lx/h year 45330 lx/h year -

West 80167.5 lx/h year 61755 lx/h year -

East - - 3915 lx/h year

North - - 4320 lx/h year

North-East - - 8235 lx/h year

Table 6  Maximum value of the annual dose of light (LO)
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3.10 � Structural Lighting: VLC Application for Well-Lighting 
Mixing Natural and Artificial Lighting with Information 
and Communication

A structural lighting solution, i.e., quality of vision and perception by means of the 
transmission of information and therefore communication, designed for a standard 
office, belonging to a recent research, is shown and discussed [12]. The environ-
ment studied is a typical office with a lighting system with linear compact fluores-
cent discharge lamps. The proposed lighting solution is based on the integration of 
LEDs, which are essentially electronic components, with VLC techniques. The 
VLCs allow important applications of well-lighting and sustainable lighting: With 
the same energy, it lights up and communicates. In a VLC device, the light radiation 
emitted by an LED is modulated at frequencies invisible to the human eye but iden-
tifiable by a photodetector. The demodulated signal transfers information with a 
band potentially a few orders of magnitude higher than that one allowed by Wi-Fi 
devices, without additional electromagnetic pollution, since the signal carrier is the 
light radiation. This technology can be used for localization systems, with high 
precision, especially in indoor environments where radiofrequency (RF) systems 
encounter some critical issues. This study started from the VLC application to the 
existing lighting systems, i.e., linear compact fluorescent discharge lamps. The 
innovative solution proposed is an integrated system with six desk lamps to com-
municate by means of visible light. The LEDs whose characteristics are shown in 
Fig. 27 are table lamps modified with VLC, manufactured, and tested in the LENS 
European Laboratory for nonlinear spectroscopy in Florence [12]. This choice guar-
antees average illuminance values ​​in the office and on the work surfaces in compli-
ance with those suggested by standards [15–17], system reversibility, easy handling 
and replacement, and structured light with VLC (Fig. 27). Photometric and radio-
metric characteristics were measured by a spectroradiometer/photometer in modu-
lation and nonmodulation conditions: the test results are shown in Fig.  27. The 
connection-combination of the LED lamps with the VLC system required a previ-
ous modulation check of the digital signal performed in the laboratory. Standard 
experimental measurements were carried out, with digital lux meters and luminance 
meters, on grids located on significant levels to define the luminous climate present 

Photometric parameters of the LED built-in Spotlight measured with the spectrofotometer

Parameters VLC Off VLC On

Power 2 W 2 W
Luminous flux 170 lumen 170 lumen

Emission spectrum

Colour temperature 2912 K 2984 K
Life 30 000 hours ≤ 30 000 hours

Fig. 27  Two photos of connection between LED and VLC system realized at LENS (left); LED 
built-in spot light measured data (right)
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due to the mix of natural light and artificial light, luminous climate obtained with 
VLC integration on the artificial lighting systems present, and luminous climate 
obtained with VLC integration on new LED systems. Natural lighting is always 
guaranteed and controlled with a low-emission glass for all the conditions studied. 
A 3D model of the office with all the architectural, dimensional, and functional/
distributive characteristics of the spaces and furnishings and optical, photometric, 
radiometric, and colorimetric characteristics of all surfaces was used for the lighting 
simulations of the two VLC integration solutions. Measurements allowed the con-
struction and calibration of all the simulation models.

The comparison between two solutions, the first with VLC integration on linear 
fluorescent systems and the second with VLC integration on LED systems, shows a 
more uniform distribution of illuminance values ​​and lower UGR on the worktops 
and floors for the second solution (Fig. 28).

The structured light solution (LED with VLC) provides quality of vision on all 
workstations, even for critical visual tasks, visual comfort, high contrast index, and 
ergonomics of vision even for long times (Fig. 28). The LENI value calculated at 

Fig. 28  VLC connection to the existing lighting system: on top left quality of light from the light-
ing point of view (lux), top right, dispersion of the received signal in dB compared to the maximum 
value, from the telecommunications point of view (dB); new lighting system VLC-LED integra-
tion: bottom left quality of light from the lighting point of view (lux), bottom right, dispersion of 
the received signal in dB compared to the maximum value, from the telecommunications point of 
view (dB)
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precautionary conditions (maximum power of the sources and without regulation, 
hours of the day of maximum value of solar radiation, and natural light intensity) for 
the VLC-LED solution is 20,04 kWh/m2 year. This value is higher but absolutely 
comparable with that one calculated for VLC-fluorescent which is 19,04  kWh/
m2  year. If basic VLC stations were also introduced instead of traditional Wi-Fi 
systems, energy savings would be greater and would guarantee a comprehensive 
integration of lighting and communication.

4 � Conclusions

Any project is never definitively concluded. It could not be thought nor interpreted 
as definitively concluded, because it would not be a “human-centric lighting.” On 
the other hand, neuroscience combined with deep learning studies shows, by means 
of complex connectomic maps, how the plasticity and differential resilience of the 
brain are constantly changing despite some functions and characteristics remaining 
constant over time (homeostasis). Neuroscience applications for lighting design 
prove that the production of images and shapes (patterns, rhythms) in nature is a 
phenomenon of physics and it is linked to the principle of the constructive law: “For 
a finite-size flow system to persist in time (to survive) its configuration must evolve 
in such a way that it provides an easier access to the currents that flow through it” 
(i.e., the constructal theory by Bejan [26]). This law demonstrates that any physical 
phenomenon and system have its own shape and temporal direction. Sustainable 
lighting and well-lighting allow to read architectural forms and building-lighting 
designs, by means of constructal theory, as information transmission. This fact 
means that they maximize the access of energy and matter flows and/or can produce 
characteristics to prevent them. The temporal evolution of these configurations, 
both for biological and physical systems, can be described through light and light-
ing, interpreted as survival, natural evolution of processes, increase in information, 
high performance, compactness, and resilience. These concepts explain how any 
organization/design of complex systems, building-plant system, and natural and 
artificial lighting system are susceptible to continuous changes, adaptations, and 
improvements, the more they are experienced and introspectively seen (i.e., thought 
and experienced by people and those which created them). In particular, optogenet-
ics, connected to neuroscience, explains the fact that sensations and introspection, 
activated by light and lighting, are fundamental to understanding and thinking about 
spaces and architectures that are above all biological structure can follow the traces 
and the epigenetic footprints outlined, e.g., by the natural functional organization 
and form of any biological system (with energy and environmental effects). The 
lighting solutions provided and discussed show how the concepts of sustainability 
and adaptivity could derive from the sensation of beauty, physiologically mapped in 
the hippocampus. The concept of beauty (in architecture but also in nature) should 
be understood as harmony, right balance, and transmission of signals with a high 
information content, which can provide visual and perception quality and comfort, 
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but above all that well-lighting, strictly connected to well-being, that constitute that 
common sense-sensation, to which everyone believes and from which starts to 
experiment and design new ones.
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Keeping Cool Under the Hot Arewa Sun: 
Natural Cooling Systems in Traditional 
Hausa Architecture of Nigeria

Amina Batagarawa and Huraira Umar Baba

1 � Introduction

Traditional Hausa residential architecture can be loosely classified into urban and 
rural dwellings [14]. The difference in style between the urban and rural landscapes 
is not established as one finds similar styles within both landscapes. The urban style 
is mostly copied from international trends and as a result of availability of afford-
able building materials and fire safety codes in Nigeria.

This chapter discusses cooling in traditional Hausa residential architecture. 
Hausa land, also known as Arewa, is situated in the north of Nigeria. The region 
covers a belt from latitude 8° north to latitude 12° north of the equator.

The structure of the chapter is based on building components, environmental and 
cultural factors. The information used in this chapter is from a combination of 
sources; building materials and construction data from a literature review and the 
cooling strategies employed by the magina, the traditional professional builders in 
Hausa land, are described from information collected in a series of interviews.

The traditional construction process in the north of Nigeria is a cultural process 
of apprenticeship training in the art of building by the more seasoned experts to 
young boys coming of age. The building profession is seen as a family craft learnt 
through generations. Out of the seven professional builders interviewed, six are 
related. They are the chief or head builder of the Zaria emirate masarauta, his dep-
uty, the Wazirin magina, and four heads of the ruling houses.
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1.1 � Enviro-cultural Factors

A combination of environment and social factors determine the different architec-
tural design solutions that emerged in the precolonial traditional setting. The north 
of Nigeria, commonly known as Arewa, covers a belt from latitude 8° north to lati-
tude 12° north of the equator. This makes the region a mostly hot and dry climate. 
The religion or philosophical learning of each community, their social order together 
with culture, local builder’s expertise, industrialization, and even colonization influ-
ence the forms, grouping of buildings, as well as the process of their production 
(2001) [1, 4, 7].

1.1.1 � Environment and Climate

The climate in the northern part of Nigeria falls within the savannah area and is 
characterized by very little rainfall and extreme temperature difference between day 
and night. Bright sunshine and hot, dry air dominate the daytime, whereas nights are 
cold. Trade winds originate from the northeast and southwest direction (see Fig. 1), 
known locally as gabas and yamma trade wind directions, respectively.

Windows are placed in the north and south generally to harness the trade winds. 
They are also placed high in the walls for air circulation through stack effect in a 
style called ffuska-fuska. High windows are also utilized for privacy, as discussed 
further in the next section.

Fig. 1  Trade winds for Nigeria (Encyclopædia Britannica, Inc., 2012). (Source: Invalid source 
specified)
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1.1.2 � Socioculture

The rural landscape remains dominated by nucleated villages, possibly within the 
remains of old settlement walls or isolated and dispersed in more recent settlements 
[14]. In terms of hierarchy, three settlement types are identified as village qauye, 
town gari, and city birni. Culturally, there exists a concept of the triple cores in 
compound family houses which is replicated in the old concept of town or cities 
surrounded by a compound wall and accessed through the entrance gate.

Each family compound is made of organically round huts made of mud with 
thatch, usually protected by an entrance porch of thatch on forked sticks. Sun-dried 
mud strengthened with cut straw and thatch grass are the basic construction material 
for huts. Various types of sticks and mountain bamboo are used in constructing the 
thatch roof, often crowned with a plaited straw cap.

There are marked differences with the more urban compound structure, chief of 
which is that compounds are vanishing. This is due to a combination of factors such 
as price and availability of land, family structure morphing from a polygamous unit 
living in the same compound to individual units as one moves from rural to urban 
landscapes. In addition, the infrastructure required to operate such complex and 
multitiered compounds are inadequate and costly.

Another major factor is the influence of Islam, which leads to the use of curvilin-
ear conical and mud dome roof structures as well as the ideology of seclusion and 
privacy for women [1]. The Hausa courtyard is encircled by numerous rooms that 
facilitate the expansion to accommodate more inhabitants such as wives and chil-
dren [10]. The Hausa tradition of seclusion for women and children is a substantial 
factor in room orientation and placement of openings. Primary research shows that 
window openings are placed above eye level to seclude room occupants and soak up 
internal noise and conversations such that outsiders do not have a view inside a 
room and are not privy to conversations in a room.

Doorways are placed very low of a height of a little over a meter to prevent direct 
view into rooms as shown in. The absence of a pre-room or anteroom is a factor that 
leaves rooms naked and calls for such measures. A concept the expert and tradi-
tional head of builders, the “Sarkin-magina,” is termed as “sirrin daki,” – directly 
translated as “room privacy.” The air from the doorway exits through the higher 
placed windows, further circulating the air, thereby improving thermal comfort. 
High placement of windows is for noise reduction or absorption, as well as for secu-
rity as it prevents a view into rooms and as much for ventilation and air circulation 
(Fig. 2).

An apparent willingness to embrace change and new technology brought through 
formal or informal channels of technology transfer from a more developed to a less 
developed region, in this instance technology transfer through colonialism is embed-
ded in some religious inclination. This was highlighted during the interviews with 
the professional builders who revealed that they do not reject change because God 
described himself as “zamani” a term that alludes to time, change, or modernity. 
This may be with reference to the Islamic Prophetic hadith (Huraira) that says 
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Fig. 2  Low level doorway

“Allah, the Exalted and Glorious, said: The son of Adam displeases Me by abusing 
Dahr (time), whereas I am Dahr--I alternate the night and the day.”

1.2 � Traditional Hausa Construction

The predominant materials used in African traditional building include earth, clay, 
sticks, corn stalk, thatch, water for mixing, stone, reeds, and grass [14]. These mate-
rials are used to make building components like the roofs, walls, foundations, floors, 
and openings like doors and windows.

1.2.1 � Roofing

The timber beam used in traditional Hausa construction is commonly called azara 
beam. The common types of mud roofs are flat, usually supported on azara beams 
that sit on mud walls. Wider flat roofs are achieved by introducing corbels of mud 
at the top of the wall. Similar to mud walls, shafe is a fine soil screeding that is laid 
on the roof, followed by horse manure kashin doki, which is used as waterproofing 
because it gives a shine and gloss that is waterproof.

Another roof type is the domed roofs called tuluwa, which combines a number 
of the elements found in flat roofs. The simplest tuluwa covers a square interior and 
is supported by daurin guga, the crown of the walls at the four corners of the room, 
which is covered with triangles of diagonally laid azaras (tauyi). On top of these 
were laid beams, also called tauyi, running parallel to the four. The apex of the 
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crossed beams are plastered and covered with four triangular layers of azara, set 
parallel to the walls of the room. A dark mortar of earth and straw is used while 
working on the ribs supporting the domes of buildings.

The waterproofing of the flat roofs is done with stiff zana mats whereas that of 
the dome differs with the use of much more flexible asabari mats were used, made 
chiefly of strong grass (tsaure).

Other types of roofs are described [10, 11] and the roofing system is called rufin 
lema which means umbrella cover. If it has eight columns, it is called rufin lema mai 
qafa takwas, which means umbrella cover with eight legs and shows a roofing type 
called dami, one with six columns and ten columns called dami mai qafa shidda and 
goma, respectively (Saad, Climate and Human Settlements – Integrating Climate 
into Urban Planning and Building Design in Africa, [11]. Another roofing system is 
called rufin dami babba (Figs. 3, 4, 5 and 6).

Due to the thermophysical properties of thatch and earth, traditional roofs protect 
the building user against extreme temperatures [1]. However, the introduction of 
new building materials such as cement and corrugated iron sheet from Europe 
quickly gained wide acceptance, hence the abandonment of traditional thatch roofs 
which are highly inflammable. In addition, circular buildings are difficult to roof 
with rectangular iron sheets leading to the transformation from circular forms, 
which promote better ventilation through air movement to more rectangular forms.

1.2.2 � Walling

The method of walling commonly employed is the wattle-and-daub earth technol-
ogy locally called tubali (see Fig. 7). These bricks are made from excavated earth 
kasa thoroughly mixed with grass and thatch. The mixture is molded and left in the 
sun to dry. Tubali walls are vertical element of stacked blocks of either about 
100 × 250 mm or 100 × 150 mm. The mud walls are constructed with a depth of 
about 5 to 6 pieces of tubali at the bottom which gradually tapers to a depth of two 
tubali at the top, meaning that the bottom about 600 mm which tapers to about 

Fig. 3  Damin bakin rijiya 
mai qafa shidda, with six 
columns
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Fig. 4  Damin bakin 
rijiyamai qafa goma, with 
ten colums

Fig. 5  Zaria mosque 
columns with mai bakin 
rijiya (well opening) 
roofing

200 mm in depth. This approach is employed to ensure strength and stability and, 
according to the professional builders interviewed, prevent dampness from traveling 
from the exterior into the interior (Fig. 8).

Tubali is laid in courses and then covered with a specially prepared mud mortar 
for joining and bonding unit until the wall reaches the required height. The mortar 
is processed from earth of the highest quality. It forms a shell around each brick, 
creating a three-dimensional structural network forming a composite element with 
the brick. It is common practice to cover the wet earth birji with horse manure and 
be left for about 3 days with more water poured daily. After being trampled upon, 
another layer of manure is spread over the composite, watered, and further trampled 
on. This process is repeated continuously about four times over three weeks.

Another type of mud wall construction used to construct round, square, and 
sometimes rectangular huts is a monolithic element and not tiered like the tubali. It 
is also made with mud sourced from selected pits that are sometimes far away from 
the building site. Wet and broken down lope grass or rice leaves are added to the 
mud to make a sticky paste and used like adobe.
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Fig. 6  Rufin dani babba

Fig. 7  View from 
extension of Friday 
mosque, Masallacin 
Jumma’a showing more 
modern architecture Plater 
of Paris style of ceiling 
under a conventional 
aluminium sheets that are 
supported by wooden 
trusses

A special wall plaster, chafe, made from black earth to which a glutinous fluid, 
gabaruwa, obtained from acacia tree is added, while the plaster is still wet on the 
wall. The plaster may also be mixed with a fluid makuba from fruit pods of locust 
bean trees. Gabaruwa and Makuba add a waterproofing property to the plaster, 
similar to horse manure as discussed in the previous section. The performance of the 
plaster may be improved by the addition of gashim juna, which consists of goat hair 
mixed with grease scraped off previously soaked skins (Fig. 9).

Powdered wild root dafara is soaked to produce gum that binds the plaster. Two 
coats of gabaruwa and makuba allow the plaster to last for years without 
maintenance.

A type of temporary wall in nomadic homes or used as a fence is made of corn-
stalk or reed called zana. The wall is constructed by digging holes along the perim-
eter of the area and burying the pole in the holes with the thicker ends downward. 
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Fig. 8  Tubali wall 
construction

Fig. 9  Temporary zana 
construction

Reed mats are then tied to the poles for support by ropes made from grass. The walls 
are further strengthened with horizontal members, also made of corn stalk.

1.2.3 � Openings

The openings found in traditional Hausa architecture are usually small door spaces 
with little or no window openings, in order to eliminate the hot, dry and dusty air 
ambient in the region [1]. The small doors also minimize bright daylight, dust, flies, 
and nighttime cold air (see Fig. 10). However, research shows that culture and reli-
gion play a major part in the configurations of the openings. Segregation between 
males and females and privacy dictated that openings are small and placed at a level 
not aligned to the average human’s line of sight (Fig. 11).
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Fig. 10  Sarkin Magina 
demonstrating entrance to 
a doorway to his court

Fig. 11  Openings on 
interior walls at Masallacin 
Juma’a Zaria

Doors

Doorways are of two kinds: outer doorways enclosed by wood or metal [2] and 
hung on pivots or hinges and inner doorless doorways that are occasionally screened 
with grass-plaited curtains. Outer doorways are generally rectangular, with a hori-
zontal lintel made of a wooden beam supported at each end.

A typical doorless entrance consists of two parts as shown in Fig. 12. The lower 
part is rectangular and covered by a semicircular arch. When the floor of the room 
is not raised above ground level, the lower part of the doorway is barred with a dan-
garama to prevent the entry of rainwater. An overhang, gemu protects the doorway 
from the rain by projecting some distance from the wall above the opening as well 
as acting as a decorative element in the façade by emphasizing the entrance to the 
building.
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Fig. 12  Head Builder’s ‘Sarkin magina’ court entrance showing two-part doorway (right) and 
series of doorway through the house at Sarkin magina’s quarters (left). (Source: Authors)

Windows

Windows, Taga, are slim and narrow between 4 and 6 inches wide. They are simple 
openings usually set in the uppermost part of walls on the side of the building less 
affected by driving rain. The location and small size of the windows help in curtail-
ing the incursion of dust and flies. Most often the shape of windows is rectangular, 
although in more elaborate buildings they are often topped with an arch, kandame, 
or with a triangle. They can be hinged to open outward and angled in order to direct 
breezes into the building (Figs. 13 and 14).

2 � Conclusion

Cultural and religious factors seem to play a substantive role in building construc-
tion decisions, more so than bioclimatic factors. This moves away from earlier stud-
ies that suggest that knowledge and technology were diffused through associations 
and integrations brought about by conflicts and as the case with traditional Hausa 
architecture, colonialism, or both.

The supremacy of culture over even climate as a factor for building decisions and 
eventual house structures is verified in all the interviews conducted, where emphasis 
on decisions of openings and details such as thickness of walls suggests that cultural 
considerations and religious positioning take precedence over climatic factors with 
the exception of building materials.
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Fig. 13  A typical ‘taga’ or 
high-level openings

Fig. 14  High level 
openings or ‘taga’ depicted 
at Zauren Sarkin Magina 
(Head Builders’ Court)

According to the professional builders interviewed, the main coolant is the earth 
material itself. The builder’s choice of using earth as a building material is for its 
thermal qualities and abundance.

Apart from the use of earth, cooling in traditional Hausa architecture is achieved 
naturally by placing multiple rows of walling units, placing windows to harness the 
south and northerly trade winds, and limiting the size of openings to reduce flow of 
hot, dusty air into the cooled interiors.
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A comparison with conventional buildings shows that walling materials are 
changing from the cheaper and more abundant earth to commercialized concrete 
blocks. The practice of using thatch is also disappearing due to improve fire safety 
and pest control. Roofs are more commonly made of metal roofing that is supported 
on roof trusses and an air gap. Flat roofs are more commonly made of concrete. The 
biggest factor affecting thermal comfort may be changes in openings.

Openings are made of doors and windows. Doors are more commonly made of 
wood in rectangular frames. On the other hand, windows are made of glass and 
placed with little recourse to sun-path of trade winds. Cooling of interiors has 
become mainly through mechanical means.

Further work is recommended through empirical comparison of the thermal per-
formance between traditional and conventional Hausa architecture. The results will 
add to knowledge required for decision-making by designers and builders and in 
formulating building codes and policy as well as contribute to the body of knowl-
edge required to bridge the gap between vernacular architecture of the Hausa and 
frontier innovative building practices.
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The Role of Shading, Natural Ventilation, 
Daylighting, and Comfort in Enhancing 
Indoor Environmental Quality 
and Liveability in the Age of COVID-19

Mohsen Aboulnaga and Elsharkawy Maryam

1 � Introduction

The impact of Coronavirus (COVID-19) on buildings, urban areas, and cities proved 
the significance of healthy spaces in all building types [1, 2]. However, post-
pandemic-transformed spaces are mostly related to the users and new functional 
space requirements. In office spaces, teleworking has occupied a major role in 
changing the working conditions to suit the pandemic period. Most office spaces 
were fully or partially abandoned, and workers relied on teleworking conditions [3]. 
In housing units, biophilic design approach and the use of balconies have been con-
sidered [4]. While, in public spaces, reforming social distance rings in parks and 
widening pedestrian paths with emphasis on larger cycling lanes have been sug-
gested and introduced in many countries [5]. Indeed, fewer studies discussed the 
indoor environmental quality (IEQ) basic principles and recommended strategies to 
adapt for both existing and new building construction during the pandemic period 
[6]. The IEQ also describes the healthy indoor environmental conditions that cover 
the air quality, the daylighting and access, the lighting and thermal comfort of users, 
as well as the view and noise level [7] as shown in Fig. 1. Many studies examined 
building spaces and users’ satisfaction in terms of IEQ to highlight the significance 
of all aforementioned factors in providing healthy indoor spaces [7–9].

Indoor environmental quality (IEQ) is essential to assure the provision of healthy 
spaces in buildings and cities amid COVID-19 pandemic, specifically in highly 
populated buildings such as educational and public buildings, but the absence of 
clear standards that measure the effectiveness of indoor conditions in providing 
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Fig. 1  Principles of indoor environmental quality (IEQ). (Image source: Developed by authors)

healthy spaces resulted in the need for benchmarks for related IEQ [10]. Many strat-
egies and techniques are incorporated within buildings to enhance their IEQ. Such 
strategies encompass shading on building facades, achieving natural ventilation 
through inner spaces, adequate daylighting provision, and thermal comfort of occu-
pants. Different factors affect the IEQ inside the building spaces [11, 12]. Thus, a 
thorough review of previous cases is essential to understand and learn the good les-
sons and highlight the most effective techniques that could be reimplemented in 
future cases with special requirements to suit the age of COVID-19. Even with the 
lifting of lockdown and confinement measures in the Netherlands and the United 
Kingdom (June and July 2021), an additional need to ensure healthy spaces and 
buildings in cities is posed [13, 14].

2 � Objectives

The work aims at highlighting the significance of IEQ and assessing different global 
case studies that provide adequate and healthy spaces for users in the age of 
COVID-19. The research work enriches the knowledge base and explores the differ-
ent factors involved in achieving liveability for occupants inside building space, 
encouraging the sustainable experience in buildings, and learning lessons from pre-
vious cases.
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3 � Methodology

A comparative case study analysis approach is provided through assessment and 
review of various global experiences with integrated different design approaches 
and strategies to improve the building indoor environmental quality. Analysis of 
existing global experiences and their related design impact on liveability reveals the 
significance of the applied strategies.

4 � Benefits of Indoor Environmental Quality (IEQ)

High indoor environmental quality has countless benefits for users and has addi-
tional enhanced values for the building asset as well. Users’ benefits are not limited 
to the positive psychological effects, stress reduction, and health improvements but 
also on the productivity and social status [11]. However, there are different factors 
that participate in improving IEQ in building spaces, and they are explained briefly 
below [12]. Figure 2 presents these benefits in brief.

4.1 � Shading Strategies and Building’s Facades

Building facades is considered the main barrier between indoor and outdoor envi-
ronments and the effect of shading strategies in improving mainly the indoor day-
lighting conditions, while participating in improving thermal comfort and ventilation 
as well. Indoor daylight condition is critical, and achieving both adequacy of day-
light and visual comfort levels inside building spaces has been studied to optimize 
the effect of the shading strategies utilized in buildings [15]. This is made possible 
through various techniques and technologies utilized and fitted specifically for each 
building location, orientation, and function as well [16]. Shading strategies come in 
various forms, and they can further be separated into static and dynamic shading 
strategies [17].

Shading on
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façades

Daylighting
transmission

Sunlight
penetration 

Natural
Ventilation
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Displacement 
ventilation v

Thermal 
comfort 

Fig. 2  Benefits of indoor environmental quality (IEQ). (Image source: Developed by authors)
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4.2 � Natural Ventilation, Cross Ventilation, 
and Displacement Ventilation

The ventilation term is originally derived from the Greek word vent, which means 
opening or window [18]. Natural ventilation is considered in building spaces with 
potential good airflow circulation, such as in hot regions where cool air at night is 
allowed to diffuse through open windows into building spaces, and this helps venti-
late the warm air outside spaces [19]. The main benefit of good natural ventilation 
is the provision of fresh air, and subsequently, it would reduce the operational costs 
due to less usage of electricity for mechanical ventilation in building spaces [20]. 
However, this would be effective when air temperature is below the body tempera-
ture (33 °C to 36.5 °C). Nevertheless, Centers for Disease Control and Prevention 
(CDC) recommends a layered approach and exploiting multiple strategies to reduce 
the spread of Coronavirus (COVID-19), including improving ventilation in build-
ings and reducing the risk of exposure [21]. Tools to enhance ventilation and 
improve IEQ are listed in [21].

In addition, cross ventilation happens when fresh air enters the space through 
two opposite openings. Cross ventilation is becoming even far essential to provide 
fresh air at a certain volume per person (1 cubic meter per person) [22]. In the time 
of COVID-19 pandemic, this volume is recommended to increase for health rea-
sons. Moreover, displacement ventilation is essentially needed in large spaces [23].

4.3 � Daylighting and Sunlight

Daylight and sunlight are often neglected in building design, because in most cases 
the positive effect of them is intangible. However, the psychological effect of day-
light availability on building occupants has been studied in all building types and 
has proven to be of great significance on the occupants’ well-being [24], but never-
theless, the negative effect of solar heat gain through translucent elements has lim-
ited the incorporation of daylight into building spaces. The challenge in design to 
achieve optimum daylight and sunlight availability inside building spaces has been 
tackled by various researchers and supported by technologies that found their way 
to arrive at optimum solutions [25].

4.4 � Thermal Comfort

Thermal comfort is related to the condition of the mind of the building user that 
translates the satisfaction level with the surrounding thermal environment and is 
usually measured monthly through field data that assesses the comfort vote of 
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participants [26] and through simulation software that depends on the thermal com-
fort rates such as predicted mean value (PMV) where the highest value of 1.15 
means extremely discomfort with high thermal heat exposure [27]. Optimum ther-
mal comfort levels in buildings could be achieved by passive means such as improv-
ing the external thermal envelope efficiency. Indeed, thermal comfort enhances the 
users’ thermal satisfaction and improves quality of life for occupants. Also, the 
capability of the building design and envelope efficiency to maintain acceptable 
thermal comfort levels inside building space without relying on cooling/heating sys-
tems is considered one of the main sources of reducing building operational energy 
costs and harmful carbon emissions [28].

5 � Benchmark for IEQ in the Time of COVID-19

During COVID-19 pandemic, the benchmark for IEQ has been clearly stated in 
standards and rating systems [29] that included acceptable levels of indoor finishing 
materials with low harmful emissions, thermal and visual comfort levels, CO2 moni-
toring levels, effect daylight, and external views [29]. In the age of COVID-19, the 
benchmark for IEQ has changed to adapt to the new measures enforced by govern-
ments worldwide, to meet the challenging requirements, and to minimize the dis-
ease transmission by users into spaces mainly closed spaces [30]. In most cases, the 
connection to nature, natural ventilation, sufficient daylighting, adequate shared 
common spaces with social and physical distance, and external view is prioritized 
to ensure livability of building spaces in the age of COVID-19 [31].

This section depicts selected contemporary and traditional buildings that include 
the main features of IEQ in order to draw the lessons learned from such buildings. 
The section also highlights how IEQ achieves liveability in the age of COVID-19 
and presents a comparative analysis of assessed buildings (case studies).

6 � Global Examples of Best Practices

Global examples of significant building design and construction have exempted 
huge transition in terms of innovation and creativity to ensure high IEQ inside 
spaces. There are multiple techniques and strategies applied that serve the needs of 
each case to adapt to the surrounding conditions. Figure 3 illustrates the examples 
selected for studies that address shading strategies.

The Role of Shading, Natural Ventilation, Daylighting, and Comfort in Enhancing…
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1. Aqua Tower Chicago 
condos, USA

2. Denmark University 
Faculty Building, Denmark

3. ICP.UAB Research 
Center, Barcelona

4. Kuggen building at Chalmers 
in Lindholmen, Sweden

5. Surry Hills Library & 
Community Centre in 

Sydney, Australia

6. The Ministry of Culture 
in Paris, France

7. Al-Bahr Towers in 
Abu Dhabi, UAE

8. A hotel building in Prague, 
Czech Republic 

1 2 3 4

5 6 7 8 

Fig. 3  Examples of examined buildings depicting shading Strategies in the USA, Denmark, 
Spain, Sweden, Australia, France, UAE, and the Czech Republic. (Source: Developed by authors)

6.1 � Shading Strategies and Building Facades

Building facades are considered the most vital building element to alter the indoor 
building conditions and contribute to the IEQ. Different cases have utilized different 
shading strategies on building facades to enhance the building performance. These 
techniques and their related performance are reviewed.

6.1.1 � Aqua Tower Chicago Condos, USA

In the USA, the Aqua Tower Chicago condos have a unique design [32]. Semi-
outdoor areas are created randomly to provide self-shading structures on the build-
ing facade that protect the indoor from direct daylight through the large glazing 
areas [33] as presented in Fig. 4a, b.

6.1.2 � Syddansk University, Kolding Campus in Copenhagen, Denmark

The facade incorporates perforated metal shades that automatically move in 
response to sunlight to adjust daylight exposure in the interior space (Fig.  5). 
Figure 6 also shows the details of the polycarbonated louvers for shading. These 
colorful shades are unique in design and help the building to integrate mixed mode 
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(a) General view of the Aqua Tower (b) Shading louvers in the façade of the Aqua Tower

Fig. 4  The Aqua Tower Chicago condos, USA (a) General view of the Aqua Tower. (Image credit 
and source: George Showman, https://commons.m.wikimedia.org/wiki/File:Aqua_Tower_Chicago.
jpg) (b) Shading louvers in the facade of the Aqua Tower. (Image credit and source: Paperclips0701, 
https://commons.m.wikimedia.org/wiki/File:AquaTower2009_02_08_image2.jpg#)

(a) General view of the University building from both 
sides

(b) Vertical triangle-shaped shading louvers in the 
main façade to provide daylight and control glare 

Fig. 5  Syddansk University, Kolding Campus in Copenhagen, Denmark (a) General view of the 
university building from both sides. (Image credit and source: S. Juhl, https://commons.m.wikimedia.
org/wiki/File:Syddansk_universitet.Campus_Kolding.Denmark.2014_(37).JPG) (b) Vertical 
triangle-shaped shading louvers in the main facade to provide daylight and control glare. (Image 
credit and source: S.  Juhl, https://commons.m.wikimedia.org/wiki/File:Syddansk_universitet.
Campus_Kolding.Denmark.2014_(35).JPG)

lighting into the interior. The shades are composed of 1600 adjustable triangular 
shutters that respond to daylight and are fully closed when they lie flat to the exter-
nal facade by means of sensors and a small motor; thus, the kinetic mechanism of 
the shutters could be achieved (Fig. 6a–d). With 30% shutter opening angle, opti-
mum daylight efficiency is provided [34]. The building encounters the provision of 
natural ventilation through the middle atrium which enhances the thermal comfort 
of occupants with low energy [35].
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(a) Close up view of the coloured louvres from outside (b) Dynamic louvers seen from inside the building 

(c) A view of the louvers shading the main façade (d) Detailed view of the dynamic coloured louvers 

Fig. 6  Vertical louvers of the dynamic facade, Syddansk University, Kolding Campus, 
Copenhagen, Denmark (a) Close up view of the colored louvers from outside. (Image credit and 
source: S.  Juhl, https://commons.m.wikimedia.org/wiki/File:Syddansk_universitet.Campus_
Kolding.Denmark.2014_(46).JPG) (b) Dynamic louvers seen from inside the building. (Image 
credit and source: S.  Juhl, https://commons.m.wikimedia.org/wiki/File:Syddansk_universitet.
Campus_Kolding.Denmark.2014_(50).JPG) (c) A view of the louvers shading the main facade. 
(Image credit and source: S. Juhl, https://commons.m.wikimedia.org/wiki/File:Syddansk_univer-
sitet.Campus_Kolding.Denmark.2014_(40).JPG) (d) Detailed view of the dynamic colored lou-
vers. (Image credit and source: S.  Juhl, https://commons.m.wikimedia.org/wiki/
File:Syddansk_universitet.Campus_Kolding.Denmark.2014_(44).JPG)

6.1.3 � ICTA-ICP UAB Research Centre, Barcelona

The ICTA-ICP Research Centre at UAB Barcelona (Universitat Autònomous de 
Barcelona) is a low-cost exterior bioclimatic skin. It operates to regulate the internal 
air temperature, and it enables sun heat to warm the building whenever required in 
summer, creating a greenhouse effect in the roof (Fig. 7). Inside the building, four 
patios are utilized to enhance daylighting and ventilation in addition to several plan-
tations that regulate the indoor humidity [36, 37]. The ICTA building has smart 
shading technologies to provide excellent IEQ. The smart facades and main entrance 
of the ICTA building are shown in Figs. 8 and 9, including:

•	 Double-skin facades
•	 Polycarbonate smart glass louvers
•	 Wood acts as an insulation for the facades’ windows
•	 Louvers connected to computerized system to operate them in response to climate
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Fig. 7  ICTA-ICP 
Research Centre building 
at UAB, Barcelona, Spain. 
(Image credit and source: 
Pietro Tonini and Mohsen 
Aboulnaga, 31 January 
2022)

(a) The façade of the ICTA building with shading 
elements and smart technologies  

(b) General view of the façade with the kinetic 
shutters closed in winter 

(c) Polycarbonate smart louvers to provide shading (d) Polycarbonate pyramids on the roof for daylight 

Fig. 8  Smart shading technologies exploited in the facades of the ICTA-ICP, UAB Barcelona (a) 
The facade of the ICTA building with shading elements and smart technologies (b) General view 
of the facade with the kinetic shutters closed in winter (c) Polycarbonate smart louvers to provide 
shading (d) Polycarbonate pyramids on the roof for daylight. (Images’ credit and source: Pietro 
Tonini and Mohsen Aboulnaga, 31 January 2022)
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Fig. 9  Main entrance of 
the ICTA-ICP Research 
Centre at UAB. (Image 
credit and source: Pietro 
Tonini and Mohsen 
Aboulnaga, 31 January 
2022)

The smart envelope of the ICTA-ICP Research Centre at UAB Barcelona 
(Universitat Autonomous de Barcelona) includes many features such as the installed 
greenhouse smart system that opens and closes automatically where the solar gain 
and ventilation are regulated. It is also possible to control and raise the interior tem-
perature naturally and guarantee a base of comfort in the circulation spaces as well 
as in the in-between spaces. In addition to the shading strategy in the ICTA-ICP 
UAB Research Centre in Barcelona, the building provides many benefits in energy 
efficiency, energy saving, and comfort as well as generating clean food through 
urban farming in the upper floor. These benefits are:

•	 Optimize both comfort and energy consumption through controlling and raising 
the indoor temperature naturally and guarantee a base of comfort by circulating 
the air into spaces

•	 Minimize the use of nonrenewable energy sources
•	 React and adapt constantly, opening and closing itself
•	 Activate and deactivate and manage itself to use all the natural possibilities 

within the outside/inside environment
•	 Utilize a greenhouse smart system that relies on mechanisms that open and close 

the system automatically; thus, the solar gain and ventilation are regulated and 
daylighting is enhanced

•	 Provide real comfort perception with less artificial than usual [36, 37]

6.1.4 � Kuggen Building at Chalmers Lindholmen, Sweden

The Kuggen building at Chalmers Lindholmen in Sweden building is colorfully 
located within an office district as illustrated in Fig. 10. The rounded building does 
not look similar from each side, the upper floors project outward to shade the lower 
floors, and the projection increases on the southern side than on the northern side. 
Also, a rotated upper screen element shades the top floors following the sun path to 
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Fig. 10  Kuggen building 
at Chalmers Lindholmen in 
Sweden. (Image credit and 
source: Mats Kristoffersen, 
https://
commons.m.wikimedia.
org/wiki/File:Kuggen.
JPG# )

reduce the amount of daylight entering the building spaces and to ensure visual 
comfort for all building occupants with improved thermal comfort impacts [38].

6.1.5 � Surry Hills Library and Community Centre, Sydney, Australia

In Australia, the Surry Hills Library and Community Centre in Sydney is an innova-
tive environmentally friendly building. It incorporates an automated louver system, 
which is located on the southern facade as illustrated in Fig. 11a. The vertical timber 
louver system automatically functions to track sun rays, and the daylight, while 
ensuring maximum benefit of daylighting to the occupants inside the building [39, 
40]. As presented in Fig. 11, the computerized smart sun-travel system is integrated 
in the main facade to regulate:

•	 Natural ventilation
•	 Sun-shade louvers to adjust air movement, daylight, and heat

6.1.6 � The Ministry of Culture in Paris, France

The old building of the Ministry of Culture in Paris, France, was modified with add-
ing a contemporary metallic screen that illustrates an abstracted renaissance paint-
ing as shown in Fig. 12. The golden screen only shines in the daylight and seems to 
disappear in absence of daylight. It also provides shade and shadows on the facades. 
In addition, the metallic screen reflects an architectural value and helps regulate 
sunlight and daylight conditions into the interior spaces [41].
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(a) General view of Surry Hills Library and Community Centre in Sydney, Australia 

(b) The automated vertical timber louver system to adjust to solar heat, track the daylight ensuring 
maximum benefit of natural light 

Fig. 11  Surry Hills Library and Community Centre in Sydney, Australia. (a) General view of 
Surry Hills Library and Community Centre in Sydney, Australia. (Image credit and source: Elekhh, 
https://commons.m.wikimedia.org/wiki/File:Surry_Hills_Library_2010.jpg) (b) The automated 
vertical timber louver system to adjust to solar heat, track the daylight ensuring maximum benefit 
of natural light. (Image credit and source: Nick-D https://commons.m.wikimedia.org/wiki/
File:Surry_Hills_Library_and_Community_Centre_July_2017.jpg)

6.1.7 � Al Bahr Towers, UAE

The adaptive parametric facade designed to operate in response to sun exposure 
level during the year. The screen lies on an independent frame that holds the trian-
gular elements programmed to respond to sun movement to reduce solar heat gain 
and discomfort glare levels shown in Fig. 13 [42]. The system is very accurate in 
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(a) A metallic screen on the façade to provide 
shading on windows 

(b) Golden screen shines in the daylight and such 
shine disappears in absence of daylight.

Fig. 12  The Ministry of Culture building in Paris, France (a) A metallic screen on the facade to 
provide shading on windows (b) Golden screen shines in the daylight and such shine disappears in 
absence of daylight. (Images’ credit and source: Mohsen Aboulnaga)

(b) Details of façades’ kinetic elements linked with sensors 
to provide real-time data for computerised systems to 
regulate indoor temperature and daylight

(a) View of the kinetic façades of the twin towers

Fig. 13  Al Bahr smart twin towers in Abu Dhabi, UAE (a) View of the kinetic facades of the twin 
towers. (Image credit and source: Mohsen Aboulnaga) (b) Details of facades’ kinetic elements 
linked with sensors to provide real-time data for computerized systems to regulate indoor tempera-
ture and daylight. (Image source: https://www.sciencedirect.com/science/article/pii/
S1110016818302230)

responding to the building’s shading and daylight requirements. It also attains maxi-
mum daylight adequacy with minimum glare levels while reducing solar heat gain 
through the large glazed facade area. During the night, all the shading elements are 
closed to keep a clear view to the outside of the building [43]. The double-skin and 
dynamic facades, which are inspired by traditional mashrabiya, encompass the fol-
lowing smart features:
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•	 Dynamic shading system
•	 The external cladding also provide shading
•	 Smart dynamic lenses reduce the building’s solar gain by 50%
•	 Facades are linked with sensors to provide real time data for computerized sys-

tems that adapt to changing weather conditions daily

6.1.8 � Hotel Building in Prague, Czech Republic

This building in Prague, Czech Republic, was renovated and serves as a hotel in the 
capital. The facade is integrated with shading titled screens to protect the rooms’ 
glazing windows from the western sun and provide adequate daylighting and pre-
vent glare in the summer months, as shown in Fig. 14. On the western facade, lou-
vers are fixed at an angle of 15 degrees to protect the widows’ glazing for solar 
radiation and heat by providing enough shading. Each widow has a large horizontal 
louver to:

•	 Control solar radiation
•	 The use of bright white color facade to assist in reflecting the solar radiation

(a) General view of louvers on the main façade  (b) Shading louvers to control sunlight and daylight   

Fig. 14  A hotel building in Prague, Czech Republic (a) General view of louvers on the main 
facade (b) Shading louvers to control sunlight and daylight. (Images’ credit and source: Mohsen 
Aboulnaga)
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•	 Provide shading
•	 Reduce heat gain through the glass and walls near the widow
•	 Protect from summer heat
•	 Control daylight and glare
•	 Contribute to indoor thermal comfort

6.2 � Thermal Comfort

Thermal comfort is humans’ perception of thermal well-being related to four envi-
ronmental factors which are: (a) air temperature surrounding the body; (b) air speed; 
(c) mean radiant temperature (MRT), which is related to surfaces’ temperature in 
the space, normally six surfaces (depends on the configuration of the indoor space); 
and (d) relative humidity.

Thermal comfort is also affected by other personal factors like metabolic rate 
activities/work rate) and clothing insulation (layers of cloth covering the body). 
Other factors are body surface area (slim or obese), skin color, age, and location in 
the space (near window or external wall or far from the surfaces) [44].

Thermal comfort can be assessed based on a checklist according to British and 
European international standards relevant to working in thermal environment [45]. 
According to Fanger, tools to measure thermal comfort in buildings are listed in 
[46]. However, the predicted mean vote (PMV) is a 7-point scale of thermal sensa-
tion in a function of measured physical parameters [47]. Thermal comfort can be 
achieved by adapting the outdoor environment of the building, i.e., coupling indoor 
comfort with that of outdoor. This is achieved by balancing interdependent factors 
to achieve low-energy thermal comfort for occupants [48].

The following section presents examples showing how thermal comfort is tack-
led, namely, the Beehive building in Sydney Australia; the Beehive Parliament 
building in New Zealand; the Kendeda Building in Georgia, USA; Luxor Temple 
and Habu Temple in Luxor, Egypt, as illustrated in Fig. 15.

6.2.1 � The Beehive in Sydney, Australia

Thermal comfort has been tackled in the Beehive building through the form of the 
building and its envelope design. A wooden screen enfolds the exterior of the build-
ing in a dynamic way, which filters sunlight and heat into the semi-outdoor spaces. 
This solution enables indirect shading that creates a buffer environment for the out-
door air to cool down before entering the building inner spaces, thus participating in 
improved thermal comfort [48].
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1. Parliament building
in Wellington,
New Zealand   

2. Kendada Building,
in Georgia,USA  

3. Habu temple
in Luxor, Egypt

4. Luxor temple in
Luxor, Egypt  

1 2 3 4

Fig. 15  Examples of examined buildings depicting shading Strategies in New Zealand, the USA, 
and Egypt. (Source: Developed by authors)

Fig. 16  The Wellington Beehive Parliament Building’s conical shape with shading screen in New 
Zealand. (Image credit and source: Michael Coghlan, https://commons.m.wikimedia.org/wiki/
File:The_Beehive_(26564318913).jpg#)

6.2.2 � The Beehive Parliament Building in Wellington, New Zealand

The Wellington Beehive Parliament Building concedes thermal comfort in the same 
way through the conical style design of the Beehive building. The building envelope 
design which is made of wooden screen wraps the exterior of the building in a 
dynamic manner which filters sunlight and sun heat into the semi-outdoor spaces; 
this enables indirect shading that also creates a buffer environment for the outdoor 
air to cool down before entering building inner spaces, thus participating in improved 
thermal comfort levels [49] as shown in Fig. 16.
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6.2.3 � Kendeda Building in Atlanta – Georgia, USA

The Kendeda Building – an education-type building – has a broader thermal com-
fort range that operates by considering air velocity, air temperature, humidity levels, 
clothing, and activities (Fig. 17). The building is able to operate at higher thermal 
comfort level while maintaining the comfort levels for occupants, thus reducing 
energy needed for the mechanical systems (Fig. 17a). The envelope of this building 
is continuously insulated walls and slabs, with triple windowpane that participated 
in insulating the whole envelope to outdoor conditions [50]. Also, shade and shadow 
are provided by the exterior PV canopy. In addition, the exterior blinds on the west-
ern facade provide solar control to the interior as illustrated in Fig. 17b, c.

(a)

(b) The solar PV canopy providing shading on the 
building’s western façade 

(c) The dynamic roof acting as a chimney to cool 
the interiors via stack effect and the 330 kW (DC) 
roof comprising of 917 solar PV panles 

The large roof with integrated Solar PV panles to provide shades on the building’s facades 

Fig. 17  Kendeda Sustainable Building at the Georgia Institute of Technology in Atlanta – Georgia, 
USA (a) The large roof with integrated solar PV panels to provide shades on the building’s facades 
(b) The solar PV canopy providing shading on the building’s western facade (c) The dynamic roof 
acting as a chimney to cool the interiors via stack effect and the 330 kW (DC) roof comprising of 
917 solar PV panels. (Images’ credit and source: (a) J.  Jonah Jackalope, https://
commons.m.wikimedia.org/wiki/File:Kendeda_Building_1.jpg# (b) KBISD, https: https://
commons.m.wikimedia.org/wiki/File:The_Kendeda_Building.jpg# (c) KNISD, https://
commons.m.wikimedia.org/wiki/File:Kendeda_Building_Solar_Canopy.jpg.
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6.2.4 � Habu Temple in Luxor, Egypt

Shading and ventilation were depicted in early Egyptian civilization particularly in 
Habu Temple in Luxor (Fig. 18). The ancient temple uses thick stone walls with 
high thermal capacity and time lag to minimize heat gain through external walls. 
Figure  18a. shows the Habu Temple and its walls. Also, Habu Temple provides 
comfort by the recessed gateways that were built to funnel air through to create 
natural cooling as well as provide shade and shadow in summer days as shown in 
Fig. 18b.

6.2.5 � The Luxor Temple in Luxor, Egypt

The Luxor Temple in Luxor, Egypt, is another example of the Egyptian civilization, 
where the Lotus columns were designed to provide shade and shadow in summer 
days as shown in Fig. 19. Moreover, the use of thick stones is characterized by ther-
mal capacity to reduce heat gain and offer comfort.

6.3 � Natural and Cross Ventilation

Ventilation is one of the most building life essential strategies, and usually it is con-
sidered natural or induced wind-driven procedure. Cross ventilation happens due to 
pressure difference between two opposite sides of a building, allowing air to move 
or cross from one side to the other creating a favorable air movement inside the 
building space that enhances the IEQ [51]. In addition, natural and cross ventila-
tions are important strategies in buildings especially in the age of COVID-19 

(a) High gate and thick stones of the walls of Habu Temple to provide comfort 
in summer heat 

(b) Gateways providing shadows 
and comfort naturally 

Fig. 18  Habu Temple in Luxor, Egypt (a) High gate and thick stones of the walls of Habu Temple 
to provide comfort in the summer heat (b) Gateways providing shadows and comfort naturally. 
(Images’ credit and source: Mohsen Aboulnaga)
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(b) Entrance of Ramesses II Temple   

(a) The Lotus columns were designed to provide shade and shadow, 
and comfort in summer days

(c) The Lotus columns at night 

Fig. 19  Luxor Temple in Luxor, Egypt (a) The Lotus columns were designed to provide shade and 
shadow, and comfort in summer days (b) Entrance of Ramesses II Temple (c) The Lotus columns 
at night. (Images’ credit and source: Mohsen Aboulnaga)

1. Russia Tower
in Russia

2. Apple Park and
Jobs’ Theatre
in California, USA 

3. NASA Sustainable
  Development base
  in CA, USA

1 2 3

Fig. 20  Examples of examined buildings depicting shading Strategies in Russia and the 
USA. (Source: Developed by authors)

pandemic. The following three buildings’ cases depended on the natural ventilation 
to enhance the indoor conditions for occupants (Fig. 20).

6.3.1 � Russia Tower, Russia

The Russia Tower is deemed the largest naturally ventilated tower in the world [52]. 
The tall building’s core as the lung by maximizing filtration and circulation of air 
through the wall system (Fig. 21). The wall system houses hydroponic plants that regu-
late the temperature and air quality throughout the interior spaces. In addition, the main 
void fosters stack effect for air to flow and to turn the wind turbines at the top of tall 
building. Moreover, such open space increases the daylight adequacy into the interior. 
All these features participate in reducing the operational energy use by 65% [52].
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(a) The façades of the tower  (b) The tower at night showing the shaft and turbines

Fig. 21  Russia Tower, Russia (a) The facades of the tower. (Image credit and source: Milkomède, 
https://commons.m.wikimedia.org/wiki/File:Russia_Tower.png) (b) The tower at night showing 
the shaft and turbines. (Image credit and source: https://en.m.wikipedia.org/wiki/Russia_Tower#/
media/File%3ARussiaTower-render.jpg)

6.3.2 � Apple Park and Jobs’ Theatre, California, USA

The Apple Park and Jobs’ Theatre building designed by Sir Norman Foster depends 
mainly on natural ventilation for cooling and switches to mechanical ventilation 
only during the hottest summer days. The smooth perimeter helps circulate the air, 
and the external shades reduce the heat gain and ensure high daylight efficiency for 
the interior as presented in Fig. 22. The building complex energy production from 
PV is greater than it can consume [53]. The smart and real example exhibits how the 
users can be inside and outside at the same time. In addition, the use of smart glass 
with the distinctive 155-foot metallic carbon fiber (“flying saucer lid”) contributes 
to achieving comfort.

6.3.3 � NASA Sustainable Development Base, CA, USA

The NASA Sustainable Development base in Moffett Field, California, USA, is an 
iconic and innovative design by Architect William McDonough + Partners. The 
LEED platinum iconic building depends on the structural shape to create a wind 
tunnel for air circulation along with maximum daylight efficiency through efficient 
shaded glazing envelope, as shown in Fig. 23. The shape of the two buildings allow 
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(a) The Cylinder form and cantilever 
roof provide shades, cooling, and 
ventilation

(b) The innovative design of smart glass 
with the distinctive155-foot metallic 
carbon fibre ‘Flying saucer lid’ provides 
comfort inside the theatre

Fig. 22  Apple Pavilion Park and Steve Jobs’ Theater in Silicon Valley, California, USA (a) The 
cylinder form and cantilever roof provide shades, cooling, and ventilation. (Image credit and 
source: Justin Ormont, https://en.m.wikipedia.org/wiki/File:Steve_Jobs_Theater_-_external.jpg) 
(b) The innovative design of smart glass with the distinctive155-foot metallic carbon fiber “flying 
saucer lid” provides comfort inside the theatre. (Image credit and source: Justin Ormont, https://
commons.m.wikimedia.org/wiki/File:Steve_Jobs_Theater_-_Auditorium.jpg)

outside air to channel between these curve lines (Fig.  23a, b). The building can 
maximize both daylight and ventilation, while depending on mechanical heating 
systems to maintain thermal comfort for occupants throughout the year. The super-
insulated exterior walls with high glazing performance increase the thermal perfor-
mance of the building envelope, and smart lighting technology can balance the 
interior lighting with daylight. Solar PV panels installed on roofs to general electri-
cal energy as seen in Fig. 23b [54]. The building’s features can be summarized as 
follows:

•	 This building engulfs intelligent technology, inspired by the air safety program 
of the agency which supplies, most notably, air flight controls; such technology 
has been used to control different zones of the building to provide comfort

•	 Provides real-time data on the flows through the structure to control radiation by 
shades, which allow daylighting and ventilation and cooling

•	 Incorporates renewable energy
•	 Utilizes recyclable or recycled materials in the building’s elements
•	 Exploiting other devices, sensors, and technologies in order to optimize 

energy use
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(a) Bird’s-eye view of the twin buildings with a space in between to channel air and solar PV panles on 
roofs to generate electrical energy

(b) Double-skin façade with external shading louvers connected to sensors for real-time data to control 
solar heat, provide indoor comfort, and solar panles on roofs

Fig. 23  NASA sustainable development base surrounded by green areas in California, USA (a) 
Bird’s-eye view of the twin buildings with a space in between to channel air and solar PV pan-
els on roofs to generate electrical energy. (Image credit and source: William McDonough + 
Partners, https://www.nasa.gov/sites/default/files/styles/full_width_feature/public/thumbnails/
image/scene1-aerial.jpg) (b) Double-skin facade with external shading louvers connected to 
sensors for real-time data to control solar heat, to provide indoor comfort, and to control solar 
panels on roofs. (Images’ credit and source: NASA, https://www.nasa.gov/feature/ames/
space-technology-and-conservation-the-efforts-of-reducing-nasa-ames-water-use)
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6.3.4 � Morocco’s Buildings, City of Casablanca, Morocco

The Urban Agency of Casablanca, city of Casablanca, Morocco, relied on the use of 
white color facades to reflect about 95% of the solar radiation impinging on them 
and may utilize recessed ground floor to provide shadow in summer and create 
cooler air for ventilation and recessed windows to provide shadow and reduce heat 
gain, as presented in Fig. 24a.

