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Abstract: The improvement of the urban microclimate in the densely-built central areas of Mediter-
ranean cities should be a key objective of integrated urban and transport planning and design in
accordance with the UN Sustainable Development Goals on energy, sustainable cities, and climate
action. The urban climate of cities in warm regions, already burdened by the urban heat island effect,
is expected to worsen further due to the global climate crisis. This study investigates the perfor-
mance of common environmental street design strategies on microclimate, thermal comfort, and air
quality under extreme heat conditions in the Mediterranean city of Thessaloniki, Greece. A typology
of streets was selected using criteria such as road functional classification and orientation, land uses,
building height/street width ratio, the sky view factor, and the continuity/discontinuity of buildings.
A conservative scenario (use of cool/photocatalytic and porous materials for sidewalks, lighter
pavements, additional tree planting, installations of green roofs) and a radical scenario (pedestria-
nization and total traffic prohibition) of environmental design interventions were simulated using
the ENVI-met 5.1 software. The research findings demonstrated that the car-free interventions com-
bined with the use of environmentally friendly materials in the public realm could significantly
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lowing a typology of urban streets could support planners and decision-makers in detecting the
appropriate solutions for improving the urban microclimate.
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1. Introduction

Over the past decade, the concept of resilience in spatial sciences, architecture, plan-
ning, and transportation has gradually matured as an independent field of study that now
stands next to sustainability. The idea of urban resilience follows and complements that
of sustainability, recognizing that instead of a static state of ecological equilibrium, there
is a complex web of dynamic interactions between all urban phenomena [1-3]. Urban re-
silience can be broadly defined as the capacity of an urban system to withstand stress,
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recover from disturbances and prepare for future shocks [4]. Such shocks include the
COVID-19 pandemic, the global climate crisis, and the emerging energy crisis, which have
already had a significant impact on urban systems [5,6].

Globally, cities are now required to innovate to adapt to the multiple disruptions
brought about by this combined wave of challenges. Concepts such as ‘risk management,’
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‘uncertainty,” ‘vulnerability,” and ‘adaptability” have now entered the lexicon of urban
planning, governance, and design for good. At the street level, transport planning inter-
acts with urban and architectural design. The joint interaction ultimately generates the
streetscape and the associated environmental conditions that affect human comfort and
health. Urban climate resilience has mostly been studied at the city-wide level. For exam-
ple, Tyler and Moench [7], by reviewing these studies, propose a framework of principles
in which city structure, functions, and management agencies/organizations can be trans-
formed to approach it. According to this framework, the climate resilience of the city is
enhanced by adapting all the “subsystems” of the city, i.e., the buildings, the infrastruc-
tures, and of course, the outdoor spaces, to the changing local climate.

Yet, climate resilience at the small and local scale of the street and block is much less
defined, understood, and standardized. For several urban space thinkers [8-10], the street
is the most important outdoor space of the city when considering both a social systems
view and a transport planning perspective. Modern cities are designed for the car, with
the asphalt road surface taking up the lion’s share of the public space compared to that
allocated to sustainable transport modes such as walking, bicycles, buses, and trams. In
hot-dry climates, such as the Mediterranean, the combination of high air temperatures
and prolonged sun exposure can be detrimental to human health [11]. Pedestrians and
cyclists have to deal not only with the severe urban heat island (UHI) effect during a heat
wave [12] but also with the localized sources of additional convective and radiative heat
fluxes, such as vehicles and overheated urban surfaces. For example, the surface temper-
ature of asphalt on a hot day can exceed 50 °C [13], which, combined with vehicular heat
emissions, has a negative effect on thermal comfort [14]. This paper presents the results of
a typological study on passive design strategies to improve the climate resilience of urban
transport systems with an emphasis on microclimate, thermal comfort, and air quality of
the urban road network.

