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Abstract

The objective of this investigation is to evaluate the geo-climatic potential for comfort
cooling energy savings in mid-rise office buildings applying advanced natural ventilation (ANV)
approach based on the stack-effect. The region of interest is the Mediterranean coastline of Catalonia
with selected reference geographical locations—the cities of Barcelona, Terrassa and Tarragona.
In the first part of this research is evaluated the climatic potential for natural ventilation
(CPNV) for each location, as a theoretical level of availability of natural ventilation (NV) based on
the model of adaptive thermal comfort. For a comparison of geo-climatic potentials in a wider
regional context, additional reference locations are chosen along the Northern Mediterranean:
Valencia, Marseille, Rome, Koper, Split, Athens and Nicosia. Generated results confirm that NV is
feasible mainly from April to October while in July and August is considerably limited due to
unfavourable climate conditions.
The second part of the work examines cooling energy savings of the hypothetical mid-rise
office-type building model “A”. Applied building performance simulations (BPS) demonstrates
achieved total yearly cooling energy savings in the region of Catalonia between 22% and 51%. The
same model positioned along the Northern Mediterranean displays cutting in yearly cooling energy
loads in a wider range—from 6% to 51%.
The following section evaluates levels of climate change vulnerability applying climate
scenarios for the selected time-slices—the years 2050 and 2080. It is indicated that the potential of
ANV will be reduced close to zero in July and August in 2080. However, the introduction of selected
assisted cooling techniques demonstrates that this impact can be absorbed approximately back to the
previously evaluated scale in the horizon of 2050.
In the last part of the investigation, the new defined building model “B” displays an
improvement of comfort cooling energy efficiency: selected NV techniques are merged in order to
take advantage of lower nocturnal outdoor temperatures by passive means, whose potential is
reflected on the decrease of active day-time cooling loads. For this purpose, the positioned model in
Barcelona achieves the yearly reduction of cooling energy loads by 65% in present-time weather
conditions.
At the conclusion, under projected climate configurations for 2050 and 2080, in Barcelona
Terrassa and Tarragona, the series of BPS displays a higher level of climate resilience and the overall
reduction of cooling energy loads within 53% and 59%.
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Abstract

The key-contribution and the novelty of this research is in the performed series of
experimental BPS of the building model “A” where are detected ANV system’s weaknesses as a
result of estimated unfavourable climate effects. Relative to observed limited cooling performances,
ANV is shifted from an autonomous comfort cooling concept to being a part of a complex ventilative
system with specific day- and night-time cycles. Such a new established design approach based on
dynamic heat storage is associated with an introduction of lower nocturnal and early morning
outdoor temperatures, as being less affected with future regional climate change. An achieved
advantageous momentum in energy performances is categorized through strengths and
opportunities. Thereby, the building model “B”, the outcome of this investigation, represents the
climate responsive building form with an integrated climate sensitive comfort cooling system, which
delivers a higher level of energy efficiency—seen as an acquired factor of resilience towards
estimated climate change threats. Such a conceptualised hypothetical building prototype may prove
to be a beneficial contributor in the current process of rapid deployment of renewable energy sources
in the regional building sector, observed as well from the perspective of the ongoing European
Union’s energy transition.

Keywords: the North-Western Mediterranean; coastal region of Catalonia; advanced
natural ventilation; building performance simulation; cooling energy efficiency; hybrid-ventilation;
assisted techniques; dynamic heat storage; climate change effects; resilience level; climate
response.
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Research Field

The objective of the conducted research is to evaluate geo-climatic potential and
applicability of specific space cooling systems based on advanced natural ventilation (ANV) method.
The geographical subject of this investigation is located along the North-Western Mediterranean
along the coastal region of Catalonia, the autonomous community of the Kingdom of Spain.

(a)

(b)

Figure 1. (a) Geographical location of the Kingdom of Spain (light red colour) and the autonomous
community of Catalonia (dark red colour); (b) geographical map of Catalonia with selected cities for
this research: Barcelona, Terrassa and Tarragona (source: copyright-free images, edited and
post-processed by author, 2020).

In a broader view, the selected area is in the south-west part of the European continent, in the
north-east part of the Iberian Peninsula as a part of the Southern European coastline (Figure 1). The
goal of this research is to quantitative evaluate and visualise the climatic potential for
implementation of considered building comfort cooling strategies founded on ANV approach.
Further, the objective is to define useful project design guidelines and to acquire general energy
efficiency parameters not only as a contribution to academic and scientific communities, but also to a
wider range of participants in the contemporary field of project design and building sector
development, e.g., architects, engineers, policy makers, building companies, etc.
Principally, one of research hypotheses is that ANV strategies can be applied on a larger
scale with other renewable energy techniques in order to participate in the current shifting process
towards a reduction of overall regional cooling energy loads on the local electrical grid.
Since considerations for an environmental impact and energy efficient arose at the world
level, the European Union (EU) is continuously defining new series of action plans while updating
existing ones for managing efficiently raising energy demands in its building sector, primarily with a
purpose to implement and extend the use of renewable energy sources.
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1.1 Research Field

Today, world building sector’s cooling and ventilation systems are mainly powered by
electricity while on the cooling market dominates the electric air-conditioning (AC) technology. The
natural ventilation (NV) space cooling strategies became one of key-components in the modern
building design based on principles of energy efficiency. NV passive techniques are deeply rooted
throughout the history and nowadays are updated according to new investigations in the field of
human hygrothermal comfort conditions and sustainable building design—also seen as a component
in the climate responsive design approach. In that manner, NV-based features are applied in concepts
of passive and low or nearly zero-energy buildings (nZEB) and are characterized by a possibility to
maintain a building indoor hygrothermal comfort level with an entire or a partial decrease of comfort
cooling energy loads.
The research path of this investigation is structured to experimentally evaluate energy
efficient performances of a set of designed hypothetical building models located in climate zones
along the Mediterranean coastal territory of Catalonia. Corresponding building models are exposed
to considered present-day and estimated future climate conditions in a building performance
simulation (BPS) environment. In addition, this work provides guidelines for an architecture design
process: from a building design overview, i.e., an interconnection and organization of interior space
considering principles of introducing the outdoor fresh air into and out of building enclosures, up to a
wider plan—a relation with building’s environment while considering present-day and estimated
future impact of climate change.

Figure 2. Diagram of research summary: main research components (source: by author, 2020).

In summary, this work is founded on three main components interrelated with the aspect of
building cooling energy efficiency (Figure 2):


advanced natural ventilation (ANV),



architectural design principles,



geo-climatic cooling potential.
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Advanced Natural Ventilation (ANV)

Kevin J. Lomas (2007) [1] defined a class of ventilative space cooling systems as advanced
natural ventilation (ANV) principle based on the air movement forced by the stack-effect, or also
defined as the chimney- or thermal buoyancy-effect.

Figure 3. Schematic presentation: four different stack-driven ventilation forms (source: Lomas KJ.
Architectural design of an advanced naturally ventilated building form. Energy Build. 2007 [1])

Four different forms of ANV are determined according to established airflow paths through
a hypothetical building model (Figure 3):


Edge-in, Centre-out (E-C);



Centre-in, Edge-out (C-E);



Edge-in, Edge-out (E-E);



Centre-in, Centre-out (C-C).
The platform of this research is conceived on detailed evaluations of the specific type of

ANV cooling approach named Centre-in, Edge-out (C-E) form.

Figure 4. Schematic presentation: advanced natural ventilation (ANV) principle—stack-driven
ventilation form defined as Centre-in, Edge-out (C-E) (source: by author, 2018).

The main feature of this ventilative form is that the outdoor fresh air is drawn into the
building’s space through a central distribution area, an architectural element usually planned as an
atrium or a light-well and seen in the context of this definition as the “centre” component (Figure 4).
Afterwards, the exhaust air is drawn-out on a building perimeter, considered in this aspect as an edge
zone of a hypothetical building form. With reference to an airflow pattern for this specific form, an
atrium or a light-well has a fundamental role in the function of ANV C-E system from a point of view
that the principle airflow is generated through its height by the thermo-physical phenomenon of
stack- or buoyancy-driven air movement.
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1.1.2.

1.1 Research Field

Mid-Rise Office Buildings

This research is focused on the building sub-sector defined as mid-rise office buildings.
Although the exact classification and configuration in terms of a typical building height largely
depends on regional regulations and building codes across the world, it is commonly considered as a
building structure between 3 and 5, in some sources even up to 7 floors, with a maximum height
between 25 and 30 m.
For the purpose of this analysis is applied the classification of buildings established by
International Building Code (IBC) [2], which defines this class of office buildings as Business Group
B including a wide range of occupancy types, e.g., insurance agencies, government buildings, etc.
For an adequate implementation of ANV C-E method, in the first place is required a defined
building’s spatial organization with properly interconnected enclosed spaces, all in order that
specific ANV airflow patterns could be generated and conducted. In this respects, office buildings
are particularly suitable for this type of ventilative approach, with respect to two commonly
incorporated elements: the open-plan floor-type and an atrium. The open-plan floor configuration is
mainly applied in office spaces and is defined in the architectural vocabulary also as the office
landscape type of workspace organization. Its main feature is a unique large open floor space,
regarded practically as a single enclosed volume, suitable for horizontal lines of air circulations
generated by ANV C-E principle. That kind of enclosed spaces prove to be effective for establishing
adequate airflow patterns connected to a centrally positioned atrium or a light-well.
In that respect, an atrium is considered as another main component for the function of ANV
comfort cooling strategies, in regard that its considerable height and spatial configuration can
produce the stack- or thermal buoyancy- driven effect for the vertical air movement.
In comparison with high-rise office buildings, lower height structures from the same
building sector have become more popular in recent times due to lower costs and more usable space.
From the functional point of view, one of particular advantages is that while having all workers on
one floor that sort of organized working environment may increase an overall level of productivity
[3]. Currently is considered that on the buildings’ market exists an increasing demand for mid-rise
office properties broadly perceived as creative co-working spaces and more suitable than high-rise
office buildings [4].
Such designed working spaces form a convenient research platform for this study, as it can
be additionally upgraded with a low-energy natural ventilation approach, introducing in that manner
the fresh outdoor air by natural means, all with the aim to improve overall human thermal comfort
conditions and indoor air quality (IAQ).
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Climate Systems along the Coast of Catalonia

On the basis of the original World climate classification defined by the climatologist
Köppen [5], the updated Köppen–Geiger climate classification system [6,7] and the published
high-resolution map and data [8] display the more detailed present-day climate configuration of the
Iberian Peninsula (Figure 5a).

(a)

(b)

(c)

Figure 5. Köppen–Geiger World Climate Classification: (a) geographical map of the Western
Mediterranean; (b) geographical map of Catalonia; (c) legend—climate classification (source: Kottek,
M., J. Grieser, C. Beck, B. Rudolf, and F. Rubel. 2006. “World Map of the Köppen–Geiger climate
classification updated”. Meteorol. Z., no. 15: 259-263 [6]; map “High resolution map and data, version
March 2017” [8], generated by Google Earth [9] software; post-processed images by author, 2020).

Focusing on the autonomous community of Catalonia and its coastal territory, three climate
types prevail in this region: Csa (hot-summer Mediterranean climate), Cfa (humid subtropical
climate) and BSk (semi-arid; also defined as: steppe climate) (Figure 5b).
Overall, Csa is a common climate type along the North-Western Mediterranean and is
present also as a typical climate along the coast of Catalonia. A part of this region categorized as BSk
climate type is affected more by continental climate conditions as it is connected with inner regions
of the peninsula, mainly along valleys. On the other side, a line of lower parts of northern mountain
ranges, spreading parallel with the seashore, are defined as Cfa climate category.
With reference to this specific region, three largest regional cities are selected for this
work—Barcelona, Terrassa and Tarragona. Each chosen location is also taken as a geographical
representative of a different climate configuration according to three dominant regional climate types
(Figure 5b, above). Furthermore, another observed point for this research is that the seaside of
Catalonia is the most populated area of this region, so that in this context, three chosen cities for this
analysis include also a large part of the Catalonian urban population—it counts in total 1,991,833
inhabitants, which takes 26.14% of the entire population of the autonomous community [10].
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1.1.4.

1.1 Research Field

Space Cooling Energy Efficiency

On the basis of the previously identified group of regional climate configurations and its
corresponding selected geographical locations, the next stage and the focal point of this research is
the evaluation of climatic comfort cooling potentials, seen through two main aspects:


potential for generating natural ventilative principles,



level of energy efficiency of defined ANV systems’ control strategies (CS).
The first part of a series of assessments is aimed to determine the climatic potential for a

theoretical use of NV for each specific geographical location and regardless the cooling potential.
The applied evaluation methodology is related to the overall accessibility for the use of NV
principles according to defined boundary conditions for an adaptive human thermal comfort
In the continuity, the second stage of this investigation is related to more detailed evaluation
processes where stands specifically a defined set of control strategies supporting ANV C-E comfort
cooling method, either as primary techniques or as a combination with other compatible systems.
Such defined strategies are further processed into BPS using hypothetical models of mid-rise office
buildings with incorporated open-plan spatial organization of office floors.
This part of research is principally based on a series of experimental BPS of hypothetical
building models directed to test a line of specifically defined space cooling control strategies (CS)
and ventilations modes. The purpose is to provide outputs of a level of cooling energy loads and
savings, which are at the end visualised and presented as comparative analytical charts.
In order to present comparative analytical reflections in this segment of research, BPS of
designed building models are related to two selected regions as two levels of observations—on one
side is the local coastal region of Catalonia, and on the other side, forming a wider angle, is the
Northern and North-Western Mediterranean.

In this respect, two groups of specific geographical locations are established for each region:


the coastline of Catalonia—cities of Barcelona, Terrassa and Tarragona;



the Northern Mediterranean—eight selected cities: Valencia, Barcelona, Marseille, Rome,
Koper, Split, Athens and Nicosia.
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Climate Change Effects

The last segment of conducted research establishes an interrelation between present-day
climate conditions, according to available and commonly used weather data, and estimated future
climate change effects. This aspect is regarded through mid- and long-term time-slices in the future,
and for the purpose of this study are selected two time-frames, as horizons of 2050 and 2080.
During last decades is detected and monitored a broad range of climate anomalies around the
globe, resulting in raised levels of concerns in different sectors of world community. In that meaning,
these issues particularly became a subject of research in the contemporary building design mainly
within a framework how current and future buildings will perform and respond under estimated
future climate conditions. Today, a broad range of analyses is focused particularly on southern
European regions, in the first place regarding building comfort cooling loads and how climate change
effects will be further reflected on regional power grids with associated negative consequences
(emission of carbon-dioxide [CO₂], raised levels of energy dependence and energy poverty, etc.). In
relation to this specific field, the climate science became an important participant in the field of
modern building design.
A series of latest weather recordings are showing that 2019 had the global air temperature
rise by +0.98 °C, comparing with average temperature ranges 1951–1980. Cross referencing same
data with the observed period 1901–2000, the rise is seen as +0.95 °C above average temperatures.

(a)

(b)

Figure 6. (a) 2019 global air temperature anomalies compared to 1951–1980 values; (b) annual global
temperatures, differences comparing 1951–1980 average values (source: National Aeronautics and
Space Administration—NASA and National Oceanic and Atmospheric Administration—NOA,
Annual Global Analysis for 2019, January 2020 [11]).

In this respect, the year 2019 is seen as the second warmest year that has ever been recorded
by National Aeronautics and Space Administration (NASA) Goddard Institute for Space Studies
(GISS) using GISS Surface Temperature Analysis (GISTEMP) [11] (Figure 6). In addition, 2019
has concluded the warmest decade ever in the last 170 year period of recordings by the United
Kingdom's national weather service—Met Office [12].
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1.1 Research Field

(a)

(b)

Figure 7. Presentation of climate change data for the Iberian Peninsula: (a) graphical representation of
change in annual air temperature 2000–2100 and applied climate change scenarios: “A2”, “A1B”,
“B1” and “E1”; (b) geographical map with marked changes in air temperature according to applied
scenario “A2” (source: La Agencia Estatal de Meteorología—AEMET. Regionalization AR4-IPCC.
Evolution graphics. Regionalización estadística análogos. España peninsular [13]).

According to different climate change projections, the Iberian Peninsula could have in the
future an average annual temperature rise by +2.0 °C [14]. A series of applied scenarios indicate a
line of tendencies of a temperature increase implying that on the horizon of 2100 the average
maximum temperature in Spain could rise in range between +1.8 °C and +4.8 °C (Figure 7a) [13]. In
this line, the applied climate projection for 2100 display that Spain could have also an increase up to
+40% in total annual cooling degree days CDD [15].
At the level of Catalonia, 2018 was the seventh consecutive year with the highest air
temperatures observed from 1950—seen as the temperature rise by +0.83 °C. The same period of
recordings (1950–2018) indicate that day-time average temperatures have the higher temperature
rise per decade, by +0.31 °C, versus night-time ranges, encountered as the rise by +0.19 °C. In that
ambiance of weather anomalies, the current average temperature in Catalonia is +1.6 °C higher than
the average regional air temperature throughout the 20th century, or the same effect observed from
other point of view—as the average decennial increase of +0.25 °C [16].
On the world scale, the current trend of weather deviations lunched a series of initiatives for
developing and implementing particular adaptation plans at local, regional and national levels, all in
order to raise an overall level of resilience of cities.
With reference to the Northern and North-Western Mediterranean countries, as the most
exposed to effects of the global warming, an important prospect became a process of developing
specific strategies for facing efficiently estimated climate change threats in the future, also taking
into account estimations that in the future nearly 85% of the population will live in urban
settlements[17].
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Research Components, Questions and Hypotheses

Research Components
“One of the key-aspects of moving towards a sustainable architecture is to get the building
itself to play a larger role, thus reducing the dependence on services” [18].
Air movements generated by ANV principle based on the stack- or thermal buoyancy-effect
are categorized as an energy efficient comfort cooling method in buildings that can reduce energy
demands to a certain level. With respect to an enclosed building space and its occupants, it is
essential to establish a healthy indoor environment with acceptable levels of human hygrothermal
comfort conditions.
Using a specific form of ANV approach defined as centre-in, edge-out (C-E) principle, a
building’s enclosure is not in a direct contact with the outdoor environment, in terms that the fresh air
is drawn-in indirectly through a centrally positioned atrium or a light-well. Its vertical roofed space is
regarded as a distributor of natural ventilation principles—as a ventilative mechanism in which the
fresh air is distributed to each of connected building’s floors (see Figure 4: Schematic presentation:
advanced natural ventilation (ANV) principle, on page 17).


Open-office plan is an adequate floor design approach for application of day- and
night-time interchange ventilation cycles: mid-rise office building with an open-office
floor plan is seen as a favourable spatial configuration for generating specific ANV airflow
patterns where during night-time, unoccupied office spaces permit delivering the fresh air
out of determined boundary conditions for human thermal comfort—or more specifically, it
can be taken advantage of lower outdoor air temperatures and as well higher air speeds
induced by the wind force then it would be suitable during day-time occupancy.



Atrium is the key-element: mid-rise office buildings with an incorporated atrium (or a
light-well or an air-shaft) are appropriate structures for generating ANV airflow patterns
defined as centre-in, edge-out (C-E) ventilation form where the fresh air is distributed
vertically through its height to each of connected floors.



Climatic diversity—comfort cooling diversity: the North-Western Mediterranean is
portrayed with different levels of performances of implemented ANV space cooling
systems, and thus, different levels of reduction of cooling energy loads in relation to a
hypothetical building model. That sort of achieved levels of building’s energy efficiency
further implies a decrease of general energy loads on the local electrical grid—seen as an
energy efficient effect in a broader or a regional perspective.
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1.2 Research Components, Questions and Hypotheses

Evaluation and comparison: evaluated levels of ANV energy efficient performances in the
climate region of the Catalonian seaside can be compared on a wider scale. For the purpose
of this research, the generated energy efficient output is compared with a group of selected
geographical locations along the Northern Mediterranean coastline, as the cities of: Valencia
(Spain), Marseille (France), Rome (Italy), Koper (Slovenia), Split (Croatia), Athens
(Greece) and Nicosia (Cyprus).



Impact of climate change: a defined hypothetical building model with assessed comfort
cooling performances under present-day climate conditions can be further evaluated with
applied scenarios for the future climate change. Horizons of 2050 and 2080 are seen as two
time-slices for mid- and long-term projections for the estimated level of impact of future
climate conditions on a cooling potential of applied ANV-based strategies.



Experimentation: generated experimental output of ANV performances under future
estimated impact of climate change can be improved with additional or assisted cooling
techniques, e.g., application of high-thermal mass, combination with night-time NV cooling
method, etc. In this respect, the aim is to raise the level of energy savings achieved in the first
part of research, with the second series of defined natural ventilative principles.



Efficiency is in the Air: in Catalonia, the current registered trend of rise of day-time air
temperatures is higher than the rise of nocturnal ranges, recorded as the contrast of +0.31°C
versus +0.19°C per decade (1950–2018) [16], seen also as the ratio 1.6 : 1. This point
implies that the regional nocturnal NV-based cooling capacities will be more efficient in the
future, proportionally to these ranges, than it is now in the present-time weather conditions.
In other words—with correctly applied nocturnal ventilative techniques, levels of comfort
cooling energy savings in buildings will be considerable in a long-term. This regional
weather phenomenon forms one of main research components.



Climate responsiveness: an overall building resilience level towards future estimated
weather effects can be raised by merging different ventilative techniques as a part of a
multilevel ventilative method, in other words, by combining passive natural ventilative
strategies with fan-assisted and active techniques, forming in that way a complex hybrid
system with a set of accompanying control strategies (CS).



Building prototype: in order to generate a line of designed control strategies, the previously
used hypothetical building model along the research process can be re-designed in order to
meet the new defined multilevel NV space cooling approach. This part of research
establishes a particular building prototype that is capable to: generate with its spatial
organization a new set of defined ANV C-E space cooling control strategies (CS), raise its
climate resilience level, absorb certain impact of estimated future climate change effects,
and finally, to cut overall building’s cooling energy loads.
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Research Questions

In order to conduct the investigation, the following set of research questions is defined In
accordance with the main research topics:


How to achieve and maintain an adequate human thermal comfort in office buildings using
passive ventilative systems based on advanced natural ventilation (ANV) principles?



What are appropriate methods to implement such a low-tech passive cooling strategy in
typical climate configurations along the North-Western Mediterranean?



What is the overall potential of ANV-based systems for each of chosen locations?



Does such a system can prove to be self-efficient, that is to say, as an independent comfort
cooling system or it is more reliable to be a part of a more complex system with a
consideration of selected supportive techniques?



In case of developing a complex comfort cooling ANV-based system, what building form
should accompany such a system?



From today’s perspective, what will be the level of impact of estimated climate change in
mid- and long-terms during the 21st century?

Research Hypotheses

As this work is based primarily on an experimental quantitative research, following
hypotheses form conceptual framework for developing, observing and evaluating, that is to say,
testing generated phenomena in specifically established environments. Following hypotheses are
defined for the subsequent research process—seen as suggested outcomes:


The application of ANV principles in the North-Western Mediterranean climate
configuration reduces conventional comfort cooling loads in mid-rise office buildings and as
well in the local electrical grid, while providing and maintaining adequate levels of indoor
human thermal comfort conditions.



The building’s level of resilience against unfavourable weather conditions is achieved with
efficiently generated ANV-based comfort cooling principles incorporated in an adequate
building form, which is reflected in the aspect of the climate responsiveness: on one side
protecting such established indoor micro-climate settings from negative outdoor effects,
while on the other side, taking advantage of identified favourable local climate patterns.
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1.3.

1.3 Research Objectives

Research Objectives

Among architects and engineers still exits a certain level of hesitation for implementation of
natural ventilative systems mainly due to its generally variable level of efficiency. This aspect is
related to climate diversity and environmental conditions posing in that manner obstacles for
application of mostly standardized procedures in a typical project design process, and later, during
the building’s use and expected levels of ventilation and comfort cooling performances.
In respect to the Mediterranean climate systems, mechanical ventilation systems stay
widely in use, with regard that today a certain level of energy efficiency can be simply achieved by
adding a commonly used heat recovery function [19].
An atrium or a light-well is considered as a multifunctional element in the architectural
design, which has a long evolution path along the history of architecture. From a wide scope of its
possible functions, this research considers particularly the ability that an atrium with its height can
generate stack-driven air movement as one of principles of NV in building design. Regarding further,
an implemented NV-based system can replace partially or completely (depending on a specific
region and local climate conditions) mechanical ventilation, considering primarily the possibility of
reduction of cooling energy loads during a typical regional cooling season.
The purpose of this research is to explore and define basic project guidelines for a possible
application of ANV techniques through an adequate building structure and its spatial organization. In
the extension, a set of defined NV techniques should also comply with contemporary aspects of
sustainability and space cooling energy efficiency, all correlated with the specific climate
configuration of the North-Western Mediterranean, as the focus of this research.

General research objectives

Figure 8. Schematic diagram of research course: principal research stages and objectives (source: by
author, 2020).

This research can be summarized with defined general stages along a determined
investigation path, as presented in the diagram in Figure 8.
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The objective of this research is evaluating levels of potential for regional comfort cooling
energy efficiency of ANV-based ventilative systems, all outlined as a list of following topics:


evaluation of climatic potential for natural ventilation (CPNV);



key-elements in architectural design;



implementation of ANV principles—establishing proper indoor airflow patterns;



evaluation of cooling energy efficiency in buildings;



mid- and long-term projections of estimated climate change effects;



merging chosen passive NV techniques with a line of assisted techniques;



defining a climate responsive building form that is capable to generate an updated line of
control strategies (CS) designed according to estimated future climate change effects—seen
also as a raised level of building’s climate resilience.

Specific research objectives

1.3.1.

Architectural Design Principles

This quantitative research aims to evaluate a scope of performances of a designed
hypothetical building structure capable generating efficiently ANV C-E principles. From
technological aspects, it may be also noted that applied components are basically accessible and
common in the contemporary building design and construction praxis. These issues should be
particularly underlined in relation that this investigation does not consider still unavailable or
experimental techniques in this domain. The objective of this part of research is to establish and
rationalise a design agenda with an appropriate sizing of architectural key-elements, which are
further interrelated with specific openings along defined airflow patterns, all based on ANV C-E
principle. Main factors that affect an architectural design with applied ANV-based cooling approach
can be summarized in following lines:
1.

Environment

2.

Air-supply and air-exhaust principles

3.

Spatial organization

4.

Energy performance of atrium
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Environment
One of research objectives is to explore how a climate environment affects a building

structure with incorporated ANV principles, i.e., a relation between a hypothetical building model in
a specific geographical location with a reflection on present-day and future estimated climate
conditions.
A local climate configuration should be taken into account from the initial stage of design
process in order to take advantage of available renewable energy sources provided by the nature.
This specific field of studies related to NV systems considers the air, as one of primary renewable
energy sources in a form of wind- or stack-driven air movements, theoretically available 24/7, in
comparison for instance with the availability of solar energy.
In the context of the contemporary building design, such an overall applied method towards
sustainable design takes a part in a general tendency for the recovery of natural environments [20].
The objective of this part of thesis is to explore how an architectural design can meet
established standards for human thermal comfort conditions in order that ANV principles could be
adequately implemented. This point is observed also as a climate responsive or climate sensitive
approach in building design. In addition, conceptualizing a structure that is not only capable to
produce a certain level of cooling energy saving in present-time weather conditions, but the aim is
also to establish a particular climate resilience level towards future estimated weather conditions.

2.

Air-supply and air-exhaust principles
The purpose of this part of research is to explore methods for connecting adequately a

building ventilative system with its surroundings in terms of designing and controlling NV
mechanism and function of applied principles. These issues can be outlined as a designed process for
an effective intake of the outdoor fresh air, afterwards, proper techniques for the air distribution to
occupants’ along building’s enclosures, and at the end of corresponding generated air
circulations—an adequate method for discharge of exhaust air out of a building.
In this manner, the objective is to generate specific airflow patterns inside and along
building spatial organization, with proper interconnections and sizing of each individual elemental
along that kind of determined ventilation path. It is also necessary to be taken into account that the
efficiency of considered openings may be affected by possible building’s obstruction factors (e.g.,
windows percentage and side of openings, furniture disposition, a building’s orientation, the solar
radiation affecting unprotected interior elements or ventilated zones, etc.) and other effects that can
produce a negative impact on NV airflows and its overall comfort cooling capacities.
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Spatial organization
A building structure is also defined with a specific configuration of spatial interconnections.

Taking into account ANV principles, this part of research explores that sort of correlations in order to
properly generate design airflow patterns, i.e., correct interconnections of occupied and unoccupied
spaces, specific openings along horizontal and vertical directions of air circulation, etc. In that
manner, air circulations founded on NV principles establish indoor micro-climate conditions, related
to building’s controlled environment, that is to say, forming in that sense a climate responsive
environment.
Principally, established NV-based airflow patterns are formed through a shaped spatial
arrangement, creating in those terms a sort of a climatic membrane that acts as a mediating interface
[21]. On this basis, such formed microclimate ambiances can be further exploited and explored as a
sort of responsive or so-called breathing architecture [22].

4.

Energy performance of atrium
An atrium or a light-well is one of the main components for creating particular airflows

produced by the stack-effect. Seen as a polyfunctional architectural element, an atrium can act as
well as a filter or an obstacle in terms that can modify or block potentially unfavourable
environmental effects.
In this research, the stack-driven airflow is planned as the main generating force for applied
NV comfort cooling principles. On this basis, an atrium is taken into account as a multifunctional
architectural element with respect to its contribution to passive cooling potentials. In addition, as that
sort of complex element in building design is affected and defined with a broad range of design
factors in the contemporary design process (e.g., construction principles, architectural design, spatial
organization, climate effects, ventilation and thermal performances, natural light, etc.), an atrium still
shows a certain level of lack of available measurement tools. In this context remains a widespread
necessity for additional research in this domain for obtaining innovative methods for proper
evaluations and better understanding of atrium’s polyvalent functions [23].
A particular design attention should be given to possibilities of energy conservation features,
appropriate use of materials, high-thermal masses for energy storage, etc. [24]. Another important
component is the appropriate geometric ratio of atrium where compact volume is contrasting linear
configurations, showing in that aspect a higher level of energy efficiency during summer cooling
period [25]. Overall, an atrium contributes to an energy strategy of a building with its proper thermal
climate [26]. In relation when an atrium is defined as an occupied zone, such a large enclosed space
may have a high level of cooling loads. In order to reduce its environmental impact, the suitable
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solution is to implement renewable energy sources in its thermal function [27]—a topic that
generally reflects the platform of this conducted investigation.
A long list of atrium’s features can be summarized with following points:


generation and distribution of NV-based airflows due to temperature difference;



vertical distribution of the fresh air to occupied floors;



distribution of natural light;



insulation zone during winter heating season;



circulation of building’s occupants (larger configurations of atria).

1.3.2.

Natural Ventilative Cooling Potential

The objective of this part of research is to conduct an assessment process of general cooling
potential of ANV-based systems in a chosen group of geographical locations, also as a group of
climate configurations. The purpose is to obtain data from hypothetical building models in BPS
according to selected adaptive human thermal comfort standards for the application of NV principles
in energy efficient building design. On one side stand defined buildings’ indoor thermal comfort
boundary conditions, which building’s occupants could define as acceptable, and on the other side
are ANV configurations that should comply from aspects of space cooling performances for a
particular climate region. One of research premises is an evaluation of levels of energy efficiency of
each defined ANV system in a comparison with the same building model with installed common AC
equipment, delivering in that way reference cooling loads for the comparative evaluation process.
The main function of the space ventilation is renewing the air contaminated during
occupants’ breathing process and the use of equipment. In that respect, a successful NV design need
to provide optimal air-quality and thermal comfort conditions to occupants, producing in that context
a sense of a well-being—a mental condition expressing satisfaction with an environment. Managing
and regulating that sort of specifically defined and offered indoor climate conditions to occupants
depends on local climate configurations and environmental effects in order that can be provided a
pleasant thermal experience or thermal balance. “Many of the pleasurable experiences related to the
place are not so much visual as they are thermal”, and in that way is formed a “sense of beauty in
environmental sensations”. “The language of sustainable buildings is about climate sensitive
structures, it is about flexibility and adaptability, and often the design standards are too fixed” [28].
Therefore, from points of human thermal comfort, the objective is to achieve a sustainable design,
with regard that is also energetically efficient and friendly to the occupants [29].
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Table 1. Main boundary conditions parameters versus the main research question.
Main boundary parameters


Indoor Air Quality (IAQ)



Human hygrothermal comfort conditions



Cooling energy efficiency

Research question
In which proportion
an applied set of ANV strategies
can contribute in the overall
reduction of comfort cooling energy
loads in buildings?

The objective of this stage of research is to generate valuable data in order to support the
research question related to following standards that must be complied: a level of indoor air quality
(IAQ), human hygrothermal comfort conditions and aspects of overall building’s cooling energy
efficiency (Table 1).
The objective in the first stage of the research process is to examine a set of corresponding
building components and applied principles that form an operative ANV cooling system. At the
second stage, it will be taken into account a range of available techniques for a general improvement
of energy efficiency performances, i.e., examining other components that could be added to ANV
system in order to improve an overall level of efficiency—elements such as a plenum, a mediator
between the environment and an atrium that has an important role in the possibility of regulating the
incoming airflow; additional high-thermal mass that can contribute in a thermic modification process
during the process of intake of the outdoor fresh air; a night-time NV-based method in a complete
system or in one of its parts, etc.

Table 2. Comparison of regional energy efficiency potentials: the coastal region of Catalonia (three
cities) versus the Northern Mediterranean (eight cities).
Coastal region of Catalonia

Energy Efficiency
regional comparison

Barcelona, Terrassa, Tarragona

The Northern Mediterranean
Valencia, Marseille, Rome,
Koper, Split, Athens and Nicosia

Concluding this segment of evaluation processes, the aim is to present a series of
comparative overviews of levels of regional comfort cooling energy efficiency relating in that way
the selected region of Catalonia in a broader view—in this case with seven additional selected cities
along the North Mediterranean, situated in seven EU’s countries: Valencia (Spain), Marseille
(France), Rome (Italy), Koper (Slovenia), Split (Croatia), Athens (Greece) and Nicosia (Cyprus)
(Table 2). The selected group of coastal cities (with the exception of Rome and Nicosia, as are in
coastal wider regions) covers four different climate zones according to the Köppen–Geiger climate
classification system [6,7].
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Climate Change Projections

Estimated future climate change effects form important issues for a comprehensive study of
regional space cooling energy efficiency, particularly with a regard on the Northern Mediterranean
as the most exposed European region to higher ranges of summer temperatures.
In this segment of conducted research, the objective is to evaluate a vulnerability level of
determined ANV passive or hybrid comfort cooling systems under future estimated climate change
effects. These aspects are seen as mid- and long-term time-frames in the future or defined as
perspectives for mid- and the end of the 21st century—commonly considered time-slices in a
numerous contemporary analyses related to the field of climate change aspects.

Figure 9. Diagram representing considered time-frames for climate change projections applied in this
research, from present-day time perspective (source: by author, 2020).

Time-slices planned for this part of research are the horizons of 2050 and 2080, forming in
that way certain time symmetry on an established time-line with respect to the present-day weather
data (Figure 9). Thereby, a climate projection for the next 60 years is made taking into account three
previously chosen geographical location along the Catalonian coast—cities of Barcelona, Terrassa
and Tarragona, analysing in those terms three different climate zones—Csa, Cfa and BSk and
afterwards, comparing them in a wider regional angle—with seven selected cities along the cost of
the Northern Mediterranean.
In that kind of defined research intervals, obtained data for horizons of 2050 and 2080,
against the present weather conditions will establish a comparative timeline for evaluation of cooling
energy loads of defined ANV systems.
This stage of research considers projected climate change storyline “A2” defined in
“Special Report on Emissions Scenarios” (SRES) [30] by Intergovernmental Panel on Climate
Change (IPCC). This scenario is defined with an estimated higher level of impact of climate change
effects comparing to other storylines, i.e., applied scenarios A1, B1 and B2 (see illustrative Figure
7a,b , on page 22).
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Climate Responsive Building

After completing a research phase with defining and evaluating a group of functional ANV systems,
a particular basis will be formed that enables an access to the final stage of this investigation—a
consideration of possibilities for raising building’s level of climate responsiveness. Regarding the
specific region along the Catalonian seaside, a line of additional techniques is examined in this
context, which are planned for merging and optimizing different components of ANV systems, all
seen through the lens of a multilevel design approach. In this respect, the consideration is given to
implementation of additional ventilation modes and control strategies (CS) forming accordingly a
particular hybrid NV-based cooling system with included assisted techniques. In the summary, the
objective of this research stage is to form a climate sensitive building model with a higher climate
resilience level based on multilevel ventilative techniques and system’s control strategies.
The focus of this part of investigation is to explore a maximum possible level of energy
savings in the regional context. In this sense, the previously defined building model “A” for
generating and evaluating ANV systems in present-time weather conditions, in this phase will be
exposed to future estimated climate change effects. On the basis of generated outputs, the
consideration will be given in the next step to a series of analysis for additional adjustments of ANV
systems, including an application of additional compatible NV and hybrid techniques. In that respect,
a particular building responsive model will be defined with a view to reduce the previously evaluated
level of impact of climate change. This stage of research implies a design of a new hypothetical
building model “B” capable to efficiently generate ANV C-E principle as a part of a multilevel
ventilative system in this case. The work proposes a set of control strategies where are interrelated
specific day- and night-time ventilative modes, passive and active, and as well, hybrid systems with a
possibility to form a fan-assisted natural ventilative approach. The final outcome of this research
process is a defined building model, considered as a hypothetical building prototype—seen as a
climate responsive structure with incorporated bioclimatic strategies.
The last stage of experimental methods includes computational fluid dynamics (CFD)
analyses directed for adjustments and verifications of previously designed airflow patterns, that is to
say, to evaluate the level of energy efficiency of each applied control strategy. In that respect, the
previously defined building form is exposed to present-day weather conditions in BPS environment,
forming in that manner reference cooling loads. Further, on the same building model is projected a
scenario of future climate change effect aimed for forming a comparative overview of different
comfort cooling energy loads. The objective of this series of evaluations is to obtain data for a
potential improvement of building’s resilience level against future negative impacts of the global
warming.
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1.4.