The Bank of Morocco’s building in the city of Casablanca, Morocco, also uses 
bright color facades to reflect about 90–95% of the solar radiation impinging on 
them, hence reducing heat gain through external walls and cooling load to provide 
comfort, as shown in Fig. 24b.

In addition, a residential building in Casablanca, Morocco, is able to lower direct 
heat gain, exploiting awnings/canopies to provide shades/shadow and comfort for 
people sitting at the café, and uses recessed windows to provide shadow to reduce 
heat gain and cooling in summer, as illustrated in Fig. 24c.

6.4 � Daylight and Sunlight

Daylight is a significant factor in achieving IEQ, and it is usually coupled with natu-
ral ventilation or other factors that enhance the building experience for occupants. 
Daylight is the clear light coming inside a northern window with no direct sunlight, 
while sunlight is the direct sun rays coming inside a space with a warmer, yellower 
quality.

Examples assessed for daylighting are six buildings in South Korea, China, 
Germany, Egypt, and Kingdom of Saudi Arabia, as depicted in Fig. 25.

(a) White façade of Urban
Agency of Casablanca

(b) Bank of Morocco’s building with white 
façade and recessed windows, Casablanca

(c) Residential building, city of 
Casablanca, Morocco

Fig. 24  Bright color material of buildings in Casablanca, Morocco (a) White facade of Urban 
Agency of Casablanca (b) Bank of Morocco’s building with white facade and recessed windows, 
Casablanca (c) Residential building, city of Casablanca, Morocco. (Images’ credit and source: 
Mohsen Aboulnaga)

The Role of Shading, Natural Ventilation, Daylighting, and Comfort in Enhancing…



206

(a) The Theme Pavilion mimicking the wave’s 
movement and a large fish built on an island

(b) A Kinetic façade with hinged louvers closing  
and opening to control heat and provide daylighting 

Fig. 26  The Theme Pavilion, Expo 2012 Yeosu, South Korea (a) The Theme Pavilion mimicking 
the wave’s movement and a large fish built on an island (b) A Kinetic façade with hinged louvers 
closing and opening to control heat and provide daylighting. (Image credit and source: (a) Kang 
Giho  – Korea.net/Korean Culture and Information Service, https://commons.m.wikimedia.org/
wiki/File:KOCIS_Korea_Yeosu_Expo_Sketch_Kang04_(7589658734).jpg (b) Hyolee2, https://
commons.m.wikimedia.org/wiki/File:Expo2012_Theme_pavilion.JPG#)

1. Theme 
Pavilion, 

Yeosu, South 
Korea

2. City Hall 
building,  

Seoul, South 
Korea

3. Sanbaopeng 
LKKER 

Jingdezhen 
Ceramic Design 
Centre, China

4. Darmstadt
University of 
Technology,

Germany

4. The New 
Library of 

Alexanderia,
Egypt

6.  King Fahd 
Cultural Centre 
and Library in 
Riyadh, KSA

1 2 3 4 5 6

Fig. 25  Examples of examined buildings depicting shading Strategies in South Korea, China, 
Germany, Egypt, and KSA. (Source: Developed by authors)

6.4.1 � The Theme Pavilion in Expo 2012 Yeosu, South Korea

The building skin is composed of glass fiber-reinforced polymers (GFRP) that can 
be formed into different animated patterns. The movable hinged fish-like skin incor-
porates a daylight-driven mechanism that responds to the occupant’s needs in terms 
of daylight adequacy [55, 56]. Figure 26 presents the iconic building’s facades with 
kinetic-hinged louvers.
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6.4.2 � The City Hall Building in Seoul, South Korea

In this building, the main facade is built with high-reflective Low-E glazing to 
reduce heat gain through the building’s skin, but it is inclined from the top creating 
a self-canopy to provide shadow as well as using landscaping to shade the lower part 
of the façade as shown in Fig. 27. Also, the facade has operable windows for natural 
ventilation.

6.4.3 � Sanbaopeng LKKER Jingdezhen Ceramic Design Centre, China

The Sanbaopeng LKKER Jingdezhen Ceramic Design Centre in China incorporates 
a screen-like pattern made of copper tiles that controls the daylight into building 
spaces as shown in Fig. 28. The circular envelope provides external view and day-
lighting, with the addition of an interior courtyard that maintains daylight adequacy 
for building occupants [57].

6.4.4 � Darmstadt University of Technology, Germany

The renovated building southern façade is composed of folded anodized aluminum 
sheets that regulate daylight into the interior spaces [58] as presented in Fig. 29. The 
building’s facade has enabled the occupants to achieve higher thermal comfort lev-
els with adequate provision of daylight. Such form educes head gain through the 
building envelope as well as the roof is inclined to reduce the impact of radiation. 
The courtyard also assists in cooling and provides comfort indoors.

(a) High reflective Low-E glazing façade to reduce heat gain and 
inclined from the top creating a self-canopy to provide shadow

(b) Glazed façade to offer daylight and 
operable windows to provide ventilation

Fig. 27  The city hall building in Seoul, South Korea (a) High-reflective Low-E glazing facade to 
reduce heat gain and inclined from the top creating a self-canopy to provide shadow (b) Glazed 
facade to offer daylight and operable windows to provide ventilation. (Images credit and source: 
Mohsen Aboulnaga)
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(b) The insulated façade with operable 
widows for natural ventilation and Brise 
Soleil for sun protection

(a) Haus C10 building’s with 3-D light metal folding elements as 
sunshades for widows’ balancing light and sun protection   

(c) Close up view of the 3-D light metal 
folding elements to allow for daylighting 

Fig. 29  The H-da C10 high-rise building at Darmstadt University of Technology, Germany (a) 
Haus C10 building’s with 3D light metal folding elements as sunshades for widows’ balancing 
light and sun protection (b) The insulated facade with operable widows for natural ventilation and 
brise soleil for sun protection. (Image credit and source: Guenni88, https://commons.m.wikimedia.
org/wiki/File:H-da_C10_south.jpg) (c) Close up view of the 3D light metal folding elements to 
allow for daylighting. (Images’ credit and source: (a, c) LSDSL, https://commons.m.wikimedia.
org/wiki/Category:H_da_High-rise#/media/File%3AC10_South.jpg)

(a) The circular façade with a copper tiles screen controlling 
daylight into building spaces

(b) Building’s interior showing the dazzling 
controlled daylight into the indoor spaces

Fig. 28  Sanbaopeng LKKER Jingdezhen Ceramic Design Centre in China (a) The circular facade 
with a copper tiles screen controlling daylight into building spaces (b) Building’s interior showing 
the dazzling controlled daylight into the indoor spaces. (Images credit and source: Idea 2587595: 
Sanbaopeng LKKER Jingdezhen Ceramic Design Center by Office Mass in Jingdezhen, China, 
https://www.architizer.com)
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Another building in Darmstadt University of Technology incorporates integrated 
PV [59] as presented in Fig. 30 to generate energy as well and regulate heat and 
provide daylight.

6.4.5 � New Library of Alexandria, Egypt

The New Library of Alexandria (Bibliotheca Alexandrina) in Alexandria, Egypt, 
exhibits an innovative model for daylighting provision coupled with sun protection 
and indoor thermal comfort (Fig. 31). The library hall is well-lit utilizing daylight 
from triangular-shaped skylight openings that can direct daylight deep into the inte-
rior space of the reading areas and book racks in the library building, thus maximiz-
ing the daylight benefits into the space (Fig. 31c–f). Moreover, the roof is inclined 
toward the north to cool it with sea breath. It is worth mentioning that the external 
curved granite wall provides shading and cooling on the inclined roof surface of the 
main reading hall of the library [60] as shown in Fig. 31b.

6.4.6 � King Fahd’s Library and Culture Centre in Riyadh, KSA

The iconic facade of King Fahd’s Library and Culture Centre in Riyadh is made up 
of an additional layer to the glazed skin, composed of marine echoes that protect the 
building from direct solar sunlight as presented in Fig. 32. The envelope is a double-
skin facade, where the outer skin is fixed to the structure via steel cables with a 
traditional pattern-like skin similar to latticework as shown in Fig. 32a–c.

(a) Intelligent facades with integrated photovoltaics on 
automated wood louvers

(b) Automated louvers with solar PV to 
generate energy, regulate heat and daylight 

Fig. 30  Sustainable and smart building in Darmstadt University of Technology in Darmstadt, 
Germany (a) Intelligent facades with integrated photovoltaics on automated wood louvers (b) 
Automated louvers with solar PV to generate energy, regulate heat and daylight. (Image credit and 
source: Jeff Kubina, https://commons.m.wikimedia.org/wiki/File:Technische _Univerit%C3 % 
A4t_Darmstadt__Solar_Decathlon_2007.jpg# )
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(a) External view of  the inclined roof with integrated 
triangular shaped skylight for daylighting

(b) The external curved granite wall provides 
shading on the inclined roof surface

(c) Skylights providing daylight without glare to the 
readers in the main reading area inside the library

(d) Triangular shaped skylight for daylighting 
from inside the library main hall

(e) Book stacks with enough daylighting and no glare (f) Inclined ceiling with skylights for daylighting 

Fig. 31  Exterior and Interior of the New Library of Alexandria, Egypt (a) External view of the 
inclined roof with integrated triangular-shaped skylight for daylighting (b) The external curved 
granite wall provides shading on the inclined roof surface (c) Skylights providing daylight without 
glare to the readers in the main reading area inside the library (d) Triangular-shaped skylight for 
daylighting from inside the library main hall (e) Book stacks with enough daylighting and no glare 
(f) Inclined ceiling with skylights for daylighting. (Images’ credit and source: Mohsen Aboulnaga)

The outer skin which is made of Teflon provides shades and responds to the 
dynamic daylight and change in pattern to regulate daylight into spaces [61]. In 
addition, a three-dimensional tensile-stressed steel cables structure is developed on 
the library envelope to act as sunshades. The facade combined a ventilation and 
cooling system consisting of layered ventilation and floor cooling.
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(a) Side view of the library’s double-
skin lightweight textile façades

(b) 3-D tensile-stressed steel cables 
structure on the envelop as sunshades

(c)Teflon façade to provide
ventilation and cooling 

Fig. 32  Exterior and interior of King Fahd National Library and Cultural Centre in Riyadh, KSA 
(a) Side view of the library’s double-skin lightweight textile facades. (Image credit and source: 
Yasser Bakhsh, https://commons.m.wikimedia.org/wiki/File:King_Fahad_National_Library1.jpg) 
(b) 3D tensile-stressed steel cables structure on the envelop as sunshades (c)Teflon facade to pro-
vide ventilation and cooling. (Image credit and source (b) and (c) Mrcosch, https://
commons.m.wikimedia.org/wiki/File:King_Fahad_National_Library.jpg)

7 � Comparative Analysis of Assessed Buildings: Case Studies 
in Egypt

A comparative analysis between four local case studies is carried out to identify the 
main features in these buildings which enhance the overall IEQ in these buildings 
(Table 1); these case studies are (a) the Grand Egyptian Museum in Giza; (b) Credit 
Agricole Egypt Headquarters in New Cairo; (c) New Al-Gorna village by late 
Hassan Fathy in Luxor; and (d) Dar Al-Handasah Headquarters in Smart Village in 
Giza – Greater Cairo, Egypt.

7.1 � Results of the Comparative Analysis

The results of the comparative analysis of the four assessed local case studies of build-
ings in Greater Cairo metropolis (Giza and Cairo) in Egypt revealed that only one 
building; the New Egyptian Grand Museum fully achieved the four features of IEQ 
(shading, thermal comfort, natural ventilation, and daylighting). The third building 
(Hassan Fathy example of Al Gorna in Luxor) achieved three features of IEQ, but not 
daylighting due to large areas of walls and very small openings. The second case study 
(Credit Agricole Egypt Headquarters in Cairo) achieved only two features of IEQ 
(shading and thermal comfort), but not natural ventilation and daylighting due to air-
tight building (no operable windows) and small openings. The fourth case study (Dar 
Al-Handasah Headquarters in Smart Village, 6th October City, Giza) accomplished 
only one feature of IEQ, which is shading. Moreover, none of the case studies can 
achieve livability in the time of COVID-19 except the New Egyptian Grand Museum 
due to the fact it is built in the age of the Coronavirus (COVID-19).
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8 � Conclusion

The role of shading, natural ventilation, daylighting, and comfort in enhancing 
indoor environmental quality IEQ and liveability in the age of COVID-19 has been 
assessed. The principles of Indoor Environmental Quality – IEQ were presented and 
reviewed. Also, the benefits of IEQ were reviewed and highlighted, and benchmark 
for IEQ in the time of COVID-19 has been appraised. Twenty-six buildings were 
presented and assessed in terms of shading strategies, ventilation, and daylighting 
and sunlight as well as thermal comfort. The review of these successful case studies 
was considered unique with varied sustainability measures and high environmental 
performance. It, therefore, is essential to reassess these buildings and ensure their 
liveability features and their adequacy in the time of pandemic COVID-19. 
Moreover, the four examined local examples were analyzed to draw a comparison 
of the IEQ feature and explore the capability of these buildings in achieving livabil-
ity in the time of COVID-19. It is deduced that only one building is able to accom-
plish that which is the New Egyptian Grand Museum in Giza. Finally, IEQ is vitally 
essential to be achieved in buildings by utilizing multiple strategies, especially in 
large buildings with high occupancy rates to ensure healthy and livable spaces, and 
to reduce the spread of the Coronavirus (COVID-19).
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Diachronic Analysis of Daylight Design 
and Management Techniques 
in Mediterranean Constructions

Katerina Tsikaloudaki

1 � Introduction

The adoption of techniques found in historic buildings or vernacular architecture 
has been proposed by numerous researchers as the key to enhancing energy effi-
ciency and upgrading the environmental performance of contemporary buildings 
[1]. Undoubtedly, vernacular architecture has its routes on the temporal develop-
ment of building construction, which is based on the perpetual need of people to 
control their environment and create safe and improved indoor conditions. The rela-
tionship between humans and buildings can be characterized as dynamic and mutual 
[2], given that the people’s identity, ways of life, social and religious functions, etc. 
are closely tied to the built environment.

In parallel, the sequential changes in the buildings’ evolvement provide an 
insight into the achieved level of technology of each era. Such connections are very 
evident in the past constructions, especially when no means of automatic control 
existed and people had to rely on their intelligence and acuity to make the best use 
of the available technological means and materials; through trial and error, they 
ultimately managed to configure the best possible indoor conditions.

In that sense, daylighting techniques were born and evolved with architecture; as 
for many centuries, daylight was the main light source together with torches and oil 
lamps [3]. Inside the settlements, daylight was derived from the luminance of the 
sky vault seen through doors or windows [4]. The techniques, though simple at first, 
were able to guarantee the required light levels in order to perform indoor daily 
activities. Gradually, these techniques and design strategies became more eloquent, 

K. Tsikaloudaki (*) 
Laboratory of Building Construction and building Physics, Department of Civil Engineering, 
Aristotle University of Thessaloniki, Thessaloniki, Greece
e-mail: katgt@civil.auth.gr

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2022
A. Sayigh (ed.), Achieving Building Comfort by Natural Means, Innovative 
Renewable Energy, https://doi.org/10.1007/978-3-031-04714-5_9

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-04714-5_9&domain=pdf
mailto:katgt@civil.auth.gr
https://doi.org/10.1007/978-3-031-04714-5_9


220

and in certain building types, they were used in order to express symbolisms and 
special meanings.

In the bibliography, not much is said about this evolution of building morphology 
in relation to daylight. There are many analyses that attempt to study the indoor 
visual environment in historic buildings as part of a conservation project (e.g., in 
[5–9]) but only a few attempts to interrelate the architectural and morphological 
characteristics of historical constructions with daylighting, especially as regards the 
distant past.

Within this context, this study attempts to explore the diachronic relationship 
between the building envelope configuration and daylighting. The analysis identi-
fies the daylight strategies that are found in characteristic buildings of several his-
toric periods. It is focused in the geographical area of Greece, as this part of Europe 
was inhabited since the early ages and hosted many civilizations till today.

Beyond the architectural elements that determined the indoor visual environ-
ment, a “holistic” approach is employed, in order to understand better the objectives 
and the intentions of the builders/architects, following the approach of the ancient 
Greeks: for them, science, philosophy, art, politics, and ethics were interwoven and 
combined into one worldview, which is often depicted in the building design.

More specifically, science was integrated in the buildings in the form of techno-
logical achievements; philosophy offered the theoretical basis for special applica-
tions used in order to accomplish particular impressions; art was an inextricable 
element in buildings of particular importance; politics often dictated the inner 
arrangement of rooms in domestic constructions, while ethics represented the social 
factors that determined the morphology of the private and public buildings [10].

The interrelationships between these features of everyday life and the construc-
tions that housed them may differ in each historic period; however, they exist both 
in the remaining buildings of the past and in the written works of history, philoso-
phy, geography, or literature.

2 � Approach and Influences

The diachronic analysis of daylight design and management techniques found in 
Mediterranean constructions concerns four major periods of Greek history:

•	 The prehistoric period, represented by the Minoan civilization (2000 BC–1400 BC)
•	 The Classical (500BC-336BC) and the Hellenistic period (336 BC–146 BC)
•	 The era of the Byzantine Empire (330 AD–1453 AD)
•	 The post-Byzantine/Ottoman period, which ultimately shaped the concepts of 

the vernacular architecture

Within these timelines, two main building types are examined: the residential 
and the public ones. It is essential to make such a differentiation, as the building use 
determines the objectives sought through the building’s morphology and envelope 
design. More specifically, the domestic constructions usually hosted systems for 
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satisfying the lighting needs and the visual comfort conditions, while the public 
buildings often employed more elaborated strategies in order to create special envi-
ronments and achieve certain goals.

The term “public building” includes many different uses as it represents build-
ings that are used by the public for any purpose, such as assembly, education, enter-
tainment, administration, or worship. For determining the association of daylighting 
with the public building characteristics, certain types of public buildings were 
selected, one for each historic period. The selection of the examined building types 
is based on a plethora of daylight strategies found in each function and the objec-
tives that they served. Within this context:

•	 The Minoan Palace represents the prehistoric Greek architecture.
•	 The ancient temples epitomize the Classical or Hellenistic ages.
•	 The churches delineate the major buildings of the Byzantine Empire.
•	 The ottoman bathhouses – hamams outline the post-Byzantine or Ottoman period 

in Greece.

Before discussing the evolution of building forms and architectural elements and 
their association with daylighting, it is important to provide information on the fac-
tors that determined the building construction for each period, i.e., the available 
materials and technological level, as well as the social background. Moreover, the 
status of light in science, philosophy, and religion will contribute to the interpreta-
tion of the interconnection between the building configurations and the indoor 
visual environment.

2.1 � Available Materials and Achieved Technology

In general, constructions of the past were usually built of locally available materials. 
In the Minoan Ages, the building techniques incorporated the use of ashlar masonry 
in the lower levels, made of limestone and a mortar of mud and usually supported 
by a timber frame. Upper stories were built entirely of mud-brick and roofs were 
flat, often constructed with wooden beams covered by reeds, cane, and mud [10].

Similar building techniques were also used in the Classical period. The walls of 
many dwellings were made of limestone bedded in clay and sun-dried bricks above, 
covered on both sides with three layers of hard stucco made of lime mixed with 
sand, gravel, and broken pottery. Roofing was formed either as flat roofs made of 
lime concrete or with ridged roofs consisting of timber elements and clay tiles [11]. 
Constructions of higher importance, such as public or religious buildings, were 
more elaborated and were usually built of more luxurious materials, such as marble. 
Through the ages, building techniques became gradually refined and allowed greater 
spans between columns and windows, more extended building plans, and higher 
constructions.

Bearing masonry remained the prevailing building technique during the 
Byzantium, but in this era, baked bricks and lime mortars with powder of crushed 
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bricks were most often used. Wooden beams were also used in order to form a frame 
on different levels of the building envelope, i.e., walls, arches, openings of doors 
and windows, as well as in the basis of domes [12]. Similar building techniques 
were found in later periods as well as in the vernacular architecture. The main build-
ing materials were wood, stone, adobe, and bricks.

2.2 � Social Factors

The social character of each civilization undoubtedly influenced the morphology of 
the constructions housing the people’s activities.

In the Minoan Period, all archaeological evidence suggests that the Cretan states 
of the first half of the second millennium BC were monarchies. Although the gov-
ernment was dominated by priests and the king seemed to have some religious func-
tions, the principal role of the monarch seemed to be that of “chief entrepreneur” of 
the Cretan state. Beneath the king was a large administration of scribes and bureau-
crats who carefully regulated production and distribution both within the state and 
without. The palace was not only the residence of the royal family and the adminis-
trators but also housed many other citizens, and, thus, it was designed in order to 
cover multiple needs. Furthermore, despite the concentration of wealth, a strange 
phenomenon in the ancient world was created: social equality. In the excavated city 
of Gournia, the “poor” parts of town can be easily discerned; even there, however, 
people were living in four-, five-, and six-room houses [13]. Moreover, there is no 
evidence in the architecture of the individual units for the existence of a social hier-
archy within the settlements. In addition, it seems that no inequality existed between 
genders, although the gender relations in Prehistoric Crete cannot be fully estab-
lished due to limitations on interpreting the written works.

In ancient Greece, there were no houses that revealed the wealth, power, or good 
taste of the owner. This does not mean that rich and poor did not exist; simply the 
rich did not set themselves off by a particular type of house [14]. The competitive 
spirit and the basic values of the early Greek society were honor and fame. Learning 
became gradually a new value of that epoch. It was often practiced in private houses, 
which progressively were adjusted to this new way of life. Such a house provided a 
suitable setting for those wishing to “cultivate things of beauty and excellence at 
home,” and thus the public character emulated in domestic space was developed.

Byzantium comprised the rational continuation of the Eastern Roman Empire, 
and, despite the geographical particularities and the ethnographical differences, the 
spread of Christianity had managed to unite the state. During this era, new architec-
tural types were developed, mainly on the basis of Greek and Roman forms [15]. 
The focal point of the Byzantine building construction was undoubtedly the reli-
gious and administrative centers, which were built in an exceptional and splendid 
way. Apart from monumental buildings, the Early and Middle Byzantine city cen-
ters probably contained several categories of dwellings, ranging from elite residen-
tial complexes with courtyards and attached churches to individual low-status 
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houses and shops. Indications of social grades could be discerned; in fact, it has 
been reported that the poorest inhabitants lacked any housing. Furthermore, the 
urban structure was defined by functional zones, although there was not an absolute 
spatial division between high- and low-status houses [16].

2.3 � Sun and Light in Science, Philosophy, and Religion

The study of light has been a major topic in the subjects of mathematics and physics 
from ancient Greek times up to the present day. In fact, the early Greek ideas on 
natural philosophy and in particular on the nature of light would influence the world 
for two thousand years. Apart from the philosophical attempts to analyze the origin, 
the quality and the physics of light, mythological, and religious aspects were also 
attributed to sun and daylight. As in most polytheistic civilizations, sun was also 
worshipped in Greece. Homer quotes [17]: “As sun (Helios) rides in his chariot, he 
shines upon men and deathless gods and piercingly he gazes with his eyes from his 
golden helmet. Bright rays beam dazzlingly from him and his bright locks stream-
ing from the temples of his head gracefully enclose his far-seen face; a rich, fine-
spun garment glows upon his body and flutters in the wind, and stallions carry him. 
Then, when he has stayed his golden-yoked chariot and horses, he rests there upon 
the highest point of heaven, until he marvelously drives them down again through 
heaven to Ocean” (Fig. 1).

Christianity also associated light with divine, spiritual, and metaphysical powers. 
It is a frequently repeated theme both in the Old and the New Testaments and is 
often strongly associated with God’s presence. In fact, God and the Holy Trinity 
could be revealed as the “true and eternal” light only to those that had confessed 
their sins and had thus acquired a purified heart. In that way, light represents truth, 
purity, and virtue (Fig.  2). The meaning and the merit of light in the Orthodox 
Church are often illustrated in the icons by highlighting those with higher spiritual-
ity and symbolizing life, joy, and the Resurrection of Christ.

Christianity was not the only religion in which light was associated with divine 
and spiritual powers and symbolized truth, purity, and life. In Quran, it is stated that 
“Allah is the light of the heavens and the earth; a likeness of His light is as a niche 
in which is a lamp, the lamp is in a glass, (and) the glass is as it were a brightly shin-
ing star, lit from a blessed olive-tree, neither eastern nor western, the oil whereof 
almost gives light, though fire touch it not. Light upon light. Allah guides to His 
light whom He pleases, and Allah sets forth parables for men, and Allah is Cognizant 
of all things” [18].
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Fig. 2  Eighteenth-century 
icon of Christ the Great 
Archpriest, Holy 
Monastery of Agios 
Pavlos – Athos. In the 
inscription, it is quoted: “I 
am the light of the world; 
he that followeth me shall 
not walk in darkness, but 
shall have the light of life”. 
(Source: M. Vasilaki, 
G. Tavlakis and 
E. Tsigaridas, Icons from 
the Holy Monastery of 
Agios Pavlos – Athos, 
Holy Mountain of Athos, 
1998)

Fig. 1  Relief showing Helios, riding a chariot of four winged horses. From the North-West pedi-
ment of the temple of Athena in Ilion (Troy). Between the first quarter of the third-century BC and 
390 BC. Marble, 85,8 × 86,3 cm. Found during the excavations led by Heinrich Schliemann in 
1872, now in the Pergamon Museum in Berlin, Germany. (Source: Ident.Nr. LV 21, 1 (LG) 
Sammlung: Antikensammlung © Foto: Antikensammlung der Staatlichen Museen zu Berlin  – 
Preußischer Kulturbesitz. Fotograf/in: Johannes Laurentius)
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3 � Identification of Daylighting Strategies Found 
in Residential Buildings

The diachronic analysis of daylight-related strategies in domestic buildings con-
cerns the architectural elements that contributed to the formation of indoor daylight-
ing and visual comfort conditions.

3.1 � Prehistoric Era

The Minoan civilization bloomed on the island of Crete and on some smaller islands 
nearby. At the end of the Neolithic period, caves were still the main housing prem-
ises and slowly open settlements started to appear [19]. There are also traces of 
rectangular buildings and of small free-standing buildings on hilltops, perhaps sea-
sonally occupied [20]. As centuries went by, the settlements became more organized.

More information regarding the housing premises exist for the mid-Minoan ages, 
thanks to artifacts found during excavations. More specifically, a series of mold-
made faïence plaques representing building facades, known as the “Town Mosaic,” 
shows that the houses of this era have two or three stories, while windows are 
common in the upper stories and rare on the ground floor (Fig. 3a). Moreover, a 
small (0.31 × 0.29 × 0.15–0.18 m. high) terracotta model of a two-story building 
having windows, columns, a lightwell opening onto a typical Minoan hall, a stair-
way, and a projecting balcony on the second story (Fig. 3b) provides more informa-
tion for the domestic architecture of this prehistoric, yet not fully explored till today, 
times. Although these artifacts provide an invaluable outlook of the Minoan houses, 
little can be said for the actual configurations and prevailing conditions, mainly due 
to the fact that the written documents are scarce and still not decoded [21].

However, the excavated Minoan towns and villages show their organization with 
small houses, one or two story height set on either side of narrow streets [20]. The 
positioning of more windows on the upper story may be a result of the builders’ 
wish to admit more daylight into the interior. As the clay house indicates, the pleth-
ora of openings, clerestories, and light wells could guarantee a well-lit indoor 
environment.

3.2 � Classical Era

In the Hellenistic and Classical period, dwellings usually consisted of rooms 
arranged around an inner courtyard, which gradually acquired a “peristyle” (colon-
naded portico) [22]. The principal openings for the admission of light and air faced 
the peristyle; windows overlooking the street are rare and appear to be positioned 
chiefly in the upper story (Fig. 4).
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Fig. 3b  Clay house model 
from Archanes. 23rd 
EPCA. Ministry of 
Culture/Archaeological 
Receipts Fund. (Source: 
Sakellarakis, Y. and 
Sapouna-Sakellaraki, E., 
Archanes, Ekdotike 
Athenon, Athens 1991, 
p. 61, ill. 36. © Ministry of 
Culture, ime.gr)

Fig. 3a  The “Town 
Mosaic”: models of house 
facades made of faience 
plaques from the temple 
repository from Knossos. 
Herakleion Archaeological 
Museum. Ministry of 
Culture/Archaeological 
Receipts Fund. (Source: 
Michailidou, A., Knossos. 
A Complete Guide to the 
Palace of Minos, Ekdotike 
Athenon, Athens 1993, 
p. 31, ill. 12–13. © Ministry 
of Culture, Ime.gr)
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Fig. 4  Illustrations of typical Greek houses of the fifth-century BC in Athens. (Source: 
W.B.  Dinsmoor, The architecture of Ancient Greece: an account on its historic development, 
Batsford, London, 1975)

Rooms of main use, such as the Men’s Quarters, where the social life was taking 
place, were positioned on the northern part of the building unit, facing south in order 
to be warm in winter and cold in summer, as well as to capture as much daylight as 
possible.

This technique is vividly reported in Xenophon’s works Memorabilia and 
Oeconomicus, in which Socrates, the great Greek philosopher, discusses with 
Ischomachus and Aristippus about the benefits of proper orientation [23]:

In houses with a south aspect, the sun’s rays penetrate into the porticoes in winter, but in 
summer the path of the sun is right over our heads and above the roof, so that there is shade. 
If, then, this is the best arrangement, we should build the south side loftier to get the winter 
sun and the north side lower to keep out the cold winds.
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Similar references can be found in the work “De Architectura,” written by 
Vitruvious. He describes the proper orientation of rooms according to their use with 
respect to the amount of required light [24]:

Winter dining rooms and bathrooms should have a south-western exposure, for the reason 
that they need the evening light and also because the setting sun, facing them in all its splen-
dour but with abated heat, lends a gentler warmth to that quarter in the evening. Bedrooms 
and libraries ought to have an eastern exposure, because their purposes require the morning 
light and also because books in such libraries will not decay. Summer dining rooms to the 
north, because that quarter is not, like the others, burning with heat during the solstice, for 
the reason that it is unexposed to the sun’s course and hence it always keeps cool and makes 
the use of the rooms both healthy and agreeable. Similarly with picture galleries, embroi-
derers’ workrooms and painters’ studios in order that the fixed light may permit the colours 
used in their work to last with qualities unchanged.

He was also the first who expressed the “rule of thumb” for adequate daylight-
ing [24]:

On the side from which the light should be obtained let a line be stretched from the top of 
the wall that seems to obstruct the light to the point at which it ought to be introduced, and 
if a considerable space of open sky can be seen when one looks up above that line, there will 
be no obstruction to the light in that situation. But if there are timbers in the way or lintels 
or upper stories, then make the opening higher up and introduce the light in this way. And 
as a general rule, we must arrange so as to leave places for windows on all sides on which 
a clear view of the sky can be acquired, for this will make our buildings light.

3.3 � Byzantine Era

In the bibliography, it is stated that in the Early and Middle Byzantine times, several 
categories of domestic structures existed, such as large elaborated residential com-
plexes, private stone houses, multistory apartment blocks, and individual low-status 
houses [16].

The typical characteristic of ancient Greek houses, i.e., the organization of the 
spaces around courtyards, remains a common feature for many types of byzantine 
residences. More specifically, such examples are common in upper-class buildings, 
in which the internal courtyard often contained chapels and churches, but there were 
also other residential and commercial structures built around a communal courtyard 
[16]. In these complexes, the indoor visual environment was much better compared 
to the low-status buildings, which were built very close together with a pattern of 
narrow passages between them [25].

However, the urban form and main characteristics of the built environment (i.e., 
building heights, street widths, etc.) were basically defined by the Byzantine 
Building Codes concerning housing and neighborship. [26–28]. The content of the 
codes concerning the built environment mainly referred to the distances between 
buildings, so as to ensure the right of light and of view [27], as well as the construc-
tion of balconies, which gave access to the sun and view.
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In written works of the period, a distinction is made between two types of win-
dows [27]: the “panoramic” window, from which one can enjoy the view (i.e., the 
view to the sea was highly appreciated), and the light hole (clerestory), which was a 
high-level window (6 feet, i.e., more than 1.8 m above the floor), which provided 
views to the sky and diffuse daylight. The widths of the windows varied, but in the 
bibliography, it is reported that they ranged between 1.0 m and 1.4 m and had a 
continuous sill. In the cases that they were double, or even triple, they were most 
likely arched [29]. The daylight conditions were greatly affected by the presence of 
surrounding buildings, especially in areas with narrow street widths.

Based on the above, it is easily concluded that the main daylight strategies found 
in byzantine residential buildings are the openings toward the central courtyard, 
small windows in the upper stories facing the narrow streets, “view” windows over-
looking the sea, and clerestory windows for admitting as much daylight as possible.

3.4 � Post-Byzantine and Ottoman Period: 
Vernacular Architecture

After the end of Byzantine Empire, the morphology of domestic constructions 
evolved slowly through time and gradually shaped the vernacular or traditional 
architecture. Through its evolvement, it embraced the accumulated experience and 
practice; it was influenced by the economic, social, and cultural values of each soci-
ety; and it responded to the topography, climate, and availability of materials of 
each different region [30].

Although the typology of vernacular architecture differs significantly within the 
country, the concept of addressing both the lighting needs and the control of the 
energy flows (heat losses and solar heat gains) is shared among all locations and 
climates, i.e., from the mountainous regions to the islands.

This concept is best expressed through the openings’ configuration, which was 
carefully chosen in order to form a comfortable visual and thermal environment in 
the living spaces. The size of the windows was determined by the space’s use, needs, 
and seasonality and ranged from large openings, which resulted in solar gains dur-
ing the winter in northern parts of the country, to smaller apertures, which blocked 
the excessive intense solar gains during the hot summer months of southern regions.

The availability of daylight indoors naturally depended on the openings’ size, but 
it is characteristic that there was a special care in order to enhance the visual envi-
ronment and reduce the glare formation. This was mainly achieved either by admit-
ting additional daylight through clerestory windows or by attempting to distribute it 
in a more uniform way.

More specifically, a common characteristic among the traditional buildings 
found in the mountainous regions of Greece is the use of small clerestories placed 
above the view windows, which were designed to provide diffuse light on the upper 
part of the wall of the room, resulting in a smooth distribution of luminance on the 
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Fig. 6  The inclined 
configuration of the sill 
and the jambs of the 
windows, as seen from the 
interior, in the case of 
small windows positioned 
on thick, stone masonries

Fig. 5  The clerestory 
windows found in the 
traditional architecture of 
continental Greece, as a 
means for providing more 
uniform distribution of 
illuminances on the interior 
surfaces

interior surfaces (Fig. 5). The roof eave blocks the direct solar radiation during the 
summer months, while extrasolar gains are admitted during the winter [31].

On the other hand, in locations where the management of the solar radiation was 
more intricate, due to the local climate, the flat roof configuration or the thick stone 
masonry, the windows were small and they caused a significant contrast between the 
dark wall and the bright aperture [32]. For this reason, the window jambs and sills 
were often constructed with an inclination toward the interior, resulting in a broader 
window area as seen from the inside (Fig. 6). This broadened window area had an 
intermediate illuminance and resulted in the reduction of glare caused by the ultra-
bright windows.

Inner courtyards are still present in many traditional buildings; together with 
balconies, summer-closed or semi-open spaces (“hagiatia”) and projections consti-
tute distinctive paradigms of daylight exploitation strategies [33].
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4 � Identification of Daylight Strategies Found 
in Public Buildings

As public buildings gained more attention, special daylight strategies were often 
employed with the purpose to create special environments. With respect to the posi-
tion of light in the religion of each era, the commonly found techniques are identi-
fied and presented.

4.1 � The Minoan Period

As is often stated in the bibliography, the Minoan palace at Knossos, Crete, is a 
building that encompasses the breadth and depth of its culture more eloquently than 
any other single building in the history of European architecture [34]. Though by far 
the largest among palaces of the same period, it incorporates all the distinctive ele-
ments of Minoan architecture. Many of them can be associated with the provision 
of daylight and adequate ventilation.

Firstly, there is a central court, orientated across the North-South axis [11], which 
has been variously explained as either to provide maximum daylight to the colon-
nades bordering the central court or to have the openings of cult rooms along the 
west side of the central court facing toward the rising sun.

Undoubtedly, the focal point of a Minoan palace is the central court; it is sur-
rounded by a large number of architectural blocks, which tend to have specific and 
at the same time discrete functions [35]. The irregular set out of the building blocks 
around the central court as well as the complex system of the narrow corridors lead-
ing to it (assumed to form the labyrinth) necessitated the consideration of light and 
air circulation. This was achieved by placing numerous light wells, colonnades, and 
clerestories in areas, which usually served specific purposes, such as the Royal 
Quarters (Fig. 7), the throne room, and the administrative chambers.

The light wells extended from ground level up to the ceiling of the building units 
(usually consisting from more than one or two stories) and were unroofed. Light 
was transmitted to the adjacent rooms through colonnaded porticos (Fig. 8). Such 
porticos were commonly used as transient spaces, which separated the building 
units from the open spaces.

Undoubtedly, a common feature of most palatial complexes is that the provision 
of light and air was a priority for the builders. For that purpose, colonnades, light-
wells, clerestories, and windows were employed.
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Fig. 8  (Restored) light wells in the Hall of the Royal Guard in Knossos. (Source: K. Tsikaloudaki: 
“Shedding light on constructions of the past and today: the use of advanced daylight systems 
through the centuries”, international symposium “Advanced Daylighting and Artificial Lighting in 
Architecture in 21st Century”, Seoul, 18.06.2006, proceedings pp. 119–153)

Fig. 7  Section of the plan showing the eastern part of Knossos Palace, which houses the Queen’s 
Quarters and the Hall of the Double Axes with numerous light wells. (Source: Shaw, Joseph, & 
Arron Lowe. 2002. “The ‘Lost’ Portico at Knossos: The Central Court Revisited”. American 
Journal of Archaeology 106 no 4 (October): 513–523)
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4.2 � Classical Era

Apart from the private houses, special attention was given to the lighting of the 
temples. The motion of the sun and the position of the planets were well known 
before the Classical period and often formed the focal point of their design. It is 
worth mentioning that more than 80% of the Greek temples run within the arc 
formed on the horizon between the sunrise directions at the summer and winter 
solstices [22]. It seems that most temples were orientated in order to face exactly the 
sunrise on the actual day of their foundation, which presumably coincided with the 
celebration day of the divinity. Temples were constructed without windows [36]. It 
is believed that the interior of the temple was accessible to privileged persons only 
and therefore the only view of the deity’s statue was achieved through the open 
gateway on the eastern side of the building (Fig. 9). The awe and sense of mystery 
inspired among the congregation by such a view of the statue is reported in the work 
of Aeschylus, titled Agamemnon: “Gods who face the rising sun … with gleaming 
eyes” [37].

Daylighting in sacred and public buildings was often supported by small open-
ings in the roof, known as “opaion” (oculus). It is also reported that marble from 
Paros was employed for roof tiles on account of its translucency, which would pro-
vide additional light to the interior of the temple through openings in the framed 
ceiling [22]. Again, emphasis was given by positioning such elements above and at 
the front of the divinity’s statue.

Fig. 9  Plan of Parthenon, Athens. The colossal chryselephantine statue of Athena – regarded as 
one of the seven miracles of the ancient world – was positioned among the pillars on the right sec-
tion of the temple, facing the gate. (Source: C. Bouras, History of Architecture Vol 2, Melissa Ed., 
Athens, 1994)
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4.3 � Byzantine Era

The influence of ancient Greek architecture is evident during the Byzantine times. 
Undoubtedly, religion was the focal point of the Byzantine state and therefore the 
temples received high attention, particularly under the reign of Justinian. However, 
there are many crucial differences between the Classical and the Byzantine architec-
tures, which emerged mainly from the dissimilarities in the religions’ nature. In the 
Christian religion, the congregation participates in the ceremonies, which took 
place in the interior of the temple [15]; on the contrary, earlier forms of worship 
(Greek, Roman) were conducted on altars positioned outside the temples. 
Furthermore, the Christian churches were designed in proportion to the human 
scale, unlike the ancient temples, the form of which was determined by the harmony 
of its individual elements [15].

Light levels in churches are mostly related to the creation of a special environ-
ment to invigorate the faith, rather than to cover visual comfort needs [38]. Just as 
in previous eras, artifices were often employed, in order to cause sophisticated 
impressions and strengthen the religious spirit. Light was the main medium for 
achieving such an aim and its management was handled both with lateral and 
zenithal openings.

As in ancient Greek temples, the sanctuary of Byzantine churches is usually 
orientated due East; more specifically, the main axis of most Byzantine churches 
was adjusted toward the sunrise on the saint’s celebration day. The morning daylight 
would be transmitted through the openings of the sanctuary’s apse during the liturgy 
and would highlight the special character of the day. This has been also verified by 
measurements of the daylight levels prevailing in Byzantine churches existing in the 
area of Thessaloniki; the study indicated that regardless of the church type, the illu-
mination levels were increased on the area of the sanctuary and the altar [39].

As regards zenithal illumination, the roof openings known as the “opaion” (ocu-
lus) found in Greek and Roman architectures are replaced by vertical openings on 
the basis of the dome. In orthodox churches, the dome represents the “House of 
God” and Christ is usually there portrayed; thus, among the main objectives of 
Byzantine architects was to provide intense and steady illumination on this specific 
area. In that way, the vision of God would not be directly illuminated, like the divin-
ity statues in Greek temples, but would appear as the actual light-giver. Such a 
design outcome is in accordance with the meaning of light in the orthodoxy, since 
God is regarded as the source of light, rather than the receptor [40].

For the achievement of such an effect, ingenious techniques were used. In 
Byzantine churches, the artifices were more sophisticated and refined. Although 
there were no significant developments in science, there was remarkable progress in 
architecture, which is verified by the integration of already known scientific princi-
ples in the construction. The space configuration, together with a patchwork of light 
and dark areas, creates dramatic conflicts

The ingenuity of Byzantine architects reached its peak in Hagia Sophia of 
Constantinople (532 AD–537 AD). The initial dome of Haghia Sophia is assumed 
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to be the application of Anthemios’ treatise titled “On paradox mechanisms,” which 
discussed the construction of a reflector able to direct the solar rays toward specific 
indoor areas, taking into account the different positions of the sun on an annual basis.

Historians of the period claim that the sill and the vertical sides of the openings 
surrounding the dome had an unusual elliptic shape, so as to guide the reflected on 
them daylight toward the center of the dome. These surfaces acted as reflectors, 
which ensured that the dome would be illuminated by as many windows as possible 
during the whole day, acquiring thus a uniform and steady luminance. Furthermore, 
the paradoxically low curvature of the dome, which was probably the reason of its 
collapse, would create multiple light reflections; the reflected light would not be 
directed downward, but it would be retained in the dome. The optical impression of 
such a design is best described through the words of Procopius: “The church is sin-
gularly full of light and sunshine; the place is not lighted by the sun from without, 
but that the rays are produced within itself, such an abundance of light is poured into 
this church… A spherical-shaped dome… does not appear to rest upon a solid foun-
dation, but to cover the place beneath as though it were suspended from heaven by 
the fabled golden chain” [41].

4.4 � Post-Byzantine/Ottoman Era

In many examples of Ottoman architecture, daylight flowing down from the main 
dome is used to emphasize the dome and to gather the people under it. This feature 
is also met in the bathing establishments, known as hamams, which served as one of 
the focal points of everyday life in the post-Byzantine/Ottoman period in Greece.

However, they were not only functional buildings; they were symbolic implica-
tions of status and offered an expression of existential meanings [42], as they 
became paired with mosques to satisfy the needs for hygiene and purification, which 
are significant in Islamic regulations [43]. To serve this role, the hamams were 
actively promoted by the elaboration of their design, techniques, and embellish-
ments, and illumination through daylight served as a medium for achieving 
these goals.

Daylight in ottoman hamams is admitted through lateral and horizontal open-
ings. The position and the size of the openings vary significantly with regard to the 
use of each individual space constituting the hamam, which are organized in a com-
mon layout and followed a plan related to temperature gradation, which corresponds 
to the ritual of a hamam visit [44]. More specifically,

•	 The cold room is the welcoming and disrobing area.
•	 The tepid room is the warmed space that links the disrobing area to the hot room 

and prepares the body for the increasing temperature and humidity that is sup-
plied through the water vapor.

•	 The hot room is the destination space of the ritual, where the gathering and the 
activities take place. It is mostly a spacious room, usually enlarged with cells or 
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Fig. 10  The light openings on the dome of the tepid (a) and the hot (b) room. The former provides 
a more uniform daylight in the area, but the latter delivers more intense and directed daylight 
toward the central marble slab. (Source: Katerina Tsikaloudaki, Öget Nevin Cocen, Kyriaki 
Tasopoulou, Ioannis Milonas, Daylighting in historic bathhouses: the case of ottoman hamams, 
METU JFA (30:1) pp. 45–55, 2014.)

sections around the central area. It is mostly dominated by a central marble slab 
that is surrounded by basins where the water is supplied from. The central slab, 
as its seating, is the center of the activities, where massage, cleaning, or leisure 
activities take place.

The light distribution in the individual spaces follows the temperature gradation. 
The cold room is the only space of the hamam that would have windows at street 
level and/or at higher levels and it is moderately lit. In tepid rooms, the natural light 
levels are lower and are produced through small light apertures on the dome of the 
spaces. The hot room is mostly a moderately illuminated space with a mystical 
atmosphere created through the downward daylight from the domed superstructure. 
The character of the light mostly varies by the positioning, the geometry, and the 
color of the capping glass of the oculi (Fig. 10). However, in the hot chambers, spe-
cial attention is given to the central area, where the marble slab stands [45]. The 
centrally oriented composition of the hot room is enhanced by a central lantern and/
or the oculi around it. Taken into account the symbolic aspects of light and bathing 
in the Islamic culture, the high daylight levels prevailing on that part of the cham-
bers could be associated with the presence of God, who is apparent as light from 
above to those taking part in the corporal cleanliness procedure. The transition to 
the darker areas leads to the completion of the ritual procedure; the bather feels 
relaxed, calm, and satisfied with fulfilling his religious duty.

The above-described visual environment has been verified by measurements in 
the interior of the Ottoman baths in Greece [46], which proved the interconnection 
between daylighting, the uses, and the objectives of each particular space.
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5 � Conclusions

From the above analysis, it is depicted that light has been employed in each era in 
order to achieve certain goals. In Minoan architecture, light wells were used primar-
ily for illumination. The integration of the known principles of light transmission 
and the benefits of proper orientation in the domestic architecture of the Classical 
period, as well as the careful design of the Greek temples with regard to the day-
light, which would intensify the power of the deity and invoke awe to the members 
of the religious community, are the most characteristic paradigms of light manage-
ment in ancient Greece. The most sophisticated and refined techniques of light man-
agement are met in the Byzantine Architecture and are almost exclusively used for 
the enhancement of the experiential impact of the religious teachings and the invig-
oration of faith. Accordingly, special openings of the domes of the ottoman baths 
allowed daylight to serve once more as the medium for creating sophisticated 
impressions and strengthening the religious spirit by combining the corporal clean-
liness achieved through the ritual bathing with the presence of God presented 
as light.

Transformations of the above principles and techniques are found in vernacular 
architecture. Paradigms of proper light management can be found both in the islands 
(widening of the window sides and sill toward the interior for glare control) and in 
mountainous areas (addition of openings above the conventional windows for 
exploiting sky luminance).

Unfortunately, such strategies are hardly met in contemporary architecture, espe-
cially as regards ordinary constructions. Although, nowadays, quantum physics has 
solved the mystery of light’s nature, complicated computer programs enable the 
reliable simulation of indoor lighting conditions, and accomplishments on the tech-
nological sector have introduced numerous advanced systems for the exploitation of 
daylight, the former policy of implementing each era’s technological and scientific 
achievements in building design has been abandoned [47]. However, it could be 
adopted even today, not in a way that would imitate former building techniques, but 
by utilizing the present knowledge, skills, and means in order to achieve well-lit 
environments and visual comfort with the minimum use of artificial energy sources. 
Daylight is almost everywhere available; what has to be done is to introduce it to our 
constructions by focusing on the needs of the users, the character of the space, and 
the desired outcome. Such an approach would form the best lesson from our history 
and an important step toward sustainability; after all, understanding the past has 
always been a decisive factor in designing the future.
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Passive Solar Design: The Influence 
of Building Geometry and Orientation 
on Solar Performance of Mosque 
in the Tropics

Mastura Adam and Norafida Ab Ghafar

1 � Introduction

Mosque architecture has progressed excessively throughout the Muslim world. It 
reveals a wide range of design interpretations and adaptation to local context, trac-
ing back over 1443 years where the first mosque has been built as part of Prophet 
Muhammad’s house compound (p.b.u.h.). The mosque is a of religious building, a 
place for worshipping and functioning as a community for Muslims. This building 
typology has been a common sight in Malaysia because it immersed well with local 
culture and context which portrays Islam as the country’s primary religion.

Besides functioning as the main congregational space, the mosque also serves as 
the center of religious education for the community. Mosque design has evolved 
through times; hence, the architecture styles are diversifying based on the current 
trend. Traditional vernacular mosque, for example, incorporates environmental 
responsiveness which equivalents to sustainable design concepts. The architecture 
has considered sustainable design strategies in making sure that the building has 
sound construction methods, use of green materials which are ecologically friendly 
and robust and flexible internal planning, hence contributing to the reduction of 
building energy consumption.

The influence of foreign architecture style during the colonial period is non-
exceptional for mosque design, which changed the traditional vernacular mosque 
with pitch roof to dome type. The transformation of design also introduced the use 
of bricks and glass as new building materials. Nevertheless, those designs have been 
adapted to the local climate by applying passive design strategies such as verandah, 
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long eaves, ventilation block, clerestory windows, and long windows. The wide 
spread of these colonial mosque styles has perceived the dome as a compulsory 
design element for mosque architecture in Malaysia. Aesthetic aspects seem to 
supersede the most important value which is the thermal performance in the tropics 
where the sun path right on top of the head throughout a year. This leads to high 
solar radiation received on the roof surfaces. Therefore, this chapter aims to explore 
the solar radiation received on different mosques roof geometries: flat, tiered, and 
domes which are widely applied in mosque design in Malaysia.

2 � Mosque Design Evolution in Malaysia

Islam has spread over the globe; mosque architecture and construction have begun 
in every country. As can be seen, many countries have different mosque architecture 
styles that are influenced by their culture and tradition and architectural heritage. 
The Peninsula of Malaysia has been under foreign colonial administration for about 
446 years since the fall of Malacca in 1511. Malaysia gained independence in 1957 
(84 years ago). Islamic architecture has been influenced by a variety of styles and 
techniques before and after independence [2].

Scholars have updated and developed a historical timeline of mosque architec-
ture evolution from vernacular to contemporary era (Siti Dalila et al. 2019). Mosque 
architecture has been the subject of numerous studies, including architectural styles, 
classification, and typology. Mosque design in Malaysia was quite diverse and can 
be divided into three periods; pre-colonial, colonial, and post-independence [12], 
whereas Tajuddin (2000) had classified seven styles of mosque architecture lan-
guage known as traditional vernacular, Sino-eclectic, colonial, north Indian, modern 
vernacular, modernistic expressionism, and post-modern revivalism. The evolution 
of architecture styles is mapped with a timeline, and influencing factors that formed 
the transformed mosque design in Malaysia are shown in Fig. 1.

2.1 � Mosque Design and Its Architecture Styles

Mosque design and architecture style can be explained into seven categories. First, 
the traditional vernacular style where the context applies the practice of vernacular 
architecture within Malay Archipelago. There are three type of mosque: three-tier 
roof, double-tier roof, and gable roof [3, 8]. These three types of mosques did not 
incorporate with minaret structure in its design. Kampung Belimbing Mosque 
(Fig. 2) and Dato Dagang Mosque (Fig. 3) represent double-tier roof design style 
built during the pre-colonial period.

Second is the Sino-eclectic style, which is derived from the combination of Sino 
(Chinese architecture influence) and eclectic that denotes a combination of two or 
more architectural language. This style applies pyramidal of three- and double-tier 
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Fig. 1  Mosque design evolution and architecture style in Malaysia

roof with prominent curvature made of cement at the roof ridges. Kampung Hulu 
Mosque (Fig. 4) and Kampung Kling Mosque (Fig. 5) represent a cross-fertilization 
of culture between Chinese and traditional vernacular architecture with minarets 
that are influence from Chinese pagoda.
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Fig. 2  Kampung Belimbing Mosque, Selangor. (Source: Measured Drawing, Dept. of Architecture, 
Universiti Malaya)

Third is the European classical style that refers to the High Renaissance architec-
ture derived from Greco-Roman heritage. The main characteristic features, empha-
sizing scale, proportion, and order, enhancing three parts of building division, 
consist of base, middle, and top with double column supporting the semicircular 
arches or walls with pilaster. Sultan Alaeddin Mosque, Klang (Fig. 6) is one of the 
examples that applied these characters with a minaret and smaller domes crowning 
the main pointed dome. Sultan Sulaiman Mosque, Klang (Fig. 7) also uses the same 
division principles in elaborating the façade design with the touch of art-deco and 
emphasizes the large central half dome with the addition of four smaller half domes 
around its square plan. Both mosques articulate their minaret design to fit their func-
tion as a call tower for prayers.

The fourth is the north Indian style, with the influence of Moghul-style architec-
ture widespread during the colonial era. The major characteristic is defined by cen-
tral onion domes, also known as bulbous domes, and surrounded by smaller domes 
in various sizes, as shown in Jamek Mosque, Kuala Lumpur (Fig. 8). A series of 
pointed arches have been inserted into the façade design as well as along the 
verandah way.

Fifth is modern vernacular style that used that parallel-reinforced concrete struc-
tural frame with plaster brick infill as main construction. The use of new material 
and construction technique made it established as vernacular. The form used is 
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Fig. 3  Kampung Dato Dagang Mosque, Selangor. (Source: Measured Drawing Dept. of 
Architecture, Universiti Malaya)

Fig. 4  Kampung Hulu Mosque, Melaka. (Source: https://today.salamweb.com/ms/
masjid-kampung-hulu-melaka/)

either gable or pyramidal roof with a small dome or huge-sized dome over the main 
prayer hall (Nayeem.A. et al. 2019).

Sixth is the modern style from the revolution of architectural and structural 
expression in Europe.
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Fig. 5  Kampung Kling Mosque, Melaka. (Source: https://www.flickr.com/photos/
gordontour/7096150831)

Fig. 6  Sultan Alaeddin Mosque, Klang. (Source: Measured Drawing, Dept. of Architecture, 
Universiti Malaya)

Expressionism derived from the metaphoric message through structurally expres-
sive form, for example, National Mosque and Negeri Sembilan State Mosque. The 
use of verandah, serambi, long eaves, ventilation block, and water features in the 
National Mosque contributes to passive cooling of the building. The uniqueness of 
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Fig. 7  Sultan Sulaiman Mosque, Klang. (Source: Measured Drawing, Dept. of Architecture, 
Universiti Malaya)

Fig. 8  Jamek Mosque, Kuala Lumpur. (Source: Measured Drawing, Dept. of Architecture, 
Universiti Malaya)

the roof portrayed the combination of modernist reinterpretation of traditional 
Malay architecture with the metaphor of royal umbrella. Structural expression in the 
National Mosque through the usage of concrete and steel as main construction 
materials.