There are now several urban microclimate studies that focus on the street network of
Greek cities. For example, Chatzidimitriou and Yiannas [15] studied a section of the his-
torical center of Thessaloniki with simulations and field observations and then simulated
typical idealized street cross-sections to draw conclusions about the most favorable orien-
tations and the most suitable street widths relative to the height of buildings. Vassiliades,
Savvides, and Buonomano [16] studied the possible negative effects of the installation of
photovoltaic panels on building facades on the thermal comfort of pedestrians in Thessa-
loniki and Naples with simulations. Tseliou and Tsiros [17] examined different scenarios
of urban interventions in three typical public spaces of Athens for a typical winter and
summer day with simulations. Kouklis and Yiannakou [18] investigated the effect of the
urban form on the microclimate of the center of Thessaloniki. Vartholomaios and Kalogi-
rou [19] utilized the Ladybug Tools environmental analysis library to simulate the micro-
climate of the old Venetian port in Chania and propose optimized shading arrangements
for different orientations.

However, studies that simultaneously examine microclimate, thermal comfort, and
air quality from the perspective of urban transport systems have been more limited. For
example, Girgis, Elariane, and Elrazik [14] combined microclimate simulations with ana-
lytical CFD wind simulations to estimate the effect of vehicle exhaust heat on pedestrian
thermal comfort in Cairo. Shashua-bar, Tsiros, and Hoffman [20] studied microclimate
improvement strategies in the streets of Athens using the Green CTTC model in which
thermal loads from automobile traffic are taken into account. Kriiger, Minella, and Rasia
[21] studied the effect of urban geometry on thermal comfort and air quality in Curitiba,
Brazil. Schaefer et al. [22] combined questionnaires, hand-held instruments, and microcli-
mate simulations to map thermal comfort and air quality as both objectively observed and
subjectively experienced in a Dortmund neighborhood on one day during a heat wave.

This paper presents the results of a typological study on passive design strategies to
improve the climate resilience of urban transport systems with an emphasis on microcli-
mate, thermal comfort, and air quality of the urban road network. This multidisciplinary
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work focuses on the center of Thessaloniki, Greece, where a typological investigation of
the road network is conducted in terms of urban canyon orientation and geometry, role
in the street hierarchy, location in the urban fabric, and neighboring building uses. This is
done to test the resilience-building capacity of passive design strategies when applied to
the most common type of public open space, the street. The study utilizes the ENVI-met
5.1 simulation software, which has been used and validated in similar studies [23-29].

Here we consider three types of roads: (i) an arterial road, (ii) a collector road, and
(iii) a local road, both in straight sections of roads and in intersections. We employ the
ENVI-met 5.1 software to simulate the microclimate and the dispersion of gaseous pollu-
tants. The software is fed (forcing) with terrestrial data from a permanent weather station
and an air quality monitoring station, both in proximity (800 m and 500 m, respectively).
Traffic data is acquired from the Sustainable Urban Mobility Plan (SUMP) of Thessaloniki.
We then map the Physiological Equivalent Temperature (PET) and the dispersion of gas-
eous pollutants and greenhouse gases from the simulation results. Simulations are run for
the existing situation and for a resilience improvement scenario with additional tree plant-
ings, the use of cool materials and coatings, and planted roofs. Therefore, the originality
of the research and its differentiation from previous microclimate studies can be summa-
rized in the following points:

(1) The work simultaneously studies microclimate, thermal comfort, and air quality us-
ing simulations and ground data for the Greek Mediterranean climate;

(2) Emphasis is placed on issues of urban climate resilience, looking at the hottest day
and time of the decade, i.e., an extreme condition that may become more frequent in
the future;

(3) Emphasis is placed on the typological analysis of the street. That is, instead of stud-
ying a specific outdoor space, a part of an urban fabric, or an idealized street model,
real street examples are used. Their systematic study and comparison allow complex
conclusions to be drawn that may not be obvious in research focusing on a single
study area.

The remainder of the paper is structured as follows: Section 2 describes the study
areas and the methodological approach, Section 3 presents the results of microclimate
simulation and the comparative analysis of environmental upgrading scenarios, and Sec-
tion 4 provides a discussion of the findings and the conclusions concerning the policy
implications and the study’s limitations and prospects.

