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Abstract. In response to today’s contemporary challenge regarding how to tackle
the effects of climate change in heritage environments, natural ventilation arises
as a compatible, low-cost and environmentally friendly passive cooling strategy
for the Mediterranean climate. However, an identified research gap concerns the
lack of studies addressing data from both the urban and building scales. An inno-
vative, multi-scale approach is introduced in this research, through the study of
airflow on the neighbourhood, street canyon and building scales, which is then
evaluated using field measurements. The effect of urban density and street-can-
yon geometry on indoor thermal comfort is discussed in the case of adobe build-
ings with pass-through spaces (portico), and timber projections with multiple
openings (sahnisi). The originality of the presented research lies in the adopted
multi-scale methodology. On the district level of study, analytical tools and ur-
ban-scale considerations in the development of vernacular buildings are dis-
cussed through the lens of environmental performance. Building ventilation is
addressed as a function of in-street and rooftop airflow, demonstrating the airflow
gradient across the scales under study. Furthermore, the impact of various win-
dow operation patterns is quantified, given the variability of the background wind
and street geometry. The results indicate best practices for enhancing the cooling
effect of natural ventilation, highlighting the role of occupant behaviour and
night-time ventilation. Finally, key directions regarding conservation practices in
urban contexts are discussed, bringing energy performance and comfort into cul-
tural heritage studies.
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1 Introduction

Built vernacular heritage, as defined by the relevant International Council on Monu-
ments and Sites (ICOMOS) Charter in 1999, refers to “the traditional way by which
communities house themselves'. Its importance lies not only in the singularity of each
built artefact, but also expands to the context of urban and rural complexes. The benefits
of having continuously inhabited and vibrant historic urban centres range from the in-
tangible advantage that heritage has on society and cultural identity, to measurable eco-
nomic and environmental benefits?. In this respect, accommodating contemporary
standards of living and complying with thermal comfort requirements is a common
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challenge;especially in light of climate change and unprecedented transformations in
the social and urban context of historic centres’.

Placing urban morphology in the climate context of its environment plays a key role in
the liveability and continuous use of urban heritage. Historic Urban Landscapes (HUL),
especially in hot, arid climates around the Mediterranean, are characterised by narrow,
winding streets and wide courtyards in a continuous building system*. The airflow and
thermal characteristics at street canyon level determine the heat flux and air quality of
the city, thus, playing a crucial role in the energy demand of buildings’. Building den-
sity creates rather ambivalent microclimatic conditions. Narrow and winding streets
contribute to the decrease of solar radiation and provide shading; however, they suffer
from reduced cooling potential due to reduced outgoing long-wave radiation. Also, an
increase in urban compactness entails a decrease of solar energy availability within the
urban texture and an increase of heat island intensity in the urban area, especially at
night. Thus, urban compactness may have contrasting outcomes in a building’s energy
performance, especially in the Mediterranean climate, where cooling and heating de-
mand is equally significant®.

Respectively, airflow within the urban canopy layer (UCL), which reaches the average
building height, can be a far lower fraction of the free-stream wind speed that is devel-
oped at the top of the urban boundary layer (UBL). This has an impact on indoor ven-
tilation and the provision of comfort ventilation, which is based on elevated air speed.
Furthermore, air and heat exchange processes between the in-street and above-canopy
region, define the ability of heat and pollutant removal, which in turn, define the bound-
ary conditions for building ventilation’. The building density, as well as the degree of
asymmetry and the variation of the building height are highlighted as beneficial in gen-
erating more turbulence at the top of the canyon, thus increasing the air exchange pro-
cess between the air in the street canyon and the atmosphere. This capacity of an urban
environment to ‘ventilate’ itself, termed as breathability, is often underestimated, as
most numerical or laboratory studies focus on idealised geometries®®. This highlights
the need for further field studies in real urban settings and especially in historic urban
centres with substantial heterogeneity that have been organically developed!®.