Lastly, the seventh is post-modern revivalism style influenced by foreign revival-
ism and vernacular revivalism. Foreign revivalism adapted toward Iranian and 
Turkish dome, Egyptian and Turkish minarets, Persian gateway, lavish courtyard, 
and hypostyle planning composition from Arabian, whereas vernacular revivalism 
is less monumental in approach with the use of three-tier pyramidal roof from either 
concrete or timber.

Mosque evolution in Malaysia can be confirmed to have diverse architectural 
style and influences worldwide. The information gathered from mosque evolution is 
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able to give an in-depth understanding on mosque roof geometries that have been 
applied in mosque design in Malaysia. The mosque roof geometry can be classified 
into three (3) types which will be examined, simulated, and evaluated on their ther-
mal performance. The mosque roof’s geometry types are as below:

	 (i)	 Flat roof
	(ii)	 Pitch roof consists of single tier and double tier
	(iii)	 Dome roof consists of half dome, pointed dome, and bulbous dome

3 � Bioclamatic Architecture in Malaysia

The term “bioclimatic architecture” refers to the planning of buildings and facilities 
depending on the local climate, with the goal of delivering thermal and visual com-
fort with low conventional energy usage while utilizing various renewable energy 
sources. Bioclimatic architecture is extremely important, and its appropriate appli-
cation benefits both humans and the environment.

Geographically, Malaysia is located near the equator and experiences hot, humid 
weather throughout the year. The average temperature is 27 °C (80.6 °F) with an 
annual rainfall of 250 centimeters (98 inches) (Fig. 9). Malaysia consists of two 
mainlands: Peninsular Malaysia and East Malaysia, which have quite different 
weather. In Peninsular Malaysia, the weather is influenced by the wind from the 
mainland, whereas in East Malaysia, the weather is dominated by the ocean. Climate 
change is expected to have a big impact on Malaysia, raising sea levels and rainfall, 
increasing the risk of flooding, and causing large drought (Marshall Cavendish 
Corporation 2008).

Fig. 9  Malaysia’s Mean Monthly Temperature Tabulation in June 2015 (Malaysian Meteorological 
Department 2015)
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The rainfall distribution patterns across the country are determined by seasonal 
wind flow patterns along with local topographic factors. Exposed locations such as 
Peninsular Malaysia’s east coast, Western Sarawak, and Sabah’s northeast receive 
considerable precipitation during the northeast monsoon season. Inland places or 
areas shielded by mountain ranges, on the other hand, are relatively free of its influ-
ence shown in Fig. 10.

The context of the building is important in determining the design strategies that 
need to be adapted to achieve indoor thermal comfort. In the tropics, architecture 
must incorporate passive bioclimatic design, which takes into account current 
weather, hydrography, and natural ecosystems to reduce the building’s overall 
energy balance, which encompasses design, construction, use, and end of life.

3.1 � Passive Solar Design Strategy for the Tropics

Passive solar design helps to minimize energy consumption in building and improve 
building thermal performance by considering building form, ventilation, building 
fenestration, and fabric (skin). This goal can be achieved by strategizing the build-
ing orientation, natural ventilation, sun shading devices, glass insulation, building 
fabric, and thermal mass as shown in Fig. 11. The passive design considers the local 
temperature and conditions to provide thermal comfort while utilizing the least 
amount of energy possible.

3.2 � Factors Affecting Solar Radiation

The energy that is discharged from the sun when hydrogen diffuses into helium 
through nuclear fusion is fundamental to understanding solar radiation. The sun is a 
star that emits energy as its atoms combine with one another. Solar radiation 

Fig. 10  Malaysia’s Rainfall Tabulation in June 2015 (Malaysian Meteorological Department 2015)
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Fig. 11  Passive solar design strategy for the tropic

intensity was affected by several factors including water vapors, air particles, and 
sun altitude. Solar radiation is not a constant factor because it varies depending on 
latitude, location, season, cloud cover, pollution, sea levels, and solar elevation.

The sun is a star with a temperature of approximately 6000 K that radiates power 
with a density of H (sun) = 73 MW/m2. The energy then travels through space until 
it reaches the surface of the planet Earth, which is known as solar radiation (Honsbeg 
2008). The sun has a total power of 4R2, and the density of its radiation can be cal-
culated using the formula below:
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There are two types of solar radiation received at ground level is either direct or 
indirect radiation. The term “direct radiation” refers to solar radiation that has not 
been reflected, dispersed, or diffused by the earth’s atmosphere, whereas “indirect 
radiation” refers to solar energy that has been reflected, scattered, or diffused by the 
earth’s atmosphere [7, 13]. The intensity of the sun is affected by a variety of com-
ponents in the atmosphere, including dust particles, ozone levels, water vapor, and 
solar altitude as shown in Fig. 12. As a result, solar radiation is not a fixed factor on 
Earth; it fluctuates depending on latitude, location, season, cloud cover, pollution, 
sea levels, and solar elevation.

There are five (5) contributing factors for solar radiation that need to be consid-
ered for building design in the tropics such as the Earth’s rotation on its axis, the 
Azimuth angle, solar altitude, solar radiation measurement, and terrestrial radiation 
(Honsbeg 2008) as explain in Fig. 13.

4 � Simulation of Different Mosque Roof Geometries

The roof is the topmost of building components that receives approximately 70% of 
solar radiation, particularly in the tropics. Therefore, knowledge on the potential of 
roof geometry and orientation in reducing total amount of solar irradiance received 
on the roof surface is important for designer at the early stage of design. This will 
help the designer in deciding the appropriate mosque roof geometry according to 

Fig. 12  Different types of solar radiation
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Throughout the year, 

different portions of the 

planet will receive different 

amounts of solar exposure, 

yet the variances are 

consistent year after year 

(Mazria, 1979)

1. Earth Axis 

The angle of the sunlight as 

seen from a particular 

direction (Honsbeg, 2008). 

The sun's azimuth angle at 

daybreak will be 90 degrees, 

while it will be 270 degrees 

at sunset.

2. Azimuth Angle

The angle between the direction of 

the sunlight and the horizontal plane 

that takes into consideration 

(Honsbeg, 2008). During sunrise and 

sunset, the solar altitude is zero 

degrees while during the noon, it is 

approximately around 90°.

3. Solar Altitude
Clouds produce and 

cause the variables 

for terrestrial solar 

radiation to the 

surface of the earth.

Solar radiation can be calculated using either a continuously 

variable irradiance (w/m2) or an electronic integrator as an 

irradiation. The pyranometer and/or the pyrheliometer (to 

precisely measure a direct beam solar irradiance with a limited 

view of 5°) can be used to measure global irradiance that is 

typical in the wavelength range of 300 to 3000 nm (Lenardi, 

2012). Measurement of solar radiation need to be done on a 

level horizontal surface with no obstructions for an accurate 

reading (Szokolay, 2004).

4. Solar Radiation Measurement

5. Terrestrial radiation

Fig. 13  Consideration of solar radiation’s factors in building design approach for the tropics

specific context, location, and latitude as a solution for energy conservation and 
environmental responsiveness. This section will be examining the influence of solar 
altitude, surface azimuth angles, and the orientation of mosque roof geometries on 
the amount of solar irradiance I(HTCS) received on the roof surfaces. Solar perfor-
mance of different mosque roof geometries, namely, flat roof, single-tier roof, 
double-tier roof, half dome, pointed dome, and bulbous dome were tested and simu-
lated using solar radiation simulation model (SRSM).

4.1 � Solar Radiation on Roof Surface

Tilted roof surface has a significant impact on the amount of solar radiation received 
due to their direct exposure to the sun and inclination angles. Different types of roof 
form such as flat roof, single-tier roof, double-tier roof, half dome, pointed dome, 
and bulbous dome will perform differently in terms of solar performance based on 
numbers of surface and tilted segments’ angles (Fig. 14)

The domed roof can be divided into a smaller surface and tilted segments. Each 
of these smaller surfaces and tilted segments angles will be used to simulate and 
calculate the total solar radiation received by the dome. A smaller portion of the 
geometry surface area was in contact with the solar incidence angle, while the rest 
will be shaded from radiation. The amount of solar radiation received in every 
domed geometry varies during the day as the sun moves from east to west. In order 
to estimate the solar radiation, the latitude and longitude of the location are 
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Fig. 14  The geometry of solar radiation on surfaces and tilted segments’ angles. [5]

determined at chosen hours of the day and the day of the year. As for this experi-
ment, Subang has been selected as the location and estimated on 20 March (equinox).

4.2 � Sun Path

The considerable positional changes in the sun’s yearly and hourly location as the 
earth rotates on its axis and orbits around the sun are referred to as the sun’s path. 
The sun path can show us how the sun will affect our building over the course of the 
year. The sun path diagram can be used to determine the route of the sun at any loca-
tion on the planet. The solar azimuth angle and the altitude for a specific location 
can be determined using the sun path diagram (Fig. 15).

4.3 � Equinox and Solstices in the Tropics

Equinox can be defined in two events on earth when the position of the sun is 
exactly above the equator. During this moment, the sun moves across the celestial 
equator, and the Northern Hemisphere begins to experience spring, which occurs on 
21 March, while on 23 September, the sun crosses the celestial equator to go to the 
south. It rises straight in the east and sets straight in the west. Furthermore, Solstices 
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Fig. 15  The sample of sun path diagram. (Source: http://www.harvestingrainwater.com/wp-
content/gallery/0-15degreess, retrieved July 2021)

occur twice a year, in June and December, and during these times, the sun reaches 
the northernmost point on the earth (Fig. 16).

4.4 � Solar Radiation Independent Variable for Simulation

Solar radiation simulation model (SRSM) was chosen in determining the solar irra-
diance of the difference dome in Malaysia. SRSM is a mathematical model and 
highly reliable to calculate the intensity of received solar radiation I(HTCS) on dif-
ferent surfaces (horizontal and sloped) at any orientation; it has high accuracy for 
locations within the range of +25° north add −25° south (Muneer 1997). This simu-
lator is a JavaScript program using the same properties as real solar radiations data 
in the tropical climate in generating numerical data. Initially, it was developed by 
Excel in 1986 and was upgraded in the year 1999. The software is able to calculate 
the total hourly clear sky irradiance, I(HTCS) W/m2 on horizontal and different 
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Fig. 16  Earth’s tilt during the equinoxes and solstices. (Source: http://www.timeanddate.com/
calendar/spring-equinox.html, retrieved 9 July, 2021)

sloped surfaces using the empirical formula suitable for the tropical climate. SRSM 
required the following input of independent variables:

	(a)	 Latitude (deg) – SRSM model is only accurate in the tropics with the latitude 
within the interval +25° (north of the equator) to −25° (south of the equator). 
Therefore, the simulation for Subang, Malaysia, with the latitude 3° 12′ N is 
reliable and valid.

	(b)	 Mean daily solar irradiation on a horizontal surface each month (MJ/
m2) – The mean of solar irradiance I(HTCS) W/m2 on horizontal surfaces in 
Subang (3.12°N) for clear-sky conditions is estimated at 75% of cloudy sky 
conditions.

	(c)	 Days of the Year – The data in SRSM were computer programs generated for 
the whole 365 days of a year. For instance, 1 January is shown as Day 1, while 
31 December is shown as Day 365.

	(d)	 Surface Slope Angle – It is the angle between the normal angle of that surface 
and the zenith or the angle between the surface and the horizontal plane. It is 
also known as tilt angle (degree) (Fig. 17).

	(e)	 Orientation of tilted surface – The Azimuth (degree West) is the angle between 
south (= zero degrees) and the direction in which the tilted surface is facing, 
measured toward the west. For example, west is 90°, north is 180°, and east is 
−90°. The tilt angle (degree) is the angle between the surface and the horizontal 
plane, which is the same as the angle between the normal to the surface and the 
zenith (Fig. 18).

All of the above variables must be inserted into the SRSM as an input to create 
the model as shown in Fig. 19.
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Fig. 17  Surface slope angle and geometrical relations [5]

Fig. 18  Dome geometrical resemblance of surface segments [5]

5 � Solar Radiation Performance on Mosque Roof Geometries

The solar behavior of all the specified mosque roof geometries including flat roof, 
single-tier roof, double-tier roof, half domes, pointed domes, and bulbous domes 
were studied and examined using SRSM software. All simulations had been tested 
on the same day which is 21 March (equinox) due to the highest average solar irra-
diance I(HTCS). Solar radiation simulation models on six mosque roof geometries 
emphasize on different surfaces and segments’ tilted angles as shown in Fig. 20. 
Ring slope angles have been established in 14 rings altogether for all dome roof 
types (Table 1).

The solar performance of different types of mosque roof geometries will be 
examined and evaluated based on solar irradiance I(HTCS) W/m2 received on the 
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Fig. 19  Solar radiation simulator model (SRSM). (Source: http://www.jgsee.kmutt.ac.th/exell/
Solar/SolradJS.htm, retrieved on 11 March 2017)

Fig. 20  Six mosque roof geometries simulation models emphasize on different surfaces and seg-
ments’ tilted angles

roof surfaces. The data from each type of roof geometry were compared to one 
another to arrive at a conclusion on which type of mosque roof design has the most 
efficiency in receiving less solar radiation in the context of Malaysia.
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5.1 � The Effect of Solar Latitude on the Solar Behavior 
of Flat Roof

The flat roof is used in this experiment to investigate the effect of solar behavior and 
solar latitude on the amount of solar irradiance received I(HTCS) W/m2. This style 
of roof was chosen because of its low tilt angle, which means that the quantity of 
solar irradiance received by the roof’s surface is comparable to that obtained by any 
horizontal surface.

The solar irradiance received I(HTCS) W/m2 during both equinoxes on 20 March 
and 22 September as well as solstices on 21 June and 21 December were calculated. 
The roof is oriented in the East and West during the equinoxes and solstices. Based 
on the graph, similar behavior of I(HTCS) curves can be observed. The curve starts 
to rises differently after 6:00 in the morning and reaching its peak around midday or 
noon period before declining differently and overlapping at 18:00 in the evening. 
The amount of solar irradiance I(HTCS) on the flat roof during the equinoxes (20 
March, 22 September) is greater than the I(HTCS) during the solstices (21 June, 21 
December) (Fig. 21).

The daily average of the I(HTCS) on a flat roof during the Equinoxes (20 March, 
22 September) and the solstices (21 June, 21 December) is ranging from 550W/m2 
to 617 W/m2 shown in Fig. 22. 20 March (equinox) displays the highest average 
solar irradiance I(HTCS) values, while 21 December (solstices) display the lowest 
solar irradiance I(HTCS) values.

5.2 � The Effect of Solar Azimuth Angle on the Solar Behavior 
of Single-Tier Roof

The effect of solar azimuth angle on the solar behavior of single-tier roof is being 
tested. On March 20, the graph below (Fig. 23) depicts the solar irradiance I(HTCS) 
on a single-tier roof hourly. It explains that solar behavior of a single-tier roof is 
similar to that of a flat roof. They progressively ascended around 6 a.m., reaching 
peak at 12 p.m. As the day progresses into nightfall, they steadily decrease.

Table 1  The ring segments tilted angle for different type of domes
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Fig. 21  I(HTCS) of flat roof against hour in a day: E-W facing in Equinoxes and Solstices

Fig. 22  Average I(HTCS) of flat roof against day in a year

The average solar irradiance I(HTCS), received by a single-tier roof was simu-
lated based on each roof surface’s azimuth tilted angle (44.54°). Throughout the 
month of March, the single-tier roof receives approximately 472 W/m2 as shown in 
(Table 2).
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Fig. 23  Solar irradiance, I(HTCS) of single-tier roof

Tilt Angle
azimuth 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00 Day Av.

0 0 163 379 567 718 812 843 812 718 567 379 163 0 471
90 0 56 83 100 353 601 810 959 1027 994 851 541 0 871

180 0 156 355 527 663 748 776 748 663 527 355 156 0 436
270 0 541 851 994 1027 959 810 601 353 100 83 56 0 110

0 229 417 547 690.25 780 809.75 780 690.25 547 417 229 0 472

Table 2  The daily average of solar irradiance received, I(HTCS).

5.3 � The Effect of Solar Azimuth Angle on the Solar Behavior 
of Two-Tier Roof

The effect of solar azimuth angle on the solar behavior of a double-tier roof is being 
investigated, calculated, and plotted for March 20 (equinox) due to the maximum 
average sun irradiance I(HTCS) received. The graph shows that the solar behavior 
of a double-tier roof is similar to that of a single-tier roof (Fig. 24). They begin to 
increase steadily around 6 a.m. and reach their height around lunchtime. As the day 
progresses into the evening, the solar irradiance I(HTCS) steadily decreases.

Based on the roof’s tilt angle, the average solar irradiance, I(HTCS), received by 
the double-tier roof was determined (Table 3). The results revealed that the double-
tier roof received approximately 480 W/m2 (equinox), which is higher than the 
single-tier roof’s average solar irradiance, I(HTCS).
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Fig. 24  Solar irradiance, I(HTCS) of Double Tier Roof

Tilt angle
6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00 Day Av.

38.15 0 228 428 598 756 855 887 855 756 598 428 228 0 509
48.2 0 229 409 528 649 734 761 734 649 528 409 229 0 450

0 228 419 563 702 794 824 794 702 563 419 228 0 480

Table 3  The daily average of solar irradiance received, I(HTCS)

5.4 � The Effect of Solar Azimuth Angle on the Solar Behavior 
of Half Dome

The solar behavior of the half dome revealed that the solar irradiance I(HTCS) dis-
played the curve’s mirror pattern of morning to evening (Fig. 25). As can be seen in 
the graph below, the first three rings (R1, R2, R3) showed distinct behaviors than the 
rest of the rings. R1, R2, and R3 received less solar irradiance I(HTCS) at the mid-
day compared to the other rings due to high value of tilted angle (86.79°, 80.36°, 
and 79.93°). It also demonstrates that the solar irradiance I(HTCS) values of solar 
irradiance are generally growing toward the top ring. These show that the peaks 
value increases with the decrease of the ring tilt angle. The value of each ring is 
varying from bottom part of the dome to the top surface. This difference is most 
noticeable between the hours of 11:00 and 1:00 in the afternoon. In contrast to the 
early morning and evening periods, when the difference in received, solar irradiance 
I(HTCS) from one ring to the next is insignificant.

Table 4 shows the daily average solar irradiation, I(HTCS), from R1 to R14, as 
well as the entire dome. The findings revealed that the lower half of the half dome 
(R1-R7) performs differently from the upper ring (R8- RHO) in terms of solar 
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Fig. 25  Solar irradiance I(HTCS) of half dome

Table 4  Average solar irradiance I(HTCS) of half dome on 20 March (equinox)

Ring 
Tilt

6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00
Day 
Av

R1 0 211 281 278 238 174 119 174 238 278 281 211 0 191
R2 0 221 308 320 294 247 236 247 294 320 308 221 0 232
R3 0 222 310 323 298 252 244 252 298 323 310 222 0 235
R4 0 234 352 401 418 446 462 446 418 401 352 234 0 320
R5 0 237 371 440 488 549 569 549 488 440 371 237 0 364
R6 0 237 387 476 568 643 669 647 575 484 392 241 0 412
R7 0 235 399 520 649 733 761 733 649 520 399 235 0 449
R8 0 233 406 543 685 775 804 775 685 543 406 233 0 468
R9 0 224 418 614 778 882 918 886 784 622 427 229 0 526
R10 0 220 435 653 826 935 971 935 826 653 435 220 0 547
R11 0 211 461 693 878 994 1032 994 878 693 461 211 0 577
R12 0 205 478 719 911 1031 1071 1031 911 719 478 205 0 597
R13 0 207 488 735 932 1056 1097 1057 934 737 490 209 0 612
R14 0 211 495 745 944 1069 1110 1069 944 745 495 211 0 618
HO 7 213 487 728 920 1041 1081 1041 920 728 487 213 7 606

0 221 405 546 655 722 743 722 656 547 406 222 0 450
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performance. The difference in solar irradiance, I(HTCS), from one ring to another 
ring reaches its maximum value at midday and receives solar irradiance I(HTCS) 
approximately 450 W/m2.

5.5 � The Effect of Solar Azimuth Angle on the Solar Behavior 
to Pointed Dome

Pointed dome has more sharp profile at the top in comparison to half dome. The 
distribution of solar irradiance, I(HTCS) was received on 14 rings of the pointed 
dome as shown in Fig. 26. The majority of rings received maximum solar irradi-
ance, I(HTCS), value at noon accept R1, R2, and R3. The pointed dome geometry 
or profile appears to be a factor influencing solar behavior, as the dome received less 
sun radiation intensity during the Equinox, which has similar behavior to the 
half dome

In addition, the value of solar irradiance I(HTCS) is varying from one part to 
other surfaces of the dome. The solar behavior has significant effect during noon 
period, while during the early morning period and evening period, value of solar 
irradiance, I(HTCS), received on one ring to another is insignificant. The table 
below shows the hourly solar irradiance, I(HTCS) value received by each ring of the 

Fig. 26  Solar irradiance, I(HTCS) of Pointed Dome
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Table 5  Average solar irradiance, I(HTCS) of Pointed Dome

Ring 
Tilt
Angle

6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00
Day 

Av

R1 0 205 268 257 211 142 75 142 211 257 268 205 0 172
R2 0 210 279 274 233 168 109 168 233 274 279 210 0 187
R3 0 220 306 316 289 239 224 239 289 316 306 220 0 228
R4 0 228 328 354 344 322 332 322 344 354 328 228 0 268
R5 0 233 347 392 403 422 437 422 403 392 347 233 0 310
R6 0 237 365 429 466 519 538 519 466 429 365 237 0 352
R7 0 238 381 465 541 611 633 611 541 465 381 238 0 393
R8 0 236 394 502 617 697 722 697 617 502 394 236 0 432
R9 0 234 406 544 686 775 804 775 686 544 406 234 0 469
R10 0 233 421 596 751 848 878 845 745 588 412 228 0 500
R11 0 224 428 634 803 908 943 909 803 635 428 224 0 534
R12 0 216 447 671 849 961 998 961 849 671 447 216 0 560
R13 0 209 466 700 887 1004 1042 1004 887 700 466 209 0 583
R14 0 205 480 722 915 1037 1076 1037 915 722 480 205 0 600
HO 0 211 495 746 945 1071 1112 1071 945 746 495 211 0 619

0 222 387 507 596 648 662 648 596 506 387 222 0 414

pointed dome was around 414 W/m2 (Table 5) which is more efficient as compared 
to half dome that received 450 W/m2.

5.6 � The Effect of Solar Azimuth Angle on the Solar Behavior 
to Bulbous Dome

The curvature of the bulbous dome has a rounder profile than the half dome and 
pointed dome geometry which is commonly known as onion dome in Malaysia. The 
highest value of solar irradiance occurs during midday for rings R7 to R14 in con-
trast with R1 to R6. This scenario happened due to R1 to R6 receiving lower 
I(HTCS) value starting from 8 a.m. to midday (almost 0 W/M2), increasing gradu-
ally from midday to 5 p.m., and drastically dropping till 6 p.m. (Fig. 27). Bulbous 
dome appears to have the best profiles for a dome-type design to receive solar radia-
tion on 20 March (equinox) approximately 382 W/m2 which is the lowest reading 
among dome types (Table 6).
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Fig. 27  Solar irradiance I(HTCS) of bulbous dome

Table 6  Solar irradiance I(HTCS) receive by each ring of bulbous dome

Ring 
tilt

angle

6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00
Day 
Av.

R1 0 150 155 107 49 35 36 35 49 107 155 150 0 79

R2 0 172 198 158 97 44 44 44 97 158 198 172 0 106

R3 0 192 237 213 155 85 52 85 155 213 237 192 0 140

R4 0 207 274 267 223 156 91 156 223 267 274 207 0 180

R5 0 221 309 321 296 250 240 250 296 321 309 221 0 234

R6 0 231 339 375 375 377 390 377 375 375 339 231 0 291

R7 0 236 365 427 463 515 533 515 463 427 365 236 0 350

R8 0 237 386 478 569 642 666 642 569 478 386 237 0 407

R9 0 234 403 533 670 757 785 757 670 533 403 234 0 460

R10 0 229 418 599 758 857 889 857 758 599 418 229 0 508

R11 0 219 437 656 830 940 975 940 830 656 437 219 0 549

R12 0 209 465 699 886 1003 1041 1003 886 699 465 209 0 582

R13 0 207 485 729 924 1046 1086 1046 924 729 485 207 0 605

R14 0 210 494 744 943 1068 1109 1068 943 744 494 210 0 617

HO 0 211 495 746 945 1071 1112 1071 945 746 495 211 0 619

0 211 364 470 545 590 603 590 545 470 364 211 0 382
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5.7 � Solar Behavior of Five Selected Mosque Roof Geometries

All solar data behavior of mosque roof geometries were tabulated and compared to 
determine the level of efficiency in receiving the low solar radiation I(HTCS) on the 
roof surface. From the graph, the maximum solar irradiance I(HTCS) amount on all 
roofs is during midday. Flat roof received the highest solar irradiance I(HTCS) and 
bulbous dome received the lowest. Although pyramidal roof such as single-tier and 
double-tier roof has a different roof geometry and profiles, they all have similar 
characteristics of solar radiation I(HTCS) receives pattern.

Flat roof received the highest average I(HTCS) with an amount of 617 W/m2, 
follows by double-tier roof with 480 W/m2, single-tier roof with 472 W/m2, half 
dome with 450 W/m2, pointed dome with 414 W/m2, and lastly bulbous dome with 
383 W/m2. It can be noted that there is only a very slight difference between the 
results of double-tier roof and single-tier roof in terms of the average solar irradi-
ance I(HTCS) received. Bulbous dome received an average solar irradiance of 383 
W/m2, which is the lowest value compared to other five roof geometries.

To surmise, the bulbous dome roof geometry has the best solar performance and 
characteristics, whereas the flat roof has the opposite effect (Fig. 28).

Fig. 28  Cross tabulated of I(HTCS) of six selected mosques roof geometries
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6 � Conclusion

The main basis of the research was to provide an architectural scientifically proved 
of solar behaviors and solar irradiance I(HTCS) on different mosque roof geome-
tries in Malaysia. This research conduct experimentation and simulation using Solar 
Radiation Simulation Model (SRSM) which is appropriate and reliable in calculat-
ing solar irradiance I(HTCS) in the tropic region. The SRSM enables to obtain the 
influence of the tilt surface angle and surface azimuth angle on the amount of solar 
radiation received. The input data needed to get the result was the latitude, the mean 
daily solar radiation, the tilt angle, the azimuth angle, and the day of the year.

This study portrays the architectural significance and importance of roof geom-
etry, especially dome roof. The solar radiation does cause an overheating in tropical 
climate because the roof is the topmost part of the building that is highly exposed to 
solar radiation as compared to other parts of the building. It is also important to 
clarify that this study of the solar performances on the different form of roof mosque 
was conducted during 20 March (equinox). Equinox season is important than the 
rest of the year because on 20 March (equinox), the equator experiences the highest 
amount of solar radiation due to the position of the sun at a much steeper altitude; 
thus, the amount of solar energy fall onto the roof surface are greater.

In contrast, during the solstices, the solar radiation hits the surface of the earth at 
much lower angle, which in turn received less solar energy. Throughout this study, 
the potential of different mosques roof geometries as passive solar design strategy 
in Malaysia. Pitch roof such as single tier and double tier and dome room such half 
dome, pointed dome, and bulbous dome can be applied as this study revealed their 
significant performance on the amount of solar irradiance I(HTCS) received on the 
roof surfaces. Nevertheless, dome roofs have showed the most efficient result due to 
its curvature profiles that assist the dome in reducing the solar radiation received. 
Dome roofs contributes to minimal heat gain from the roof surface due to various 
rings or segment surfaces with different tilted angles.

Based on the evolution of roof design in Malaysia, the designer could choose 
appropriate roof geometry not only based on architectural style and local identity. 
Furthermore, this study can guide them in understanding on roof design could 
improve building thermal performance that contributing to low energy consumption 
in buildings. Other passive design strategies such as building orientation, ventila-
tion, vegetation, and landscape; building fabric and thermal mass; and building fen-
estration should also be incorporated in the early stage of design
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Thermal and Visual Adaptive Comfort: 
Field Studies in Portugal

L. Matias, A. Santos, and M. Correia Guedes

1  �Introduction

Personal well-being, health and productivity of building occupants depend to a large 
extent on available thermal and visual conditions.

Thermal and visual requirements have changed across centuries. Last century, as 
a result of the economic growth that occurred in developed societies, the satisfaction 
of those requirements gained importance. In a society and period where energy was 
abundant and cheap, the easiest way to provide desired indoor conditions consisted 
in the systematic use of artificial conditioning (AC) and electric lighting. As a con-
sequence, resulting energy consumption became significant.

Actually, the growing tendency for the use of AC systems, particularly in office 
buildings, transports and, more recently, in residential buildings and the systematic 
and the permanent use of electric lighting proceed.

Although this fact may derive from a change in user comfort requirements and 
expectations, they may also reveal design and lifestyle trends conducting to unsus-
tainable options concerning construction, rehabilitation and everyday use of 
buildings.
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Fig. 1  Constructive solutions that cannot achieve thermal and visual comfort conditions without 
an excessive and unnecessary energy consumption

As a matter of fact, some contradictory aspects can be detected: a greater intoler-
ance in relation to exterior/interior climate variations, the option of non-climate-
conscious building solutions and the creation of controlled indoor climates which 
frequently do not provide the desired well-being conditions (in working, leisure or 
living places) and unnecessary and excessive energy consumption (Fig. 1).

As it is commonly accepted, energy use can hardly be kept at present-day levels 
and the dependency on non-renewable energy sources is going to continue. This 
reality justifies the European Community efforts to reduce energy consumption and 
increase the efficient use of energy in buildings, being an example the EC Directive 
2002/91/EC (EPBD).

The first recast of the EPBD [1] requires that by 31 December 2020 all new 
buildings are nearly zero energy buildings. It also recommends that built-in electric 
lighting (mainly in the non-residential sector) shall be taken into consideration and 
recognizes the need to account for the positive influence of daylight.

The recently adopted second recast of the EPBD [2] integrates many require-
ments regarding the acceleration of deep energy renovation of buildings in Europe. 
The council has agreed on the establishment of a voluntary smart readiness indica-
tor (SRI) promoting digitalization and smart technologies that improve capabilities 
to adapt its operation mode in response to the needs of the occupant in a user-
friendly way, to maintaining energy efficiency and overall performance, including 
indoor comfort and health.

Beyond active and passive measures aiming at the improvement of equipment 
energy efficiency (air conditioning and lighting equipment) and building perfor-
mance (thermal insulation, passive solar gains, daylighting), user attitudes and 
behaviour are determinant issues in the final, either positive or negative, results 
obtained.
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Buildings, their indoor environment and their systems have been studied by a 
multiplicity of disciplines, from the most involved in its design and conception, 
such as architecture, engineering and physics, to the social sciences mostly engaged 
with the study of the dynamics of interaction between individuals and environment.

In this sense, an interdisciplinary research study aimed at the study of the condi-
tions for comfort, well-being and productivity, reflecting objective and subjective 
regional and local conditions. This study has considered the influence of such rele-
vant factors as the Portuguese temperate Mediterranean climate, the population 
diversity and the natural tendency of individuals to act and to adapt.

The National Laboratory for Civil Engineering (LNEC), a Portuguese public 
institute that covers a wide range of areas related to civil engineering, constituted a 
multidisciplinary team to carry out this study developed based on extensive field 
surveys on different types of buildings considering both physical (objective) and 
behavioural (subjective) factors related with thermal and visual comfort.

Building occupants have been requested to complete comprehensive question-
naires designed to study the influence of adaptive processes, namely, of behavioural, 
physiological and psychological nature.

Bivariate and multivariate statistical analysis has been used to describe and to 
analyse objective and subjective data. Special emphasis was put on structural equa-
tion modelling (SEM) approaches supporting in-depth-oriented interpretation and 
explanatory research in fields of work.

In the context of the perception of thermal and visual indoor environments, along 
with detailed measurements of relevant indoor environment parameters and ques-
tionnaires, an adaptive thermal comfort model and a comprehensive integration of 
the behavioural patterns and the energetic impacts in dynamic daylighting model-
ling have been developed [3, 4].

The results of these actions will be the basis for the development of an adaptive 
thermal comfort model, alternative or complementary to a conventional analytical 
approach in this area, which will be applicable to the specific characteristics of 
Portugal [3].

On the other hand, a model for the evaluation of the energetic impacts of day-
lighting shall be developed, considering the typical Portuguese Mediterranean cli-
mate [4].

This model shall be developed based on results of the following actions: (i) on-
site evaluation of daylighting and artificial lighting systems of selected buildings, 
(ii) characterization of patterns of use of shading devices and artificial lighting sys-
tems and (iii) evaluation of the occupants’ behaviour towards existing indoor envi-
ronmental conditions including the possibility of its control.

The present research work was partially funded by a Portuguese national funding 
agency for science, research and technology (FCT – Foundation for Science and 
Technology), within the scope of the Project PTDC/ECM/71914/2006  – 
Development of Sustainable Visual and Thermal Comfort Models.
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2 � Thermal Comfort

2.1 � The Adaptive Approach

Economic, cultural and social drivers and constraints often dictate current comfort 
standards. Global and indiscriminate trends tend to impose patterns and needs, 
regardless of regional and local specific characteristics and habits [5]. Most of the 
existing conventional regulations and comfort standards are based on complex 
equations resulting from laboratory research (EN ISO 7730). By the very nature of 
the laboratory derivation of these conventional standards, adaptive processes found 
in the real world have been limited or eliminated. This is largely responsible for the 
always growing demand and use of air-conditioned spaces, first in offices (produc-
tivity) and other service buildings and nowadays spreading to residential 
environments.

However, the implementation of adaptive comfort criteria and the recuperation 
of traditional passive concepts could contribute to a more rational and sustainable 
approach to building design and operation. Ultimately, this approach may lead to a 
reduction in the use of energy and to increase occupants’ comfort perception and 
satisfaction. Nowadays, adaptive models are beginning to be incorporated in inter-
national thermal comfort standards such as ASHRAE 55:2020 [6] or EN 
16789-1:2019 [7].

In Portugal, only a limited number of research studies were carried out on a small 
number of office buildings [8, 9]. The implementation of adaptive comfort criteria 
is dependent upon contextual objective and subjective factors specific to each 
region. There is still a need to validate the adequacy of the proposed models and 
further investigate the role of human adaptation and of new expectations created by 
the changing dependency on the use of active solutions to achieve thermal comfort.

The main purpose of this interdisciplinary research study was to develop a cul-
turally oriented adaptive approach on the basis of extensive field surveys carried out 
on occupied buildings, in the sequence of the results achieved in a previous research.1 
The objective was to adapt or develop an adaptive approach oriented to the defini-
tion of indoor thermal comfort requirements applicable to Portuguese buildings.

These considered climate, social and cultural habits and adequate constructive 
solutions. A major attention was given to behavioural aspects in this study and 
deserved a detailed environmental psychology approach.

Unlike other research studies, besides office buildings, educational buildings, 
homes for the elderly and dwellings were also included. Geographical location has 

1 This field work was part of a Ph.D. research developed between 1996 and 2000 [9]. The research, 
involving monitoring in 26 office buildings during the two consecutive summers, aimed at assess-
ing the relationships between the workers’ adaptive behaviour and their comfort votes in each 
building type. This adaptive behaviour concerned both physical adaptation, i.e. the adaptive actions 
that the workers reported to carry out to make themselves more comfortable, and psychological 
adaptation processes, such as the workers’ perceived freedom to control the thermal environment.
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also been considered in order to take into account different Portuguese summer and 
winter climatic zones.

2.2 � Field Surveys

Field surveys (2006–2008) involved the measurement of indoor environment 
parameters, namely, air temperature (Ta), operative temperature (Top), airspeed (va) 
and relative humidity (RH), during hot, cold and transition periods of the year. All 
measurements were performed using sensors and probes (Fig.  2), in compliance 
with thermal comfort standard specifications [10], and the field studies can be clas-
sified as Class I [8].

Simultaneously, occupants have been requested to complete a comprehensive 
questionnaire including six groups of questions aimed at assessing the influence of 
multiple factors on human thermal sensation. Information was obtained about the 
identification of individual and technological adaptive opportunities, the easiness 
and degree of satisfaction in implementing them, the evaluation of respondents’ 
expectations about thermal environment, the identification of relevant aspects of 
their daily life experience and the motivations towards mechanically controlled 
indoor environments.

Subjective opinion scales were defined [11, 12] which allowed the participants to 
vote on their thermal sensations (neutrality, preference, satisfaction level) regarding 
the surrounding thermal.

A total of 40 different buildings have been selected (Table 1) located in represen-
tative geographical and climatic regions of Portugal. The studied cases included 

Fig. 2  Thermal comfort assessment equipment and weather station
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Table 1  Distribution of the field survey sample (occupational profile)

Occupational profile Buildings Rooms Surveys Participants Answers

Offices 9 36 130 242 690
Educational 6 23 38 853 945
Elderly homes 21 27 85 404 698
Dwellings 4 16 32 19 34
Total 40 102 285 1518 2367

Fig. 3  AC and NV buildings

both AC (mechanical heating/cooling systems) and naturally ventilated buildings 
(NV) (Fig. 3). Most NV buildings had passive features and technologies (greater 
adaptive possibility), and a few of the AC buildings were equipped with user-
independent control systems (almost null adaptive potential).

2.3 � Indoor and Outside Temperatures

A first look at the indoor and outside temperatures measured during the whole field 
surveys reveals (Fig. 4), as one could expect, that AC buildings have higher tem-
peratures in winter and lower temperatures in summer and that control of indoor 
conditions is exerted more closely.

The fact that the temperature in some AC spaces was too high in hot periods may 
represent an economic constraint rather than a sustainable/adaptive option. On the 
contrary, during the winter period, a high percentage (~80%) of office rooms were 
being heated regardless of their actual indoor temperatures.

L. Matias et al.
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Fig. 4  Indoor and outside temperature measured in field surveys

More than 50% of the surveyed spaces in homes for the elderly and in class-
rooms were heated when the indoor temperature was <20 °C, but when tempera-
tures were above 20  °C, the percentage of the use of the heating system was 
low (30%).

Another interesting conclusion drawn from winter surveys was that about 15% 
of office buildings were being cooled even when the indoor temperature was lower 
than 20 °C [13].

2.4 � Thermal Sensation and Thermal Preference

Based on the answers to the questionnaires, a statistical linear regression was per-
formed between indoor temperature (Top) and the mean thermal sensation (Mts) 
and, on the other hand, the mean thermal preference (Mtp). Assuming that when Mts 
or Mtp are null, the corresponding indoor temperatures indicate, respectively, the 
neutral temperature (Tn) and the preference temperature (Tp). Table 2 summarizes 
all available field data concerning Tn and Tp [3].

Unlike the conclusions from other important studies [8, 15], the present research 
study shows significant differences between the two calculated temperatures, Tn 
and Tp, mainly in the heating season (winter). Based on the distribution of the neu-
tral temperature in the summer period (Fig. 2), it was also possible to conclude that 
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Fig. 5  Neutral temperatures for AC and NV buildings (summer period)

Table 2  Neutral and preference temperatures (°C)

Season
Neutral temperature (Tn) and preference temperature
Offices Educational Elderly homes Dwellings

Summer 25.1–24.5 – 24.9–24.2 –
Mid-season 22.2–23.0 19.5–22.2 22.8–24.8 –
Winter 19.1–21.6 18.1–22.1 21.4–22.6 18.1–19.6

the occupants of NV spaces show a greater thermal tolerance, probably due to 
greater adaptive opportunities and different thermal expectations (Fig. 5).

Considering the differences between thermal sensation and thermal preference, 
this study presents a new index, Comf, that combines both the dimensions.

2.5 � A Proposed Adaptive Comfort Model for Portugal

The adaptive model proposed in the current European standard EN 16798-1 [7] is 
based on the linear relation between neutral temperatures (Tn) and outside tempera-
ture (Trm). Figure 6 shows the acceptable temperature limits defined in the standard 
for a normal expectancy level [7] and ensuring that 90% of the occupants are satisfied.
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Fig. 6  Neutral (Tn) and comfort (Tcomf) temperatures according to EN 16798-1 and the pro-
posed model

The same figure presents the comfort range temperature (Tcomf) developed and 
proposed in the present research study regarding NV spaces, as expressed in 
European standard, but also proposes a comfort range temperature for AC buildings 
that change in function of external conditions.

Like expected, AC range comfort temperature is more exigent (higher tempera-
tures in winter and lower in summer) than for NV buildings, in accordance with 
different users’ expectations.

Figure 6 denotes in the proposed model a different tendency compared to the 
European standard [7]. This is mainly because the model does not assume a “kink” 
point at lower outside temperatures, like in EN 16798-1. It may be argued that the 
model shows wider accepted comfort conditions as the results on which it is based 
are still dependent on prevailing cultural and local climatic specific conditions.

2.6 � Adaptive Thermal Comfort in Buildings: 
An Explanatory Model

Using a structural equation model approach a comfort model (Fig. 7) was developed 
[13, 14] in order to understand the meaning of perceived thermal comfort in the 
Portuguese context, by establishing the way psychological, social and 
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Fig. 7  Model of thermal comfort (Comf)

environmental variables are related and are influenced by each other. The dependent 
variable (Comf) was built by crossing the responses to thermal sensation and ther-
mal preference, both measured by a 5-point Likert scale.

The final model stresses that thermal comfort is a subjective dimension directly 
explained by other subjective parameter (individuals’ thermal perception) and indi-
rectly related to objective comfort (indoor environment, acclimatization equipment 
and outdoor temperature), adaptive behaviour and satisfaction regarding control 
over thermal environment. A noticeable aspect of this model is the central role that 
is assumed by adaptive behaviour in the sense that is responsible for several and 
important links between all the other model components. In sum, this set of rela-
tions highlight that thermal comfort is mainly raised by social perceptions which, in 
turn, are based on the interaction between objective and subjective parameters. 

3 � Daylight Dynamics and the Luminous Environment

3.1 � Modelling Daylight Dynamics

A similar multidisciplinary and objective/subjective context approach was adopted 
in the research carried out in the field of daylight modelling, its use in buildings and 
its impacts on visual comfort and energy efficiency.

Energy and sustainability issues must be invoked to justify technical empathy for 
such an approach in this field. However, the need to understand the relations between 
the dynamics of natural light, artificial light, behaviour patterns and satisfaction of 
the occupants towards daylighting and available control systems was a fundamental 
driver to the research presented hereafter.
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A new model for the quantification of the dynamics of daylight, occupants’ 
behaviour and energy-related impacts is being developed and will be calibrated and 
validated. The new model has four linked modules designated as i) exterior module, 
ii) transmission module, iii) interior module and iv) behavioural module [16].

3.2 � Local Climatic Conditions (Exterior Module)

The energy-related aspects of daylight are particularly important where non-
overcast skies conditions prevail, which is the case in most of the regions in south-
ern Europe and in particular in Portugal. Due to the increased trend in the use of 
oversized glazed areas, either in office or residential buildings, sunlight is often a 
source of thermal discomfort (overheating) as well as unnecessary energy consump-
tion in the cooling periods and excessive daylight.

The characterization and representation of the particular luminous climate uses 
the data collected and available under previous research projects [17–19]. The 
implementation of the exterior module was based on the methodology used in the 
representation of the luminous climate incorporated in the daylighting-hours indica-
tors model [20, 21].

3.3 � Glazing and the Effect of Shading (Transmission Module)

The global effect of glazing/shading devices was quantified considering daylight as 
well as thermal aspects. Besides the use of reference computational applications, an 
algorithm [22] for the determination of all illuminance and irradiance fluxes trans-
mitted, reflected and absorbed within a multilayered glazing/shading system was 
developed and compared with experimental results. An experimental setup was 
used to validate the algorithm served also to test a net radiation method for deter-
mining solar optical properties of glazing with roller blinds or venetian blinds which 
are common shading devices in Portugal.
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3.4 � Daylight Availability and Distribution (Interior Module)

Quantification of daylight availability and conditions (work plane illuminances, 
uniformity and glare) and of the impact of electric lighting and shading systems 
(types, zoning, controls and patterns of use) is based on an improved version of the 
daylighting-hours indicators model [20, 21]. The indicator and the corresponding 
method of calculation are intended to be used in indoor spaces in regions where 
clear skies and sunlight effects prevail and, namely, in applications where sunlight 
is important to daylight performance.

This module uses information from the exterior and transmission modules and 
incorporates information and knowledge acquired in the behavioural module.

3.5 � Understanding and Modelling the Occupants 
(Behavioural Module)

One of the underlying assumptions for this research project is that the conventional 
objective (physical) characterization of indoor luminous conditions is not able by 
itself to capture the subjective (sensorial) experience of the users [23]. This way, 
conventional established requirements may not respond to the occupant’s effective 
needs. The unavoidable complex existing links and interrelationships influence, on 
the one hand, the performance of visual tasks, the overall satisfaction and the well-
being of the users. On the other hand, energy and environmental performance of the 
buildings may be affected by behaviour patterns adopted by the users to achieve a 
better luminous environment.

The inclusion of subjective aspects, namely, perceptions, expectations and user 
behaviour attitudes and patterns towards the available control (shading devices, 
electric lighting) of the luminous environment will improve the interpretative and 
design capacities of conventional tools [23, 24].

The post-occupancy surveys performed in the scope of this research comprised a 
set of 13 selected multifunctional, office and educational (classrooms) buildings. 
These buildings presented different window orientations and geographical/climatic 
location. Daily and seasonal sunlight variations were also considered. Rooms were 
electrically lit, daylit or used a combination of both. Operation (control) strategies 
ranged from manual to user-independent control.

Surveys were based on a comprehensive structured questionnaire (Fig. 8) com-
prising 7 thematic groups of questions: working place, luminous environment, win-
dows/views, shading options, electric lighting and related control, visual tasks and 
social characterization of the participants.

Subjective data was complemented and compared with in situ objective (physi-
cal) measurements (Fig. 8) conducted according to a predefined measuring proto-
col. Relevant parameters were observed, measured and registered for further 
analysis: room characterization, indoor illuminances either at work plane level or at 
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Fig. 8  Examples of questionnaire, room plan (incl. location of measurements) and measurement 
equipment

different vertical orientations and outdoor solar radiation and illuminances either 
due to the sky or affected by surrounding surfaces and obstructions [23].

Photographic records (Fig.  9) and complementary informal verbal contacts 
helped to complete and to detail other collected data.

All 584 participants (54% male, 46% female and ages ranging from 18 to >50) 
fulfilled a questionnaire providing an extensive and representative amount of valu-
able information about their perception of the luminous environment, availability 
and effective use of existing control systems.

More than 50% of the subjects worked at a distance less than 2 m from a window, 
thus increasing the potential use of daylight, but also the risk of glare (~84% used a 
computer for most of their working hours).

Objective performance indexes/scores were defined in order to enable a better 
comparison, calibration and validation of subjective data. These indexes result from 
the analysis and treatment of collected data and are being introduced in the dynamic 
daylight simulation model. One of these indexes – daylighting quality index (IDO_
QUAL_IN) – was based on measured parameters (e.g. illuminances at the horizon-
tal work plane level and at four vertical distinct directions) and was used to analyse 
and validate subjective data on the “quality of the luminous environment”.

In the following items, some of the objective and subjective outputs of this study 
are presented and commented.
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Fig. 9  Example of the type of interior spaces in one of the monitored office buildings

Fig. 10  Objective and subjective evaluation of electric lighting

3.5.1 � Perception of the Luminous Environment

Illuminance Levels

Considering separately electrically and daylight environments, an expressive differ-
ence is found between objective assessment and subjective appraisal of illuminance 
levels. Figures 10 and 11 show that subjects under artificial lighting are much more 
tolerant to measured illuminance levels which are conventionally assessed as insuf-
ficient. This means that people are more demanding when working in daylight envi-
ronments because there is an added value attributed to daylight beyond satisfaction 
of visual task performance requirements (Fig. 12).

The fact that occupants are more demanding when working under daylit environ-
ments is illustrated in Fig. 13, which details a subjective appraisal of luminous per-
ception of daylit work plane levels. Although a significant percentage of measured 
illuminance levels were less than 500 lux, most of the participants considered that 

L. Matias et al.



283

Fig. 11  Objective and subjective evaluation of daylight

Fig. 12  Simplified daylight illuminance distribution, under overcast sky conditions in a semi-open 
plan office building. (a) – good to reasonable conditions, (b) – medium to almost insufficient con-
ditions and (c) – inadequate conditions

Fig. 13  Luminous perception as a function of daylight illuminance at wok plan level
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they were working under satisfactory luminous conditions (sufficient illuminance 
levels) [25].

Subjective Visual Comfort

In the studied spaces, glare does not constitute a matter of complaint in electric 
lighting environments. Nevertheless, glare is a cause of discomfort for 30% of par-
ticipants in daylit spaces, most of them working close (<1 m) to a window. The 
incidence of direct sunlight on a computer screen (70,7%) or a working plan (28,8%) 
are pointed out as the major causes of high (43%) to moderate (36%) degrees of 
discomfort.

Although this occurs mainly in clear sky days, a curious remark is that most of 
the complaints were recorded in spaces where manual effective shading devices 
were available. The most probable causes of this apparent contradiction can be 
pointed out either to their misuse or, eventually, the interference of their use with the 
general room daylight levels. Justification given to the use of shading devices to 
protect from glare is only secondary (63.4%) compared with the protection from 
solar gains heat (78.2%).

Expectations and Preferences About the Luminous Environment

Daylight ranks among the most named factors (multiple answers) that contribute to 
the creation of an “agreeable” environment. Daylight is clearly indicated as pre-
ferred (67%) to electric (0.5%) or “mixed” lighting (32.5%).

Nevertheless, the possibility of light control is essential (Fig. 14) for the users 
regardless the type of light source [25].

Windows are considered a “very important” (84%) feature of the working envi-
ronment. Positive aspects of windows were identified by the users: a source of day-
light and fresh air, a satisfying visual contact with the exterior, a sense of the time 
of the day and a distraction from current tasks.

Negative aspects were also pointed out, namely, acting as unwanted sources of 
heat in some periods (66%), noise (58%), glare and excessive daylight. These 
aspects are mainly and clearly connected to the prevailing non-overcast sky 

Fig. 14  Importance given to the possibility to control daylight and electric lighting
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conditions and temperate climate of Portugal and other southern Europe regions. 
But one should also be aware that oversized and unshaded windows adopted in 
many new buildings must deserve an attentive look.

Satisfaction with the Luminous Environment and the Working Place

The study shows that subjects that usually perform their tasks under electric lighting 
conditions reveal indifference to daylight, once they are not dependent on it. Those 
who work in daylit spaces reveal a high degree of satisfaction but only if its control 
is possible, although as already mentioned before adequate control is often not 
exerted.

Current interior and exterior shading devices are perceived as moderately to 
highly efficient. Nevertheless, subjective appraisal and objective assessment of 
shading efficiency strongly diverge (Fig. 15).

Additionally, in situ observations showed that 61% of the users effectively had 
total freedom to control daylight admission in the working place but only 27.8% 
acknowledge that fact.

3.6 � Linked Mechanisms Approach

The statistical analysis of the results of the surveys and of the on-site characteriza-
tions allowed the identification of important correlations between different variables 
(degree of control over shading devices versus satisfaction with the indoor environ-
ment, effectiveness of the controls versus adequate energy-saving attitudes, etc.).

The objective and subjective outputs of the field post occupancy surveys supplied 
the rationale to structure a hypothetical model establishing the links between users’ 
perceptions and behaviours and luminous environment.

Figure 16 presents the first draft model representing the variables selected to 
measure all concepts in analysis relating indoor and outdoor lighting conditions, 
visual comfort and subjective appraisal of the luminous environment, sociocultural 
context building characteristics and users’ behaviours and satisfaction.

Multivariate statistical analysis, testing and validation of this structural model 
will contribute to the improvement of the dynamic daylighting simulation model, 

Fig. 15  Subjective appraisal and objective assessment of the efficiency of shading devices
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Fig. 16  Hypothetical structured individual-luminous environment relationships

namely, by supporting the definition of typical real-life patterns of behaviour related 
with daylighting, electric lighting and shading and respective control systems.

4 � Conclusions

There is a recognized and even imposed need to reduce unjustified buildings energy 
consumption levels in most of Europe. In Portugal, due to climatic and economic 
specificities, the stress could be put on the need to limit growing energy use in build-
ings, namely, for indoor acclimatization (heating and cooling) and lighting, although 
ensuring the satisfaction of adequately formulated requirements.

The results of the research carried out showed that there is a trend towards energy 
consuming conventional “uniformity” (buildings, indoor environments, require-
ments). However, a deeper understanding of objective/subjective relationships 
reveals that it is possible to attain satisfaction “differently” and actually in a more 
sustainable way. Portuguese temperate climate, where predominantly non-overcast 
skies prevail, and traditional adaptability should not be extraneous to that premise.

In this sense, this research was focused on an interdisciplinary approach consid-
ering specific Portuguese characteristics and supported by extensive objective mea-
surements and subjective data obtained through questionnaires on how occupants’ 
sense and perceive and react to thermal and luminous indoor environments.
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The following paragraphs summarize some of the most relevant results of the 
extensive field surveys and analysis carried out in the scope of the research project:

•	 Clearly the occupants’ perception votes show that they accept temperatures 
beyond rigid indoor conventional (reference) comfort conditions.

•	 However, the present field study shows significant differences between the neu-
tral temperature, Tn, and the preference temperature, Tp, mainly in the heating 
season (winter).

•	 A new adaptive thermal comfort model was proposed reflecting the extensive 
Portuguese objective and subjective data obtained and the elaborated analysis 
performed.

•	 Daylight ranks among the most named factors that contribute to the creation of 
an “agreeable” indoor environment.

•	 An expressive difference is found between objective assessment and subjective 
appraisal of illuminance levels.

•	 People are more demanding (less tolerant) when working in daylit environments 
because there is an added value attributed to daylight beyond satisfaction of 
visual task performance requirements.

•	 In the studied spaces, glare does not constitute a matter of complaint in electric 
lighting environments but is a cause of discomfort for respondents in day-
lit spaces.

•	 Daylight is also an increasing cause of complaints about undesired heat gains 
and discomfort.

•	 Although daylight control (shading) is important to those who work in daylit 
spaces, it is either often not adequately exerted or corresponding subjective 
appraisal and objective assessment strongly diverge.

•	 The better understanding acquired about the patterns of behaviour of the occu-
pants supported the definition of objective performance indexes that will be inte-
grated in a new dynamic daylight simulation model.

In the fields covered by this research – thermal comfort, luminous satisfaction 
and dynamic characterization of daylighting  – the elaborated statistical analysis 
revealed the interest and clear advantages of the integrated study of the multiplicity 
of relevant physical and psychosocial factors and highlighted the complexity of 
intervening phenomena.

Future research will extend the present work. Maintaining this interdisciplinary 
approach, there are two domains that will deserve the attention of the multidisci-
plinary research team. On the one hand, the inclusion of other subjective variables 
of the indoor environment, namely, the perception of acoustic comfort (noise level) 
and indoor air quality; on the other hand, the study of residential environments, 
which have a growing impact on energy consumption in Portugal.