1.4 Antecedents

Antecedents
The Mediterranean Basin is portrayed with a long tradition of use of natural ventilative

principles in building design. Basically, same strategies where continuously present in history of
architecture, transcribed from one epoch to another depending on the regional context, buildings’
scale and contemporary construction techniques. In that context, a continuous search for adequate
passive ventilative concepts was constantly present as a respond primarily to regional summer
climate conditions.
From the end of the 18th century, with the beginning of the Industrial Revolution and the
incremental implementation of mechanical or forced ventilative systems, traditional techniques
based on natural ventilation had been gradually abandoned, seen as outdated principles at that time.
However, during a process of technological transformation in this domain, a number of public
building types still kept using NV principles, primarily as it was a rational approach but also as that
period was marked with an introduction of first modern normative and standards focused on aspects
of health, hygiene and sanitations in buildings. In that context, incorporated NV-based systems can
be encountered in building-types such are public hospitals, roofed marketplaces, etc., while from the
aspects of production or storage purposes, these approaches were present in cellars and warehouses
among other structures.
An illustrative and brief overview of implemented NV techniques, seen also as a general
historical background of this research, can be outlined in Barcelona, as one of the North-Western
Mediterranean cities and also the geo-climatic subject of this research.
Following built examples of public buildings, primarily located in Barcelona’s distinctive
dense urban areas, can be also highlighted across several periods of modern architecture:
1.

Markets (the second half of the 19th century)

2.

Hospitals (the early 20th century)

3.

Office buildings (the 21st century)

1.

Markets (the second half of the 19th century)
During the Industrial Revolution and a wide introduction of steel structures into building

design, achievements from the bridge and viaduct engineering where transferred in building
constructions as new possibilities to roof and enclose large spaces. New building types appeared with
an application of long span roofs, such are roofed train stations, exhibit halls, department stores, etc.
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Among new tendencies in building construction and design, a particular influence of
developed roofed markets in France was widely present in nearby countries, considering this kind of
new established buildings with an important role in modern urban morphologies and cityscapes at
that time. Under such a trend and parallel with the introduction of steel constructions on a large-scale,
the existing network of markets in Barcelona, previously formed in open or semi-open plazas, was
transformed in new and important city landmarks [31]. Former typical market squares (plazas de
Mercado) were remodelled with new modular structures, characterized with a higher central roof
construction and a system of fixed louvres around the building’s perimeter, enabling in that manner
natural ventilation and a controlled level of natural lighting for a shaded market space.
Three basic functions were provided with such a new type of buildings: a planned and
regulated circulation of costumers between sales stands (defined entrance areas, communications,
etc.) and adequate levels of natural lighting and natural ventilation—aspects that overall improve
hygienic conditions and as well conditions for storage and preservation of merchandise [32,33].

Built example:
El Born Market
Building type:

market

Location:

Barcelona; Ciutadella district

Floor area:

8.000 m²

Completed:

1878

Architect:

Josep Fontseré i Mestres

Ventilation type:

cross ventilation; stack ventilation

Engineer:

Josep Cornet i Mas

(a)

(b)

Figure 10. El Born market, Barcelona: (a) urban plan (source: image author—A. Colomer-Puntés,
from: Colomer L. El Born, Barcelona: Archaeology, Heritage, and Politics in Action. In: Encyclopedia
of Global Archaeology. 2018. [34]; edited and post-processed image by author, 2020); (b) street view:
south-west façade, end of the 19th century (source: Salvador Tarragó, "La urbanización de los terrenos
de la 'ominosa' ciudadela", Quaderns d'Arquitectura i Urbanisme, n. 101, Col-legi d'arquitectes de
Catalunya, 1974 [35]).
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El Born market was built in 1878 as a pioneering project and a certain model for a following
series of other renovation projects of old markets, such are: Sant Antoni (1882), Barceloneta (1884),
Concepció (1888), Hostafrancs (1888), Llibertat (1888), Clot (1889) and Unió (1889) [36].

(a)

(b)

Figure 11. El Born market, Barcelona: (a) interior view, 1930s. (source: Josep Domínguez, Arxiu
Fotogràfic de Barcelona – ICUB; from: Colomer L. El Born, Barcelona: Archaeology, Heritage, and
Politics in Action. In: Encyclopedia of Global Archaeology. 2018. [34]); (b) ground-floor plan
(source: Salvador Tarragó, "La urbanización de los terrenos de la 'ominosa' ciudadela", Quaderns
d'Arquitectura i Urbanisme, n. 101, Col-legi d'arquitectes de Catalunya, 1974 [35], post-processed
image by author, 2020).

Figure 12. El Born market, Barcelona: main—elevation of the south-west façade (above); longitudinal
section (bellow) (source: Salvador Tarragó, "La urbanización de los terrenos de la 'ominosa'
ciudadela", Quaderns d'Arquitectura i Urbanisme, n. 101, Col-legi d'arquitectes de Catalunya, 1974
[35], rearranged images by author, 2020).

The building design was with a symmetrical three-nave structure along northwest-southeast
axis and a central octagonal cupola (Figure 11b). The building envelope was composed of a façade
wall in the lower section, while on its top were mounted linear louvers—as the sun-protection with
provided continuous natural ventilation (Figure 12). Such an encircled space was roofed with
continuous simple gable roofs above each nave, forming a basic protection from weather conditions.
In that manner, a completely shaded semi-open space had provided a certain level of natural lighting,
generated passive ventilation effects, and at the end—reduced air temperatures during day-time.
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Figure 13. El Born market, Barcelona: transverse section with illustrated principles of natural
ventilation: cross ventilation and stack-driven ventilation (source: Salvador Tarragó, "La urbanización
de los terrenos de la 'ominosa' ciudadela", Quaderns d'Arquitectura i Urbanisme, n. 101, Col-legi
d'arquitectes de Catalunya, 1974 [35], post-processed image by author, 2020).

Market space was continuously ventilated with a combination of two basic principles of
natural ventilation: cross ventilation and buoyancy-driven air movement (Figure 13). From lateral
sides was provided the simple cross ventilation, as a horizontally enabled air circulation across
transverse directions, mainly generated in the lower area of the enclosure. In the upper area, below
roof structure, was generally concentrated warmer air due to chimney effect, which was released
through linear openings along the top of each of gable roofs.

Figure 14. El Born market, Barcelona: façade details and human scale—closed vs. opened part of the
building envelope for fresh air intake and/or exhaust air output (source: by author, 2015).

In 2013 were completed works on the building restoration and adaptation so that market is
transformed into a museum space, as El Born Culture and Memory Centre, equipped today with
contemporary ventilation systems and glazed facades.

2.

Hospitals (the early 20th century)
The progressive era of Modernism in architecture was characterized also with the so-called

hygiene movement, which was sympathizing a general raising awareness of cleanliness and
prevention of diseases in urban areas. This era was also marked with the introduction of new types of
installations (ex. the introduction of running water), with also new discoveries in the field of
medicine. In that context, public hospitals were a field for certain experiments in the domain of
architectural design through an implementation of specific new technologies and techniques [37].
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Built example:
Hospital de la Santa Creu i Sant Pau—Sant Jordi i Santa Apolonia pavilions
Building type:

hospital observation unit

Location:

Barcelona; Horta-Guinardó district

Floor area:

212 m² (each, present time)

Completed:

1911

Architect:

Lluís Domènech i Montaner

Ventilation type:

stack-driven ventilation

Restaurated:

2010

At the perimeter of Barcelona at the time, during different construction phases between 1901
and 1930, was built a large hospital complex as an example of Modernism movement in architecture.
The complex counted 26 independent pavilions with an overall designed capacity for around 1.000
patients.

(a)

(b)

Figure 15. Hospital de la Santa Creu i Sant Pau, Barcelona: (a) site plan with outlined two observation
pavilions (source: HIC arquitectura. Concurso Ampliación Hospital Sant Pau, Barcelona, 2011. 2012.
www.hicarquitectura.com [38]; edited and post-processed image by author, 2020); (b) view on Sant
Jordi pavilion (source: La Fundació Lluís Domènech i Montaner. Hospital de la Santa Creu i Sant Pau,
Els pavellons d’observació, www.fldm.cat [39] 2020; from: L'Arxiu Històric de l'Hospital de la Santa
Creu i Sant Pau—AHSCSP).

At the main south-east entrance area into the hospital centre are positioned twin pavilions, as
symmetrically oriented ground-floor buildings (Figure 15a). The original design agenda was to
provide two free-standing and isolated hospital units whose function was an initial admission of
patients with severe symptoms of infections or diseases for the purpose of their disinfection and
isolation for further hospital observations.

The pavilions represented an important part in the overall procedure of admission of newly
arrived patients as their function was to provide a higher level of isolation from the rest of the
hospital complex, and characteristically for that epoch, one was aimed for the admission of women
patients and the other for men patients.
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(a)

(b)

Figure 16. Hospital de la Santa Creu i Sant Pau, Barcelona—Santa Apolonia pavilion, original plans:
(a) elevation of the back facade; (b) ground-floor plan—initial built version (source: La Fundació
Lluís Domènech i Montaner. Hospital de la Santa Creu i Sant Pau, Els pavellons d’observació. 2020.
www.fldm.cat [39]; post-processed image (b) by author, 2020).

Although both pavilions were changing their original function during time and were also
extended and modified between 1957 and 1958 [40], however, the original design was based on four
separate observation units connected with an open gallery, which was at its ends connected on one
side to a nurse room, and on the other, to toilets and a storage room (Figure 16b) [39].
The general building design was outlined according to an established ventilative system
whose main function was to discharge the indoor potentially contaminated air with also a higher level
of humidity due to produced evaporations during the initial treatment of patients—the bathing.

(a)

(b)

Figure 17. Hospital de la Santa Creu i Sant Pau, Barcelona—Santa Apolonia pavilion, original plans:
(a) longitudinal section; (b) transverse section with illustrated principle of stack-driven ventilation
(source: La Fundació Lluís Domènech i Montaner. Hospital de la Santa Creu i Sant Pau, Els pavellons
d’observació. 2020. www.fldm.cat [39], edited and post-processed image (b) by author, 2020).

In that context, each room was equipped with an independent local ventilative system based
on the stack- or buoyancy-driven air movement, for which purpose the building concept had a
generally higher ceiling—regarding the height and the width of each unit, as an approximate ratio 2 :
1 (Figure 17a). Units were covered with a typical vaulted ceiling, additionally directing the air
circulation towards outlet openings at ceilings’ highest points (Figure 17b). Such conducted exhaust
air was at the end released to outdoors through a mounted line of roof-top chimneys.
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3.

1.4 Antecedents

Office buildings (the 21st century)
Barcelona represents an architectural scene of advanced spectre of contemporary techniques

based on NV principles, encountered in a wide spectrum of building types. Regarding the general
urban morphology, a large part of examples is located in dense urban areas where specific applied
systems of NV need to take into account also outdoor negative effects in terms of noise, pollution,
etc. Among such built projects, office-type of buildings became particularly a field of
implementation of advanced NV-based techniques.

Built example:
Cristalleries Planell Civic Centre
Building type:

civic centre and office-type building

Location:

Barcelona; Les Corts district

Floor area:

1.694 m²

Completed:

2017

Architect:

H Arquitectes, Sabadell

Ventilation type:

stack-driven ventilation

Rehabilitated parts of: Planell glass factory (1913)

(a)

(b)

Figure 18. Cristalleries Planell Civic Center, Barcelona: (a) urban plan (source: ArchDaily.
Cristalleries Planell Civic Center / H Arquitectes. 2017. www.archdaily.com [41]; post-processed
image by author, 2020); (b) street view on south-west and south-east facades (source: Adri Goula
[42]).

Cristalleries Planell Civic Center is a self-standing building with a triangular footprint
located in a dense urban area (Figure 18a). The project is based on an adaptation and rehabilitation of
selected parts of an existing structure of a former glass factory, in which context, the project design
conserved and incorporated two existing facades into the new structure on south-west and south-east
perimeters of the building site (Figure 18b).
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Figure 19. Cristalleries Planell Civic Center, Barcelona: second floor plan (source: Téctonica. Centro
cívico Cristalerías Planell de HArquitectes. 2019. www.tectonica.archi [43]; post-processed image by
author, 2020).

Two atria are formed along the longer preserved façade and as well in the northern corner,
also seen in a larger scale as forms of a courtyard or a double façade (Figure 19). This configuration
do not provide to linear office units a direct contact with outdoors.

(a)

(b)

Figure 20. Cristalleries Planell Civic Center, Barcelona—axonometric views with illustrated different
regimes of natural ventilation: (a) winter heat accumulation in buffer zones; (b) summer comfort
cooling natural ventilation principle based on the stack-effect (source: ArchDaily. Cristalleries Planell
Civic Center / H Arquitectes. 2017. www.archdaily.com [41]).

In such a design context, preserved facades are “activated as integral parts of a sustainable
energy concept” [44] where enclosed areas form buffer zones—reducing heat loses in winter (Figure
20a), while in the summer regime, both atria conduct natural ventilation airflows generated by solar
chimneys located at the roof-top (Figure 20b). NV-based air flow is introduced into the underground
floor, further is delivered across atria into office spaces, and at the end, the exhaust air is released to
outdoors through four solar chimneys mounted on top of the building (Figure 21 on next page).
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Figure 21. Cristalleries Planell Civic Center, Barcelona: transverse section (source: ArchDaily.
Cristalleries Planell Civic Center / H Arquitectes. 2017. www.archdaily.com [41]).

Having regard to established principles of advance natural ventilation (ANV) by Lomas [1],
this ventilative concept can be seen also as a certain variant of the applied Edge-in, Centre-out (E-C)
form (see sub-section 1.1.1 Advanced Natural Ventilation (ANV), Figure 3 , on page 17).

Figure 22. Cristalleries Planell Civic Center, Barcelona: view on the upper part of northern façade and
roof-top solar chimneys (source: H Arquitectes. Centre Civic Cristalerias Planell, Barcelona. Projectes
www.harquitectes.com [45]).
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According to numerous relevant studies, NV is an efficient passive cooling strategy in the
Mediterranean vernacular architecture. Although day-time natural cooling ventilation has a limited
potential due to unfavourable periods of elevated outdoor temperatures, however, night-time NV can
reduce indoor air temperature peaks and improve overall thermal comfort by cooling down exposed
building’s high-thermal masses [46]. Nocturnal NV approach is applicable as a common cooling
strategy in regions with high diurnal temperature ranges and when night-time temperatures are not
too low to overcool the indoor thermal mass [47]. In the contemporary building design,
corresponding ventilative cooling methods are particularly applicable in a class of office buildings
where elevated airflow speeds can achieve a higher space cooling effects during the night-time when
such type of buildings are generally unoccupied [48].
Main advantages of nocturnal NV approach are founded on the principle of dynamic heat
storage. For the purpose of nocturnal process of cooling down building’s high-thermal masses,
indoor airflows can be generated by passive or mechanical means, establishing in that manner
so-called the night-purge or night-flushing process of building’s high-thermal masses. During these
operations, building’s particular elements are thermally prepared for absorbing a new cycle of heat
gains during the next-day occupancy schedule—regarded as a so-called passive heat-sink effect.
Night-time NV affects indoor conditions in the following aspects [49]:


reduction of air temperatures during the day,



decrease of peak air temperatures,



reduction of a building’s structure temperature,



postponement of so-called peak cooling loads.
The night-time cooling potential depends primarily on: weather conditions, indoor airflow

speeds, a building’s heat capacity and applied principles for a proper thermal convection between
high-thermal masses and established indoor airflows [50]. Thereby, it is recommended an increased
use of high-thermal mass in contact with building’s indoor air circulation as fully exposed surfaces,
avoiding in those terms the use of common office suspended ceilings due to having a lower level of
thermal conductivity [51].
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In the Mediterranean Europe, the space comfort cooling is required during both summer and
transition seasons. As a result of regional climate change effects, the night-time passive cooling
ventilation could become gradually ineffective in summer, but still remaining an efficient strategy
throughout transition seasons [52]. In view of these effects, the predicted climate change temperature
increase will certainly produce unfavourable effects on the general NV capacities, particularly in
July and August when certain diurnal NV comfort cooling modes could become inefficient. It should
be observed as well that one of the consequences of the world climate change is the shift in the timing
of seasons, so that the present-day common buildings’ space cooling period could begin earlier in
1

springtime and end later in fall [53].
Nevertheless, the running of assisted mechanical cooling systems is required in case when
during short periods of time lower thermal comfort levels are not acceptable. In this sense, the
night-time comfort cooling mode can still be effective but as a part of a hybrid ventilative system
[54], cutting in that way cooling energy demands of conventional mechanical cooling systems [55].
Nevertheless, the computer-based building management system (BMS) is considered for
maintaining calculated thermal comfort levels and also for controlling the ventilation system’s
operation during buildings’ unoccupied periods [56], ensuring that the function of opening and
closing of façade openings, planned for NV operation, will be performed as scheduled according to
local climate conditions [53,57].
Principally, the passive night-time NV cooling method that is combined with a mechanical
cooling system is often applied in office buildings located in warm climate regions, and thereby,
cooling energy savings are relevant to be considered [58]. Today, the main obstacles for
implementing passive NV techniques come from legislation and norms, as only hybrid and
mechanical ventilation systems are accepted. Still, NV-based cooling principles are feasible energy
efficient tools for the decrease of buildings’ cooling energy demands and carbon-dioxide (CO₂)
emissions in the Mediterranean region [59]. Although hybrid modes are not aimed for heating energy
savings, however for the cooling purpose in warm temperate climates, levels of reduction of
buildings’ energy loads prove to be considerable [60].
Several recent works that evaluated NV cooling possibilities are also related to the
Mediterranean region. Chen et al. [61] computed NV potential in 1,854 geographical locations across
the world applying the NV hour indicator. Furthermore, this work provides a comparison overview of
energy savings for 60 of the world’s largest cities. Chiesa and Grosso [62,63] defined the Cooling
Degree Hour (CDH)—a synthetic parameter, analysing 50 reference cities across the Mediterranean

1

in the Northern Hemisphere
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and 55 major cities in the rest of Europe. Causone [64] established the methodology and the index
called climatic potential for natural ventilation (CPNV) for calculating a hypothetical availability of
NV, for both ventilation and cooling purposes. Kolokotroni and Heiselberg [53,65] presented
contemporary NV possibilities with an overview of a broad range of innovative techniques and
evaluation tools with a survey on numerous reference-built projects.
At buildings’ level, a line of different types of structures were evaluated through case
studies—from a modern house-type building located in Valencia, done by Mora-Pérez et al. [59],
along conducted analysis Pesic et al. [66] for three reference geographical location on the Catalonian
coastline, evaluating hygrothermal potential for generating NV principles and building space cooling
energy savings based on the cross ventilation (CV) method (see Appendix A, on page 243), as far as
vernacular architecture environment on the opposite side of the Mediterranean Basin—in Cyprus,
conducted by Michael et al. [46].
The aspect of adaptability to estimated climate change effects has been recently analysed by
Shen et al. [67] as a case study in Rome, while Moghtadernejad et al. [68] presented a line of design
strategies using Choquet integral for high-performance façades facing estimated climate change
threats. In the same domain of building envelopes Bonato et al. [69] developed a model of façade
low-consumption ventilation as an autonomous system, reducing in that way cooling energy loads.
Another line of very recent studies explored new tendencies in energy management in buildings,
where Sánchez Ramos et al. [70] demonstrated that buildings can act as active elements—combining
selected control strategies and thermal mass properties in locations across Spain, while Mhuireach et
al. analysed the integration of night ventilation of mass approach in mixed-mode systems [71].
Parallel, the wide scope of studies in the field of building energy optimization systems using
predictive control method were performed by Bünning et al. [72], then Katramiz et al. [73]
investigated the predictive model of passive cooling of office space. The contribution in this field
was also highlighted with determined self-learning systems with integrated thermal mass, developed
by Wolisz et al. [74] or the optimization of HVAC systems with application of chiller orchestration
strategy, experimented by Sala-Cardoso et al. [75]

1.5.2.

Cooling Degree Day (CDD)

Cooling degree day (CDD) is a weather-based technical index designed to describe a need
for the cooling (air-conditioning) requirements in buildings. The calculation of CDD relies “on the
base temperature, defined as the highest daily mean air temperature not leading to indoor cooling“
(definition: European Statistical Office—EUROSTAT [76]).
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CDD value defines a certain period, expressed in number of days, when exists a need for
building’s comfort cooling. The calculation takes into account dry-bulb temperature (DBT) ranges
and average building’s indoor temperatures. During periods when DBT is below a specific
established temperature value, defined as the base temperature, then does not exist the need for space
cooling. Contrary, during periods when DBT is above the base temperature, then it is taken into
consideration that exist the need for comfort cooling, and that period is determined as CDD index.
The value of the base temperature depends on several factors associated with a building and its
environment. Commonly for a general type of calculations, the constant value of the base
temperature is set at 24 °C. The following Equation (1) defines the cooling degree day (CDD) index,
taking into consideration the mean air temperature of day

if

≥

24 °C

then

[CDD =

) [76]:

21 °C)]

else

[CDD = 0]

(1)

In a part of this research, annual values of CDD for specific regions are taken from the
available EUROSTAT weather database [77]. Overall, as CDD is a simplified representation of
outdoor air temperature data, that sort of index is used in calculations with reference to the
interrelation between particular climate condition for a chosen geographical location and building’s
cooling energy loads. CDD values can be also presented as a trend—a change of its values during a
particularly defined time-frame.

Figure 23. Trend in cooling degree days (CDD), 1981–2017 (source: European Environment
Agency—EEA. Observed trend in heating and cooling degree days (1981–2017). Copenhagen; 2019
[78]).

An overview of CDD values as represented in Figure 23 is mainly used for a visualisation of
climate change effects and specific regional weather anomalies.
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Climate Change Effects

During the last six decades (1950–2018), the registered average rise of the decennial air
temperature in Catalonia is +0.25 °C in comparison with recorded average values during the period
1981–2010 [16] (Figure 24a).

(a)

(b)

Figure 24. (a) Evolution of the average annual temperature in Catalonia since 1950, expressed as an
anomaly with respect to the period 1981–2010 (source: “Butlletí Anual d’Indicadors Clim tics. Any
2018,” Barcelona, 2019 [16]); (b) Evolution of annual average temperature anomalies in Catalonia for
the period 1850–2100 obtained from simulations of different global climate models developed within
the fourth report of the IPCC (IPCC-AR4). Reference period 1961–1990; (source: Servei
Meteorològic de Catalunya—METEOCAT, “Les projeccions clim tiques a l’SMC,” 2020 [79]; A.
Barrera-Escoda and J. Cunillera, “Primer Informe sobre la generació d’escenaris clim tics
regionalitzats per a Catalunya durant el segle XXI,” Barcelona, 2011 [80]).

Climate change projections for the end of the 21st century imply that an average annual
temperature in Catalonia could be higher in range between +1.5 ºC and +6.0 ºC, indicating an
average estimated air temperature rise by +3.5 ºC at the yearly level (Figure 24b) [79,80]. In a broad
sense, current climate anomalies point out that the global warming causes a constant raise of space
cooling energy demands in the building sector, consequently implying that an overall cooling
potential of systems based on NV principles is on a reduction path. In that regard, certain levels of
space cooling performances of NV-based systems in the Mediterranean region will be considerably
reduced or even insignificant during particular operational periods [52,53].
A large volume of recent analyses has explored the climate change impact on different
models of office buildings in similar coastal climate configurations where stands a research for
regions of Greece, done by Asimakopoulos et al. [81], while Wang and Chen [82] covered the Unites
States, including three geographical locations with mild climate conditions on the West Coast.
In the field of the EU’s building sector, it is still difficult to identify accurately cooling
energy demands on a large-scale due to a complexity of buildings’ systems and equipment [83], but
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nevertheless, office-type of buildings are ranked as the second largest energy consumer in the
non-residential sector [84].
Taking into account particular applied methodologies, general estimations for cooling
energy demands by each EU’s member state indicate that Spain has among the highest or even the
topmost cooling energy demands in the EU’s building service sector [84,85].
Overall, in the current global decarbonisation process, the building sector is believe to play a
vital role with a great potential taking into account that buildings offer direct possibilities in cutting
overall energy demands [86].

1.5.4.

Software Tools

A set of contemporary computer software is applied as research tools in order that the
outlined research objective could be achieved. For that purpose, the following list of application
software is considered along particular phases of this research:
1.

Climate Consultant

2.

Meteonorm

3.

DesignBuilder

4.

Climate Change World Weather File Generator

1.

Climate Consultant
Climate Consultant [87] is a graphic-based computer software developed by Energy Design

Tools Group at University of California (UCLA). The software tool provides analyses using the
EnergyPlus Weather (EPW) format data, available from the U.S. Department of Energy (DOE)
database. EPW is principally formatted as a collection of 8,700 hour of weather data for a particular
geographical location, representing mostly weather recordings of a local meteorological station.
Main features of Climate Consultant are its capabilities for arranging, sorting and filtering of
selected weather data for performing particular weather analyses. Generated data may optionally
include pre-installed reference boundary conditions according to ASHRAE (American Society of
Heating, Refrigerating and Air-Conditioning Engineers) 55-2017 [88] adaptive comfort standards.
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Figure 25. Climate Consultant computer software, example of a graphical user interface (source:
Climate Consultant [87], user interface print screen by author, 2020).

In addition, Climate Consultant offers a variety of options for graphical representations of
generated weather data in forms of charts, graphics, heat-maps, etc. At the end of presented output
for specific geographical location, Climate Consultant also includes generated psychometric charts
and a list of principal building and HVAC design guidelines that may be incorporated in a particular
project—as suggested bioclimatic strategies according to regional climate conditions. A large
number of that kind of listed project design guidelines and recommendations referred for a specific
climate type are furthermore linked to the web-site 2030 Palette [89]—a form of a public
web-database of basic sustainable and bioclimatic design principles.

2.

Meteonorm

Meteonorm [90] is an application software that provides a direct access to weather databases
of more than 8,000 weather stations around the world. Beside generating data and displaying default
weather data graphics, charts and tables (Figure 26), the main feature of this software is that offers
also a possibility for a customized output according to a specific type of performed analysis.

Figure 26. Meteonorm computer software, example of the graphical user interface (source:
Meteonorm [90], user interface print screen by author, 2020).
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These editable options for filtering or presentation of selected data are related to more than
30 different parameters depending on activated options. In addition, such generated and customized
arrangement of data can be exported from Meteonorm in 36 different format files. Basically, the main
role of Meteonorm is in initial stages of climate analyses for a related geographical location as it
offers a dynamic and editable overview of raw weather input data.

3.

DesignBuilder

DesignBuilder [91] is a well-established software founded on EnergyPlus [92] platform for
performing complex BPS and can be categorized in the domain of so-called scientific computing.
This software environment provides performance simulations through mathematical models based
on principles of thermodynamics, interrelating on various levels aspects of contemporary
engineering and building practice. Performed BPS have a possibility for a multilevel quantification
of planned issues and parameters for a designed building model exposed to specific climate
conditions on a chosen geographical location. Main levels of simulations are related to domains of
thermal simulation, lighting simulation, acoustical simulation and airflow simulation.
The building configuring process includes also a specification of structural components. The
advantage of DesignBuilder are possibilities to generate and visualize simulation results, e.g.,
building’s indoor climate, site weather overview, heat transfer through building fabrics, surface
temperatures, airflow in and out of a building model, CO₂ emissions, etc.
A generated package of data includes main observed aspects of building’s
performances—building shape, construction, operational and control modes for HVAC, energy
consumption, etc. Principally, another advantage is that DesignBuilder is considered as a simplified
version of user-interface planned for various professions that ate related to building design process.
Software is developed as a medium to a more complex EnergyPlus [93] platform, as the core of
Designbuilder software, aimed more for simulations in the domain of HVAC engineering and
design.
Designbuilder is conceived from 11 different so-called modules: 3-D Modeller: the core
module; Visualisation: rendered images and site shading analyses; Certification: according to
specific normative and regulations; Simulation: EnergyPlus simulations for energy and comfort
analyses; Day-lighting: reports daylight factors and IL luminance using Radiance; HVAC: interface
to EnergyPlus HVAC; Cost: early stage building cost estimation; LEED: LEED (Leadership in
Energy and Environmental Design) [94] and ASHRAE 90.1 [95] calculations; Optimisation:
multi-criteria optimisation to help meet design goals; Scripting: customise EnergyPlus simulations;
CFD: calculates distribution of air properties in and around buildings.
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Climate Change World Weather File Generator
Climate Change World Weather File Generator (CCWorldWeatherGen) [96] software is

developed for output of modified weather data according to an applied climate change scenario. That
sort of generated data are further imported as a ready-for-use file in various sorts of BPS software.
The underlying weather file generation routines of this tool are founded on the so-called morphing
methodology for climate change transformation of weather data, developed by Belcher, Hacker and
Powell [97], built on previous work by the Sustainable Energy Research Group on climate change
transformation of UK weather data [98].

CCWorldWeatherGen incorporates coupled atmosphere-ocean general circulation model
(AOGCM) defined as HadCM3 (Hadley Centre Coupled Model, version 3) developed in Hadley
Centre for Climate Prediction and Research (Met Office, United Kingdom) [99,100]. Climate change
data considers the storyline “A2” from CC Special Report on Emissions Scenarios (SRES) published
by Intergovernmental Panel on Climate Change IPCC [30] using HadCM3 climate data of “A2”
scenario ensemble [101], available at IPCC Data Distribution Centre (IPCC DDC) [102] and
generated in this software as two defined time-frames—the years of 2050 and 2080.

Figure 27. Climate Change World Weather File Generator (CCWorldWeatherGen) computer
software, example of a graphical user interface (source: CCWorldWeatherGen [96], user interface
print screen by author, 2020).

CCWorldWeatherGen is developed on the basis of Microsoft Excel [103] application
software (Figure 27) using as input present-day EPW weather data files in order to modify reference
parameters according to applied scenario of climate change effects for horizons of 2050 and 2080.
Output is kept in the same EPW format or exported as TMY (typical meteorological year) weather
files.
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1.6.

Research Methodology

1.6.1.

Research Process
The core of the investigation progress is divided into specific stages or thesis’ sections

(Sections 3.3–3.6). In addition, two initially conducted separate analyses indirectly related with the
main research path are published internationally—as a research and a conference paper. These parts
are represented in the thesis’ structure as Appendix A (on page 243) and Appendix B (on page 253).
The following diagram illustrates the structure of the conducted research process (Figure 28).

Figure 28. Schematic diagram of developed research process—main stages represented as thesis’
sections and appendixes (source: by author, 2020).
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Climatic Potential for Natural Ventilation (CPNV)

The first part of the investigation applies the methodology climatic potential for natural
ventilation (CPNV), developed by Causone (2016) [64]. CPNV is conceived as a preliminary
analytical tool that provides an overview of climate conditions for a particular geographical location.
Applying this concept, the purpose is to present a general valorisation of NV potential correlated
with local climate for each selected geographical location in this research. The objective is to
calculate the total number of hours throughout a calendar year for a theoretical and acceptable use of
NV principle, for both, ventilation and cooling purposes, during day and night and regardless wind
force.
The

coefficient [dimensionless] is calculated as the total number of NV hours during

a year period divided by the total number of 8,760 hours in a calendar year (

(2):

∑

(2)

where:
= “i”-th hour when NV can be performed [h]
= total number of 8,760 hours in a calendar year [h]
Based on the average hourly meteorological database, two parameters are defined: the
ambient temperature (
that

) and the ambient humidity ratio (

). The boundary conditions are set

must be within the comfort range of the lower acceptable indoor air temperature and the

upper acceptable indoor air temperature (

(3) and that

indoor upper and lower acceptable humidity ratios (

≤

≤

≤

must be within the range of
(4):

(3)

[°C]

≤

[

]

(4)

Respecting both these conditions, a theoretical naturally ventilated building space can be
considered as acceptable by potential occupants regarding hygrothermal aspects of corresponding
established boundary conditions (Figure 29 on next page).
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Figure 29. Diagram of boundary conditions for hygrothermal comfort: a calendar year represented as a
matrix and divided into nine areas according to temperature and humidity ratio thresholds (source:
“Climatic potential for Natural Ventilation”, Francesco Causone, 2016 [64], edited by author, 2018).

In this case is applied partially the adaptive model of Thermal Environmental Conditions for
Human Occupancy, defined by ASHRAE Standard 55-2017 [88], with the chosen model of
acceptability limits where 80% of occupants find the indoor NV environment hydrothermally
accepted. In this respect, the indoor boundary conditions are defined as follows (5,6):

=

− 3.5 °C [°C]

(5)

=

+ 3.5 °C [°C]

(6)

where:
= lower acceptable indoor air temperature limit [°C]
= upper acceptable indoor air temperature limit [°C]
= comfort ambient air temperature [°C]
Temperature range limits
temperature

;

are defined with the comfort ambient air

, calculated with the prevailing mean outdoor air temperature (

) as a

simple arithmetic mean of hourly outdoor air temperatures of seven sequential days prior to the day
in question—according to ASHRAE 55-2017 standard [88].

is determined with the following Equation (7):

= 17.8 + 0.31

[°C]

(7)

GEO-CLIMATIC POTENTIAL FOR ADVANCED NATURAL VENTILATION COMFORT COOLING APPROACH IN MID-RISE OFFICE
BUILDINGS IN THE NORTH-WESTERN MEDITERRANEAN
author: Nikola Pesic

1.6 Research Methodology

55 of 267

The lower limit for the supply air temperature
for the supply air temperature
(

) is set at +12.0 °C (8) and the upper limit

) is set to be equal to the upper indoor acceptable temperature

, but less than +33.5 °C, as the maximum considered air supply temperature level (9):

(8)

= +12.0 °C

(9)

< +33.5 °C

Commonly examined acceptable indoor relative humidity (RH) levels are between 30% and
70%, as it is elaborated in CPNV methodology related to other common known sources. On the other
side, CEN (European Committee for Standardization) Standard EN15251 [104] declares that
“humidity has only a small effect on thermal sensation and perceived air quality in the rooms of
sedentary occupancy”. In the same line, Emerich et al. (2011) [105] suggest that “no specific
guidance is provided for natural ventilation systems. If higher moisture levels are allowed, materials
should be selected to be moisture tolerant”. Furthermore, a relevant research conducted by Toe et al.
(2013) [106], related to the NV function in hot-humid climates, affirmed that there is no specifically
required upper limit for the indoor air RH levels.
In this respect, the north-western part of the Mediterranean Basin, as the targeted area of this
research, is marked with generally higher levels of outdoor air RH, where the highest annual range
among three selected cities is 74% in Barcelona (see Table 6 on page 107). In this regard and
particularly for this research, the upper relative humidity limit

is adapted to the previously

described configuration of local Mediterranean climate and in that respect is set at 80% while the
lower relative humidity limit

is maintained at 30%. According to the CPNV methodology,

both the lower humidity ratio limit and the upper humidity ratio limit (

) for the outdoor

supply air are calculated with the following Equations (10) and (11):

[

];

=

) [Pa]

(10)

[

];

=

) [Pa]

(11)

where:
= saturation pressure of water vapour [Pa]
= lower indoor temperature limit [°C]
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The following Equation (12) is considered for the approximate calculation of

in this

research, expressed as follows [107]:

= 610.7

[Pa]

(12)

With reference to NV operation time, a 24 hour day period is divided into two cycles: the
presumed working time schedule 8–17 h and the rest of the day as 17–8 h period—usually considered
for the night-time operation of NV systems [55].

The final sorting and visualisation of acquired data is done with Excel [103] software. In that
manner, data are presented through so-called heat-maps, illustrating in that way a particular climate
configuration on annual basis for each analysed geographical location. The heat-map is divided into
54 weeks (X-axis) by 24 hours (Y-axis) (Figure 30). In addition, monthly values are displayed as
comparative tables and charts, as defined by CPNV methodology (Figure 31 below).

Figure 30. Example: graphical representation of climatic potential for natural ventilation (CPNV)
output, presented as a heat-map for the geographical location of the city of London, UK (source:
“Climatic potential for Natural Ventilation”, Francesco Causone, 2016 [64]).