In turn, the built environment of the HUL incorporates several opportunities, as well as
challenges, in terms of environmental performance. The climatic adaptability of ver-
nacular buildings and settings has been confirmed by various studies highlighting the
role of the building form and typology, the selection of building materials and the use
of open and semi-open spaces' !>, However, several studies also address the potential
of energy savings and emissions’ reduction by retrofitting vernacular buildings'¢%°.
Prior to exploring the potential of integrating innovative materials and renewable en-
ergy systems in a compatible way, it is imperative to cater for the protection and en-
hancement of the passive design strategies employed through the building envelope and
its surroundings®'. Particularly in the Mediterranean climate, natural ventilation
emerges as a significant passive cooling strategy?>?3. Especially in heavyweight build-
ings, night ventilation techniques are particularly effective in order to delay heat trans-
mission and decrease the temperature amplitude of the outdoor environment?*2°, As a
non-invasive technique, natural ventilation constitutes a considerable advantage in the
case of retrofit projects, given the delicate protective legislation schemes for heritage
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buildings. Also, this strategy has minimal operational costs and is considered an envi-
ronmentally friendly alternative to relying on mechanical heating, ventilation, and air
conditioning (HVAC) systems for comfort. Cross-ventilation and buoyancy-driven
ventilation are enhanced by numerous building elements (e.g., pass-through semi-open
spaces, courtyards, interior stairwells, windcatchers etc.), yet their effectiveness relies
on both occupant behaviour and urban morphology?”-?®. The question that arises and
has been investigated in this research, is the degree to which we can rely on natural
ventilation as a cooling strategy in heavyweight vernacular buildings located in dense
urban contexts.

2 Methodology

2.1  An overview of the research objectives, scales of study and tools

When it comes to the environmental assessment of vernacular heritage and the role of
natural ventilation, an identified research gap concerns the lack of studies addressing
data from both the urban and building scales. In this context, the research presented in
this paper investigates the role of natural ventilation as a passive cooling strategy, to
highlight the environmental challenges and opportunities that arise in urban vernacular
heritage. One of the main research objectives and innovations of this research is to ad-
dress building ventilation as a function of in-street and rooftop ventilation, as well as
to decipher the role of urban geometry in determining any possible variation in indoor
and urban ventilation. An innovative methodology is adopted for the consideration of
the multi-scale nature of airflow on, a) neighbourhood, b) street canyon, and c¢) building
scale, highlighting the airflow gradient across the different scales under study, in real
field conditions. Analytical tools are employed on the district scale of study, which
corresponds to the walled city of Nicosia, Cyprus. Respectively, environmental field
monitoring is conducted in the selected neighbourhoods, street canyons and buildings
(see Fig. 1).

O; Q\J — O
District level Neighbourhood level Street canyon level Building level

Analytical approach Environmental monitoring

Fig. 1. Scales of study and main methodological tools employed.
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An additional objective is to address the effect of various window operation patterns
(applied by the occupants or under controlled conditions) on indoor thermal comfort.
The focus is on heavyweight buildings with tripartite arrangement (trimeres), featuring
two elements which both play key roles in natural ventilation?. The first is the pass-
through space called portico that connects the street and the interior courtyard and the
second is the timber projecting volume sahnisi (see Fig. 2). Furthermore, through this
research, the role of the sahnisias a wind-capture element in a dense urban canopy is
quantified under real field conditions.
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Fig. 2. a) Typical tripartite arrangement of houses with portico (highlighted in colour); b) View
of a pass-through portico space — towards the courtyard; c)A portico space in the original, semi-
open form — view towards the street; d) Two-storey building with tripartite arrangement and
sahnisi projecting volume on the first floor.

2.2 Analytical tools employed on the district scale of study.

An analytical approach was adopted for the investigation on the district level of study.
The aim was to identify the main typological and morphological features that play a
key role in the effectiveness of natural ventilation on a building or urban scale. Addi-
tional goals were to investigate the interdependence of urban morphology and environ-
mental parameters, such as insolation and ventilation. And finally, to select case study
neighbourhoods, street canyons and buildings for further environmental monitoring.
An innovative, multi-dimensional and multi-scale approach was applied to reading the
historical process of defining the urban tissue and building typology. This was achieved
through a holistic reinterpretation of historic, cultural and environmental factors, in or-
der to interrelate these attributes to each other in a meaningful way. The tools used in
this process involved historic references, maps, chronicles, in situ documentation and
mapping of particular vernacular design elements in the wider district of the walled city
of Nicosia.