As a final remark, this study showed that regulations and standards may have a 
role to play in the sustainability of the working and living built environments by 
addressing indoor comfort from a wider perspective, without the need to sacrifice 
productivity and well-being.
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Rethinking Building Habitat for Comfort 
and Human Well-Being: Digital 
Technologies for Nature-Based Design

Antonella Trombadore and Gisella Calcagno

1 � Well-Being in Buildings: How the Pandemic Experience 
Has Changed the Domestic Habitat

In Italy, the slogan #Istayathome was the refrain of the first lockdown when, to pro-
tect us from the risk of contagion, we were all forced to stay indoors. In this clois-
tered time, we changed our habits and, above all, reassessed the importance of living 
in a comfortable environment, desiring wider green and open spaces like our balco-
nies, terraces and gardens.

The pandemic has in fact changed the use of domestic habitat: It has become a 
place to be protected, a multifunctional study and work environment. When we 
were forced to remain inside our home, however, the architectural quality of our 
homes and, even more so, the comfort levels of those interior spaces showed many 
weaknesses. Being inside 24 hours a day in close contact with family members and 
begin connected to the outside world only digitally due to smart working and remote 
learning was challenging (Fig. 1).

This experience has led us to rethink the housing model: our homes have sud-
denly turned into office, classrooms and virtual meeting places, combining new 
work needs with those of ordinary home management. It has also shown us that the 
contact with nature is necessary for our psychological, physical and relational 
well-being.

The consequences of discomfort caused by #Istayathome were obviously not the 
same for everyone. It reflected the dimensional characteristics of the houses, their 
location and neighbourhood, the engagement with neighbours, the presence of 
available local services and, above all, the possibility to relate with natural ele-
ments, such as fresh air, sunlight and vegetation. Yet, housing and building 
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Fig. 1  Smart working during the Covid-19 pandemic

regulations have traditionally focused just on dimensional aspects: simplifying the 
rationalism tradition and undervaluing the ecological objectives; today’s building 
practice is still mainly oriented to satisfy basic human needs in minimal spaces.

2 � From the Existenzminimum to the Human-Centred 
and Sustainable Building Design

In Germany of the early 1900s, illustrious architects gave life to the concept of 
Existenzminimum, based on the idea of houses able to meet human primary needs 
by optimizing spaces and reducing expenses. That was also the title of the II CIAM 
(Congrès Internationaux d'Architecture Modern), held in Frankfurt in 1929, focus-
ing on the organization of domestic spaces, analysing the morphological, dimen-
sional and distributive characteristics of spaces in order to design houses, with the 
words of Ernst May, “made in a way to satisfy material and spiritual needs of their 
inhabitants”.

In this period, foundations were laid not only for what becomes the study and 
analysis of ergonomics but also for a new attention to more sensitive aspects; open-
ing the road towards energy-saving, bioclimatic architecture; the reuse of construc-
tion materials; the attentive and conscious use of resources along the building 
lifecycle and themes emerged just in the post-1970s energy crisis. A lot of experi-
mentation in the Weimar period led to the creation of residential complexes in the 
outskirt of many German cities. Designed to address the productive and organiza-
tional needs of cities: the Siedlungen represented a significative result, under the 
rationalism, of researches conducted by architects as Gropius and Mies Van der 
Rohe, characterized by essentiality and formal schematization, wide openings 
towards the outside and strictly functional layout of the roads and general services. 
Houses featured by modular typing, prefabrication in reinforced concrete and the 
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Fig. 2  Hans Leistikow. 
The Dwelling for Minimal 
Existence, 1929 – with 
Ernst May’s floor plan for 
houses in Frankfurt

“minimum standardized cell”, a minimal living unit to be used as a standard element 
for the construction of different housing solutions (Fig. 2).

Across the twentieth century, a design approach based on rationalism drives new 
housing models based on scientific parameters (typologies, functional schemes, tax-
onomies of values and hierarchies of behaviours) [1]. As explained by Maurizio 
Vitta, “a spatial and interior design inspired by the pure structural, ergonomic and 
industrial calculations, which were framed by more vanishing, but not less norma-
tive, representations of ethical and social order. Even the aesthetical result (the 
image of the “bella casa”) has generally agreed to this conception, founding the 
topic of mass housing on formal protocols elaborated in the light of the same pro-
ductive criteria”.1

This pandemic has accentuated even more the obvious signs of crisis that already 
appeared in the twentieth century, drawing attention to a deeper reflection on the 
environmental perceived quality in living spaces, starting from a radical rethinking 
of the relationship between the living built space and nature. According to the World 
Green Building Council2 in fact, “harmony of the built environment with nature” is 
a key principle for a heathy and sustainable built environment, interrelated with the 
objectives of taking climate action, protecting health, prioritizing comfort, facilitat-
ing healthy behaviour and creating social value [2]).

Our homes today lack the component of nature, in particular green spaces and 
elements of vegetation, which should not only be a prerogative of villas or luxury 
apartments but be applicable to family residential buildings. We need now to bring 
the concept of urban jungle into cities in order to restore balance and, perhaps, 

1 Vitta M., Nuovi modelli dell’abitare - XXI Secolo, Treccani, 2010.
2 World Green Building Council, Health & Wellbeing Framework: Six Principles for a Healthy, 
Sustainable Built Environment, November 2020, online at https://worldgbc.org/health-framework
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reduce the effects of pollution and increase biodiversity. Gardens and terraces are 
not a new frontier in architecture, since they already belong to the historical tradi-
tion and culture of Mediterranean living: patios, porches, interior gardens and open-
air domestic environments are in clear opposition to the new dense models that deny 
a tangible relationship with the outside or the simple opening of a window for natu-
ral ventilation (Fig. 3).

We must now focus on the ecological quality of our home environment and on 
more clever use of building technologies. We are seeing experimentation of the 
relationship between architecture, technology and nature where buildings are 
designed to breathe, with innovative materials and a wiser use of kinetic compo-
nents including natural light and energy from the sun, rain and wind.

We need a change of pace: The concept of a natural space for living must be 
further expanded. The necessary reduction of emissions, reduction of energy con-
sumption and the design of intelligent buildings need to be integrated into the new 
approach of healthy living. Above all, it is necessary to move from the functional 
concept of “habitation” to the cultural concept of “living”, placing the inhabitant in 
a more human-centric approach, understood in his corporeity and behavioural mod-
els, such as in his ecological consciousness and social interaction.

This in turn requires to go beyond the logic based on need-performance, moving 
towards a human-centred and sustainable building design. It is necessary to empha-
size the real immersive and perceptive experience of well-being of the inhabitants in 
an anthropized habitat, their adaptive capacity and conscious and sustainable inter-
action with the natural context: an inhabitant taking care of his own habitat, as an 
amniotic fluid in which he is immerged and that guarantees, in return, nourishment, 
health and well-being.

This means beginning a regeneration process of our cities and homes and redis-
covering the beauty of our buildings with a sensitivity to culture, where architecture 
becomes the art of living in harmony with nature.

Fig. 3  Reconstruction of 
the Pompeian “Casa Vettii” 
(Firenze, Giardino di 
Boboli, 2007)

A. Trombadore and G. Calcagno



295

3 � The Building Habitat and the Lack of Nature

The human being, without his own habitat, has transformed the whole world into 
anthropic environment, through design and technique, as an artificially recomposed 
nature placed at his service. Agricultural areas have been urbanized and natural 
habitats anthropized. The anthropogenic activities, in this geological time of the 
Anthropocene, have profoundly altered the metabolism of the biosphere superor-
ganism, and the main symptoms are illness and discomfort, global warming and the 
loss of biodiversity, which is the main indicator of the health of ecosystems. As 
Federico Butera points out very well in the introduction of his book,3 “in facing 
complexity to govern the ecological transition, everything is complicated by the fact 
that the two phenomena are connected to each other. To repair the damage we must 
first be clear that the environmental problems we face are systemic: a mixture of 
physical, chemical, biological and social changes that interact and reinforce each 
other. If we continue to think that we can tackle the various problems without con-
necting them, there is no hope of success. We need to combine the pessimism of 
intelligence with the optimism of the will, where the pessimism of intelligence 
derives from the knowledge of the complexity of the problem and the optimism of the 
will is the answer, that is, roll up your sleeves and find solutions” [3].

The necessity to rethink the ways of living in the light of the growing global 
complexity, complicated by the pandemic explosion, is addressed by the ongoing 
Architecture Biennale in Venice, curated by the Lebanese architect, Professor and 
Dean of the School of Architect and Planning at MIT Hashim Sarkis, and exemplary 
titled: How will we live together? According to the curator, such a question cannot 
have a unique answer and cannot be answered by the political and administrative 
bodies: it requires the contribution of architects, as design experts capable to attract 
a wide range of stakeholders, such as in the design and construction process.

If we focalize the five thematic areas composing the Biennale, it is possible to 
capture the challenges for the present and future architects: Among Diverse Beings, 
As New Households, As Emerging Communities, Across Borders and As One Planet.

There is a strong desire for architecture, and above all, we wonder how architec-
ture can respond to the new challenges that climate change urgently poses to us, the 
role that public spaces can play in the urban revolution due to the pandemic and the 
new reconstruction techniques.

To use the metaphor of the symptom of this virus that Covid 19 really “took our 
breath away”, the pandemic forced us to reshape the consolidated familiar dynam-
ics which marked our daily lives: the lockdown and social distancing measures cre-
ated a spatial-temporal distortion and forced us to change the way we inhabit 
the city.

The most important distortion was precisely the changing of perception of the 
urban space, which has been progressively reduced. Having the freedom to go out 

3 Butera, F., Affrontare la complessità. Per governare la transizione ecologica, Edizioni 
Ambiente, 2020.
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just to shop, take a walk and look for some greenery within 200–300 metres from 
home-made us discover the urban space that surrounds our homes: we rediscovered 
the beauty of living in a neighbourhood.

In the last century, we saw the frenzy of concentration in urban centres contami-
nating large swathes of populations. They were pursuing the utopia of a better life, 
living in cities increasingly full of services, infrastructure, work and opportunities. 
Yet, according to UN Habitat’s World City Report 2020,4 the pandemic was first and 
foremost an urban phenomenon: more than 90% of cases confirmed were concen-
trated in big cities like Wuhan, Milan, Madrid, New York City and Mumbai. During 
the pandemic, the new need for social distancing brought back to life the quality of 
a slower and more sustainable lifestyle linked to the rhythms of nature, restoring 
attractiveness to the smaller historic centres with low population density.

The challenge of improving the quality of life in our cities is certainly not based 
on a nostalgic return to the past: We actually need to reactivate the balance between 
man and nature. We need to learn from the crisis and activate sustainable urban 
systems that are capable of amplifying community life without consuming natural, 
energy and environmental resources. The historic districts of many Mediterranean 
cities have survived thanks to the strong osmosis between workplaces, agricultural 
areas, public socialization space and private housing. The contemporary urban lay-
out with the list of separate functions has not worked. Only by applying an ecologi-
cal approach we can trigger a true and therapeutic regeneration process for the city 
and its inhabitants.

The real post-Covid-19 challenge has to focus on the actual level of sustainabil-
ity we will achieve in our cities, restoring the balance between urban areas and 
agricultural territories in order to increase the green areas for better air quality. The 
design of buildings and green areas towards reduced environmental impact via eco-
logical footprint, pollution, GHG emission, using recycled or recycling material and 
with production logistic based on the green and circular economy.

4 � The Green and Ecological Approach for Well-Being

The solution that is pervading many cities is to reinvent the built environment 
through nature-based solutions and green infrastructure, aiming to re-naturalize cit-
ies (urban jungle effect) and to accelerate the ecological transition through green 
architectures, reducing energy consumption and the effects of pollution, consciously 
managing natural resources and increasing biodiversity. The dominant idea, how-
ever, is to think that the integration of simple hanging gardens and climbing plants 
can restore a new balance and a new relationship with Nature. The challenge should 
be more ambitious, addressing the processes of urban transformation in a systemic 

4 UN-Habitat, World Cities Report 2020: The Value of Sustainable Urbanization, 2020, online at 
https://unhabitat.org/World%20Cities%20Report%202020
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way, as claimed by the architect and ecologist Ken Yeang (Fig. 4). According to the 
bio-philic thinking5 (Biomimicry Thinking process), we need to deepen the knowl-
edge of the systemic relationships between man-nature and addressing the criticali-
ties of the anthropic habitat by applying creative approaches of biophysics and 
biomimicry projects, developing innovative solutions to increase the levels of sus-
tainability and improve the well-being of people [4].

We need a change of pace starting from the cognitive approach: we have the 
opportunity to focus attention on the ecological quality of the built environment, 
further expanding the concept of a natural space for living. To the necessary reduc-
tion of emissions, reduction of energy consumption, to the design of smart build-
ings, we need to integrate a new approach to well-being, the ability to make us 
live better.

This means not only restarting, in a healthy and virtuous way, the regeneration 
processes of our cities and our buildings but above all rediscovering the beauty of 
our architectural heritage, the sensitivity of a culture in which architecture becomes 
art to live in harmony with nature.

Combining the holistic and ecological approach in architecture means the art of 
integration different competencies, technologies and materials, to meet project 
requirements with a sustainable strategy. In this new approach, the value and the 
lesson from vernacular architecture are evaluated as an important root to understand 
how to reach to bio-climatic condition and how to use local materials (0 km materi-
als) to reduce unuseful energy use. They are the set of strategies of design and con-
struction, through which it seeks to achieve the realization of a sustainable 
architecture, an architecture that is using its formal configuration, technologies, 
components, materials and equipment to establish an optimal relationship with the 

5 Yeang K., Saving the Planet by design. Reinventing our world through ecomimesis. Ed 
Routledge, 2020.

Fig. 4  Ken Yeang & TR 
Hamzah Architects, EDITT 
Tower, Singapore, 2008
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surrounding environment, so as to reduce energy consumption and provide the best 
comfort to the occupants, using as far as possible natural systems and reducing the 
use of mechanical systems of the building [5].

We can apply this design approach to valorize the transformation of the natural 
and built environment at different operational scales. From the size of regional and 
urban planning to town and district design, architectural concept, building detailed 
design, mechanical plant, up to orient the choice of building component and to sus-
tainable building materials and even applied to rules setting and post realization 
management.

4.1 � The Adaptive Design of Green Envelope

Adaptive design of green facades and natural-based solutions for resilient architec-
ture and environment are considered effective tools for dealing with the cities’ chal-
lenges and make buildings’ envelopes efficient and green. Introducing vegetation 
elements as decorative or productive plants into architecture is the newest tendency 
that integrate previous recommendation of sustainable architecture implementing 
holistic design principles hollistic design principles with the benefit associated to 
vegetation that many people emphasize with the name of eco-design or eco-friendly 
architecture. Vegetation in architecture means health contribution, through oxygen 
production and air purification, as well psychological and social well-being. The 
good feeling of being surrounded by natural vegetal elements reduces the stress of 
living in full artificial environment, made with artificial materials, in artificial con-
trolled atmosphere without connection to nature and natural processes.

Green architecture strives to minimize the resources consumed and the energy 
balance embedded in materials and in construction processes, both for buildings and 
cities, where green architecture usually symbolizes the possible sustainability of 
modern cities, improving environmental quality of the natural and built 
environments.

Vertical greening in architecture provides a cooling effect on the building sur-
face, which is very important during summer periods in hot and temperate climates. 
The cooling effect of green facades has also an impact on the inner climate in the 
building by preventing warming up the walls (Fig. 5).

Greening the building envelope especially in the Mediterranean climate and in 
the warm season reduces the peak temperature on the wall surfaces with climbers’ 
plants. Some studies demonstrate that greenings buildings technology, for roofs or 
facades, can increase the dynamic thermal characteristics of the wall surfaces tem-
perature to reach a good thermal behaviour of the building envelope. The use of 
vegetation in the building envelope is an interesting sustainable strategy to save 
energy. Green roofs, façades greened with climbing plants or living wall systems 
using modular pre-vegetated panels or vertical greening systems, are solutions that 
can be used as energy-saving methods for the built environment.
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Fig. 5  One Central 
Park – two residential 
towers in Sydney, Ateliers 
Jean Nouvel, 2008

Greening on roofs determines better climatic and microclimatic conditions. 
Green roofs perform many functions: insulate the building, protective function from 
atmospheric agents; increase the thermal inertia, better indoor climate comfort and 
reduction of energy costs. In winter, heat losses are considerably limited. In sum-
mer, on the other hand, thanks to the shading and evapotranspiration, lower tem-
peratures are obtained.

The presence of greenery in the building complex increases the well-being of the 
inhabitants by influencing the psychological enjoyment of the surroundings. The 
initial costs to implement this system are amortized by the decrease in energy [6].

4.2 � Greening the Public Areas

Beautiful trees make great cities because a dynamic urban forest supports a healthy 
community, economy and environment. In addition, as sustained since the 1980s by 
Arnold,6 trees are integral to the urban design of any city or town: Information on 
best practices needs to be more widely disseminated [7].

There is an urgent need to develop and apply larger strategies for sustainable 
urban forests and street tree plantings. In this field, the competences of architects, 
botanic experts need to be integrated to define better standards for site planning and 
suitable tree species. The design of streets has to be defined in order to maximize 
their benefits and avoid potential conflicts with traffic and utilities and tree quality 
standards are key to achieving this goal.

There are many reasons to justify the new trend to implement the use of green 
and nature-based solution in the cities that we may summarize in the following two 
main aims:

6 Arnold. H. F., Trees in Urban Design, Van Nostrand Reinhold Company, New York, 1980.
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•	 Reducing heat island during summer: All over the world, the growing of heat 
pick in town is not only a consequence of climate change, but the primary result 
of urbanization (narrow street, uncontrolled sprawl of construction, high density, 
parking, urban high ways) but also the reduction or the absence of green areas, 
parks and trees bordering. All these aspects may be moderate with the introduc-
tion of vegetation, trees, gardens, vertical greening in the urban tissues.

•	 Improving thermal comfort and human behaviour: Water that plants soak into 
the soil from irrigation or rain ultimately returns as water vapor through direct 
evaporation or by transpiration through plant leaves. This loss cools the surface 
and plant canopy just like the evaporation of sweat cools our skin. This improves 
microclimate condition both in open and interior spaces and human comfort.

5 � People Acknowledging Buildings for an “Ecological 
Well-Being”

Even if the integration of nature in the built environment is widely recognized as an 
absolute benefit for both the human beings and the planet, its conscious and com-
prehensive consideration, and valorization, in the architectural design phase is still 
an ongoing effort.

Beyond general ideas and conceptual statements in architectural projects, the 
design process of nature-based solutions needs the support of technological ele-
ments and the scientific assessment by validated methodologies and tools. In this 
way, it is possible to fully capture and demonstrate the real impact of natural ele-
ments (sun, water, air and soil/vegetation) in living spaces and their contribution on 
improving human well-being and on reducing the ecological footprint.

In order to sustain the efficacy of nature-based technological solutions in the 
design phase, we require considering a wide range of quantitative and qualitative 
data. From a side, benefits can be quantified in terms of reduction of the energy 
demand and improvement of indoor environmental quality (physical parameters); 
from the other side, the perceived quality generated by natural elements in built 
spaces can be assessed only through qualitative and human soft data (real-life 
experience).

Nowadays, this data challenge can be addressed by the digital technologies 
(intended as electronic tools, systems, devices and resources to generate, store or 
process data) specifically evolved for the building sector. They allow the virtual 
replication of the built environment in order to advance its knowledge and analysis 
for a more conscious decision-making across the building lifecycle, since the very 
early phases of the architectural design process.

Grounded in the scientific approach, the computation of large amount of qualita-
tive and quantitative data in the design of future building and cities has to be intended 
not to define standard solutions but as a means to collectively acknowledge and 
foresee a wide range of possible scenarios, in which society can reflect its diversity, 
aspirations and desires.
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6 � The Digital Twin as Predictive Tool for Ecological Design

The need to support an ecological approach involving nature in the design of future 
buildings and cities can be addressed by a more conscious exploitation of digital 
technologies. As recognized by the European Union,7 the spreading diffusion and 
evolution of digital technologies represents a huge opportunity for the AEC sector 
to reach a more sustainable built environment.

Green and digital transitions are blended in a virtuous circle, with the digital 
domain enabling data-rich and predictive processes of co-planning and co-design, 
which also intercept end-user’s feedbacks and behaviours, supporting the definition 
of more ambitious scenarios in terms of environmental quality and sustainability.

Since the introduction of computer-aided design (CAD) in the 1960s, many 
advancements in the field of informatics have been gradually integrated in architec-
ture, with software applications permitting a more accurate and controlled manage-
ment of the large amount of building data, from the design phase to the whole 
building lifecycle.

The design phase has been enriched by the development of simulation tools, 
whose computation permits to predict the behaviour and the performances of build-
ings according to different aspects (i.e. structural, thermo-hygrometric). In the 
1970s, the necessity to cope with the energy crisis gave the impulse to the experi-
mentation of software applications able to calculate the energy behaviour of build-
ings before their actual implementation in the real-life context. Yet, a complex data 
management and non-intuitive interfaces characterized first generation software, 
which prevented their widespread application in the design field, remaining in the 
engineering one.

In the most recent years (late 1990s), the most influential digital innovation for 
the AEC sector has been the introduction of building information modelling (BIM), 
a methodology to organize the high quantity of building information within a struc-
tured set of data (models). Beyond the three-dimensional representation of the 
building’s geometry, the core of BIM is its relational and semantic database, con-
senting to collect, exploit and share also non-graphic data on building technological 
components, their proprieties and functioning.

Nowadays, the turn on Industry 4.0 is enriching the BIM approach with the con-
tribution of the most advanced digital technologies, from sensors to IoT (Internet of 
Things) applications, from Big Data to Semantic Web and Machine Learning, fore-
seeing the most advanced possibilities of Artificial Intelligence [8].

At the forefront of this next evolution, there is the concept of Digital Twin. It 
becomes a virtual replication of the built environment, where it is possible to com-
bine technical static data (BIM models) with real-time environmental data fed by 
sensors located in the real-life contexts (buildings and urban spaces) and connected 

7 The Directive (EU) 2018/844, amending the Directive 2010/31/EU on the energy performance of 
buildings and Directive 2012/27/EU on energy efficiency, introduced the role of digitalization to 
reach environmental sustainability in the building sector.
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with IoT systems, which also consent to take into account, and interact with, the 
end-user experience.

The competitive advantage of Digital Twins is the fully and comprehensive 
acknowledgement of the built space. It is a very strategic aspect (i.e. energy) to 
predict future scenarios, thanks to the availability of technical data (i.e. geometry or 
materials) combined with real-time environmental monitored data (i.e. IEQ). 
Besides, the further possibility to integrate even more softened digital data (i.e. end-
users’ feedbacks or big data) is the basis for a more conscious decision-making not 
only in the design phase but across the whole building lifecycle (i.e. operational 
phase) [9].

This approach appears particularly profitable for supporting a design process 
oriented to the integration of nature-based solutions in the existing built environ-
ment: DTs can be exploited to measure the human and environmental benefits deriv-
ing from green technologies, making people aware of the positive contribution of 
ecological solutions in the built living spaces (Fig. 6).

DT will represent a new “design environment” where to strategically predict 
future sustainable buildings by even more reliable simulations and where the excep-
tional contribution of nature-based solutions can be analyzed, designed and man-
aged in a more efficient and scientific way [10].

Embracing the New European Bauhaus8 objectives under the ambitious EU 
Green Deal,9 a digitally based integration of nature-based solutions in the regenera-
tion of the existing built environment (main EU challenge for the building sector) 
has the potential to address all the three dimensions of “sustainability, quality of 
experience and inclusion”. Moving “beyond buildings” to firstly rethink human 
behaviours, Digital Twin can effectively transform the design process into a human-
centred, positive and tangible experience [11].

8 https://europa.eu/new-european-bauhaus/index_en
9 https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en

Fig. 6  Digital Twin functioning for nature-based solutions
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7 � Conclusions and Next Challenges

The pandemic experience is suggesting us that naturalizing the built environment is 
a required urban evolution to create healthy living spaces, also matching the over-
arching objective of environmental sustainability to contain the climate change 
effects. Yet, nature-based solutions need to be sustained in the architectural design 
domain by a new capability of active listening to the great benefits they bring in the 
real world: only a scientific-based common awareness can support effective human 
and eco-centric design approaches, oriented to harmonize the relationship between 
the built and the natural environment.

This challenge can be addressed by tackling the digital revolution. The newest 
possibility of digitally twinning the built environment opens to the opportunity to 
look at our buildings and cities as experimental spaces to reimagine how to live bet-
ter together, where people can be aware. Thanks to the data support, it will be pos-
sible to preview the real impacts of living spaces both on the planet, in terms of 
energy efficiency and conscious use of resources, as well as on people, in terms of 
comfort and wellbeing, in order to support nature-based regeneration processes.

The naturalization, through digitalization, of the built environment can be 
addressed only by a cultural evolution of current design practices, which should 
start from the public buildings sector and based on open-source data and technolo-
gies. The challenge is to be resilient to the crisis: the lessons learned from the 1920s 
housing crisis was the rationalism, and the ecological turn was a reaction to the 
1970s energy crisis. Today, the post-Covid-19 architecture needs to overcome the 
ongoing ecological effort of reducing the negative impact of buildings on the natural 
environment, to new attention on human health, comfort and well-being in living 
spaces. Sharing this vision, the integration of nature-based solutions appears as the 
most appropriate and promising strategy for sustainable, inclusive, but also beauti-
ful, future buildings and cities.
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Renovating Heritage Buildings into Daylit 
Enjoyable and Visually Comfortable 
Museums/Galleries

Khaled A. Al-Sallal

1 � Introduction

When people in the past constructed what we highly regard today as “the Arab Gulf 
heritage buildings”, they followed a sort of agreed-upon building rules/directions 
acquired as a result of many historical real-life experiences and knowledge learning 
until it proved to work well and produce these amazing buildings. In this process, 
many factors were taken into consideration that resulted in making these buildings 
not only appealing and beautiful but also highly functional from the socially, cultur-
ally, and climatically points of view. Respecting the traditions, considering the 
availability and suitability of building materials, and adapting the buildings to the 
harsh desert climate of the region were some of these factors.

In the UAE, like other places in the Arab Gulf region, heritage sites were some-
how neglected in the early 1980s amid new pressing demands of modernizing the 
society and upgrading the way of people’s living. This led to removing large areas 
of heritage sites (Figs.1 and 2) and replacing them with modern roads, highways, 
and settlements and to the introduction of new building materials and methods and 
neglecting the traditional ways of building. Yet, this was followed soon by another 
awakening period that started in the late 1980s and continued until now. This period 
has witnessed high appreciation of these treasures of the past by the authorities who 
developed plans to revive them and adapt them to museums, galleries, and social 
places capable of serving the country’s agenda for touristic and cultural economy.

One should keep in mind that a museum building cannot function properly and 
effectively unless many environmental and technical factors are considered in its 
design; and the heritage buildings converted to museums/galleries were not designed 
or built as museums/galleries from the start and thus concern about their 
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Fig. 1  Shows a top view of how heritage buildings looked like in the Bastakiya area in 1950 
(left) [1]

Fig. 2  Sheikh Saeed House in Dubai, before and after restoration

performance can be raised. One of the most important challenges in designing a 
museum is how to design its lighting so that it is sufficient to enjoy seeing the arti-
facts and their details; make the exhibits’ gallery exciting and vibrant, effective in 
showing a true experience of its architecture and the colour of the artifacts (as arti-
ficial lighting might result in deceiving effects); and minimize any visual discomfort 
coming from glare or direct sun.

The architectural configuration of the heritage building in the Arab Gulf region 
was originated around the concept of having a central courtyard to give access to 
natural light, in addition to satisfying other needs such as circulating fresh air and 
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passively cooling the building and occupants and providing a private outdoor place 
furnished by greenery for the family to enjoy and mingle when the weather condi-
tions are suitably comfortable. In many of these beautiful heritage buildings when 
they were renovated to museums or galleries, access to daylighting was blocked and 
their designs were modified to rely totally on artificial lighting. Although no clear 
answer was found from the authorities about the main reason for taking this 
approach, an assumed justification could be to control exposure of the artifacts to 
light, which of course can be done a lot easier in the case of the artificial lighting 
than that of the natural lighting. Daylight is dynamic and changing over the course 
of the day, while artificial light is constant; and hence a gallery space lit by daylight-
ing would be much more complex to design than another one lit by artificial light-
ing. Choosing the easiest solution though does not necessarily mean it is the best 
one when considering the visitors’ experience and enjoyment. For instance, in the 
Tate Modern Museum case of London, it has been observed that daylight areas are 
the most crowded mainly because daylight does not only provide a better colour 
rendering but also have better luminous quality that cannot be achieved by artificial 
lights. Visitors of the Tate always argue that natural light is more pleasurable and 
enjoyable [2]. Artificial light on the other hand is static and monotonous, which may 
lead to visual efficiency, but also can result in “museum fatigue”. Museum fatigue 
can be experienced by a visitor when his/her interest initially reaches a high level 
and remains constant for about 30 min then later decreases to a lower level [3].

According to [4], the visual quality of viewing any artwork mainly depends on 
the field of view, which should have both aesthetic qualities and a certain degree of 
interest. The use of natural light, which changes with time, can help in providing 
relief from museum fatigue. There are several examples of well-known museums 
and top-notch galleries considering natural light as an important factor for ambient 
light, like the following: the Louvre in Paris, Lisson Gallery in London, Sackler 
Galleries, Royal Academy of Arts, Tate Britain, the Solomon R.  Guggenheim 
Museum in New York, and Louis Vuitton Foundation in Paris. These all factor in a 
bit of natural light spilling into their galleries so that the viewing of artwork can be 
experienced in a holistic more exciting manner [2].

The approach to block natural light and rely on artificial lights only can lead to 
undesirable results. One of which is the impression the visitor will develop about 
the heritage place under the provided lighting conditions. In other words, if a heri-
tage museum/gallery is visited when it is lit by artificial lights only (i.e. daylight is 
blocked), this will indeed provide a very different experience than the real historical 
one when it was lit mainly by natural lighting. One shouldn’t overlook that the 
architecture of the heritage building is in fact the most valuable piece in the whole 
heritage museum/gallery. Its high value comes mainly from its unique courtyard 
form and how its indoor spaces were configured to enclose the central courtyard and 
take advantage of the natural light captured by it. Hence, the design of the heritage 
building and its lighting should facilitate for the visitor to obtain a true impression 
of how people in the past lived in these houses and experienced its spaces under 
natural lighting conditions. Another important issue is related to the way visitors 
perceive the true colour of the artifacts under a certain provided lighting. Colour 
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rendering index or CRI, devised by the International Commission on Illumination 
which as CIE Ra, is a scale from 0 to 100 (100 is the best) that assesses the effective-
ness of light sources in making the objects appear true or closer to true to their real 
colour. Numerically, the highest possible CIE Ra value is 100 and would only be 
given to a source identical to standardized daylight.

This chapter describes the challenges in adapting these heritage buildings as 
museums or galleries from the daylighting point of view and explains the adopted 
process. The focus is to investigate how differently configured exhibit spaces affect 
the luminous environment with regard to their artifacts’ safety and visual comfort 
and what are the possible solutions to improve their performance while in the mean-
time achieves more pleasurable and enjoyable visitor’s experience.

2 � Daylighting as Formgiver of Architecture

Masters of architecture like have always been fascinated by natural light. The archi-
tecture of Louis I.Kahn, Alvar Aalto, Le Corbusier, Jorn Utzon, and Johannes Exner 
showed to what extent natural light was considered an essential form giver of archi-
tecture. Some of Louis I. Kahn’s quotes were as follows:

•	 “No space, architecturally speaking, is a space unless it has natural light”.
•	 “Every architectural form, every building or group of buildings, regardless of the 

practical purpose or the expressive need that formed it is a visible form built from 
differences of light qualities, … Within our perception of these patterns of light, 
our distance sense, our appreciation of the qualities of a wider space would com-
pletely disappear”.

•	 “We were born of light. The seasons are felt through light. We only know the 
world as it is evoked by light, and from this comes the thought that material Is 
spent light. To me natural light Is the only light, because it has mood – it provides 
a ground of common agreement for man – it puts us In touch with the eternal. 
Natural light Is the only light that makes architecture”.

Alvar Aalto knew exactly how to treasure and maximize the use of daylight. He 
understood how to maximize the use of daylight and distinguish between the light-
ing requirements for the changing seasons of a year. The spaces designed by him 
provided carefully and properly distributed amounts of light and revealed at the 
same time the beauty of the interiors. To achieve his goals, he accurately chose the 
suitable architectural language and elements including a variety of skylights, clere-
stories, screen-glazed openings, vaults, and lighting scoops. He also used baffles, 
polished brass, louvers, and white-painted surfaces. All these elements were always 
an integral part of his design idea and structure. His carefully designed architecture 
and the accurate selection of elements helped to denote movement from place to 
place, to crown or accent spaces, and to evenly spread the most precious warm, dif-
fused light.
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3 � Architecture of Heritage Buildings

Many of these heritage buildings used to be houses for rulers or rich merchants. 
Others included schools and souqs (traditional markets). Some of the highly sensi-
tive holdings in these heritage buildings are historical documents such as letters 
between rulers, contracts, deeds, or itineraries describing the pearl industry. 
Therefore, strict action is needed to ensure the conservation and protection of these 
vital documents. The heritage building usually takes an introvert courtyard form 
configuration, and the most common shape of the courtyard is the rectangle (Fig. 3). 
The courtyard is the main source of natural light and air, and most windows in the 
building are opened to it. Fewer windows are opened to public alleys, but these are 
limited to guests’ reception rooms that do not necessitate high level of privacy. The 
rooms in these buildings usually take the shape of a rectangle for the large rooms 
and a square or semi-square for the small ones, with a width of around 3 m and a 
length that ranges from around 3 m for the small rooms to reach to more than 8 m 
for the large ones. The rooms are connected to each other and to the courtyard by a 
beautiful-arcaded verandah that encloses the courtyard from all or most sides. The 
verandah with its arcade helps provide substantial shading on the room windows.

Plan Section Elevation

Al-Ahmadiya School

H.H. Sheikh Saeed House

The Heritage House

Fig. 3  Architectural drawings of selected heritage buildings’ cases in Dubai [5]
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The heritage openings (Fig. 4) can be classified into four categories: Dreesheh 
(double panel window), Mesbah (lantern window), Barjeel (wind tower), and 
Masgat (air puller). Dreesheh in the local dialect means simply a window. It is basi-
cally the main type of the windows and the largest in the heritage buildings and is 
used for providing daylighting, ventilation, and views (Fig. 5). It is made of local 
wood, measures about 110 × 70 cm, and is covered by iron rails for security. It has 
wooden shutters on the interior that act as control elements for fully/partially open-
ing/closing the window. It can be found on the exterior of the house or the interior, 
looking into the courtyard. Three different components of the traditional windows 
were used to maintain privacy and security and control of daylight levels; these were 
gypsum ornaments, iron bars, and wooden shutters. Glass was introduced to the 
heritage windows at a later time when maritime trading rose up. The windows in the 
current heritage museums are usually constructed with double panel glass. Since 
Dreesheh is the main opening for providing daylighting to exhibit rooms in the cur-
rent heritage museum/gallery buildings, the research presented here focused on it.

4 � Theoretical Background

The code for lighting of the Chartered Institution of Building Services Engineers [6] 
states that the diversity of illuminance in the core area of the interior should not 
exceed 5:1. Illuminance diversity is defined as the ratio of the maximum illumi-
nance to the minimum illuminance at any point in the core area. The core area is 
area of the working plane having a boundary 0.5 m from the walls. In other terms, 
illuminance at any task, for example, at the object displayed in the case of a museum, 
should be no more than five times the illuminance of the surrounding area. CIBSE 
also defines another metric to be used with diversity to evaluate visual comfort, that 
is, the illuminance uniformity. It is defined as minimum to average illuminance over 
the task area, and it should not fall below 0.7, provided that the average illuminance 
on the task must be appropriate to that of the activity [6].

Dreesheh (double panel 
window) 

Barjeel (wind tower) Mesbah (lantern window) Masgat (air puller) 

Fig. 4  Four categories of the heritage building openings
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Fig. 5  Architectural drawings and dimensions of the traditional Dreesheh window in Dubai 
(Dubai Municipality, 2000) [5]

The luminance distribution in the field of view is another important metric that 
can be used to evaluate to what extent visibility at the task is good or bad. A good 
task visibility depends on easy adaptation level of the eyes at the scene points; and 
these are all controlled by the luminance distribution in the field of view [6]. CIBSE 
[6] states that a well-balanced adaptation luminance is needed to increase visual 
acuity (sharpness of vision), contrast sensitivity (discrimination of small relative 
luminance differences), and efficiency of ocular functions (such as accommodation, 
convergence, pupillary contraction, eye movements, etc.). The human visual system 
can comfortably perceive only a narrow range of brightness at one time as several 
issues should be avoided: (A) luminances that are too high, which may give rise to 
glare; (B) luminance contrasts that are too high, which will cause fatigue because of 
constant readaptation of the eyes; and (C) luminance and luminance contrasts that 
are too low, which may result in a dull and non-stimulating working environment. 
Contrasting luminances should not exceed the following recommendations:

•	 3:1, task-to-immediate surround [6]
•	 10:1, task-to-general background [6]
•	 20:1, between the light source and the surrounding surfaces [7]
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The author with his research team has been investigating daylight performance 
in heritage museums for quite some time. One of their earlier studies [8] relied on 
the daylight metrics, Illuminance level (Lux), Light Exposure (Lux.Hrs), Light 
Distribution and Uniformity, and Luminance Levels, to evaluate a relatively small 
exhibition room (2.73 m × 3.65 m), located in the Sheikh Mohammed Centre for 
Cultural Understanding (SMCCU) of Dubai (Fig.  6). The room has a Dreesheh 
window on the east sidewall (a total of window-to-wall-ratio or WWR = 12%), 
looking upon the public alley. The window has no shading except for the operable 
window shutters. The study depended on field measurement and computer simula-
tion using Desktop Radiance 2.0 Beta (DR) to simulate daylighting at 9:00 am, 
12:00 pm, and 3:00 pm on the solar summer and winter solstices (June 21 and 
December) and spring and fall equinoxes (March 21/September 21). The findings of 
the study can be outlined as follows:

Public
Alley Courtyard

The Exhibit Space, 
Enlarged

The Exhibit 
Space

FLOOR PLAN

Fig. 6  Photograph and a floorplan of the SMCCU case and the selected exhibition room
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	1.	 The difference in illuminance results between the actual measurements and the 
simulated values was around ±4%. These values were seen as reasonably suffi-
cient to validate the calculations of the simulation engine in the investigated 
environment.

	2.	 The illuminance values were higher than the recommendations for a museum or 
gallery use, which can lead to increased light exposure and serious risks of arti-
facts’ deterioration.

	3.	 The results for diversity in the exhibit room showed values of 7:1 for most of the 
tested hours and 13:1 as the highest recorded diversity recorded on December 21 
at 9:00 am. The results showed also that all the recorded values of uniformity fell 
below the minimum recommended value (0.7) in spite of the average illumi-
nance on the horizontal displays fell within the acceptable level of 300 lux. 
These high variations in illuminance levels can lead to visual discomfort.

	4.	 The simulated value for contrasting luminances on the window and the sur-
rounding surfaces on June 21 at 09:00 am was 16:1; which is acceptable. This 
date and time were judged as extreme time since the tested room takes the East 
orientation for its windows.

	5.	 It was recommended to add a filtering element that helps to uniformly distribute 
the admitted daylight, most preferably adding shade plants or trees on the out-
side. Such a solution can help to mitigate the high variations of light in the 
indoor space and the excessive brightness of the sky seen through the window. It 
is also an architecturally desirable and safe solution since it will not harm or ruin 
the architectural character of the heritage building like perhaps changing the 
design of the façade or window design. The contrasting luminances can be 
improved further by using surrounding surfaces with higher luminance values 
around the window. Planning the indoor display furniture so that the window 
location is off the line of sight was also recommended.

Daylight performance needs to be considered over time. Climate-based daylight 
metrics (CBDM) like daylight autonomy (DA) and useful daylight illuminance 
(UDI) are far more useful in daylight calculations than simple metrics such as day-
light factor (DF) or illuminance because daylight illumination levels are dynamic 
and the effect of local climate conditions and daily and seasonal balance of daylight, 
provided from direct sunlight versus the sky and clouds, on daylight availability is 
critical. DA calculates the percentage of the occupied hours when the minimum 
illuminance level is delivered by daylight only for a point in the room. UDI divides 
the year into three bins based on lower and upper thresholds of 100 lux and 2000 lux 
[9–10]. The upper bin (UDI > 2000 lux) represents the hours when there is an over-
supply of daylight that can lead to visual or thermal discomfort, the lower bin 
(UDI < 100 lux) represents the hours when there is a lack of sufficient daylight, and 
the intermediate bin (UDI100–2000 lux) represents the useful daylight. Daylight 
safety (DS) is another metric derived from DA, which was developed before by the 
author of this chapter [11]. It calculates the percentage of the occupied hours when 
the delivered daylight does not exceed a maximum illuminance level, above which 
the risk of artifacts’ deterioration could exist. When DS is applied for a whole room, 
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sDS term is used. sDS calculates the percentage of the room area when the delivered 
daylight does not exceed a maximum illuminance level based on a certain number 
of exposure hours per year (e.g. 500 Hr/year), above which the risk of artifacts’ 
deterioration could exist. The volumetric aspect ratio of the courtyard (CVAR) was 
introduced by the author in a previous study [11] as an effective parameter since it 
expresses the full relationship between space volume and lighting penetration to the 
indoors. It was defined as CVAR = (W.L)/H2, where W is the courtyard width, L is 
the courtyard length, and H is the courtyard height.

Excessive light and improper distribution of luminance seen by a person in the 
field of view causes glare and visual discomfort [12]. Assessing glare is difficult 
compared to other simple metrics like illuminance since it involves subjective 
judgement and relies on the position and view direction of the person viewing a 
scene [13–14]. It also requires to consider the vertical illuminance that falls within 
the observer’s field of view. One should distinguish between the two types of glare, 
discomfort and disability glare; the first is generally irritating while the latter impairs 
vision. Discomfort glare can turn into disability glare if the cause of glare is acute. 
Most of the existing methods in calculating glare predict the probability of experi-
encing discomfort rather than visual disability [12, 15]. They are based on the ratio 
of the size, location, and luminance of glare sources in a field of vision when com-
pared to the average luminance not inclusive of the glare source.

Elimination of glare and control of surrounding brightness in museums can serve 
to reduce the need for additional light on the artifacts. The human eye has greater 
ability to tolerate glare from the sky, seen from the windows, than to tolerate glare 
from a comparable artificial lighting situation. That is because a window as a light 
source is usually much larger than artificial light. To demonstrate this idea, the limit-
ing value for the glare index (GI) in museums is 16, while for daylit spaces, this 
could translate to a daylight glare index (DGI) of 20 and can be considered as “just 
acceptable” glare criterion [7]. Thus, previous research found that it is more impor-
tant to find out how to decrease the DGI than to calculate its exact value [4]. The 
major controlling factor is the glare source luminance and its contrast with the sur-
rounding surfaces; it should not exceed 20:1 (Baker et al. 1993). It was also sug-
gested to reduce the luminance by a factor of 4  in order to obtain a significant 
decrease of the DGI value (−3 units) [4]. In a previous study on classrooms in the 
UAE, Al-Sallal and Al-Rais [16] demonstrated how the use of local shade trees 
helped reducing the windows’ glare luminance from >2000 cd/m2 to 350 cd/m2 and 
the luminance contrast with the surrounding surfaces from 1:50 to 1:8.75. Movable 
shading systems like movable louvers and light shelves can also be effective.

In a simulation study, Jakubiec and Reinhart [17] compared between five glare 
metrics under 144 clear sky conditions in three spaces to investigate their ability to 
predict the occurrence of discomfort glare and hence support the design of comfort-
able spaces. The analyzed metrics were daylight glare probability (DGP), daylight 
glare index (DGI), unified glare rating (UGR), visual comfort probability (VCP), 
and CIE glare index (CGI). The results showed that daylight glare probability 
(DGP) was the most robust metric and the least to produce misleading predictions. 
The DGP glare metric was defined by the following formula:
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where:

Ls is the luminance of the glare source (cd/m2)
ωs is the solid angle of the glare source (sr)
P is the weight factor based on positioin in a viewing hemisphere, the position index
Eυ is the total vertical eye illuminance (lux)

In a study by Berardi and Wang [18], the authors used several glare metrics (i.e. 
DGP, DGI, UGR, VCP, and CGI) to evaluate glare caused by daylighting in an 
atrium-type high-performance house. They considered the DGP as the main metric 
in their analysis since its formula accounts for the vertical eye illuminance (Ev) in 
its input, and thus it can predict discomfort even without visual contrast in exceed-
ingly bright scenes. More importantly, the results of the DGP matched the visual 
perception in the house and showed indications to resolve some of the problems 
found in the other metrics [15, 17, 18].

5 � Methods

The research work in this chapter was conducted in two stages. The first stage was 
simple and depended on limited fund. The focus was to define the research problem, 
to identify its limits (scope and variables), and to collect needed information that 
will feed the simulation runs in the next stage. Stage 2 was more comprehensive and 
involved wider and deeper investigations. The focus was to reach to a full under-
standing of the problem’ variables, to examine the variables under different design 
and climate-based and sky models’ conditions, and finally to suggest effective solu-
tions. All these necessitated to rely on multiple daylight metrics and methods.

Stage 1 – Historical and technical information about several cases of heritage 
buildings were collected from several resources including published materials, 
architectural drawings, and historical documents. Site visits were made to obtain 
photographic information and experience the spatial configurations and the avail-
ability and quality of the admitted daylight in the visited cases. The photographs 
focused on the spaces and their arrangements, the windows and other architectural 
elements that affect daylight performance such as the arcaded verandah, and the 
exhibited artifacts. The photographical survey of the artifacts was accompanied 
with meetings with the museum curators to obtain information about each one with 
regard to its kind of material, its age and value, and its sensitivity to light exposure. 
Figure 7 shows typical artifacts in the heritage museums. Based on the information 
collected from the site surveys and technical information collected from the litera-
ture, the research classified the artifacts into groups according to their sensitivity of 
light exposure (Table 1). These are as follows:
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Traditional clothing 
and textiles

Female jewelry Invaluable documents 
and manuscripts

Old currency

Traditional weapons Ceramic and basalt 
pottery

Coinage, and silver 
ornaments.

Human skeletons

Fig. 7  Typical displays in the heritage UAE museums

Table 1  Recommended illuminance (Lux) and cumulative light exposure (Lux.Hr/year) limits, as 
adopted from IESNA [19–21]

Type of material

IESNA CCAHAc

Max 
illuminance 
(Lux)

Light 
exposure 
(Lux.Hr/
year)

Light 
exposure 
(Lux.Hr/
year)

High sensitivity to light
 �� Books, botanical, specimens, costumes, cotton, 

drawings, dyed, leather, feathers, fugitive dyes, fur, 
gouache, insects, manuscripts, miniatures, 
paintings in distemper media, paper, prints, silk, 
skins, some minerals, some photographs, stamps, 
tapestries, textiles, wallpapers, water colours, wool, 
and writing inks

50 50,000a

150,000b

50,000

Low sensitivity to light
 �� Bone, horn, ivory, lacquer, leather, oil paintings, 

some plastics, some photographs, tempura painting, 
textiles with stable dyes, and wood finishes

200 480,000a

600,000b

100,000

Less light sensitive
 �� Paper-based artifacts

– – 300,000

No light sensitive
 �� Ceramics, enamel, glass, jewels, metal, most 

minerals, stone, and wood

1000 – –

aAdopted from IESNA [19]
bAdopted from IESNA [20]
cAdopted from CCAHA [21] CCAHA specializes in the treatment of art and historic artifacts 
on paper

High sensitivity:

•	 Significantly valuable manuscripts and documents such as treaties, letters, 
maps, decrees, and agreements that were vital in shaping the country’s history

•	 Old currency notes, stamps, and postal stationery
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Low sensitivity:

•	 Traditional clothing and textiles.
•	 Female jewelry with a large selection of bead necklaces agate, bronze, and 

soft stone. Some of this jewelry is considered prehistoric.
•	 Human skeletons and bones that were excavated from graves that date back to 

the third millennium BC.

No sensitivity:

•	 Some of the earliest coinage, silver ornaments, and costume accessories.
•	 Traditional weapons such as rifles and guns. Additionally, bronze daggers and 

arrowheads that date back to the first, second, or third millennium BC.
•	 Ceramic and basalt pottery, of which some are considered prehistoric, consist-

ing mostly of vessels and plates.

Stage 2 – Stage 2 aimed in achieving a more accurate and in-depth investigation 
of the factors that affect daylighting performance and its effect on artifacts exposure 
to light versus occupants’ visual comfort. This required to conduct additional site 
visits of the heritage buildings to obtain photographic and building information. The 
site visits helped also to take new on-site measurements to find characteristics of the 
interior surfaces needed for the simulation process and produce actual reference 
readings of lighting levels useful in simulation results’ checking and correlation.

The need to perform more accurate and in-depth investigation required to depend 
on daylight autonomy metrics (DA) and use advanced methods of calculations/
simulation. Stage 2 depended on Diva-for-Rhino program to perform the needed 
CABD-detailed simulations. The tested metrics included Lux levels, DA, UDI, light 
exposure Lux.Hr/year, DS, sDS, DGP, and contrasting luminances. DIVA-for-Rhino 
is a highly optimized daylighting and energy modelling plug-in for Rhinoceros, a 
NURBS modelling software [22]. The plug-in was initially developed at the 
Graduate School of Design at Harvard University and is distributed by Solemma 
LLC. It uses RADIANCE and DAYSIM as its basic daylight simulation engines. 
Both RADIANCE and DAYSIM have been validated in many previous studies 
[23–30].

The simulations used a large number of sensors (160 sensors) in order to ensure 
covering the entire space and areas that could be potentially shadowed by the solid 
portions of the external walls or the structural columns of the verandahs. These sen-
sors were equally distributed on a horizontal grid, placed at a height of 0.81 m to 
match the common heights of display. To produce useful analysis, the room was 
divided along its depth into three zones: (1) far from windows zone (FZ), (2) middle 
zone (MZ), and (3) near windows zone (NZ). To give a full picture of how daylight 
will perform under different design configurations, many cases based on combina-
tions of WWR and verandah projections were modelled and tested.

Stage 2 presented also a comparative analysis between the SMCUU case, inves-
tigated earlier by the research, and an additional case study, a newly added case 
study, which is the Heritage House Museum (HHM) in Al-Ras District of Dubai 
(Fig.  8). Like the case study SMCCU, the HHM was also seen as a good 
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representative of the traditional buildings in Dubai and as a good example of the 
coastal architecture of the Arab Gulf in general. This heritage museum is a two-
story building with a courtyard configuration. The HHM includes several exhibit 
spaces in the ground and first floors. The exhibit space selected for the daylight 
investigation in this case study measures 8 m length × 3 m width × 4 m height. It has 
3 Dreesheh windows on the southwest sidewall with WWR of 12%, looking upon 
the courtyard. This room is shaded with deep arcade/verandah (3m) in addition to 
operable window shutters. The CVAR values of the SMCCU and HHM cases are 
1.19 and 3.52, respectively.

Stage 2 evaluated glare risks and visual discomfort inside different design varia-
tions of the exhibit room. The lack of established methodologies for determining 
which times and scenes to use, among a multitude of potential daylight glare situa-
tions, confronted the researcher with a real challenge. The worst case was imagined 
when a person is observing a displayed artifact while high luminance windows 
appear in the background. It represents a very critical situation with regard to the 
potential of glare risks. Such a situation can be identified during the times when the 
direct sunlight could penetrate into the exhibition room at low solar altitude angles 
(e.g. afternoon time for a southwest-oriented room). This scene can also reveal 

FLOOR PLAN

Arcade

Courtyard

The Exhibit 
Space

The Exhibit Space, 
Enlarged

Fig. 8  Photograph and a floorplan of the HHM case and the selected exhibition room
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issues during other times when the sun shines brightly on the courtyard wall oppo-
site to the room (the morning time as predicted). To determine the times of critical 
glare, the study relied on two types of Diva simulations: the annual DGP analysis 
and the luminance-based visualizations. Figure 9 shows how the camera was posi-
tioned for the DGP analysis in the tested room (i.e. a room with size measurements 
and luminous characteristics similar to the exhibit room in the HHM case).

6 � Results and Discussion

6.1 � Daylighting Autonomy (DA)

The visual results in Figs. 10 and 11 use a colour scale (on the right) that represents 
the DA percentage for each module of the evaluation grid in the two simulated exhi-
bition rooms of the SMCCU and HMM cases. For each room, the thresholds of the 
DA calculations were set to 50 Lux, 200 Lux, and 1000 Lux to represent high sensi-
tive, low sensitive, and no sensitive materials, respectively; based on the IESNA 
lighting handbook recommendations [19, 20]. The spatial DA value was also calcu-
lated, which represents the percentage of the space in which the illuminance levels 
exceeded the Lux threshold. The results can be outlined as follows:

•	 The SMCCU case (Fig. 10):

The DA(50 Lux) simulation revealed that the room of the SMCCU case is not 
safe for high sensitive materials; almost all the room area will experience 
illuminance levels are greater than 50 Lux threshold, for 50% of the occu-
pied hours.
The DA(200 Lux) simulation revealed that the room of the SMCCU case is not 
safe for low sensitive materials; almost all the room area will experience illu-

Camera orientation towards 
windows on SW direction

Fig. 9  Camera positioned in the room for the DGP analysis
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High sensitive

N

Low sensitive No sensitive 

Fig. 10  Daylighting autonomy (DA) results for the exhibit space in the SMCCU case, shown for 
the high, low, and no sensitivity categories

High sensitive Low sensitive No sensitive

Fig. 11  Daylighting autonomy (DA) results for the exhibit space in the HMM case, shown for the 
high, low, and no sensitivity categories

minance levels are greater than 200 Lux threshold, for 50% of the occu-
pied hours.
The DA(1000 Lux) simulation revealed that 23% of the room area will experience 
illuminance levels ≥ 1000 Lux, for 50% of the occupied hours (77% daylight 
safety).

•	 The HHM case (Fig. 11):

The DA(50 Lux) simulation revealed that the room of the HHM case is not safe 
for high sensitive materials, because (almost) all of the room area will experi-
ence illuminance levels ≥ 50 Lux, for 50% of the occupied hours.
The DA(200 Lux) simulation revealed that 52% of the room area will experience 
illuminance levels ≥ 200 Lux, for 50% of the occupied hours (48% day-
light safe).
The DA(1000 Lux) simulation revealed that 0% of the room area will experience 
illuminance levels ≥ 1000 Lux, for 50% of the occupied hours (77% is safe).
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7 � UDI

The common method when performing the useful daylight illuminance (UDI) cal-
culations considers the values that are less than 100 Lux as “too little” light, the 
values that are between 100-2000 Lux as “useful daylight”, and the values that are 
more than 2000 Lux as “too much” light [19, 20]. The UDI results are expressed as 
the percentage of the room area that detected illuminance levels for at least 50% of 
the time. Since in museums, conservation of valuable artifacts is at the uppermost 
priority, illuminance values that are less than 100 Lux (but not less than 50 Lux) can 
also be useful or even recommended. The UDI results can be outlined as follows:

•	 SMCCU case:

< 100 Lux is 0%
between 100-2000 Lux is 94%
> 2000 Lux is 4%

•	 HHM case:

< 100 Lux is 21%
between 100-2000 Lux is 79%
> 2000 Lux is 0%

These results indicate that the SMCCU room is not as safe for the exhibited arti-
facts as the SMCCU room, especially for the high sensitivity category. With regard 
to sunlight exposure, the low value of the UDI(>2000 Lux) (4%) in SMCCU room indi-
cates a reasonably high level of artifacts’ safety and also visual comfort but the 
HHM room has lower values, which indicates a higher level of artifacts’ safety and 
visual comfort than the SMCCU. Figures 12 and 13 show the UDI visual results for 
the exhibition spaces of the SMCCU and HHM cases, respectively. These visual 
results can help museum curators to choose the best locations for the artifacts’ 
safety and visual comfort.