Figure 31. Example: output of climatic potential for natural ventilation (CPNV) represented as a table
and a chart—monthly values for the geographical location of the city of London, UK (source:
“Climatic potential for Natural Ventilation”, Francesco Causone, 2016 [64]).
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Building Performance Simulations (BPS)

The second segment of performed evaluations of climatic potential is founded on a series of
performed building performance simulations (BPS) of hypothetical models of mid-rise office
buildings located in each of considered geographical locations. This method displays a comparative
overview of possible monthly and yearly cooling energy savings in this research, although more
detailed options on hourly and sub-hourly level are performed during experimental simulations (e.g.,
adjustments of operative systems and control strategies, CFD analyses, etc.).
With a view toward this investigation, specifically defined cooling modes accompanied with
a set of controls strategies are operating during a regional comfort cooling season, widely considered
from April to October. For the reference and final comparative output, all BPS are scheduled
principally from 1st April to 31st October.
For the purpose of this research is activated DesignBuilder’s [91] integrated function of
natural ventilation. This type of indoor airflows is calculated using wind- and stack-driven pressure
differences related through configured openings, vents, crack sizes, etc. The calculation of this
segment is based on a complex EnergyPlus’ [93] Airflow Network platform, as a part of
DesignBuilder’s software.

Figure 32. Diagram of DesignBuilder’s natural ventilation configuring scheme—calculated natural
ventilation option with airflows across a building model space (source: DesignBuilder [108] website).

In addition, DesignBuilder’s advanced scope of configuring options related to NV-based
principles and mathematical simulations is achieved by activating defined option for so-called
calculated natural ventilation (Figure 32). This software’s option enables a more sophisticated BPS
of a hypothetical building model, including in that way a multilevel type of simulation stages in order
that analyses founded on NV principles could be more accurate.

GEO-CLIMATIC POTENTIAL FOR ADVANCED NATURAL VENTILATION COMFORT COOLING APPROACH IN MID-RISE OFFICE
BUILDINGS IN THE NORTH-WESTERN MEDITERRANEAN
author: Nikola Pesic

58 of 267

1.6 Research Methodology

BPS main output parameters considered for this research:


basic data for occupied and unoccupied building’s zones (area, volume, etc.);



main parameters: air temperature, operative temperature, relative humidity (RH), etc.;



construction and surface configuration (properties of materials, thermal conductivity, etc.);



temperature distribution;



indoor heat gains;



surface heat transfers;



airflow in and out of specific configured zones (openings, positive and negative flows, etc.);



HVAC system cooling loads (graphs for daily, monthly or yearly energy consumption, etc.);



exhaust fan energy consumption—in this case for fan-forced type of NV ventilation;



thermal comfort deviations (according to a chosen adaptive thermal comfort model).

Indoor Computational Fluid Dynamics (CFD) analysis main output parameters:


airflow patterns (3D visualizations, 2D visualizations as sectional planes);



indoor air velocities;



temperature distribution across selected zones;



comparative visualisations of different ventilation modes (i.e., switch between operations of
natural and fan-assisted ventilations).

1.6.4.

Evaluation of Climate Change Effects

The core of this analysis is structured with developed preliminary design analytical
procedures by Pesic [109,110] (2018) that shed light on a correlation between climate change aspects
and building energy efficiency performances.
Two applied analytical procedures are defined as:
1.

Climate Change Survey (CCS)

2.

Climate Change Response (CCR)
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Climate Change Survey (CCS)

Climate change survey (CCS) is a preliminary design stage analytical procedure based on
weather data. The aim is to observe key-issues between present-day and future estimated climate
change conditions for a particular geographical location.

The procedure is divided into four stages (s.I–s.IV) (Figure 33):

Figure 33. Schematic diagram of climate change survey (CCS) analytical procedure (source: by
author, 2018 and 2020).

Defined stages forming Climate Change Survey (CCS) analytical procedure are:
a.

Stage I (s.I)—Data Handling

b.

Stage II (s.II)—Risk Identification

c.

Stage III (s.III)—Adaptation

d.

Stage IV (s.IV)—Survey

The s.I, or data handling, systemizes present-day and climate change model weather data.
The s.II, or risk identification, displays in its first part weather data comparison, as an overview of
present-day and calculated future weather conditions. In the following second part—climate change
impact model displays a list of estimated climate change effects. The next s.III, or adaptation phase,
represents an early-stage climate impact assessment from aspects of sensitivity, exposure and
resilience (adopted from: Lyth and de Chastel [111]). Thereby, such structured datasets of estimated
climate change impact are processed in the final s.IV, or the survey stage, for defining the analytical
model (AM), proposing in that way a set of principal bioclimatic building strategies related to an
analysed geographical location.
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a. Stage I (s.I)—Data Handling

Present-day weather data:


files formatted as typical meteorological year (TMY) list hourly values of weather data for a
specific geographical location;



EnergyPlus weather data [92] web-site provides weather data files in EnergyPlus weather
(EPW) file format for a large part of major world cities according to a network of weather
stations around the world;



for specific geographical locations not included in the EnergyPlus weather data web-site
(e.g., nearby geographical location, multiple weather stations in the same area, etc.), data can
be obtained alternatively using Meteonorm [90] software;



previously acquired weather data files are further managed with Climate Consultant [87]
software aimed for conversion, sorting and filtering of selected parameters.

Climate change (CC) weather data:


climate change model weather data input are formatted as a version of typical
meteorological year (TYM) converging the present-day climate database. This phase applies
Climate change world weather file generator (CCWorldWeatherGen) [96] computer
software with incorporated coupled atmosphere-ocean general circulation model
(AOGCM) defined as HadCM3 (Hadley Centre Coupled Model, version 3) developed in
Hadley Centre for Climate Prediction and Research (Met Office, United Kingdom) [99,100].
Climate change data considers the storyline “A2” [30] using HadCM3 climate data of “A2”
scenario ensemble [101] projected in this software as two fixed time-frames—horizons of
2050 and 2080.

b. Stage II (s.II)—Risk Identification


weather data comparison of generated present-day with applied climate change model
weather data using selected display methods for an overview of similarities and
dissimilarities. Outputs are filtered, sorted and arranged through charts, tables, heat-maps,
etc.



climate change impact model displays observed climate change effects and key-findings.
For the purpose of this analysis, the methodology climatic potential for natural ventilation
(CPNV) [64] is adopted for a comparative visualization and valorisation of NV potential
related to specific local climate conditions. CPNV calculates a total number of hours during
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a calendar year for a theoretical acceptable use of NV inside a defined schedule for a suitable
NV operation in this region—from April to October, during day and night [66].

c. Stage III (s.III)—Adaptation


sensitivity: defining a sensitivity profile or a liable level to be affected by climate change,
human comfort needs, estimated level of building sensitivity, etc.;



exposure: determination of potential risks; a state of level without protection; mitigate
climate change impacts: estimated levels of building exposure and a potential vulnerability,
etc.;



resilience: available bioclimatic architectural design techniques and strategies for a specific
region; a level of preparedness for future estimated climate change threats; analyses related
to estimated level of building resilience, etc.

d. Stage IV (s.IV)—Survey


defines the analytical model (AM) with a set of general bioclimatic building strategies;



analyses considering the question: how identified climate change key-aspects for a
particular geographical location could affect an architectural project design?—seen as a
survey of positive and negative identified factors of the impact of climate change;



applying principal bioclimatic architectural design strategies according to general regional,
climatic and technological possibilities.

2.

Climate Change Response (CCR)

The following Climate change response (CCR) analytical procedure is divided into five
stages (s.1–s.5) (Figure 34).

Figure 34. Schematic diagram of climate change response (CCR) analytical procedure (source: by
author, 2018 and 2020).
GEO-CLIMATIC POTENTIAL FOR ADVANCED NATURAL VENTILATION COMFORT COOLING APPROACH IN MID-RISE OFFICE
BUILDINGS IN THE NORTH-WESTERN MEDITERRANEAN
author: Nikola Pesic

62 of 267

1.6 Research Methodology

The methodology is founded on a building performance simulation (BPS) of a hypothetical
building model calculated under predicted future climate change effects. The focus is on calculations
of building comfort cooling and/or heating energy demands, which depends on the region in
question.
The CCR technique applies a set of bioclimatic architectural design strategies for a
hypothetical building model designed to efficiently cope with estimated future climate change
conditions in a particular geographical location. The procedure is conceived along following stages:



Stage 1 (s.1): defined as analytical model, is an initial input defined in the previous CCS
process (on page 59);



Stage 2 (s.2): related to the selected human thermal comfort standard and a corresponding
acceptability range model (e.g., ASHRAE standard 2017-55, CEN Standard ISO
15251:2006, etc.);



Stage 3 (s.3): in the first part of this stage is considered a range of available bioclimatic
building’s tools, techniques and strategies, which are upon a selection process further
processed for defining a specific series of action plans. The result of this stage is seen as a
formed line of building components that can be incorporated into a building model;



Stage 4 (s.4): BPS of a hypothetical building model using DesignBuilder [91] software
program. A performance simulation includes two models: the reference building model no. 1
(RBM1) and the reference building model no. 2 (RBM2)—the same building model
analysed under two different weather conditions, e.g., present-day and applied climate
change conditions;



Stage 5 (s.5): a proposed number of building models aimed to analyse and improve the
overall level of energy efficiency. A set of building models (three models in this case: BM1,
BM2 and BM3) are proposed as a response to climate change effects with a variation of
applied strategies. This stage is summarized by displaying comparative charts and tables of
generated outputs for each model. A model that shows an advantageous energy efficiency
performance is selected for the next phase—model adjustments that incorporates possible
favourable components from the previous BM1, BM2 and BM3. In that manner is defined a
response model (RM), as the final output of the applied CCR technique. RM represents a
preliminary proposed reference building form which responds, with an estimated level, to
previously projected climate change effects.

.
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Data-in-Brief

Table 3. Overview of general research methods, subject areas and acquired data

Subject area:

 comfort cooling energy efficiency in mid-rise office buildings;
 natural ventilation principles;


More specific
subject area:

estimated regional impact of climate change.

 geo-climatic conditions in the North-Western Mediterranean;
 integration of advanced natural ventilation (ANV) system;
 mid-rise office buildings;
 comfort cooling potential;
 analytical procedures;
 building performance simulation (BPS);
 evaluation of energy efficiency levels according to applied ventilative strategies;
 comparative analyses and overviews;
 identifying climate change threats for horizons of 2050 and 2080;
 raising a resilience level with a defined climate responsive building form.

Type of data:

 table; graph; chart; figure; matrix; heat-map; BPS, computational fluid
dynamics (CFD).

How data was
acquired:

 available world and local meteorological data;
 values calculated by equations;
 extracting, sorting and filtering meteorological statistics and input with
ClimateConsultant software;
 generating future climate conditions and statistics using Climate change world
weather file generator (CCWorldWeatherGen) that incorporates the Hadley
Centre Coupled Model version 3 (HadCM3) with emissions scenario “A2” for
climate change projections for 2050 and 2080;
 BPS in DesignBuilder software; sorting and filtering statistics in Excel software.

Data format:

 analysed and processed raw statistics in corresponding software files: .epw,
.xlsx, .doc, .docx, .dsb, .pdf, .psd, .jpg, .tiff, etc.

Experimental
factors:

 in BPS: a set of building models with differently applied natural ventilative
strategies and techniques are exposed to projected climate change scenarios, for
2050 and 2080; quantitative evaluation of observed building performances;
 tests based on calculations and trial and error approach.

Experimental
features:

 comparative tables, charts and graphs; BPS: different building
models/configurations exposed to predicted climate change conditions for
adjusting and optimizing control strategies for energy efficiency and ventilation
and/or comfort cooling operations;
 series of computational fluid dynamics (CFD) analyses for adjusting ANV based
airflow patterns and defined building’s components along air circulation
directions;
 optimization of control strategies, defining a climate responsive building form as
a building prototype according to regional climate configuration.
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1.7 Significance of Research

Significance of Research

This research is geographically focused on the coastal territory of Catalonia, portrayed as a
highly populated area with proportionally substantial level of investments in the building sector.
Regarding further in this regional context, the final goal of the current energy transition of Catalonia
is defined as a model called “100% renewable in the year 2050” [112], in that respect, nowadays is
present a broad seek of new renewable energy sources with its parallel rapid deployment in regional
interrelated sectors. Thereby, the process of substitution of non-renewable energy sources is
strategically managed as a national priority, from the local level of Catalonia, across Spain’s federal
level, up to the EU’s policies in this sector.
Against this background, this research explores, defines and evaluates a series of specific
advanced natural ventilation (ANV) based strategies. The objective is to display which proportion of
building's comfort cooling energy demands could be reduced with an adequate use of ANV
approach, seen in this context as the renewable energy source.
This investigation could raise a certain level of interests in the scientific community and as
well in professional and political sectors, as the research content correlates present and estimated
future regional climate conditions reflected on space cooling energy loads in mid-rise office
buildings. In addition, this study sheds light on aspects concerning a raise of building’s climate
resilience level with a defined climate responsive building form. The overall outcome is a developed
building prototype with incorporated bioclimatic techniques in the domain of natural ventilation
systems. It is worth to note that ANV method is based on mostly conventional and accessible
technologies, comparing to other more sophisticated techniques with a higher level of investments
and a limited availability of particular systems’ components depending on a specific region.
Final results display evaluated rates in decrease of building cooling energy loads generated
by each of defined ventilation modes. The purpose is to bring ANV approach on the field with other
contemporary energy efficient techniques, showing in that manner its considered capabilities and as
well a general climatic availability for a possible participation with other compatible techniques in
this domain. In that way, more complex ventilative systems could be determined, capable delivering
considerable cuts in cooling energy loads in buildings while counting ANV method as one of its
integrated and legitimate components.
The summary of this research is useful for an early design stage as a preliminary valorisation
of ANV use. The aim is to promote the application of ANV systems from currently isolated projects
to large-scale scenarios for the purpose of obtaining a more effective level of impact of energy
savings on the regional electrical grid.
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2.1.

Introduction

2.1.1.

World Population Growth and Buildings Sector Energy Loads

In the last 100 years the world population has grown from 1.60 to 7.35 billion [113], and
since 1950, the global population has tripled (Figure 35a).

(a)

(b)

Figure 35. (a) Annual growth rate of the world population 1700–2100 (source: R. Max, R. Hannah,
and O.-O. Esteban, “World Population Growth,” Our World in Data, 2020 [114]); (b) world
population size and annual growth rate 1950–2020, and medium-variant projection with 95 per cent
prediction intervals, 2020–2100 (source: United Nations—UN, World Population Prospects 2019.
2019 [65]).

With observed projections, the total number of people worldwide is estimated to reach the
level of 8.5 billion in 2030, 9.7 billion in 2050 and 10.9 billion in 2100 (Figure 35b) [65].

(a)

(b)

Figure 36. (a) carbon-dioxide (CO₂) and Greenhouse Gas Emissions [t] 1751–2017 (source: H.
Ritchie and M. Roser, “CO₂ and Greenhouse Gas Emissions,” Our World in Data, 2020 [115]); (b)
world consumption emission of carbon-dioxide (CO₂) [t] 1960–2018 (source: “Global Carbon
Project—GCP,” The Global Carbon Project. World Consumption Emission 1960-2018, 2020 [116]).

The consumption of energy sources was also gradually increased, proportionally with the
continuous world population rapid growth since the beginning of the Industrial Revolution (Figure
36a). This trend reached in 2018 a yearly level of total world emission of CO₂ at 36,573 Mt (Figure
36b) [117], with the registered annual increase level of +2.7% [116].
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Figure 37. Graphical representation of data: world final energy consumption by sector and buildings
energy mix, 2010 data. (source: International Energy Agency—IEA. “Transition to Sustainable
Buildings: Strategies and Opportunities to 2050”, 2013 [118]).

The world’s building sector, comprising residential and service sectors, consumes about
35% of total global final energy (Figure 37) [119], and at the EU’s level it accounts about 59% of the
gross total energy demands [120]. According to the World Energy Council’s set of scenarios, world
electricity demand will double to 2060, comparing to 2014 data as reference. This estimation is
founded on the future expansion of enabling technologies and the rapid growth of the world’s middle
class with its generally improved standard of living, with respect to the consumption on the
individual level [121].
Facing near future effects along the decarbonisation route, a certain level of energy poverty
could be increased proportionally with a rise of energy prices. These aspects could induce a
large-scale impact on a built environment and on principal managing policies of remaining energy
resources in the future, affecting in that way complexly interrelated sectors [122]. Broadly, the
building sector is presumed to play an important part in energy transition from the point of reduction
of overall energy demands [86], and on that level, office-type of buildings are evaluated as the
second largest energy consumer in the non-residential group [84].

2.1.2.

Regional Energy Transition

The Mediterranean Basin is marked with a rapid urban development that has led to a broad
heavy concentration of population across coastal urban settlements with a common
over-development effect.
With reference to the Southern European Mediterranean coast, the most populated regions
are located along the coastline of the Iberian Peninsula, the western Adriatic coast and the Aegean
coastal region (Figure 38 on next page) [123].
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Figure 38. Geographical map of the Mediterranean Basin with population in urban centres, 2010
(source: Programme/Mediterranean. United Nations Environment—UNEP/MAP: State of the
Mediterranean Marine and Coastal Environment, Barcelona Convention, Athens, 2012. [123]).

The European Union (EU)
The EU’s member states, regarded as developed and high-income countries, have a high
level of energy demands with a proportionally large so-called ecological footprint.

Table 4. Ecological footprint for the Mediterranean region, by country (source: Galli A, Moore D,
Brooks N, Iha K, Cranston G. Mediterranean ecological footprint trends. 2012 [124]).

Regarding the Mediterranean Basin, the total ecological footprint of all countries exceeds
local bio-capacity by more than 150%. Zooming in, Spain is ranked as the third country in the
Mediterranean region, with 214 million gha, just after levels of France and Italy (Table 4 on previous
page) [124].
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Since the consideration for the environmental impact and energy efficiency arose at the
world level, the EU defined a series of action plans for managing building energy demands and the
extended use of renewable energy sources. Today’s energy efficiency primary objectives in the
building sector among the EU’s member states are [125]:


decreasing progressively heating and cooling energy demands,



expanding the distribution of renewable energy sources.
Currently in the EU, 45% of energy for heating and cooling is used in the residential sector,

37% in the industry and 18% in the service sector. Each building sector has an ability to decrease
energy demands and to increase energy efficiency and supply from renewable energy sources [84]. In
2015, the EU’s share of renewable energy sources in the total final energy demands was 16.4%, from
which approximately 8% was deployed for buildings’ heating and cooling purposes [126,127].

Spain
Spain, as the member state of the EU, is currently in the so-called energy transition, that is to
say, in the implementation process of renewable energy sources and energy efficiency in its national
power system—seen also as a decarbonisation process.

Figure 39. Analysis of the EU’s environmental targets: 2020, 2030 and 2050 (source: “A sustainable
energy model for Spain in 2050: Policy recommendations for the energy transition,” Deloitte, 2016
[128]).

In that respect, the EU’s outlined target for Spain’s federal energy sector reform is to have
20% of renewable energies in the gross final energy consumption by the year 2020, and 27% by 2030
as a planned the EU’s minimum, with a revision stage for the possible increase to 30% (Figure 39).
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The level of implementation in 2016 was 17.3%, which was ahead of the projected objective
of 12.1% [129]. However, the positive image of “the progress made in achieving the objectives has
basically been due to the development of renewable power generation and the economic crisis that
has led to a decrease in energy consumption, but not to a structural change in final energy
consumption” [128].

Figure 40. Graphical representation: comparison overview between highest levels of renewable
energy penetration in the EU’s member state countries in 2013 (source: “A sustainable energy model
for Spain in 2050: Policy recommendations for the energy transition,” Deloitte, 2016 [128]).

The level of integration of renewable energy sources in 2016 was at 40%—the achieved
level right after Sweden and Denmark, which are seen as leaders in this process [128] (Figure 40).

Catalonia
Catalonia, as an autonomous community of Spain, defined at its level a preliminary energy
efficiency program in a form of “Bases for Constituting the National Agreement for the Energy
Transition of Catalonia“ [112], announced as a national priority project that defines a transition
model for the period 2017–2050.
The first phase for 2020 is determined the same as at the Spain’s federal level. Nevertheless,
the intention for 2030 is achieving 70% presence of renewable energy sources, and the final objective
is an ambitious model named “100% renewable in the year 2050” for Catalonia’s energy system.
According to the local policy, the ambition is to gain a higher “energetic independence” and to
develop “an energy efficient and competitive country” [112].
Although the province has built a widely popular image of a region with an advanced level
of use of renewable energy sources with accessibility to contemporary and advanced energy efficient
technologies, however, in the sector of its electric energy production clearly dominates the nuclear
power source with 49.1%, leading in that manner a large group of unsustainable energy sources that
take a total part of 79.5% in Catalonia’s energy production (Figure 41 on next page) [130,131].
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(a)

(b)

Figure 41. Production of electric energy in 2018: (a) total gross electric energy production by energy
source [%]; (b) group of renewable sources [%] (source: Instituto Catalán de Energía—ICAEN.
Balanç Energètic de Catalunya 2017 i Balanç Elèctric 2018, Barcelona; 2019 [130]).

In the overall energy balance of Catalonia’s power system, a group of renewable energy
sources participate with 20.5%, where primary ones are: hydropower 12.4%, wind power 6.3%,
photovoltaic power 0.9% and a categorized group of other or minor renewable energy sources,
forming in total 0.9% (Figure 41) [130].

(a)

(b)

(c)

Figure 42. Graphical representation of data: gross energy consumption in Catalonia in 2017: (a)
primary energy by source [%]; (b) final energy by source [%]; (c) final energy by sector [%] (source:
Instituto Catalán de Energía—ICAEN. “Balance energético de Cataluña any 2017”, 2018 [132]).

In Catalonia’s overall energy consumption balance, among three primary sources dominates
nuclear power with 25.0% and natural gas with 21.9%, and both are after petroleum, as the primary
supply of energy in Catalonia (Figure 42a). Regarded as a final energy form, the electric energy
stays the second with 26.5% while a group of renewable energy sources represents 3.3% (Figure
42b). The building sector consumes 26.4% of the final energy, distributed on the service sector
12.2% and households as 14.2% (Figure 42c) [132]. Although Catalonia manages to reduce the
average yearly final electricity consumption by –0.6% (at Spain’s federal level the current average
yearly growth is –1.2%) [133], however at the five-year level (2013–2017) it still indicates an overall
rise of final energy consumption with an average value of +2.3% per year [130]. With respect to
these issues, current energy transition objectives are oriented to a broad seek and implementation of
renewable energy resources in all local sectors, taking into account also a reduction of a regional
level of energy dependence.
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Analysing the updated Köppen–Geiger climate classification system [8], four climate types
dominate along the northern Mediterranean: Csa (hot-summer Mediterranean climate), Cfa (humid
subtropical climate), BSh (hot semi-arid climate) and BSk (semi-arid or steppe climate).

Figure 43. Geographical map of the Mediterranean region with Köppen–Geiger climate classification
system (source: Kottek, M., J. Grieser, C. Beck, B. Rudolf, and F. Rubel. 2006. “World Map of the
Köppen–Geiger climate classification updated”. Meteorol. Z., no. 15: 259–263; map “High-resolution
map and data, version March 2017 [8], generated by Google Earth [9] software; post-processed image
by author, 2020).

Csa is the typical climate in the Mediterranean region along the coastline, BSh type covers
minor and isolated areas of the seaside of the Iberian and the Apennine Peninsulas and a large part of
Cyprus, while parts affected with the inland weather conditions are categorized as type. Mainly
continental and lower mountain range areas along the coastline are defined as Cfa climate type BSk
(Figure 43).
For comparative analyses with the coastal region of Catalonia are chosen seven additional
geographical locations across seven EU’s countries. Principally are defined as major regional
port-cities or as cities in wider coastal regions: Valencia (Spain), Marseille (France), Rome (Italy),
Koper (Slovenia), Split (Croatia), Athens (Greece) and Nicosia (Cyprus) (Figure 43 above, Table 7
on page 129).
Particular locations of chosen cities across the climatic landscape of the Northern
Mediterranean represent also previously displayed dominant regional climate types. The purpose is
to present comparative overviews of the Mediterranean climate types related to present-day regional
geo-energetic scene.
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Analysing seven EU’s member states selected for this analysis, gross electricity production
by fuel shows that coal power source dominates in Greece (34.0%) and Slovenia (28.3%) while the
electricity generated from gas prevails in Italy (44.8%), Greece (26.0%), Croatia (25.3%) and Spain
(20.9%) (Figure 44) [134].

Figure 44. Graphical representation of data: comparative overview between levels of gross electricity
generation by source [%]; 2018 data; Spain, France, Italy, Slovenia, Croatia, Greece and Cyprus
(source: International Energy Agency—IEA. Electricity generation by source. Paris; 2020 [134];
dataset arranged and edited by author, 2020).

Electricity produced from nuclear power dominates in France with 71.9%, and in Slovenia
and Spain it takes a part of 35.4% and 20.3%, respectively. Although Spain banned construction of
new nuclear reactors while the existing ones should be dismantled by 2022, France has plans to
expand nuclear capacities in the future [135]. Oil generally stays below the range of 10%, however
only in Cyprus it dominates in gross electricity generation at the high level of 91.3%. Renewable
energy sources gross electricity production by energy carrier displays each member state’s energy
efficient development policy that also largely reflects country’s available natural resources and fields
of general investments in energy efficient segments of power sector.

Figure 45. Graphical representation of data: comparative overview between levels of renewable
electricity generation by source (non-combustible) [%]; 2017 data; Spain, France, Italy, Slovenia,
Croatia, Greece and Cyprus (source: International Energy Agency—IEA. Renewable electricity
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generation by source, non-combustible. Paris; 2020 [136]; dataset arranged and edited by author,
2020).

Spain and Italy display a broad range of renewable energy forms participating in their
national power systems (Figure 45). The presented chart displays that primarily conventional
hydropower remains the main renewable energy source, particularly at a high rate of 94.9% in
Slovenia, and in Croatia 81.1%. Its participation is followed mainly by wind and solar energy
sources, as broadly second and third largest renewable energy sources in these countries [136].

Figure 46. Graphical representation of data: comparative overview between levels of average yearly
change in final electricity consumption [%]; 2016 data; Spain, France, Italy, Slovenia, Croatia, Greece
and Cyprus (source: European Environment Agency—EEA. Average annual percentage change in
final electricity consumption, 2016. Overview of electricity production and use in Europe [137];
dataset arranged and edited by author, 2020).

In relation to the average yearly change in final electricity consumption at a country level,
the highest growth rate of +0.9% is in Cyprus, while France, Slovenia, Croatia and Greece have a
yearly average change rate between +0.2% and +0.5% (Figure 46). Spain and Italy show a decrease
in electricity consumption of –0.4% and –0.5% respectively [137].
Since 2004, the EU’s imports of energy from non-member countries have been greater than
its primary production, so that in 2015 it reached a dependency level at 54% [138].

Figure 47. Graphical representation of data: comparative overview between levels of energy imports
dependency [%]; 2018 data; Spain, France, Italy, Slovenia, Croatia, Greece and Cyprus (source:
Statistical office of the European Union—EUROSTAT. Energy imports dependency, 2018. Brussels,
Belgium; 2020 [139]; dataset arranged and edited by author, 2020).
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Among the group of seven selected Mediterranean countries, the highest energy dependence
level is in Cyprus—92.5%, while the levels of Spain, Italy and Greece are in range between 70% and
80% (Figure 47) [139]. France, Slovenia and Croatia maintain energy dependence rates below 55%.

2.2.2.

Cooling Energy Consumption in the Building Sector
Zooming in at cooling energy demands by each EU’s member state, and looking further on

regional climate configurations, the Southern Europe is the most vulnerable in that terms, where
Spain has among the highest cooling energy loads in EU’s building service sector [84,85]. Electricity
loads for comfort cooling at the EU’s level are constantly intensifying [140]. This refers particularly
to the Southern European region as a result of general comfort cooling requirements, additionally
increased by global warming effects [141]. With regard to these facts, that kind of growth in AC
intensity during summer cooling period may produce so-called peak-loads in electricity network—an
effect that occurs during the day-time when the solar irradiation level is the highest [142]. Energy
systems are commonly designed to meet corresponding demands but in cases when loads are
unexpectedly high, electricity generators run relatively inefficient and high-pollutant auxiliary power
plants [143]. In this context, appropriate measures and methods for a decrease of buildings’ overall
cooling loads should be applied with active and passive cooling strategies by increasing the overall
potential for energy savings [144].
Today’s buildings’ cooling and ventilation systems are mainly powered by electricity [145],
and as electric AC technology prevails in the current buildings cooling market, space cooling energy
demands are mostly hidden in the overall electricity consumption data [146]. In this regard, the gross
final comfort cooling energy demands at the EU’s level are largely unknown so that such data are
mainly based on assumptions from related contemporary analyses.
Pardo et al. [83] mapped space heating and cooling energy loads at the EU’s level by each
building sector. This report includes analysis divided into different groups of member states with a
closer look at the United Kingdom, France and Germany. Tvärne et al. [147] conducted an analysis
about the district cooling market, displaying current and future estimated trends of energy demands.
Kemna and Acedo [148] calculated space cooling loads for 28 EU members’ capital cities in order to
obtain an estimated gross cooling demands at the EU’s level. Pezzutto et al. [149] evaluated heating
and cooling demands for residential and service sectors systemizing data for two groups of countries.
Person and Werner [150] presented an overview of current cooling supplies for each EU’s
country. The report includes a comparison of gross cooling consumption with other relevant works.
Werner [151] estimated yearly electricity consumption for comfort cooling divided by the service
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and residential building sector for each member state. This research is based for the first time on
actual measurements of cooling loads. Connolly [152] conducted an analysis calculating economic
values of electricity and contrasting energy demands in heating and cooling sectors and electricity for
each EU country. The analysis is later focused on the energy overview and peak-loads in the Czech
Republic, Italy, Romania and United Kingdom. Jakubcionis and Carlsson [85,142] carried out two
analyses quantifying yearly building space cooling loads for the residential and service sector by
each EU’s country.

Figure 48. Graphical representation of data: comparative overview between levels of estimated
additional final electricity [TWh/a] for space cooling of the building service sector (data source: M.
Jakubcionis, J. Carlsson. 2018. “Estimation of European Union service sector space cooling potential”
[85]; dataset arranged and edited by author, 2018).

The article evaluated additional yearly final electricity consumption for cooling of service
sector buildings by each EU’s country (Figure 48). The highest increases are likely to occur in Italy
(3.0 TWh/a), France (2.1 TWh/a) and Spain (1.6 TWh/a), compared to rates in Slovenia, Croatia,
Greece and Cyprus that are all below 0.5 TWh/a. The following chart displays the share of published
results in the total yearly electricity demands by each of seven EU’s countries—as minimum,
average and maximum estimated yearly electricity load deployed in the service sector comfort
cooling (Figure 49).

Figure 49. Graphical representation of data: comparative overview between levels of estimated
service sector yearly space cooling demands [%]—minimum, average and maximum values, in total
yearly electricity demand (data sources: Energy Policy; International Energy Agency—IEA, year 2014
data; M. Jakubcionis, J. Carlsson. 2018. “Estimation of European Union service sector space cooling
potential” [85]; dataset arranged and edited by author, 2020).
GEO-CLIMATIC POTENTIAL FOR ADVANCED NATURAL VENTILATION COMFORT COOLING APPROACH IN MID-RISE OFFICE
BUILDINGS IN THE NORTH-WESTERN MEDITERRANEAN
author: Nikola Pesic

78 of 267

2.2 Regional Energy Landscape

Figure 50. Graphical representation: comparative overview between levels of total yearly cooling
degree day (CDD); 2013–2017 data; Spain, France, Italy, Slovenia, Croatia, Greece and Cyprus
(source: Statistical office of the European Union—EUROSTAT. Cooling and heating degree days by
country—annual data. Brussels; 2020 [153]; dataset arranged and edited by author, 2020).

Figure 50 displays the comparison of CDD values for the five-year period (2013–2017) by
each country [153]. Climate conditions in Cyprus induce the highest values, followed by CDD rates
in Greece, Spain and Italy. These parameters partially indicate trends in increase of cooling energy
demands (see Figure 49 on page 77), which are also related to current climate change effects.

Principally, the Mediterranean region is observed with the highest CDD values among the
EU’s member states, where Spain and Italy together with the Aegean region have the highest values
with reference to the history of CDD recordings 1981–2010. These trends should be taken into
consideration as well for future estimated climate change effects as reflected proportionally on the
increase of overall CDD rates for this region [15]. At the end, parallel with overall tendencies for an
improvement of building sector’s energy efficient capacities, another benefit in such a process, from
a local point of view, is that buildings with incorporated low-energy strategies are certainly more
valued on a modern building market than buildings without [154].
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Ventilation in Historical Context

Ventilation in buildings is a process of supplying and removing the air from an enclosed
building space with particular established air circulations generated by natural, mechanical or
combination of both principles. From the point of view of human comfort conditions, the purpose of
ventilation process is to deliver the fresh air into a building space, to reduce and exhaust potential
pollutants, and in case for space cooling purposes, to provide a certain level of decrease of indoor air
temperatures, predominantly during a typical regional buildings’ comfort cooling season.
A proper ventilation process in modern building design is determined and balanced with
various parameters, considering cooling and heating purposes. Fundamental settings are oriented
towards following issues:


to establish and maintain a certain level of designed thermal comfort conditions for building
occupants;



to sustain as lower as possible energy demands while establishing and providing defined
human thermal comfort conditions.
A basic ventilation purpose is to eliminate negative effects for building’s occupants in terms

of bad odours, carbon dioxide gas, dust, aerosols and toxic gases resulting from human activity,
excessive heat, etc. [155].
With respect to common urban environments in developed parts of the world, most of people
spend a great part of time in buildings equipped with some sort of ventilation systems. In that respect,
the purpose of ventilative systems is to establish a comfortable and controllable microclimate
conditions in an enclosed building space that may be planned as alternatively and more comfortable
then outdoor climate conditions, as potentially unfavourable in these terms.

2.3.1.

Introduction of Mechanical Ventilation
With the beginning of the Industrial Revolution, in the second half of the 18th century started

also a general technological transformation of buildings with a for the first time large-scale process
of implementation of mechanical ventilative systems. Such emerging method in air circulation
techniques in buildings primarily stays to these days unchanged, defined as a forced type of
ventilation and is mainly generated by power fans or blowers, producing in that manner the air
movement in and out of a particular enclosed building space. This principle is also defined as
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pressure ventilation, and regarded further, it may be considered as a type of supply or exhaust
ventilation, or a combination of both these principles.
Throughout a large part of the 20th century, raising standardized methods in building design
established a common type of buildings equipped completely with HVAC (heating, ventilation, and
air conditioning) systems, characterized as often complex in its design and with a need for a constant
maintenance, especially in previous epochs with a regard to then applied technologies. In addition,
beside that is required a large space for the placement of central units and equipment, mechanical
ventilative systems are also featured with a network of required installations and distribution units.
In that manner, in relation to parts of the world with warm weather conditions, a general
design method was to seal-up a building’s envelope and to use HVAC systems in order to bring
indoor environment to desired setup temperature values. Proportionally, particular levels of energy
loads are required in order to establish and maintain that kind of defined indoor comfort parameters
against exterior climate conditions. In this respect, a corresponding established common building
type became actually a disconnected structure from its surroundings, oriented more towards inside in
a form of a hermetic glass prism [156]. From that perspective, such an established model was
representing a sealed building-type with a large glazed envelope and as well, a high level of cooling
energy demands, regarding from today’s perspective of modern standards in energy efficiency.
Beside high levels of energy loads, in such sealed-type of buildings, equipped with
mechanical ventilative systems, progressively a large list of health concerns were identified related
to work environments that produce direct or indirect negative consequences on buildings’ occupants.
In a large volume of contemporary works related to this field, unfavourable effects on work
environment and human health produced by AC systems are defined also as a part of workspace
related illnesses. Examples of such identified consequences are summarized as follows [157]:


neurotoxic disorder (NTD),



building-related illness (BRI),



mass psychogenic illness (MPI),



sick building syndrome (SBS).
However, today’s AC systems stay in an extensive use around the world as a common and

affordable mean for comfort cooling from one side, and from the other, as a part of the modern
everyday style and expected personalized comfort level, where is sufficient just to setup the desired
indoor temperature related to individual needs [158].
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The indoor air quality (IAQ) is therefore fundamental to people’s health and well-being in
the domain of natural ventilative means, comparing with previously displayed negative effects of
sealed AC systems. In addition, AC-based approach, regarded from the point of view of an adaption
process to estimated climate change effects, has clear disadvantages, particularly because of
increased power consumption with proportionally higher levels of CO₂ emissions.
Overall disadvantages of mechanical ventilative systems can be summarized as:


complex design and installation process;



constant maintenance of equipment results in additional costs;



large space for central equipment, particularly in high-rise buildings;



large network of distribution units and installations throughout a building;



high levels of cooling energy consumption with peak electricity demands in summer;



applied AC-based systems may result in workspace related illnesses.

2.3.2.