2.3  Environmental monitoring on the neighbourhood, street canyon and
building scales of study.

Environmental measurements (focusing on temperature, relative humidity and air ve-
locity) were conducted in, a) two neighbourhoods with distinctive building density,
mean building height and street pattern; b) three street canyons with variable aspect
ratio (two narrow canyons and one square shaped canyon); and c) three heavyweight
adobe buildings with pass-through portico spaces (single-storey, double-storey and
double-storey with sahnisi). Measurements were taken at the reference height of 2.5H,
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the mid-height and the top of the canyons, as well as in the portico spaces of the build-
ings. The cross-scale nature of ventilation is characterised through the normalised ratios
of indoor velocity to canyon wind speed, U;,,/U,., as well as the ratio of canyon to ref-
erence wind speed, U¢/U,f. Finally, the breathability capacity — which demonstrates
the rate of air and heat exchange between the UCL and the RSL (laying above) — is
quantified through the ratio of the non-dimensional exchange velocity, U, to reference
wind speed, Uy.r. A schematic representation of the cross-scale approach adopted in
the environmental monitoring is presented in see Fig. 3.

Fig. 3. Schematic representation of the cross-scale approach in the environmental monitoring.

Urban scale: A set of morphometric variables were adopted to describe urban mor-
phology: the Sky View Factor (SVF), planar and frontal packing density (Ap, Af) and
mean building height. Area 1 is mainly comprised of two-storey buildings, whereas
Area 2 is covered mainly by ground-floor residences with large courtyards, settled in a
more organic and irregular street pattern. For this reason, Area 2 presents a higher SVF
and a lower packing density than Area 1, i.e., SVF2=0.39+£0.24, Ap2=0.49, whereas
SVF1=0.26+0.22 and Ap1=0.60. Two narrow street canyons with aspect ratio H/'W=2
(where H the building height and W the street width), located in Area 1 (i.e. Perikleous
and P.P.Germanou str.), and one square cavity canyon (H/W=1) in Area 2 (i.e. Antigo-
nou str.), were selected. The streets have the same orientation, i.e., 20° from north, and
the monitoring points were located approximately at a height of Sm above street level,
centred in the middle of the street width.

Building scale: Three adobe buildings with tripartite arrangement and central portico
spaces were selected for environmental monitoring, located on the aforementioned-
street canyons, as shown in Fig. 4. Specifically, the building located on Perikleous street
in Area 1, is a characteristic double-storey building with a portico and a timber project-
ing volume sahnisi on the first floor, covering approximately 210m? of indoor space.
The double-storey building on P.P. Germanou street in Area 1, and the single-storey
building on Antigonou street in Area 2, cover indoor spaces of approximately 120m?.
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Furthermore, the impact of various window operation patterns was quantified, given
the variability of the background wind and the street geometry.Each ventilation sce-
nario comprises variable time of opening, namely: all-day, daytime, night-time venti-
lation or no ventilation, as well as different percentages of opening (described through
the indicator Window-to-Floor percentage — WTF) in cross-ventilation or single venti-
lation mode.It is noted that applying cross-ventilation in the ground-floor porticos was
not always an option as either, a) the opening above the main entrance door (locally
called arsera or phengitis) was not operable, or b) the glazed surfaces incorporated on
the main entrance door remained closed due to safety reasons. Finally, indoor thermal
comfort was assessed through the adaptive comfort theory*°. Additional parameters of
relative humidity and air velocity were also taken into consideration.

Periklecus str.

P.P.Germanou str.

0

Fig. 4. Case study urban buildings and urban canyons.

3 Results and discussion

3.1 District level of study

The holistic analysis of the district level of study revealed that the early drafting of the
street network was on the north-south axis, favouring south orientation for the build-
ings. The city’s fortification, unprecedented housing demand and multiple phases of
land allotment, finally defined an urban canopy with both environmental virtues and
limitations, e.g., narrow streets that provide shading during the summer, yet suffer from
reduced potential for long-wave radiation during summer nights. Respectively, the
building typology analysis highlighted the climatic adaptability of vernacular forms that
is achieved through a series of elements, e.g., the courtyards, semi-open spaces adjacent
to the main building volume, the cross arrangement of the windows and the sahnisi
volumes that provide multiple window operation possibilities to the occupants. Based
on the city’s topographic map, approximately 40% of vernacular buildings in the walled
city of Nicosia incorporate portico spaces in semi-open or closed form, that are wide-
spread across the city (see Fig. 5). The majority of the porticos, specifically 78% of the
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identified cases, correspond to the central part of a three-bay arrangement, 22% corre-
spond to double-bay buildings, while single-bay porticos are very rare.
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@ Porticos in three bay buildings
@ Porticos in doble bay buildings

Fig. 5. Spatial distribution of porticos across the walled city of Nicosia.