UDI < 100 

N

100 ≤ UDI ≤ 2000 UDI > 2000 

Fig. 12  Useful daylight illuminance (UDI) results for the exhibit space in the SMCCU case
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UDI > 2000 UDI < 100 100 ≤ UDI ≤ 2000 

Fig. 13  Useful daylight illuminance (UDI) results for the exhibit space of the HHM case

Figure 14 shows the UDI<100 Lux and UDI100-2000 lux (averaged values) as a function 
of distance from window. The use of verandahs improves the daylighting distribu-
tion throughout the room, with minimal impact on the UDI levels at the back zone. 
The increase of the verandah’s size (from 1 to 3m) has more impact on the improve-
ment of daylight distribution and quality than the reduction of the WWR (from 18% 
to 5%). The results show that the lower WWR with the larger verandah depth 
improves the UDI<100 Lux performances (Fig. 14). Thus, the best option for the HS 
and LS categories is to use WWR-5% with a verandah that has a depth of 2 m or 
3 m. The performance improves in the MZ and FZ zones of the room (at a distance 
of 1.5-3m from windows). Figure 14 also supports the adequacy of these same two 
cases for the LS category, as suggested by their low results of UDI100–2000 lux, espe-
cially at a distance of 1.5–3 m from windows.

8 � Annual DGP Distribution Analysis

The two cases that were simulated for the DGP distribution in the exhibit room of 
the HHM case were as follows:

•	 The room with 18% WWR without verandah (WWR18%-V0)
•	 The room with 18% WWR with 3 m verandah (WWR18%-V3)
•	 The room with 5% WWR without verandah (WWR5%-V0)
•	 The room with 5% WWR with 3 m verandah (WWR5%-V3)

The aim was to test the effect of the verandah and WWR change on the DGP 
distribution and their potential to improve visual comfort performance. The obser-
vations that can be deduced from the results in Fig. 15 can be outlined as follows:

	1.	 The case (WWR18%-V0) results in high DGP values that can cause either intol-
erable glare (DGP ≥ 0.45) or disturbing glare (DGP ≥ 0.40) during most of the 
operation hours of the museum.

	2.	 The days of the fall and spring months involve more hours of intolerable or dis-
turbing glare compared to those in the winter and summer months.

	3.	 The lower DGP values of the winter (especially during December) can be ratio-
nalized by the capacity of the courtyard design configuration to shade the low 
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Fig. 14  UDI<100 Lux and UDI100–2000 lux as a function of distance from window for WWR = 5% and 
18% with different sizes (0, 1, 2, and 3 meters) of verandahs on SW orientation

altitude sun of the winter especially during the early morning hours and late 
afternoons.

	4.	 The lower DGP values of the summer can be rationalized by the high position of 
the sun in Dubai’s summer. That is because during the summer solstice of Dubai, 
the sun is nearly perpendicular to the building roof due to the fact that Dubai 
(25.20° latitude) is very near to the tropic of cancer (23.5°) and hence the 
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Fig. 15  WWR-18% without verandah – hourly DGP values through the year of the SW orientation
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Fig. 16  WWR-18% with 3m-verandah – hourly DGP values through the year of the SW orientation

potential of direct sunlight penetrating through the windows and the risk of glare 
is minimized.

When the DGP distribution analysis was applied to the cases WWR18%-V3, 
WWR5%-V0, and WWR5%-V3, the results showed great improvements. As can be 
seen in Fig. 16 for the case WWR-18% with verandah, there are zero instances of 
glare levels above DGP of 35% (no disturbing or intolerable glare issues). Hence, 
reducing the WWR of the windows and/or adding the traditional arcaded verandah 
on the courtyard side to shade the windows can help greatly overcome any possibil-
ity of disturbing or uncomfortable glare.

9 � DGP Cumulative Numbers of Hours

The cumulative number of hours when the DGP is above a certain benchmark 
(imperceptible, perceptible, disturbing, and intolerable) was also simulated and the 
results are shown in Fig. 17. For the 18% WWR without verandah, the number of 
annual hours (and % of total hours) is as follows:
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Fig. 17  Cumulative numbers of hours when the DGP is above a certain benchmark, divided into 
four ranges

Table 2  Improvement of DGP values after adding 3m-verandah and reducing the WWR to 5%

Hr (% of operating time)

Case
Perceptible, DGP 
> 30

Disturbing, DGP 
> 35

Intolerable, DGP 
> 40

WWR18%, without 
verandah

3321 (37.91%) 3032 (34.61%) 2583 (29.49%)

WWR-18%, with 
3m-verandah

497 (5.67%) 0 0

WWR-5% without verandah 10 (0.11%) 0 0
WWR-5%, with 
3m-verandah

49 (0.56%) 0 0

•	 2583 (≈30%) when the DGP is above 40% (i.e. intolerable glare)
•	 3032 (≈35%) when the DGP is above 35% (i.e. disturbing or intolerable glare)
•	 3321 (≈38%) when the DGP is above 30% (i.e. perceptible, disturbing or intoler-

able glare)

When the 3m-verandah is added to the case 18%-WWR, the simulation results 
showed huge improvements in DGP reductions: from 30% to 0% (i.e. no danger of 
intolerable glare), from 35% to 0% (i.e. no danger of disturbing or intolerable glare), 
and from 38% to 6% (i.e. only limited perceptible glare). Further improvements 
were achieved by reducing the WWR to 5% either with or without verandah 
(Table 2).
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10 � Luminance-Based Visualizations

Three times were judged to represent critical conditions of potential glare problems: 
21 September at 9:00, 21 December at 12:00, and 21 March at 15:00. To quantify 
the risk of glare, point-in-time DGP simulations for four cases were performed:

	1.	 Base case: WWR-18% without verandah
	2.	 Improvement Case 1: WWR-18% with 3m-verandah
	3.	 Improvement Case 2: WWR-5% without verandah
	4.	 Improvement Case 3: WWR-5% with 3m-verandah

The aim was to quantify the capacity of the verandah element and the smaller-
sized windows (smaller WWR) to control the penetrated direct sunlight and mini-
mize possibilities of glare.

The visualization results of the base case in Fig.  18 showed a DGP range of 
43-45% (i.e. disturbing to intolerable glare). One can also notice the penetrations of 
the direct sunlight into the room (on the display stands) on December 21 at 12:00 
and on March 21 at 15:00. The simulation results of the case WWR-18% with 
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Fig. 18  Point-in-time DGP analysis of the four simulated cases
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3m-verandah showed a significant improvement; the DGP range went down from 
43–45% (disturbing to intolerable glare) to 28–30% (imperceptible glare). The sim-
ulation results of the cases WWR-5% without verandah and WWR-5% with 
3m-verandah showed further improvements; the DGP range went down to 26–32% 
and to 6–28%, respectively (imperceptible glare in both cases). In addition, all 
improvement cases did not involve any dangers of direct sunlight.

11 � Conclusion

The chapter raises the question “if the architectural configuration of the heritage 
building in the Arab Gulf region was originated around the concept capturing day-
light from a central courtyard, why should we block it (instead of controlling it) and 
replace it with artificial lighting” that could lead to undesirable issues such as:

•	 Giving the visitor an untrue impression of how people in the past experienced the 
interior spaces of these buildings due to a completely different luminous 
environment

•	 Creating a static and monotonous environment that might operate better in terms 
of visual efficiency but it could also result in “museum fatigue”

The traditionally thought claim that “artificial lighting is the best solution and 
one should block daylight to protect artifacts from light exposure” is seen as an 
oversimplification assumption of the problem, and hence it is challenged here with 
presented proofs that one can reach better solutions if we control daylighting rather 
than blocking it – solutions that offer high levels of artifacts’ safety – but with better 
visual comfort and more pleasurable and enjoyable visitor experience. Stage 1 
implemented preparatory and data collection work.

The first part of Stage 2 focused on how daylight could affect the artifacts and 
possible measures to mitigate this effect. The most important findings of stage (2) 
are as follows:

	1.	 The DA(50 Lux) and DA(200 Lux) results showed that the highly shaded exhibit room 
of the HHM case performed better than the no-shading room of the SMCCU 
case for the low sensitivity category (48% difference in spatial DA between the 
two cases); while for the high sensitivity material category, both cases did not 
perform well.

	2.	 The DA(1000 Lux) simulations revealed that 23% of the SMCCU room area (77% 
daylight safety) while 0% of the HHM room area (100% safe) will experience 
illuminance levels ≥ 1000 Lux, for 50% of the occupied hours.

	3.	 The UDI results indicated that the highly shaded room of the HHM case was 
safer than that of the SMCCU safe for both the high sensitivity and low sensitiv-
ity categories (UDI<100Lux of 21% versus UDI<100Lux of 0%).

	4.	 The zero value of the UDI(>2000 Lux) in the highly shaded room of the HHM case 
also indicated high level of safety with regard to sunlight exposure.
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	5.	 For the low sensitivity category, the results indicate that the exhibit space in the 
SMCCU is unsafe from the window till at least the centre of the room, while the 
exhibit space in the HHM case is safe from at least the centre of the room and the 
back wall.

	6.	 The results generally suggest to keep the artifacts with high sensitivity to light 
exposure in separate exhibit rooms as this will facilitate controlling dangers of 
light exposure. Daylight might be blocked totally for this category only. To con-
trol direct sunlight, one should keep the shutters of the windows closed during 
the direct sun hours, especially during the morning time. The use of veiling 
structures such as fixed shading devices, movable shading devices, arcaded 
verandahs, or landscape elements on the interior/exterior of the openings must 
be used to control daylight access to the space. Using local shade trees is a more 
desirable option sometimes since they will not affect the architectural character 
in any manner and will add environmental benefits as well as aesthetics to 
the area.

The second part of Stage 2 focused on potential visual discomfort and glare risks 
based on annual DGP analysis and luminance-based visualizations. It identified 
three critical times of potential glare risks in a model room similar to the one in the 
HHM case with WWR = 18%. The annual DGP analysis revealed high DGP values 
for the case WWR-18%, which can cause either intolerable glare (DGP ≥ 0.45) or 
disturbing glare (DGP ≥ 0.40) during most of the operation hours. After adding the 
3m-verandah to the case WWR-18%, the annual DGP results showed great improve-
ments (zero instances of glare levels above DGP of 35%, meaning no disturbing or 
intolerable glare issues). That was also confirmed by the produced luminance visu-
alizations that showed how the verandah element managed to overcome the prob-
lems of direct sunlight and reduce bright window luminance.
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Assessment of Indoor Heat Gain Using 
Overall Thermal Value (OTTV) 
in the Rural Houses of Andhra Pradesh, 
India

J. Vijayalaxmi and Priyanka Jaiswal

1 � Introduction

Factors such as building envelop material, air conditioning systems, water heating 
system, the dynamic equipment and illumination play an important role in perfor-
mance evaluation of a building. However, the most important factor in terms of 
energy efficiency is the building envelop [6]. It has a significant role to regulate 
indoor temperature and to lower the amount of energy used in heating and cooling 
[4]. Hence, good energy savings can be achieved if the building envelop properties 
are improved [6].

Globally, thermal insulation standard is used to measure thermal performance of 
building envelop in cold climate, and overall thermal transfer value (OTTV) build-
ing regulations are used in hot climates. This regulation is mostly applicable to 
mechanically cooled buildings, as the OTTV is used as a measure to design building 
envelope and control indoor heat gain. OTTV is seldom used to calculate heat gain 
through less energy-intensive rural buildings, as the envelop design of these build-
ings is not studied as much as the energy-intensive buildings. Nevertheless, it is 
important to study the same, as indoor thermal comfort of a large number of socio-
economically challenged rural populace is affected due to indoor heat gain through 
envelop. Building envelops get influenced by the factors like climate, building and 
user-related characteristics, building services and operation, occupant’s activities 
and behavior, socioeconomic factors, and indoor environmental quality [4].

This study is carried out for the rural houses in hot-humid climate of Andhra 
Pradesh. These rural houses are made up of locally available building materials with 
minimal window openings to the exterior. The inhabitants cannot afford air-
conditioning system due to their economic reasons. The people in this area are 
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compelled to stay indoors as it is a heat prone area and during heat time, they need 
to protect themselves from the heat waves. The disaster mitigation manual of the 
government suggests that people should stay indoors during the heat waves. 
Therefore, heat gain through the walls becomes an important factor to be taken into 
consideration. Building envelops of an unconditioned building mitigate the heat 
stress in hot climate [7]. Therefore, to minimize the heat transmission, to reduce the 
excessive energy consumption, to maintain the comfortable temperature in a build-
ing, and to control the heat flow through the building envelop, the most efficient way 
is to choose the appropriate materials used in envelop design [4, 7].

Thus, the building envelop heat gain can be reduced by the selection of appropri-
ate material and enhancement in the design strategies which include (1) envelop 
designing, (2) the use of appropriate materials, (3) the use of insulating materials, 
(4) proper ventilation system, (5) designing of shading devices and enhancement in 
surrounding microclimate, (6) ideal building orientation, and (7) ideal window 
areas [7].

Al-mulla Hwaish et al. [7] discusses the heat exchange and energy conservation 
through the building envelop in hot climate. He also discusses the response of build-
ing envelop to climatic factors as it is a major factor to calculate the amount of 
energy required to maintain the indoor comfort condition. In his study, he explains 
the importance of material selection based on low U-value and high thermal storage 
capacity and construction technique implemented to get the desired time lag. A 
study by Tammu et al. in the hot climate of Thailand analyzes the OTTV of enclos-
ing spaces of building envelop under bedroom function [5]. Residential character-
ization study states the importance of OTTV other than energy performance index 
(EPI) to calculate the thermal performance of a building envelop and also defines 
the factors leading to the high energy consumption in a building [3]. Netaphra et al. 
[4] discuss the acceptable thermal performance values of building envelops for 
designing as compared to different materials through BIM-based approach by ana-
lyzing it in a typical office building model (rectangular plan) in Southeast Asia 
(Thailand, Hong Kong, and Singapore). The thermal behavior of hotel building 
façade made up of double brick wall through performance-based evaluation in the 
tropical climate of Malaysia is studied by Nasir and Hassan [2]. A similar study was 
carried out for an office building [9]. A study conducted by Sheng et al. [1] assesses 
the effect of OTTV legislations on electricity consumption of residential and com-
mercial buildings in Hong Kong using econometric energy epidemiology model [1].

All the previous studies have been conducted on commercial buildings to make 
the building energy efficient. No such studies are carried out for residential areas, 
specifically for the rural houses, in heat-prone areas of Andhra Pradesh. Therefore, 
in this study, OTTV is used as a tool to measure heat gain through the building 
envelop made up of different materials to analyze the indoor comfort conditions.

J. Vijayalaxmi and P. Jaiswal



333

1.1 � What Is OTTV?

In hot climate, the heat transfer through the building envelop can be calculated by 
means of OTTV.  The initial calculation method of OTTV was suggested by 
ASHRAE in 1975. The concept of OTTV has been illustrated in the USA with the 
aim to ascertain the heat gain and loss through a building envelop. However, the 
concept of OTTV is applied to mechanically cooled buildings only. Conduction and 
radiation are the two principles of heat transfer to assess OTTV. The transfer of heat 
flow through the solid walls and glazed window due to the temperature difference 
between the two sides of the envelop is called conduction. The heat waves transmis-
sion through the window glass in the form of electromagnetic heat radiation energy 
is called as radiation. While selecting the material for building construction, the 
following properties should be considered to control the heat conducted into the 
building:

	 (i)	 The thermal transmittance coefficient (U-value) is used to measure the heat 
transfer rate through building envelop material. Low U-value provides good 
insulation and low energy consumption.

	 (ii)	 R-value is inversely proportional to U-value; it influences the heat flow resis-
tance ability of a material. Higher R-value reflects the good thermal resistance.

	(iii)	 Absorption coefficient expresses the absorptivity of the external surfaces 
which depend on the color of external envelops.

	(iv)	 The solar gain that passes through the glass is measured as shading coefficient 
(SC); the low value indicates the low solar transmittance through the glass.

	 (v)	 The solar control through shading devices to reduce radiant and re-radiant 
solar gain can be achieved through external solar coefficient.

	(vi)	 The solar heat gain transmitted through the glass is measured as SHGC on a 
scale of 0–1. Lower value indicates no heat transmitted, while the higher value 
indicated the amount of heat energy transmitted through the glass.

	(vii)	 The building location, orientation, and WWR ratio play an important role in 
minimizing the amount of solar radiation received through a particular orien-
tation which also affects the ambient temperature and ventilation [4].

The calculation method of OTTV as per ASHRAE standards is based on the empiri-
cal formula as mentioned below – [8]:
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	 (1)

where OTTVa = overall thermal transfer value of outer walls (W/m2)
Qwc = conduction through opaque wall
Qgc = conduction through window glass
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Qsol = solar radiation through window glass
Ai = total wall area
Aw = area of wall + area of glass (m2)
U = transmittance value (W/m2. °C)
∆Ts = Ts-Ti = (To+Ix a/fo)-Ti

To = outside air temperature (°C)
I = radiation intensity (W/m2)
a = absorbance of the surface
fo = surface conductance outside (W/m2. °C)
Ti = inside air temperature (°C)
Ag = area of glass in m2

∆T = difference between internal and external air temperature
Ɵ = solar gain factor of window glass

2 � Methodology

Field studies were carried out to identify rural residences which are typical to the 
villages in Andhra Pradesh, India. Besides, all the five houses are representative of 
the houses in rural Andhra Pradesh in terms of their floor plan and building materi-
als. They were chosen from the same location to avoid the influence of microcli-
matic variations.

These houses are made up of different locally available materials as men-
tioned below:

	1.	 House-01 – Reed with mud-plastered walls and reed roof
	2.	 House-02 – Random rubble masonry with mud-plastered walls and reed roof
	3.	 House-03 – Brick with cement-plastered walls and reed roof
	4.	 House-04 – Cement block walls and reed roof
	5.	 House-05 – Brick with cement-plastered walls and RCC slab

The first four houses are made of different walling materials, but the roofing 
material is the same reed grass. This reed is a local variety known as “Rail Gaddi” 
as it is the type of reed grass grown along the railway tracks.

The fifth house (House 5) is a conventional house made of brick walls and rein-
forced cement concrete roof.

2.1 � Study Area

The area taken for the case study is the Vallabhapuram Village, 26.9 kms away from 
Vijayawada. It is located in Kollipara Tehsil of Guntur district in Andra Pradesh 
state at 16.35°N latitude and 80.72°E longitude having elevation of 11 meters 
(Above sea level). Vallabhapuram falls under in hot and humid climate. The 
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population count of Vallabhapuram is 6753 people and the number of houses in 
Vallabhapuram are 2231. The five houses are chosen from the same location as 
shown in Fig. 1.

The outdoor temperature can reach up to 45 °C during the summer months of 
April and May. The outdoor temperature and humidity for 21st of each month is 
depicted in Fig. 2. The 21st of each month is chosen for analysis due to its proximity 
to the solstice date.

The surface radiation value is high for the North-East and North-West wall dur-
ing the summer months from April to September, while the surface radiation of the 
south-east and south-west wall is high from September to April (Fig. 3).

The surface radiation during the summer months is almost the same in all direc-
tions from April to August.

Fig. 1  Site plan of house location for field studies
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2.2 � Case Studies

The five case study houses are single-storied houses having same microclimatic fac-
tors, orientation, and approximately same built-up areas. All the houses are located 
within a distance of 24  m from a canal. The detailed description of orientation, 
building material, carpet area, and built-up area of each house is mentioned in 
Table 1.

2.2.1 � Floor Plan and Section of All the Houses

Figure 4 shows the floor plan, section and image of House 1 which has an envelope 
of reed plastered in mud with a reed roof (Table 1).
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Table 1  Details of all the houses

House-1 House-2 House-3 House-4 House-5

Orientation 66° N 66° N 66° N 66° N 66° N
Material Reed with 

mud-plastered 
walls and reed 
roof

Random rubble 
masonry with 
mud-plastered 
walls and reed 
roof

Brick with 
cement-
plastered walls 
and reed roof

Cement 
block walls 
and reed 
roof

Brick with 
cement-
plastered walls 
and RCC slab

Carpet area 32.85 sq. m. 16.50 sq. m. 30.06 sq. m. 22.55 sq. 
m.

31.60 sq. m.

Built-up 
area

34.55 sq. m. 20.93 sq. m. 36.87 sq. m. 32.24 sq. 
m.

43.86 sq. m.

Fig. 4  Floor plan, section, and image of House 1

Figure 5 shows the floor plan, section, and image of House 2 which has an enve-
lope of random rubble masonry with mud-plastered walls and reed roof (Table 1).

Figure 6 shows the floor plan, section, and image of House 3 which has an enve-
lope brick with cement-plastered walls and reed roof (Table 1).

House 4, which is made of cement block walls and reed roof, is shown in Fig. 7.
Figure 8 shows the floor plan, section, and image of House 5 made up of brick 

with cement-plastered walls and RCC slab. This is the conventional envelop mate-
rial in suburban and urban areas.
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Fig. 5  Floor plan, section and image of House 2

Fig. 6  Floor plan, section, and image of House 3
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Fig. 7  Floor plan, section, and image of House 4

3 � Findings: OTTV Calculation of All the Houses

The OTTV through walls of all the houses are calculated for the 21st of each month, 
and Figure 9 shows the graphical representation of OTTV through NE, SE, SW, and 
NW direction walls of all the houses, respectively. The calculations are done consid-
ering the most extreme cases when there are no windows on the external façade, as 
is the case in most rural houses. The graph shows the variation in per square meter 
OTTV through the walls when only material and indoor temperature vary.

The comparative average OTTV values of all the houses for a year in each façade 
is shown in Fig. 10.

From Fig. 9, it can be seen that the OTTV of House 2 made up of random rubble 
masonry with mud plaster is much higher than the OTTV of all the other houses in 
all the facades followed by House 5 made up of brick with cement plastered walls. 
Also, the OTTV value of all the houses in each façade is least in June and July 
months as these are monsoon months; hence surface radiation will be less due to 
cloudy condition. As compared with all the houses, House 4 with walls made up of 
cement blocks without plaster has less per square meter OTTV values in all the 
facades.

In NE and NW wall OTTV calculation graph, the highest per square meter value 
of OTTV is seen in April as it is a summer month and the radiations will be higher 
due to clear sky conditions. While in SE and SW OTTV calculation graph, the val-
ues are higher in December and January months. These months are winter months, 
and in these months, the sun is at a lower angle in the south direction.
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Fig. 8  Floor plan, section, and image of House 5 made up of brick with cement-plastered walls 
and RCC slab

From Fig. 10, it is seen that the average OTTV values for a year of House 3 made 
up of brick with cement plaster and House 4 made up of cement blocks are similar 
within a range of 0.10–0.14 W/m2 having a variation of 2% only. While House 2 
(random rubble masonry with mud plaster) has the maximum OTTV values as com-
pared with all the houses because the U-value of random rubble masonry is higher 
than other walling materials; hence it is increasing the OTTV values in the house.

Of all the houses, the house with cement blocks and reed roof (House 4). The 
average OTTV of all the surfaces of House 4 is 0.11 W/m2, and it is 85% lesser than 
House 2 which has an average OTTV of 0.76 W/m2. The house made up of bricks 
with cement plaster has an average OTTV of 0.13 W/m2, which is 83% less com-
pared to House 2. Similarly, House 1, made up of reed with mud-plastered walls and 
reed roof, and House 5, made up of brick with cement plaster walls and RCC roof, 
have the average OTTV values of 0.18 W/m2 and 0.34 W/m2, which are 24% and 
45% less than House 2, respectively.
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Fig. 9  OTTV of intercardinal directions of all the houses for the 21st of each month
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4 � Discussion and Conclusion

For all the houses, maximum OTTV is found for SW wall; hence shading is recom-
mended on this façade to reduce the surface radiation. House 3 and House 5 both 
have same wall material (brick with cement plaster), but House 3 has less OTTV 
values as compared to House 4. This is due to the variation in roofing material. In 
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House 3 the roof is reed roof and in House 5 roofing material is RCC slab. Due to 
the variation in roofing material, the indoor temperature varies; and hence it reduced 
the OTTV values to almost 50%. Reed thatch roof performs best and is recom-
mended as compared with the RCC slab in hot and humid climate. To reduce the 
OTTV for the houses made up of random rubble masonry, there is a need to reduce 
the U-value of walls which can be possible by applying plaster and some insulating 
materials.

This study uses OTTV as a tool to measure indoor heat gain inside rural houses. 
The values of OTTV are less than 1W/m2. This is not comparable to the OTTV 
values of energy-intensive buildings, whose values range between 45 and 60W/m2, 
when designed with utmost precautions of following passive design strategies. This 
shows that the OTTV of rural envelope materials are nearly 50 times lesser than 
energy-intensive commercial and office buildings. Hence the results of this study 
can be used to understand that an alternative material based on the rural building 
materials, as studied in this chapter, for envelope in energy-intensive buildings can 
reduce the indoor heat gain drastically.
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Climate-Sensitive Architecture, Is Natural 
Comfort Possible?

Carolina Ganem-Karlen

1 � What Do We Mean by Comfort?

The image of Adam by Vitruvius, the first writer of western architecture, wisely 
rebuilt by Filarete in 1490, offers a tormented humanity that does not willingly com-
mune with the environment to which it seems to be unswervingly thrown (Fig. 1a). 
Arms overhead would not so much indicate a mere reactivity deposited in the ges-
ture of despair, but rather the tracing of a fine line that must separate a chaotic and 
untamed nature from the borders of that human interiority.

Indeed, the so-called ‘primitive hut’ of Vitruvius is nothing but the mimesis of 
that first body gesticulation, not so much because they try to replicate the action of 
the cover, but because, above all, it stands under the firm conviction of drawing the 
difference between an interior and an exterior in search for comfort (Fig. 1b).

The architect designs the limit between an inside and an outside. Interior and 
exterior are not fixed concepts in architecture. Sometimes buildings are barriers to 
rain and wind and sometimes subtle filters for light and heat [1]. There are spaces in 
architecture that cannot be considered interior or exterior and sometimes change in 
response to changing climatic conditions. If we were to represent interior and exte-
rior environments as a positive-negative image, where the black surfaces represent 
the building and the white surfaces the exterior space, we would have to envisage 
grey areas, which appear as a blurring of the line that separates black and white [2] 
(Fig. 2).

These grey interior–exterior areas were developed over time in very diverse 
forms in several cultures and are keys in the search for natural comfort (Fig. 3).

C. Ganem-Karlen (*) 
CONICET – UNCUYO, Mendoza, Argentina
e-mail: cganem@mendoza-conicet.gov.ar; carolinaganem@gm.fad.uncu.edu.ar

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2022
A. Sayigh (ed.), Achieving Building Comfort by Natural Means, Innovative 
Renewable Energy, https://doi.org/10.1007/978-3-031-04714-5_15

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-04714-5_15&domain=pdf
mailto:cganem@mendoza-conicet.gov.ar
mailto:carolinaganem@gm.fad.uncu.edu.ar
https://doi.org/10.1007/978-3-031-04714-5_15


346

Fig. 1  From left to right. (a)  –Adam by Vitruvius in Filarete’s Libro Architettonico [3] (b)  – 
Primitive hut by Vitruvius in Laugier’s Essai sur l’architecture [4]

Surrounded by variable environments, where day and night, heat and cold, wind 
and calm, rain and sun change, buildings become havens of artificial conditions, like 
islands of tranquillity in an uncomfortable world [1].

Then, the question arises once again: What is comfort? Comfort in architecture 
is a subject that has been widely studied, although not always successfully. Many 
factors influence the appreciation of space. The simultaneous existence in time and 
space of different types and quantities of energy makes it very difficult to study 
them in an integrated manner, which would be the most appropriate approach in 
architecture. It is important to consider up to what point it is possible to study the 
concept of comfort objectively.

For Rybczynski [6], the simplest answer would be that comfort confines itself to 
human physiology. But that would not explain why – although the human body has 
not changed – our idea is different from that of a hundred years ago. But if comfort 
were subjective, one might expect a greater diversity of attitudes on the matter; yet, 
the opposite is true because in any specific historical epoch, there has always been 
demonstrable consensus.

While comfort is a subjective concept, it is also an objective fact. The most inter-
esting point in all of this is that both assertions seem to be true at once, which leads 
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Fig. 2  Space analyses of St. Pietro Cathedral by Bruno Zevi in Saper Vedere l’Arquitettura [5]

Fig. 3  From left to right. (a) – In a courtyard in Pompeii by Luigi Bazzani (1878) (b) – Coffee 
House in Cairo by Konstantin Egorovich Makovsky (1870). (Source: Getty Images)

us to think that comfort may be both subjective and objective, without there being 
any contradiction in the statement [2].

Thermal comfort is defined in ISO 7730 [7] as ‘…that condition of mind which 
expresses satisfaction with the thermal environment’. In practice, the achievement 
of comfort is the result of a complex phenomenon in which objective space 
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parameters – such as thermal, visual or acoustical – coexist with subjective physi-
ological, sociological, cultural and psychological factors.

The comfort parameters are those objective characteristics of a given space 
which can be valued in energy terms and which summarize the actions that the 
people who occupy it receive in a given space. As such, these parameters can be 
analyzed independently of the users and are the direct object of environmental 
design in architecture.

The comfort factors, on the other hand, are those characteristics that correspond 
to the users of the space. They are therefore conditions external to the environment, 
but which influence the appreciation of said environment by these users. The com-
fort offered by a given environment will depend, in each case, on the combination 
of the objective parameters and subjective factors.

There is an analogy between comfort and an onion [8]. Like an onion, the notion 
of comfort has many layers, which were added historically. The image of the onion 
also conveys the elusive nature of comfort: If you take it apart and look at the layers 
one by one, you lose the overall shape, and yet the layers are still visible one beneath 
the other. These layers consist of ideas such as privacy or intimacy, convenience and 
physical ease. Each generation has added something to the definition, has added a 
layer without necessarily contradicting what came before.

2 � Climate-Sensitive Architecture in Temperate Climates

In temperate climates, there are marked changes in conditions throughout the year. 
In these climates, architecture becomes more complex, having to be adaptable, even 
for short periods of time, to the entire spectrum of basic types of climate, such as hot 
humid, hot dry and cold climates.

The basic problem of these climates is not their harshness, but the fact that nearly 
in any period of the year and time of day, conditions of the opposite sign can occur. 
Cold in winter and heat in summer, and both can be almost as intense as in extreme 
climates, and also the problem of variable weather that, in the intermediate seasons, 
can generate cold or heat separated for short periods of time, even in the same day.

Although each individual constriction is not really critical, together they make 
the architecture of temperate climates have this greater degree of complexity, which 
makes it more difficult from a design point of view [1].

Air temperature, humidity, radiation and air movement all produce thermal 
effects and must be considered simultaneously. Each of these factors influences in 
some way the heat exchange processes between the human body and its environ-
ment; each one can favour or prevent the dissipation of superfluous heat from the 
body [9]. In the search to facilitate the understanding of the climate as a whole, 
analysis methods have been devised that relate climate variables in accordance with 
perceptual aspects of well-being.

Victor Olgyay [10] was one of the first to propose a systematic procedure to 
adapt the design of a building to human requirements and climatic conditions. His 
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Fig. 4  From left to right. (a) – ‘Bioclimatic Chart’ by Olgyay in 1963 [10] (b) – ‘Psychrometric 
Chart’ by Givoni in 1988 [13]

method is based on a ‘Bioclimatic Chart’ showing the human comfort zone in rela-
tion to the conditions that surround it, such as ambient air temperature and humidity, 
average radiant temperature, air speed and solar radiation (Fig. 4a).

Another well-known diagram is the ‘Psychrometric Chart’. In 1923, Richard 
Mollier [11] was the first to use enthalpy and moisture content as coordinates in the 
‘Mollier i-x’ (Enthalpy–Humidity Mixing Ratio) diagram. The ASHRAE Handbook 
of Fundamentals, 1988, defines it as a graphic representation of the thermodynamic 
properties of humid air [12]. This means that each point on this chart will be defined 
by a value of the air dry bulb temperature (DBT), by a wet bulb value (WBT) and, 
therefore, by the ratio of both readings by a value of relative humidity (RH). The 
dew point temperature (DPT) is the temperature at which air with certain humidity 
becomes saturated and begins to condense the excess water contained in it.

Baruch Givoni [13] drew his bioclimatic diagram by incorporating the tempera-
ture and relative humidity of a place in the psychrometric chart. In this graphic, it is 
easy to recognize the relationship between climate and comfort and the demands to 
which architecture must respond to in a given climate. It is possible to define winter 
and summer comfort zones (Fig. 4b).

Givoni suggested the expansion of comfort limits from architectural performance 
through the application of bioclimatic strategies. These include passive heating, 
ventilation, thermal inertia with and without ventilation and evaporative cooling.

In winter, the effect of solar radiation on interior surfaces must be used in a cer-
tain way to balance the extreme minimum air temperatures. We can feel comfort-
able at low temperatures if the loss of heat from our body is counteracted by solar 
radiation.

In a climate with a majority of sunny days, the application of passive profit strat-
egies is feasible. Direct Gain systems work from transparent surfaces oriented to the 
Equator (South for the Northern Hemisphere and North for the Southern 
Hemisphere). In this way, it is possible to capture the greatest number of hours of 
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sunshine and those with the highest radiation intensity. These systems use the living 
spaces of the house to collect, conserve and distribute the solar gain. The building 
requires thermal mass to conserve heat during the day and to re-emit it at night.

Indirect systems work from the principles described for direct gain with the dif-
ference that the space into which the solar radiation enters through the transparent 
surface is attached to the space to be heated. Intermediate spaces such as green-
houses, glazed galleries and glazed balconies are very good architectural resources, 
and also specially designed walls such as trombe walls and solar walls. This space 
reaches very high temperature values, which are then transmitted to the interior by 
conduction in the case of indirect systems and by conduction and convection in 
semi-direct systems.

These systems must be combined with the presence of accumulation elements 
inside. That is, by building with materials with high thermal inertia like adobe, 
brick, stone and concrete. Thermal inertia is necessary because it allows maintain-
ing higher indoor temperatures than outdoor temperatures during night-time periods 
in winter and achieving lower temperatures during daytime periods in summer.

To attend to the thermal conformation of the appropriate envelope is necessary to 
avoid losses by adding thermal insulation to the envelope, such as: cane, cork, cel-
lulose, glass wool, expanded polystyrene and polyurethane. Also, to achieve an 
appropriate environmental regulation, the solar gain must be related to the reduction 
of the convective exchange of the glass with the outside. For this reason, the use of 
mobile night insulation on transparent surfaces is recommended, some examples 
are: shutters, blinds, lattices, roller blinds and sliding curtains.

In summer, the simplest strategy referred to passive cooling is in relation to the 
breezes of the place and the location of the practicable openings. The ideal position 
of the openings to favour ventilation in a space or in a sequence of spaces is to place 
them on opposite facades, that is to say, facing each other, in the direction of the 
prevailing breezes. This strategy is called cross ventilation.

Night cross ventilation is used in cases of continental climate, where the daily 
outdoor temperature differences are greater than 10 °C. The isolated thermal mass 
of the building must be kept closed during the day and avoid, by means of barriers 
and moderating filters, the entry of direct or indirect solar radiation. Given the con-
struction characteristics, the insulation will prevent the entry of heat energy by con-
duction in the walls and the temperature will remain stable inside.

During the night, when the outdoor air temperature is lower than the indoor air 
temperature, the openings must be opened to promote nocturnal cross ventilation 
that will ‘sweep away’ – by convection from the inside – the heat accumulated dur-
ing the day due to internal gains of its own related to the space use. If the openings 
are closed before the start of the sunny hours, the accumulated ‘cold’ will remain 
during the day, until a new cycle begins.

When high temperatures and low moisture content prevail in the air, the most 
viable design response is to raise the water vapour content of the outdoor air through 
the presence of moving water such as a fountain. This will produce an increase in 
the absorption of heat from the immediate surroundings, and thus reducing their 
temperature. The decrease in temperature caused by the evaporation of added 
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moisture will restore the comfort temperature. This phenomenon will be influenced 
and modified by air speed, which will increase evaporation rates and with it the feel-
ing of comfort.

Even though there is a consensus that climate-sensitive architecture is possible in 
temperate climates, the incessant search for what we call ‘comfort’, be it physical or 
psychological, has led to the evolution of the demands in all buildings. This process 
began to accelerate in the eighteenth century with the appearance of the first indus-
tries, massive production and new materials. Control systems, at first considered 
ingenious singularities created to provide some immediate benefit in the twentieth 
century, started to play a predominant role in architecture. Nowadays, comfort can 
be achieved by using auxiliary energy, usually from non-renewable and pollutant 
sources, that powers energy-intensive mechanisms with almost immediate response.

Comfort was repositioned and redefined as a ‘product’ sold by the HVAC indus-
try [14]. The HVAC industry, therefore, needed to define ‘comfort’ in terms of the 
physical variables that could be controlled using the HVAC system. In such calcula-
tions, it is assumed that a thermal balance is needed between the environment and 
an ‘average person’, and this thermal environment is assumed to be constant. It, 
therefore, answers the needs of the engineering community in a way that allows 
them to size their plant. In doing so, it also dissuades them from addressing the 
shortcomings of the approach.

By inverting the original terms of what was understood as architecture (Fig. 1), 
it now seems that the building concept can be formulated as a ‘support structure and 
enveloping shell of a set of facilities’. From ancient architecture we have left the 
most resistant parts, the fixed parts and the flat representations of them. In contrast, 
service and conditioning facilities are present in today’s architecture in an increas-
ingly conspicuous way and help it to function better, but most of the time they are 
hidden from the users’ eyes (Fig. 5).

The volume that these mechanisms need occupies an increasing percentage of 
the built surface, but it is not only space that they are occupying in the building. The 

Fig. 5  From left to right. (a) – Florida Gallery Building (1964 – Bonta and Sucari Architects, 
Buenos Aires) with air conditioners equipment added in the facade after occupancy in search for 
comfort. [15]; and (b) – Bank Macro Building (2019 – Cesar Pelli Architects, Buenos Aires) with 
all the high technology conditioning equipment hidden from our eyes [16]
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decision-making power over them is increasingly moving away from the human 
being and is delegated to central offices that manage the control of the building.

Therefore and despite the existing richness of solutions and possibilities, it is 
more often to find poor architectural skins with rigid envelopes in the trust to achieve 
comfort through mechanical devices. It is very important to take into account that 
just as the climatic action changes during days and seasons, so do the demands of 
users regarding interior habitability, especially in changing and complex climates 
such as temperate [17].

Building comfort by natural means should be our main goal in the twenty-first 
century to protect the environment for future generations. In this holistic approach, 
well-designed climate-sensitive architecture will play a very important role, but also 
occupant’s expectations and willingness to adapt to architectural possibilities and its 
response times will be key.

3 � Occupant’s Expectations Meet Architectural Possibilities

The overall mechanization of architecture has led to a disconnection between the 
occupants and the building. The mentioned and widely acknowledged historical 
transformation over the past century, where technological innovation led to a shift-
ing of design responsibility in comfort provision from architects to mechanical 
engineering consultants, shifted the control responsibility from occupants to tech-
nology. Increased faith in technologically sophisticated environmental control sys-
tems meant that building occupants played little or no role in shaping the interior 
comfort conditions or indeed had little awareness and understanding of the systems 
that did and the energy required to operate the building.

The terminology used by comfort researchers is that of engineering and physics: 
temperature, humidity and airspeed, clothing insulation and watts of metabolic heat/
m2 [18]. The predicted mean vote (PMV) is the best known of such thermal indices 
[19]. Based on a simple steady-state physiological model, it predicts the mean com-
fort vote on the ASHRAE scale of a group of building occupants from a value 
derived from the four physical variables of radiant temperature, air temperature, 
humidity and air movement, along with the insulation of their assumed clothing 
level and their metabolic rate.

Acceptable thermal comfort in buildings is attained when 80% of occupants are 
satisfied with the provided conditions. The recognition of variation in comfort levels 
of the remaining 20% of occupants suggests that the notion of ‘absolute’ comfort is 
a privilege [20].

‘Absolute’ in this sense relates not only to thermal comfort but also to a range of 
possible comfort determinants including indoor air quality, visual and acoustic con-
ditions as well as important psychological, cultural and behavioural aspects.

When referring to how individuals experience comfort, rather than the collective, 
having the ability to choose, for example, in a home or personal workspace where 
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adaptive opportunities tend to be higher, represents a different state of individual 
comfort than in a shared or group situation.

Adaptation is central to current comfort discourse and those with more opportu-
nities to adapt themselves to the environment or the environment to their own 
requirements will be less likely to suffer discomfort [21].

The notion of ‘liberty to choose’ is, in part, related to this ability to engage in 
adaptation strategies and behaviour changes and tolerances, and these may need to 
become much greater in an increasingly carbon-constrained world. Moreover, if 
comfort is considered a privilege, then the provision and expectation of its delivery 
are not a constant – even assuming ‘a liberty to choose’. In a similar manner that 
limitations on the availability of natural resources can influence and limit consump-
tion patterns, there will be times that an individual or group will be uncomfortable – 
and this may have to become an ‘acceptable condition’ [20].

Variability is generally thought of as a ‘bad thing’ in centrally controlled build-
ings because occupants are adapted to a particular temperature. In buildings where 
the occupants are in control, variability may result from people adjusting conditions 
to suit themselves. A certain amount of variability then becomes a ‘good thing’ [21].

The process of building systems and inhabitants dynamically responding to 
changing conditions and needs has been described by Cole, Robinson, Brown and 
O’Shea [22] as ‘interactive adaptivity’ and refers to the ongoing, bidirectional dia-
logue between building and inhabitant in which the outcome is not predetermined 
by building design parameters or performance metrics, but is rather an evolving 
process.

In this evolving process, results are not instantaneous. There is a time-lapse 
between the user’s action and the building’s response. This is a very important con-
cept to bring into discussion because occupants (and there is a significant difference 
in the commitment between the term occupant and the term user) are used to push a 
button and obtain the desired change in environmental parameters.

Bordass and Leaman [23] have demonstrated that there is more ‘forgiveness’ of 
buildings in which occupants have more access to building controls. By forgiveness, 
they mean that the attitude of the users to the building is affected so that they will 
overlook the shortcomings in the thermal environment more readily. This can be 
explained as a function of who is in control.

The flexibility in modifying the comfort conditions of the space allows variations 
so that the last adjustment can be made by the same user. In this way, we will attend 
to your individuality. According to the adaptation principle of Humphreys and 
Nicol, what leads to a reaction in people’s behaviour is lack of comfort: If a change 
occurs that leads to lack of comfort, people react in ways that they try to re-establish 
comfort [24].

As time passes, the temperature that people find comfortable (the ‘comfort tem-
perature’) approaches the average temperature they have experienced. This implies 
that the conditions that occupants find comfortable are influenced by their thermal 
experience and that they can be adapted to a wide range of conditions.

The concept of acclimatization refers to the user’s comfort factors. Although 
there are as many perceptions as there are users, generally particularities of the 
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culture and climate of the region affect the expectations of comfort and therefore its 
standards. People put in place adaptation mechanisms and acquire more tolerance 
towards the most stressful aspects of the region’s climate.

Popular architecture has always incorporated flexible solutions and systems, 
which components that can easily change their action according to climatic circum-
stances. Examples include mobile shading systems, which can prevent the access of 
solar radiation (hot weather in summer) or let it in completely if it is convenient 
(cold weather in winter); movable isolations in the openings, to allow night isola-
tion; the same openings must be practicable for total ventilation; intermediate 
spaces located between interior and exterior, to generate favourable microclimates 
and be usable only in certain periods of time, among others. The components that 
make those changes possible can be an integral part of the envelope of the building 
(Fig. 6).

Therefore, the architecture in which natural comfort is possible takes time and 
space and engages the user as a part of its correct functioning, and that is a very dif-
ferent path to take when designing a building.

By accepting the adaptive hypothesis, it is argued that comfort is a ‘social con-
struction’ – different societies, historically and geographically, have had different 
comfort temperatures. Therefore, previous experiences and cultural tolerance to 
change and education, among other factors, begin to participate in the equation of 
how architectural possibilities meet user’s expectations – as the role of inhabitants 

Fig. 6  Different shading devices. Sometimes buildings are barriers to Rain and wind and some-
times subtle filters for light and heat [25]
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has shifted from occupants to users – engaged in a bidirectional dialogue with their 
buildings, reinforcing the idea that comfort is subjective and objective, without 
there being any contradiction in the statement.

4 � Achieving Comfort by Natural Means: The User’s Key 
Role from Theory to Practice

The adaptive model of thermal comfort rests on field-study research [26]. This 
research takes place in real buildings in everyday conditions, with the participants 
continuing their normal activities.

To assess the user role in achieving comfort by natural means, a case study of a 
free-running building in the city of Mendoza, Argentina is presented. A free-running 
building does not make any use of mechanical heating or cooling [27–28]. Its indoor 
temperature depends on the outdoor temperature and the total heat gains (from sun, 
occupants, lights and so forth) and the ability of users’ ‘interactive adaptivity’ to 
adjust architectural devices to suit themselves.

Fig. 7  From left to right. (a) – Map: Location of the Province of Mendoza (green) in Argentina. 
The city of Mendoza is in climatic zone IV: temperate cold [29]. (b) – Table: Climate data for 
Mendoza, Argentina [30]
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The city of Mendoza (32° 40′ South Latitude; 68° 51′ West Longitude and 827 
masl) is characterized by an arid temperate continental climate, with strong thermal 
amplitude, low relative humidity, scarcity of rains and a high index of solar radia-
tion and high heliophany (Fig. 7).

To obtain information about the thermal experience of real building occupants, a 
survey methodology was developed which simultaneously recorded room environ-
mental conditions using conventional data loggers and sensors and the subjective 
feeling of warmth and preference for an individual together with a range of recent 
actions was recorded using a series of questionnaires.

The measurement period was of 59 days in the months of January and February, 
which is summer in the Southern Hemisphere. Temperature and humidity were 
recorded under pre-set conditions, testing the effect produced by different alterna-
tives of occupation and envelope management by users. The information considered 
in the chart were: date, exterior and interior temperatures, rain, heliophany, hours of 
occupancy, closing/opening of windows, use of fan (the only device which required 
energy to function) and day/night comfort perception [31].

During the first measurement period, users opened all the windows during the 
night and closed them during the day. (Fig. 8) In a second period, users opened the 
window during the day and night (Fig. 9). Then in a third period, data were recorded 
for the dwelling without occupation, with all elements of the enclosure completely 
closed (Fig. 10).
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Fig. 8  Audit with occupation. Red: indoor. Black: outdoor. Green: 28 °C reference. From top to 
bottom: (a) – In grey: Windows opening to favour night-time natural ventilation. (b) – In grey: 
Space occupation [32]
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Fig. 9  Audit with occupation. Red: indoor. Black: outdoor. Green: 28 °C reference. From top to 
bottom: (a) – In grey: Windows opening day and night without any criteria. (b) – In grey: Space 
occupation with the use of a fan [32]
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Fig. 10.  Audit without occupation. Red: indoor. Black: outdoor. Green: 28 °C reference. Windows 
are closed during the day and at night [32]

Thermal performance was analyzed in relation to the compromised management 
of windows that users carried out to promote natural night ventilation, as well as the 
occupancy hours (Fig. 8).

The data from the record of occupation and management of openings graphed in 
grey bars (open/occupied) and in white bars (closed/unoccupied) in Fig. 8 show a 
general coincidence. We can assume that users are willing to manage the envelope 
of their homes while they are in them.

Note that the days in which the temperature exceeded the range of comfort cor-
respond to an early opening of the windows (grey bars), which did not coincide with 
the drop in temperature outside. This can be clearly observed on 01/06 at 9:00 pm 
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(marked in a blue circle in Fig.  8a), when the outside temperature exceeded the 
inside by 4 °C. Users arrived home and opened the windows probably assuming the 
correct hour to start (night) ventilation. As a consequence, the indoor temperature 
increased abruptly to meet the exterior temperature slightly above 28 °C.

Nevertheless, users perceived the space as comfortable without noticing the 
described ‘early’ opening. This is an example of the ‘tolerance’ users have towards 
temperature changes when they are in control of their living space. From this expe-
rience, users think their home is very comfortable and that they do not need to install 
any mechanical thermal conditioning.

In the second measurement period, users opened the window during the day and 
night. The direct influence that outside temperatures have over those of the interior 
was observed (Fig. 9).

Interior temperatures are above the comfort range throughout the observed 
period, with the exception of some night hours, the days in which minimum tem-
peratures descended near 20 °C. In most cases, the accumulation of temperature in 
the interior mass materials during the day cannot be dissipated with natural night 
ventilation.

The lack of comfort manifested by users is evidenced throughout the period that 
they make intensive use of the fan, mainly in the hours of daily maximum tempera-
tures. From this experience, users are willing to acquire energy-consuming mechan-
ical equipment in order to condition their living space. Users do not know how to 
control their living space and therefore they think they need a machine to do that 
for them.

In the third measurement period, data were recorded with the dwelling without 
occupation, with all elements of the enclosure completely closed (Fig. 10).

The interior temperatures remain stable with a slight variation between 29°C and 
30°C, staying above the range of comfort throughout the observed period.

Mass materials accumulate heat during the day, and by not ventilating inside 
spaces at night, heat builds up inside, which is reflected in a slight upward trend in 
interior temperatures. It is evident that even if temperatures are above the reference 
of 28 °C, they are stable. The fixed parts of architecture (material´s thermal mass 
and insulation) are keeping interior temperatures at a medium range.

Closed interiors won’t be at risk that daytime temperatures would rise to meet 
exterior temperatures. But this also implies that they won’t benefit from the night 
drop in exterior temperatures, also jeopardising the health and well-being associ-
ated with ventilation.

Opening windows are essential. All buildings should have opening windows and 
be habitable in natural ventilation mode [33].

Opening windows, along with all the architectonical devices and elements of the 
envelope in which the user can make changes and adjustments, lead to the fact that 
users add a level of uncertainty and unpredictability [34–36] and that it varies in 
relation to climate and customs. This fact must be seen as an advantage and not just 
a weakness – it is the means by which we manage risk and take advantage of oppor-
tunities by deviating from business as usual [37].
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User behaviour has become key to reducing energy consumption. Many authors 
are starting to consider the education level of the user a differentiated point intro-
ducing management guides to give information on how to operate efficiently their 
homes, stating that a higher awareness and a better knowledge reinforce hazard 
prevention [38–39].

5 � Building Natural Comfort for the Future

The existence of so many factors that influence the appreciation of architectural 
space makes the task of understanding space difficult. The simultaneity in time and 
of different types and amounts of energy makes it more complex to study this sub-
ject in an integrated way, which would be the most convenient in architecture. If we 
also consider the user interacting with architecture, the complexity rises even more. 
To these considerations we also need to add the future tense and a climate that is 
changing. Buildings are built not only for the present climate and the present user, 
but they will last over time. And even if the user remains the same, probably his 
preferences will evolve and change over the years.

Architectural design has an important impact on energy demand and efficiency. 
Decisions taken in the early stages of building design will influence and restrict the 
solutions for heating, ventilation and air conditioning in the present and also in the 
future. In this sense, the usage of the term ‘resilient’ has been increasing over the 
last decade, reflecting anticipated changes in our climate and resulting in necessary 
changes in our energy system and design practices.

Wilson [40] proposed a definition of resilience as the capacity of a system to 
absorb disturbance and reorganize while undergoing change to still retain essen-
tially the same function, structure and identity. Resilience is measured by the size of 
the displacement the system can tolerate and yet return to a state where a given 
function can be maintained.

While referring to Wilson’s definition, Roaf [41] states that it implies that the 
system should ‘bounce back’ to an original state and/or function and questions: 
Why not design systems that can ‘bounce forward’ to more failsafe states and func-
tions? By designing systems that are enhanced by additional adaptive 
opportunities.

In the same direction, Trebilcock-Kelly, Soto-Muñoz and Marín-Restrepo [42] 
understand resilient buildings as designed and operated flexibly, so that the build-
ings can adapt to their occupants’ requirements and promote the adaptability of the 
occupant.

Schweiker [43] establishes relationships between parameters and definitions of 
resilience and definitions and paradigms of comfort in the trust that connecting 
building resilience, human resilience, and paradigms of comfort opens several 
opportunities to scrutinise building design and operation practices together with 
research on thermal comfort (Fig. 11).
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Fig. 11  Parameters and definitions of resilience in relation to comfort definitions and paradigms. 
Red and green arrows indicate that the position of the curve depends on building and personal 
characteristics [43]

Figure 11a presents the time course of a thermal load. This thermal load could be 
internal, meaning related to a high number of occupants or high equipment load, or 
external, such as high outdoor temperature or solar radiation. At times, the thermal 
stressor could be removed either by user action, for example switching on/off the 
equipment, closing blinds, or external conditions such as clouds or sunset.

Figure 11b shows the time course of a physical indoor thermal stressor, for 
example an increased operative temperature, as a result of the thermal load shown 
in Figure 11a. The relationship between thermal load and thermal stressor depends 
on the type of load and largely on the buildings’ characteristics, such as thermal 
mass or window-to-wall-ratio. Different building concepts vary according to their 
robustness (increase) and elasticity (decrease). The values of these parameters can 
differ between robustness and elasticity. However, so far it hasn’t been considered 
the effect on the thermal resilience of the user.
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Figure 11c shows the time course of perceived thermal stress as a reaction to the 
thermal stressor shown in Figure 11b. While only one curve is drawn for reasons of 
clarity, note that thermal stress (e.g. physiological) can differ largely from perceived 
thermal stress. The relationship between thermal stressor and perceived thermal 
stress depends on personal characteristics such as the physiological constitution 
(e.g. level of fitness), behaviour (e.g. reducing workload to adjust metabolic rate) 
and perceived control, which was found to be related to perceived thermal stress and 
physiological reactions, personality or knowledge (e.g. that the stressor will end 
soon) [44].

The time course is split into three phases, each presenting a different parameter 
of human resilience: (I) toughness, (II) ability to cope and (III) capacity to recover. 
While the toughness related to thermal stress largely depends on physiological pro-
cesses, the toughness related to perceived thermal stress might depend on other 
psychological influences. Phase II can be non-existing in case the occupant removes 
the thermal stressor before the thermal stress reaches its upper asymptote.