Resurgence of Natural Ventilation

Progressively with the expansion of mechanical ventilative systems, traditional NV
principles founded on a relation between regional climate and building knowledge accumulated over
centuries, had been gradually abandoned in contemporary building design [156]. NV-based passive
techniques in previous epochs were related to ecological and sustainable aspects, particularly in
urban environments, requiring in that manner “less anthropogenic transformations of the original
physical environment” [159].
While HVAC approach was dominating in the second half of the 20th century, the 1970s was
the decade marked with the global oil crisis when became evident that world primary energy sources
are limited, i.e., fossil fuels: coal, oil and natural gas. In the 1990s and 2000s began global initiatives
on various levels, largely through forms of international agreements, protocols and amendments.
Some of the most important generators of new tendencies in that field can be outlined as
follows:


series of continuous European regulations issued by the EU;



“Montreal Protocol—Protocol on Substances That Deplete the Ozone Layer” (1987) [160];
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“Kyoto Protocol” (1997) [161], a global initiative for reduction of the global warming by
reducing greenhouse gas concentrations in the atmosphere with a list of six specific chemical
compounds:

carbon-dioxide

hydrofluorocarbons


(CO₂),

methane

, perfluorocarbons (

(CH₄),

nitrous

oxide

) and sulphur hexafluoride (

(N₂O),
;

“Paris Agreement” (2015) [162] determined a long-term temperature goal in order to keep
the decrease of the global average temperature.
In the same way, new movements also began in the contemporary architecture, e.g.,

Passivhaus [163], green architecture, solar architecture, sustainable architecture, etc., where all
propagated implementation of sustainable design and building energy efficiency through a series of
developed building models named as Low-energy house or Zero-energy building, etc. Parallel,
processes of standardization were developed that led to first forms of certifications (e.g.,
LEED—Leadership in Energy and Environmental Design).

As a contemporary building design process became more complex and an interrelated
multifunctional task, that kind of trend induced a development and implementation of building
information modelling (BIM) processes followed with building performance simulations (BPS)
software tools. At the end, all intentions are based on premises to make the most of global energy
renewable sources, as a broader attempt in moving towards overall energy efficient architecture. In
the field of ventilative systems in buildings, today’s objectives are focused on achieving a higher
level of energy efficiency with a broadly healthier indoor environments for buildings’ occupants
according to continuously updated series of standards and normative in the field of human thermal
comfort conditions.

The general concept today concerning thermal installations in buildings is to provide aspects
of thermal well-being with a rational use of energy. This course is particularly taken at Spanish
state-level with an implementation and continuously updating of the regulatory framework defined
as Regulation of Thermal Installations in Buildings (Reglamento de Instalaciones Térmicas en
Edificios—RITE) [164].

Emerging series of adaptive human thermal comfort standards became more as climatically
relevant prescriptions [165] with the aim to establish a climate responsive building structures. At the
end, all these tendencies are also pointed towards increasing a productivity level of occupants, and
indirectly—achieving the social long-term benefits while decreasing overall energy consumption in
buildings.
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Advantageous aspects of such improved indoor environments can be summarized along
following factors [28]:


improved productivity rate,



increased profits,



greater levels of health, comfort and satisfaction in working environments,



reduced health care costs.
Since concerns for the human environment and energy efficiency emerged on the world

scale, natural ventilative (NV) cooling strategies became key-components in the modern energy
efficient building design. NV passive techniques are deeply rooted throughout the history and
nowadays are updated according to new investigations in fields of the human hygrothermal comfort
and the sustainable building design.
Passive NV cooling strategies have a long tradition in vernacular architecture and today are
revised according to new research in the field of human thermal comfort qualities. That sort of
revalorized techniques are introduced in the modern building concept in accordance with today’s
normative and so became associated with main principles in the contemporary sustainable building
design. Natural ventilative based features are applied in passive and low or zero-energy buildings
concepts and are characterized with the possibility to maintain indoor thermal comfort levels with
entire or partial decrease of building cooling energy demands.
A new era began in building design approach taking into account that the air is the
sustainable and practically unlimited energy source in the context of now propagated reinterpretation
of traditional NV principles.
Since cooling capacity levels of NV are principally limited, a key-design challenge is to
limit heat gains through an adequate control of solar and indoor heat gains. The main design method
is based in the perspective that NV-based buildings do not aim to achieve constant indoor controlled
conditions, as it was commonly considered in the era of a large expansion of mechanical systems, but
rather to take advantage of dynamics in order to provide comfortable and partially controllable
conditions for occupants [166].
Natural ventilative building space cooling is founded on a traditional technical knowledge of
climate and local environment respecting that “the air-circulation was one of the principal considered
aspects for the vernacular architecture design” [156] in order to achieve "a harmony between climate,
architecture and people” [28].
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(a)

(b)

Figure 51. Diagrams: (a) open design process; (b) closed design process (source: Zunde J.; Bougdah
H. Technologies of architecture vol.1: Integrated Strategies in Architecture. London: Taylor &
Francis, 2006 [167]).

Corresponding past-time NV techniques are now reinterpreted in a new way complying with
the contemporary architectural design and building technologies, also seen as a specific energy
transition in design approach—from open to closed building concepts (Figure 51).
However, stays that common standards and normative in this domain should be examined
with the purpose to encourage an implementation of low-energy NV solutions [168]. NV-based
systems mostly have a lower cost of implementation than mechanical systems, while promoting a
contact of occupants with an environment, forming in that manner indoor conditions with thermal
comfort values more related with the reality (changeable weather conditions) than with strict setup
parameters for control of HVAC systems [169]. In relation to previously elaborated issues, the
general tendency today in architectural design based on NV-principles is towards a concept of
breathing architecture [22], establishing in those terms a climate responsive building form. Along
the following lines can be outlined selected key-advantages of NV-based systems:


reduction of building comfort cooling energy demands;



simple maintenance and low additional costs; low level of energy dependence;



system is often simplified and reduced compared to mechanical systems;



does not require large space for central equipment and installations;



convenient ventilative strategy for buildings or regions that cannot afford expensive
mechanical systems;



basic passive function of NV can be undisturbed in case of electric power shortage;



air-circulation can be theoretically generated 24/7, i.e., day- and night-time NV operations,
contrary to solar energy as a diurnal type of renewable energy source;
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Natural ventilation (NV) principles are based on natural forces generating air movements
along indoor airflow paths, in which process the outdoor fresh air is drawn into buildings’ enclosed
spaces while the exhaust air is driven-out. An adequate building’s spatial organization, regarding
primary its interconnections, provides proper airflow patterns for undisturbed air circulations. For a
ventilative process, such established directions of air movements can be defined as vertical or
horizontal types, or a combination of both these directions.
In the field of modern building design and energy consumption, defining that a particular
building is ventilated on a basis of an implemented NV-based comfort cooling method, implies that a
level of energy loads for a common AC operational system is completely minimized or at least
reduced to a certain level [170].
In this domain, a general building design process includes different stages—from an
appropriate application of fundamental principles for generating air movement up to a wide range of
available NV-based methods, i.e., from application of a simple NV strategies up to multilevel
operative systems, including also particular assisted techniques. In modern building design, the
application of NV-based systems is aimed to achieve two main points of performances for both space
ventilation and cooling processes [166]:


to maintain an adequate level of indoor air quality (IAQ),



to prevent the potential indoor overheating effect during peak summer temperatures.
A principal design approach for defining NV-based systems initiates on a macro plan

considering in the first place a building’s environment in terms of a local climate configuration and
how can be taken advantage of passive driving forces for generating proper NV-based techniques.
Once determined as a potential for generating NV principles, that kind of forces are further
interrelated principally with building heat gains as one of main parameters for calculations in this
domain. One of particularities is that parameters of NV-based systems are always varying [166], as
naturally ventilated buildings are often in a continuous response between indoor environment and
outdoor variable weather conditions [104] contrasting in that terms sealed-type structures with
installed mechanical ventilation. Taking these issues into account, standard calculation procedures
for NV systems are generally very complex, time consuming and might require expertise to be
performed in praxis [53].
Main driving forces for the air circulation are based on natural phenomena that are
producing pressure differences in particular areas. Broadly, an intensity of that sort of produced
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NV-based airflows in indoor conditions is correlated with a strength and direction of generated force
and with a factor of resistance of an determined airflow path [166]—focusing in these terms on
different elements as potential obstacles along an established air circulation direction, e.g., size of
openings, connections, installed control units, etc.
Two principle driving forces induce air movement into and out of a building’s enclosure
defined as:


wind force—generating force for wind-driven natural ventilation;



thermal buoyancy- or stack-effect—respectively, generating force for thermal buoyancy- or
stack-driven natural ventilation, also called as chimney effect.

2.4.1.

Wind-Driven Ventilation

The wind-driven ventilation principle is induced by varying surface pressures produced by
the wind force acting across building’s façade planes.

(a)

(b)

Figure 52. Photography of patterns of simulated airflows surrounding the building model: (a) plan; (b)
transverse section (source: V. Olgyay, Design with climate: Bioclimatic approach to architectural
regionalism: New and expanded edition. 2015 [171]).

When a building is exposed against wind airflow, a corresponding air movement is disturbed
and diverted above and around a building’s envelope (Figure 52). In that manner are created
particular zones with positive air pressures on a façade plane directly exposed to the wind, regarded
as a building windward, while on the rest of the envelope, on opposite or leeward sides, are formed
areas with negative air pressures.
The generated level of air pressure on a building’s envelope exposed to a wind air movement
predominantly depends on following factors [172]: wind direction, wind speed, air density, surface
orientation and surrounding conditions.
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For this sections are considered following main aspects of wind-driven ventilation:
1.

Wind pressure

2.

Airflow rate

3.

Cross ventilation (CV)

1.

Wind pressure
The generated phenomenon induced by the acting wind force on a building’s envelope is

defined as the air pressure difference—as produced various levels of air pressures in different zones
of an envelope, seen as positive and negative ones in comparison with a current atmospheric
pressure. Thereby, the pressure difference between two points on building’s façades determine
potential driving forces for generating so-called effect of the wind–driven natural ventilation through
a particular building enclosure.
The wind pressure or the velocity pressure (

) on a façade plane is calculated with the

following Bernoulli’s Equation (13), assuming no height change or pressure losses [172]:

[Pa]

(13)

where:
= wind (surface) pressure relative to outdoor static pressure in undisturbed flow [Pa]
= wind surface pressure coefficient [dimensionless]
= outdoor air density [kg/m³]
= wind speed at a considered height [m/s]

2.

Airflow rate
Taking into account a tendency for equalization of pressures in areas with generated air

pressure differences produced by the wind force, the outdoor air will enter any opening exposed to
such air circulation in any zone with a higher air pressure. In continuation, the delivered outdoor air
into a building’s enclosed space will be exhausted through any other opening located in a zone with a
lower level of air pressure or even in a part of the same inlet in case of an area with a formed lower air
pressure, taking into account the geometry of a particular opening (i.e., large windows can be in the
same time as inlet and outlet—bidirectional).
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The following Equation (14) expresses the airflow rate
opening

through a free area of inlet

produced by the wind force hitting a building’s envelope [172]:

[m³/s]

(14)

where:
= airflow rate [m³/s]
= coefficient of effectiveness of opening [dimensionless]
= free area of inlet opening [m²]
= wind speed [m/s]

3.

Cross ventilation (CV)
One of the main objectives in the field of energy efficiency in building design is to take

advantage of open-type of renewable energy sources, as it is in this case—the wind force. A
particular basic technique in building design for conducting the air movement induced by the wind
force pressure differentials is defined as the cross ventilation (CV) approach.
A direct use of simple CV principle can be generated when an enclosed building space
have façade openings positioned on two or more façade planes with accordingly formed zones with
the air pressure difference. CV air circulation depends on a configuration of façade inlets and
outlets in order that a balanced and efficient airflow could be established. Alternatively, a complex
CV approach can be applied through particular interconnected multiple building spaces by the
same principle. In both aspects, the wind-force induces an air movement when the outdoor fresh is
provided from one side, as a zone with a formed higher level of air pressure, and is driven-out of a
building’s space through a façade opening or openings located on a building’s leeward side, where
is an area with a lower air pressure.

Figure 53. Schematic presentation: cross ventilation (CV) principle (source: S. Irving, B. Ford, and D.
Etheridge, “Natural ventilation in non-domestic buildings,” CIBSE Appl. Man. AM10, 2005 [166]).
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For the cooling purpose of CV, in case when the outdoor air with a lower temperature is
drawn-in, as it moves into and across an occupied space, it absorbs in that manner to a certain
proportion, depending on its efficiency, an indoor level of heat while also removing indoor possible
pollutants—both factors affecting a level of IAQ in general (Figure 53 on previous page).
From the point of a building design, CV is a less technically demanding method, and in
addition, it exposes a ventilated building space directly to the environment. CV technique is seen
principally for implementation in narrow-plan building-types and is based on a simple transverse
airflow pattern mainly controlled by façade openings, manually or automatically.
In general, wind directions and velocities vary in time due to produced wind turbulences and
effects of potential obstacles, making the pressure coefficients difficult to estimate in urban
environments and for complex-shaped buildings [47]. In relation to configurations of terrains in
buildings’ close surroundings, the intensity of forces generating NV-based air movements are
distinctly different in urban and rural context conditions [21]. Urban forms therefore have a
significant impact on urban wind patterns. Understanding the relationship between a built form and
local urban wind patterns is an important factor when designing an efficient NV-based strategy
[173]. In this context, in praxis, wind-driven strategies are often foreseen for wind speeds of one-half
the seasonal average [172].
A common design method for wind-driven NV system is to establish predominantly
horizontal flow paths, with air entering and leaving a building at the same vertical level, in order to
exploit the maximum level of efficiency of that kind of generated NV principles [166].
A considered floor depth along an established direction of CV should be limited in order to
effectively prevent heat and pollutant build-up during a ventilation process. In that respect, a
recommended limiting depth for effectively generated CV principles is about 5 floor-to-ceiling
heights, seen also as no more than 15 m. This design condition implies a relatively narrow floor
plan, usually achieved with a linear building shape or an open courtyard form [170].

2.4.2.

Stack-Driven Ventilation

The stack-driven ventilation method is generated by thermo-physical phenomenon of stackor thermal buoyancy-driven air movement effect based on the hydrostatic pressure—regarded also
from an aspect of differences in the air density. The air density is primarily a function of: local
barometric pressure, air temperature, humidity ratio and particular height. With regard to only
aspects of the air temperature—the warmer air is less dense than the colder. Therefore, in a
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theoretical column of air, a zone with the colder or the denser air, have a tendency to displace
upwards the air with a higher temperature. Following this phenomenon, thermal buoyancy- or
stack-driven air movement is one of fundamental principles in passive NV approaches in building
design.

For this sections are considered following main aspects of stack-driven ventilation:
1.

Stack pressure

2.

Stack pressure difference

3.

Airflow rate

4.

Application in building design

1.

Stack pressure
The hydrostatic pressure depends on the air density and the height above a certain reference

point. For a single column of air, the stack pressure

is calculated as below (15) [172]:

[Pa]

(15)

where:
= stack pressure [Pa]
= stack pressure at reference height [Pa]
= indoor or outdoor air density [kg/m³]
= gravitational acceleration = 9.81 m/s²
= height above reference plane [m]

2.

Stack pressure difference
In a theoretical single-zone enclosure with differences between indoor and outdoor air

temperatures (regardless the barometric pressure and the humidity radio), an air movement generated
by stack- or chimney-effect is produced when that sort of temperature differences induce differences
in the air density and as a consequence—the stack pressure difference (

) between indoor and

outdoor air pressure levels.
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Neglecting vertical density gradients, the stack pressure difference (

) for a horizontal

leak for a single-zone model at any vertical location is expressed with the following Equation (16)
where the ideal gas equation is used considering that there is no temperature stratification and that the
density of the air is constant [172]:

(

)

(

–

)

(

) [Pa]

(16)

where:
= stack pressure difference [Pa]
= outdoor air density [kg/m³]
= indoor air density [kg/m³]
= gravitational acceleration = 9.81 m/s²
= height of NPL above reference plane without any other driving forces [m]
= height above reference plane [m]
= absolute outdoor air temperature [K]
= absolute indoor air temperature [K]

(a)

(b)

(c)

(d)

Figure 54. Schematic presentation: distribution of the stack pressure difference (
and the neutral
pressure level (NPL) position for different configurations in the absence of wind: (a–d) examples
(source: E. Yarke, Ventilación Natural de Edificios. 2005 [174]).

When the indoor absolute air temperature ( ) is higher than the outdoor absolute air
temperature ( ), the distribution of pressures can take different forms depending on configurations
and positions of openings in each of described cases (Figure 54a–d). Each illustrative model is
defined with two main properties: an effective stack height and the neutral pressure level (NPL). The
height of neutral pressure level

) is where indoor and outdoor air pressures are equal In a

hypothetical building volume, without considered wind effects, the NPL is located in the half of the
height of a corresponding enclosed zone (Figure 54a).
is variable regarding that can be modified with different sizes and positions of
envelope’s openings (Figure 54b–d), i.e., an opening at a floor level lowers the NPL (Figure 54b),
while an opening close to the ceiling increases the height of the NPL (Figure 54c).
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According to the principle of conservation of masses, the NPL can be positioned again in the
middle in case of symmetrical openings when the mass of the inlet airflow below the NPL is equal to
the mass of outlet airflow above it (Figure 54d previous page).

3.

Airflow rate
If a building’s internal resistance towards air circulation is not theoretically significant (e.g.,

obstacles, openings dimensions, grids, meshes, etc.), the airflow rate

produced by the

stack-effect is given by the Equation (17) [172]:

√

=

[m³/s]

(17)

where:
= airflow rate [m³/s]
= discharge coefficient for opening [dimensionless]
= cross-sectional area of opening [m²]
= gravitational acceleration = 9.81 m/s²
= height from mid-point of lower opening to NPL [m]
= absolute indoor air temperature [K]
= absolute outdoor air temperature [K]

The discharge coefficient for opening

is usually considered as 0.65 in case when the

airflow through an opening is unidirectional and mixing can occur. However, in case of bidirectional
flow direction, when the air from the warmer side flows through the top of the opening, and air from
the colder side flows through the bottom, the instance of interfacial mixing can be expressed as below
(18) [172]:

=

|

|

(18)

where:
= discharge coefficient for opening [dimensionless]
= absolute indoor air temperature [K]
= absolute outdoor air temperature [K]
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Application in building design
In praxis, at most times of the year, the indoor air is warmer than the outdoor air, as a result

of buildings’ indoor heat gains. Hydrostatics laws define that the pressure at a point decreases with
height and the rate of decrease is proportional to the density of the fluid.

Figure 55. Schematic presentation: pressure gradients (source: S. Irving, B. Ford, and D. Etheridge,
“Natural ventilation in non-domestic buildings,” CIBSE Appl. Man. AM10, 2005 [166]).

In this respect, as the outdoor air is colder, it is denser, and therefore the air pressure
decreases with height more rapidly outdoor, than the air pressure levels inside a building’s enclosed
space (Figure 55) [166].

Figure 56. Schematic presentation: transient displacement flow that develops when a warm room with
openings at two levels is flushed with ambient air (source: T. Chenvidyakarn, Buoyancy effects on
natural ventilation. 2012 [175]; adopted from: P. F. Linden, G. F. Lane-Serff, and D. A. Smeed,
“Emptying filling boxes: The fluid mechanics of natural ventilation,” J. Fluid Mech., 1990 [176]).

In building design, that kind of phenomenon created by the stack-driven air movement is
also defined as the displacement principle of ventilation in vertical terms, which for instance is in
contrast with the horizontal principle of wind-induced space ventilation (Figure 56).
The efficiency of the stack-effect is determined by a difference between indoor and
outdoor air densities at considered levels—as a function of barometric pressure, air temperature and
humidity ratio.
GEO-CLIMATIC POTENTIAL FOR ADVANCED NATURAL VENTILATION COMFORT COOLING APPROACH IN MID-RISE OFFICE
BUILDINGS IN THE NORTH-WESTERN MEDITERRANEAN
author: Nikola Pesic

94 of 267

2.4 Fundamentals of Natural Ventilation

Figure 57. Schematic presentation: application of stack-effect in building design (source: S. Irving, B.
Ford, and D. Etheridge, “Natural ventilation in non-domestic buildings,” CIBSE Appl. Man. AM10,
2005 [166]).

The warmer air has a tendency to raise and leave an enclosed space, typically through
outlets near the top, while in that manner the fresh air is delivered into a building, principally
through low-level openings, respecting in these terms the established position of the NPL level
(Figure 57).
The stack pressure difference

has a positive value when a building’s enclosure is

pressurized relative to outdoor air pressure, causing airflows out of a building. Therefore, omitting
other driving forces and assuming no stack-effect within flow elements themselves, when the indoor
air is warmer than the outdoor, a base of a building is depressurized in those terms while an upper
level—the top of a building’s enclosed space, is pressurized relative to the level of outdoor air
pressure.
Regarding a building overall design, the NPL is an important concept for the correct design
of stack-driven NV techniques. The NPL level is one of parameters for establishing balanced airflow
rates between inlets and outlets. Beside aspects of size and location of openings, the second equal set
of parameters is a difference between indoor and outdoor air temperatures.
Opening a window in a high building implies a modification of the NPL location, and the air
path in the whole building can be radically changed with an inversion of the flow direction in some
openings. A top opening should be as large and as high as possible so that the NPL would be as high
as possible in a building in order to provide the fresh air to the largest possible part of the building
[155].
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1.

Principles

2.

Summary of main advantages

3.

Potential barriers

4.

Built examples

1.

Principles
Lomas (2007) [1] defined a family of natural ventilative (NV) passive cooling approaches as

advanced natural ventilation (ANV) founded on the thermo-physical phenomenon of stack- or
buoyancy-driven air movement.

Figure 58. Schematic presentation: advanced natural ventilation (ANV) principle—schematic
diagram of stack ventilation form centre-in, edge-out (C-E) (source: by author, 2018).

For this research is chosen a specific ANV sub-type defined as Centre-in, Edge-out (C-E)
ventilation form (Figure 58). Taking into account that the objective of this study is to develop a
higher building climate resilience level, one of advantages in that respect is that the supply air enters
indirectly into an occupied building space through an atrium, light-well or air-shaft—a building
component that largely depends on overall ventilative capacities and a building’s geometry.
An atrium, as an architectural element, serves as a buffer zone or a climate modifier that
delivers vertically the fresh air to occupied building zones on each of connected floors to such a
vertical enclosure. At the end of a ventilation process, the exhaust air is released at a building’s
perimeter, most likely discharged through exhaust chimneys with outlets positioned above the top of
a building’s envelope.
The integration of ANV C-E form requires a building structure designed as an adequately
interconnected platform that can provide a system of complex and controlled designed airflow
patterns. As this cooling method is mainly planned for open-plan offices, the main advantage is that
GEO-CLIMATIC POTENTIAL FOR ADVANCED NATURAL VENTILATION COMFORT COOLING APPROACH IN MID-RISE OFFICE
BUILDINGS IN THE NORTH-WESTERN MEDITERRANEAN
author: Nikola Pesic

96 of 267

2.5 Centre-In, Edge-Out (C-E) Ventilation Form

ventilated zones are more protected from direct environmental effects as the fresh air is delivered
indirectly in this case, via atrium, contrasting for example CV principle as directly exposed to
outdoor conditions with an air circulation method principally based on window-to-window direction.
Advantages of ANV systems are that its airflows are more stable compared to basic CV
methods that rely on the air speeds induced by the variable wind force, and in that respect, the
uncertainty factor for maintaining a defined thermal comfort level is significantly lower [177]. The
typical floor width for establishing air circulations in a direction atrium-to-chimney should not be
more than 5 floor-to-ceiling heights.

(a)

(b)

Figure 59. Schematic presentation—comparison between: (a) advanced natural ventilation deep-plan
floor; (b) cross ventilation (CV) narrow-plan floor (source: by author, 2020).

As an atrium is centrally positioned component, that sort of design method enables
developing a type of deep-plan floors principle with a double 5 floor-to-ceiling heights principle
(Figure 59a), contrasting thereby the basic CV method based on the window-to-window air
circulation in a form of narrow-plan floor-type with a limited width to single 5 floor-to-ceiling
heights (Figure 59b).
With respect to numerous elements along an airflow line, the ANV system is completely
controlled by a building management system (BMS) in order to keep the designed levels of the
indoor air quality (IAQ), human thermal comfort and a reduced level of cooling energy demands.
Another advantage of ANV C-E, as a stack-driven system, it that self rectifies, i.e., provides
a greater ventilation potential in a more densely occupied space and consequently a warmer building
zones [168]. Another benefit is that the entire system is better protected from direct negative
environmental effects, in terms of outdoor noise, air pollution, etc.
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C-E natural ventilation approach can be merged with appropriate operative strategies related
to HVAC systems, in that terms forming a complementary mixed-mode ventilation design by adding
for instance a mechanically assisted ventilation [170].

2.

Summary of main advantages



a sealed-type façade results in a higher level of resistance to unfavourable outdoor
conditions;



airflow is more stable and controllable compared to cross ventilation (CV) as wind-driven
principle;



floor depth is increased compared to basic CV principle;



interior space is flexible and free of installations regarding that air conductors are located in
the peripheral areas—on a building’s envelope;



ANV principle implemented in open-plan floors is adequate for offices, libraries,
expositions, etc. [1];



possibility of multiplying atrium as a project design pattern or a module—in that terms
supplying with the fresh air large and deep floor areas;



mostly conventional methods of construction and space organization;



power supply shortage does not affect once generated ANV airflow;



better control in choosing and configuring areas of air intake comparing to the CV basic
limited and linear window-to-window air circulation method;



ANV may prove to be a platform for implementation of additional techniques in the domain
of contemporary hybrid-based ventilation approach;



large inlet areas allow positioning of particular active pre-cooling AC equipment for an
advanced design method in severe climate conditions.

3.

Potential barriers
So-called forgiveness factors are defined for different building types and are sorted in

accordance with the type of ventilation systems. Buildings with NV systems are founded to have
the highest forgiveness scores—people may be more likely to tolerate otherwise uncomfortable
conditions in buildings with HVAC systems [141].
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Overall, an atrium as a single-zone spatial configuration with a considerably large volume,
in case of a fire accident can accelerate the spread of fire and smoke. In that respect and regarding
its configuration, an atrium needs to be equipped with specific fire and smoke protections systems.
These issues should be related to protective measures in a form of an automatized closing of all
vents or integrating specific part of ANV into a smoke ventilation system, and if needed, additional
smoke exhausts, as passive or active types.
During a design process it should be observed that peak summertime temperatures on the top
floor of a building covered with ANV system are higher than those on lower floors. This negative
effect is in relation that the top floor has the lowest potential for generating stack-effect and is more
likely to be critical when trying to meet overheating criteria [178].
A type of office environments with mostly lower indoor air temperatures might be adequate
for occupants who need to maintain a high level of mental concentration. In this respect, NV-based
systems and its variable performances according to outdoor conditions may prove to have
unfavourable effects on mental performances of occupants. In addition, issues of mental loads are not
planned in human thermal comfort normative and standards, where primary metabolic loads are
related to physical and not mental activities of occupants. This can be summarized that “being
comfortable in these conditions is not synonymous with being the most productive” [179].
Furniture organization may prove to have negative effects on designed airflow patterns, so
that open-plan office although is seen as a flexible type of work space, in relation to these aspects,
could still have certain limits in its organization due to an implemented NV-based system, that is to
say, in order to avoid the obstruction of determined NV airflow patterns still exist some restrictions
in the overall open-plan floor design.
Principal limitations of stack-driven ventilation method can be summarized as follows:


lower air speeds compared to wind-driven ventilation;



relies on differences between indoor and outdoor temperatures that vary during the day;



use of low-energy fans is recommended during periods of absence of a sufficient
stack-pressure force [184];



general design restrictions by local normative and standards, e.g., height, location of
apertures, elements above a roof-top line, urban regulations etc.;



increased complexity in design process and coordination with other disciplines;



lack of performance oriented standards and regulations in the field of particular NV
techniques.
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Built examples
Lomas (2007) [1] presented an overview of built projects, as case studies of buildings

designed with four applied ANV forms.

Figure 60. Schematic presentation—comparison of key-features of three advanced naturally
ventilated (ANV) building types (source: Lomas KJ. Architectural design of an advanced naturally
ventilated building form. Energy Build. 2007 [1]).

All building plans are characterized with a certain level of compactness where a centrally
positioned atrium or a light-well plays a vital role in the overall building design (Figure 60). In
addition, a possibility for multiplication of atrium through a certain geometrical pattern enables
ANV covering larger and deeper floor configurations. All presented projects have in common that
are public-type of buildings located in urban environments.
The main features can be summarized as follows:


compact floor plans—square-like form;



floor-to-ceiling heights up to 3.9 m in order to increase additionally generated stack-driven
effect;



light-wells are with a clear glazing for a distribution of natural light;



low-energy ventilation and cooling method within an urban heat island [180];



exhaust air is driven out of a building through chimneys or a double glazed façade;



perimeter stack elements are important features in the overall architectural design.
From this group of buildings, Frederick Lanchester Library (FLL) is a well-known

example of built projects with implemented ANV C-E principle, where is demonstrated a large and
deep building plan—50 × 50 m with multiplied light-wells (Figure 61 on next page). However, this
example of library space displays a beneficial configuration for ANV airflows with respect to
principally lower levels of heat gains as a result of a low occupancy level—as the library space.
GEO-CLIMATIC POTENTIAL FOR ADVANCED NATURAL VENTILATION COMFORT COOLING APPROACH IN MID-RISE OFFICE
BUILDINGS IN THE NORTH-WESTERN MEDITERRANEAN
author: Nikola Pesic

100 of 267

2.5 Centre-In, Edge-Out (C-E) Ventilation Form

Figure 61. Frederick Lanchester Library (FLL): ground-floor plan (source: Short CA, Lomas KJ,
Woods A. Design strategy for low-energy ventilation and cooling within an urban heat island. Build
Res Inf. 2004 [180]).

School of Slavonic and East European Studies (SSEES) represents another built project with
implemented ANV C-E form (Figure 62–Figure 64). The building’s height consists from a
basement and six floors where the fresh air is delivered through a centrally positioned light-well and
then is distributed across a cellular configuration of offices located on the building’s perimeter.

Figure 62. School of Slavonic and East European Studies (SSEES): third floor plan, illustrated airflow
patterns (source: Sort CA, Lomas KJ, Woods A. Design strategy for low-energy ventilation and
cooling within an urban heat island. Build Res Inf. 2004 [180]).
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Figure 63. School of Slavonic and East European Studies (SSEES): transverse section, illustrated
advanced natural ventilation (ANV) centre-in, edge-out (C-E) strategy (source: Short CA, Lomas KJ,
Woods A. Design strategy for low-energy ventilation and cooling within an urban heat island. Build
Res Inf. 2004 [180]).

Figure 64. School of Slavonic and East European Studies (SSEES): transverse section, temperature
distribution across atrium and floors (source: Short CA, Cook M, Lomas KJ. Delivery and
performance of a low-energy ventilation and cooling strategy. Build Res Inf. 2009 [181]).
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1.

Mixed-mode systems

2.

Night-time ventilation and dynamic heat storage

3.

Fan-assisted ventilation

1.

Mixed-mode systems
With the raise and implementation of energy efficient methods in the contemporary building

design, mixed-mode or hybrid cooling systems were developed parallel with a range of more
sophisticated control systems, improving in that manner limited NV capacities [56,61,182,183].
NV method can be merged with appropriate operative strategies from HVAC (heating,
ventilation, and air conditioning) systems, forming a complementary mixed-mode ventilation design.
[170]. Although mixed-mode buildings have a considerable potential, in praxis still exists a lack of
direct normative and comfort models associated with this ventilative approach that principally
requires more case studies based on direct data collection on the site [184].

Mixed-mode systems are principally defined with following types [185]:


Concurrent mode or Same space, same time:
NV and HVAC (heating, ventilation, and air conditioning) system are operating in the same

space and in the same time. NV is controlled by manually operated windows and HVAC system may
serve as a supplemental or background ventilation and cooling system while occupants are free to
open windows based on individual preferences. Perimeter zones of an open-plan space with installed
VAV (variable airflow) systems may go to minimum air when sensors indicate that a window is
opened.


Change-over or Same space, different times:
An automated system is switching between HVAC system and NV function controlled by

the automatically operable windows. Both systems are covering the same space but operating in
different times. Façade windows are automatically opened to provide NV when the HVAC system is
in the economizer mode, and then closed when the system is in the cooling mode.
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Zoned or Different spaces, same time:
Different zones within a building have different applied cooling strategies, either founded on

HVAC or NV principle, or combination of both. This cooling type largely depends on a space
organization and occupancy type.

2.

Night-time ventilation and dynamic heat storage
The nocturnal NV approach is among the most efficient passive cooling techniques in this

range. It broadly relies on introducing the outdoor colder air in order to decrease levels of a
building’s structure temperature and an ambient temperature. The efficiency of this technique is
mainly based on a relative difference between outdoor and indoor temperatures during the night-time
and early morning periods.
The overall cooling potential of night ventilation techniques largely depends on [50]:


airflow rate,



thermal capacity of the building,



appropriate coupling of the thermal mass and the airflow.
A night-time use of NV is efficient when outdoor air temperatures are in lower ranges—an

effect that can contribute in cooling certain building elements with accumulated heat during a
day-time. Thereby, building components with a high-thermal mass can absorb more heat, regarded as
the heat-sink effect, and afterwards discharge it during night-purge process. In that manner, a
specific building zone is thermally prepared for a next day occupancy period [54,57,58]. In the
Mediterranean climate configuration, the night-time NV cooling has an average decrease of 10% on
building cooling demands in comparison to the solar radiation protection reduction, at rate of around
75%. Still, the night-time NV may prove to have a great potential, depending on a building’s
configuration, but on the other side, exists a certain level of lack of control and an overall delay of the
heat charge and discharge processes—during cycles of night-purge and the next-day heat-sink effect
[23].
It should be placed as much as possible thermal mass in contact with the air of a considered
zone [51], but taking into account its rational proportion and disposition throughout elements such
are concrete ceilings, concrete or brick walls and other considered building components where the
heat can be stored, all in order to increase a passive cooling effect [49].
Overall, a potential of that kind of passive cooling technique predominantly depends on
adequately interrelating and balancing the generated NV airflow rates and patterns with applied
GEO-CLIMATIC POTENTIAL FOR ADVANCED NATURAL VENTILATION COMFORT COOLING APPROACH IN MID-RISE OFFICE
BUILDINGS IN THE NORTH-WESTERN MEDITERRANEAN
author: Nikola Pesic

104 of 267

2.6 Assisted Ventilative Techniques

high-thermal mass elements [50]. In ANV designs, the use of sufficient shading, night-time passive
ventilation and a high-thermal mass ceiling can all improve the thermal performance [186].

3.

Fan-assisted ventilation
The fan-assisted or fan-forced form of NV is applied in order to achieve a higher level of

energy efficiency in NV-based systems regarding in the first place more stable indoor airflows. Its
main purpose is to support a proper and undisturbed function and performance of a main applied
NV-based strategy.
Regarding particularly the domain of stack-driven method that depends on thermo-physical
phenomenon of buoyancy-driven air movement effect, the application of low-energy exhaust fans is
aimed to minimize potential risks of unfavourable outdoor climate effects.
Such design approach produces an effect of fan-driven pressure differences, providing in
that way more stable air-velocities while minimizing negative effects from wind impacts or rapid
oscillations between outdoor and indoor air temperatures. In addition, a certain balance should be
established between total energy efficient level and a dedicated power consumption of an installed
fan-assisted system [187]. In buildings where reverse airflow must be avoided, or where even brief
periods with low ventilation rates are not tolerated, it is recommended to include exhaust fans
positioned in stacks or outlets. In addition, the applications of fan-assisted method can also
significantly help in reducing indoor peak air temperatures during summer [188].
In hot and humid climate configurations, using stack-driven ventilation alone may have an
insignificant effect on thermal conditions—in the first place on cooling effects. Therefore, a
pressurized type of ventilation is low-cost solution that may improve building’s cooling
performances. However, it is not categorized as a semi-passive technique as it relies on certain power
consumption. In case of extreme climate conditions with a low cooling energy efficiency of primary
NV system, fan-assisted ventilation should be additionally equipped with a pre-cooling units
improving in that way overall building’s cooling and ventilation performances [23].
However, the configuration and overall energy consumption of an installed fan-assisted
system largely depends on the level of energy efficiency of installed fans with respect to the type of
engines, blades and a supporting control system [189]. A fan-assisted system have mostly variable
periods of activation depending on principal building ventilation control system and the available
input parameters and algorithms for switching off and on, all according to a specific floor position in
a building and to variable outdoor climate conditions.
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3.1.

Architectural Design

3.1.1.

Compactness Ratio

A process of implementation of energy efficiency aspects and cost-effective strategies in
contemporary building design is followed with a development of a broad range of evaluation tools
and techniques in this domain. A majority of that sort of design instruments is focused on specific
building components and their performances, e.g., thermo-physical properties, a correlation of
elements in a particular building form, relation between outdoor and indoor environments, etc. At the
end, the purpose of all applied methodologies is providing a better view on the field of buildings’
performances and how particular components could be improved in order to achieve a maximum
possible level of energy efficiency.
Within this framework, the issue of compactness ratio became a fundamental analytical
method mainly applied during initial stages of building design. The compactness ratio indicator is a
numerical quantity to express the degree to which a particular shape is compact, exploring
numerically different possible solutions during building modelling process, e.g., same volume in
different shapes, or same building floor area in different shapes, etc.
Several directions of research exist in contemporary studies related to the compactness ratio
of buildings shapes. A grand part of investigations is dedicated analysing urban environments, their
morphology, density and aspects of urban environment and how it affects a single configured
building form as a part of a larger urban structure and vice versa. The other branch of research is
focused on stand-alone building forms exploring properties of particular building elements and
materializations, and how corresponding ratios affects the building compactness in terms of glazing,
natural light, open versus closed parts, etc.
One group of works is dedicated to fundamental issues of the compactness ratio primarily
focused on free-forms of theoretical building shapes. With respect to a series of published studies
from this domain in the 1980s and 1990s, in continuation, Mahdavi and Gurtekin (2002) [190]
elaborated further this subject, defined in this case as the relative compactness (
related to a hypothetical building shape.