The mapping process also identified 233 buildings with closed sahnisis and a total of
246 sahnisi projections. Most of the timber sahnisis are located in narrow canyons with
aspect ratio 1<H/W=2. The insolation analysis confirms the existing knowledge that
direct light penetration in porticos located in narrow canyons is limited, while the first-
floor portico and the sahnisi spaces are sunlit throughout the year®!. It is deducted, that
wide canyons with aspect ratio 1 could better accommodate the needs of deeper porti-
cos. Respectively, a greater size of projection for the sahnisis would be preferable in
wider canyons, for shading reasons. However, no significant correlation between the
typical dimensions of the porticos or the sahnisis, with the street canyon geometry was
found. Also, approximately 75% of the porticos are elongated spaces with 1<L/W<3,
which results in limited direct solar gains in ground-floor porticos. This demonstrates
that the decisive parameters for the definition of the porticos’ and sahnisis’ morphol-
ogy, were more associated with functional and structural aspects, rather than climatic
ones. This finding is also pronounced when we look into the orientation of the main
facade of the sahnisis. As observed, there is no correlation between the number of
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sahnisis” windows and the orientation, while window to wall percentage on the main
facade did not differ significantly according to the canyons’ aspect ratio. Detailed re-
sults regarding the interdependence of the urban and morphological aspects of buildings
in the case study area are published in*2,

Finally, according to the mapping process, in approximately half of the cases of build-
ings with timber sahnisis, the porticos’ axis is aligned with the prime wind direction in
the summer i.e., orientated E-W or NW-SE, which leads to the enhancement of wind-
induced ventilation. In the remaining sample of buildings with sahnisi and portico, the
proper operation of the sahnisis’ lateral openings for capturing the low-speed wind of
street canyons is crucial. This highlights the role of occupant behaviour, and the im-
portance of interacting with the envelope, in order to respond to urban constraints in
the best possible way.

3.2 Neighbourhood and street canyon level of study

The outdoor field measurements demonstrate the daily variation of wind, which is in
line with other field studies conducted in the area®*3*. Peak wind speed in the afternoon
(around 17:00) is substantially weaker during the night, while the main wind direction
is W and WSW, i.e., perpendicular to the street canyons under study and aligned to the
porticos’ axis of the selected case study buildings. Moreover, wind speed in the street
canyons is approximately one third of the reference wind speed, which is in line with
other studies®. However, the dispersion of the field measurements that was recorded in
this study highlights that flow in heterogeneous street canyons is much more complex
than in simplified idealised street canyon models, as affected by the local asymmetry.
Regarding air temperature, it is observed that street canyons present systematically
higher temperature levels than those occurring at the reference point, which depends on
the canyon geometry. More specifically, mid-day temperatures in the square-cavity
canyon reached up to 1.5°C higher than the reference temperature, while the corre-
sponding temperature difference in the two narrow canyons reached up to 0.6°C*. Rel-
ative humidity levels in all the outdoor monitoring points did not differ significantly.
In all, the observed thermal differentiations highlight the importance of considering the
environmental conditions of the street canyons — rather than those recorded at a refer-
ence height — as more representative of the buildings’ boundary conditions.

3.3  Building level of study

According to the airflow field measurements, long calm periods were monitored in the
examined porticos. This indicates a limited potential for comfort ventilation due to in-
sufficient air velocity to produce a cooling sensation. In fact, the percentage of air ve-
locity measurements above the accuracy threshold of the equipment (which is 0.1m/s)
in the ground-floor porticos were less than 11% (maximum air speed reached 0.2m/s),
which is approximately one fifth of the canyon’s wind speed. During the daytime ven-
tilation experiment, the highest indoor air velocity was recorded in the first-floor por-
tico of the building with sahnisi and reached up to 0.6m/s, which demonstrates the
wind-capture potential of the sahnisi.
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The potential for wind-driven ventilation rises during late afternoon (after 17:00), when
winds are consistently stronger and outdoor temperatures cooler. Cross-ventilation in
this case, is enabled through windows on the E-W facades, i.e., porticos’ axis aligned
to the prevailing wind direction. The location of the courtyard on the west side of the
plot further promotes the cooling capacity of natural ventilation, as it drives fresh, cool
air towards the indoor spaces. In cases of porticos with a N-S direction, i.e., street can-
yons along the E-W axis, the cross arrangement of the porticos’ windows, along with
the existence of the courtyard, play a fundamental role in directing west wind towards
the interior spaces and enabling cross-ventilation. In this case, when a second-floor with
a sahnisi projecting volume is present, the lateral openings of this element are crucial
(perpendicular to the wind direction flowing along the canyon). Respectively, during
the night, wind-driven ventilation is not effective as wind speed is minimum; yet, night-
time ventilation is particularly beneficial in reducing indoor temperatures through con-
vective heat exchange.