Thermal comfort is crucial in keeping building occupants safe, healthy, produc-
tive and happy. An unvarying environment may not just be psychologically boring, 
but may also reduce the ability of individuals to physiologically cope with environ-
mental change. People adapt to a wide range of temperatures. Everybody is differ-
ent. People habituate to the thermal environments they occupy over a day and year, 
and also their behaviours and expectations vary. Therefore, climate-sensitive archi-
tecture must vary too.

To achieve thermal comfort without a machine is the key to the success and resil-
ience of a building. Architectural resources that users can use to adjust their spaces 
can collectively be described as adaptive opportunities, and their presence in a 
building may prove to be a key factor in the thermal satisfaction of the occupants.

The challenge posed is how to connect the work of comfort researchers to tan-
gible improvements in the real world. In a future scenario that makes possible a 
more sustainable climate-sensitive architecture, comfort is not a given: Architectural 
adaptation possibilities must be conceived from the design, and users must be 
involved in the process of achieving comfort by interacting with their building 
over time.
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Design Elements of Building Comfort 
in Arid Zone of Arabian Countries – 
The Significance Role of Orientation 
and Courtyard

Falah AlKubaisy

1 � Introduction

Human thermal in building comfort is defined as a condition of mind that expresses 
satisfaction with the surrounding environment. High temperatures and humidity 
provide discomfort sensations and sometimes heat stress (i.e., reducing the body’s 
ability to cool itself). There are many factors and design elements that affect human 
comfort in the internal built environment. Human comfort is always affected by 
thermal, physical, and personal factors [1]. Another factor that can affect human 
comfort is the surrounding environment noise. Human comfort can also be affected 
by the visual of the space and the light intensity.

The issues of thermal comfort have become a global point of interest to many 
researchers around the world. This fact is attributed to the realization that people are 
spending most of their time (more than 90%) in an indoor environment. Passive 
methods of achieving thermal comfort in buildings in several countries have been 
commonly investigated. These passive methods are the solution to provide the com-
fort of the indoor environment, healthy lifestyle, and energy efficiency. Building 
comfort is considered an essential and necessary aspect in the urban sector, espe-
cially in desert climates where the outdoor temperature reaches 50 °C in the summer 
season and freezing point during winter [2].

The pre-occupation with privacy exerted another fundamental control. The roof 
was used for sleeping, for approximately six months of the year and the privacy of 
a family was fundamental, as such, roofs of houses should never allow to look down 
upon on its neighbor nor could one look into the court of another. This proscription 
effectively limited most houses to two stories above ground. Such self-imposed 
social restraint was more than mere good neighborliness. Buildings, particularly 
dwelling units, were therefore a culmination experience of influences from the 
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tradition, the climate, and the social conventions. The vernacular solutions emerged 
through an evolutionary phase over several centuries before they became the norm. 
It, therefore, becomes even more important which deserves attention to the tradi-
tional form of the built environment, always, for projects aimed at revitalizing or 
modernizing the Arabian traditional towns and particularly their historic background.

Since the 1950s, human thermal comfort under indoor and outdoor conditions 
has been discussed exhaustively in many reports and studies. These studies con-
cerned the thermal comfort and/or heat stress for worldwide regions other than arid 
regions. Different scales for thermal comfort and heat stress have been produced in 
the form of numerical relations or graphs [3]. A survey of building comfort studies 
revealed that most of these studies focused on the environmental conditions for 
human occupancy either indoor or outdoor to evaluate the human thermal comfort 
and heat stress potential in different areas worldwide. However, the comfort condi-
tions under arid climate in the Arabian Peninsula have never been evaluated deeply. 
Accordingly, evaluation of heat stress and human thermal comfort in an urban set-
ting under arid environment–such as in the Arabian Peninsula–is urgently needed.

2 � Building Comfort on Houses in Hot Arid Climates 
of Arabian Countries

Traditional designs of houses in Arabian countries allowed a comfortable environ-
ment for occupants in high-heat desert conditions; modern examples are far from 
this. Design elements of courtyards and the perfect orientation for the dwelling 
rooms are found to have adapted to desert environments, whereas the modern equiv-
alent is by large ignoring this heritage. The designs of buildings with traditional 
construction and materials played a significant role in moderating the indoor envi-
ronment when the outdoor climate of the Arabian Desert was unbearable. 
Unintentionally, energy for cooling was saved, creating a significant impact not 
only on the economy both at the national and global level but on the environmental 
scale as well.

2.1 � Features Influencing the Built Form

In a manner like the effect of Islam on a city’s form and structure, the religion has 
had its profound impact on the built form of buildings, particularly dwelling units. 
Also influencing the development of the ultimate form of buildings were the severe 
climatic conditions and to a considerable extent the established social conventions. 
It is useful to understand the social and spiritual implications of Islam on architec-
ture. Islamic urban and cultural organization is also the physical manifestation of 
equilibrium between social homogeneity and heterogeneity in a system requiring 
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both the segregation of domestic life and participation in the economic and religious 
life of the community [4].

A social law called the Urf [5], besides the faith beliefs, required the organization 
of a house, such as to provide maximum privacy and protect the residents from 
outsiders’ sight. Added to this, the required segregation between males and females 
in Islamic life lead the layout of the traditional house to be developed on a “double 
circulation system,” or the division of the house into two parts. Larger houses were 
planned with two courtyards, one for the men, Diwan-khana, and the other for the 
women, Haram. In smaller houses with a single court, the Diwan-khana was raised 
to the first floor with a separate staircase from the entrance, as in the many examples 
found in the traditional towns of Arabian countries, like Najaf, Iraq [6]. One of the 
main characteristics of a traditional house is the bent entrance leading to the court-
yard, which for many centuries remained the dominant element in the plan of Arabic 
houses. For many centuries, the residences have evolved indigenous systems to sus-
tain the harsh climate’s discomforts.

Most attempted to create domestic micro-climates of which courtyard houses 
were the most common. Houses were laid out in appropriate orientation, and the 
fenestrations of rooms opened into the courtyard facing the direction of cool breeze. 
Environmentally, the courtyard has gone a long way to mitigate the hot and dry 
climate of Arabian countries. In most regions, there is a high percentage of sunshine 
and a high summer diurnal range (i.e., the difference between day and night tem-
peratures) accompanied by low relative humidity. The traditional houses had an 
underground level, either cellars or semi-basements. The cellars were known as 
Sirdabs (Darkness) and the semi-basements as Neems (Sleeping). Both types in Iraq 
were built by brick-vaulted rooms, and both gained light as well as ventilation 
mostly from the courtyard, the Sirdabs having a central oculus and the Neems clere-
stories [7]; this is below and identical in plan dimensions to the family room upstairs, 
it is also here that the residents take their summer afternoon rest [8]. Because it is 
below ground level and naturally ventilated by cold air, the basement remains cool 
most of the day. The heat lost during the night to the clear sky by radiation allows 
the courtyard to remain cool most of the day. The covered terraces, usually on two 
or three (occasionally four) sides of the courtyard, and the identical first floor cov-
ered gallery immediately above, help to reduce the quantity of heat gain during the 
day by obstructing the direct solar radiation (see Fig. 1).

2.2 � Courtyards, Wind Tower, and Shading Devices Created 
a Sustainable Microenvironment

Courtyards  The height of the courtyard being greater than any of its plan dimen-
sions, the area exposed to this radiation is reduced to a minimum, leaving adequate 
space in the shade, even at mid-day when the summer sun is near the zenith [9]. By 
means of a fountain, plants, or both, the very low relative humidity of the air is 
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Fig. 1  Diagram of the thermal system of a courtyard building. (Source: Drawing by the author 
(also in Najaf) The Architectural and Urban Heritage of Iraq’s Holiest City. page 34. 
KDP. Amazon. 2008)

raised to a comfortable level. In addition, the courtyard is usually washed at least 
once a day and showered a few times daily. All this is aimed at raising the relative 
humidity. Due to its position within the house, the courtyard is much quieter than 
the alleyways. The enclosing rooms which were built with thick walls also act as an 
effective buffer against noise. The social convention of providing privacy to each 
family was another major design consideration, which gave traditional houses an 
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inward orientation. The openings were constructed in such a way as to prevent any-
one intruding unseen into the intimacy of his neighbor’s life.

Wind Towers  Many towns of the Arabian Gulf have a humid climate, particularly 
in summer and other days of the year. Thick walls contain mid-wall wind catchers 
like wind towers, called Badgirs or Barajils. These towns used to have many wind 
towers when they are located close to the sea (see Fig. 2). They were designed to 
catch the faster flowing upper air stream and channel it down to ventilate and cool 
the rooms below for their occupants. Badgirs ventilated traditional basements to 
remove adores from heavily used areas with a few windows, providing refreshed air 
cooler than the rooms below. The convective techniques worked best when air tem-
perature was around 35°C. Additionally, they would act as labyrinth cooling mecha-
nisms, capturing the cool and saving it for the day [10]. Often the Badgirs were kept 
above water features to allow the cool air to pass over the water and provide refresh-
ing moist air. Vernacular architecture was described as an expression to call tradi-
tional buildings that matched the local climate, culture, and economy.

There are several lessons that can be learned from vernacular architecture. The 
knowledge of creating passive low energy buildings, architecture has shown the 
way to achieve acceptable indoor environment for occupants with the least amount 
of energy consumption and materials. The usage of renewable energy sources in 
traditional architecture created a sustainable micro-environment [11]. Replacing 
unrenewable sources of energy with renewable natural sources is one of the most 
vital lessons. The usage of building physics helps to understand the best choice of 
materials that can provide better environmental properties [12]. Another type of 
popular shading device is the claustrum. The claustra are small vents that are made 
of plaster. These help to create a uniform distribution of air entering the room. In 
addition to security and privacy, it provides an aesthetic value. They are usually 
positioned on the upper section of the wall to allow the escape of hot air, see Fig. 1.

Fig. 2  In Abu Dhabi 
during the 1940s, several 
Badgirs or Barajils have 
demolished with the 
modernization era of the 
twentieth centuries
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Shading Devices  Another feature of traditional architecture in Arabian countries’ 
dwellings is the excessive use of shading devices. These shading devices are used as 
privacy screens that have a climatic advantage, since they regulate the climate in the 
inner spaces. One of the well-known shading devices is the Mashrabiya, which is a 
widely used wooden screen (as shown in Fig. 3). The Mashrabiya had various func-
tions, which include controlling the light passage; the airflow which helps to reduce 
temperature and plays an important role in creating privacy. A Mashrabiya, also 
called either Shanshūl or Rūshān, is an architectural element with a characteristic of 
traditional architecture in the Islamic World. It is a type of projecting oriel window 
enclosed with carved wooden latticework located on the upper floors of a building, 
sometimes enhanced in stained glass.

3 � Re-inventing Traditional Elements for Building Comfort

There are two main lessons that can be derived from vernacular architecture; the 
first one is that traditional architecture provides many buildings which can be stud-
ied to understand the passive techniques and the environmental designs. The second 
reason behind considering this architecture is the best available lesson for us today, 
that it never ceases to appeal only to architects or students of architecture. The main 
lesson derived from traditional architecture is harmonizing the various conflict 
requirements that help to achieve a pure sense of community and timelessness.

Fig. 3  The ladies behind the Mashrabiya. (Sources Ficarelli, 2008)
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3.1 � International Trends and Identity Charters

The Arabian Gulf countries, however, were not alone in the Arab World with such 
attempts to establish national identity through architecture. Pursuant to the oil boom 
and in the context of increasing Westernization that came along with the oil-based 
developments, there was in fact a larger soul-searching movement that swept 
through the entire Arabian Gulf region. Many similar nations also wanted to estab-
lish cultural uniqueness; distinct differences from others while re-affirming their 
associations with European cultures. From the 1950s of the last century, two inter-
related trends emerged in the region: One was the use of European Classicism, 
subtly modified to create a national character to arise through an international form 
(see Fig. 4). The other was to look to one’s own cultural heritage to find a truly 
national style in architecture. Fuccaro points out that they can be broadly organized 
around two main themes: the city as a recipient of modernity and the city as the 
focal point for the reclaiming of an Arab-Islamic identity [13].

The latter (the city as the focal point for the reclaiming of an Arab-Islamic iden-
tity) in Bahrain and Iraq, led to the discovery of a vernacular-influenced architecture 
with beliefs stemming from the ancient past that prevailed predominantly in Bahrain 
and traditional towns of Iraq. See Figs.  5 and 6. Of parallel significance are the 
practices that have evolved in the domestic architectural scene of Iraq and Bahrain, 
which have been driven by individual fascinations, market forces, and popular per-
ceptions [14].

Fig. 4  Houses in the 
middle of the twentieth 
century built in Iraq by 
local materials of thick 
brick walls, with Art 
Nouveau style
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Many of the villas and residential buildings imitated Palladian architectural 
forms and symbolism in preference to the vernacular. In fact, symmetry in form, 
elaborate domes, pediments, and porticos reminiscent of the Italian Renaissance 
were legitimate forms that could establish the newly acquired status as a 
wealthy nation.

3.2 � New Era of Architecture Toward Sustainable Environment

The Bahraini wind tower is an architectural element that has now become a marker 
of its national identity, which has gained popular currency. A rising tower with 
openings orientated toward the good winds act as a funnel, catching the breeze and 
drawing it down into the cavities below, where the living spaces are located, while 
releasing the hot air like a chimney; the wind tower is one of the early forms of “air 
conditioning” by natural means. It is a built element that provides for iconic imag-
ery, expresses local ingenuity in responding to the harsh climate, and therefore can 
be hailed as a unique symbol of Arab-Islamic-Bahraini identity for all times (see 
Fig. 7). Equally reproduced are the unique, wooden-poled palm-mat ceilings that 
had helped construct a flat mud roof for Bahraini traditional houses to combat the 
scorching sun [15]. Most present-day newly built “wind towers” are purely decora-
tive identity advertisements that make a mockery of the past rather than celebrate it. 
Thus, the production of this form, devoid of functionality, raises serious questions 
about the engagement of elements of traditional urbanism to recall identity from 
the past.

Siyadi House, built by the pearl merchant Ahmed Bin Qassem Siyadi about a 
hundred years ago, is a fine example of vernacular architecture that represents a bal-
ance between sensitivities to climate and needs for privacy with fine, exquisite orna-
mentation to counter the barren desert; traits that Bahrainis would cherish and 
celebrate as uniquely theirs. This house does not have a window on the ground floor 

Fig. 5  Different traditional windcatchers in Arabian countries. Windcatchers function during day-
time and nighttime. Left: decorative Barjeel in Qatar; Middle: Barjeel in the Bastakiya Quarter of 
Dubai-UAE; Right: an example of Windcatcher in Bahrain
Reference: Jomehzadeh et al. Renewable and Sustainable Energy Reviews – A review on wind-
catcher for passive cooling and natural ventilation in buildings, Part 1: Indoor air quality and 
thermal comfort assessment of Energy Reviews journal
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Fig. 6  Traditional courtyard house in Baghdad where the family realm with full privacy 
and comfort

Fig. 7  A traditional house with a wind tower converted to a restaurant in the middle of Manama 
in Bahrain

toward the streets, all spaces are open toward the courtyard, as well Khalaf House 
in Manama (see Fig. 8).

The building comfort of traditional buildings exists in areas that traditionally 
were used to open spaces inside the building for better ventilation. Creating 
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Fig. 8  Right: Siyadi House in the heart of Muharraq old town, one of the best examples of build-
ing comfort; all these magnificent screens are from Gypsum and wooden windows. Left: Courtyard 
inside Khalaf House in Manama

environments conducive to comfort and respite from the blazing sun. [16] Present-
day architects may take the vernacular form to combine ideas of local material use 
and dimensions for the design of places between the indoors and outdoors. The 
examples used in traditional ecology will stand as a basis for future standards for 
building comfort design. The use of vegetation in micro-climates can provide a 
good basis for further investigation to reduce the Urban Heat Island (UHI) effect 
and improve thermal comfort for people entering the buildings, thus, reducing the 
cooling load [17] (See Fig. 6). Further research is needed to identify how vernacular 
use of design can reduce discomfort before entering the design concept of a build-
ing. Masdar in UAE provides a good example of this and can therefore shed light on 
modern construction. Other means of green building concept that can help to draw 
a decent courtyard and find the finest orientation to get the best building comfort and 
reduce the cost of energy in buildings.

3.3 � Retrogressive Western Influence on the Concept 
of Building Comfort

Urbanization has long been a familiar social phenomenon in the Near East: Islam 
itself is largely urban in concept and is closely associated with urban-based culture. 
What is new and alien, however, is the strong tendency to link urbanization and 
modernization with Westernization. The incessant and indiscriminate importation 
of Western culture and its technology has unfortunately, but inevitably, resulted in 
the rejection of tradition. Thus, the old and indigenous aspects have now become 
inappropriate words falsely associated with reaction and conservatism. In physical 
terms, this blind rejection was quickly expressed in the neglect or outright 
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destruction of historic areas, and much of what was valuable has now been lost 
forever [18]. Modernization does not have to be based on the Western model, and 
the supreme irony today is that while the Western society is going through a process 
of self-reappraisal and discovering some values and wisdom in its past; “follower” 
societies are busy trying to emulate and eventually catch-up with the West. However, 
it could also be argued that this race is not wholly self-imposed and that other deeper 
forces such as economic and technological colonialism are at work. While this is 
partly true, it should also be recognized that a cultural time gap and climate condi-
tions between different societies and places will perhaps always exist and, therefore, 
the end of this race is fundamentally illusory. International culture, technological 
cooperation, and borrowing are necessary but must be selective and adaptive. 
Indeed, Arabian countries can take advantage of the Western experience and avoid 
their costly mistakes in this one good way (see Fig. 9).

Urbanism in Arabian countries is a product of the West—encouraging profes-
sionals, planners, architects, and the like that the Arab-Muslim city will evolve into 
this model of city development. There is no alternative. The fully recognized method 
of Taqlid—imitation architecture, abounds. Despite four decades of building devel-
opment, the architectural style has been persistently reduced to a process of mim-
icking external designs; most large projects have been conducted by foreign 
consultants who are mostly not giving much attention to the climate nor social-
economic issues that their design product is dominated by the idea to make some-
thing different from the surrounding, assuming that modernization is building 
façades of glass and aluminum. The return on investment of these high risers is 
approximately 10 years. Once the investments are paid off, the owner of the land 
may decide to renovate and build something higher and more commercially viable. 
With zero interest on loans and a very easy method for gaining commercial 

Fig. 9  The first law court 
building in Bahrain in 
1937. The designer 
succeeded to adapt the 
courtyards in public 
building. It is a style 
transition between tradition 
and modern
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mortgages, the government provides ample opportunity for owners to demolish and 
rebuild [19]. Embodied energy becomes a real issue if these buildings are replaced 
so frequently.

However, during this process, particular interest could be paid to building com-
fort and green building concept for long-term costs of energy-efficient buildings to 
be minimized. There is a lesson we can take from traditional ecology and lifestyles 
to incorporate in modern construction. Higher UHI effect will only increase the use 
of AC consumption of power and exacerbate problems of the impact’s fossil fuel 
energy costs on economy and environment as well as AC-related health issues. The 
increase in UHI will reduce the discomfort experienced by occupants as they enter 
the building, therefore, giving freedom to building owners to increase the tempera-
ture inside the in-between area of buildings and reduce energy bills, subsequently.

4 � Building Comfort in Contemporary Architecture 
in the Arabian Countries

4.1 � Imitating Traditional Forms of Building Comfort

The existing challenge is the absence of a conceptualization source to generate new 
patterns and design forms. Imitating old forms once fitted traditional houses, but 
this is no longer the case. The introduction of air conditioning and new manufactur-
ing makes it possible for many products to be upgraded if thoughtful design consid-
eration is articulated during the design and manufacturing phase. A true 
understanding of architectural element construction details, like the Mashrabiya, 
should be documented, understood, and tested with new materials and manufactur-
ing before being used in modern interiors [20].

The Mashrabiya responds passively and positively to its surrounding environ-
ment, which proved the influence of the screen depth and perforation on decreasing 
the heating, cooling, and lighting energy loads in its environmental surroundings 
[21]. The wooden or gypsum screens were also found to reduce the penetrating level 
of light causing glare. Historians’ studies have shown the Mashrabiya and Roshan 
to cool water jars in Islamic cities; some have classified these products as having 
more of a climatic character than a privacy role. The importance of the design that 
the old Mashrabiya allowed the inhabitants of the house to view the street from the 
upper floor but not to be subject to being viewed by outsiders (see Figs. 10 and 11).

The great Arabian architect Hassan Fathy states that the Mashrabiya is the best 
solution for thermal comfort issues in the region. The screens also allow a good pas-
sage of air and breeze, and their design delays the flow of heat into a building. At the 
same time, it has a positive consequence in enhancing a cooling effect.

Scholars investigated air movement in various areas of a traditional house in 
Jeddah City, Saudi Arabia, indicating an increased air velocity of about 0.3–1.3 m/s. 
Airflow simulation and shadowing evaluation gave the ability to determine the 
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Fig. 10  Mashrabiya and Roshan construction. (Source: Mortada (2014) and Almerbati. N.)

Fig. 11  A typical gypsum screen pattern. (Source: Bahrain Ministry of Housing, also Almerbati. 
N. page 66)

relation between the cooling effect and the geometric aspect of Mashrabiya con-
cerning natural ventilation and solar control. However, the illuminance values of the 
screens proved the visual comfort level gained from Mashrabiyas, (see Fig.  11). 
Passive cooling can be argued as being inadequate for Bahraini new houses. The 
consequence of climate changes the high level of humidity and the introduction of 
air conditioning systems in modern houses because the availability of cheap power 
has placed an emphasis on the aesthetic function of Mashrabiya rather than environ-
mental ones (see Figs. 12 and 13).
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Respectable designs for large projects in the Arabian Gulf countries adapt to a 
traditional building element in contemporary design either for the identity reason or 
building comfort purposes. In terms of the environmental aspect, the traditional 
Mashrabiya plays a role in cooling and humidifying houses. The Mashrabiya’s 
wood absorbs, retains, and releases water when faced with an air current. Once the 
wood fibers get heated by sunlight, they release their retained humidity. Wood is an 
expensive material to use for needs to be maintained continuously. The modern 
smart adaptive skin of the AlBahar Tower project wins the contest due to its intel-
ligent Mashrabiya design and environmental context interaction. It uses parametric 
design and simulation as well as specialized programming methods and thermal 
actuators that open the Mashrabiya facade like an origami fold [22] (see Fig. 14).

An innovative honeycomb structure was designed following the analysis of high-
efficient load paths. The towers also accommodate sky gardens at the top to reduce 
solar heat gain on the most exposed elevation of the roof. The designer described 
their project as a design generated from a mathematically prerationalized form that 
derives from Islamic design principles. A key feature of the design is the application 
of a diaphanous screen that envelopes the most exposed aspect of the building in the 
form of a dynamic “Mashrabiya,” opening and closing in response to the sun’s path, 
significantly reducing the solar heat gain and providing a more comfortable internal 
environment. The two honeycomb structures developed in the city are a decent 
example of the traditional Mashrabiya. These are intelligent facades that block the 
sun from heating the building, but still allowing for daylight penetration. The Abu 

Fig. 12  Decent Mashrabiyas used for decoration and privacy elements covered the ladies’ prayer 
room in Bahrain’s City Center
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Fig. 13  Al Ghurair Center in the middle of old Dubai, UAE; combining multi-use buildings to 
rewards the high price of land by using the concept of low-rise high density. Imitating traditional 
forms like the wind tower to be used as building lifts and landmark as a vertical element. Residential 
blocks on the left side consist of a large courtyard on third floor where all the amenity activities 
take place

Dhabi Investment Council’s headquarters will be an example of energy reduction 
by design.

Within interior design, the Mashrabiya screen was used in houses, offices, and 
embassies to reflect cultural Arabic Islamic identity. It was also utilized to reflect the 
complexity of Islamic architectural patterns and its aesthetic endorsement of inte-
rior space quality. It was used as a window screen and sometimes as a room parti-
tion. Material and weather conditions regulated the use of Mashrabiya in an interior 
space. In Almerbati’s thesis, she has classified as the contemporary of Mashrabiya 
in the context of modern architectural projects that have been used in three catego-
ries, which include adaptive skin, structural pattern, and cultural value [23] (see 
Fig. 15).

4.2 � Applicability of Green Building to Achieve 
the Building Comfort

Building comfort and green building concept can be performed in an initial stage of 
architectural design development. It can involve all new buildings, additions, expan-
sions, and restorations of buildings, particularly in town center areas. The next dia-
gram can show that the design process has been introduced to develop the building 
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Fig. 14  Abu Dhabi 
Investment Council 
Headquarters Towers 
designed by Aedas – Arup, 
2010. (Source: https://
www.evolo.us/
abu-dhabi-investment-
council-headquarters-
towers-aedas-arup/)

concept which must include building comfort criteria as well as matching the green 
building concept (see Fig. 16).

Design Process  Any new design building should have the following:

	A.	 Design aspects: Which include site analysis and conceptual design
	B.	 Design process: Following a logical methodology
	C.	 Economic aspects: Where the initial cost is high to save energy
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Adaptive skin Structural pattern Cultural value

Albahar tower/ 2012/ Aedas

Oxygen Villa/2012/ Egyptian studio House

Arab cultural Institute/ 1987 / Brick Pattern House/ 2012 / Mashrabiyya house/14

Slide-S/ 2011/ AUC

Masdar City/ 2010/ Fosters & P.(USJ) campus/ 2011/ 109 Architects

KAUST/ 2012/ Urban Art Projects

Fig. 15  Mashrabiya in the context of modern architectural projects. (Source: Almerbati et  al. 
(2014) (page 72))

The design process was created a long time ago by the Chicago Architecture 
Center called Discover Design to help designers formulate a design concept 
accepted by community and suiting the micro-climate condition of that area. The 
design process is an approach for breaking down a large project into manageable 
chunks. Architects, engineers, scientists, and other thinkers use the design process 
to solve a variety of problems. Use this process to define the steps needed to tackle 
each project and hold all ideas as well as sketches throughout the process [24]. The 
design process consists of six steps; they are:

	1.	 Define the problem: A solution cannot be found until having a clear idea of 
the issue.

	2.	 Collect information: Collect sketches, take photographs, and gather data to 
start giving you inspiration.

	3.	 Brainstorm and analyze Ideas: Begin to sketch, make, and study what can be 
started to understand how all the collected data and information may impact 
your design.

	4.	 Develop solutions: Take the preliminary ideas and form multiple small-scale 
design solutions.

	5.	 Gather feedback: Present an idea to as many people as possible: friends, teach-
ers, professionals, and any other trusted persons to offer insightful comments.

	6.	 Improve: Reflect on all the feedback and decide if or to what extent it should be 
incorporated. It is often helpful to take solutions back through the design process 
to refine and clarify them.
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Fig. 16  The design process diagram. (Source: Chicago Architecture Center (2012–2019), https://
discoverdesign.org/handbook)

Design Quality Features in Building Comfort
These are some design quality features that can be adapted to accomplish a building 
comfort in Arabian countries:

	1.	 The spatial, temporal environment and privacy factors are clear and important in 
traditional designs.

	2.	 Continuity in the development of architectural designs and inspirations of urban 
heritage according to the region or the city.

	3.	 Continuous adjustments and development toward the quality of the design prod-
uct according to the environmental, social, and spatial conditions in the city.

	4.	 The response of architectural designs to the climatic environment, saving energy 
consumption and providing design rigor in placing buildings in healthy climatic 
directions.

	5.	 Integrated and thoughtful architectural designs are put in place for all govern-
ment businesses by architecture makers that seek reputation and workmanship 
and are far from business.
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4.3 � Building Comfort Requirements in the Arab 
Town Neighborhoods

There are at least 10 aspects of elements that are required to be provided for the 
design or rehabilitation of neighborhoods, which will affect the individual buildings 
in the context of building comfort. These aspects can be considered carefully to 
achieve new building designs. They are summarized as below:

	 1.	 The obligation to maintain a group of buildings that have advantages and char-
acteristics of the urban heritage of the old city; they are the best example of 
building comfort and saving energy (see Fig. 17).

	 2.	 Renovation and Rehabilitation process is required for buildings that have dam-
aged parts of the urban building fabric and contain heritage values.

	 3.	 Urban infill process to fill the empty and distorted spaces of urban scenes inte-
grated with the urban fabric. This process will enhance the adjacent building 
and increase the building comfort in all buildings (see Fig. 18).

	 4.	 Developing urban designs inspired by the urban heritage of the city and deter-
mining the type of morphology of the Arab and Islamic city as well as not utiliz-
ing plans for modern prefabricated residential neighborhoods used in the 
outskirts of the city that do not fit with the compact urban fabric of the tradi-
tional city and not accomplish a building comfort.

	 5.	 Stressing on the principle of separation between vehicles and pedestrians in 
designing streets or alleys and making them shaded with evergreen and fruitful 
trees which can plant in arid zone or having a landscape of desert nature with 
water fountains (see Fig. 21).

Fig. 17  Restoration of the historical Khan Margan as a restaurant in Baghdad is the best example 
of saving energy and building comfort
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Fig. 18  Solidere Downtown of Beirut- Lebanon shows real examples of creating building comfort 
by the process of urbanism to fill the gap between street buildings

	 6.	 Emphasizing the diversity in land subdivision schemes and layout alleys mov-
ing away from stereotypes in the designs of modern neighborhoods within the 
urban fabric of the traditional towns. Setting regulations and not encouraging 
the construction of tower buildings in the centers of historical towns that prolif-
erate in the tribal way while not being environmentally sustainable, like Towers 
Area Zone in Doha, Qatar and in some areas in Dubai.

	 7.	 Setting a flexible urban requirement to improve the urban environment and 
building comfort while preserving the heritage values and architectural features 
of the urban fabric of the Arabian towns. Detailed planning and urban controls 
of reinforcing regulations that are compatible with the distinctive urban compo-
sition of the town. A clear written document should be available, binding and 
becoming the basis of any proposed development process toward building com-
fort (see Fig. 19).

	 8.	 Working to develop an urban design concept in developing new areas that are 
available in large plot areas and have been invested by joint-stock companies 
from the public and private sectors. Land subdivision of small plots should be 
halted. Small plots of land with the setbacks regulation for each building from 
four sides are difficult to organize and may only make small gardens, resulting 
in having at least three sides exposed to the sun and heat generation is increased 
inside the building: Other issues include construction wastage materials and 
spaces. A large plot of land subdivision easily creates successful design concept 
by having appropriate spaces for gardens, shaded walkways, livable amenities, 
and the best building orientation that can be achieved and would be suitable for 
the building comfort.

	 9.	 The necessity to place building designs in the accurate directions consider the 
movement of the sun and wind and not use exotic shapes, materials, and glass 
extensively over blind walls with glazed ceilings to obtain bright shapes that 
cannot respond to the sustainable environment and increase the heat load as 
well as energy consumption (see Fig. 20).

	10.	 Encouraging to provide the concept of high density with low rise buildings in 
the center of the Arabian towns, using the local materials with insulation and 
reducing the opening sizes toward the bad orientation of buildings. Essentially, 
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Fig. 19  Muharraq Municipality building in Bahrain (when shaded, a shadow inner courtyard is 
the key to provide a successful sustainable urban environment). (Source: Yousif Dawood AlSayagh 
Office, Bahrain 2007)

providing the principle of privacy in all residential neighborhoods and separat-
ing the movement of vehicles from the dwellings. Low-rise housing develop-
ments for reasons of money, efficiency, simplicity and conceptuality, repetition 
seems difficult to avoid. When one unit or a group of units are designed, identi-
cal copies are stacked next to each other until a neighborhood is created, often 
with monotonous results (see Fig. 21).
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Fig. 20  Development of the new Souq in the traditional town of Manama-Bahrain; using exten-
sive skylight of steel glazed ceiling, increase the heat load and energy consumption with no care of 
sustainable environment building comfort (2006). This should be not acceptable with the increase 
of power consumption

5 � Conclusion

Evaluation and discussion of building comfort and heat stress under arid climatic 
conditions was presented. The main conclusions from this chapter could be sum-
marized that the arid zone climate of Arabian Countries can be responded to in 
building comfort from the initial stage of planning and designing such as:

	1.	 Land-subdivision planning of a neighborhood should have as much of the land 
in rectangular shapes orientated toward the North-South direction as the prevail-
ing wind is North-Western; such a direction can be easily designed in the con-
cept of having the best orientation to the South for the sunlight and North for the 
light and the breeze. In addition, it can utilize the design plot to have a garden at 
the front or the back of the house. It is recommended to avoid the West-East 
direction for plots as much as possible; the East direction creates intensive heat 
during mornings, while the West direction has long hours of time exposed to 
direct sunlight at high temperatures from afternoons until the evenings.

This design layout depends heavily on the size of the land plot from the land 
subdivision, where a building can be designed with a courtyard layout or as a 
U-shape where all major required spaces of the building have the best orientation 
toward the courtyard; meanwhile, if the plot is medium-sized, it can make an 
L- shaped design of the building and every two adjacent buildings can make a 
large courtyard (semi-detached style). It is often that land-subdivision planning 
departments struggle to subdivide small plots of land to increase the population 
density or planning for low-income groups. North-South orientation is still sig-
nificant for this type of layout planning. However, regulations should be toler-
ated or abandoned by not providing a setback from two neighboring sides of the 
buildings, which will look like a row of house style. Good planning layout of a 
group of small plots can be created to generate a nice group of buildings with a 
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Fig. 21  Abu Nuase Street Development by Ammant Al Assama, Baghdad-Iraq. The project was 
completed back in 1986 to make a good example of low-rise high density in the centre of the capi-
tal of Baghdad. Solar energy had been used for 278 dwellings in different size areas. Providing the 
principle of privacy in all residential neighborhood as well as separating the movement of vehicles 
from dwellings. But the project as a group of buildings results with monotonous outcomes. 
(Source: Poul Mork Skaarup & Jespersen with Iraqi Architects Planner: Abad Al Radthi and 
Nazar Othman)

common open space, such as a large courtyard with vegetation of trees and arid 
zone landscape.
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	2.	 Using sold walls with small window openings toward the bad orientation will 
help build comfort, save energy, as well as enrich privacy.

	3.	 One of the most harmful factors to building comfort is building a skydome made 
of glazed materials, which will increase the HVAC system in the building as well 
as face difficulty in maintenance. Such practice in buildings, shopping centers, 
or any function having a skydome as a design element is harming the sustainable 
environment and is considered a failure in architecture design and should be 
prohibited in regulations within the Arab countries.

	4.	 Using strange shapes of buildings, shielded with glass and aluminum in the arid 
zone within the Arab countries, it is a matter of thoughtless ideas to the sustain-
able environment approach in architecture design and building comfort. This 
product will be classified in assumption of commercialism and does not follow 
the sense of place and the urban context. This kind of approach should be rejected 
and can be corrected in educating stakeholders within the field of architecture 
and construction.
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Providing Thermal Comfort for Buildings’ 
Inhabitants Through Natural Cooling 
and Ventilation Systems: Wind Towers

Alireza Dehghani-Sanij

Abbreviations

AC	 Air-Conditioning
ASHRAE	 American Society of Heating, Refrigerating and Air-Conditioning 

Engineers
CFD	 Computational Fluid Dynamics
CTES	 Cold Thermal Energy Storage
GHG	 Greenhouse Gas
HVAC	 Heating, Ventilation, and Air-conditioning
IAQ	 Indoor Air Quality
IEQ	 Indoor Environmental Quality
IIR	 International Institute of Refrigeration
ISO	 International Organization for Standardization
PCM	 Phase Change Materials
RH	 Relative Humidity
UAE	 United Arab Emirates

1 � Introduction

Since many people living in urban environments spend most of their time indoors 
[1, 2], more than 80% [3, 4], buildings of different sizes, types, and uses play a 
substantial role in the quality of human living and working environments in today’s 
world [5]. In other words, buildings have a direct influence (short- and long-term) 
on inhabitants’ health, performance, productivity, well-being, and thus satisfaction. 
In fact, a major contributor to occupants’ health and happiness is indoor environ-
mental quality (IEQ) [6–8]. Poor or bad IEQ can lead to physical, mental, and social 
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health problems for buildings’ inhabitants [9, 10], such as asthma, respiratory aller-
gies, shortness of breath, chronic lung diseases, eye infections, impaired vision, 
degraded attention, mental fatigue, elevated negative emotions, increased stress, 
depression, and amplified aggressive behaviours [11–14].

The IEQ is mainly evaluated by measuring four primary features of indoor com-
fort, that is, the air, thermal, visual, and acoustic qualities [15–17]. However, other 
factors such as water quality and interior design are less important [10]. In exploring 
the topic of this chapter, indoor air quality (IAQ) and thermal comfort are briefly 
discussed next. The IAQ, referring to the quality of air—encompasses the parame-
ters of temperature, relative humidity (RH), and air pollutant concentrations (such 
as CO, CO2, O3, volatile organic compounds, and particulate matter)—within and 
around buildings and enclosed spaces [18–20]. In other words, the IAQ is influ-
enced by a wide range of contaminants from various indoor and outdoor sources/
activities, plus building-related factors (e.g., building materials and ventilation) 
[21, 22].

In accordance with the standard definition provided by the International 
Organization for Standardization (ISO) [23] and the American Society of Heating, 
Refrigerating and Air-Conditioning Engineers (ASHRAE) [24], thermal comfort is 
meant as “the state of mind that expresses satisfaction with the thermal environment 
in which it is located.” In another definition, thermal comfort can be characterized 
as an individual’s state of satisfaction—physiological, psychological, and physi-
cal—with his or her surrounding environments [25]. To determine the conditions of 
indoor thermal comfort, various criteria, including environmental parameters (air 
temperature, RH and velocity, plus mean radiant temperature), metabolic rate, and 
clothing insulation (or thermal resistance of clothing), must be considered and 
assessed during the building’s design phase [26–28]. Additionally, a variety of fac-
tors such as gender, age, race, time of year, geographical features, weather condi-
tions, building characteristics [29–32], and even culture [33] and individuals’ 
expectations [34] can influence the thermal comfort felt by people. There are also 
direct correlations between thermal comfort, IAQ, and a building’s energy use and 
efficiency [35, 36] (Fig. 1). Human comfort zones for summer and winter climate 
conditions are displayed in Fig. 2.

Nowadays, massive numbers of conventional heating, ventilation, and air-
conditioning (HVAC) systems, in a variety of sizes, types, and capacities, are uti-
lized throughout the world to meet the heating and cooling demands of buildings 
and provide good IEQ for inhabitants. For example, the International Institute of 
Refrigeration (IIR) reported in 2019 that there were approximately 1.6 billion resi-
dential and commercial air-conditioning (AC) systems in operation globally [41]. 
HVAC systems, on average, use over half of the total energy consumed in buildings 
[42, 43], ranging from 40% to 70% [44], although this percentage differs from one 
country/region to another as a result of local weather conditions, social and eco-
nomic situations, and levels of development [5, 41]. For instance, in the United 
States and China, HVAC systems, respectively, account for around 35% [45] and 
65% [46] of the overall energy usage in the country’s buildings sector. Moreover, in 
some countries of the Middle East (e.g., Saudi Arabia) AC systems are responsible 
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Energy use
Hea�ng/cooling demand
Electricity consumpt ion

Thermal comfort
Indoor air velocity, RH, 

temperature, etc.
Local drought control

Indoor air quality
Ven�la�on efficiency

Indoor pollutant removal

Building’s inhabitants

Outdoor environment

Fig. 1  Correlations among the inhabitants, indoor environment, and building’s energy utilization. 
(Modified from Refs. [37, 38])

for about 70% of the energy utilization in buildings during the hot months of the 
year [47, 48].

HVAC systems contribute considerably to the global use of electrical energy, 
generated primarily by fossil-fuel power plants. Based on a report published in 2019 
by the IIR [41, 49], the share of AC systems in the consumption of electricity world-
wide was greater than 8% at that time. For a variety of reasons—the principal ones 
being the global increase in population and ambient temperature, the escalating 
demands for thermal comfort, and the improvement of people’s living standards—
the demand for these types of systems is continuously and swiftly rising worldwide, 
leading to increased electricity usage. It is anticipated that, by 2050, electrical 
energy requirements for space cooling and AC will have tripled [41], reaching about 
37% of the overall energy consumption in buildings [49]. The result of this swift, 
growing, and ongoing demand will be escalating environmental problems and 
threats (e.g., global warming and climate change), especially via emissions of 
greenhouse gas (GHG) and pollution of air.

In addition to enhancing the energy efficiency in conventional HVAC systems, 
finding, developing, and employing sustainable and eco-friendly energy technolo-
gies can support efficient, practical, and even cost-effective solutions both for meet-
ing people’s thermal comfort needs and diminishing environmental challenges. For 
example, natural cooling and ventilation systems like wind towers or 
wind-catchers—called “Baudgeer1” or “bâdgir” in Persian and “Malqaf2” in 
Arabic—either alone or integrated with other technologies, can help not only in 
providing the conditions of thermal comfort and good IAQ for residents throughout 
the hot/warm months but also in decreasing energy use and costs in buildings, par-
ticularly during hours of peak demand and the subsequent environmental footprints.

1 The word “Baudgeer” is a compound noun in Farsi. Baud means wind and geer means catcher [50].
2 “Malqaf” means catcher (or grabber) of air, used in Egypt [50].
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Fig. 2  Human comfort 
zones for summer and 
winter. (Modified from 
Refs. [5, 39, 40])

Wind towers are traditional architectural structures, of different sizes, types, and 
shapes, mainly made of brick/mud-brick, clay, and plaster, which have been used 
for centuries to naturally ventilate and passively cool a variety of buildings/dwell-
ings and even to naturally circulate airflow inside public cisterns or underground 
cold-water reservoirs—called “Aub-anbar3” in Persian—in both hot/warm, dry and 
hot/warm, humid regions [50, 51]. The main purpose of the current chapter is to 
examine comprehensively a variety of aspects of both traditional/conventional and 
modern wind towers. This exploration will cover their history, typologies, and com-
ponents; their ventilation and thermal performance; their role in improving energy 
efficiency; and their capability of lowering the energy costs of buildings. Also 
explored are possible combinations with other technologies like renewable energy 
and energy storage systems to enhance their performance.

2 � Traditional/Conventional Wind Towers

Traditional/conventional wind towers were employed in a variety of Middle Eastern 
countries—including Iran, Iraq, Kuwait, Bahrain, Qatar, Oman, the United Arab 
Emirates (UAE), Jordan, and Egypt—as well as Pakistan and Afghanistan, as shown 
in Fig. 3, to provide natural ventilation and pleasant cool air and a thermally com-
fortable environment inside dwellings during the hot/warm months [50]. Nowadays, 
they continue to be utilized in their traditional forms in the old parts of various cities 
and villages. Figure 4 illustrates the traditional/conventional wind towers in certain 
Middle Eastern countries and Pakistan.

3 The word “Aub-anbar” is a compound noun in Farsi. Aub and anbar, respectively, mean water and 
tank or reservoir [51].

A. Dehghani-Sanij



395

Fig. 3  Distribution of traditional/conventional wind towers in the Middle East, as well as Pakistan 
and Afghanistan [50, 52]

In a number of Iranian cities, such as Yazd, Meybod, Kashan, and Naein, located 
in hot, arid regions, builders/architects situated several wind towers next to the 
domed roofs of large, public cisterns, as shown in Fig. 5, thus encouraging natural 
airflow over the surface of water stored within the reservoir to retain its cold tem-
perature [51, 54]. In fact, the movement of air over the water’s surface (Fig. 6) and 
heat exchange via convection and evaporation, plus radiative heat exchange between 
the water surface and the roof, create thermal stratification inside the water reser-
voir. Consequently, the layers of water near the bottom of the reservoir—the posi-
tion of the tap—were always cold enough to drink all through the hot/warm months 
of the year, even when ambient air temperatures reached above 40 °C [55–59].

Although no accurate, comprehensive history of traditional wind towers is avail-
able, according to existing historical evidence—such as literary and historical texts, 
accounts (usually diary entries) by foreign travellers who visited Persia4 in past 
times (the first one by Marco Polo (1254–1324), a Venetian merchant, explorer, and 
writer), historical paintings/pictures, and the remnants of ancient sites/buildings 
(e.g., Arg-e Bam)—Bahadori and Dehghani-Sanij [50] indicated that Persians first 
invented and developed wind towers. Based on the historical documents available, 
their history goes back to the early ninth century, about 1200 years ago [50]. For 
example, Rudaki Samarqandi (c. 858–940), a Persian poet, regarded as the first 
great literary genius of the Modern Persian language, refers to the word 
“Baudghard”—elsewhere termed a “Buadgeer” [60]—in one of his couplets:

In many places, dwellings/buildings have a Baudghard / where inside them, happiness is 
established, and the residents eat with pleasure.5

4 The old name of Iran.
بسا جاي كاشانه‌ی بادغرد / بدو اندرون شادي و نوش خورد 5
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(a) (b) (c)

(d) (e) (f)

Kolah-
Farangi

Fig. 4  Traditional/conventional wind towers in (a) Cairo, Egypt, (b) Doha, Qatar, (c) Dubai, UAE, 
(d) Heydar Abad, Pakistan (wind towers are known as “wind scoops” there [50]), plus (e) Bandar 
Lengeh (alongside the Persian Gulf) and (f) Yazd, both in Iran [50, 53]

Wind tower

Domed roof

Small hole

Fig. 5  Aub-anbar of “Rostam Giv” in Yazd City, Yazd, Iran [51]
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Fig. 6  Schematic illustration of a typical large, public cistern [51, 54, 57]

The above couplet reveals that having a wind tower—or perhaps several wind tow-
ers—in buildings was common practice at that time, one valued for creating a com-
fortable and happy indoor environment for inhabitants. Moreover, Rosenthal [61], 
Professor of Semitic Languages (1914–2003), in line with the claim made by 
Bahadori and Dehghani-Sanij [50], based on his extensive study of literary and 
historical texts, particularly Arabic texts and poems, states that Iran is the origin of 
the wind tower, which was called “bādhanj6” (Arabicized “bādahanjun”) in olden 
times. Keeping its Persian name, it has been exported from Iran to other places such 
as Egypt over time.

Based on years of research on wind towers, the author of this chapter believes 
that early wind towers were simple architectural structures, made of clay and mud-
brick, most likely one-sided, with an opening to capture the ambient wind and draw 
it into an inner space. It seems that people who lived in hot, dry regions and on the 
outskirts of the central desert of Iran learned to build these structures for the first 
time due to the crucial need for thermal comfort in their habitats on extremely hot 
summer days. Even today, Meybod, a major desert city located in the Province of 
Yazd, Iran, still has many one-sided Baudgeers (Fig. 7). Meybod, an ancient city, 
lying on important old caravan routes, dates back to the pre-Islamic era. This city 
was one of the most important cities in Iran during its history and has notable archi-
tectural monuments (e.g., Narenj, or Narin, Castle and Chapar Khaneh7). Meybod 

6 The word “bādhanj” or “bādāhanj” is a compound Persian noun, which is called “Baudahang” in 
Farsi. Note that in Arabic, there is no the letter G (گ) that is used in Farsi. Baud means wind and 
ahang means to pull out [62]. According to the Persian dictionary, Baudahang is another name for 
Baudgeer [60].
7 This Persian term means the “house of a courier,” referring to the postal service used during the 
Achaemenid period (550–330 BC) [63].

Providing Thermal Comfort for Buildings’ Inhabitants Through Natural Cooling…



398

One-sided 
wind tower

Fig. 7  A photo of one-sided Baudgeers in Meybod City, Yazd Province, Iran [50, 52]

(a) (b) (c)

Fig. 8  View of (a) two-sided, (b) six-sided, and (c) cylindrical wind towers [50, 52]

or other historical desert cities, such as Yazd, Ardakan, Naein, and Tabas, where 
one-sided Baudgeers still exist in abundance, are all possible candidate sites for the 
invention of these structures.

Traditional/conventional wind towers can generally be classified into six types 
[50, 52, 53]: one-sided (Figs. 4a, d and 6); two-sided (Fig. 8a); four-sided (Figs. 4b, 
c, e and 5), the most common form; six-sided, or hexahedral (Fig. 8b); eight-sided, 
or octahedral (Fig. 4f); and cylindrical structure (Fig. 8c). In areas where the direc-
tion of the prevailing and pleasant wind is known, builders/architects have built 
wind towers in a one-sided form facing the wind, but in areas with variable wind 
directions, they have made other types—especially cylindrical wind towers, the 
most evolved type, which are able to grab the ambient airflow from all directions. 
The historical and evolutionary course of traditional wind towers, from one-sided to 
cylindrical types, reveals that there have also been extensive engineering, technol-
ogy, and architectural advances over time. In the past, as demonstrated in Fig. 9, the 
culmination of the architects/builders’ masterpiece was the construction of two- or 
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three-storey wind towers of different sizes and forms. These types of wind towers 
can capture wind from different heights—acknowledging the important fact that 
with the rising height from the ground surface, wind velocity increases and becomes 
more consistent because of lowering the surface friction. These wind towers have 
separate air channels on each storey.

Traditional/conventional wind towers have two main components (Fig.  10), 
including (1) the head, seen in various forms, heights, and decorative styles, with 
one to several air-openings, and (2) the column in different altitudes and shapes, 
inside which air channels are divided into different forms (e.g., cross-shaped), 
excluding one-sided wind towers [50].

Traditional/conventional wind towers act in various ways, depending on the 
velocity of the ambient wind and the time of day, as shown in Fig. 11, described as 
follows [50, 64]:

	1.	 When the ambient wind velocity is high enough, the wind tower pulls airflow 
into the inner space of a building, like a fan, due to the pressure difference cre-
ated between the wind tower’s air-opening(s) and the building’s windows and 
door(s). In this case, a part of the ambient airflow enters the interior space of the 
building—such as the main floor and/or basement—via the wind tower’s air-
opening(s) and channel(s) that face the wind direction. Then, after distribution 
and circulation inside, the air exits through the building’s windows and door(s); 
another part of the airflow intake comes out directly through the wind tower’s air 
channel(s) and opening(s) that are positioned opposite the direction of the wind, 
without having circulated indoors. Note that there are doors or windows between 
the wind tower’s column and the main floor and/or basement. Airflow is control-
lable by opening and closing them.

	2.	 When the velocity of the ambient wind is zero or very low, depending on the 
amount of heat or cold stored in the mass/body of the wind tower, the air flows 

(a) (b) (c)

Kolah-
Farangi

Fig. 9  View of two-storey wind towers of various sizes and shapes in (a) Abarkouh City, and (b) 
Kharānaq village, Ardakan City, Yazd Province, as well as (c) Sarhang Abad village, Zavareh dis-
trict, Ardestan City, Isfahan Province, Iran [50, 52]
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Fig. 10  Traditional/
conventional wind tower 
components [50]

Airflow
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Fig. 11  Operation of a 
traditional/conventional 
wind tower based on the 
existence or absence of 
wind and the time of day 
[50, 64]
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upwards or downwards naturally in the column, respectively. During the day, the 
wind tower’s body absorbs heat through the sun and its surrounding surfaces, so 
the absorbed heat causes the air inside the column to warm up. Thus, the air 
inside flows upwards due to less density. This leads to the flow of air entering the 
interior space of the building via the windows and door(s) facing the courtyard 
after cooling as a result of passing through shrubs, plants, and often, a pool of 
water that has a large surface and shallow depth. In contrast, at night, the mass of 
the wind tower loses its heat because of the exchange of heat with its surround-
ings, so the air inside the column cools and flows downwards due to higher 
density and enters the inner space of the building. It should be noted that the 
amount of thermal energy (heat or cold) that can be stored in the wind tower’s 
body is limited because of its low mass and specific heat. For this reason, estab-
lishing natural airflow due to buoyancy effect into or out of the building via the 
wind tower is also restricted when there is no wind and is only possible for a few 
hours. However, hot and dry areas of Iran have relatively constant seasonal and 
daily patterns of wind.

For example, Mazidi et al. [65, 66], based on their experimental measurements of 
the main mansion of Dowlat Abad Garden in Yazd City (Fig. 4f), showed that when 
the velocity of ambient air is higher than ~5 m/s, the wind tower plays the role of 
drawing air into the building, but once the velocity is less than ~5 m/s, its role is to 
suck the air from the building like a chimney, which means to pull out the air from 
the interior space and release it to the environment. In both cases, the wind tower is 
able to naturally ventilate the inner space. However, when the temperature of the 
ambient air is high, its thermal performance is not suitable.

In general, the operation of a traditional/conventional wind tower is not fixed 
during the day and night in the hot/warm months of the year. Its cooling impact and 
contributions to air circulation in the interior space depend on various factors, such 
as air temperature fluctuations, wind conditions (velocity and direction), and the 
intensity of solar radiation [64].

In some old buildings, builders/architects have combined traditional/conven-
tional wind towers with other structures—for instance, domed roofs (Fig.  12), a 
Kolah-Farangi8 (Fig. 13), an underground canal (Fig. 14) or a Qanat9 (Fig. 15), base-
ments, and courtyards—in order to improve ventilation and thermal performance 
and consequently establish a more pleasant thermal environment for inhabitants 
during hot summer days. Domed roofs help in reducing heat transfer from the out-
doors to the interior spaces of a building, as the dome’s height causes rising warm 
air to accumulate under it, producing cooler conditions at floor level [64, 67, 68]. As 
illustrated in Figs. 5 and 6, domed roofs have also been employed in large, public 
cisterns for the reason stated above. Additionally, a small hole was commonly uti-
lized at the tip of the dome to release warm air from inside to the environment.

8 This is a Persian word that refers to a particular type of architectural structure.
9 A Qanat (or Karez) is a gently sloping underground canal used to transport water over long dis-
tances from an aquifer, or water well to the surface, for drinking and irrigation [51, 69].
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Wind tower

Domed roofs

Fig. 12  An integration of several wind towers and domed roofs in one of the mansions of Dowlat 
Abad Garden in Yazd City, Yazd Province, Iran [50]

Wind tower

Kolah-Farangi

Window

Fig. 13  A combination of 
a wind tower and a 
Kolah-Farangi in the 
Cultural Heritage Building 
in Yazd City [50]

As demonstrated in Fig. 13, a relatively large Kolah-Farangi that contains a num-
ber of openings, or windows in new designs, which can be opened or closed to allow 
the airflow in and out, was erected upon the main hall (or room) of the mansion and 
next to a tall wind tower for two purposes [50, 52]: (1) raising the rate of ventilation 
and (2) providing natural lighting. Figure 4f, showing the main mansion of Dowlat 
Abad Garden, and Fig. 9a, displaying the Aghazadeh mansion, are other examples 
of a combination of a Kolah-Farangi and a traditional/conventional wind tower.

In some designs, builders/architects have combined an underground tunnel 
(Fig. 14) or a Qanat (Fig. 15) and a basement with a traditional/conventional wind 
tower in order to take advantage of evaporative cooling and improve the quality of 
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Fig. 14  (a) Photo and (b) schematic cross-section of an old wind tower, built outside of the build-
ing, located in Bam City, Kerman Province, Iran [50, 64]

well
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Wind direction

Hallway 

Basement

Water stream

Ground

Airflow

Fig. 15  Schematic cross-section of a combination of a wind tower and a Qanat [50, 64]

air entering the dwellings. In these designs, air that passes over the moist surfaces 
of the underground channel and basement walls, or the water surface of a Qanat, has 
increased humidity and reduced temperature, and even dust is removed. In Fig. 14, 
a small water pool and its fountain further cool the cold airflow out of the under-
ground tunnel evaporatively. In the city of Yazd, a small pool and a fountain can be 
observed under many wind towers.