)—an indicator

indicator is derived by comparing a volume to surface

area ratio of a defined shape with the most compact shape with the same volume. As the most
compact geometrical object is the sphere, thereby, when the volume to surface ratio of a defined
shape is compared with the sphere’s, their correlation can be defined with the following Equation
(19) in order to calculate the approximate index of the defined relative compactness, the sphere as a
reference

[dimensionless] [190,191]:
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≅

(19)

where:
= relative compactness, the sphere as the reference [dimensionless]
= volume [m³]
= surface [m²]
Although the sphere is the most compact form, however, in praxis is not a common building
shape for adequate analyses in this context. Therefore, the cube can be considered as a more
convenient measuring reference. The equation for calculating the relative compactness, the cube as
the reference

[dimensionless] can be applied in the following way (20) [190]:

(20)

where:
= relative compactness, the cube as the reference [dimensionless]
= volume [m³]
= surface [m²]
The same line of research progressed at the next stage, where Pessenlehner and Ardeshir
(2003) [192] defined a particular module—a cube with a dimension a = 3.5 m for more detailed
comparative analyses. Multiplying 18 of that kind of defined modules, a series of 12 different
hypothetical building forms were defined for a comparison founded on

indicator (Figure 65).

Figure 65. Schematic presentations: 12 shapes selected for simulations based on 18 cubical elements
(source: Werner P, Mahdavi A. Building Morphology, Transparence and Energy Performance. Build
Simul 2003. 2003 [192]).
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This developed analysis is planned for an initial design stage in order to form a
comparative overview of results based on different examined building shapes—as a basis for a
further analytical process in the domain of energy efficiency. This series of conduct analyses was
focused on calculations for building heating loads, considering also, among other observed topics,
aspects of building orientation and glazing percentage with its distribution across envelope.
A specific typology of basic compactness ratio was also structured by Van Den Dobelsteen
et al. (2008) [193], as a comparison tool for evaluating a theoretical level of energy efficiency
according to different building shapes.

Figure 66. Schematic presentations: different building geometry typologies with the same floor
surface (source: A. A. J. F. Van Den Dobbelsteen, M. J. P. Arets, and A. C. Van Der Linden, “Smart
Sustainable Office Design - Effective Technological Solutions, Based on Typology and Case Studies,”
in Smart and Sustainable Built Environments, 2008 [193]).

The established typology is founded on six basic building forms in which the same floor area
is distributed along differently modelled building volumes (Figure 66). Taking into account
calculated compactness ratios, this study concluded that the most advantageous building shape in
terms of energy efficiency is The Cube. During further conducted analyses from points of energy
consumption, including aspects of heating and cooling, natural lighting, etc., all parameters affirmed
a strong interrelation between levels of energy consumption with floor areas, formulated as: “the less
compact the building is, the greater is its energy consumption”.
However, in these analyses the cubic shape did not display the lowest energy consumption
due to having a potentially greater floor depth (bearing in mind that a corresponding configuration
induces for example the decrease of level of natural lighting) than defined The Slab and The Fence
building shapes that have better performances in these terms. Nevertheless, the rest of models,
defined as long shapes, positioned horizontally or vertically, are the least favourable in relation to
analysed set of parameters for theoretical levels of energy efficient performances.
Partially based on the previous research, Catalina et al. (2011) [194] explored the influence
of building compactness on the field of day-lighting and heating consumption and was analysed as
a comparative overview of examined building shapes. These analyses were founded on dynamic
simulations of three climate configurations—hot and humid, temperate and cold climate types.
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In this direction of investigations, a recent study conducted by D’Amico and Pomponi
(2019) [195] defined equations for calculating the size factor and the shape factor—as an approach
for expressing a building’s form compactness ratio.

Figure 67. Schematic presentation: compactness of building forms measured in terms of shape factor
(source: D’Amico B, Pomponi F. A compactness measure of sustainable building forms. R Soc Open
Sci. 2019 [195]).

The methodology is relating different shapes and types of buildings, e.g., residential,
non-residential, offices, etc., forming at the end the compactness ratio indicator expressed as the
shape factor

(Figure 67).

Further, the contribution of this research is a set of defined dimensionless factors in order to
quantify the degree of compactness of particular building shape related to the developed footprint
aspect ratio ( ) and the slenderness aspect ratio ( ).
The formulated Equation (21) is aimed for calculating the compactness ratio of a building
form perceived in this case with a defined index as the shape factor

√

[dimensionless] [195]:

(21)

where:
= shape factor [dimensionless]
= surface area [m²]
= minimum surface area excluding the part of the surface in contact with the ground
required to enclose a given volume [m²]
= volume [m³]
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In continuation, the defined footprint aspect ratio ( ) and the slenderness aspect ratio ( ) are
related to dimensions of a cuboid-form [m], in other words, to a fundamental building shape
expressed with width ( ), depth ( ) and height ( ) [m], and in that respect,

and

values are

defined with following Equations (22) and (23) [dimensionless] [195]:

(22)

(23)

where:
= depth [m]
= height [m]
= width [m]
= footprint aspect ratio [dimensionless]
= slenderness aspect ratio [dimensionless]

*

*

*

Principles of building compactness ratio in ANV design method are also considered by
Lomas (2007) [1]. The previously displayed built projects of Frederick Lanchester Library (FLL)
and School of Slavonic and East European Studies (SSEES) (see part 4 Built examples, on page 99)
have in common square-like footprints. Both design approaches implies a low surface area to volume
ratio and a general tendency of application of fundamentals based on a building’s compactness in
order to take advantage of generated ventilation airflows inside such formed compact building
volumes.
A wide range of sources related to this field indicate that reducing the external building
surface, while increasing its internal volume leads to significantly lower energy consumptions.
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Atrium Typology

A wide selection of scientific works gravitates around an atrium, considered as a
multifunctional architectural element applied throughout the history of architecture in a variety of
forms. Atrium stands as one of key-features in building design regarding that interrelates numerous
observed issues and criteria in contemporary building design, e.g., use of natural lighting,
communication and interaction of occupants, spatial organization, design of interior façades, etc.
It should be underlined that this research takes atrium into consideration exclusively for
analyses founded on points of NV and space cooling energy efficiency, in relation to avoid possible
restrictions or interactions with other related fields where an atrium also plays an important role as a
building component—or more specifically: the aim is not to expand the investigation field with
certainly other important issues of atrium’s functions and performances in the contemporary building
design, but rather to keep the focus on related issues to the subject of this investigation.
For this particular research task, a definition atrium can be discussed in a broader sense,
regarding in the first place its dimensions and functions. As an atrium is one of principal components
in ANV-based systems, its form predominantly depends on a principal building configuration
reflected in calculated capacities for a proper function of planned ventilation systems. Basically, an
implemented ANV form considers atrium as a building element by its capacity in order to efficiently
generate and conduct air circulations. From this context of indoor aspects of a building configuration
where atrium stands as one of important parts, furthermore, a proper configuration of such an
element is also related to local climate conditions, building’s heat gains, occupancy type, etc.
In that respect, although the term atrium is widely used in this research and related sources,
and from the perspective of ventilative purposes, this building component can be equally considered,
proportionally with its ventilative capacities, as one of the following elements:


atrium,



light-well,



air-shaft.
In this research, the term atrium or light-well is used evenly to determine the centrally

positioned roofed interior space planned primarily (with reference to the subject of investigation) for
generating air movement founded on the stack- or thermal buoyancy-effect in order to deliver that
kind of the conducted air to occupied floors. In this context, such a building enclosure can be defined
in a range from an atrium, across a light-well, up to an air-shaft, proportionally with building’s
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ventilative and spatial capacities for integration into its structure one of mentioned components. In
other words, atrium, light-well and air-shaft are proportional with the building size and ANV
capacities and regardless other as well important topics in modern building design, as stated
previously.
In previous epochs of building design, atria were observed mainly as heavy glazed large
volumes, while from today’s perspective, it is considered as energy inefficient enclosed spaces.
However, with the raise of energy efficient methods in modern building design, a successful
designed atrium can be considered when it responds to a certain level to local climate conditions
[196].
Depending on climate configurations various threats could be raised towards energy
efficient aspects of atria such are overheating problems in hot climates [197] or a high solar radiation
in hot and humid climate conditions, in which cases a line of supportive techniques is necessary to be
applied in order to reduce levels of solar heat gains and consequently—comfort cooling energy loads
[198].
Although an atrium can act as a passive buffer zone to reduce winter conduction losses
from connected areas, however, during summer, it is recommended that the same space should be
equipped with top blinds and stack ventilation principles in design so as to prevent overheating
effects [166,173]. In that respect, in order to keep determined conditions inside an atrium, the value
of the heat transfer coefficient (U) for top glazing stays one of the most important elements in
protection against thermal and daylight factors [199].
According to numerous relevant sources related to NV principles, in order that an atrium
could perform effectively, the maximum distance from a central atrium to outlets on a building’s
perimeter should be around 15 m or not more than 5 floor-to-ceiling heights, practically the same
recommendation as for CV approach in a window-to-window direction of air circulation.
When NV is aimed for comfort cooling purposes, the area of its top glazing should be well
balanced, regarding from one side an effective shading in order to reach and maintain a maximum
potential of the chimney-effect related to a temperature difference between a bottom and an upper
part of an atrium, and on the other side, evading potential effects of general summer overheating
effect. The main consideration in NV-based design is that an atrium should be a closed zone and
connected only with vents for air circulation—a corresponding enclosure should be planned as the
ventilated-type of atrium, with installed air-inlets for introducing the fresh air in its lower zone in
order to generate the buoyancy-driven effect. This approach is in contrast with the open-type of atria
interconnecting floors and office spaces into one single building volume—also known as the
gallery-type of atria [200].
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With respect to a series of relevant works related to typology of atria from the end of 20th and
the beginning of this century, Ho (1996) [201] conducted an analysis considering the atrium typology
in the European continent regarded through a climate responsive design method (Figure 69).

Figure 68. Axonometric views of four types of atria (source: Ho D. Climatic responsive atrium design
in Europe. Archit Res Q. 1996 [201]).

Figure 69. Plans of the standard generic atrium types used in the analyses: AF/BF = atrium floor area
to main building floor area ratio, PR = protectivity ratio, i.e., ratio of the total internal atrium façade is
to the total external atrium glazing area (source: Ho D. Climatic responsive atrium design in Europe.
Archit Res Q. 1996 [201]).

This work defined the protectivity ratio—a relation between interior glazing façade, facing
the atrium, and the exterior glazing (Figure 69). For the general typology it is also considered a ratio
between atrium and gross building floor area. The analysis also confirmed that atrium can perform as
a sort of thermal buffer in reducing winter heat losses, but as well that its design can increase the
building total energy loads when natural lighting is not introduced sufficiently or in case when an
atrium is a continuously occupied zone equipped with AC systems.
A similar concept of a basic typology and evaluations was done by Hung and Chow (2001)
[202] focusing on a modern atrium and its multifunctional aspects in contemporary architecture
(Figure 70).

Figure 70. Schematic presentation: four types of atria: centralized, semi-enclosed, attached and linear
(source: Hung WY, Chow WK. A review on architectural aspects of atrium buildings. Archit Sci Rev.
2001 [202]).
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The design method of an atrium should be principally based on natural ventilation and
daylight principles that may establish a platform for considerable levels of energy savings. In
addition, it should be given attention also to fire safety regulations, with a reference that atrium is
principally a centrally positioned architectural element unifying and interconnecting adjacent zones,
in vertical and as well horizontal aspects.
The analysis conducted by Aldawoud (2013) [203] displays that atrium’s geometry is an
important factor in the overall energy performance, where a square-shaped type shows the highest
level of energy savings, contrasting in these terms prolonged types of geometries (Figure 71).

Figure 71. 3D visualisations of models representing variations in the geometry of atrium types
(source: Aldawoud A. The influence of the atrium geometry on the building energy performance.
Energy Build. 2013 [203]).

Atrium stays a subject of analyses supported with various advanced simulation software
among which stands a research conducted by Doheim at al. (2014) [204]. The purpose of this study,
related partially with natural ventilative principles, is to examine aspects of indoor movement of
smoke along an atrium height generated by the thermal buoyancy-effect, considering in this terms the
relation between a horizontal profile (height and shape) of an atrium model and the smoke filling time
effect.

Figure 72. Schematic presentation: atrium configurations (atria space in grey) (source: Doheim RM,
Yohanis YG, Nadjai A, Elkadi H. The impact of atrium shape on natural smoke ventilation. Fire Saf J.
2014 [204]).

In this research, a group of examined common atria’s shapes are defined with following
geometries: two-sided, three-sided, four-sided, and linear type of atrium (Figure 72).
Moosavi et al. (2014) [23] conducted a research covering more complex configurations and
components such as an atrium geometry, properties of openings, a roof and fenestration features and
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materialization topics with a view also to additional possibilities in a domain of NV principles,
night-time ventilation, fan-support, etc. The analysis examines different types of atria forms focusing
also on the stack-driven effect and how different atria shapes affect this natural phenomenon (Figure
73).

Figure 73. 3D visualisations of models of different atrium geometries with or without solar chimney
(source: Moosavi L, Mahyuddin N, Ab Ghafar N, Azzam Ismail M. Thermal performance of atria: An
overview of natural ventilation effective designs. Renewable and Sustainable Energy Reviews. 2014
[23]).

Nasrollahi et al (2015) [25] related the research to a typology of different ratios of atria
forms in a hot climate where ratio of 1:10, or also seen as a shape with a high level of compactness,
displayed the highest level of building energy savings.

(a)

(b)

Figure 74. (a) different ratios of atrium (atrium area vs. total construction area); (b) comparison of
predicted mean vote (PMV) index between different atrium area ratios, from 1:2 to 1:10, during the
warmest month (July) in Tehran (source: Nasrollahi N, Abdolahzadeh S, Litkohi S. Appropriate
geometrical ratio modelling of atrium for energy efficiency in office buildings. J Build Perform.
2015;6 (1) [25]).

The experimental comparative analysis is valorised complying the predicted mean vote
(PMV) comfort index (Figure 74).
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Sizing of Components

Lomas (2007) [1] defined a set of architectural design guidelines for an approximate
calculation of ANV components during a preliminary design process. The aim is to facilitate an
initial design process with a form of a basic sizing chart of principal ANV elements. In that manner,
along an established ANV air circulation path particular openings can be sized according to an
applied ventilation form, mainly related to building gross and floor areas and estimated building’s
interior heat gains.
A series of defined basic equations is aimed for a preliminary sizing of elements so “that the
calculated ventilation opening areas are conservative, i.e., over, rather than under, sized” [1]. The
following list of sizing of components is listed below, applied also in this research during the design
process of building models in DesignBuilder software:
1.

Displacement and stack ventilation principles

2.

Atrium

3.

Air-inlet plenum

4.

Air-outlets from light-well

5.

Stacks and air-outlets

- light-well cross-sectional area
- cross-sectional area of outlets from light-well to floor
- cross-sectional area of the plenum inlet
- cross-sectional area of the plenum outlet into the light-well
- total area of the exhausting stacks for a single floor
- total area of all stacks outlets from the whole building
- plenum depth
Figure 75. Schematic presentation: hypothetical office building, cross-section with outlined main
openings along advanced natural ventilation (ANV) airflow paths (source: by author, 2020).
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Displacement and stack ventilation principles
This equation is founded on the simple stack-driven ventilation principle (see sub-section

2.4.2 Stack-Driven Ventilation, on page 89) implemented in all defined ANV forms (see Figure 3.
Schematic presentation: four different stack-driven ventilation forms, on page 17), where the fresh
air is delivered in a lower or ground-floor level and an outlet area is positioned at a higher level,
beneath the ceiling. The volume flow of fresh air ( ) required to provide a cooling effect according
to indoor building heat gains is calculated in the following way (24):

[m³/s]

(24)

where:
= volume flow of fresh air [m³/s]
= heat gains [W/m²]
= floor area (m²)
= volumetric heat capacity of air [1,200 J/m³K]
= allowable temperature rise [K]
For the purpose of an approximate calculation, taking into account a temperature difference
between supply air temperatures against a considered temperature difference in an occupied zone
(area of air close to the ceiling versus a lower layer of air above the floor), the assumption for the
allowable temperature rise (

) is 7 K, although it is a variable value depending on a ceiling height,

internal heat gains, etc.
The sizing of the free area of ventilation opening ( ) is given with the following Equation
(25) where the assumed overall air speed

for indoor air circulations is set at 0.5 m/s:

[m²]

2.

(25)

Atrium
The approximate sizing of the horizontal profile of the light-well area ( ) (Figure 75 on

previous page) is calculated by combining previously defined Equations (24) and (25), as a
percentage of a gross floor building floor area (

):
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[%]

(26)

where:
= light-well cross-sectional area [m²]
= whole building floor area [m²]
= building heat gains [W/m²]
= air speed = 0.5 m/s
= volumetric heat capacity of air = 1,200 J/m³ K
= allowable temperature rise = 7K
The percentage of
building heat gains (

to

is between 0.7% and 1.2%, proportionally with a value of

considered in the range between 30 W/m² and 50 W/m² (see Table 5 on

page 122).

3.

Air-inlet plenum
The sizing of cross-sectional area of a plenum outlet into a light-well

(Figure 75 on

page 117) is expressed as follows (27):

[%]

(27)

where:
= free cross-sectional area of the plenum outlet into the light-well [m²]
= whole building floor area (gross) [m²]
= building heat gains [W/m²]
= air speed = 0.5 m/s
= volumetric heat capacity of air = 1,200 J/m³ K
= allowable temperature rise = 7K
= proportion of the plenum outlet: “0” as fully blocked and “1” without any obstacles,
where in case of “0”

is omitted in the equation [dimensionless]

For the purpose of approximate sizing, if no airflow device is needed in this position, then
is equal to the light-well cross-sectional area (

[m²]

(28):

(28)
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The height of the plenum, or the plenum depth
with the perimeter of the light-well

(Figure 75 on page 117) is calculated

, defined as follows (29):

(29)

[m]
The sizing of the plenum inlet area

, principally located on a façade plane, is

calculated with the following Equation (30):

(30)

[%]

where:
= free cross-sectional area of the plenum inlet [m²]
= whole building floor area (gross) [m²]
= building heat gains [W/m²]
= air speed = 0.5 m/s
= volumetric heat capacity of air = 1,200 J/m³ K
= allowable temperature rise = 7K
= proportion of the plenum inlet: “0” as fully blocked and “1” without any obstacles,
where in case of “0”
In this case,

is omitted in the equation [dimensionless]
is calculated as a semi obstructed area with the value of

= 0.5, taking

into account additional elements that could be installed on this position, e.g., insect meshes, dampers,
cooling batteries, etc.

4.

Air-outlets from light-well

The gross area for outlets for light-well to each building floor (

) (Figure 75 on page 117)

can be approximately sized in the following way (31):

[%]

(31)
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where:
= free cross-sectional area of outlets from light-well to each floor [m²]
= area of the floor [m²]
= floor heat gains [W/m²]
= air speed leaving the outlets = 0.3 m/s
= volumetric heat capacity of air = 1,200 J/m³ K
= allowable temperature rise = 7K
= proportion of the outlet: “0” as fully blocked and “1” without any obstacles = 0.5,
where in case of “0”

is omitted in the equation [dimensionless]

In this case is assumed that

= 0.3 m/s and that the opening is semi obstructed, or otherwise

stated, it is calculated with the value of

5.

= 0.5.

Stacks and air-outlets

Total area of stacks (

) (Figure 75 on page 117) for a single planned building floor is

expressed with the Equation (32):

[%]

(32)

where:
= total area of the exhausting stacks for a single floor [m²]
= area of the floor [m²]
= floor heat gains [W/m²]
= air speed leaving the outlets = 0.3 m/s
= volumetric heat capacity of air = 1,200 J/m³ K
= allowable temperature rise = 7K
At the level of stacks ending, the total area of all stack outlets
building area

related to gross floor

are calculated applying the Equation (33):

[%]

(33)
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where:
= total area of all stacks outlets from the whole building [m²]
= whole building floor area (gross) [m²]
= building heat gains [W/m²]
= air speed leaving the outlets = 0.3 m/s
= volumetric heat capacity of air = 1,200 J/m³ K
= allowable temperature rise = 7K
Main considered parameters for an estimated sizing of inlet and outlet areas along the path of
ANV system air circulation are summarized in the following Table 5.

Table 5. Estimated structural inlet and outlet areas for use in the preliminary design stage of advanced
natural ventilation systems (source: Lomas KJ. Architectural design of an advanced naturally
ventilated building form. Energy Build. 2007 [1]).
Target structural areas as percentage of area of floors
served [%]

Airflow rates

Total heat gain
[W/m²]
l/s

ac/h

Light-well outlets

Light-well, plenum
and stacks

Plenum inlet

20

2.4

2.5

1.6

0.5

1.0

30

3.6

3.7

2.4

0.7

1.4

40

4.8

4.8

3.2

1.0

2.0

50

6.0

6.0

4.0

1.2

2.4

60

7.1

7.4

4.8

1.4

2.8
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3.2.

Regional Climates

3.2.1.

Coastal Region of Catalonia

The updated Köppen–Geiger climate classification system [6,7] with the published
high-resolution map, representing data for the recent 25-year period (1986–2010) [8], displays a
more detailed climate diversity regarding as well the Iberian Peninsula.

Figure 76. Geographical map of Catalonia with Köppen–Geiger climate classification system (source:
Kottek, M., J. Grieser, C. Beck, B. Rudolf, and F. Rubel. 2006. “World Map of the Köppen–Geiger
climate classification updated”. Meteorol. Z., no. 15: 259–263; map “High-resolution map and data,
version March 2017”; generated by Google Earth [9]; post-processed image by author, 2020).

On the seaside of Catalonia prevail three climate types: Cfa—Hot-summer Mediterranean
climate, Cfa —Humid subtropical climate and BSk—Cold semi-arid (Figure 76). Cfa is the typical
climate along the Mediterranean coast, while areas influenced more by continental climate
conditions are categorized as BSk climate type. On the other side, lower parts of northern mountain
ranges along the seaside are mainly defined as type Cfa. The majority of Catalonia’s population and
urban areas are concentrated along the coastal territory [12]. Three largest regional cities are chosen
for this research: Barcelona, Terrassa and Tarragona, seen also as geographical representatives of
different climate types (Table 6).

Table 6. General data for three geographical locations—cities of Barcelona, Terrassa and Tarragona:
population, climate zone type and average weather data.
MAMSL [m]
City

Climate Zone

Yearly temperature [°C]

(meters above
mean sea level)

Population
Average high

Average low

Average yearly
RH [%]

Barcelona

Csa

6

1,608,706

19.7

11.9

74

Terrassa

Cfa

235

215,121

19.8

11.9

69

Tarragona

BSk

34

131,094

21.9

13.1

63
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Main weather data for each city is given in the following series of graphical representations
(Figure 77–Figure 81).

(a)

(b)

(c)
Figure 77. Graphical representation of dry-bulb temperature (DBT) [°C] ranges with displayed
adaptive comfort benchmarks for each geographical location—city: (a) Barcelona; (b) Terrassa; (c)
Tarragona (source: data generated by ClimateConsultant [87] software).
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(a)

(b)

(c)
Figure 78. Graphical representation of dry-bulb temperature (DBT) ranges by hours for each
geographical location—city: (a) Barcelona; (b) Terrassa; (c) Tarragona (source: data generated by
ClimateConsultant [87] software).
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(a)

(b)

(c)
Figure 79. Graphical representation of outdoor relative humidity (RH) levels for each geographical
location—city: (a) Barcelona; (b) Terrassa; (c) Tarragona (source: data generated by
ClimateConsultant [87] software).
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(a)

(b)

(c)
Figure 80. Wind wheel: graphical representation of wind speeds and directions with marked dry-bulb
temperatures (DBT) and relative humidity (RH) values for each geographical location—city: (a)
Barcelona; (b) Terrassa; (c) Tarragona (source: data generated by ClimateConsultant [87] software).
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(a)

(b)

(c)
Figure 81. Graphical representation of wind velocity ranges for each geographical location—city: (a)
Barcelona; (b) Terrassa; (c) Tarragona (source: data generated by ClimateConsultant [87] software).
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Broad Overview across the Northern Mediterranean

Main weather data for eight selected cities across the Northern Mediterranean, seen also as
the coastal region of the southern EU, is summarized in the following tables (Table 7–Table 9):

Table 7. Data for eight geographical locations across the Northern Mediterranean: population, climate
zone and average yearly weather data.

City

Climate
zone

Country Population

Average yearly climate data

Avg. level
above sea
[m]

Dry-bulb temperature [°C]

Relative humidity [%]

Low

Avg.

High

Low

Avg.

High

Valencia

Spain

787,808

BSk

16

12.6

17.3

22.2

47

68

88

Barcelona

Spain

1,620,809

Csa

13

11.9

15.7

19.7

56

74

90

Marseille

France

855,393

Csa

12

11.5

15.6

19.9

47

65

85

Rome

Italy

2,873,494

Csa

37

10.7

15.3

20.4

52

75

92

Koper

Slovenia

47,539

Cfa

9

11.0

14.7

18.6

44

66

84

Split

Croatia

176,314

Csa

0

14.1

17.0

19.9

42

57

74

Athens

Greece

3,090,508

Csa

170

14.2

17.9

21.7

47

61

77

Nicosia

Cyprus

306,379

Csa/BSk

220

15.5

19.9

24.5

46

66

87

Table 8. Monthly average dry-bulb temperature (DBT) [°C] ranges for eight geographical locations
across the Northern Mediterranean
city | [°C]

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Valencia

7.6

8.2

11.0

13.5

18.3

22.2

24.3

24.3

20.00

17.0

11.5

8.2

Barcelona

8.2

9.4

11.1

13.1

16.9

20.9

23.5

24.1

21.6

17.3

12.1

9.9

Marseille

7.6

8.2

11.0

13.8

18.3

22.2

24.5

24.3

20.0

17.0

11.5

8.2

Rome

7.6

8.0

10.2

13.0

17.2

20.9

24.2

23.9

21.1

16.0

12.4

8.4

Koper

4.9

5.7

9.5

13.6

19.1

22.5

24.8

24.4

19.2

15.6

10.8

6.7

Split

7.9

8.3

11.4

15.2

20.9

24.4

27.5

27.0

21.2

17.8

12.8

9.5

Athens

10.7

9.6

11.4

15.0

19.6

24.6

27.3

27.6

23.9

19.1

14.5

10.9

Nicosia

11.4

11.7

14.4

17.6

22.2

25.8

28.6

28.5

25.4

22.4

17.1

13.2

Table 9. Monthly average outdoor relative humidity (RH) levels [%] for eight geographical locations
across the Northern Mediterranean
city | [%]

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Valencia

72

68

65

65

63

59

55

57

65

71

73

72

Barcelona

72

69

75

73

75

77

69

72

75

82

79

66

Marseille

72

68

65

65

63

59

55

57

65

71

73

72

Rome

80

78

71

73

73

74

63

70

73

78

81

81

Koper

68

65

63

65

64

63

60

65

66

71

72

66

Split

59

58

59

60

53

53

47

50

56

62

64

59

Athens

67

67

65

60

62

50

50

51

56

65

71

68

Nicosia

71

73

68

66

60

60

64

66

64

62

66

72
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3.3 Climatic Potential for Natural Ventilation (CPNV)

Climatic Potential for Natural Ventilation (CPNV)

The first part of this analysis applies the methodology climatic potential for natural
ventilation (CPNV), developed by Causone (2016) [53]. Respecting local climate conditions and
without taking into account the wind force, the objective of this applied approach is to present an
assessment of the theoretical availability of NV, considering both building space ventilation and
comfort cooling purposes.
The first part of this analysis is related to the Mediterranean coast of Catalonia with chosen
three geographical locations: Barcelona, Terrassa and Tarragona.
The second part provides a comparative overview on a wider scale, as a reflection of CPNV
evaluated levels on chosen geographical locations along the Northern Mediterranean coastline. In
this case are selected seven additional regional cities located in seven European countries: Valencia
(Spain), Marseille (France), Rome (Italy), Koper (Slovenia), Split (Croatia), Athens (Greece) and
Nicosia (Cyprus).

3.3.1.

Coastal Region of Catalonia

Following tables display calculated monthly boundary conditions with CPNV yearly values
for cities of Barcelona, Terrassa and Tarragona (Figure 82a, Figure 83a and Figure 84a). Parallel
charts show percentages of time when NV is pursuable during two defined periods for a general NV
operation—the corresponding building’s occupancy schedule 8–17 h and the rest of the day 17–8 h
(Figure 82b, Figure 83b and Figure 84b). The final comparative overview of generated CPNV
results by each defined daily period for all three cities is displayed in Figure 85 on next page.

(a)

(b)

Figure 82. Table and graphical representation of data for Barcelona: (a) yearly boundary conditions;
(b) monthly distribution of NV, periods: 8–17 h and 17–8 h (source: dataset edited by author, 2018).
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(b)

Figure 83. Table and graphical representation of data for Terrassa: (a) yearly boundary conditions; (b)
monthly distribution of NV, periods: 8–17 h and 17–8 h (source: dataset edited by author, 2018).

(a)

(b)

Figure 84. Table and graphical representation of data for Tarragona: (a) yearly boundary conditions;
(b) monthly distribution of NV, periods: 8–17 h and 17–8 h (source: by author, 2018).

(a)

(b)

Figure 85. Graphical representation of data: comparative overview between levels of monthly climatic
potential for natural ventilation (CPNV) [%] (a) 8–17 h; (b) 17–8 h; Barcelona, Terrassa and
Tarragona (source: dataset edited by author, 2018).

According to previously defined areas of air temperature and humidity ratio thresholds in the
defined model in Figure 29 on page 54 in sub-section 1.6.2 Climatic Potential for Natural
Ventilation (CPNV), here acquired results can be generated with heat-maps, as a graphical
representation type of calculated values (Figure 86–Figure 88, on next page).
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Figure 86. Graphical representation of climatic potential for natural ventilation (CPNV) values for
Barcelona, presented as the heat-map; X-axis: weeks/months, Y-axis: hours; (source: output edited by
author, 2018).

Figure 87. Graphical representation of climatic potential for natural ventilation (CPNV) values for
Terrassa presented, as the heat-map; X-axis: weeks/months, Y-axis: hours; (source: output edited by
author, 2018).

Figure 88. Graphical representation of climatic potential for natural ventilation (CPNV) values for
Tarragona, presented as the heat-map; X-axis: weeks/months, Y-axis: hours; (source: output edited by
author, 2018).
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Discussion

Regarding generated outputs of applied methodology climatic potential for natural
ventilation (CPNV), the area of Barcelona has the most favourable period for theoretical generating
of day-time natural ventilation (NV) during April and May (Figure 86), while in Terrassa and
Tarragona favourable conditions are seen during April, May, September and October (Figure 87
and Figure 88).
However, weather conditions in late spring and throughout summer (in the Northern
Hemisphere), namely from June to August, demonstrate particular differences between three
climate zones. This is the period when CPNV is generally reduced as a result of unfavourable
weather conditions in each of observed geographical locations. In that sense, Barcelona is
characterized with periods of higher levels of relative humidity (RH), during both day and night
periods. Terrassa has the mildest climate conditions among three cities, mainly as a result of lower
mountain temperatures and a shorter summer with elevated levels of RH, reflected principally
during morning periods. The location of Tarragona has primarily a dryer climate with short periods
of raised air temperatures, mainly during late evenings, while intervals of higher ranges of RH are
mostly during morning and night-times.
With reference to Tarragona’s overall higher annual air temperatures, CPNV is not
significantly reduced as NV is more available during day-time periods throughout all seasons,
comparing in this aspect to limited periods for generating NV in Barcelona and Terrassa.
Ultimately, although the coastal location of Tarragona is certainly influenced with
continental climate conditions, in this case is categorized as BSk (cold semi-arid climate) type.
However, the generated output and the current weather data are indicating that the climate
categorization of Tarragona’s narrow coastal area should be revised (see Figure 76 on page 123, in
section 3.2 Regional Climate).
Broadly, presented CPNV results display the theoretical availability of NV in relation
between DBT and RH values on one side, with adaptive thermal comfort benchmarks on the other.
In those terms, for each of observed geographical locations, generated results reflect a yearly period
for a hypothetical NV use for both ventilation and cooling purposes, without the consideration of
wind effects.
It can be summarized that NV is mainly applicable from April to October, while the rest of
the year, from November to March, NV can be used for occasional space ventilation purposes,
without a comfort cooling effect, depending on specific weather conditions for each of three cities
along the coastal territory of Catalonia.
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3.3 Climatic Potential for Natural Ventilation (CPNV)

Broad Overview across the Northern Mediterranean

As a brief comparison of previously acquired data along the coastline of Catalonia, this
section sheds light on a wider scale, as a general overview of CPNV values across the European
Union’s Mediterranean coastline.
Following tables display calculated monthly boundary conditions with CPNV yearly values
for selected cities of: Valencia, Barcelona, Marseille, Rome, Koper, Split, Athens and Nicosia
(Figure 89a, Figure 90a, Figure 91a, Figure 92a, Figure 93a, Figure 94a, Figure 95a and Figure
96a). Parallel charts show percentage of time when NV is pursuable during two defined periods for a
general NV operation as the considered building’s occupancy schedule 8–17 h and the rest of the day
17–8 h (Figure 89b, Figure 90b, Figure 91b, Figure 92b, Figure 93b, Figure 94b, Figure 95b and
Figure 96b). The summarizing comparative overview of all main parameters is displayed in Figure
97 on page 137.

(a)

(b)

Figure 89. Table and graphical representation of data for Valencia: (a) yearly boundary conditions; (b)
monthly distribution of NV, periods: 8–17 h and 17–8 h (source: output edited by author, 2018).

(a)

(b)

Figure 90. Table and graphical representation of data for Barcelona: (a) yearly boundary conditions;
(b) monthly distribution of NV, periods: 8–17 h and 17–8 h (source: output edited by author, 2018).

GEO-CLIMATIC POTENTIAL FOR ADVANCED NATURAL VENTILATION COMFORT COOLING APPROACH IN MID-RISE OFFICE
BUILDINGS IN THE NORTH-WESTERN MEDITERRANEAN
author: Nikola Pesic

3.3 Climatic Potential for Natural Ventilation (CPNV)

(a)

135 of 267

(b)

Figure 91. Table and graphical representation of data for Marseille: (a) yearly boundary conditions;
(b) monthly distribution of NV, periods: 8–17 h and 17–8 h (source: output edited by author, 2018).

(a)

(b)

Figure 92. Table and graphical representation of data for Rome: (a) yearly boundary conditions; (b)
monthly distribution of NV, periods: 8–17 h and 17–8 h (source: output edited by author, 2018).

(a)

(b)

Figure 93. Table and graphical representation of data for Koper: (a) yearly boundary conditions; (b)
monthly distribution of NV, periods: 8–17 h and 17–8 h (source: output edited by author, 2018).
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(a)

(b)

Figure 94. Table and graphical representation of data for Split: (a) yearly boundary conditions; (b)
monthly distribution of NV, periods: 8–17 h and 17–8 h (source: output edited by author, 2018).

(a)

(b)

Figure 95. Table and graphical representation of data for Athens: (a) yearly boundary conditions; (b)
monthly distribution of NV, periods: 8–17 h and 17–8 h (source: output edited by author, 2018).

(a)

(b)

Figure 96. Table and graphical representation of data for Nicosia: (a) yearly boundary conditions; (b)
monthly distribution of NV, periods: 8–17 h and 17–8 h (source: output edited by author, 2018).
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Figure 97. Graphical representation of data: comparative overview between levels of total yearly
climatic potential for natural ventilation (CPNV) [dimensionless]; 0–24 h, 8–17 h and 17–8 h;
Valencia, Barcelona, Marseille, Rome, Koper, Split, Athens and Nicosia (source: output edited by
author, 2018).

Previously defined areas of temperature and humidity ratio thresholds, as displayed in
Figure 29 on page 54 in sub-section 1.6.2 Climatic Potential for Natural Ventilation (CPNV), can be
generated with heat-maps—a graphical representation of calculated values (Figure 98–Figure 105).

Figure 98. Graphical representation of climatic potential for natural ventilation (CPNV) values for
Valencia, presented as the heat-map; X-axis: weeks/months, Y-axis: hours; (source: output edited by
author, 2018).

Figure 99. Graphical representation of climatic potential for natural ventilation (CPNV) values for
Barcelona, presented as the heat-map; X-axis: weeks/months, Y-axis: hours; (source: output edited by
author, 2018).
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Figure 100. Graphical representation of climatic potential for natural ventilation (CPNV) values for
Marseille, presented as the heat-map; X-axis: weeks/months, Y-axis: hours; (source: output edited by
author, 2018).

Figure 101. Graphical representation of climatic potential for natural ventilation (CPNV) values for
Rome, presented as the heat-map; X-axis: weeks/months, Y-axis: hours; (source: output edited by
author, 2018).