Reflecting on the observed occupant behaviour, when occupants were aware of the way
thermal mass works and maintained greater ventilation rates at night, thermal comfort
was achieved for the majority of the time. However, in some cases, occupants seemed
to ignore an apt window operation pattern, or were unable to apply such due to practical
reasons (e.g., their occupancy schedule, safety or difficulty in accessing upper win-
dows). Finally, the results of the ventilation experiments (particular ventilation patterns
applied by the researcher) indicated that a moderate percentage of opening is recom-
mended to avoid overcooling and elevated relative humidity levels (especially in more
humid regions of the Mediterranean, such as coastal areas). In the case of buildings
with portico and sahnisi, the recommended WTF ratio on the ground floor is 9% and
on the first floor, 13% (i.e., open windows and applied shutters)3’.

3.4  Open field for future research

Despite the intrinsic passive ventilation strategies incorporated in vernacular buildings,
readjusting the research methodology in order to acquire neighbourhood scale morpho-
metric variables is an open research direction. The results of this study offer a valuable
background and starting point; however, a greater number of cases would be necessary
to draw conclusions on potential correlations. Future studies could adopt this approach
and create a database addressing building and urban scale morphometric characteristics,
coupled with environmental monitoring data.

Given the social, cultural and financial assets of the free cooling potential of natural
ventilation, as well as its environmental benefits quantified in this study, it can be ar-
gued that certain urban scale policies should promote the continuation of this practice.
This would require action and research in the direction of improving air quality, lower-
ing noise pollution, mitigating the effects of climate change and inspiring safety
through means of governance in historic centres. Finally, in order to enhance cross or
buoyancy driven ventilation, especially in ground-floor spaces, action should be taken
in the direction of raising awareness amongst residents regarding efficient window
opening behaviours in heavyweight buildings, as well as providing more practical, ac-
cessible and safe ways to operate windows, that explore the potential of smart opening
mechanisms with the aid of technology.
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4 Conclusions

As acknowledged, vernacular buildings encompass many environmental virtues, yet
the roles of urban density, street orientation and geometry, as well as the variability of
the background wind, are often neglected in relevant studies. The work presented in
this paper addresses climate-responsive practices in urban vernacular heritage, empha-
sising the strategy of natural ventilation in the Mediterranean climate. The originality
and significance of the presented research lies within the adopted methodology that
investigates the climatic challenges and opportunities of vernacular dwellings on mul-
tiple scales. The district level of study corresponds to the wider historic centre under
study, i.e., the walled city of Nicosia, where analytical tools were employed to, a) re-
interpret the drafting of the city through an environmental lens, and b) decipher the role
of urban morphology in the environmental performance of vernacular dwellings.
Through the employment of analytical tools at a wider scale (district level), it was made
evident that besides the environmental factors, functional and morphological parame-
ters have also emerged as decisive in the configuration of these architectural elements
and their integration into the urban fabric. This is an important aspect to keep in mind
when it comes to environmentally friendly conservation projects, so as to apply critical
thinking on enhancing the environmental benefits of these features.

Environmental monitoring of the neighbourhood, street canyon and building levels
highlighted the complexity of airflow in real inhomogeneous urban canopies. As
demonstrated, air velocity level in the street canyons is approximately one third of the
reference free-stream wind velocity, while indoor air velocity remains at minimum lev-
els, reaching up to one fifth of the canyon’s wind speed. This indicates the importance
of considering the environmental conditions in the urban canyons, as they better de-
scribe the boundary conditions for building ventilation. Furthermore, the comparative
analysis of the examined ventilation patterns revealed best practices for enhancing the
cooling effect of natural ventilation, highlighting the benefits of night-time ventilation,
as well as the importance of having energy-aware occupants. Moreover, through this
research, the role of the sahnisi as a wind-capture element in dense urban canopies, was
quantified under real field conditions. Finally, given the social, cultural and financial
assets of natural ventilation, this research argues that urban scale policies should pro-
mote the continuation of this practice through means of governance in historic centres.
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