The design demonstrated in Fig. 15 is related to the city of Yazd (based on a 
personal communication with Prof. Bahadori). Many Qanats once supplied its 
drinking water and irrigated its agricultural fields, but most of them are abandoned 
today. These Qanats also allowed the intelligent builder/architect to utilize them to 
cool the air via evaporation. The mixture of two flows of air—one supplied by the 
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wind tower and another passing over the water surface of the Qanat—created a 
thermally pleasant environment inside the basement. In general, in hot and arid 
areas, basements were the best place for inhabitants to rest on hot summer after-
noons, and wind towers provided thermal comfort and good IAQ for these places. 
Figure 16 shows an example of a combination of a one-sided wind tower and a base-
ment in Iraq.

Despite the benefits of using traditional/conventional wind towers, they also have 
some restrictions, such as [50, 52, 53]:

•	 The head of these wind towers is immobile and cannot rotate to grab the maxi-
mum ambient airflow in zones with variable wind directions.

•	 They allow small birds, insects, and dust to come into inner spaces.
•	 These exposed structures gradually erode due to natural causes like precipitation, 

wind, and sun.
•	 A portion of air entering through wind towers, excluding the one-sided type, 

exits with no circulation through building interiors.
•	 Only poor performance is possible in zones with very low wind velocity.
•	 Installation and maintenance limitations occur, and only a small number of wind 

towers can be utilized in one building.
•	 The amount of coolness that can be stored in the mass/body of these wind towers 

is restricted and may not be sufficient to meet cooling demands on hot days.
•	 In very still weather, circulation is purely due to density differences in the air, 

which can prevent adequate flow.

To diminish or even eliminate the restrictions of traditional/conventional wind 
towers, as well as to enhance their performance and improve the conditions of ther-
mal comfort in dwellings, several new, modern wind tower designs, has been 

One-sided wind tower

Basement

Wind 

Airflow

Fig. 16  Schematic 
illustration of a 
combination of a one-sided 
wind tower and a basement 
in Iraq [50, 70]
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proposed [50, 52, 53, 71–87], each with its own benefits and limitations. The next 
section briefly describes some of them.

3 � Innovative, Modern Wind Towers

Various innovative, modern wind tower designs, most of which rely on evaporative 
cooling techniques, have been offered and developed for natural space cooling and 
AC. Evaporative cooling means to cool flowing air to, or close to, its dew point 
temperature by saturating it with water vapour (e.g., by spraying water into the air-
flow). In other words, in the evaporation process, water absorbs a large quantity of 
heat from the air, consequently decreasing the temperature of the airflow [38, 88]. 
This technique is one of the most effective ways to lessen the temperature and 
increase the RH of the airflow entering the living/working spaces of a building in 
hot/warm, arid environments. A number of these innovative, new designs have been 
constructed and implemented, and some of them are at the stage of development and 
commercialization. Several modern wind towers, both implemented and develop-
ing, will be explained below.

Bahadori [89, 90], who is a pioneer in wind tower studies, proposed two innova-
tive wind tower designs, namely “wind towers with wetted surfaces” (Fig. 17) and 
“wind towers with wetted columns” (Fig. 18). They take advantage of techniques of 
evaporative cooling to naturally ventilate and passively cool buildings situated in 
hot, dry regions. Bahadori et al. [84, 85, 91–100] examined the operation and effi-
ciency of these two innovative designs by experimental, numerical, and analytical 
approaches and compared the results with those of conventional wind towers. In the 
first design, cellulose pads or straw packs are used in the wind tower’s head at its 
openings, as displayed in Fig. 17. The pads or straw packs are moistened via pour-
ing water on them. A small pump is employed to circulate water in the system. The 
ambient airflow is evaporatively cooled via passing these moistened pads or straw 
packs, then enters the building through the column. In this design, when the velocity 
of the ambient wind is zero or very low, the solar chimney or air heater can help 
create the necessary airflow within the building. The air inside the solar chimney or 
air heater moves upwards after absorbing heat, causing the ambient air to enter the 
interior space after passing through the wetted pads or straw packs and cooling. 
Additionally, due to the buoyancy effect created in the wind tower’s column, the 
airflow can also move downwards within it. In the second design, thick fabric pan-
els—kept taut by stretching them between two horizontal rods—or clay conduits 
are mounted in the wind tower’s column, as indicated in Fig. 18. At the top of the 
column, to moisten the panels or conduits, water drops from horizontal pipes pierced 
with holes to ensure constant wetting. Run-off water gathers in a small pool at the 
bottom of the tower’s column; by means of a small pump, water is then recirculated 
to the top of the column. The incoming airflow to the column of the tower moves 
downward over these moistening structures and cools evaporatively; the cooled air 
then enters the interior spaces. These innovative wind towers have been built in two 
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Fig. 17  Schematic cross-section of an innovative wind tower with wetted surfaces, and integrated 
with a solar chimney or an air heater [71, 90]

different places in Iran to evaluate their operation and efficiency empirically [50]: 
one on the mosque of Yazd University in Yazd and another at the site of Scientific 
and Industrial Research Organization near Shahryar in Tehran. The results demon-
strate that the innovative wind tower designs have better thermal performance than 
conventional ones, achieving lower temperatures and higher RHs—as shown in 
Fig.  19, for example. Moreover, the wind towers with wetted columns are more 
efficient relative to other wind towers once the velocity of the ambient wind is high 
sufficient. In contrast, the wind towers with wetted surfaces are more efficient when 
the ambient wind velocity is low.

A modular wind tower with moistened surfaces (Fig.  20), proposed and con-
structed by M.R.Khani et al. [71, 72, 100], has been specifically designed to provide 
low-energy AC in hot, arid zones. To determine the operation and efficiency of this 
modular design under zero (>0.01 m/s) ambient wind velocity, the parameters of 
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Fig. 18  Schematic cross-section of an innovative wind tower with wetted columns (either clay 
conduits or thick fabric panels) [71, 89]

airspeed, temperature, and RH were empirically and analytically examined at vari-
ous times and several points (labelled 1–6 in Fig. 21) for a test building situated in 
the city of Kerman, Iran. Moistened straw packs were employed at the openings of 
this tower to evaporatively cool the air entering the column and then flowing to the 
living room. The highlight and importance of the modular wind tower is the feasi-
bility of industrial production in a factory. Another notable feature is its simple and 
easy assembly and installation on a building or in an enclosed environment.

The empirical and analytical results obtained for the hottest days of the year, 
from 21 to 30 Aug. 2013, in Kerman indicate that the modular wind tower was able 
to substantially lessen the temperature of inflowing air—by an average of nearly 
10 °C—and raise its RH—on average, by about 40%—by the time the air entered 
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Fig. 19  Variations of (a) temperature and (b) relative humidity of the air leaving the wind towers 
(W.T.) and the ambient air at different hours on 10 Sept. 2003, based on experimental measure-
ments on the mosque of the Yazd University in Yazd, Iran [91]
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Fig. 20  (a) Schematic sketch and (b) a photograph of the modular wind tower’s head [71, 72, 100]

the living room, even when there was no wind. Moreover, owing to the buoyancy 
effect, the tower was able to propel the mass flow rate of the ventilated air at an aver-
age speed of ~1.8 m/s by the time it entered the room, despite the absence of ambi-
ent wind. The thermal performance of this modular wind tower is greatly enhanced 
in the presence of wind. According to the psychometric chart shown in Fig.  22, 
when this wind tower was in operation, the living room air met the comfort-zone 
conditions established for Kerman.
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Fig. 21  Schematic cross-section of the modular wind tower. Circled numbers (1–6) show the 
experimental measurement points [71, 72, 100]

In Fig. 22, the beginning and ending points of the arrow represent the conditions 
of the ambient air and the air inside the room in which the wind tower was installed, 
respectively. Sample data presented in this psychometric chart were taken from the 
experiment done at 1:45 pm on 26 Aug. 2013. The direction of the arrow reveals that 
the variations in the air temperature and RH are caused by the cooling and humidi-
fying that occur when air passes through the wind tower. The increase in RH and 
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Fig. 22  Air property changes due to modular wind tower with moistened surfaces in a sample 
experiment, taken at 1:45 pm on 26 Aug. 2013 [71, 72, 100]

decrease in temperature respectively were from 7% to 44.3% and from 37.2 to 
22.5 °C between the ambient air and the wind tower’s exit opening, confirming the 
design’s effective thermal performance.

To eliminate some the shortcomings of traditional/conventional wind towers, 
Dehghani-Sanij et al. [52, 53, 101] offered an innovative “wind tower with moving 
wetted surfaces” design. It consists of a fixed column, a rotating and vertically mov-
able head—which can be adjusted manually or automatically in the direction of a 
region’s maximum ambient wind velocity—a screened air-opening, a moistened 
pad, and a small pump (if needed), plus two sliding windows installed at the column 
base to control incoming airflow into a dwelling or confined space (Fig. 23). These 
windows can be opened or closed manually or automatically. When there is no need 
to operate the wind tower, its head can be retracted into an empty space between the 
interior and exterior parts of the column (Fig. 23b, section x-x). Furthermore, the 
head has an inclined roof that is slightly larger than the outer diameter of the column 
in order to prevent water leakage into the column during precipitation. To detect an 
area’s maximum wind velocity direction and adjust the air-intake-openings perpen-
dicular to this direction, a wind vane can be utilized. The tower can be made of vari-
ous materials, for example, galvanized steel, fiberglass, and wood with preservative 
finish. For use in hot, dry zones and maximized thermal efficiency, a cellulose pad 
(preferred) or a straw pack can be inserted in the air opening and kept moist by 
means of a small circulating pump so that incoming air is cooled evaporatively, as 
illustrated in Fig. 24. In sunny zones, a small solar system can be installed to supply 
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Fig. 23  (a) View of the innovative wind tower design and (b) a schematic cross-section with 
details [52, 53, 101]

electricity to the pump. A screen mounted over the air-intake-opening prevents 
small birds and insects entering the building.

To examine the ventilation performance of this innovative design, a computa-
tional fluid dynamics (CFD) simulation of airflow patterns around and inside the 
wind tower has been done [53]. The parameters of velocity, total pressure, and pres-
sure coefficient distributions around and within the wind tower for three wind 
speeds of 0.1, 1.5, and 4 m/s were studied. Figure 25 shows the distributions of 
velocity and streamline evolution, total pressure, and pressure coefficient in the xz-
plane for an inlet wind speed of 1.5 m/s, for example. Figure 26 indicates the distri-
bution of velocity and streamlines at three different positions within the column of 
the wind tower—namely, at the entrance, middle, and exit of the column—for an 
inlet wind speed of 1.5 m/s. The amount and pattern of the flow of air at the entrance, 
middle, and exit of the column differ. There are also two rotational streams within 
the column, although they are not symmetric, nor are the distributions of velocity 
uniform. Based on the simulation outcomes, the innovative wind tower design by 
Dehghani-Sanij et al. [52, 53, 101] offers efficient, practical, and cost-effective nat-
ural ventilation and passive cooling of buildings/enclosed spaces, especially for 
windy, hot, and arid areas.

To improve the operation and efficiency of modern wind towers and enhance the 
conditions of indoor thermal comfort as well as IAQ of dwellings and enclosed 
spaces, the wind towers can be combined with a variety of technologies such as 
Trombe walls, solar chimneys, thermosyphons, low-powered or solar fans, Kolah-
Farangis, as well as approaches such as renewable energy (more specifically, solar, 
geothermal, and wind), long- or short-term energy storage systems (for instance, 
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Fig. 24  A schematic depiction of (a) location for installing wetted pad in the modern wind tower 
and (b) water distribution system plus air cooling via the wet pad [53, 101]

thermal energy storage), and semi-natural/low-energy methods for ice production 
[5, 52, 87].

In the book [5], Dehghani-Sanij and Bahadori offer two new hybrid AC systems, 
one for hot/warm, humid climates (Fig. 27) and another for hot/warm, arid climates 
(Fig. 28). Both integrate a modern wind tower with the rotating and vertically mov-
able head as suggested by Dehghani-Sanij et al. [52, 53, 101] but with some changes, 
a cold thermal energy storage (CTES) system and/or a shallow geothermal system 
(as cold sources), a solar (or low-powered) fan, and an air filter. Note that it is pos-
sible to utilize various cold sources, depending on their accessibility, local climate 
conditions, and geographical features [5]. In Fig. 27, the inlet fresh air is cooled 
after entering the wind tower’s column and passing over pipes mounted inside the 
column and containing cold water. The cooled fresh air, after purification from dust, 
other air pollutants, and pathogens by a passive filter, enters the building, providing 
natural ventilation and cooling of the inner spaces. After distribution and circulation 
indoors, the air is directed out via the window(s). Small pumps move the cold water 
provided by the CTES and/or shallow geothermal systems to a heat exchanger 
where the cold thermal energy is transferred to back the water that circulates inside 
the pipes within the wind tower’s column. The damp proof and mould-resistant 
materials used for the internal surfaces of the wind tower’s column prevent damage 
from the water that forms due to condensation on the external surfaces of the pipes. 
This water and any taken from the local water distribution system gather in a small 
pool at the end of the column and can be reused in the hybrid AC system or utilized 
for other purposes (e.g., irrigation of green spaces and gardens) after filtration by an 
appropriate filter.
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Fig. 25  Distributions of (a) velocity and streamline evolution, (b) total pressure (in kPa), and (c) 
pressure coefficient in the xz-plane for inlet wind speed of 1.5 m/s [53]

Fig. 26  Velocity distribution and streamlines at the (a) entrance, (b) middle, and (c) exit of the 
modern wind tower’s column for inlet wind speed of 1.5 m/s [53]

When the velocity of the ambient wind is insufficient or under calm conditions, 
a low-powered or solar fan, installed either inside the wind tower’s column or at the 
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Fig. 27  Schematic illustration of a new hybrid AC system for use in hot/warm, humid areas [5]

place of air exit, can operate to establish forced air movement from the outside to 
the building in order to sustain the system. To supply the electrical energy needs of 
all electrical equipment used in the hybrid AC system, such as the fan and small 
circulating pumps, a small solar or wind energy system can be employed.

In the shallow geothermal system, as demonstrated in Figs. 27 and 28, the warm 
water in the heat exchanger is directed into the ground via a closed-loop system, 
which can be either a vertical or horizontal installation, sized appropriately, to dis-
sipate its heat and then resend cold water to the heat exchanger. Passive thermosi-
phons can be utilized to dissipate surplus ground heat into the outside, especially at 
night, thus keeping the ground as cool as possible. This action can be called recharg-
ing the cooling potential of the geothermal repository, so as not to lose its effective-
ness throughout the operation. Different storage mediums, such as chilled water, 
ice, or other phase change materials (PCM) can be applied in the CTES system to 
store cooling energy [5].

The proposed hybrid AC system for use in hot/warm, dry regions consists of 
moistened thick fabric panels or clay conduits, installed within the wind tower’s 
column (similar to the new design offered by Bahadori [89]), instead of using a 
closed-loop pipe system to take advantage of evaporative cooling to diminish and 
enhance, respectively, the temperature and RH of the hot, dry fresh air before admit-
ting it to flow inside the building. Furthermore, a moistened cellulose pad or straw 
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Fig. 28  Schematic illustration of a new hybrid AC system for use in hot/warm, arid areas [5]

pack can be mounted at the air-opening of the tower’s head to evaporatively cool the 
flow of air via pouring cold water on the pad or straw. As shown in Fig. 28, a number 
of thick fabric panels, installed inside the column, are wetted by spraying cold water 
on them in order to cool the fresh airflow that enters the interior spaces after passing 
via a passive filter. Excess water is gathered, filtered, and reused by recirculating it 
in the heat exchanger and then returned to the wind tower by a small pump.

With the development of these proposed hybrid AC technologies and using them 
as a central (or district) thermal system, the cooling demands of a bunch of build-
ings and even a small community can be met during the hot/warm months. These 
hybrid, integrated AC systems can help improve the buildings’ energy effectiveness, 
optimize total energy use, and manage energy demands, particularly during peak 
times, and reduce associated energy costs. A smart control system is required to run 
and manage the hybrid, integrated HVAC systems, especially for those proposed 
hybrid AC technologies.

In the end, it is necessary to mention that in conventional AC systems, there is the 
potential for pathogen transmission (e.g., COVID-19 and legionnaire’s disease). 
They do not provide adequate fresh air turnaround in dwellings/buildings, as the 
cold air is recirculated indoors to save energy, sometimes with filtering or disinfec-
tion. To remove or minimize these health problems, in addition to modification or 
even redesign of the conventional AC systems, the modern wind towers, 
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individually or integrated with other technologies/approaches, can be employed, 
since they are capable of providing the cooled fresh air naturally and exchanging the 
internal air frequently. If needed, an ultraviolet light fixture can be installed inside 
the column, or at its air outlet, of a modern wind tower in order to destroy COVID-19 
and other viruses.

4 � Conclusions

As a result of the rise in global ambient air temperatures (by over 2 °C above the 
pre-industrial era’s level [102]), in addition to the world’s population growth, the 
improvement in people’s living standards, and other factors, the need for using AC 
systems (both mobile and stationary) of different types, sizes, and capacities is dra-
matically and continuously growing worldwide. The electrical energy required for 
most of AC systems, which includes huge quantities of power consumption, is sup-
plied from fossil fuel-based power plants, thus leading to pose local, regional, and 
global environmental challenges and threats such as air, water and soil pollutions, 
climate change, and depletion of fossil fuel resources. For example, these chal-
lenges and threats can result in the phenomenon of “environmental or climate refu-
gees.” It is estimated that by 2050, the negative impacts of global warming and 
climate change will compel around 150–200  million individuals to leave their 
dwellings and immigrate to other places (either in their own countries or to other 
countries totally), causing widely political, social, and economic problems and per-
turbations [5, 103, 104]. Another notable point is that more than one billion people 
at the global level currently lack access to electrical energy, mainly living in rural or 
economically disadvantaged regions (e.g., in Sub-Saharan Africa and India), that 
suffer from the absence of having appropriate air-conditioners [5, 105]. Hence, in 
addition to essential alterations in all sectors that emit carbon globally, especially in 
the AC sector, finding, developing, and applying new, green, efficient, practical, 
sustainable, and environmentally friendly strategies are vital to attain a cleaner envi-
ronment, sustainable habitats, and well-being for all people around the world.

In the AC sector, in addition to improving the energy efficiency in all conven-
tional AC systems and adding sufficient fresh air to the flow of air that circulates 
inside the buildings, the use of natural cooling and ventilation systems like wind 
towers, particularly innovative and modern ones, either individually or combined 
with other technologies, can aid not only in providing the conditions of indoor ther-
mal comfort and good IAQ for inhabitants in the warmer months (specifically for 
rural, poor, and economically vulnerable jurisdictions that suffer from energy pov-
erty) but also in diminishing energy consumption, its related costs in buildings, 
especially at times of on-peak demand, plus the subsequent environmental foot-
prints. Innovative and modern wind towers, as stand-alone or hybrid, integrated AC 
systems, can be part of efficient, eco-friendly, and sustainable architectural designs 
in new, green buildings, which today are called “net zero energy buildings.”
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Thermal Comfort and Climatic Potential 
of Ventilative Cooling in Italian Climates

Giacomo Chiesa, Francesca Fasano, and Paolo Grasso

1 � Introduction

Energy consumption for space cooling is characterized by a continuously rising 
trend [1]. In parallel, the number of installed domestic cooling units is significantly 
growing, as confirmed by International Energy Agency (IEA) documents and by 
yearly reports of sector-specific companies [2–4]. The global penetration of the air 
conditioning market is, in fact, quickly increasing, especially in Asia, but also in the 
Americas and in Europe [5]. This trend is connected to several causes, including 
climate change, urban heat islands, comfort culture, and building design choices 
that are inconsistent with respect to local climate [1, 6]. It is hence evident that 
alternative solutions for cooling, when environmental conditions are favourable, 
may be adopted and developed in order to reduce cooling energy needs and conse-
quent GHGs (greenhouse gas emissions) [7]. Among low-energy alternatives, ven-
tilative cooling (VC) is a valuable technique to reduce energy needs and consumption 
in buildings supporting free-running and/or fan-assisted ventilation for space cool-
ing. This technique was demonstrated to be very effective in reducing overheating 
risks, but also to guarantee thermal and IAQ (indoor air quality) comfort in build-
ings during the summer season. However, the ventilative cooling potential occurs 
when external air temperatures are below comfort thresholds; therefore, its applica-
bility is local and time-specific and is connected to local climate/weather conditions 
[8, 9]. As underlined for the majority of passive and low-energy cooling solutions, 
the non-homogeneous specific local potential has limited the current applications of 
VC with respect to passive heating technologies, that is sunspaces. Nevertheless, a 
consistent need to support the diffusion of VC solutions is evident, given this 
approach is not sufficiently covered and valorised by current regulations – see, for 
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example, the recent analysis reported in [10] – even in those climates in which it 
may support thermal comfort without cooling system activations during the major-
ity of hours [11, 12]. This requires the development of methodologies to calculate 
the potential of ventilative cooling – see, for example, the results of the IEA EBC 
ANNEX 62 on Ventilative Cooling and other references [13, 14] supporting the 
widespread of VC.

1.1 � Objectives and Organisation

This chapter aims at investigating, on one hand, climatic key performance indicators 
(KPIs) for ventilative cooling (VC) (extended summer season from May to 
September) and, on the other hand, the impact of the same low-energy cooling tech-
nology on thermal comfort variations in dynamically simulated building spaces. 
Additionally, the chapter aims at comparing the two analyses to help define and 
choose early design indicators to estimate the ventilative cooling potential in terms 
of thermal comfort and building cooling energy need reduction. The methodology 
is applied to a large sample of locations, covering the whole Italian territory, to map 
the thermal comfort/climatic potential of this low-energy dissipation cooling 
technique.

The chapter is composed of the following sections: Section 2 describes the pro-
posed methodology and introduces the considered KPIs, the assumed reference 
building, and the climate dataset; Sect. 3 is devoted to reporting the results of the 
analyses, including climate and comfort KPI distribution at the Italian level. 
Furthermore, Sect. 3 reports the comparison between the two approaches (the cli-
matic one and the building simulated one); and finally, Sect. 4 reports chapter 
conclusions.

2 � Methodology

As mentioned, the chapter describes, calculates, and compares the climate and com-
fort/energy effects of VC. This analysis is applied to a sample territory (Italy) to 
study the local distribution of KPIs. Furthermore, potential correlations between 
climate-based and building-simulation-based indices are also discussed. The 
adopted KPIs and their calculation methodology – including the defined simulated 
sample building and the locations selected for the analysis – are reported in this sec-
tion. Section 2 is structured in sub-sections that are devoted to defining the assumed 
key performance indicators (KPIs) considering climate-based analyses (Sect. 2.1) 
and building-comfort analyses based on dynamic energy simulations (Sect. 2.2). 
Furthermore, additional sub-sections are included, describing the assumed sample 
building (Sect. 2.3) and the considered set of locations (Sect. 2.4).
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2.1 � Climate-Comfort KPIs

Several climate-related KPIs are reported in literature to estimate the local cooling 
needs and the local potential of ventilative cooling solutions.

Among them, one of the most popular KPIs defining the local climatic cooling 
needs is the Cooling degree hours/days (CDH/CDD), which was demonstrated to be 
linearly correlated to the local intensity of building cooling needs – see, for exam-
ple, [5, 15]. Furthermore, this KPI is also compared to overheating risks during the 
free-running mode. CDH and CDD integrate hourly differences in temperature 
between environmental values and a building base temperature over which cooling 
or overheating is expected. The assumed cooling base temperature may differ 
according to the purposes of the analysis, ranging from 15.5 °C [16] to 26 °C [17]. 
Furthermore, the calculation may be assessed for the whole summer period or for 
specific calculation times. For the purpose of this chapter, the following expression 
is adopted for the CDH index:
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where:

the variable mh is a climate cooling activation check and ϑb is the cooling base tem-
perature, ranging for the purpose of this chapter in the domain {18 °C; 21; 24; 
26; 28}, while ϑe, h is the hourly dry-bulb environmental temperature.

Additional calculation approaches are suggested in literature, such as the 
approach described in EN ISO 15927-6:2008. European Statistical Office 
(EUROSTAT), for example, supports the calculation of CDD on the basis of two 
thresholds and considering daily average temperatures. The first threshold defines 
for which days the CDD needs to be calculated, while the second, lower one is used 
as base calculation temperature – see Eq. (2) [18].
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where:

ϑe, d is the environmental daily average temperature, and 24 °C and 21 °C are the first 
and second mentioned thresholds, respectively.

Degree days/hours are also at the basis of different KPIs that were developed to 
climatically analyse the potential impact of low-energy technologies. For example, 
a series of indices are able to define the residual amount of the CDH (CDHres, per-
centage or absolute) by calculating the theoretical impact of different heat gain 
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dissipation technologies, that is evaporative cooling and ground-coupled earth-to-
air exchangers – see, for example [19–21].

Nevertheless, for this work, we calculated the climate cooling potential (CCP) 
and index that was firstly defined by Artman et al. [22] and supported in several 
publications, for example [12, 13]. This index is based on the internal-external air 
temperature difference and is expressed in Kelvin per hour [K/h], suggesting the 
night cooling potential of ventilative cooling. The calculation methodology is 
expected to work during night hours (from 19:00 to 7:00), considering an office 
space conditioned only during the daytime in which internal temperature is follow-
ing a sinusoidal variation around 24.5  °C of ±2.5  °C (max temperature is set at 
19:00). These internal temperature ranges were suggested on the basis of European 
Committee for Standardization (CEN) thermal comfort categories – for example in 
EN 16798-4:2019, the comfort category III for offices suggests temperature ranges 
between 22 and 27 °C in internally conditioned spaces [23]. CCP is generally con-
sidered only during night hours to define the night-time mean CCP value in a given 
period. Hence, the daily average (CCPd) may be defined by dividing the CCP by the 
number of days in the considered period. Nevertheless, it is also possible to calcu-
late the cumulative distribution of CCP.

In this chapter, the cumulative CCP is assumed to directly compare results with 
the cumulative cooling energy savings due to ventilative cooling activation in a 
conditioned space  – see Eq. (3). Nonetheless, this analysis is performed for the 
whole summer period, considering that ventilative cooling may be also performed 
during the daytime when external conditions are favourable (controlled ventilation). 
The CCPd is also calculated.
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and h is the number of daily hours [1–24]. A critical difference in temperature 
between the base and environmental temperature of 2 °C is assumed, even if higher 
differences may be considered for a precautionary approach.

In addition to DH-DD indices and based on the same principle, it is possible to 
define a KPI to calculate the climate heat gain dissipation potential of ventilative 
cooling. By knowing the airflow rate and the thermal properties of air it is possible 
to calculate the cooling dissipation Qach [Wh] by considering the difference in tem-
perature between internal and external air and adopting the well-known expression 
[9, 24, 25]:
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where:

the variable ACH is the number of air changes per hour, which is assumed for this 
paper in the domain {0;2.5;5}; Vol is the assumed net volume [m3] of the build-
ing; air density and heat capacity are assumed to be, respectively, 1.2 [kg/m3] and 
0.28 [W/kg°C], while the set point temperature was set to be equal to the simu-
lated cooling set point (26 °C). Finally, 2 °C was the assumed minimal difference 
in temperature from the set point, to consider a sufficient activation of ventilative 
cooling. The latter value generally ranges between 2 and 3 °K – see also the criti-
cal temperature description defined in the IEA EBC Annex 62 documents [13].

2.2 � Building-Comfort KPIs

Focusing on building thermal comfort indices, two approaches are followed in line 
with EU standard 16798-1:2019. The first approach refers to mechanically cooled 
building configurations. In these cases, we assumed the thermal comfort model 
described in ISO 7730, which is based on the PMV (predicted mean vote) and PPD 
(predicted percentage of dissatisfied) indices. This approach, in line with the Fanger 
comfort theory [26, 27], is based on six parameters: four environmental parameters 
(air temperature, humidity, mean radiant temperature, and relative air velocity) and 
two personal parameters (metabolic rate and clothing level). Considering statistical 
correlations based on personal expected thermal sensations, the PMV index classi-
fies user thermal sensation on a 7-point scale, ranging from −3 (very cold) to +3 
(very hot), in which values around 0 are the most comfortable (neutral). Different 
comfort categories are suggested in the EU standard according to PMV ranges 
around the neutral point – that is category I (±0.2 PMV); II (±0.5 PMV); and III 
(±0.7 PMV).

The calculation procedure for the PMV and PPD was implemented in line with 
the one described in both EN and ISO standards by developing a specific Python 
code. The clothing level is assumed to be 0.7 clo, considering underwear, shirt, 
trousers, socks, and shoes (ISO 9920) – an intermediate balance between hot central 
hours of summer and September/May evening – while the metabolic rate was set to 
1.2 met, corresponding to standing relaxed or sitting activity conditions – a typical 
value for residential living spaces (EN 16798-1). In addition to these basic indices, 
cumulative versions are available. For this study, the cumulative value of PPD 
whenever hourly PMV is higher than category III is calculated according to the fol-
lowing rule:
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where:

PMVh is the hourly computed value for predicted mean vote and PPDh the corre-
sponding hourly predicted percentage of dissatisfied.

The second thermal comfort approach is assumed for free-running building con-
figurations. For the purpose of this work, it is considered that a building is working 
in a free-running mode in the summer when cooling systems are not present or are 
turned off. This definition is in line with past and current research projects, that is 
IEA Annex 62 and H2020 EU-co-funded project E-DYCE [28]. In these cases, the 
adaptive thermal comfort theory is assumed  – see the works of Fergus and 
Humphreys [29, 30]. The calculation was performed in line with the above-
mentioned EN standard, assuming the upper comfort category II as a reference. 
Additionally, cumulative values of hourly distances from the central comfort line 
and from upper thresholds of different comfort categories are calculated according 
to the following rules:
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where:

–– dist0, mid, h = ϑop, i, h − (0.33 · ϑrm, h + 18.8) is the distance from the central comfort 
line whenever the running mean is in the (10,33) oC range;

–– dist0, up, h = ϑop, i, h − (0.33 · 33 + 18.8) is the distance from the central comfort line 
whenever the running mean is in the [33,x] oC range;

–– dist3, mid, h = ϑop, i, h − (0.33 · ϑrm, h + 18.8 + 3) is the distance from the upper thresh-
old of comfort category II whenever the running mean is in the (10,33) oC range;
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–– dist3, up, h = ϑop, i, h − (0.33 · 33 + 18.8 + 3) is the distance from the upper threshold 
of comfort category II whenever the running mean is in the [33,x] oC range;

and ϑop, i, h is the hourly indoor operative temperature, while ϑrm, h is the hourly 
updated running mean temperature calculated in line with EN 16798-1:2019. 
Different comfort categories are also considered assuming limits mentioned in the 
standard.

The cumulative intensity of discomfort for free-running buildings may be 
adapted to a simpler indicator: the cooling internal degree hours (CIDH). This indi-
cator is the building-correlated counterpart of the CDH indicator – see the definition 
reported in Pellegrino et al. [31]. For this research, it was calculated as below:
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where:

the variable mh is the climate cooling activation check and ϑc the cooling comfort 
temperature, assumed in this chapter not only as a fixed reference set point (i.e. 
26 °C) but ranging in the domain {18 °C; 20; 22; 24; 26; 28} to verify correla-
tions with climate CDH, while ϑi, h is the hourly indoor air temperature.

2.3 � Building Sample Definition

A sample residential building unit was adopted to test the proposed methodology. 
The considered unit is a typical flat of a multi-storey building. Its internal organisa-
tion and definition are in line with suggested residential building typologies included 
in well-known architectural technical manuals – see, for example [32, 33] – and in 
line with the methodological approach followed in previous climate-correlated 
studies [34]. The considered building is composed of two units per floor, while a 
single unit is simulated for this chapter. The simulated spaces are considered to be 
at an intermediate floor with an upper floor and lower floor working at the same 

Fig. 1  The considered sample residential building unit
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temperature (adiabatic). Similarly, the simulated unit is touching a specular one: 
Confining walls are also assumed to be adiabatic. Upper-floor balconies are included 
to consider shading effects – see Fig. 1.

Dynamic hourly energy and thermal simulations are performed by adopting 
EnergyPlus [35]. Different simulations were performed for each location to com-
pare building scenarios. We investigated, on one hand, the free-running building 
mode and, on the other hand, the mechanically cooled building mode, assuming 
EnergyPlus ideal loads and retrieving net energy needs. Five configurations are con-
sidered assuming different levels of ventilative cooling air changes per hour (ACH) 
in order to test the impact of ventilative cooling (VC) – indifferently natural or fan-
driven – on cooling energy needs (mechanical cooling mode) and on thermal com-
fort indices (free-running cooling mode). Table  1 describes the adopted set of 
simulations.

Ventilative cooling is defined by adopting the scheduled natural ventilation 
approach in EnergyPlus, supporting VC activation by controlling temperature 
thresholds. For the free-running mode, external temperature control rules assume 
that there is no maximum outdoor temperature above which the ventilation is shut-
off since there is no other cooling system in the building, although an activation 
difference in temperature between internal and external values of 2 °C is defined in 
line with climate KPIs described above. Differently, for the mechanical cooling 
mode, a control on maximum outdoor temperature (26 °C) is also added to avoid the 
risk to introduce external airflows in the building at a temperature higher than the 
cooling set point, which is set to 26 °C, with a consequent rise of cooling loads. 
Cooling scheduling is activated, when control conditions are appropriate, for the 
whole extended summer period. Internal gains and occupancy profiles are assumed 
in line with the ones suggested by EnergyPlus references – see also the description 
in [34]. Envelope definition is the same in both free-running and mechanically 
cooled modes. The U-value of walls was set to 0.287 [W/m2K] (10 cm of insula-
tion), while the U-value for windows was 1.499 [W/m2K] (Double glass, Low-E 
with argon). Simulations are controlled by using Python coding.

Table 1  The adopted simulation configurations (VC = ventilative cooling)

Free-running mode ACH Mechanical-cooling mode ACH

1a. Reference case 0 1b. Reference case 0
2a. low VC 2.5 2b. low VC 2.5
3a. VC 5.0 3b. VC 5.0
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2.4 � Climate Data and Locations

For this chapter, the above-described KPIs are applied to the whole Italian territory, 
assuming a calculation point for each municipality. The Italian municipality data-
base was based on the ISTAT (national statistics agency) data (31/12/2017 version) 
and includes 7978 data points.

Typical meteorological years (TMY) for each point are retrieved by the 
Meteonorm tool [36] assuming reference periods 1991–2010 and 2000–09 for irra-
diation and for temperatures, respectively. For all locations, the entire set of simula-
tions was performed, including the calculation of simulated and climate-related 
KPIs. This large dataset (47,868 simulations) allows comparison analyses among 
different KPIs. A comparison between building comfort-related indices and 
external-climatic KPIs is performed to verify the possibility to predict the ventila-
tive cooling potential on building comfort and energy needs without running 
dynamic building energy simulations.

The analysis is performed for an extended summer period ranging from May to 
September (included). This assumption will allow us to better evaluate the ventila-
tive cooling potential to cover the summer overheating also in the hottest locations, 
in which a reduced summer period (e.g. June to August) will not be representative 
of the whole summer season. This assumption is in line with previous analyses [20].

KPI devoted maps are produced by using a geospatial Python plotting library, 
while the Italian borders are retrieved by a GeoJSON file provided by Openpolis [37].

3 � Results

Three main categories of results are presented. On one hand, KPI results – both 
climatic (Sect. 3.1) and building-related ones (Sect. 3.2) – are illustrated. On the 
other hand, mutual correlations between climate and simulated building KPIs are 
analysed (Sect. 3.3) to verify consistencies and the ability of climate indices to rep-
resent preliminary building trends.

3.1 � Climate-Based KPIs

The distribution of climatic KPIs over the Italian territory is illustrated, with the aim 
to represent local specific behaviours.

In line with the description in Sect. 2, the CDH indicator represents the cumula-
tive hourly differences between the environmental air temperature and an assumed 
base reference temperature, while CDD considers a daily cumulative cooling sever-
ity. Figure 2a shows the CDH distribution for the whole dataset, considering 18 °C 
as base temperature, while Fig.  2b illustrates the CDD distribution. Both KPIs 
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Fig. 2  Distribution of (a – left) CDH18 and (b – right) CDD on the Italian territory

Fig. 3  Distribution of (a – left) CCP and (b – right) CCPd indicators on the Italian territory

largely depend on the specific local climate conditions. In the northern mountain 
zones, lower values of both CDH and CDD are retrieved, given the number of over-
heating hours or days is very limited. Only for a few hours, the TMY environmental 
temperatures are above the assumed thresholds, while in the central and southern 
areas these KPIs reached higher values due to the warmer climate conditions. It 
could be interesting to notice that locations nearer to Rome and Milan, which are the 
two most populated Italian cities – see ISTAT databases [38], show higher CDH and 
CDD values. This phenomenon is in line with the expected impact of urban heat 
island conditions. In these sites, higher cooling needs or higher discomfort condi-
tions are expected. Furthermore, the high concentration of building units underlines 

G. Chiesa et al.



433

Fig. 4  CCD vs. CCPd comparison

Fig. 5  Distribution of QACH indicator on the Italian territory

that the adoption of low-energy cooling technologies in these locations may have an 
impact on a high number of end-users.

Focusing on the climate ventilative cooling KPIs, Fig. 3 reports the Italian distri-
bution of (a) CCP and (b) CCPd values. These two maps show that the zones in Italy 
with the higher climate cooling potential are located in the north of the peninsula, 
due to the colder climate, which allows a higher natural dissipative cooling potential 
by adopting air as a heat sink. For most summer hours, the environmental air tem-
perature in such zones is low enough to provide climate comfort conditions. Instead, 
the southern Italian locations are affected by lower ventilative cooling potentials 
due to higher external temperatures. This condition limits in both time and intensity 
the possibility to adopt ventilative passive cooling methodologies to achieve a cli-
matic indoor comfort when internal temperatures rise above the comfort threshold.
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Figure 4 underlines that CDD is correlated with CCPd by following a decreasing 
exponential trend. In fact, a high CDD means that the cooling-correlated energy 
demand of a virtual building is high when the daily external temperature is above 
the assumed base threshold, prompting people to turn on mechanical cooling sys-
tems when present. Nevertheless, CCPd values retrieved for hotter days are also 
expected to be low, since the high environmental air temperature limits the applica-
bility of ventilative cooling. Oppositely, a higher climate cooling potential for a 
specific day means that, at least at night, environmental temperatures are lower, 
allowing ventilative cooling activations and consequently a lower virtual climatic 
cooling demand.

Figure 5 shows the cooling dissipation potential (Qach) – see Eq. (5) – for the two 
assumed ACH values. The ACH values in climate analyses are based on the assumed 
sample building volume to allow KPI comparison. The analysis shows that with an 
ACH equal to 2.5, the cooling dissipation potential by ventilative cooling is limited 
in most locations. Differently, considering an ACH equal to 5, several Italian zones – 
in particular the mountain ones in the north and the one at the centre of the 
Peninsula – are characterized by an evident natural ventilation dissipative potential 
able to virtually reduce space cooling needs.

Furthermore, Fig.  6 compares the two calculated climatic ventilative cooling 
potential KPIs. This figure shows that Qach and CCPd are almost linearly correlated. 
The CCPd may in fact be translated to a dissipation potential by considering an 
airflow – see, for example, [39]. Although, this result underlines that both indices 
may be adopted to describe the ventilative cooling potential of a location, even if 
Qach is directly reflecting the dissipative potential for a given ACH, while CCPd 
focuses on climate ventilative cooling availability.

Fig. 6  Qach vs. CCPd comparison
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Fig. 7  Building simulation results under mechanical cooling mode. Cooling need distribution in 
the Italian territory (a) without ventilative cooling and with ventilative cooling at different ACH – 
(b) 2.5 and (c) 5

Fig. 8  No. of hours over ACM Cat. II for (a) the case without ventilative cooling, (b) with a ven-
tilative cooling ACH of 2.5, and (c) an ACH of 5

3.2 � Building-Based Comfort KPIs

Section 3.2 reports the building simulation results focusing on both mechanical-
cooling mode and free-running building mode. Considering the mechanical-cooling 
mode, Fig. 7 shows that cooling needs in Italy are correlated to different climate 
conditions – see Fig. 7a. This location-dependent distribution of cooling needs is 
even more evident when ventilative cooling is considered  – see Fig.  7b, c. 
Nevertheless, the adoption of ventilative cooling strategies can drastically reduce 
the cooling needs in the majority of locations of the Peninsula. In several cases, 
ventilative cooling is more than halving the local energy cooling need. The differ-
ence between the case with an ACH of 2.5 and the one with an ACH of 5 is not as 
large as the difference between ACH 2.5 and no ACH, suggesting that even with 
limited airflow rates, ventilative cooling may strongly reduce building cooling needs 
in Italy.

Focusing on the free-running mode, Fig. 8 shows the distribution of the number 
of discomfort hours (above adaptive comfort mode – ACM – upper category II) 
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Fig. 9  Cumulative distances from ACM Cat. II upper threshold, varying ventilation ACH

Fig. 10  Average distances from ACM Cat. III lower threshold, varying ventilation ACH

under different ACHs – (a) without ventilative cooling; (b) with ACH set to 2.5; and 
(c) with an ACH of 5. These maps clearly underline that ventilative cooling may 
strongly reduce the number of discomfort hours in free-running buildings in almost 
all Italian locations. In this building mode, a difference between ACH values is 
underlined especially in southern coastal locations and in the Po Valley. Residual 
discomfort hours are evident even with a higher ACH in the Eastern part of Apulia 
regions and in some Tyrrhenian sites, which are also the ones that show higher 
residual cooling needs in the mechanical cooling mode.

To consider not only the time distribution of discomfort hours but also the dis-
comfort intensity, Fig. 9 reports the cumulative distance from the adaptive comfort 
model category II upper limit. Comfort category II is assumed considering general 
suggestions for residential spatial units, assuming in this analysis that discomfort is 
composed of hours in which building simulated conditions are in both summer Cat. 
III and Cat. IV – see EN 16798-1. This figure is, on one hand, confirming the above 
results, while, on the other hand, it shows that even in those locations in which 
residual discomfort hours are underlined, the intensity of the discomfort may be 
drastically reduced by adopting ventilative cooling solutions.

Figure 10 shows the same results reported in Fig. 9, but averaged on the basis of 
the number of discomfort hours shown in Fig. 8. These specific maps are useful to 
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Fig. 11  Cooling consumption (simulated cases B – see Table 1) vs. No. of hours in ACM category 
(a) I, (b) II, (c) III, and (d) IV (simulated cases A – see Table 1) considering different ACHs

give consistency to the discomfort intensity expressed in Kelvin per hour, a syn-
thetic value able to clearly represent discomfort consistency. The aforementioned 
ability of ventilative cooling to reduce discomfort is immediately evident here, the 
discomfort intensity shifting in the hottest locations from about 5 [K/h] to about 2 
[K/h], a more tolerable value, very near to the upper comfort boundary of adaptive 
comfort category III (moderate expectations). The distance between the upper limit 
of Cat. II and III is in fact 1 °C.

Furthermore, a series of correlation analyses have been performed by plotting the 
cooling energy needs of buildings under mechanical cooling mode as a function of 
the number of hours for different adaptive comfort categories, considering the simu-
lation results of buildings under free-running cooling mode with the same ACH – 
see Table  1. These graphs are useful to underline potential virtual correlations 
between cooling needs and free-running discomfort values. Figure 11 shows the 
cooling needs of mechanically cooled cases in relation to the number of free-running 
hours recorded in (a) adaptive comfort category I, (b) Cat. II, (c) Cat. III, and (d) 
Cat. IV, where the latter includes all discomfort hours outside the moderate comfort 
category, and the others encompassing, respectively, the hours below the Cat. I 
upper limit, between Cat. I and Cat. II upper limits, and the hours between Cat. II 
and III upper limits to avoid hour repetitions (theoretically, Cat. II also includes all 
hours in Cat. I). These graphs illustrate that in the first three cases – the ones repre-
senting different comfort expectations – there is an inverse relationship (ACH = 0) 
between the number of hours in the comfort category (free-running mode) and cool-
ing needs (mechanical-cooling mode). Other than the last category (discomfort for 
all expectation levels), a direct correlation is shown for all ACHs, although when 
VC is considered, a reduction in hours in this category is strongly underlined in all 
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Fig. 12  Cooling consumption (simulated cases B – see Table 1) vs. the cumulative distance from 
the adaptive thermal comfort (a) running mean temperature and (b) upper limit of category II 
(simulated cases A – see Table 1) considering different ACHs

Fig. 13  Cooling consumption (mechanical-cooling mode) vs. PPD exceedance (free-running 
cooling mode), varying ACH

cases  – as mentioned in the previous analyses. ACH activation is impacting the 
number of hours moving from higher to lower adaptive comfort categories. The dif-
ference between ACH activated and ACH = 0 cases is linked to the fact that mechan-
ical cooling works on a fixed set point (26 °C) while adaptive comfort does not. For 
this reason, hours turned to comfort by ventilative cooling in free-running mode 
have a corresponding mechanical cooling need for the same ACH value, and the 
higher the comfort category, the higher the slope of the regression line of VC cases – 
see, especially, the change among Fig. 11b–d. Nevertheless, it is expected that this 
outcome will be more evident when discomfort intensity is assumed instead of com-
fort hours, while direct correlations will be underlined for all cases.

Figure 12 plots the simulated building energy needs as a function of the adaptive 
comfort cumulative distance from (a) the running mean temperature and (b) the 
upper limits of comfort Cat. II considering free-running corresponding cases. These 
graphs show that a correlation is evident between the two building functioning 
modes. The envisaged slope of regression lines is higher when ACH is active. A 
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slight difference is underlined for ACH 5 with respect to 2.5, but a very evident 
benefit is retrieved between ventilated cases with respect to the reference case 
(ACH = 0) supporting the high potential of VC in the Italian territory.

Additionally, cooling needs are compared to the PPD exceedance calculated for 
the corresponding free-running building cases. This analysis is forcing the above 
results when Fanger-correlated comfort indices are assumed – which is a VC non-
favourable model. Figure  13 shows that cooling needs and free-running PPD 
exceedance define evident correlation paths for all ACH cases. Hence, the positive 
impact of VC is underlined even when the adaptive comfort model is not assumed.

3.3 � Comparisons Between Climate and Building KPIs

In this section, the results of Sects. 3.1 and 3.2 are compared. Firstly, the building 
energy need is compared to the climate CDH and CDD. Figure 14 shows the com-
parison regression lines for (a) Qc vs. CDH considering different CDH base tem-
peratures, and (b) Qc vs. CDD. In all cases, the three levels of ACH are also plotted. 
A clear correlation between climate and building indices is underlined and the 
regression model confidence is growing at higher ACHs, given that in these cases 
the extra effects of building gains are reduced by dissipation. Table 2 reports the 
retrieved coefficients of determinations (R2) for different polynomial degrees for the 
CDH case considering the different base temperatures. In line with other works 
[34], lower base temperatures better represent, as climate KPIs, the correlated build-
ing cooling energy need, especially when VC is not activated. This outcome is 
directly correlated to the meaning of base temperature in the summer, cooling needs 
in a building being connected not only to external air temperature, but also to solar 
and internal gains. Hence, the adoption of a CDH18 (or lower) is suggested when this 
climate KPI is used to climatically analyse the local energy needs. Similarly, Table 3 

Fig. 14  Building cooling energy needs vs. (a) CDH – for different base temperatures, and (b) 
CDD considering different ACH values
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Table 2  R2 results of Qc vs. CDH for different base temperatures – see also Fig. 14a

Base = 18 ° C 21 ° C 24 ° C 26 ° C 28 ° C

ACH = 0.0 0.893 0.844 0.749 0.656 0.537
ACH = 2.5 0.930 0.904 0.828 0.745 0.629
ACH = 5.0 0.930 0.915 0.850 0.772 0.661

Table 3  R2 results of Qc vs. CDD analysis – see also Fig. 14b

Polynomial degree 1 Polynomial degree 2 Polynomial degree 3

ACH = 0.0 0.805 0.850 0.862
ACH = 2.5 0.893 0.912 0.916
ACH = 5.0 0.918 0.929 0.930

Fig. 15  The difference (percentage of the reference case) in building cooling needs between the 
reference case (ACH = 0) and the other ACH cases vs. (a) CCPd and (c) Qach. Building cooling 
energy needs vs. (b) CCPd and (d) Qach considering different ACH values for cooling needs

shows R2 values for the regression lines of the case reported in Fig.  14b. The 
retrieved values, performed for different polynomial degrees, show that CDD also 
has a very good potential in representing (climatically) the building cooling energy 
needs. Even in this case, higher ACHs will increase the correlation. Nevertheless, 
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the CDH18 looks to have a slightly higher correlation potential being based on 
hourly values as opposed to average daily ones.

Furthermore, the other considered climate KPIs are compared with the building 
simulation results. Figures  15a, b show the difference in building cooling needs 
between the reference case (ACH=0) and the other ACH configurations (mechanical 
cooling mode), respectively, expressed as a percentage of the reference case and 
plotted as a function of the climate CCPd indicator. Graph (b) underlines that CCPd 
and building cooling needs are strongly inversely correlated and that when an ACH 
of 5 is assumed for the VC building configuration, a slightly higher dissipative 
potential is shown. The percentage of coverage of the original building cooling 
needs with VC – see Fig. 15b – ranges from 9.5% to 93.5% for an ACH of 2.5 and 
from about 12.9% to 98.5% for an ACH of 5.

A similar result is also shown for the Qach indicator. Figures 15c, d report the 
same analyses for the latter KPI. Unlike CCPd, Qach better represents differences 
between ACH values since it includes the airflow in its calculation process, while 
the other indicator is only based on cumulative temperature differences. Nevertheless, 
both may be adopted to predict, since early design (climate analyses), the local VC 
potential.

Climate vs. building analyses are also performed by comparing climate indices 
and the adaptive thermal discomfort defined for building cases in the free-running 
mode. Firstly, following the same approach as above, CDD, CDH18, and CDH26 are 
compared with the cumulative intensity of adaptive discomfort. Two reference lim-
its are assumed: a theoretical distance from the running mean temperature – here 
called “>0” – also including comfort conditions until upper Cat. I, but able to repre-
sent all cases; and distances from the upper limit of comfort Cat. II (positive values 
only). Tables 4 and 5 report the R2 values of polynomial regression lines plotting the 
adaptive comfort cumulative discomforts as a function of the local CDD and CDH 
(both CDH18 and CDH26), respectively. For higher polynomial degrees, a slightly 
higher coefficient of determination is reached in both cases, even if these differ-
ences are very limited, especially when buildings are set at a high ACH value, that 
is 5. Similarly, Fig. 16 shows the same behaviour described above by using a graphi-
cal representation. As underlined in both tables, the case without VC (ACH = 0) is 
highly statistically dispersed, while stronger correlations are underlined in VC 
cases. Both indices are able to represent the expected discomfort intensity in the 
free-running building mode. Also in this case, a low CDH base temperature (18 °C) 
shows a higher correlation with respect to adaptive cumulative discomfort values 
when compared to a higher CDH base temperature (26 °C).

Table 4  R2 results (adaptive cumulative discomfort vs. CDD)

Polynomial degree 1 Polynomial degree 2 Polynomial degree 3
>0 >3 >0 >3 >0 >3

ACH = 0.0 0.711 0.734 0.765 0.768 0.787 0.783
ACH = 2.5 0.916 0.930 0.926 0.940 0.930 0.940
ACH = 5.0 0.961 0.926 0.961 0.968 0.963 0.968
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Table 5  R2 results (adaptive cumulative discomfort vs. CDH)

Polynomial degree 1 Polynomial degree 2 Polynomial degree 3
>0 >3 >0 >3 >0 >3

CDH18

ACH = 0.0 0.811 0.805 0.822 0.806 0.825 0.807
ACH = 2.5 0.932 0.852 0.940 0.942 0.940 0.943
ACH = 5.0 0.934 0.803 0.967 0.962 0.967 0.965

CDH26

ACH = 0.0 0.567 0.584 0.647 0.645 0.693 0.679
ACH = 2.5 0.790 0.848 0.823 0.848 0.838 0.850
ACH = 5.0 0.857 0.883 0.869 0.894 0.877 0.895

Fig. 16  Building free-running mode. Adaptive thermal comfort cumulative distances from the 
running mean temperature and upper limit of Cat. II vs. (a) CDD, (b) CDH18, and (c) CDH26

Furthermore, CCP (cumulative) values are compared to adaptive thermal com-
fort hours in free-running building mode considering the effect of VC. This com-
parison is based on changes due to VC in the number of hours for comfort categories 
with respect to the hour distribution of the reference case (ACH = 0). Figure 17a 
plots the number of hours for different adaptive comfort categories as a function of 
the local CCP when ACH=0. This figure underlines that, at low CCP values, a high 
number of hours are included in Cat. IV, while a higher number of hours in Cat. I is 
underlined for higher CCP values. Differently, the other graphs in Fig. 17 show dif-
ferences in the number of hours for each category between the reference case and 
the VC ones. Figure 17b shows an almost linear correlation between the increase 
(negative delta) in hours below the comfort Cat. I and local CCP values when VC is 
considered. Focusing on Cat. I, Fig. 17c underlines that at low CCP, an increase in 
hours in this category is underlined for VC cases, while a reduction in the original 
hours in this range is shown at a higher CCP, suggesting that VC is moving them 
below the lower limit. The same trend is evident in all the following graphs, which 
show that VC is supporting a reduction in space temperatures with respect to the 
reference case (ACH = 0), especially for locations with a high CCP. Nevertheless, 
Fig. 17f shows that a reduction in hours above the upper limit of Cat. III is evident 
for all sites.

Considering the other VC climate indicator, a strict inverse proportionality is 
underlined in Fig. 18 between local Qach and the corresponding cumulative distance 
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Fig. 17  Free-running building hours for adaptive comfort categories vs. CCP, considering (a) the 
simple number of hours in the reference case with ACH = 0; differences in the number of hours 
(case ACH0 – case ACH2.5 and ACH5) by adaptive comfort category: (a) below the lower limit of 
Cat. I; (c) in Cat. I; (d) in Cat. II; (e) in Cat. III; and (f) above the upper limit of Cat. III

Fig. 18  Building adaptive 
comfort cumulative 
distances from the upper 
limit of Cat. II plotted as a 
function of the local Qach
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Fig. 19  Building CIDH plotted as a function of local (a) CDD and (b) CDH. In (a), different 
CIDH base temperatures are assumed, while in (b), both KPIs have a base temperature of 26 °C

Table 6  R2 results (CIDHbase vs. CDD)

Base = 18 ° C 20 ° C 22 ° C 24 ° C 26 ° C 28 ° C

ACH = 0.0 0.778 0.779 0.787 0.801 0.820 0.843
ACH = 2.5 0.851 0.873 0.904 0.940 0.970 0.971
ACH = 5.0 0.878 0.907 0.943 0.974 0.987 0.961

from the adaptive thermal comfort upper limit of Cat. II (considering only the hours 
above this limit). A higher ACH value, that is 5 instead of 2.5, increases the local VC 
potential.