Figure 102. Graphical representation of climatic potential for natural ventilation (CPNV) values for
Koper, presented as the heat-map; X-axis: weeks/months, Y-axis: hours; (source: output edited by
author, 2018).
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Figure 103. Graphical representation of climatic potential for natural ventilation (CPNV) values for
Split, presented as the heat-map; X-axis: weeks/months, Y-axis: hours; (source: output edited by
author, 2018).

Figure 104. Graphical representation of climatic potential for natural ventilation (CPNV) values for
Athens, presented as the heat-map; X-axis: weeks/months, Y-axis: hours; (source: output edited by
author, 2018).

Figure 105. Graphical representation of climatic potential for natural ventilation (CPNV) values for
Nicosia, presented as the heat-map; X-axis: weeks/months, Y-axis: hours; (source: output edited by
author, 2018).
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Discussion

Generated results of applied methodology climatic potential for natural ventilation
(CPNV) are presented through a series of heat-maps and can be categorized in three groups.
The first group is characterized with yearly periods of higher daily levels of relative
humidity (RH): in Valencia from July to October (Figure 98) and in Barcelona from June to
October (Figure 99). Outputs for Marseille, Rome and Koper can be observed as the second group
where day-time during spring and summer is marked with favourable weather conditions for
generating theoretical natural ventilation (NV), as well with short intervals of elevated RH and/or
elevated outdoor air temperatures (Figure 100–Figure 102). In addition, in this group of cities,
general yearly CPNV values are reduced due to lower temperatures during winter, compared to
other geographical locations that have milder climate conditions throughout the year. The third
group is categorized with cities of Split, Athens and Nicosia (Figure 103–Figure 105), where
day-time weather conditions are unfavourable from June to September or October, due to overall
higher temperatures, and in case of Nicosia—including daily higher levels of RH.
In most of locations, the calculated contrast of CPNV values between day- and night-time
is considerably higher from April to October (Figure 89b, Figure 90b, Figure 91b, Figure 92b,
Figure 93b, Figure 94b and Figure 95b), with the exception of mostly unfavourable weather
conditions in Nicosia during July and August (Figure 96b). However, yearly CPNV is not
significantly reduced in the third group (Split, Athens and Nicosia) as day-time NV is generally
more available throughout spring, autumn and winter, due to overall milder weather conditions.
With the exception of Barcelona’s geographical location, all CPNV values are higher during
night-time compared to day-time rates (Figure 97)—considered as a typical weather feature of the
Mediterranean climate systems. Particularly in this detected aspect of weather condition is planted
a considerable potential for exploiting nocturnal lower temperature ranges by NV means, seen also
as a direct use of the regional available renewable energy source, in this case—the colder
night-time outdoor air. CPNV outputs display the yearly theoretical availability of NV approach for
each selected geographical location. In this case, the NV function is taken for both comfort cooling
and ventilation purposes in a hypothetical building space taking into account that the wind force is
excluded in this analysis.
The outcome shows that the favourable period for NV application is primarily from April
to October, while from November to March is mainly seen for periodical space ventilation whose
availability depends on specific weather conditions for each geographical location. As previously
mentioned, the exception is Nicosia, where NV can be generated daily throughout the year, but
with very restrictive periods from mid-June to mid-September (Figure 105).
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A series of building performance simulations (BPS) is carried out in DesignBuilder [91]
software with the objective to evaluate possible cooling energy savings using ANV method in
different reference geographical locations.
Thermal comfort parameters are set according to the adaptive model of Thermal
Environmental Conditions for Human Occupancy (ASHRAE Standard 55-2017) [88] and the chosen
model of 80% acceptability limits, allowing to achieve the maximum estimated level of building
energy savings under that sort of determined human thermal comfort benchmarks.

(a)

(b)

Figure 106. Schematic presentation—design concept of building model “A” with illustrated advanced
natural ventilation (ANV) centre-in, edge-out (C-E) airflow directions: (a) typical floor plan; (b)
cross-section (source: by author, 2020).
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The building model was developed by Pesic et al. (2018) [205,206] in two previously
conducted phases of research (Figure 106 previous page). The designed model represents a
four-storey office building with footprint dimensions 24.0 m × 24.0 m, floor-to-floor height h = 4.0 m
and the plenum floor-to-ceiling height

= 1.3 m.

Figure 107. Schematic design concept of building model “A”: typical floor plan (source: by author,
2020).

Figure 108. Schematic design concept of building model “A”: cross-section (source: by author, 2020).

The centrally positioned compact form of an atrium or the light-well has the full four-storey
height with base square dimensions 5.2 m × 5.2 m (Figure 107–Figure 108). Single floor gross area,
seen as the office space, is 576 m² and the total calculated office area covered with the ANV system
is 2,089 m².
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Figure 109. Schematic design concept of building model “A”: façade elevation (source: by author,
2020).

The envelope is designed as a sealed-type with defined window area of 30% and with an
installed system of exterior louvres, as the fixed sun-protection system (Figure 109). The air leakage
(or air-infiltration) is set as a constant yearly value at 0.3 ac/h. Total interior building’s heat gains are
50 W/m² while calculated total number of occupants is 232 (Table 10).

(a)

(b)

Figure 110. DesignBuilder’s 3D visualizations of building model “A”: (a) 3D model; (b)
cross-section model with illustrated advanced natural ventilation (ANV) airflow patterns (source:
DesignBuilder [91] software, user interface, edited by author, 2018)

The indoor airflow is generated by stack-effect through continuously connected building
zones (Figure 106b on page 141 and Figure 110b above).

The supply-air is delivered into the ground-floor plenum and afterwards is driven into the
base level of the centrally positioned atrium or the light-well. Thereby, by the generated atrium’s
height thermal buoyancy-effect, the fresh air is distributed further through openings located above
the floor level of each of four office storeys.
GEO-CLIMATIC POTENTIAL FOR ADVANCED NATURAL VENTILATION COMFORT COOLING APPROACH IN MID-RISE OFFICE
BUILDINGS IN THE NORTH-WESTERN MEDITERRANEAN
author: Nikola Pesic

144 of 267

3.4 Comfort Cooling Energy Efficiency

On the opposite side of office spaces, on the building’s envelope, openings underneath the
ceiling level drain warmed exhaust air through eight exhaust chimneys positioned on the building’s
perimeter (Figure 110a,b on previous page). Chimneys are connected to the first three floors and
although the top floor receives the fresh air from the central atrium, its exhaust air is separately
driven-out through additional four roof-top chimneys. All building ventilation openings, outdoor and
indoor, are entirely controlled by the building management system (BMS), that is to say, without any
control by the occupants.

Table 10. Main DesignBuilder [91] building performance simulation (BPS) model parameters.
Footprint
dimensions:
Floor-to-floor
height:
Plenum height:

Gross area:

24 m × 24 m

Heating temp.:

+21.0 °C

Occupancy schedule:

8:00–17:00

h = 4.0 m

Cooling temp.:

+24.0 °C

Heating, ventilation and
air-conditioning (HVAC):

7:00–17:00

MV fresh air:

10 l/s per
person

Day-time natural ventilation (DNV):

6:00–17:00

Hum./dehum.:

Off

Night-time natural ventilation (NNV):

21:00–7:00

= 1.3 m
2,089 m²

The local wind effects are not taken into consideration for this analysis. The reference AC
system aimed for comparative calculations of energy savings is defined as the commonly used
variable air volume (VAV) type. The cooling system coefficient of performance (CoP) is set at 3.5
and the economizer function is switched off. The indoor heating operative temperature is set at +21.0
°C while the cooling temperature is +24.0 °C. The indoor humidification and dehumidification
measures are not applied (Table 10).
The building envelope is designed according to Passivhaus [207,208] recommendations for
the warm climate zone with the following heat transfer coefficient (U): exterior opaque envelope
0.50 W/(m² K), vertical exterior glazing 1.25 W/(m² K), roof glazing 1.40 W/(m² K) and the flat roof
is set at 0.22 W/(m² K).
The occupancy schedule is set 8:00–17:00 h (the continuous occupancy with no lunch
breaks) and the heating, ventilation and air-conditioning (HVAC) operation is programmed 7:00–
17:00 h. The ventilative cooling is set to be operational equally for all three geographical location
from 1st April to 31st October, from Monday to Friday including also that the night-time natural
ventilation (NNV) mode operates every Sunday night 21:00–0:00 h as the programmed pre-cooling
process for the next-day occupancy schedule.
As in most common BPS, the office area is modelled as an empty open space. However, for
a more detailed simulation, spatial organization with office furniture disposition should be examined
as this issue affects significantly the overall efficiency of the NV-based comfort cooling process
[209].

GEO-CLIMATIC POTENTIAL FOR ADVANCED NATURAL VENTILATION COMFORT COOLING APPROACH IN MID-RISE OFFICE
BUILDINGS IN THE NORTH-WESTERN MEDITERRANEAN
author: Nikola Pesic

3.4 Comfort Cooling Energy Efficiency

2.

145 of 267

Compactness ratio
With reference to the aspect of building’s compactness ratio, the building model “A” can be

evaluated using referred methodologies in sub-section 3.1.1 Compactness Ratio (on page 107). As a
four-storey height building defined as a shape with width × depth × height = 24.0 m × 24.0 m × 17.5
m, the index of relative compactness, the cube as the reference (

is calculated considering

the Equation (20) (on page 108):

= 0.98

where:
= relative compactness, the cube as the reference [dimensionless]
= volume = 10,080 m³
= surface = 2,832 m²
The second methodology calculates the shape factor ( ) applying Equation (21) (on page
110):

√

1.25

where:
= shape factor [dimensionless]
= surface area = 2,832 m²
= minimum surface area excluding the part of the surface in contact with the ground
required to enclose a given volume = 2,256 m²
= volume = 10,080 m³
Both calculated values of

and

confirm that the building model “A” has the high

level of compactness ratio, taking into account its square-like footprint shape with according
cube-like form, defined as width × depth × height = 24.0 m × 24.0 m × 17.5 m.

3.

Sizing of openings
The sizing of all determined ANV system’s openings is done according to the previously

elaborated calculation method in sub-section 3.1.3 Sizing of Components (on page 117) (Figure 111
on next page).
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= 50 W/m²
= 5.2 m × 5.2 m = 27.0 m²
= 4 × 5.6 m = 22.2 m
= 53.3 m² = 4 × 13.3 m²
= 27.0 m² = 4 × 6.7 m²
= 6.7 m² = 8 × 0.8 m²
= 20.2 = 8 × 2.52 m²
= 1.6 m
Figure 111. Schematic presentation: hypothetical office building, cross-section with outlined main
openings along advanced natural ventilation (ANV) airflow paths (source: by author, 2020).

4.

Ceiling types

Office ceilings are defined as light-weight and heavy-weight types. The model of
light-weight ceiling is a commonly used office building suspended ceiling with low level of thermal
conductivity, considered in this specific study for diurnal operations of full air-conditioning
(FullAC) and day-time natural ventilation (DNV) modes.
The heavy-weight or high-thermal mass completely exposed concrete ceiling is planned for
generating thermal convection between exposed high-thermal mass and indoor generated airflows
during night-time natural ventilation (NNV) and day- and night-time natural ventilation (DNNV)
operations (Table 11 and Figure 112 on next page). Both ceiling types are with defined U = 0.75
W/(m² K).
Table 11. Building model “A” ceiling types according to cooling ventilative operation modes.
Light-weight ceiling
(suspended ceiling)

Heavy-weight ceiling
(high-density fully exposed concrete ceiling)

cooling modes:
-

full air-conditioning (FullAC)
day-time natural ventilation (DNV)









plastic tiles d = 3 mm;
cement screed d = 7 cm;
XPS (extruded polystyrene) d = 20 mm;
standard cast concrete d = 20 cm
(ρ = volumetric mass density = 1,200
kg/m3);
air space (void) d = 30 cm;
suspended ceiling d = 12.5 mm.

cooling modes:
-

night-time natural ventilation (NNV)
day- and night-time natural ventilation (DNNV)






plastic tiles d = 3 mm;
cement screed d = 7 cm;
XPS (extruded polystyrene) d = 30 mm;
heavy-weight cast concrete d = 20 cm
(ρ = volumetric mass density = 2,100
kg/m3).
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(a)

(b)

Figure 112. Schematic presentation of ceiling types and thermal exchange processes according to
ventilation modes; cross-sections: (a) light-weight suspended ceiling; (b) heavy-weight fully exposed
concrete ceiling (source: by author, 2018).

3.4.2.

Control Strategies Setup

Four different space comfort cooling control strategies are programmed during the 24 h
period: full air-conditioning (FullAC), day-time natural ventilation (DNV), night-time natural
ventilation (NNV) and day-time and night-time natural ventilation (DNNV) (Table 12).

Table 12. Occupancy schedule and comfort cooling ventilation control strategies during the 24 h
period: full air-conditioning (FullAC), day-time natural ventilation (DNV), night-time natural
ventilation (NNV) and day-time and night-time natural ventilation (DNNV).
[h]

1

2

3

4

5

6

7

8

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

[h]

occup.

occup.

FullAC

FullAC

DNV

DNV

NNV

NNV

DNNV

DNNV
occupancy

1.

HVAC

NV+HVAC

NV

Full air-conditioning (FullAC):
Set as the reference ventilation control strategy whose cooling energy loads are aimed for the
comparison with other NV-based ventilative modes in order to calculated cooling energy
savings. This mode is designed for a sealed office building, seen as a model completely
equipped with the HVAC system, that is to say, without considered NV operations. The
function is set 7:00–17:00 h.
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Day-time natural ventilation (DNV):
Defined as the hybrid system with concurrent mode, in which AC and NV are operating
parallel in the same time and in the same space. NV operation is switched-off when outdoor
weather conditions are unfavourable and vice versa. The hybrid system function is set 7:00–
17:00 h, while the basic NV operating time is set 6:00–7:00 h.

3.

Night-time natural ventilation (NNV):
The night and early morning purge or flushing operation is set 21:00–7:00 h (including the
Sunday period 21:00–0:00 h) as a completely passive natural ventilative technique.

4.

Day-time and night-time natural ventilation (DNNV):
Combining two previous modes (DNV and NNV), DNNV control strategy covers both, the
day-time occupancy schedule and the night-time—set as the 20 h continuous ventilation
process 21:00–17:00 h (next day), including the Sunday night operation 21:00–0:00 h.
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Building Performance Simulations “A-1”—Coastal Region of Catalonia

Table 13. Comparative overview of monthly [Wh/m²] and yearly [kWh/m²] comfort cooling loads and
cooling energy savings [%]; by control strategy: FullAC, DNV, NNV, DNNV; by city: Barcelona,
Tarragona and Terrassa; cooling period: April–October (source: output edited by author, 2018).

Figure 113. Graphical representation of data: comparative overview between levels of total yearly
cooling energy efficiency [%] by each control strategy; Barcelona, Terrassa and Tarragona; cooling
period: April–October (source: output edited by author, 2018).
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Discussion

Results of performed building performance simulations (BPS) present differences between
three climate zones reflected in general advanced natural ventilation (ANV) space cooling potentials
(Table 13 and Figure 113 on previous page).
The most favourable conditions for generating ANV comfort cooling effect demonstrates
the building model positioned in Terrassa, as the city positioned on a higher altitude where are
mainly lower outdoor air temperatures comparing to locations of Barcelona and Tarragona on the
seaside.
Although Tarragona area is categorized as cold semi-arid climate zone (BSk type), this
research demonstrates that has the lowest cooling potential due to overall higher yearly air
temperatures on that specific coastal location. With respect to this issue, the climate classification for
Tarragona’s coastal area should be re-analysed (Figure 76 on page 123).
Overall, most favourable periods for ANV operations are transition seasons—spring and
autumn, while summer shows disadvantageous weather conditions mainly during July and August,
where in case of Tarragona’s area, day-time natural ventilation (DNV) mode shows the lowest
cooling potential in buildings—observed as negligible cooling energy savings between 4% and 5%
(Table 13).
In respect to defined cooling modes, DNV has the lowest cooling capacity due to broadly
higher daily temperatures during summer. Following is night-time natural ventilation (NNV) mode,
as a passive cooling technique that can reduce considerably the building’s day-time active AC
cooling loads.
At the end, a significant level of space cooling energy savings can be achieved applying dayand night-time natural ventilation (DNNV) mode—in range between 40% and 51%.
This region is characterized with mild winter season when ANV could extend its function,
during periods January–March and October–December, but alike ventilative method would require a
certain pre-heating system during the process of the outdoor fresh air intake.
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Building Performance Simulations “A-2”—The Northern Mediterranean

Table 14. Comparative overview of monthly [Wh/m²] and yearly [kWh/m²] comfort cooling loads and
cooling energy savings [%]; by control strategy: FullAC, DNV, NNV, DNNV; by city: Valencia,
Barcelona, Marseille, Rome, Koper, Split, Athens and Nicosia; cooling period: April–October (source:
output edited by author, 2018).
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Figure 114. Graphical representation of data: comparative overview between levels of total cooling
energy efficiency [%] by city and by control strategy; cooling period: April–October (source: output
edited by author, 2018).

Figure 115. Graphical representation of data: comparative overview between levels of total
production of carbon-dioxide (CO₂) [kg/m²], by control strategy and by city; cooling period: April–
October (source: output edited by author, 2018).

Discussion

Generated results from building performance simulations (BPS) demonstrate differences
between weather conditions in eight chosen geographical locations along the Northern
Mediterranean coastal region, reflected in the overall advanced natural ventilation (ANV) comfort
cooling potential (Table 14 on previous page, Figure 114 above).
With regard to established building’s cooling control strategies, day-time natural ventilation
(DNV) mode shows lowest cooling capacities due to overall higher daily outdoor temperatures from
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June to August, where in the case of Split, Athens and Nicosia even higher loads on active AC
systems are registered in July and August—between +2% and +5%. Consequently, the overall DNV
yearly cooling capacity has the lowest cooling energy savings, between 6% and 30% (Figure 114).
The following mode defined as night-time natural ventilation (NNV), as a passive cooling
technique, displays a considerable level of reducing building’s next-day active cooling energy
demands as a passive comfort cooling approach—between 21% and 45% at the yearly level.
At the end, the highest level of cooling energy savings, in range between 22% and 52%, can
be achieved combining previous two cooling modes, in other words, as the defined form of day- and
night-time natural ventilation (DNNV) operations.
With the focus on DNNV as the most effective cooling mode, and comparing outputs for
each city location, levels of cooling energy savings can be categorized in three groups (Figure 114).
The highest potential of energy savings, between 48% and 52%, are calculated in locations of
Barcelona, Marseille, Rome and Koper. The second level of reduction cooling energy loads is
calculated in the building model positioned in Valencia, at 41%. The third group of cities, Split,
Athens and Nicosia, show the lowest energy efficient levels—between 22% and 28%.
Ultimately, applied ventilative techniques demonstrate also the potential of decrease of
building’s CO₂ emission, presented as the comparative overview in Figure 115 (on previous page)
by each cooling mode and by each chosen geographical location. These values are proportionally
related to achieved levels of cooling energy savings, or otherwise stated, with higher levels of
reduction of cooling energy loads are achieved proportionally lower levels of CO₂ emissions. In that
sense, in this performed series of BPS, Nicosia displays the highest level of CO₂ production, while on
the other side, Marseille has the lowest level of CO₂ emission.

3.4.5.

Summary of Section

Coastal Region of Catalonia

The outcome of this performed series of analyses is that the use of advanced natural
ventilation (ANV) centre-in, edge-out (C-E) form is capable in cutting building’s energy loads
during the defined yearly cooling period from April to October, with different potentials depending
on local climate conditions of each of three analysed geographical locations along the coastal region
of Catalonia.
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This part of section can be summarized along the following principal assessments:


Efficacy:

ANV can participate as an energy efficient comfort cooling strategy in areas
of Barcelona, Terrassa and Tarragona;



Quality:

improved overall qualities of indoor human thermal conditions;



Efficiency:

levels of cooling energy savings within reach of 22% in Tarragona, as the
calculated minimum, and 51% in Terrassa, as the maximum value;



Impact:

decrease of energy loads in the regional electrical grid and the overall
contribution in the current energy transition of Catalonia.

The Northern Mediterranean

In the first part of this analysis, the evaluation of climatic potential for natural ventilation
(CPNV) provides an overview with a visualisation of yearly levels of availability of theoretical
natural ventilation (NV) for both purposes—comfort cooling and basic space ventilation, taking into
account particular weather conditions for each reference geographical location. As a preliminary
design tool, CPNV methodology is focused on the theoretical use of NV and the main hydrothermal
comfort parameters are in this case relatively adapted to this specific Mediterranean climate
configuration.
In the second part of this section, generated building performance simulations (BPS) results
display that advanced natural ventilation (ANV) centre-in, edge-out (C-E) form is capable reducing
building’s cooling energy loads from April to October, with different capacities according to
particular weather conditions for each of selected locations (Table 14 and Figure 114).
Regarding the overview of energy efficiency levels, presented data display certain systems’
advantages and weaknesses. In that respect, the cooling capacity of day-time natural ventilation
(DNV) mode has a higher efficiency during transition seasons and combined with the night-time
natural ventilation (NNV) mode, such a system can operate throughout the entire determined yearly
cooling period, forming in that manner day- and night-time natural ventilation (DNNV) mode.
On the other side, the disadvantageous weather conditions for the DNV function are mainly
detected during July and August, when is the lowest potential for cooling energy savings that in some
cases is even negligible—in Split, Athens and Nicosia, due to overall elevated ranges of air
temperatures during summer.
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The overall output demonstrates the potential of cooling energy savings in buildings using
particular advanced natural ventilation (ANV) modes founded on hybrid or passive cooling
approaches or a combination of both these principles.
The evaluated ANV C-E form could take a part in the overall building energy savings
together with other relevant energy efficient techniques. ANV C-E has demonstrated variable levels
of energy efficiency along the Southern European coastal region.
Highlighted parts of this section of conducted research for the Northern Mediterranean
region can be summarized along the following primary assessments:


Efficacy:

wide range of ANV cooling potentials—in Valencia, Barcelona, Marseille,
Rome and Koper are generally favourable weather conditions for the energy
efficient comfort cooling approach, while in Split, Athens and Nicosia ANV
delivers lowest reductions of cooling energy loads;



Quality:

improved overall qualities of human thermal conditions;



Efficiency:

yearly levels of cooling energy savings in range from 6% in Nicosia, as the
lowest level, up to 53% in Rome where are most favourable weather
conditions among eight cities;



Impact:

contribution in the energy transition in one part of the Southern European
coastal region—delivering considerable levels of cooling energy savings.

Future analyses of NV principles for this region should apply available scenarios for
estimated climate change effects in order to project levels of potential energy efficiency under future
weather conditions, all in comparison with present-day weather data.
Taking into account the generated output and the Mediterranean climate conditions,
consideration should be also given to a definition of a particular building model that can generate
defined NV principles based on buoyancy and/or wind-driven effects, all in order to achieve the
maximum possible level of cooling energy savings.
This analysis indicates that certain ventilative modes and accompanying control strategies
achieved a high level of energy efficiency but that the building model shows also certain factors of
limitations in those aspects and that can be additionally improved with a reconsidered building
design approach. These issues can be analysed establishing a climate responsive or climate sensitive
building form which is the focus of the next stage of this investigation, structured in the section 3.6
Developing Climate Responsive Building Form (on page 172).
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3.5.

3.5 The Impact of Climate Change

The Impact of Climate Change

The World Meteorological Organization (WMO) indicates that the global air temperature
during the last five-year period (2015–2019) have the highest level comparing to same recorded
intervals back to the pre-industrial era—all seen as the average increase by +1.1 °C. Comparing to
the average temperature of the same previous period (2011–2015), the temperature is higher by +0.2
°C [210]. Considering these facts and if no adequate preventive measures are taken on a large-scale,
by the end of this century the EU could suffer a level of high physical and economic impacts [211]. In
this respect, the southern part of the European continent is estimated to be the most exposed to that
kind of negative impacts, where the Iberian Peninsula could encounter higher temperatures in
summer up to +3 °C [14].

(a)

(b)

(c)

Figure 116. Geographical map of the Iberian Peninsula with applied climate shift depicted by
Köppen–Geiger climate classification maps [6]; years: (a) 2020; (b) 2050; (c) 2080 (version January
2019) [7]; Google Earth [9] software visualization; Google Earth files (.kmz):
Global_Shift_A1FI_1976-2100_30m.kmz [212]; post-processed images by author, 2020).

Consequently, such intense climate change effects would provoke a process of shifting of
climate zones [7,212] (Figure 116), an effect which should be particularly analysed from the angle
of appropriate regional building sector energy policies [213].
At the level of Catalonia, 2018 was the seventh consecutive warmest year from 1950 [16],
while the decennial average temperature increase is +0.25 °C, with the most intense effect during
summer—observed as the temperature rise by +0.37 °C per decade. A series of particular applied
climate change projections imply that by 2050 an average yearly air temperature in Catalonia could
rise between +0.8 °C and +1.8 °C [214].
Taking into account these estimated projections, the general tendency for adaptation
strategies towards climate change effects at all considered levels—local, regional and national,
should be focused on developing models of building cities in terms of their resilience and
sustainability. These issues are highly important in relation to current urbanization trends, mainly in
the Northern Mediterranean, where is estimated that approximately 85% of regional population will
live in urban environments [17] largely located along the coastal areas (see Figure 38 on page 69).
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Estimated Climate Change Effects
Based on HadCM3 Climate Data of “A2” climate change scenario ensemble, following

figures display estimated rise of DBT in Barcelona, Terrassa and Tarragona, in 2050 and 2080 [101].

Figure 117. Graphical representation of average monthly dry-bulb temperatures (DBT) [°C] in 2009
with a projected temperature rise in 2050 and 2080; Barcelona, Terrassa and Tarragona (source: output
edited by author, 2020).

(a)

(b)
Figure 118. Graphical representation of data for projected average dry-bulb temperature (DBT) rise
[°C] in comparison with 2009 reference weather data; cities of Barcelona, Terrassa and Tarragona: (a)
2050; (b) 2080; X-axis: 52 weeks; Y-axis: 24 hours; outlined time-frame for the space cooling
operation: April–October (source: output edited by author, 2020).
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(a)

(b)

(c)
Figure 119. Graphical representation of average dry-bulb temperatures (DBT) [°C] in Barcelona: (a)
2009; (b) 2050; (c) 2080; X-axis: 52 weeks; Y-axis: 24 hours; outlined time-frame for the space
cooling operation: April–October (source: output edited by author, 2020).
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(a)

(b)

(c)
Figure 120. Graphical representation of average dry-bulb temperatures (DBT) [°C] in Terrassa: (a)
2009; (b) 2050; (c) 2080; X-axis: 52 weeks; Y-axis: 24 hours; outlined time-frame for the space
cooling operation: April–October (source: output edited by author, 2020).
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(a)

(b)

(c)
Figure 121. Graphical representation of average dry-bulb temperatures (DBT) [°C] in Tarragona: (a)
2009; (b) 2050; (c) 2080; X-axis: 52 weeks; Y-axis: 24 hours; outlined time-frame for the space cooling
operation: April–October (source: output edited by author, 2020).
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Discussion

The applied climate change coupled models display that the rise of dry-bulb temperatures
(DBT) in all three geographical locations will be generally uniformed (Figure 117 and Figure 118).
For the horizon of 2050, the projection for the yearly average rise of DBT for all three geographical
locations is +2.2. °C, and for 2080 is +4.0 °C, all comparing to 2009 weather data as a reference.

Tarragona keeps the highest average monthly temperatures, as the city on the south-west
part of this coastal territory, while Terrassa maintains the lowest temperature ranges among three
geographical locations, due to its higher altitude—235 m above sea level.

Comparative heat-maps display particular differences between present and future estimated
average DBT throughout projected calendar years in displayed matrixes divided 54 weeks by 24
hours (Figure 118–Figure 121).

All three regional cities maintain the highest rise of average air temperatures between the
middle of July and the first weeks of September (Figure 119–Figure 121). Comparative hourly DBT
for each week show that the most exposed part of the year with the highest temperature ranges is
mainly from the beginning of June until the end of September, with peaks during August.

Highest temperature changes on a daily level for this period start principally from morning
hours—from sunrise, and last until late evening hours, while the most unfavourable period is in
August when higher temperatures spread from morning to late-night hours—predominantly 9–24 h.

Still, the most beneficial period for applying NV principles in summer stay late night and
early morning periods 1–8 h, when are calculated largely lower ranges of regional outdoor air
temperatures.
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3.5.2.

3.5 The Impact of Climate Change

Climatic Potential for Natural Ventilation (CPNV)

Following heat-maps display average hourly ranges of climatic potential for natural
ventilation (CPNV) index rates sorted by each week during a year period (Figure 122–Figure 124).

(a)

(b)

(c)
Figure 122. Graphical representation of data: climatic potential for natural ventilation (CPNV) in
Barcelona: (a) 2009; (b) 2050; (c) 2080; X-axis: 52 weeks; Y-axis: 24 hours; outlined time-frame for
the space cooling operation: April–October (source: output edited by author, 2020).
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(a)

(b)

(c)
Figure 123. Graphical representation of data: climatic potential for natural ventilation (CPNV) in
Terrassa: (a) 2009; (b) 2050; (c) 2080; X-axis: 52 weeks; Y-axis: 24 hours; outlined time-frame for the
space cooling operation: April–October (source: output edited by author, 2020).
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(a)

(b)

(c)
Figure 124. Graphical representation of data: climatic potential for natural ventilation (CPNV) in
Tarragona: (a) 2009; (b) 2050; (c) 2080; X-axis: 52 weeks; Y-axis: 24 hours; outlined time-frame for
the space cooling operation: April–October (source: output edited by author, 2020).
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Figure 125. Graphical representation of data: comparison of total climatic potential for natural
ventilation (CPNV); total yearly value for cooling period April–October; Barcelona, Terrassa and
Tarragona; 2009, 2050 and 2080 (source: output edited by author, 2020).

Discussion

Presented heat-maps for all three geographical locations, Barcelona, Terrassa and Tarragona
(Figure 122–Figure 124), display that a tendency in decrease of climatic potential for natural
ventilation (CPNV) values starts from the middle or the end of June and extends until the middle of
September, mainly 10–17 h, while in 2080, it extends 8–22 h.
It is also detected that a shifting of climate conditions allows gradual growth of CPNV
potential during particular periods in March and November in 2080, which can be considered as an
additional period for NV operations.
Taking into account only the outlined time-frame (24 h period April–October), general
levels of CPNV in all three geographical locations are gradually reduced from 2009 to 2080 values
(Figure 125).
Tarragona stays with the highest calculated CPNV among all three geographical locations
despite the highest outdoor air temperatures, mainly due to local dry climate conditions and taking
into account that CPNV calculates possibilities for both principles—the comfort cooling ventilation
and the basic space ventilation. As a consequence of more humid climate conditions, Barcelona
maintains the lowest CPNV with respect to restrictive periods for application of theoretical comfort
cooling and basic space ventilation based on NV approach according to human thermal comfort
benchmarks.
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Control Strategies Setup

A certain research platform was built by Pesic et al. (2018) [205,206] with assessments of
ANV C-E potential under current regional weather conditions. On grounds of data compatibility and
with a look to progress at the next stage of this investigation trajectory, the objective in this section is
to generate an overall comparative and cohesive output of ANV comfort cooling performances under
present and future climate conditions. In that respect, the defined building model is kept from the
previous set of analysis, as defined in the section 3.4.1 Developing the Building Model “A” (on page
141). The Designbuilder’s model represents a four-storey open-plan office building with a central
atrium or a closed light-well (see Figure 106 on page 141 and Figure 110 on page 143).
For the purpose of this analysis, the previously defined set of ANV C-E system operation
modes is narrowed to two control strategies (CS), operating during occupancy schedule as a hybrid
or mixed-mode—with a support of AC equipment, and as a passive cooling mode for flushing process
of building’s exposed high-thermal mass during night and early morning periods (Table 15).

Table 15. Occupancy schedule and comfort cooling ventilation control strategies (CS) during the 24 h
period: CS-1 and CS-2
[h]

1

2

3

4

5

6

7

8

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

[h]

occup.

occup.

CS-1

CS-1

CS-2

CS-2
occupancy

FullAC (active)

ANV + HVAC (hybrid)

ANV (passive)

The set of CS is programmed as a 20 h continuous ventilation period 21:00–17:00 h (next
day), including Sunday night function 21:00–0:00 h. For a comparison of cooling energy demands,
the same building model is equipped with commonly used full air-conditioning (FullAC) equipment,
seen as a sealed building type—without NV-based functions. Two cooling control strategies are
programmed during the 24 h period:
1.

Full air-conditioning (FullAC) mode—control strategy “1” (CS-1):
Set as the reference model for cooling energy savings calculations. The model is designed
for a sealed office building completely equipped with the HVAC system (without NV-based
function), set 7:00–17:00 h.

2.

Night-time natural ventilation (NNV) mode—control strategy “2” (CS-2):
The night and early morning purge or the flushing operation, as a passive natural ventilative
technique, is set 21:00–7:00 h (including Sunday 21:00–0:00 h).
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Comparing the following outcome with the previous BPS results (see sub-section 3.4.3
Building Performance Simulations “A-1”—Coastal Region of Catalonia, on page 149), the aim is to
demonstrate how previously achieved levels of energy efficiency and resilience of an autonomous
ANV system could be improved with a set of additional ventilative techniques as listed below:
1.

Technique “A”: adjusting ventilation control strategies

2.

Technique “B”: merging natural ventilative strategies

3.

Technique “C”: additional high-thermal mass

1.

Technique “A”: adjusting ventilation control strategies
It is assumed that under future climate change effects NV will continue to be an important

comfort cooling approach in the Mediterranean climate configuration in relation that particular
reduced periods of performed comfort cooling energy efficiency in summer will be transferred more
to spring and autumn [215]. As a consequence in the shift in the timing of seasons, the present-day
common comfort cooling period will begin earlier in springtime and end later in autumn [53]. In this
context, for the purpose of a comparative overview of cooling energy demands, the previously
observed yearly cooling period April–October is extended in this case to March–November.

2.

Technique “B”: merging natural ventilative strategies
Regarding that ANV is generated by the stack-effect inside a building enclosure, it can be

considered as a closed and vertical NV-based system, contrary to a cross ventilation (CV)
method—defined in this sense as an open and horizontal ventilation principle based on the wind
force and directly exposed to outdoor weather conditions (Figure 126 and Table 16 on next page).

(a)

(b)

(c)

Figure 126. Schematic presentation—design principles for building performance simulation (BPS)
model, cross-sections: (a) airflow patterns of advanced natural ventilation (ANV) + air-conditioning
(AC) mode (day-time operation: 7–17 h); (b) cross ventilation (CV) mode (night-time and early
morning operation: 21–6 h); (c) flushing process of plenum by stack-effect (source: by author, 2020).
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Table 16. Comparison of key-advantages and -disadvantages between advanced natural ventilation
(ANV) Centre-in, Edge-out (C-E) and cross ventilation (CV) principles.
Advanced natural ventilation (ANV)
centre-in, edge out (C-E)
advantages

Cross ventilation (CV)

disadvantages

advantages

disadvantages

 sealed
façade—higher  lower air speeds;
 higher air-speeds;
 directly
exposed
to
resilience to outdoor
outdoor negative effects
 principally cannot be  suitable for night and early
negative effects (weather,
(weather, pollution, etc.);
manually operated by
morning flushing process
pollution, noise, etc.);
occupants;
during unoccupied hours  unstable wind speeds;
and during lower outdoor
 more
stable
and
 complex airflow patterns
 higher level of variations
controllable
airflow
temperatures—below
and building components;
in thermal comfort;
patterns;
acceptable ranges of
thermal comfort;
 complex
control
 NV efficiency depends on
 suitable for office space
strategies.
occupants’ behaviour (in
ventilation
during
case that windows are
occupied hours;
 possible manual window
manually controlled).
control by occupants;
 balanced levels of thermal
comfort in office zones.
 low-cost
system
maintenance;
 simple control strategies.

In order to take advantage of both principles, ANV C-E approach keeps operating during an
occupancy schedule as a hybrid (mixed-mode) ventilation system, while CV is applied during the
night and early morning flushing process of exposed building’s high-thermal mass as a passive NV
method. According to this principle, the developed control strategy CS-3 is set that ANV operates 7–
17 h, while CV function covers the period 21–7 h (Table 17 and Figure 126 on previous page).

Table 17. Occupancy schedule and comfort cooling ventilation control strategies (CS) during the 24 h
period: CS-1 and CS-3
[h]

1

2

3

4

5

6

7

8

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

[h]

occup.

occup.

CS-1

CS-1

CS-3

CS-3
occupancy

3.

FullAC (active)

ANV + HVAC (hybrid)

CV (passive)

Technique “C”: additional high-thermal mass
The ground-floor plenum with the ceiling height

= 1.3 m may prove to be a valuable

building zone for the thermic pre-treatment of the drawn-in fresh air and this experimental phase is
related to a previous conducted experiments by Ji and Lomas (2009) [186]. The materialization of the
plenum level is changed from a commonly used medium density concrete with volumetric mass
density (ρ) = 1,200 kg/m³ and thickness d = 20 cm, to high-density or heavy-weight concrete with ρ =
2,000 kg/m³ and thickness d = 35 cm. These elements are considered as entirely exposed surfaces:
the plenum ground-floor slab, inside layers of insulated façade walls and the ceiling slab.
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Building Performance Simulations “A-3”—Coastal Catalonia: 2050 and 2080
The following overview presents building models’ monthly and yearly levels of energy

consumption and cooling energy savings (Table 18):

Table 18. Comparative overview of levels of monthly comfort cooling loads [Wh/m²] and energy
savings [%]: monthly and yearly values; by control strategy: FullAC and ANV; by applied technique:
“A”, “B” and “C”; by city: Barcelona, Terrassa, Tarragona; cooling periods: April–October and
March–November; 2009, 2050 and 2080 (source: output edited by author, 2020).
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The comparative charts display that in July and August in 2080, the potential of ANV will be
reduced close to zero, and in addition, that its passive NV-based function could even produce
overloads on the active day-time AC system (Table 18 on previous page).

Figure 127. Graphical representation of data: comparative overview between levels of total yearly
cooling energy efficiency [%] by control strategy and by additional techniques; Barcelona, Terrassa
and Tarragona; cooling periods: April–October and March–November; 2009, 2050 and 2080 (source:
output edited by author, 2020).

On the other side, experimenting with three basic additional techniques, the outcome
displays that the estimated level of impact of climate change in 2080 could be reduced close to the
estimated values for the horizon of 2050 (Table 18 on previous page and Figure 127).
These results imply that exist a wide range of possibilities for coping effectively future
negative climate change effects by merging different bioclimatic techniques and tools. In that
context, ANV form displays that may prove to be a solid platform for application of additional
bioclimatic techniques taking into account an adequate building form and its spatial organization that
should be redesigned according to such an updated general concept.

3.5.5.

Summary of Section
With the applied emissions scenario “A2”, the estimated level of impact of projected climate

change effects will reduce considerably comfort cooling capacities of advanced natural ventilation
(ANV) centre-in, edge-out (C-E) form in the coastal region of Catalonia. The series of performed
building performance simulations (BPS) displays that with the on-going global warming process,
ANV cooling potential in buildings will be irrelevant during July and August in 2080.
On the other side, due to an effect of shifting the time of the seasons, the period of ANV
operations could be extended to March and November, mainly during day-time but primarily as
non-cooling basic space ventilation.
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The displayed example shows that the estimated negative climate change impact could be
absorbed to a certain level with a set of additional considered techniques while maintaining ANV
system still operational and efficient. Nevertheless, a significant part of possible overall reduction in
cooling energy demands lies also in additional thickness and/or additional layers of building
insulation, which would be an irrational design approach with reference to present-time building
legislations and standards. This topic requires a set of updated building normative in the future.
The outcome of this analysis implies that an autonomous ANV system cannot deliver a
significant level of energy efficiency during specific operation periods under predicted regional
climate change conditions. However, ANV could establish a certain platform for an integrated
ventilative system by merging multiple approaches and techniques. In that respect, future research
for this region should be conducted at two levels: firstly is should be considered an implementation
of low-tech and low-energy assisted techniques (e.g., upgrading a passive ANV method to a
fan-forced system, etc.). On the other side, more complex and demanding systems could be
examined for this climate region, such as air-inlet AC pre-cooling process, etc. However, that kind of
approaches could move again a design cursor from passive back to active and more energy
demanding comfort cooling technologies.
General assessments of this section are defined in the following terms:


Efficacy:

ANV system is seen as a polyfunctional platform for a possible integration
of additional techniques with the aim to raise the general efficiency level;



Quality:

improved overall qualities of indoor human thermal conditions;



Efficiency:

achieved space comfort cooling savings between 14% (in Tarragona) and
51% (in Terrassa);



Impact:

negative climate change effects can be partially absorbed with an
application of additional and compatible techniques, resulting in an overall
higher level of reduction of cooling energy loads on the local electrical grid.

The control strategy CS-3, where operation of ANV approach is combined with cross
ventilation (CV) technique with differently established operation cycles on a daily basis,
demonstrates a large potential for further upgrading—as an determined ventilative platform for
application of additional assisted techniques (Table 18 and Figure 127). This issue should be
particularly analysed further with a specific re-defined building form that can meet criteria for a
corresponding updated NV-based approach—principally seen in the domain of a raised building’s
resilience level. This intention for the further research process forms the following section of this
investigation trajectory, titled as: Developing Climate Responsive Building Form.
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Developing Climate Responsive Building Form

The purpose of this concluding part of investigation is to form an overview on delivered
performances of the new designed building model “B” taking into account all observed estimated
climate conditions in the future—in this case, the horizons of 2050 and 2080.

3.6.1.

Merging Ventilative Strategies

A developing process of a climate responsive building form is previously determined as an
analytical tool by Pesic (2018) [109] (elaborated in sub-section 1.6.4. Evaluation of Climate Change
Effects, on page 58).
In order to meet the specific criteria of this stage of research, this method is partially adopted
resulting in the following model divided into five stages (Figure 128):

Figure 128. Schematic diagram of development methodology for merging natural ventilative
strategies (source: by author, 2020; adopted from: Consideration of climate change effects in
architectural education. In: VI Jornadas sobre Innovación Docente en Arquitectura (JIDA’18).
Zaragoza, Spain: Iniciativa Digital Politècnica Oficina de Publicacions Acadèmiques Digitals de la
UPC; 2018. p. 422–35, 2018 [109]).

Stage 1
The first phase takes into account thermal comfort boundary conditions according to the
applied standard and the chosen model of acceptability limits.
This study is principally guided with ASHRAE Standard 55-2017 of Thermal
Environmental Conditions for Human Occupancy [88] and the selected model of 80% acceptability
limits viewed “that a substantial majority (more than 80%) of the occupants find thermally
acceptable” a particular building environment in order that certain limits of system cooling
performances could be established.
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These norms are applied in order to reach following benchmarks under NV-based operative
comfort cooling system:


acceptable limits for human thermal comfort conditions,



the highest possible level of reducing building cooling energy loads.

Stage 2
The second stage is founded on principles of bioclimatic design, interpreted here in a
relation to the regional context and a line of available and applicable tools, techniques and strategies
from this domain. This method allows defining a particular action plan with a set of proposed
building control strategies (CS). The more specific objective of this research stage is to define a set
of control strategies for an efficient NV operation, in order that a certain level of comfort cooling
energy efficiency could be achieved, maintaining an acceptable level of thermal comfort conditions.

Figure 129. Research concept diagram: key-elements for this part of analysis (source: by author,
2020).

In the context of this study, a platform for NV-based operative systems is defined with a
multilevel design approach, correlating in that way: day- and night-time ventilation cycles, passive
and active, hybrid and full AC ventilative systems (Figure 129). Furthermore, this sort of range of
selected techniques is outlined with two fundamental natural ventilative approaches—wind- and
thermal buoyancy-driven techniques, regarded also as renewable or clean energy sources, while from
points of airflow directions are seen as open and closed systems. On that basis, in this section of
research are chosen cross ventilation (CV) and advanced natural ventilation (ANV) techniques,
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whose potential is further interrelated, on one side, with a building’s spatial organization, and on the
other side, with a specific regional climatic potential.
In this phase of research is assumed that all NV-based systems are automatized and
programmed with designed control strategies with the aim to establish and maintain a defined level
of human thermal comfort conditions while delivering a certain level of cooling energy efficiency.

Stage 3
The first part of this stage develops a hypothetical building model programmed with control
strategy “1” (CS-1), aimed for an output of cooling energy loads based on conventional AC
equipment, as a sealed ventilative system, or otherwise stated—without any applied NV-based
technique. CS-1 is intended for the final comparative overview of achieved levels of energy
efficiency, as an initial model of delivering reference cooling loads.
Afterwards, the same building model with applied additional strategies (CS-2 and CS-3) is
exposed to the same scenario of estimated climate conditions. This part of research is carried out in
DesignBuilder [91], planned for evaluation of energy efficiency in building performance simulation
(BPS) environment under expected weather conditions in the future.

Stage 4
In this extension, each ventilative system is additionally verified and optimized with a series
of performed computational fluid dynamics (CFD) analyses, mainly with the focus on performances
of defined natural ventilative airflow patterns. Particular building components pass to the second part
of this stage, called model adjustments, in order to maximize overall efficiency of designed indoor
lines of air flow circulations.

Stage 5
The outcome of this analytical process is provided in the final stage—defining climate
responsive model as the most efficient system chosen in the comparative evaluation between
delivered total cooling energy loads for each of previously designed building models. This design
stage defines a climate responsive building form that can provide adequate airflow patterns for
generating examined NV-based techniques regarding its interior spatial interconnections and
organization. In this context, the final achievement of this applied design methodology is the
building model “B”—as the subject of research in the next thesis’ section.
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Developing the Building Model “B”

1.

Merging ventilative techniques

2.

Building model design

3.

Compactness ratio

4.

Sizing of openings

1.

Merging ventilative techniques

The raising question in the previous section of conducted research was how the achieved
level of resilience and energy efficiency could be improved with a more complex form of NV-based
system, which incorporates additional techniques in this domain.
This question was partially examined in the previous section using the existing building
model “A” (see 3.5.3 Control Strategies Setup, on page 166). As this approach based on already
established building structure provided a limited developing, the objective of the following research
stage is guided with the previously elaborated design procedure (see 3.6.1 Merging Ventilative
Strategies, on page 172), taking into account issues for merging selected ventilative techniques
according to re-designed building model in this case.
Summarizing these premises, the objective of the last part of research is to take advantage of
both previously corresponding NV strategies, CV and ANV principles, for the following series of
assessments, that is to say, incorporating them into an adequate new building form that will be
experimentally evaluated through a series of performed BPS.
The purpose is to make the most in the aspect of CV and ANV favourable performances and
to integrate both techniques into a single operative ventilative system, regarded primarily as a more
climate responsive or sensitive building form. In that respect, a spatial organization should be
adequately formed considering particular airflow patterns for each of these techniques, all in order to
generate efficiently corresponding types of air circulations for both techniques—CV and ANV.
Taking into account their cooling efficiency, the objective of associated and properly determined
airflows is to raise the overall building’s level of resilience against future estimated climate change
effects. Key-issues of CV and ANV techniques are displayed as a comparative overview of
advantages and disadvantages, highlighted primarily in the context of the specific subject of this
research (Table 19).
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Table 19. Comparative overview of key-aspects between cross ventilation (CV) and advanced natural
ventilation (ANV) space cooling strategies. .
Cross ventilation
(CV)

Advanced natural
ventilation (ANV)

Principal generating force

wind

thermal buoyancy

Façade type

open

sealed

Level of exposure to outdoor conditions
(weather, pollution, noise ,etc.)

high

low

directly via window

indirectly via atrium

simple

complex

Main air circulation direction

window-to-window

air-shaft-to-chimney

Building floor-type (footprint)

narrow

mid-narrow/deep

Manual windows control (by occupants)

possible

non-recommendable

Indoor air velocities

high-variable

low-variable

Thermal comfort

high-variable

low-variable

Possibility for fan-assisted ventilation
system

principally: no

yes

day and/or night

day and/or night

yes

yes

Key-aspect of design strategy

Fresh air delivery method
Indoor zone airflow pattern

Common operation time schedule
Mixed-mode compatibility

The previously conducted series of BPS indicated an existing potential for merging ANV
and CV strategies into a more complex operative system, and in that respect, a new building model is
founded on the following list of design premises (see Research concept diagram in Figure 129 on
page 173):


merging two principal ventilative techniques: ANV and CV;



merging two types of floor plans—for ANV is adequate the deep-plan floor configuration,
and CV technique is based on narrow-plan shapes;



combining two examined techniques into one system implies merging two typical operation
schedules into one continuous operation period—or more specifically, mixing day- and
night-time operations through different cycles, but continuously ventilating same building
enclosure—stated also as: same space-different times principle.



ANV system can be additionally supported with compatible assisted techniques, forming in
that manner a complex ventilative form. From one side, ANV is already defined as a
mixed-mode change-over type of ventilation, and in this scenario, ANV is additionally
supported with exhaust fans. In those terms the system is defined as: day-time fan-assisted
mixed-mode change-over advanced natural ventilation (ANV)—seen as a hybrid ventilative
form.
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Taking into account previously listed premises and related possibilities, the new formed
ventilative cooling system can be defined taking into account the following aspects (Table 20):

Table 20. Established ventilative system: comparative overview of key-properties.
Cross ventilation
(CV)

Advanced natural
ventilation (ANV)

night

day

Office floor type

narrow-plan

deep-plan

Airflow direction

window-to-window

air-shaft-to-chimney

Fresh air delivery method

directly via window

indirectly via air-shaft

Key-aspect of ventilation strategy
Aimed operation time

Limitation of generated air speeds
Part of a mixed-mode cooling system

principally no
yes
(nocturnal operation time) (diurnal, occupation time)
no

yes

↳

if yes: which type?

-

fan coil units (FCU)

↳

if yes: which operation mode?

-

change-over

Applied assisted technique(s)

no

yes

↳

if yes: which type?

-

exhaust fans
(fan-assisted)

↳

if yes: as continuous or periodic?

-

periodic

night-time passive
cross ventilation (CV)

day-time fan-assisted
mixed-mode
change-over advanced
natural ventilation
(ANV)

General categorization
of established
ventilative system:

Summary of merging process

Regarding the ventilated office zone, in addition to previously outlined features, the
application of both here presented strategies also implies that will not be a collision between planned
operation periods—regarded as two split ventilative cycles: diurnal and nocturnal. In other words,
CV is planned for operation during night-time when the office space is unoccupied and when are
theoretically the highest cooling capacities related to local wind speeds from one side, and from the
other, when are primarily lower nocturnal air temperatures ranges. At the same time, during an
occupancy schedule, ANV provides diurnal comfort cooling interrelated with AC equipment, all
seen as the mixed-mode change-over concept. In addition, ANV is supported with exhaust fans,
forming in that way a specifically designed fan-assisted hybrid operative system.
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Building model design

Summarizing previously defined principles (Table 20 on previous page), the observed
configuration of the office-type floor plan for the new building model is defined as follows:


combination of deep- and narrow-plans results in a rectangular footprint in ratio 1 : 2;



centrally positioned atrium or air-shaft with a rectangular shape;



provided ribbon windows (linear windows) on opposite wider façades, aimed for a proper
function of CV, induced by dominant local winds;



provided exhaust shafts or chimneys on a building’s perimeter for a proper ANV operation,
positioned on narrow parallel façades—perpendicular to window-to-window direction;



lower ceiling height as ANV airflow inside an office zone is fan-assisted, i.e., does not rely
on additional thermal buoyancy-effect of high ceilings as it was the case in the concept of the
building model “A” .
ANV function is based on a configuration of centrally positioned atrium in a deep-plan floor

type. The recommended maximal distance for establishing horizontal airflow paths is about 5
floor-to-ceiling heights [166].

(a)

(b)

(c)

(d)

Figure 130. Schematic presentation: design concept of building model “B”— illustrated process of
merging natural ventilation (NV) strategies: (a) advanced natural ventilation (ANV) principle,
centre-in, edge-out (C-E) form; (b) cross ventilation (CV) principle; (c) combination of ANV and CV
strategies with different operative schedules: 7–17 h; (d) 21–7 h (source: by author, 2020).

ANV system forms a double atrium-to-chimney direction, shaping in that way a deep-plan
floor type of roughly 10 floor-to-ceiling heights [1] (Figure 130a).
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On the other side, with respect to the main CV principle, the common building shape for
conducting wind-driven NV is planned as a narrow-plan building where the window-to-window
airflow direction is seen as the same single recommended building width, that is to say, no more than
5 floor-to-ceiling heights [166] (Figure 130b).
Applying both these design concepts into a single building form, the new building concept
examined for this part of research is defined as a combination of both these principles as it is
presented in Figure 130c,d. From the point of CV approach, it is seen as a narrow-plan floor shape,
while ANV direction of air circulation, perpendicular to CV airflow, forms the deep-plan adequate
for the atrium-to-chimney airflow direction.
In order that CV principle could be adequately generated throughout an office zone, ribbon
windows

(linear

windows)

are

positioned

on

wider

parallel

façades—forming

the

window-to-window direction of air circulation for the night-time CV operation 21–7 h.
Perpendicularly to this established airflow pattern, the longer axis of the building plan is
considered as direction for generating ANV-based airflow pattern, receiving in that manner the
outdoor fresh air via a light-well or an air-shaft, an architectural element whose size and
configuration depend on the final building design concept and calculated ventilative capacities.
Contrasting the previously defined night-time CV operation, ANV is conceived as a diurnal comfort
cooling system, operating 7–17 h.
It is important to underline that atrium or a light-well is an architectural element considered
also for introducing the natural light, particularly regarding design concepts of office buildings in the
perspective of deeper floor plans. However, with reference to the previously determined design
premises, atrium is not a distributor of natural light since the building plan is narrow in this
developed design concept. In that respect, an atrium or a centrally positioned roofed element is
defined as an air-shaft and its unique purpose in this specific building configuration is to conduct and
deliver the fresh air into each of connected floors.
Another important design issue with regard of the introduction of fan-assisted ANV
approach, is that an air-shaft can be divided in order that each building floor could receive
individually conducted fresh air, all seen as one of optional project design possibilities.
As in this particular case ANV is defined as a fan-assisted space cooling concept, one of the
advantages of a corresponding established design is that ceiling height in the office zone can be
reduced, comparing with the previous considered floor-to-ceiling height set at h = 4.0 m in building
model “A” (see sub-section 3.4.1. Developing the Building Model “A”, on page 141).
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(a)

(b)

Figure 131. Schematic presentation: ceiling height and illustrated generated the night-purge and
heat-sink effects—cross-sections: (a) building model “A”; (b) building model “B” (source: by author,
2020).

Such new design method, based on the introduction of a lower ceiling height, raised
following new design premises (Figure 131):


lower ceiling height induces a higher level of efficiency of dynamic heat storage as the
distance between exposed high-thermal mass concrete slabs is reduced;



reduced floor volume implicates a lower level of cooling energy loads for AC system and
accordingly, a higher level of energy efficiency for NV-based systems;



more effective CV airflow in the window-to-window direction in relation to possible
generated air velocities of the delivered fresh air through provided linear windows;



more effective flushing process regarding the performance of dynamic heat storage.
As a result of these observed aspects, the floor-to-ceiling height is set at h = 3.0 m,

principally lower than in the previously defined model geometry where ANV function was based on
the passive stack-effect as the air circulation line was established from a base of an atrium, through
office spaces, up to exhaust roof-top outlets.
This design method may prove to be beneficial in terms of final achieved energy efficient
calculations regarding that day-time air circulations generated by fan-assisted ANV will be better
thermally threated, or otherwise stated, effects of the diurnal heat-sink and night and early morning
flushing cycles could have a higher level of efficiency during CV operations.
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(b)

Figure 132. Schematic presentation—design concept of building model “B”—fan-assisted advanced
natural ventilation (ANV): (a) longitudinal section; (b) extrapolated typical office floor with a
ground-floor plenum: longitudinal section (above) and floor plan (below) (source: by author, 2020).

After a conducted series of preliminary designed shapes, the final building form for
DesignBuilder BPS stays in the frame of research objectives as a mid-rise office building of 3 to 5
floors (Figure 132a). For the purpose of a conducted series of analyses, the building model “B” is
represented as one of office floors extrapolated from a hypothetical building—seen as a single,
stand-alone model for DesignBuilder’s modelling environment (Figure 132b).

Figure 133. Schematic design of building model “B”—typical floor plan (source: by author, 2020).

(a)

(b)

Figure 134. Schematic design of building model “B”: (a) longitudinal section; (b) transverse section
(source: by author, 2020).
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(a)

(b)

Figure 135. Schematic design concept of building model “B”: (a) south façade elevation; (b) lateral
facades (source: by author, 2020).

(a)

(b)

Figure 136. Considered wind aspects in building design: (a) wind wheel—average wind parameters in
Barcelona, selected period May–October, 21–7 h (source: data image generated by ClimateConsultant
[87] software); (b) orientation principle of building model “B” —longer west-east axis perpendicular
to dominant north winds (source: by author, 2020).

Considered local winds are filtered from weather data for the specific 6-month period May–
October, as a defined regional space cooling season, and additionally, only is filtered data when CV
is operative, as the programmed time-frame 21–7 h (Figure 136a). According to these results, in
order to achieve theoretically the highest level of cooling efficiency by CV means, the building’s
model longer axis is oriented perpendicularly to dominant north winds in order to fully exploit the
potential of wind-generated CV for the night-time and early morning flushing process (Figure 136b).
The floor organization is seen as an open-plan or office landscape type of work
environment, in other words, without any partitions, and in the centre is positioned the rectangular
air-shaft 4.0 × 2.0 m (in relation to the calculated ventilative capacities according to the modelled
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isolated typical office floor in this particular case). Its primary function is to deliver vertically the
drawn-in fresh air from the ground-floor plenum, as a part of an established ANV airflow pattern.

(a)

(b)
Figure 137. Axonometric view: building model “B”—the hypothetical office floor-type with
illustrated integrated natural ventilation (NV) strategies: (a) day-time fan-assisted hybrid advanced
natural ventilation (ANV) operation 7–17 h; (b) night-time and early morning cross ventilation (CV)
operation 21–7 h (source: by author, 2020).

The rectangular building shape represents a common segment of a linear or narrow office
building (Figure 137). Footprint dimensions are 30.0 × 15.0 m and the plenum floor-to-ceiling
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height (

) = 1.0 m. The central light-well is oriented perpendicularly to the longer building’s

east-west axis, in order that a transverse direction of CV airflow (directions of dominant north winds)
is less obstructed during the flushing process. In this respect, parallel north and south façades are with
provided continuous ribbon or linear windows with the aim to maximize the efficiency of CV.

Figure 138. DesignBuilder’s 3D visualization of the building model “B”—the office-type floor
(source: DesignBuilder [91] software, user interface).

The intention is to keep the large part of defined building’s parameters from the previous
building model “A” (see sub-section 3.4.1. Developing the Building Model “A”, on page 141). The
envelope is insulated according to one of Passivhaus recommendations [207,208] for the warm
temperate climate zone, which includes the region of Catalonia’s coastline. In that respect, the
maximum considered values for the heat transfer coefficient (U) for the building’s model
envelope—façade walls and roof, is set at 0.3 W/(m² K) and for vertical glazing is 1.05 W/(m² K).

In order to minimize the level of solar radiation, window panes are additionally improved
with an exterior layer of coated glass with the high level of solar reflectance. Along the south façade
is applied a sun protection system in a form of mounted horizontal fixed louvres, while in the interior
are installed high-reflective window blinds, programmed according to the indoor air temperature
(Table 21).
Table 21. Overview on a part of main parameters for DesignBuilder’s [91] building model “B”.
Footprint
dimensions:
Floor-to-ceiling
height:
Plenum ceiling:
height:
Floor area
(office):

30.0 × 15.0 m

Heat transfer coefficient (U) [W/m² K]:

h = 3.0 m

Envelope
(façade walls, roof):

0.3

h = 1.0 m

Exterior glazing:

1.05

405 m²

High-density concrete:

2,000 kg/m³

Exterior
sunshade system:
Interior
sunshade system:
Exterior
layer of glazing:
Infiltration rate:

louvres
blades
coated glass
0.3 ac/h
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All building’s zones are defined with a constant 24 h infiltration rate at 0.3 ac/h. For
building’s high-thermal mass is planned concrete with volumetric mass density (ρ) = 2,000 kg/m³,
considered as an entirely exposed material positioned in key-locations along NV airflow lines: in the
plenum (ceiling and the ground-floor slabs, the interior layer of façade walls) and in the office zone
(ceiling and floor slabs).

3.

Compactness ratio
The four-storey height building model “B” is defined with dimensions: width × depth ×

height = 30.0 m × 15.0 m × 14.5 m (see Figure 132. Schematic presentation: design concept, on page
181). With reference to the issue of building’s compactness ratio, referred methodologies from the
section 3.1.1 Compactness Ratio, on page 107, are applied for the purpose of this part of analysis.
From the aspect of the relative compactness, the cube as the reference (

, the defined

Equation (20) (on page 108) is applied for calculating the reference index as below [190]:

= 0.95

where:
= relative compactness, the cube as the reference [dimensionless]
= volume = 6,525 m³
= surface = 2,205 m²
Applying the second methodology, the shape factor ( ) is calculated in the following way
(21) [195]:

√

1.26

where:
= shape factor [dimensionless]
= surface area = 2,205 m²
= minimum surface area excluding the part of the surface in contact with the ground
required to enclose a given volume = 1,755 m²
= volume = 6,525 m³
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Both applied methodologies with calculated values for

and

confirm that the

building model “B” has the high level of compactness, taking into account its dimensions close to a
double cube-like form: width × depth × height = 30.0 m × 15.0 m × 14.5 m.

Precisely this building form is defined by Van Den Dobelsteen et al. (2008) [193] as The
Fence shape (Figure 66 on page 109), demonstrating one of the highest levels of energy efficiency,
although does not have the highest compactness ratio as The Cube form. This advantageous point is
mainly related to its elongated form providing more natural light than the deep-floor-type The Cube
model (which in addition does not have an integrated atrium or a light-well).

With respect to the named model The Fence by Van Den Dobelsteen et al., and in the context
of the purpose of this segment of research, that is to say, raising the overall building’s level of
resilience against climate change effects, the defined prototype the building model “B”, as the
outcome of this investigation, is named as D-Fence ® building model.

4.

Sizing of openings

Sizing of openings along the determined airflow direction (plenum, light-well, office space,
exhaust fans) is calculated according to defined principles elaborated in the previous section 3.1.3
Sizing of Components, on page 116.

It should be taken into account that this new building concept, seen as the single floor
building model, does not include chimneys neither outlets at the roof-top (Figure 139).

= 50 W/m²
= 4.0 × 2.0 m = 8.0 m²
= 12.0 m
= 7.0 m² = 2 × 3.5 m²
= 12.0 m × 1.0 m = 12.0 m²
= 7.0 m² = 4 × 1.75 m²
= 1.0 m

Figure 139. Schematic presentation: hypothetical office building, cross-section with outlined main
openings along advanced natural ventilation (ANV) airflow paths (source: by author, 2020).
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Control Strategies Setup

The HVAC system is designed in DesignBuilder [91] software with activated advanced
functions: calculated natural ventilation and detailed HVAC. The office open-plan zone is equipped
with the common fan coil unit (FCU) system supplied by air-cooled chillers. Chillers’ coefficient of
performance (CoP) is set at 3.5 and the mechanical ventilation is delivering constantly 7–17 h the
minimum rate of fresh air set at 10 l/person (Table 22).

Table 22. Main heating, ventilation, and air conditioning (HVAC) parameters for the building model
“B” designed in DesignBuilder [91] software.
CoP

3.5

Economizer:

Off

Occupancy:

8:00–17:00 h

Cooling temp.:

+24.0 °C

Humidifier:

Off

ANV + AC:

7:00–17:00 h

CV min temp.:

+20.5 °C

Dehumidifier:

Off

CV:

21:00–7:00 h

ANV min temp:

+20.5 °C

Exhaust fan supply:

45 W

Exhaust fan capacity:

0.3 m³/s

AC cooling temperature is set at +24.0 °C, while NV cooling (lower) temperature
controlling ANV day-time operation and CV night-purge process is set at +20.5 °C. The control of
minimum outside temperatures is set at +14.0 °C, below which one all windows and vents are closed,
as prevention against the overcooling effect during night-time CV operation.

Figure 140. Schematic diagram: DesignBuilder’s concept of applied advanced natural ventilation
(ANV) airflow pattern principle; fan coil unit (FCU), air cooled chiller and an exhaust fan (source: by
author, 2020).

According to DesignBuilder’s modelling environment, applied exhaust fans are defined as
independent elements without any connection to main HVAC loop (Figure 140).
In order to assist ANV and to maintain its stable airflow, each of four exhaust fans is defined
with the flow rate of 0.3 m³/s, the power supply of 45 W, the efficiency is set at 0.75 and the fan
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pressure is 125 Pa. The office zone equipment (e.g., computers, lighting, etc.) is considered with a
high-level of energy efficiency so that all equipment’s heat gains are set in a lower range, at 10 W/m².
In order to reach the maximum possible cooling energy efficiency, this research is based on
the adaptive model of thermal comfort conditions according to ASHRAE Standard 55-2017 and the
chosen model of 80% acceptability limits [88].
DesignBuilder provides a simulation report including a number of hours during a defined
time-frame in case when thermal comfort parameters fall below the acceptance level for the adaptive
model of 80%, and as well the model of 90%.
In this particular study, DesignBuilder calculates total time when indoor conditions are not
meeting the selected adaptive comfort model of 80% during defined occupancy schedule in the office
zone 8–17 h, on working days and during the established building cooling season which is now
narrowed to the 6-month period 1st May–31st October.
The design approach regarding indoor level of RH stays the same as in previous sections, for
the purpose of the final compatible comparison of levels of energy efficiency of all performed
simulations during this research—in this case functions of humidifiers or dehumidifiers are not
activated for threating the indoor air in that terms.
For experimental comparative analyses of achieved levels of energy efficiency, the same
building form is programmed with three different zone cooling control strategies (CS), whose
ventilative operations are programmed differently for the purpose of BPS in DesignBuilder [91]
modelling environment.
This study considers that ANV C-E type is planned for the day-time operation as
fan-supported, that is to say, its airflow is forced by the effect of negative pressure difference
produced by exhaust fans. On the other side, the use of CV is aimed for the night and early morning
purge or the flushing process of building’s high-thermal mass. It should be stated as well that CV can
be partially defined as comfort cooling approach, since the purpose of this technique is to cool down
unoccupied space by taking advantage of outside air temperatures which are in some cases below
established thermal comfort benchmarks, that is to say, could be inacceptable in case of an occupied
zone.
Summarizing chosen ventilative strategies for this analysis, fan-assisted ANV C–E system
runs during an occupancy schedule as a hybrid or mixed-mode approach (with a support of AC
equipment), while CV operates as the nocturnal and completely passive cooling system. For
comparative analyses of achieved levels of energy efficiency, the same building form is programmed
with three different space cooling control strategies: CS-1, CS-2 and CS-3.
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Table 23. Occupancy schedule and comfort cooling ventilation control strategies (CS) during the 24 h
period: CS-1, CS-2 and CS-3.
[h]

1

2

3

4

5

6

7

8

9

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

[h]

occup.

occup.

CS-1

CS-1

CS-2

CS-2

CS-3

CS-3
occupancy

AC (active mode)

CV (passive mode)

ANV (hybrid mode)

The complete cooling system is programmed as a 20 h continuous ventilation period, 21–17
h (next day), including the Sunday night function 21–7 h (Table 23). The occupancy schedule is
defined 8–17 h, while all mechanical ventilative systems operate 7–17h.
An overview of defined control strategies for new designed building model “B” is given
along the following lines:



Control strategy “1” (CS-1)—AC (air-conditioning):
The building model is entirely equipped with AC system and is planned for reference
cooling energy loads. AC system operates 7–17 h, i.e., starting the cooling process one hour
before the occupancy determined schedule 8–17 h. The cooling system is seen as an active
comfort cooling approach;



Control strategy “2” (CS-2): AC + CV (air-conditioning and cross ventilation):
AC system operates 7–17 h, while CV strategy is active during the night-time and early
morning schedule 21–7 h (next day) when are mostly lower ranges of outdoor temperatures.
The system is planned for the nocturnal and early morning flushing process of building’s
high-thermal mass and is defined as a combination of day-time active (AC) and night-time
passive (CV) comfort cooling approach;



Control strategy “3” (CS-3): CV + ANV (cross ventilation and advanced natural
ventilation):
The previous model CS-2 is further upgraded in the aspect that 7–17 h ANV and AC are
programmed as a hybrid or mixed-mode ventilation type, with an applied change-over
function, in other words, both systems are operating in same space, different times. On the
other side, CV keeps running 21–7 h, as the night-time completely passive comfort cooling
ventilative approach.
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Computational Fluid Dynamics (CFD) Analyses—Barcelona: Present

The general system validation in terms of established airflow patterns for applied control
strategies CS-2 and CS-3 (Table 23 on previous page) is controlled and adjusted in a series of
performed computational fluid dynamics (CFD) analyses. Performances of ANV and CV operations
are displayed as comparative time-slices, visualised through selected CFD sectional planes (Table
24 and Figure 141). Their typical operations are demonstrated during periods of favourable weather
conditions in summer cooling season as following examples: the day-time performance of ANV
system on 12th June at 14 h, and the early morning CV function on 8th July at 5 h.

Table 24. Structure of presented sectional planes for computational fluid dynamics (CFD) analyses.

Office

Office and plenum

floor plan
1.a ANV operation
1.b CV operation

(on page 191) cross-section
(Figure 142)
(Figure 143)

2.a ANV operation
2.b CV operation
2.c ANV operation

Plenum
(on page 192) floor plan
(Figure 144)
(Figure 145)
(Figure 146)

(on page 193)

3.a ANV operation (Figure 147)
3.b CV operation
(Figure 148)

Figure 141. Schematic presentation: axonometric view of the building model “B” with outlined
sectional planes for visualisation of computational fluid dynamics (CDF) analyses in two zones: office
and plenum (source: by author, 2020).

CV does not operate when windows are closed due to lower or higher then acceptable ranges
of outdoor air-temperatures, extreme wind-speeds, storms, etc. CFD analyses present both
programmed strategies as previously defined:


CS-2: cross ventilation (CV) night-time operation 21–7 h;



CS-3: fan-assisted advanced natural ventilation (ANV) day-time operation 7–17 h.
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Office space—floor plan: visualisations “1.a” and “1.b”

Figure 142. Sectional plane visualisation 1.a: Computational fluid dynamics (CFD) analysis of
applied natural ventilative space cooling technique; axonometric view—office floor plan; example of
advanced natural ventilation (ANV) operation, summer period; 12th June at 15 h (source: image dataset
generated by software simulation engine DesignBuilder [91]).

Figure 143. Sectional plane visualisation 1.b: computational fluid dynamics (CFD) analysis of applied
natural ventilative space cooling technique; axonometric view—office floor plan; example of cross
ventilation (CV) operation—flushing process of building high-thermal mass; 8th July at 5 h; north wind
direction (source: image dataset generated by software simulation engine DesignBuilder [91]).
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Office space and plenum—cross-sections: visualisations “2.a”, “2.b” and “2.c”

Figure 144. Sectional plane visualisation 2.a: computational fluid dynamics (CFD) analysis of applied
natural ventilative space cooling technique; transverse section; example of advanced natural
ventilation (ANV) operation, summer period; 12th June at 15 h (source: image dataset generated by
software simulation engine DesignBuilder [91]).

Figure 145. Sectional plane visualisation 2.b: computational fluid dynamics (CFD) analysis of applied
natural ventilative space cooling technique; transverse section; example of cross ventilation (CV)
operation—flushing process of building high-thermal mass; 8th July at 5 h; north wind direction
(source: image dataset generated by software simulation engine DesignBuilder [91]).

Figure 146. Sectional plane visualisation 2.c: computational fluid dynamics (CFD) analysis of applied
natural ventilative space cooling technique; longitudinal section; example of advanced natural
ventilation (ANV) operation, summer period; 12th June at 15 h (source: image dataset generated by
software simulation engine DesignBuilder [91]).
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Plenum—floor plans: visualisations “3.a” and “3.b”

Figure 147. Sectional plane visualisation 3.a: computational fluid dynamics (CFD) analysis of applied
natural ventilative space cooling technique, summer period; plenum floor plan; example of advanced
natural ventilation (ANV) operation, 12th June at 15 h (source: image dataset generated by software
simulation engine DesignBuilder [91]).

Figure 148. Sectional plane visualisation 3.b: computational fluid dynamics (CFD) analysis of applied
natural ventilative space cooling technique, summer period; plenum floor plan; example of cross
ventilation (CV) operation, 8th July at 5 h, north wind (source: image dataset generated by software
simulation engine DesignBuilder [91]).
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Discussion

CFD analyses visualize ANV and CV operations and consequently produced cooling effects
of both techniques during two chosen summer days, considered as two time-slices of their typical
performances (Figure 142–Figure 148).
The day-time operation of ANV shows the pre-cooling effect of high-thermal mass
positioned in the ground-floor plenum, where the temperature of the warmer outside fresh air is
reduced prior to be delivered into the office zone: the fresh air enters the plenum at +21 °C, where its
temperature is reduced to an average of +17.5 °C before entering the light-well, and at the end of this
ventilation segment is distributed into the office space at average temperature at +19.5 °C (Figure
144, Figure 146 and Figure 147). This simulation also displays the period when the function of
changeover mixed-mode is taken completely by ANV function, in other words, AC system is in the
stand-by regime at that time. Generated air velocities in the office zone at the exit of air-shaft’s
supply vents are at a maximum range of around 0.3 m/s and then are gradually reduced throughout
office space, to average air speeds between 0.05 m/s and 0.15 m/s (Figure 142 and Figure 148).
On the other side, the early morning operation of CV demonstrates how the colder outdoor
fresh air, induced by morning north winds, is flushing progressively the interior high-thermal mass
with accumulated heat from the previous day (Figure 143, Figure 145 and Figure 148). As a passive
cooling method, while flushing the heavy-weight exposed concrete slabs and lowering gradually its
temperature, in this example it is demonstrated the process when high-density mass is thermally
being preparing in that manner for generating the heat-sink effect, whose function is aimed for the
next part of the day, during the occupancy schedule.
It should be mentioned that CFD analyses demonstrate the compatibility of both applied
techniques operating in continuous cycles and without collisions in the same space but in different
parts of 24 h time—as diurnal and nocturnal NV types, also seen as open and closed ventilative
concepts, and nevertheless—as passive and hybrid ventilative approaches.