Finally, for the free-running building cooling mode, the CIDH is also assumed, 
considering that in mechanical cooling mode this indicator is functional to the 
selected set point temperature, thus losing relevance. Figure 19 compares local cli-
mate (a) CDD and (b) CDH vs. building CIDH. In graph (a), different CIDH base 
temperatures are compared with CDD, showing good correlations especially for 
higher bases – see Table 6. Differently, in graph (b), CIDH26 is compared to the cor-
responding environmental CDH26 for different ACH values. High R2 values are 
retrieved, as shown in Table 7.

A deeper analysis was performed by comparing the coefficient of determinations 
for different CDH and CIDH base temperatures (free-running building mode). 
Results are plotted in Fig. 20a–c for the three considered ACH values {0;2.5;5}, 
respectively. As mentioned above, a very high correlation is underlined in all cases, 
especially for CDH18, in line with the results of the mechanical-cooling building 
mode. For lower CDH bases, medium-to-high CIDH temperatures show a higher 
R2, while by increasing the ACH the optimal combination moves to lower CIDH 
base temperatures. This latter result is due to the increase in the correlation between 
indoor and environmental conditions, thanks to greater airflow exchanges.
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Table 7  R2 results (CIDH vs. CDH – base temperature 26 for both)

Polynomial degree 1 Polynomial degree 2 Polynomial degree 3

ACH = 0.0 0.820 0.866 0.883
ACH = 2.5 0.970 0.972 0.973
ACH = 5.0 0.987 0.988 0.988

Fig. 20  R2 values combining different ACH and CIDH base temperatures for: (a) ACH = 0; (b) 
ACH = 2.5; and (c) ACH = 5 in free-running building mode

4 � Conclusions

The chapter analyses the ventilative cooling potential in Italy by performing climate-
based and dynamic building energy simulation analyses. The research defines a 
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series of KPIs, both climate and building-simulation based, to represent VC poten-
tialities. A correlation is underlined between climate and building-simulation 
retrieved KPIs. This supports the possibility to analyse, since the early design 
stages, such as building programming – that is when a specific building shape is not 
yet finalized – the VC potential of a location and the local need for cooling in terms 
of climate intensity. This possibility is very important to support, in the earliest 
stage possible, the identification of correct bioclimatic and low-energy solutions to 
reduce space cooling energy needs and take advantage of the local natural/low-
energy cooling heat sink potential.

Additionally, the chapter underlines a direct correlation between mechanically 
cooled building indicators and free-running building ones, which is an important 
outcome toward the possibility to correlate the performances of these two types of 
cooling approaches considering potential evaluations and optimisations, for exam-
ple for advanced control modes or to define the urgency of cooling system 
installation.

Finally, results have shown that in almost all Italian locations VC may consider-
ably reduce cooling energy needs when coupled with mechanically cooled spaces 
and turn a large number of discomfort hours to comfort hours in free-running 
buildings.

Considering the limitations of this study, the presented work is based on a single 
TMY database, while in another ongoing research, a larger set of climate databases 
will be considered including past, present, and future TMY models to verify the 
consistency of the VC potential under climate changes and under specific perturba-
tion phenomena, such as heatwaves. Additionally, in this study, building data is 
based on the simulation of a single residential model, while in the future, this analy-
sis is expected to be expanded considering different building configurations, for 
example referencing the Typology Approach for Building Stock Energy Assessment 
(TABULA) building database and different envelope parameters. Finally, these 
indicators will be compared in real building operational conditions to verify the 
obtained results.
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Energy Retrofit of Traditional Buildings 
in a Warm-Humid Urban Climate

Natali Collado Baldoquin, Dania González Couret, 
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1 � Introduction

Buildings are responsible for approximately 40% of energy consumption in Europe 
[1], which is even higher in warm-humid climates [2], with a high proportion of 
cooling demand [3]. It could be, for example, 30% of the total electricity produced 
in Singapore and Malaysia, [4]. According to Aldossary et al. [5] as well as Oropeza-
Pérez and Ostergaad [6], artificial conditioning of buildings represents between 
50% and 86% of the total energy consumption in warm and humid climates.

Electricity generation is very polluting in Cuba [7], mainly based on imported 
fuel, and the residential sector is responsible for 60% of the consumed electric 
power [8]. This demand has been increasing by 66% with respect to the former 
decade [9].

In spite of the government’s interest in reducing energy consumption in the coun-
try, the role that buildings play in it has not been enough recognized or promoted 
[10]. Precedent researches show that national regulations about energy efficiency 
and thermal environment are not sufficient, and high energy architecture doesn’t 
reach expected international standards to reduce environmental impact [11].

Housing renting rooms for tourists in Cuba is part of the residential buildings 
with higher energy demand, because of the major use of artificial conditioning, 
among other reasons. In 2018, the Ministry of Tourism confirmed that 26% of the 
available rooms for tourists were located in the residential sector [12], and 23% of 
them, in the “Zona de Valor histórico-cultural de El Vedado” (Zone of historical and 
cultural value in Vedado) (ZVHCV) [13], recognized territory in Havana because of 
its historical and cultural values, centrality and network of services and facilities, 
especially the cultural ones, the reason why it was assumed as the study area in this 
research.
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The 22% of housing that rent rooms for tourists in El Vedado are low detached 
buildings with tall ceilings and then highly exposed to the solar radiation, with a 
great thermal mass, and built during the first three decades of the twentieth century. 
This architectural type with potentialities for energy retrofit can be found in other 
zones of Cuba and has been selected as study object in the present research.

2 � Materials and Methods

The research was carried out in four steps. During the first one, using theoretical 
methods like documentary analysis and historic – logic and analysis – synthesis, a 
discussion of the main related issues was developed. The key scientific and meth-
odologic conflicts and problems not solved in this field were identified, since most 
of the precedent researches related to energy renovation and reduction of the energy 
consumed by air conditioning have been mainly advanced in developed regions 
with climatic and economic conditions different from the Cuban ones. In the same 
way, previous results related to buildings in warm-humid climates correspond, 
mostly to study objects different from the one in this work, focused on isolated and 
tall buildings with the predominance of glass envelope, or housing with low thermal 
mass. The methods used to evaluate the impact of constructive actions and their 
relationship with the design variables are presented in the theoretical framework.

The second stage was aimed at characterizing the identified study object for 
energy retrofit in order to define the theoretical model taken as basis for the thermo-
energy evaluations by dynamic simulations. For that, buildings with rooms for rent 
in El Vedado were identified and georeferenced. After that, and taking into account 
file information, and reality observation by a field work, these buildings were clas-
sified from the energy point of view, based on the variables identified in the theoreti-
cal framework. About 22 study cases were selected in which the owners wanted to 
collaborate on the research, located in the “zona de baja intensidad de El Vedado” 
(low-intensity Vedado zone); the area was selected because, according to the urban 
regulations, its morphology won’t suffer great future transformations. These hous-
ings were characterized and preliminarily evaluated with respect to the identified 
variables in order to establish the parametric model for simulations. As a result, two 
extreme situations and other two intermit context conditions were identified, depart-
ing from the height and distance from the neighbour buildings; a volumetric and 
spatial scheme characteristic of the more recurrent distribution with central, circula-
tion corridor were made, and two envelope conditions were defined: one for the 
initial situation with the original materials and finishing from the early twentieth 
century and the other for the modified condition, according to the transformations 
made by the users with the worst possible thermal and energy situation.

In a third step, the initial thermal environment was evaluated for the selected 
cases, in order to identify the higher impact parameters. The evaluation was devel-
oped by two monitoring campaigns for temperature and relative humidity in interior 
spaces and a referent exterior one (eight buildings, first in naturally ventilated 
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rooms, and 2 for the second campaign in bedrooms with artificial conditioning). To 
evaluate by dynamic simulations, the main impute data were defined according to 
the ranks recommended by specialized literature and consulted experts. The behav-
iour of outdoor temperature was modified to reflect the urban heat island effect, and 
values of the thermal properties for the envelope materials and infiltration and tem-
perature of the soil surface were selected according to the study object. The thermal 
environment was simulated in an iterative way with each combination of the input 
data values until the differences between the temperature monitored in a real case 
and the one simulated in this build model complemented the statistical indicators 
recommended for this kind of research (ASHRAE). This comparison between the 
thermal reality measured and the one simulated was repeated with another study 
case and, when the statistical requirements were complimented again, the main 
input data were considered validated. The energy impact of independent parameters 
and variables as well as invariants in the demand for air conditioning were deter-
mined by dynamic simulations with the validates theoretical model.

Design recommendations for the energy retrofit were defined in the last stage, 
organized according to their energy and economic impacts, depending on the orien-
tation and the building context. For that, the thermal energy impact of the main 
retrofit interventions was determined, according to the theoretical framework and 
the dynamic simulations. The economic viability of the solutions was evaluated 
according to the benefits achieved during the useful life and the impact of the initial 
investment for a five-year period. The discussion about the thermal, energy and 
economic impact of each design parameter on the evaluated interventions consti-
tutes the scientific basis for the final proposed recommendations.

3 � Results

3.1 � Theoretical Framework

3.1.1 � Energy Retrofit

Energy retrofit is referred to the interventions on equipment, systems and parts of 
the building in order to improve its energy behaviour [14], besides the inclusion of 
sensors and meters [15], which can be classified as actives and passives [3]. The last 
ones constitute the study object in the present research. It is also considered as a tool 
to protect the buildings, since it is a guarantee for their use instead of being aban-
doned and demolished. The solutions should reduce consumption and be techni-
cally viable, without causing collateral structural humidity damage [16], improve 
building aesthetic [15–19] and consider reversibility, authenticity and transform-
ability levels [6, 16, 18, 20, 21].
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3.1.2 � Methods for the Evaluation of Energy Impacts

The main methods to evaluate the thermal energy transformation in existing build-
ings may be grouped as: environmental and microclimatic monitoring, in-situ mea-
surements of the envelope and simulation of the thermal energy behaviour [16]. It is 
usual to calibrate the simulation models, comparing the environmental parameter 
measured and simulated [16, 21–25]. Monitored temperature and humidity were 
used in this research to evaluate the departing conditions of the study cases and to 
validate the parameters assumed for the simulation, which allows to unify the start-
ing situation to compare the determinant parameters, which in real life are presented 
in a wide variation of situations, as well as to foresee the impact of possible inter-
ventions without expensive experiments in the lab or real scale. However, the stan-
dardized input data sometimes are not appropriate to be used, and many of the 
available software can’t represent the physical phenomena present in ancient build-
ings as the thermal vertical stratification and the humidity transfer through the enve-
lope [16].

The resources designed for this purpose differ, mainly because of the mathemati-
cal models used to determine the physical phenomena influencing the energy con-
sumption and the indoor environment [26]. According to Mazzeo et al. [27, 28], 
EnergyPlus is one of the most used tools to develop precise, flexible and high execu-
tion speed dynamic simulations, validated as trustworthy in several researches [27, 
29, 30]. This calculation engine has been used in this work, added to its graphic 
interphase OpenStudio because of its strengths and actualized twice a year for being 
a free open code software [31].

3.1.3 � Strategies and Actions for Energy Retrofit in a Warm 
and Humid Climate

Precedent research has identified design variables influencing the thermal environ-
ment and the reduction of energy for artificial conditioning [10, 19, 32–41], based 
on which four variables have been assumed: Context, Volume, Space and Envelope. 
Volume and Space have been considered as a fixed and unitary invariant, as a part of 
the study object, which won’t be transformed by the retrofit interventions. Context 
is the independent variable influencing the behaviour of the Envelope, taken as the 
dependent variable, constituted by the roof, walls, windows and shading devices, 
which could be modified by the energy retrofit (Fig. 1).

Passive design strategies have been widely discussed to guarantee a better indoor 
thermal environment and to reduce energy in buildings [6, 42–49], but publications 
referring to warm-humid climates are scarce. Referents about energy retrofit of 
housing with the characteristics of the study object in this kind of climate were not 
found in the consulted bibliography. Most of the precedent studies deal with inter-
ventions for no residential functions [3, 50–62], such as offices and hotels, generally 
tall buildings, and other ones are focused on general recommendations from the 
discussion of the state of the art. More than half of the authors evaluate isolated 
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Fig. 1  Variables and parameters for characterizing the study cases

Fig. 2  Strategies of passive design for improving indoor thermal climate and reducing building 
energy demand

building without the influence of an urban context or in lab tests [3, 25, 51–53, 55, 
58–60, 62–79], and a minority are deferred to the impact of energy retrofit on hous-
ing with light roof and walls, built using local materials [57, 67, 71, 72, 75].

Strategies to improve indoor thermal environment and reduce energy demand of 
buildings applicable to warm and humid climates may be classified into four groups 
[44, 80]: reduction of heat and exterior solar radiation, thermal conduction through 
the envelope, exfiltration and dissipation of indoor heat (Fig. 2).

Natural ventilation has not been a study object in the present research, since it is 
known that people use to close the windows to avoid noise and insects or because of 
privacy and security. Besides that, wind is very variable, mainly in urban contexts 
[19]. Taking into account that other strategies like evaporative cooling are not effec-
tive in warm-humid climates, the research has been concentrated on passive strate-
gies related to reflexion and reduction of incident solar radiation as well as 
diminishing heat transfer.
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3.2 � Theoretical Model for Dynamic Simulations

3.2.1 � Context: El Vedado

El Vedado is located to the north of Havana. This work has taken as study area the 
505 Ha occupied by the “Zona de Valor histórico-cultural de El Vedado” (zone of 
historical and cultural value) (ZVHCV), with a great touristic demand because of its 
historical and cultural values, which includes three city centres and a wide network 
of theatres, cinemas, clubs and restaurants.

One of its more distinctive urban features is the lattice tracing with square blocks 
100 m long and streets oriented 45° with respect to North. Street sections are formed 
from the car way (8 m) and the wooded pedestrian ways (4 m), plus gardens (5 m) 
and private galleries (4 m). Blocks were originally divided into 12 plots (15 m width 
and 50 m depth).

The study object of the present research was limited to the “low intensity zone” 
(ZIU-I) [81], where most of the original components are preserved in a uniform and 
well-defined context, and important future transformations are not foreseen. As a 
result of the context characterization according to its possible influence on the 
indoor environment and the energy consumption, four context types were defined.

–– Orientation: The following four typical orientations in El Vedado tracing were 
considered: North East (NE), South East (SE), South West (SW) and North 
West (NW).

–– Street section: 26 m width, considering gardens, car and pedestrian ways, estab-
lished by the Urban Regulations [81].

–– Adjoining: Two limit and two intermit situations are considered:

Context with low solar protection (CSP-L). All adjoining buildings have the 
same height as the analyzed case (5,6 m), and then, they don’t cast shadow 
over the roof. Separation between buildings is 8 m to the rear, as well as 1,4 m 
and 8,0 m to the side (Fig. 3).
Context with high solar protection (CSP-H). All adjoining buildings are 11 m 
tall (maximum permitted height in the ZIU-I), and separation between build-
ings is constant (Fig. 4).
Context with mid solar protection (CSP-M). It represents two intermit situa-
tions with respect to the adjoining buildings, at 5,6 m and 11,0 m (Fig. 5).

–– Vegetation: It doesn’t have currently a great impact on reducing solar radiation 
on the roof, so it was decided not to take into account the trees as shadow ele-
ments, considering the most critical insolation condition for the simulations.

–– Albedo: The number 0,2 was used as the initial value, generally employed for 
urban zones [82, 83] and to determine the impact of the modified situations, 0,8 
was defined for white and polished surfaces [84].

–– Reflexion coefficient of the adjoining walls: The number 0,6 was used as the 
initial value, corresponding to clear surfaces [84], and to evaluate modified situ-
ations, 0,8 for white and polished surfaces and 0,15 for dark finishing [84].
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Figs. 3 and 4  Schemes of the extreme boundary situation for the immediate context

Fig. 5  Schemes of the intermediate boundary situation for the mid-solar protection context

3.2.2 � Architectural Typology, Volume, Space, Envelope

From the study cases, three housing types were identified, according to their initial 
conception, the interior circulation (central or sided), the spaces distribution and 
relationship, the ceiling height and the date of construction, which determines build-
ing materials and techniques.

In order to construct the theoretical model, the central corridor housing type was 
taken as a reference, since it corresponds to 73% of the cases, and its conditions 
with respect to the immediate context, volume and space propitiate the major energy 
consumption. These houses have wide bedrooms lightly transformed, adjoining 
shadows are less effective due to the volume and separation between buildings in 
the context is wider, allowing more incident solar radiation. Additionally, they are 
the currently less modified housing, so recommendations for energy retrofit may 
have the same impact for most of them.

Two scenarios were taken into account for some parameters: the initial situation 
(Ini. Sit.), related to the buildings preserving the main original features, and the 
modified housing (Mod. Sit.), for those elements transformed by the inhabitants, 
generating major consumes than those estimated to the initial situation.
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The theoretical model is composed of a rectangular volume (23 m long and 11 m 
wide), with a gallery across the entire facade (4 m depth) (Figs. 6 and 7). It was 
simplified to 4 main spans (without taking into account the gallery, services and 
bathrooms) in order to facilitate simulations. In the same way, spaces with different 
internal thermal loads (because of the equipment and activity), as bathrooms and 
kitchens which modify the indoor environment in the adjoining spaces, were not 
considered.

Bedrooms were taken as square in shape, 4,5 m wide (20,25 m2) and 4,6 m in 
height (93.15 m3) (recurrent values in the study cases), in 3 different positions: in 
the corner, to the gallery and interior, with two window models.

With respect to the envelope, despite there being two structural roof solutions, 
the theoretical model only considered reinforced concrete, since the other (beam 
and slab) is at the end of its useful life and the thermal resistance of both is very 
similar (0,10 m2K/W – 0,11 m2K/W), according to slab solutions studied in Belgium 
[85]. For the traditional waterproofing system, 0,20 m2K/W was assumed [86], the 
reflectivity of the ceramic tile in the exterior surface finishing was considered 0,3 
[87], and 0,1 to the modified situation with the asphaltic layer [84].

The main material in the walls is solid brick, 30 cm for the structural ones and 
15 cm in the rest of them. The departing situation considered two variants for the 
“French” windows: with 3 glass lights, one on top and two on the sides (1,6  m 
wide), and with only one top glass light (1,4 m wide), both located in the middle of 
the wall at 1 m from the floor and total height of 2,6 m. To evaluate the modified 
situation, a full simple glass window was assumed (1,6 × 2,6 m).

Figs. 6 and 7  Planimetric and volumetric schemes of the theoretical model
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Fig. 8  Location and reference image of the monitored study cases

Fig. 9  Thermal sensors position in the monitored spaces at the stage I. It is indicated for each 
space the exterior wall orientation (SE, SW, NE) and the sky view angle (50–85°)

4 � Discussion

4.1 � Monitoring and Simulation. Calibration and Validation
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4.1.1 � Monitoring

In order to evaluate the impact of the design variables on indoor thermal conditions, 
two monitoring steps (temperature and relative humidity) were carried out in central 
corridor housing. The first one aimed to compare the effect of the main design vari-
ables, simultaneously measuring not acclimatized spaces, which generally corre-
spond to the living and the dining rooms, in thermal environments not modified by 
air conditioning. Measurements were carried out in 8 interior spaces1 located in 8 
houses, during 1 or 2 weeks in March, April and May, 2019 (Figs. 8 and 9).

The experiences and results achieved during the first step showed that, in order 
to precise the influence of the design variables, measurements should be carried out 
in spaces with less internal loads, which was developed during the second monitor-
ing step in bedrooms, which usually are closed when they are not rented, and so less 
factors influence the thermal environment (persons, equipment, ventilation). 
Measurements also allowed for precise temperatures and schedule when the spaces 
were in use with air conditioning. During this step, seven bedrooms were moni-
tored2 in two houses for 3  months (from October to December 2019 (Figs.  10 
and 11).

Calibration of simulation parameter from temperature measurements in real con-
ditions has been treated in former researches [21, 22]. For this work, the information 
about the thermal environment of one housing monitored during the second step 

1 Las mediciones se realizaron con sensores a 1.5 m de altura y ubicados lejos de fuentes de calor.
2 Los equipos de medición se ubicaron a 1 m de altura entre la cama y la mesa de noche en 5 dor-
mitorios, en las otras 2 habitaciones se ubicaron a 1,5 m en otra pared interior, para evitar el calor 
de electrodomésticos.

Figs. 10 and 11  Reference plan and images of monitored spaces in 2 study cases
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was also considered (code 245.21) to adjust the input data for the simulation and to 
use the information from another housing (code 813.05) with similar envelope but 
different volume and context to validate the fixed conditions for the simulation. 
Then, information taken in building 245.21 was used to calibrate and those taken 
from building 813.05 for validation.

The study cases were selected (Fig. 8) according to the amount of available data 
loggers (HOBO) for temperature and relative humidity; diverse conditions of the 
design variables in order to compare results (similar orientations to different sky 
view angle (SVA) and analogous SVA for diverse orientations (Fig. 9); as well as the 
disposition of the owners to collaborate with the monitoring process, allowing to 
collect the needed information (touristic occupation, schedules and type of interac-
tion with the spaces).

Temperature and relative humidity were registered every 15 minutes, and this 
information was processed to evaluate the indoor environment from mean hourly 
values. A sensibility analysis among sensors had been previously realized, monitor-
ing for one week a space with the same conditions. Measurements showed maxi-
mum differences of 0,1 for the mean and only 0,02 for the standard deviation, so 
they were considered as calibrated between them to measure simultaneously ser-
val spaces.

One sensor was also located in a reference outdoor space, inside a meteorologi-
cal cabinet under a tree. In order to evaluate the behaviour of temperature in high 
ceiling spaces, measurements were taken at different levels in rooms 2 and 4 of case 

Fig. 12  Average difference between measured temperature in Meteorological Station and exterior 
reference in Vedado during October, November and December of 2019
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Fig. 13  Impact of natural ventilation and cooling system use in indoor temperature

Figs. 14 and 15  Main differences between indoor-outdoor temperature during an average day of 
October and December in study case 245.21

245.21. The owner registered day and night measurement of the power meter during 
a month, information needed to calibrate electric consume in the simulation model.

Values registered from the urban context were compared with those from the 
meteorological station (InsMet) (MEC) during the analyzed periods. The climato-
logical simulation files were also compared to the real ones.

The average difference between the temperature values in MEC and those mea-
sured in the outdoor reference points (Fig.  12) is similar to the ones defined by 
Nieves and Prilipko [88], who, since then, defined variations between +1,5 °C and 
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Fig. 16  Impact of the surrounding shadow in the indoor thermal behaviour of naturally ventilated 
spaces with different orientation (SE/SW), diverse adjacent building high (1–3 floors) and sky 
view angle (50–85°). The average temperature is indicated (Aver. °C)

Fig. 17  Temperature of two exterior galleries with Northeast orientation on an average day of 
April (10–15 2019)

−1 °C as annual average in this urban area. The monitored outdoor environment 
shows the urban heat island effect.

During the first monitoring step, it was hard to identify the causes of the daily 
temperature fluctuation, mainly due to the role of some factors, such as the indoor 
natural ventilation and the human activity in those spaces. In the second measure-
ments campaign, it was possible to establish the moments when the bedrooms were 
rented, almost always with night air conditioning, as well as the periods when they 
were closed and occasionally opened for cleaning and maintenance. It allowed to 
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Fig. 18  Hourly behaviour of Temperature and relative humidity of a climatized space (room 2, 
245.21) and its exterior reference. The period using cooling systems is indicated

Fig. 19  Thermal behaviour at different heights (1 m and 3 m) during 13 days of October 2019 in 
room 2 of study case 245.21

demonstrate the important influence of some factors alien to the building, such as 
human activities, equipment and lighting.

In used rooms with nocturnal air conditioning, night temperatures are, generally, 
lower than the outdoor reference. When bedrooms are not in use, but closed, they 
maintain a constant temperature, higher to the outdoor mean, varying only when the 
windows are open or closed. In Fig. 13, the closed spaces (Room 1 and 2) maintain 
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a constant temperature over 30 degrees, while in room 3, indoor temperature is more 
variable, due to the windows opening.

The high thermal inertia of this type of buildings is evident, due to the heavy 
materials in their envelope (roofs and walls) (Figs. 13, 14 and 15). The shadow from 
the context generates higher reductions in the indoor temperature than the orienta-
tion of the space (Fig. 16). In cases with the same orientation (North West), the 
surrounding vegetation diminishes the maximum temperature value at 2.4 °C, on 
average (Fig. 17).

Room temperature, when acclimatized, varies between 23 and 
26  °C.  Measurements also evidenced that artificially conditioned spaces reach 
indoor temperatures similar or higher than outdoors (Fig. 18).

In order to evaluate the influence of the high ceilings characteristic of these hous-
ing on the indoor environment, the temperature was measured at a different height 
(1,0 m and 3,0 m) in room 2 of the study case 245.21 (Fig. 19). As a result, a strati-
fication was evidenced, both, in the closed disused room and in the period it was 
acclimatized.

At the bed level, temperature remained 2,5 °C less than 2 m above in the accli-
matized space at night (average), while, when the room was closed, the difference 
was approximately 1,9 °C. It was also possible to observe that variation of the air 
temperature is higher in upper strata, reaching major values, because of the thermal 
influence of the roof.

The touristic occupation of a house has a considerable influence on energy con-
sumption. The average consumes of 16 kWh/day quadruples when the owner has 
clients, as during the analyzed period, with three occupied rooms out of four. The 
identified causes are, first of all, the use of air conditioning at night and the washing 
machines, electric water heater, and cooking equipment during the day.3 The impact 
of the temperature differences (indoor – outdoor) on the night electricity consume, 
mainly related to air conditioning, is evident.

4.1.2 � Simulation

In order to achieve trustable results, the importance of the input data quality and the 
way in which technologies and the real complex phenomena are simplified are rec-
ognized [89]. The most used parameter that determines the simulated energy con-
sumption and thermal indoor environment are the meteorological variables, building 
material and elements, internal thermal loads (persons, equipment and lamps), ven-
tilation and air infiltration, as well as the configuration of the used acclimatiza-
tion system.

The methodology followed to define these parameters was developed in 4 steps, 
repeated in an iterative way until recommended statistical values for the comparison 

3 Los consumos de energía son los que registra el metro contador eléctrico de la vivienda recogidos 
por la dueña de la casa en dos momentos en el día, generalmente a las 9 am y 9 pm durante todo el 
mes de octubre.
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between simulation and monitoring were complimented in case 245.21. The steps 
repeated iteratively were:

–– Definition of the admissible range of values to be used for each parameter, from 
the bibliography, historical files, architectural survey and interviews to owners.

–– Analysis of the impact on the indoor environment generated by the variation of 
these parameters, based on EnergyPlus simulation.

–– Calibration of the simulation parameters, from the comparison between the sim-
ulated and monitored temperature values in four rooms of case 245.21. Values 
were adjusted in an iterative way to compliment the recommended statistical 
indicators ASHRAE Guideline 14/2002: mean bias error (MBE), coefficient of 
variation of the root mean square error (CV (RMSE), root mean square error 
(RMSE) and mean absolute errors (MAE).

–– Validation of the simulation parameters. The adjusted input data, calibrated with 
case 245.21, were used in case 813.05 to validate its reliability, comparing the 
simulated and monitored temperature, based on the recommended statistical 
indicator ASHRAE Guideline 14/2002: MBE, CV (RMSE), RMSE y MAE.

Climatic data defined by the Department of Energy of the United States of 
America for a typical meteorological year (TMY) in Casablanca were taken as basis 
for being precise enough to estimate the energy performance of buildings in a long 
term [26] and the one available with most meteorological variables defined by 
hourly values. Comparing mean temperature measured at MEC and the one at TMY, 
a similar thermal behaviour, is appreciable, despite the increment of mean monthly 
temperatures during the last years at MEC being evident (Fig. 20).

Despite the recognized effect of the urban heat island with increment up to 200% 
in the energy demand, mainly in residential building [90, 91], the energy impact of 
buildings in these contexts is still estimated in practice based on TMY coming from 
meteorological stations [26, 90–93]. The comparison between data from MEC and 

Fig. 20  Mean monthly temperature of the typical meteorological year (TMY) and measured value 
at Meteorological Station of Casablanca (MEC)
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Fig. 21  Indoor thermal environment in a simulated room during an average day of October, with 
different surface soil temperature: with 18 °C, same as mean monthly air temperature (=MMAT) 
and with 2 °C and 4 °C above the mean monthly air temperature (+2 °C MMAT) (+4 °C MMAT)

monitored temperature in exterior spaces at El Vedado showed the impact of this 
phenomena in the study area.

Previous researches show that it is also necessary to adjust the superficial soil 
temperature assumed by the software due to its impact on the indoor thermal envi-
ronment [94]. The predefined value (18 °C) is too low, since, according to [95], the 
mean annual temperatures of soil in the tropics are between 2 and 4 °C higher than 
the air temperature. Most of the studies to estimate the soil temperature are realized 
with agro ecologic and forestall aims, and they confirm that, despite its relationship 
to the air temperature, it also depends on the type of soil, its coverage, the water 
content, humidity, wind velocity and solar radiation [96, 97]. In urban contexts, the 
surface temperature is also affected by the own indoor building temperature and its 
context, mainly when artificial conditioning is used [98]. This parameter has a con-
siderable impact on indoor temperature simulation. Although it couldn’t be esti-
mated from Kiva calculation tool, because of the lack of departing information 
about the local soil, a value 2 °C higher than the mean monthly air temperature was 
assumed. This value is, within the recommended ones, with which it is possible to 
obtain simulated interior thermal behaviours more similar to those monitored 
(Fig. 21).

They were not found any previous research in Cuba about buildings of the same 
age that the study cases, which considered the thermal properties of the building 
materials required by the software. Initial simulations with the data available in the 
software library offered great differences between the simulated indoor environ-
ment (with notable variation between day and night) and the one monitored (with 
more uniform temperatures) [99]. With respect to this, Webb [16] indicated that it 
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Fig. 22  Temperature on an average day of October in a study case. It is indicated the monitored 
values (exterior and interior at 1 and 3 m high) and the simulated with material with high thermal 
inertia (HI) and low (LI)

could not be appropriate to use the material properties defined for modern buildings 
to simulate traditional ones, due to the differences in construction methods, the 
heterogeneity of row materials and the use of local components. In the analyzed 
study cases, one possible cause identified to explain the difference in the thermal 
behaviour is that real materials have much higher inertia than the defined ones.

Based on a bibliographic study about thermal properties of building materials 
commonly used in buildings similar to the study cases, according to typology and 
time in diverse places, the simulation process was repeated, selecting for each build-
ing element the properties generating the major thermal inertia. Then, a similar 
behaviour to the one monitored at 3 m height was achieved (Fig. 21), since the simu-
lated air temperature is an average value of the entire space, while the recorded 
values may have variations according to the temperature stratification and the posi-
tion of the sensor [100], which is accentuated in this spaces with high ceilings.

According to the values used in previous researches and their impact on study 
case 245.21, for this work, it was assumed 0,3 air exchanges per hour (CAH), recur-
rent in residential spaces [101], which maintain an indoor temperature difference 
similar to the monitored one (Fig. 22).

Since it is not an objective of this work to evaluate natural ventilation as a strat-
egy to evacuate heat or for passive cooling, the European Standard EN 15242: 2006 
[102] was used to define a uniform value of the indoor airflow due to ventilation. For 
that, first of all, wind velocities of TMY and MEC were compared, evidencing that, 
except the maximum velocity, the rest of the indicators are similar.

The formula for unilateral ventilation recommended by the referred standards 
was applied, considering two windows areas (1,5 m2 for 50% of openings and 3,2 m2 
to full permeable area) for a window height of 2  m. Ranges of temperature 
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differences (indoors–outdoors) between 0–5 °C were used, as well as wind veloci-
ties at the meteorological station between 0 and 4 m/s. If the windows are totally 
opened, the airflow is between 0,16 and 0,4 m3/s, and if it is assumed that the win-
dows are generally opened in a partial way, the values are from 0,08 to 0,19 m3/s. It 
was evident that despite energy consumption doesn’t diminish considerably, open-
ing the windows in the morning may reduce indoor temperature up to 1,4 °C, com-
pared to a closed room.

For this work, an airflow of 0,15 m3/s was assumed, within the previously deter-
mined range (0,08–0,40 m3/s). The value corresponds to a wind velocity of 3 m/s at 
the meteorological station, near to the mean and the average, and an indoor–outdoor 
temperature difference of 3 °C, with a window partially opened. Ventilation is used 
in the model between 9 am and 12 m, when windows are usually opened to clean the 
room if it is rented by tourists.

A maximum of 2 persons per room was assumed, and the metabolic load was 
established from the predefined values [101], considering the daily routine declared 
by the owners in the interviews. From the same reference it was taken 3,9 W/m2 for 
the contribution of artificial lighting (20% as a radiant fraction and 20% visible for 
fluorescent lamps) and 6,7 W/m2 as the load from the electric equipment, values 
recommended for mean and large apartments. The schedule for each energy compo-
nent was also determined according to the information declared in the interviews.

The analysis of these variables in a study case demonstrates that not considering 
them in the energy evaluation of buildings may represent a variation between 4% 
and16% of the demand for air conditioning.

In order to estimate the energy demand for acclimatization, the model “Ideal 
Loads Air System,” provided by EnergyPlus, previously used in former researches 
[10] and considered as a variable airflow system which supplies it up to satisfy the 
desired thermal conditions, was assumed [103]. A thermostat temperature of 24 °C 
was used, as recommended for most of the indoor acclimatized spaces in Cuba 
[104], which is within the frequent temperature range in acclimatized rooms, 
according to the monitoring results. A schedule for acclimatization was assumed 
between 9 pm and 9 am, for being, according to the owners, frequent in rented rooms.

4.1.3 � Calibration and Validation

The calibration process to readjust the input data was made by comparing the moni-
tored and simulated data in case 245.21. In order to eliminate the impact generated 
by the variation of no controlled parameters (activity, windows opening, equipment 
use), the influence of persons, natural ventilation and daylighting was supressed as 
input data in simulations for calibration, since these rooms were not in use. 
Infiltration was adjusted from 0,3 air changes per hour (ACH), formerly defined, to 
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Table 1  Comparison of statistical indicators between simulation and monitoring

Indicator

Maximum 
permissible 
indicatora

Calibration (for study case 245.21)
Room 1 
(1104 
values)

Room 2 
(1008 
values)

Room 3 
(1128 
values)

MBE (mean bias error) ±10% / ±5% −0,5% −1,2% −1,0%
CV (RMSE) (coefficient of 
variation of root mean square 
error)

30% / 10–15% 2,3% 2,0% 2,4%

RMSE (root mean square 
error)

0,5–0,78 °C 0,6 °C 0,5 °C 0,6 °C

MAE (mean absolute errors) 5–10% 1,7% 1,6% 1,9%
aLos primeros indicadores MBE y CV (RMSE) son los recomendados por De Backe [22] primero 
y luego los utilizados por Ascione et al. [21]. Los de RMSE y MAE son los definidos por De 
Backe [22]

Fig. 23  Thermal Behaviour of a simulated and monitored room during 20 days of October

0,1 ACH,4 and the equipment schedule was maintained in 10% of use, considering 
that they, even turned off, maintain an electric consume [105].

It was finally considered that the values are reliable enough when they satisfy the 
statistical indicators recommended for this kind of researches ASHRAE Guideline 
14/2002, discussed by Ascione et al. [21] and De Backe [22] (Table 1).

The same parameters, previously calibrated, are used to simulate the other study 
case (813.05). The comparison between the simulated and monitored temperatures 
allowed to validate the input data, since the statistical indicators also complement 
the recommended ones (Fig. 23 and Table 2).

4 Se considera que en habitaciones cerradas; el valor de infiltración es menor pues no se abren las 
aberturas. Se asume 0,1 CAH pues era el que generaba una oscilación de temperaturas similar a los 
espacios analizados.
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Table 2  Comparison of statistical indicators between simulation and monitoring

Indicator
Maximum permissible 
indicatora

Validation (for study 
case 813.05)
Room 4 (480 values)

MBE (mean bias error) ±10% / ±5% −0,3%
CV (RMSE) (coefficient of variation of root 
mean square error)

30% / 10–15% 1,5%

RMSE (root mean square error) 0,5–0,78 °C 0,4 °C
MAE (mean absolute errors) 5–10% 1,1%

aLos primeros indicadores MBE y CV (RMSE) son los recomendados por De Backe [22] primero 
y luego los utilizados por Ascione et al. [21]. Los de RMSE y MAE son los definidos por De 
Backe [22]

Fig. 24  Ratio of generation area and roof surface for different spacing between photovoltaics 
panels (1,75–3,5 m) and position (along longitudinal, transverse and North-South Axis

The uncertainty about the real use of the rooms is always a parameter that can 
modify the values, because of the interaction between the users and the space in a 
long period of time.

4.1.4 � Design Recommendations

The difference about the soil reflexion coefficient (CRs = 0,2 and 0,8) generates 
savings up to 17 kWh/m2/year in low protection contexts (CSP-L), between 6 and 
14 kWh/m2/year in those with mid protection (CSP-M) and 3 kWh/m2/year for the 
highly protected ones (CSP-H). It is evident that major reductions in energy con-
sume are obtained when the buildings are more separated, and in walls oriented to 
the South (SE/SW) when the context offers low or mid protection.
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The evaluations indicate that, for any orientation and context type, it is recom-
mended to use not reflecting pavements, and preferable with vegetation. Retrofit 
actions should start in those exterior spaces with buildings more separated (any 
orientation), and later, in the ones located to the South (SE/SW).

Interventions related to the roof surface reduce 21–25% of consume, with energy 
savings between 50–66 kWh/m2/year, compared to the traditional waterproof sys-
tem (Ini. Sit.) and between 58–77 kWh/m2/year with respect to an asphalt layer 
(Mod. Sit.).

The thermal transmittance of the shading element has a major impact than the 
height of a double roof. However, the distance between the shading element and the 
roof has greater influence in contexts of low protection (CSP-L) and when the rooms 
are oriented to the South East or South West. It is also possible to conclude that vari-
ants receiving similar solar radiation may differ in energy saving, depending on the 
incidence time.

The double roof made of photovoltaic panels nationally produced DCM 250 
(990 x 1650 mm) reduce more solar radiation when they are oriented to South East, 
along the longitudinal or the transversal roof axis. More panels can be located 
according to the transversal axis, followed by the longitudinal one and less amount 
oriented South (Fig.  24). The shadow from the parapet affects more the panels 
located on the longitudinal axis.

Of the evaluated angles for the PV panels (15°, 20°, 25° y 30°), more annual 
solar radiation is received at 15°, as recommended by Stolik Novygrod [106] in 
order to avoid shadow projection. Distances shorter than 2,50 m between panels are 
not recommended, since differences major than 1 W/m2 are evidenced on average 
incident solar radiation, exponentially increased with wider distances. This coin-
cides with what was recommended by Sarmiento Sera [107], who indicated that 
panels should be separated 1,5 times the module longitude (for panel DCM 250 
separation would be 2475 m).

Panels oriented to South East present more generation than the ones oriented 
South, since the roof area is better used. Differences between both orientations are 
up to 21kWh/m2/year in low protection contexts, depending on the panels’ position. 
Solutions located 2,7 m over the roof favour a major reduction of energy for air 
conditioning and generate more electricity, because extra PV panels can be located, 
since the parapet shadow doesn’t affect, there is no space for circulation needed and 
shadow projected by the context is less (Fig. 25).

The use of an insulation layer with thermal resistance of 2,15  m2°C/W and 
4,41 m2°C/W generates a consume reduction of 14–19%. The evaluated solutions 
diminish energy consumption and indoor temperature, at the same time. However, 
when thermal insulation is added to the roof, the amount of hour with temperature 
lower than 26° decrease, as well as hours with values over 29 °C. The most energy-
saving solution with higher energy reduction, which is the interior insulation with 
thermal resistance of 4,41  m2°C/W (Aisl. Int. R  =  4,41), only increment indoor 
temperature during the cool months, like January, while the balance in July and 
annually indicates that it improves indoor thermal conditions.
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Fig. 25  Energy impact by generation and cooling saving of different photovoltaic panel solutions 
at the roof. It’s indicated the electric coverage by photovoltaic generation

Fig. 26  Evaluated solutions of shading device for the walls

Increasing reflectivity by painting external walls reduces up to 7% of the con-
sume in a low protection context, with annual savings of 13–46 kWh/m2/year and 
around 2% in highly protected contexts, which means 5–15 kWh/m2/year, depend-
ing on the wall orientation and the initial surface colour.

The use of clear surface finishing is recommended. Major impacts are evidenced 
on the sunny walls in contexts with low protection (CSP-L) and rooms oriented to 
the South (SE/SW). When near buildings project more shadow on the external 
walls, as in highly protected contexts, it is more important to guarantee reflectivity 
in North orientation, because of the effect of the indirect solar radiation.

The use of shading devices on external walls may reduce consume up to 10% in 
rooms oriented to SE and SW (around 25 kWh/m2/year) and by 5% when they are 
oriented to NE and NW (up to 15 kWh/m2/year) in a context with low protection. In 
context with intermit protection, shading devices may reduce consume between 5 
and 18 kWh/m2/year, depending on the orientation, and in those with high protec-
tion, with short eaves, it diminishes up to 2 kWh/m2/year (Fig. 26).
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Simulations show that in low protection contexts, which only reduce around 1% 
of the incident radiation, PV panels could also be used. In context with intermit 
protection, shadow could reduce incident solar radiation in 14 and 23%, depending 
on the PV panel position and orientation. The most favourable option if PV panels 
will be used is to the South West, at 15°, with the larger dimensions(1,65 m) perpen-
dicular to the wall, this is the most beneficial solution both, by generation and by 
reducing consumption. However, this variant receives 193 W/m2 as average a year, 
compared to 203  W/m2 that arrives at the panels with the same orientation, but 
located on the roof.

The addition of an insulating layer with thermal resistance of 0,18 m2°C/W and 
2,54 m2°C/W generates a consume reduction of 0,4–3,5%, which represents savings 
between 1 and 10 kWh/m2/year, depending on the orientation and the context.

Thermal insulation in walls also generates increments of indoor temperature in 
no acclimatized spaces, the same as when it is used on the roof. Horus with tempera-
tures over 29° increase between 1 y 2%. It is, then, a no recommended variant to be 
used in the study cases, since consume reduction should not worsen the thermal 
environment without air conditioning, in whose case, it would incentive its use.

The traditional “French” window is the best solution, only surpassed by simple 
glass windows with solar protection, since the glass portions of the French windows 
are not protected against the sun. The solar heat gain coefficient (SHGC) of the 
glass is the parameter with major impact in reducing consume, which can be 
increased by adding reflectant layers to the glass. Then, if it is needed to use glass 
windows, it should be simple, with reflecting layers and exterior shading devices, 
and not to use double or triple glass windows.

Simulations demonstrated that simple glass windows with a double exterior win-
dow may diminish consume up to 17 kWh/m2/year in contexts of low protection, 9 
kWh/m2/year in the intermit ones, and up to 2 kWh/m2/year in those highly pro-
tected. The shadow angle used to optimize the context protection when designing 
louvers should be the top window point, which means a difference of kWh/m2/year 
with respect to the bottom one. Dimensions and inclination of louvers are not rele-
vant in energy direct solar radiation, but receive more indirect one. The same hap-
pens comparing horizontal and inclined positions.

Other shading devices for windows, like awnings, vertical devices and eaves may 
generate similar savings, despite they don’t provide shadow to the total window area 
(Fig. 27), both, in the glass windows (VV) and in the French one (VF) (Fig. 28).

5 � Conclusions

–– The research allows to demonstrate the energy impact and the economic viability 
of the retrofit actions proposed for historic buildings with high thermal mass in 
urban contexts with warm and humid climates, which has not been addressed in 
former researches and it is applicable to this architectural type in urban zones 
with similar conditions.
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Fig. 27  Energy impact of shading device use on glass window (GW) and French window (FW)

Fig. 28  Impact on the direct solar radiation reduction (SRR) and cooling saving (CS) because of 
the shadow angle in the design of shadow device

–– The importance to adjust the values of the input parameter to the software for 
dynamic simulation, from the monitoring results, is demonstrated in order to 
bring them closer to the real behaviour in the specific conditions of each climate, 
context and study object.
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–– For urban contexts in warm and humid climates, it has been demonstrated that it 
is not convenient to apply solutions about which effectiveness there is a wide-
spread belief, such as low transfer glasses and thermal insulation in the envelope.

–– Within the input parameters for simulations which have a relevant impact but 
have been little discussed before, there are the adjustment of the typical meteo-
rological year, the soil surface temperature and the definition of the thermal 
properties of building materials in ancient buildings.

–– The evaluation of the initial thermal environment in the study cases allowed to 
confirm the impact of the heat urban island, the temperature stratification in tall 
spaces and the role of the shadow projected by the context according to the 
orientation.

–– Within the context parameters, separation and building height generate more 
energy impacts than orientation and finishing of external surfaces.

–– The shadow projected by different parametrized context on the roof of the theo-
retical model demonstrates that between 19 and 75% of its area receive more 
than 90% of the solar radiation with respect to an isolated building, which con-
stitutes a potential to be used as renewable energy, even in this kind of urban 
context. The adjoining reduces between 11 and 98% of the solar radiation inci-
dent on the walls.

–– The interventions with major energy and economic impacts are those realized, 
first on the roof and later on the walls. The third priority (windows or pavements) 
depends on the initial situation, the solar protection offered by the context and 
the orientation.

–– Design recommendations simulated with the theoretical model may generate 
annual energy savings up to 193 kWh/m2, which could represent benefits at 
10 years valuated up to 7260 CUP/m2 in each retrofitted building.
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�Conclusions

In this book, several approaches and experiences that address the important issue of 
comfort in well-designed buildings achieved with minimal use of external energy 
are presented.

The international ASHRAE Standard 55-2004 describes comfort standard 
requirements in buildings and the thermal environmental conditions for human 
occupancy. It combines indoor thermal environmental factors and personal factors 
to achieve acceptable comfort for majority of the occupants within the buildings. 
The standard allows the psychometric comfort charts to be applied to spaces where 
the occupants have activity levels resulting in metabolic rates between 1.0 and 1.3 
and with wearing clothing it provide between 0.5 and 1.0 of thermal insulation. The 
comfort zone is based on the predictive mean vote (PMV) values between -0.5 and 
+0.5, as empirically mentioned by Fanger in the introduction of this book.

Prof Zeiler in Chap. 1 states that to achieve comfort, one has to get optimal com-
bination between natural means and other introduced efficient systems, that is, the 
right balance between passive and active systems.

The concept of “living” microbial systems as a strategy for modulating building 
comfort is a new field of research, explained well by Prof. Armstrong in Chap. 2. 
Even with respect to the fundamental science that characterizes human/microbial 
relations, where findings are still emerging. Despite their novelty, the role of micro-
bial technologies in buildings is of strategic importance in an ecologically stressed 
world, where gardened microbial systems in buildings will stop waste streams being 
tipped into the environment, reduce consumption and provide probiotic living 
spaces with regular impacts on health and well-being. As we enter an age of increas-
ing zoonotic epidemics and pandemics, their capacity to act as external immune 
systems by eliminating pathogens from waste streams is of particular interest.

One of the major controlling elements in building design is the use of appropriate 
thermal mass. For thermal mass to be effective, it must be closely coordinated with 
suitable passive design strategies including orientation, shading of glazing, proper 
ventilation and appropriate level of insulation. The use of thermal mass may not be 
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appropriate if a location has poor air quality and high levels of noise pollution (char-
acteristic of many city centres). This was the conclusion of Dr. Azerbijani and Prof. 
Thaddeus in Chap. 3. They maintained that it must be possible to access the real 
impacts of living spaces both on the planet, in terms of energy efficiency and con-
scious use of resources, as well as on people, in terms of comfort and well-being, in 
order to support nature-based regeneration processes.

In Chap. 4, the authors described how to enhance the comfort in Urban Isles of 
the Mediterranean Region. This was a specific study related to Cyprus.

Most of the work analysis was based on Fanger formula (PMV). “It was noticed 
that the albedo increase has created a negative impact on comfort, if the replaced 
material has less than 0.4 difference in albedo value, since the decrease in air tem-
perature is counteracted by the increase in mean radiant temperature. Also, it is criti-
cal for the awnings to be retractable to allow solar access in winter, because shading 
affects in a noticeably negative way, the outdoor and possibly indoor comfort in 
winter, which is expected to impact additionally the energy consumption of the sur-
rounding buildings.

Mr. Tony Book in Chap. 5 approaches the comfort issue by using a smart system 
in monitoring energy consumption. For example, in a standard home, the system is 
saving about 6 tons of CO2 per year. If it was feasible to similarly equip half the 
homes in the United Kingdom similarly over the next 10–15 years, then the savings 
(of CO2) would be over 30 million tons per year.

Prof Balocco in Chap. 6 states the importance of lighting. Light makes possible 
to see more clearly the architectural, historical and social value of buildings and 
their environment. This fact implies a different light design aimed at the optimal 
combination between quantity and quality of natural and artificial lighting. It 
ensures quality of vision and perception, guaranteeing protection and preventive 
conservation. Nowadays, the LED technology, both for spectrum and correlated 
colour temperature tuning, allows adding sophisticated functions to standard light-
ing solutions for energy saving and for using smart lighting technologies based on 
the human-centric lighting concept.

Dr. Amina and Dr. Baba in Chap. 7 address how to stay cool under the blazing 
hot sun in Nigeria. Cultural and religious factors play a substantive role in building 
construction decisions, more so than bio-climatic factors.

In order to stay cool, the builder’s choice of using earth as a building material is 
for its thermal qualities and abundance.

In addition, cooling in traditional Hausa is achieved naturally by building the 
walls with two or more air gaps in between, placing windows in such a way as to 
harness the south and northerly winds plus limiting the size of any openings to 
reduce the flow of hot, dusty air into the cool interiors.

Prof. Aboulnaga and Dr. ElSharkawy in Chap. 8 discuss the role of shading, 
natural ventilation, daylighting and comfort in enhancing indoor environmental 
quality and liveability in the age of COVID-19. Twenty-six buildings are presented 
and assessed in terms of shading strategies, ventilation, daylighting and sunlight as 
well as thermal comfort. In addition, four buildings were studied regarding their 
natural comfort and space requirement during the Covid-19 restriction. Among 
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them was the new Grand Museum in Giza, which satisfies all green sustainable 
criteria.

Chapter 9 investigates the use of lighting in the ancient Minoan buildings, which 
shows that light has been used continuously since ancient times to achieve comfort 
and sustainability. In Minoan architecture, light wells were used primarily for illu-
mination. The integration of the known principles of light transmission and the ben-
efits of proper orientation in the domestic architecture of the classical period, as 
well as the careful design of the Greek temples with regards to the daylight and 
intensifying religious experience.

Dr. Adam and Dr. Ghafar in Chap. 10 related in Malaysia, research heat gain or 
loss resulting through building roofs. Based on the evolution of roof design. 
Designers may choose appropriate roof geometry not only based on architectural 
style and local identity but also on building thermal performance, which results in 
reducing heat gain and energy consumption in buildings.

In Chap. 11, Prof Guedes focuses on an interdisciplinary approach in consider-
ing specific Portuguese weather heat gain characteristics and is supported by exten-
sive objective measurements and subjective data obtained through questionnaires 
regarding occupants’ response and reaction to thermal and luminous indoor 
environments.

However, a closer look at objective/subjective relationships reveals that it is pos-
sible to attain satisfaction “differently” and actually in a more sustainable way. The 
Portuguese temperate climate, with predominantly non-overcast skies and tradi-
tional adaptability, bears out that premise.

In Chap. 12, Dr. Trombadore and Dr. Calcagno maintain that architects and 
builders must address the critical requirements of the need to adopt ecological re-
think in their architectural models towards a man–nature harmony. They must 
address the concept of predictive capacity of digital twins in integrated design pro-
cesses, envisioning healthy and sustainable built environments.

Prof. Al-Sallal in Chap. 13 looks at comfort in museums and galleries in Canada. 
His recommendation is that there should be a balance between visual acceptance, 
lighting intensities and space security; also avoiding glare and too much direct sun-
light coupled with moderate use of artificial lighting is preferable to achieve 
harmony.

In Chap. 14, Prof. Kasinath has reviewed five houses in rural Andhra Pradesh, 
India which utilize different construction materials for heat gain. The authors dis-
covered that the south-west wall gained more heat than other sides and therefore 
recommended it to be shaded. Regarding the roofing, it was found that reed thatch 
roof performs best and is recommended as compared with RCC slab when used in 
hot and humid climate, which resulted in 50% heat loss.

In Chap. 15, Prof. Carolina Ganem Karlen asserted that buildings should be 
designed

to operate in a flexible way and must adapt to their occupants’ requirements and 
comfort. Prof. Karlen followed Schweiker’s principles in establishing the relation-
ship between paradigms of comfort parameters and resilience. This will lead to 
several opportunities to scrutinise building design and practices together with 
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research on thermal comfort related to shading strategies, ventilation, daylighting 
and sunlight gain.

Dr. AlKubaisy in Chap. 16 has analysed in depth how to stay cool in the arid 
zones of the Arab countries and recommends the use of rectangular-shaped build-
ings, long in north-south orientation with gardens either at the front or at the back 
of the buildings. The buildings must also use thicker walls than normal, utilizing the 
concept of thermal mass as diode to reduce much solar gain. The use of glazing 
should be avoided, especially on the south-facing. Buildings preferably should have 
small windows. The use of wind tower and north-facing “Mulqaf  – Hawa” are 
recommended.

In Chap. 17, Dr. Alireza Dehghani-Sanij discusses the well-documented tradition 
of Iranians to achieve building comfort in dry-hot regions by combining natural 
ventilation with radiative cooling from man-made tunnels to the ground connected 
with water wells. This is known as the wind tower or badger concept. Again the 
importance of using shading devices, thermal mass and ventilation coupled with 
night radiation to the black sky at night encouraged the people to sleep on the roofs 
of open buildings at night for cooling.

Dr. Chiesa in Chap. 18 discusses the major elements of comfort in hot climate 
regions by the use of ventilative cooling (VC), which has been around for many 
years and has a history of success. A correlation is found to exist between climate 
and the building system, that is the design and construction of the building as indi-
cated in key performance indicators (KPI). It is thus possible to analyse at an early 
stage of the building process the VC potential of a specific location and its need for 
cooling in terms of climate intensity.

Chapter 19, Prof Dania Couret, Many research investigations as in Chap. 4, were 
carried out at various universities and building establishments which demonstrated 
the energy impact and the economic viability of the retrofit actions proposed for 
historic buildings with high thermal mass in urban contexts in warm and humid 
climates. This has not been addressed in former research, and it is applicable now to 
Cuba. For urban contexts in warm and humid climates, the suitability to apply solu-
tions leading to effective comfort has been demonstrated, such as low transfer 
glasses and thermal insulation in the buildings’ envelopes.
Achieving comfort by natural means in a building is always possible if architects 
and builders avoid the use of excessive electrical energy and rethink their design to 
use proper thermal mass, ventilation, shading and daylighting and in creation of 
green effect with appropriate window opening and building orientation in line with 
the regional location and climate.
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