3.6.5.

Building Performance Simulations “B-1”—Barcelona: Present

Generated outputs of performed BPS are displayed as graphical representations of
ventilative performances for each defined control strategy (CS-1, CS-2 and CS-3) operating 1st
May—31st October. Can be observed sequences how CS-1 (AC system as reference cooling loads)
can be progressively substituted with performed operations of NV-based systems—firstly, with CS-2
(AC + CV), and afterwards with CS-3 (CV + ANV) (Figure 149–Figure 152, on next pages).
GEO-CLIMATIC POTENTIAL FOR ADVANCED NATURAL VENTILATION COMFORT COOLING APPROACH IN MID-RISE OFFICE
BUILDINGS IN THE NORTH-WESTERN MEDITERRANEAN
author: Nikola Pesic

3.6 Developing Climate Responsive Building Form

195 of 267

Figure 149. Graphical representation of data: temperature and heat balance overview; control strategy
“1” (CS-1), office space: air-condition (AC) operation 7–17 h; cooling period: May–October (source:
image dataset generated by software simulation engine DesignBuilder [91], post-processed image by
author, 2020).

Figure 150. . Graphical representation of data: temperature and heat balance overview; control
strategy “2” (CS-2), office space: air-condition (AC) operation 7–17 h, cross ventilation (CV)
operation 21–7 h; cooling period: May–October (source: image dataset generated by software
simulation engine DesignBuilder [91], post-processed image by author, 2020).

Figure 151. Graphical representation of data: temperature and heat balance overview; control strategy
“3” (CS-3), office space: air-condition (AC) operation 7–17 h, advanced natural ventilation (ANV) 7–
17 h, cross ventilation (CV) 21–7 h; cooling period: May–October (source: image dataset generated by
software simulation engine DesignBuilder [91], post-processed image by author, 2020).
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(a)

(b)

(c)
Figure 152. Graphical representation of data: illustrative and comparative overview between levels of
hourly heat balance for each cooling mode [dimensionless]; by weeks; cooling period: May–October;
X-axis: weeks; Y-axis: hours; (a) control strategy “1” (CS-1); (b) control strategy “2” (CS-2); (c)
control strategy “3” (CS-3) (source: output edited by author, 2020).
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Discussion

Comparing the reference air-conditioning (AC) control strategy CS-1 with cross ventilation
(CV)-based CS-2 (Figure 149 and Figure 150), heat balance results display how cooling capacities
of CV operations are gradually increased from the beginning of May and the end of October towards
June and September (Figure 150). In these two periods CV nocturnal operation can efficiently
minimize the reference AC day-time cooling loads, while during July and August AC still stands as
the primary building cooling system.
Displayed periodical high oscillations in CV heat balance overview are the result of variable
local wind speeds, which can be controlled with a more detailed programming of windows,
particularly on the most exposed north façade, considering dominant regional north winds.
The next comparison between CS-2 and CS-3 (Figure 150 and Figure 151) shows how the
additional introduced advance natural ventilation (ANV) system provides supplemental capacities in
the decrease of overall AC cooling demands, in which case, AC operation is now narrowed
principally to the period between the end of July and the end of September.
Another observed effects in that sort of determined indoor environments are that AC system
alone, as SC-1, operates in August at the edge of upper boundary conditions for human thermal
comfort when exist general risks for the overheating effect of office zone (Figure 149).
On contrary, both NV-based systems, as CS-2 and CS-3, operate with risks of overcooling
the same building’s space during the first half of May and the second half of October—mostly
considered as transitional intervals between building cooling and heating seasons, which are in this
case indicated with lower morning outdoor air temperatures (Figure 150 and Figure 151).
However, both these risks could be minimized with a more detailed setup of CS operations
or with an additional energy consumption for comfort cooling (in August for CS-1) and heating
(during certain periods in May and October, for CS-2 and CS-3).
Following building performance simulations (BPS) outputs present total achieved yearly
cooling energy efficiency levels for each applied ventilative system, as the principal monthly and
yearly comparison overview, in this case, during re-established regional cooling season for this series
of analyses, which is May–October (Figure 153 and Figure 154a,b, on next page).
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Figure 153. Graphical representation of data: monthly cooling energy demands [Wh/m²] by each
cooling strategy: air-conditioning (AC), cross ventilation (CV), cross ventilation and advanced natural
ventilation (CV + ANV); average monthly outdoor dry-bulb temperatures (DBT) [°C] in Barcelona;
cooling period: May–October (source: output edited by author, 2020).

August keeps the most unfavourable weather conditions for generating CV and ANV
cooling performances when is displayed evidently the lowest level in cutting cooling loads of AC
system (Figure 153). July is represented with a considered level of reductions, 26% for CV and 51%
for the dual operation of CV and ANV systems.
Here are presented average monthly outputs, but in a more detailed data overview (on a daily
or a weekly basis), the first part of July should be taken into account as a partly favourable month for
NV performances while the second half of the month, together with August, forms a central period
with the highest yearly temperatures. In that weather configuration, CV and ANV approaches can
provide sporadic and more ventilative operations according to very limited favourable weather
conditions for comfort cooling operations.

(a)

(b)

Figure 154. Graphical representation of data: comparative overview between control strategies;
cooling period: May–October; (a) total cooling energy demands [Wh/m²]; (b) proportion between total
cooling energy demands and cooling energy efficiency [%] (source: output edited by author, 2020).
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BPS outputs display total cooling demands by each applied strategy comparing with the full
AC system—defined for reference values (Figure 153 and Figure 154a on previous page). On the
yearly basis, the applied CV technique reduces cooling demands by 50% and in a combination with
ANV, the total cut of building cooling demands is achieved at 65% (Figure 154b).
Applied exhaust fans have variable activation periods during its support operations for
maintaining stable ANV airflows. It is assumed that the total energy consumption of all four installed
exhaust fans during the 6-months cooling period, May–October, is 125 kWh or 305 Wh/m² (Figure
154a), which represents 6.4% in a comparison with the total AC cooling loads (4,730 Wh/m²), or it
takes part of 23% in CV + ANV (CS-3) cooling energy consumption (Figure 154b)—or seen from
the other angle that the efficiency of CS-3 is reduced by that range.
However, this parameter in praxis predominantly depends on a type of installed fans—e.g.,
type of engine, blades, supporting control system, etc. [189]. This value is also additionally related to
a specific building’s floor position where are installed exhaust fans (i.e., differences between
performances comparing for instance 1st and 4th storey), and also to variable outdoor conditions
impacting steady airflows of a produced thermal buoyancy-effect inside the building—in that way
continuously activating and deactivating the fan-support system.

Thermal Comfort
The results of energy simulations of control strategies CS-2 and CS-3 show that with the
applied adaptive model of 80% acceptability limits (ASHRAE Standard 55-2017) [88], the average
mean air temperature in office zone is lower between 1.1 °C and 1.9 °C comparing to CS-1 value
(Table 25).

Table 25. Main DesignBuilder’s [91] output for the office space zone related to thermal comfort, by
each control strategy: CS-1, CS-2 and CS-3.
Control
strategy
(CS)

Adaptive Thermal
comfort: model 80%,
deviations [h]

Average office zone
mean air temperature [°C]

Average office zone
relative humidity (RH) [%]

April–October

low
(monthly)

April–
October

high
(monthly)

low
(monthly)

April–
October

high
(monthly)

CS-1

0

22.2

25.1

27.5

63.3

66.1

69.2

CS-2

0

20.8

24.0

25.8

69.5

73.2

79.0

CS-3

1.8

20.3

23.2

25.6

60.9

70.2

73.9

These values are reflected in the applied boundary condition for a minimum number of
discomfort hours for occupants where only during CS-3 operation a minimum of thermal comfort
anomalies appeared during defined yearly cooling period. Such an effect of boundary conditions is
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manifested in the morning just after a completed CV operation as a result of the radiation effect of
overcooled interior building’s elements.
Regarding these temperature related issues, with applied AC system exist potential risks for
the overheating effect of the office zone, and on the other side, exists a possibility for the space
overcooling during NV operations. In that context, control strategy CS-1, as AC-based system,
reached the scale of upper acceptable temperature boundary conditions for the human thermal
comfort with the space overheating risk, accordingly to higher outdoor air temperatures in August
(Figure 149). On the other side, CS-2 and CS-3 with applied NV-based strategies reached a lower
scale of acceptable indoor temperatures, mainly during morning periods 8–10 h. This effect is the
result of overcooled interior building’s components after the completed CV night and early morning
flushing process. In those terms, the high-thermal mass continues radiating and cooling down the
indoor air. In addition, critical periods for rapid thermal comfort oscillations are short intervals
during hybrid-mode’s switching processes when ANV takes function over AC and vice versa.

Figure 155. Graphical representation of data: correlation between total space cooling energy savings
[%] and average mean air temperature in office zone [°C]; cooling period: May–October; applied
adaptive model of thermal comfort for 80% occupant acceptability [88] (source: output edited by
author, 2020).

The correlation of these inverse thermal risks can also be observed in Figure 155 regarding
levels of calculated total annual proportions of cooling energy demands, versus average mean air
temperatures in the office zone.
CS-1, as a sealed system, displays lower levels of interior RH (Table 25) as a result of the
constantly recirculated indoor air through FCU equipment, so that during specific periods it could be
considered the activation of humidifier HVAC equipment, which would be reflected as additional
energy consumption.
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Building Performance Simulations “B-2”—Coastal Catalonia: 2050 and 2080

According to the general research line, presented as the diagram in Figure 8 on page 26
under section 1.6.1 Research Process, this part of investigation is the concluding one.
This research stage allows forming the final comparison of total cooling energy loads,
regarding, on one side, outputs of the building model “A” (see sub-ection 3.4.3 Building
Performance Simulations “A-1”—Coastal Region of Catalonia, on page 149), and on the other side,
total delivered cooling loads of the building model “B”, calculated in the extension of this section.
These kind of presented contrasted outputs will display the proportion of achieved level of
resilience—by comparing results of the first set of applied control strategies, in the building model
“A”, with the new re-defined and advanced control strategies implemented in the building model
“B”.
The previous series of simulations of the building model “B” (see sub-section 3.6.5 Building
Performance Simulations “B-1”—Barcelona: Present, on page 194) displayed adequate operations
and performances of ventilative systems with accordingly evaluated levels of space cooling energy
efficiency for each of designed control strategy (CS). That analysis is performed in the ambiance of
present-day weather conditions and in the reference geographical location of Barcelona. In the light
of this, the objective of this section of research is to go further, at the next and concluding level of this
investigation with respect to a wider framework, seen as two directions or plans, forming the matrix
“3 × 3” in terms of 3 cities and 3 time-frames, as follows:


geographical plan: including Terrassa and Tarragona, together with Barcelona;



time plan: including projections for weather conditions in 2050 and 2080.
In the first stage of this evaluation, the aim is to examine the proportion of estimated future

climate change effect reflected on the capacity of previously defined AC system kept from the
previous phases of research, and after, to optimize each AC reference system according to each
geographical location.

The process of performed BPS is structured as below:
1.

Initial running of reference air-conditioning (AC) system

2.

Optimization of reference air-conditioning (AC) system

3.

Final simulation and comparison between reference air-conditioning (AC) and
advanced natural ventilation (ANV) systems
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Initial running of reference air-conditioning (AC) system
In the first step, the building model “B” with sized initial AC equipment for present-day

weather conditions is exposed to projected climate change in 2050 and 2080.
As expected, in this experimental scenario all models located in all three cities in 2050 and
2080 show high levels of space overheating effect—as generally higher levels of indoor air
temperatures (Table 26 columns B, C, E–I).

Table 26. Comparative overview of building performance simulations (BPS) outputs for building
model “B”; total values: HVAC start-up time [h], chiller sizing coefficient, indoor temperatures [°C],
adaptive thermal comfort deviations [h], space cooling loads [Wh/m²] and cooling energy savings [%];
control strategy CS-1; Barcelona, Terrassa, Tarragona; cooling period: May–October; 2009, 2050 and
2080 (source: output edited by author, 2020).

Figure 156. Graphical representation of data: temperature and heat balance overview; Barcelona,
2050; overheating effect, building model “B”, control strategy “1” (CS-1), office space: air-condition
(AC) operation 7–17 h; cooling period: May–October (source: image dataset generated by
DesignBuilder [91], post-processed image by author, 2020).

The determined overheating effects indicate a general inefficiency of present-day sized AC
equipment for this region in relation to future climate condition, presented with an example of AC
operation in Barcelona in 2050 in Figure 156.
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The indoor overheating level is consequently reflected in the high degree of deviations
regarding the adaptive model of 80% acceptability limits (ASHRAE Standard 55-2017), applied in
this case with the purpose only as a reference and illustrative scale for an overheating effect
(although the applied standard is for NV-based systems). In addition, building model located in
Tarragona under present weather conditions and using the defined AC equipment from Barcelona’s
model, displays the low level of deviations even in present time conditions (Table 26 column G).
In this respect, for the purpose of this research and concluding comparative analyses, the
system is not structurally modified for the specific climate conditions in the future, but rather is
optimized for the present-time operations.
This aspect is taken into consideration in order to generate comparative output of present and
estimated cooling loads founded on the same building model with the same AC equipment—in other
words, in order to obtain a compatible overview of outputs, AC system based on fan coil unit (FCU)
and air cooled chillers is not structurally changed, but rather is optimized in its capacities.

2.

Optimization of reference air-conditioning (AC) system

With reference to DesignBuilder’s modelling environment and using basic sizing options
for dedicated HVAC equipment, the optimization of AC system is examined in following aspects:


chiller sizing factor—increasing the capacity of deployed FCU cooling equipment;



optimum start-up control—increasing the time for a planned start-up schedule of AC
system, or otherwise stated, programing an earlier start-up time of AC equipment, which is
currently set at 7:00 h in all locations, regarding present-time weather conditions.
In contemporary HVAC design, the optimum start-up control is principally founded on an

algorithm developed to start heating or cooling operations at the latest possible time for the purpose
of establishing programmed levels of indoor temperatures immediately before a scheduled
occupancy [95].
In relation to use of available advanced HVAC option in DesignBuilder, this part of a more
detailed HVAC setup raised the research question formulated as:
When is the optimum start-up time for the building’s model AC equipment in order to
overbalance or prevent the summer overheating effect?
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Although exist a large volume of methods related to this question, a series of here preformed
simulations indicated that this issue could be experimentally adjusted for this specific location and a
programmed HVAC system according to following aspects:


Experimenting with chiller sizing factor:
A series of experiments displayed that sizing chiller’s capacities more than +80% prove to
be energy inefficient, that is to say, although the cooling capacity is raised, however,
building’s interior elements were still overheated during the initial period of AC start-up at
7:00 h and the beginning of occupancy schedule at 8:00 h, in other words, 1 h is insufficient
time to cool down building’s interior components.



Experimenting with additional time for start-up:
It was taken into consideration that adding a maximum of 5 h proves to be an optimal
interval for this climate conditions and according to previously sized chiller’s equipment.
Summarizing these two topics, the optimization of existing building’s model HVAC

equipment is guided in two directions: sizing HVAC up to 1.8 capacity (+80%) while adding the
maximum of 5 hours for the start-up of AC, in relation to the effect of an overheated space—more
specifically: from currently defined start-up schedule at 7:00 h, to the new established at 2:00 h, as a
maximum planned time.
Finally, in order to evade from one side the oversizing of HVAC equipment, and from the
other side, peak loads during the initial periods of AC running, the method is defined in the following
procedures: for the present-time weather data time schedule is the same for AC operation 7–17 h; in
2050, the considered time of AC cooling schedule is 5–17 h in Barcelona and Terrassa, and 4:30–17
h in Tarragona. In 2080, as climate conditions are with the highest observed temperature ranges in
this research, the start-up time, depending on the geographical location, is in range 2–17 h, 2:30–17 h
and 4–17 h, for Tarragona, Terrassa and Barcelona, respectively (Table 27 and Table 28 on next
page).

Table 27. Air-conditioning (AC) equipment optimum start-up and chiller sizing, by each city and by
year.

2009

2050

2080

Optimum
start-up

Chiller
sizing

Optimum
start-up

Chiller
sizing

Optimum
start-up

Chiller
sizing

Barcelona

07:00

1.0

05:00

1.2

04:00

1.5

Terrassa

07:00

1.0

05:00

1.6

02:30

1.7

Tarragona

07:00

1.1

04:30

1.7

02:00

1.7
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Table 28. Occupancy schedule and comfort cooling ventilation control strategies during the 24 h
period; cooling control strategy “1” (CS-1); additional start-up time; cities of Barcelona, Terrassa and
Tarragona; 2009, 2050 and 2080.
[h]

1

2

3

4

5

6

7

8

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

[h]

Barcelona
2009

1.0

2009

2050

1.2

2050

2080

1.5

2080
Terrassa

2009

1.0

2050

1.6

2080

1.7

2009
2050
2080

2:30

Tarragona
2009

1.1

2050

1.7

2080

1.7

[h]

2009
2050

4:30

2080
1

2

3

4

5

chiller sizing factor

6

7

8

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

occupancy

AC

[h]

additional AC time

Applying the previously defined approach, all AC systems are optimized in order to deliver
reference cooling loads planned for the following comparisons with NV-based energy efficiency
performances.
For the purpose of a visual comparison, the following output is displayed as an example of
CS-1 performance in Barcelona in 2050, with highlighted both: the initial and the optimized
performance of HVAC system (Figure 157):

Figure 157. Graphical representation of data: temperature and heat balance overview; Barcelona,
2050, optimization; building model “B”, control strategy “1” (CS-1), office space: air-conditioning
(AC) operation 7–17 h; cooling period: May–October (source: image dataset generated by
DesignBuilder [91], post-processed image by author, 2020).
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Figure 158. Graphical representation of data—raising cooling capacities of air-conditioning (AC)
systems: additional operational hours and/or additional sizing of chiller’s equipment (source: output
edited by author, 2020).

The initial series of optimized BPS can be graphically outlined in Figure 158, as the
correlation between cities, years, total cooling energy demands, chiller sizing factors and the
optimum start-up or the additional time for AC operation, aimed to cool down building’s interior
components.

3.

Final simulation and comparison between reference air-conditioning (AC) and advanced
natural ventilation (ANV) systems

The overall BPS output is displayed as comparative charts (Table 29 on next page and
Figure 160 on page 208). With respect to performed nine BPS analyses (i.e., “3 ×3” matrix—three
cities and three time-frames: present-time, 2050 and 2080), for this segment is selected the
performance of CS-3 in Barcelona in 2050 as an illustrative example, displayed below (Figure 159):

Figure 159. Graphical representation of data: temperature and heat balance overview; Barcelona,
2050; building model “B”, control strategy “3” (CS-3), office space: air-conditioning (AC) operation
7–17 h, advanced natural ventilation (ANV) 7–17 h, cross ventilation (CV) 21–7 h; cooling period:
May–October (source: image dataset generated by software simulation engine DesignBuilder [91],
post-processed image by author, 2020).
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Table 29. Comparative overview of building performance simulations (BPS) outputs for the building
model “B”; total values: HVAC start-up time [h], chiller sizing coefficient, indoor temperatures [°C],
adaptive thermal comfort deviations [h], space cooling loads [Wh/m²] and cooling energy savings [%];
by control strategy: CS-1 and CS-3; Barcelona, Terrassa, Tarragona; cooling period: May–October;
2009, 2050 and 2080 (source: output edited by author, 2020).
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Figure 160. Graphical representation of data: comparative overview of levels of total yearly cooling
energy efficiency [%] of control strategy CS-3; Barcelona, Terrassa and Tarragona; cooling period:
May–October; 2009, 2050 and 2080 (source: output edited by author, 2020).

Presented comparative overviews below, between CS-1 and CS-3, display considered values
for generated levels of emission and relative difference (reduction) of CO2.

Figure 161. Graphical representation of data: comparative overview of levels of total yearly emission
of carbon-dioxide (CO2) [kg/m²] of control strategies CS-1 and CS-3; Barcelona, Terrassa and
Tarragona; cooling period: May–October; 2009, 2050 and 2080 (source: output edited by author,
2020).

Figure 162. Graphical representation of data: comparative overview of relative difference between
levels of total yearly emissions of carbon-dioxide (CO2) [%] of control strategies CS-1 and CS-3;
Barcelona, Terrassa and Tarragona; cooling period: May–October; 2009, 2050 and 2080 (source:
output edited by author, 2020).

Although CS-1 demonstrates constant rise of emission of CO2 2009–2080 (Figure 161),
parallel, CS-3 achieve an approximately constant level of reduction of such levels in a range
between 20% in Barcelona and 29% in Tarragona thought all observed periods (Figure 162).
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Summary of Section and Concluding Comparison

1.

Building performance simulations “B-1”—Barcelona: present

2.

Building performance simulations “B-2”—region of Catalonia: 2050 and 2080

3.

Concluding comparison of levels of energy efficiency

1.

Building performance simulations “B-1”—Barcelona: present
The conducted experimental building performance simulations (BMS), with applied three

different comfort cooling control strategies (CS-1, CS-2 and CS-3), display achieved levels of
reduction of cooling energy demands under present-time weather conditions in Barcelona—50% for
the defined CS-2 based on cross ventilation (CV) and 65% for CS-3 conceived on a combination of
CV and advanced natural ventilation (ANV) (Figure 154b).
In both examples is demonstrated that CV is an efficient and completely passive technique
for night-time space cooling operations relying on a configuration of local wind velocities and a
principally lower ranges of nocturnal and early mornings’ outdoor temperatures in Barcelona.
On the other side, ANV as a more complex hybrid system can be applied during day-time
having a more resilient level for both ventilation and comfort cooling purposes. In addition, ANV has
a more stable airflow patterns, maintaining in that manner a controllable level of thermal comfort
during the occupancy period with accordingly a lower level of energy efficiency.
However, as ANV is the fan-supported system, around ¼ of its gross generated energy
efficiency is reduced regarding the power consumption of dedicated exhaust fans. Nevertheless,
system provides a healthier working environment than an office space equipped exclusively with a
sealed AC system.
The applied adaptive model of thermal comfort for 80% occupant acceptability establishes
limits for nocturnal cross ventilation application in case when interior high-thermal mass elements
could be overcooled, which afterwards, by a radiation effect could reduce indoor air temperatures
during critical morning hours in these terms, mainly 8–9 h.
However these sorts of thermal comfort anomalies could be corrected with a more detailed
programing and optimization of cooling operations, or simply by activating heating system in early
April and late October, which would be reflected in additional building energy consumption.
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From the thermic point of view, a vulnerable part of the building, which is reflected in
overall cooling energy demands and regardless the applied cooling strategy, stands the south facing
façade. It should be considered a higher level of protection against solar radiation by using additional
exterior elements, bioclimatic techniques or perhaps, an additional envelope insulation, which would
be an irrational method from the point of view of today’s building standards.

2.

Building performance simulations “B-2”—region of Catalonia: 2050 and 2080
The building model “B” with installed conventional AC equipment, as previously

defined—control strategy CS-1, and without implemented NV techniques, displays in a series of
simulations the produced overeating effect in office zone during summer season in all three cities and
in both projected time-slices, in 2050 and 2080. This effect is reflected in generated output through
registered average indoor temperatures in range between 27.0 °C and 28.3 °C in 2050, and between
28.4 °C and 29.8 °C in 2080 (Table 29, columns B and C).
However, in the next stage of performed simulations, the same model with applied cross
ventilation (CV) and advanced natural ventilation (ANV) techniques, both incorporated in defined
control strategy CS-3, display a higher level of climate response, and in that terms, a certain raised
level of resilience which is reflected in a higher delivered reduction of cooling energy loads.
In observed performance simulations, CS-3 achieved levels of energy efficiency in 2009
within reach of 54% in Tarragona and 65% in Barcelona, in 2050 53% in Barcelona and 59% in
Terrassa and in 2080—from 53% in Barcelona to 58% in Tarragona.
Outputs demonstrate that the rate of delivered energy efficiency is not minimized
proportionally with the rise of cooling energy loads from 2009 to 2080, but rather that the system has
a potential of a steady and constant reduction of gradually progressing cooling demands. This
observed point demonstrates the building’s capability to respond to climate change effects in a
long-term period, in this monitored case, until 2080.
In addition, applied strategies show that do not collide in their operation settings and
performances, regarding that CV approach operates during night with the highest possible cooling
capacities related to local wind forces and lowest permitted outdoor temperatures. On the other side,
ANV supports the reduction of cooling loads when outdoor conditions permits its operation during
occupancy schedule while delivering a more controllable indoor environment.
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Concluding comparison of levels of energy efficiency
The final comparison of this investigation correlates outcomes of both performed series of

building performance evaluation (BPS)—from one side, operations of established ventilative
systems of building model “A” (see sub-section 3.4.3 Building Performance Simulations
“A-1”—Coastal Region of Catalonia , on page 149), and on the other side the outcome of this section
of investigation—results of energy efficiency of the building model “B”, named as D-Fence.

Figure 163. Graphical representation of data: comparative overview of levels of total yearly cooling
energy efficiency [%] of building model “A” and building model “B”; Barcelona, Terrassa and
Tarragona; cooling periods: April–October and May–October; 2009, 2050 and 2080 (source: output
edited by author, 2020).

In this sense, levels of energy efficiency of cooling systems of model “A” have a progressive
decrease during observed time-frames—from maximum level of 51% in Terrassa in 2009 down to
14% in Tarragona in 2080 (Figure 163). On the contrary, the model “B” displays its feature of
climate responsiveness with more balanced and steady levels of reduction of cooling energy loads,
from maximum 65% in Barcelona in 2009, down to 54% in 2080 in the same city.

Figure 164. Graphical representation of data: comparative overview of relative difference between
levels of total yearly cooling energy efficiency [%] of building model “A” and building model “B”;
Barcelona, Terrassa and Tarragona; cooling periods: April–October and May–October; 2009, 2050
and 2080 (source: output edited by author, 2020).

The final overview of general capabilities for delivering reduction of cooling energy loads
can be observed as a relative difference between such established systems (Figure 164)—otherwise
stated, the overall effectiveness of the model “B” versus the model “A”.
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This concluded section of investigation can be outlined as follows:


CV operation takes advantage of north winds in correlation with lower ranges of nocturnal
and early morning lower outdoor temperatures—the combination of both these aspects is
seen as an open and available regional renewable energy source;



Building model “B” represents a complex and climate responsive building form;



Building model “B” enables implementation of multilevel CV + ANV ventilative system;



the difference between night- and day-time temperatures is estimated to be higher in 2050
and 2080 than in the present-time;



for an approximate and preliminary calculations can be considered for all three locations and
all projected years that applying demonstrated system CV + ANV (CS-3) that building
cooling loads are cut roughly by one-half ;



conventional NV-based methods and components.

General assessments are defined in following terms:


Efficacy:

synchronized day- and night-time NV-based space cooling cycles;



Quality:

climate responsive building model with integrated climate sensitive
ventilative system improves overall qualities of indoor human thermal
conditions;



Efficiency:

delivered levels of cooling energy savings: in 2009 within reach of 54% in
Tarragona and 65% in Barcelona; in 2050 between 53% in Barcelona and
59% in Terrassa; in 2080—from 53% in Barcelona up to 58% in Tarragona;



Impact:

more stable levels of reduction of cooling energy loads on the local
energetic grid until the end of this century.
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Conclusions, Reflections and Final Word

Conclusions
A line of traditional natural ventilative comfort cooling techniques is facing the increasing
effects of the global warming. The estimated temperature rise in the Northern Mediterranean climate
ambiance will produce negative effects on overall capacities of natural ventilation comfort cooling in
buildings notably during July and August, when particular day-time cooling modes could be even
negligible. In relation also that the global warming affects the timing of seasons, this research
validates that the current typical building cooling period in this region will tend to start earlier in
spring and end later in autumn, with reference to observed horizons, as selected time-slices, the years
of 2050 and 2080. However, this weather anomaly proves to be partially favourable in the context of
overall yearly energy efficient cooling capacities regarding that the ineffectiveness level of natural
ventilative systems during peak temperatures in July and August will be partially compensated by
gaining additional favourable operational periods in March and November.
This research indicates that an autonomous ANV-based system, examined with the building
model “A”, has certain limitations or categorized weaknesses related to regional summer climate
conditions. Looking beyond such a concluded stage of the investigation, the next research objective
pointed in the direction to establish a climate responsive building form that can provide a higher level
of energy efficiency. In these terms, the purpose is to reduce to a certain proportion previously
detected negative climate effects, under which the building model “A” proved to be a generally
vulnerable ventilative system.
Progressing further, on the field of here presented and evaluated merged bioclimatic
techniques, certain beneficial capabilities are established for improving overall comfort cooling
energy efficiency in buildings. These aspects can be highlighted with the presented multilevel design
approach where are combined and optimized specific ventilative techniques into one complex and
resilient space cooling system, the Building Model “B”, seen also as the building prototype named
D-Fence (see sub-section 3.6.2 Developing the Building Model “B”, 3. Compactness ratio, on page
175).
The targeted research area of this part of study implies that by interrelating day- and
night-time ventilative modes, passive and active techniques, and as well, hybrid and full AC comfort
cooling systems, not only that is possible to increase cooling energy savings in the present-time, but
that exist certain system’s capacities for a long-term and stable decrease of cooling energy loads in
office buildings in this specific region of interest.
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In light of this, this concept is perceived as a bioclimatic building model, whose operations
are evaluated through a series of building performance simulations (BPS) and computational fluid
dynamics (CFD) analyses. Its function is founded on the use of lower nocturnal outdoor air
temperatures with passive natural ventilative techniques, reducing in that way day-time active
cooling loads exposed to higher ranges of diurnal temperatures. In comparison with the previous
building model “A”, which is designed strictly on advanced natural ventilation (ANV) based
approach, the building model “B” with a developed higher resilience level have advanced natural
ventilation (ANV) as a part of a more complex ventilative system. Such a comfort cooling approach,
based on day and night ventilative cycles, demonstrates at the end gained certain features,
categorized in this context as opportunities and strengths.
While the building model “A” delivers gradually reduced levels of cooling energy savings
within reach from 51% down to 14%, from 2009 to 2080, on the contrary, the established building
model D-Fence displays more regular patterns of performances in cut of comfort cooling loads along
same time-slices and under same weather conditions. These issues are observed that until the end of
this century, previously detected negative climate change effects could be partially absorbed, which
is seen as an achieved level of building’s climate responsiveness. Ultimately observed, these
qualities are quantitatively reflected in delivered levels of cooling energy savings—in range from
65% in 2009, to 53% in 2080.

Reflections
In the retrospective of performed stages of this research, the investigation was guided from a
narrow to a wider perspective and from a local (the Coastline of Catalonia) to a regional scale (the
Northern Mediterranean), establishing in that manner the overall insight into the interrelation
between subjects of the research: on one side are examined techniques based on advanced natural
ventilation (ANV), and on the other, specific climate configurations along coastlines.
Overall highlighted reflections can be concluded along following lines, applying the basic
SWOT (strengths, weaknesses, opportunities and threats) strategic analysis, ordered in this case
according to the conducted research process (Figure 165):

Figure 165. Schematic diagram: strengths, weaknesses, opportunities and threats (SWOT) strategic
analysis applied as a résumé of the completed investigation, ordered according to the performed
research process (source: by author, 2020).
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Weaknesses: detected limited cooling potentials of basic natural ventilative techniques
during summer, particularly in day-time periods in the second half of July and throughout
August;



Threats: applied regional climate change projections imply that an energy efficiency of an
autonomous advanced natural ventilation (ANV) system could be negligible during certain
cooling periods in summer, producing in that manner overloads on active AC systems—all
detected through the previous evaluation stage as general system’s vulnerabilities;



Opportunities: the application of complex ventilative systems through a defined climate
responsive building form provides long-term energy efficiency, cutting approximately ½ of
cooling energy loads in Barcelona, Terrassa and Tarragona along projected time-frames in
2050 and 2080. This approach is mainly based on the regional difference between tendencies
in the rise of night- and day-time outdoor air temperatures, recorded as the ratio 1 : 1.6 . This
specific feature of weather conditions forms a promising field for its further exploitation,
bearing in mind that the air is the direct renewable energy source and theoretically available
24/7—previously elaborated as one of main research components: Efficiency is in the Air;



Strengths: particular negative climate change effects can be nullified or reduced to a certain
level by optimizing a line of traditional and basic natural ventilative based approaches
together with advanced natural ventilation (ANV) and assisted techniques—observed as the
multilevel design method accompanied with a climate responsive building structure, named
as D-Fence model.

*

*

*

This work represents an evolutionary research line, an investigation journey, conducted
progressively from one stage to another, based on experimental approach where in certain stages the
factor of trial and error was a legitimate and fundamental investigation component for problem
solving related issues. In this context, cycles of dedicated amount of research time were reciprocal
with the level of usefulness of such obtained data.

Final Word
The regional architecture, urbanism and building technology can take advantage of this sort
of established techniques, exploiting the air as the renewable energy source in a promising
long-lasting perspective where traditional Mediterranean natural ventilative based techniques are
filtered through the lens of the contemporary building design approach.
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4.1 Conclusions, Reflections and Final Word

It is worth mentioning that another key-advantage of advanced natural ventilation (ANV)
approach is that it is founded on available contemporary techniques and technologies with
principally a lower level of investments and maintenance costs, comparing to lines of more advanced
and hi-tech space cooling systems.
Against this background, the presented technological method could engage in today’s rapid
strategic deployment of renewable energies and energy efficiency technologies, in that manner
participating in the North-Western Mediterranean overall energy security, and as well, contributing
in the current climate change mitigation policy. Furthermore, here evaluated qualities related to
energy efficiency could be also reflected as positive impacts on various regional economic levels.
This research is useful for an early design stage as a preliminary valorisation of advanced
natural ventilation (ANV) use. The aim of the presented study is to promote the application of
advanced natural ventilation (ANV) systems from currently isolated or theoretical projects to
wide-ranging scenarios in order to obtain a more effective factor of energy savings in the current
energy transition process at the local level of Catalonia, that is to say, the North-Western
Mediterranean as a coastal part of the wide European Union’s energy system.

Figure 166. Concept in architecture design—croquis (source: by author, 2019).
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Recommendations for Future Work

The presented work is based on a range of principally basic and available contemporary
technologies that are in addition accessible and cost-effective in both terms of investments and
maintenance. However, the future work should be conducted in the direction of equipping a
corresponding defined ventilative form with a series of advanced and more sophisticated assisted
systems.
One of raising questions during this investigation is: how the temperature of the delivered
outdoor air can be additionally reduced during summer high temperatures that are nullifying the
ANV potential in particular cooling periods? On the other side, another relevant issue is seen as: how
the dedicated power consumption of fan-assisted ventilation can be minimized?
Therefore, supplying the fresh air by natural ventilative means and further associated with
active pre-cooling ventilation, could improve general thermal and ventilation performances,
balancing in that aspect between, on one side, additional energy consumption, and on the other side,
with provided qualities of such an established natural ventilative indoor micro-climate.

Figure 167. Schematic presentation: design concept of building model “B” with additional supportive
techniques: solar photovoltaic panels supplying exhaust fans and active pre-cooling system during the
process of outdoor fresh air intake (source: by author, 2020)

In that respect, the research should be focused on the technological issue of the active
pre-cooling process during the introduction of fresh air in the area of plenum or in the connection of
plenum and light-well with installed, for instance, AC batteries (Figure 167).
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4.2 Recommendations for Future Work

This region is characterized with mild winter weather conditions when advanced natural
ventilation (ANV) could extend its function, namely from October to March, but that sort of
ventilative systems would require a certain pre-heating process during outdoor air intake. That kind
of ventilative model can be analysed in future research regardless cooling energy savings.
The second issue is related to the power consumption of installed exhaust fans that can be
supplied partially with installed photovoltaic panels in relation to that this Mediterranean region is
portrayed as a sun-rich part of the European continent. Thereby, the energy efficiency of determined
climate responsive building model can be increased from previously acquired data where exhaust
fans are reducing around ¼ of the achieved cutting of cooling energy loads delivered by ANV
day-time operation. In that way could be connected two renewable energy sources, the air and the
solar power into one more complex ventilative system.
Corresponding recommendations for future work can be summarized in following research
fields:


photovoltaic panels for energy supply of exhaust fans;



active pre-cooling and -heating process during the outdoor fresh air intake;



more detailed start-up time schedule of air-conditioning (AC) equipment;



experimenting with additional envelope insulation regardless present-day building standards
and normative;



overall favourable results indicate that the presented prototype of mid-rise building could be
multiplicated as a cellular (or modular) structure in horizontal and in vertical aspects,
forming in that way a range of different office building models (Figure 168).

Figure 168. Schematic presentation—a line of design concepts from low- to high-rise office buildings:
multiplication of the typical floor of building model “B” (source: by author, 2020).
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Appendix A
The initial phase of investigation had begun evaluating the basic cross ventilation principle
in a three-storey office building [66]. As indirectly related to the main field of research, this
conducted analysis stays as the published international journal paper, presented here as an appendix.
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Appendix B
The set of applied analytical tools for evaluation of climate change effects is formed during a
parallel research phase [109], indirectly related to the main research course of this investigation.
However, such developed methods remain presented in a form of a conference paper in the
conference’s section: Active methodologies, and in this thesis, this study is presented as an appendix.
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