2. Study Area and Research Methodology

Thessaloniki is a mid-sized city with a densely-built commercial center and limited
public open spaces and vegetation. It has a typical Mediterranean climate (CSa type ac-
cording to Koppen-Geiger classification) with mild-wet winters and dry-hot summers.
The percentage of accessible green public spaces is lower than most European cities at just
2.7 m? per capita, with a minimum service level of 4.3 m? per capita suggested by the 2015
Strategic Environmental Impact Study of Thessaloniki. Unlike many similar walled Med-
iterranean cities, Thessaloniki’s intra-muros urban tissue largely comprises of piecemeal
post-war developments arranged in compact urban blocks. The exception is the historic
“Ano Poli” (Upper Town), where the vernacular urban fabric is still preserved. The city
center layout was largely influenced by Ernest Herbrard’s plan for Thessaloniki after the
great fire of 1917 destroyed much of its core. The post-war urbanization of Greece led to
an overall increase in urban densities through the prevalence of the multifamily apart-
ment building typology of “Polykatoikia,” which rapidly replaced most of the pre-exist-
ing building stock. The compact urban blocks are 6 to 8 stories high, with the ground floor
being used for commercial activities. The upper floors are a mix of residences, offices, and
other tertiary sector uses. The urban layout deviates from a strictly rectangular grid with
many blocks having trapezoidal shapes, which are also reflected in the shape of floor plans
as well [30].
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The resulting urban fabric is not only short on vegetation and open spaces but also
presents a challenge for sustainable transportation. The public transport system of the city
is based solely on the bus network, a fact that makes the city lag behind many other Eu-
ropean cities of similar size and urban form [31]. Only main arteries can accommodate
bus lanes, while the cycle path network is limited and fragmented. Many local streets are
not friendly to pedestrians, as on-street parking is ubiquitous, and sidewalks are often
occupied by signage, dumpsters, trees with improper clearance, outdoor seating, and
other permanent and semi-permanent obstacles [32]. Over the past few years, there have
been several cases of pedestrianization of local streets, while notable progress has been
observed in the development of Sustainable Urban Mobility Plans (SUMPs) and Urban
Accessibility Plans (UAP) for the Municipalities that form the urban conglomeration. It’s
also worth mentioning that the completion of Thessaloniki’s Metro line in 2024 and the
expansion of the ring road with a flyover route are expected to significantly relieve traffic
congestion. Yet, the pedestrian and cyclist experience is still relatively poor for a large
portion of the city’s street network due to increased noise levels, vehicular exhaust fumes,
and increased air temperatures due to the UHI-affected microclimate.

Our position as researchers is the improvement of pedestrian environmental comfort
and subjective experience should constitute an integral aspect of SUMPs and especially
UAPs and associated policies, plans, and design guidelines. With globally rising temper-
atures, active modes of transport such as walking and cycling may become less favorable,
particularly in hot climates. The simulation-based approach presented here allows us to
predict and design not for the average climate but for the extreme conditions of a heat
wave. Through this study, we can understand the theoretical limits and capabilities of
bioclimatic design interventions to improve the resilience of our urban transport infra-
structure.

The study focuses on the city center of Thessaloniki and specifically on six 100 x 100
m? areas corresponding to a typology of streets with different characteristics. The research
methodology consists of the six following steps:

(1) Selection of six road-section types based on urban form and structure, as well as spa-
tial and transportation criteria;

(2) Collection and preparation of meteorological, traffic, and air quality data for the ex-
tremely hot day of the period (2012-2022);

(3) Simulation of the existing environmental conditions in the selected highway sections
with ENVI-met 5.1 and mapping of the following parameters: air and surface tem-
perature, PET thermal comfort sensation, concentrations of NOx, PM2.5, and PM10;

(4) Design and simulation of a “conservative intervention” scenario for the six selected
road sections and a “radical intervention” scenario that involves the pedestrianiza-
tion of a main urban artery. Mapping of the same variables as in the previous step;

(5) Mapping and comparison of results from Steps 3 and 4 to quantify the relative impact
of the proposed intervention scenarios on the examined environmental parameters.

We manually picked the six areas because they comprise a variety of morphological
and functional street configurations (eleven different types of streets) based on the follow-
ing criteria:

(1) The street network hierarchy: one artery (Ioannou Tsimiski Street), one collector (Ale-
xandrou Svolou Street), and one local and recently (2019) pedestrianized street
(Stratigou Kallari Street) are considered;

(2) The continuity-discontinuity of the building volume and the existence of intersec-
tions along the streets: A pair of a continuous street segment and a junction segment
is selected for each of the three examined streets;

(38) The variance in street geometry and land use: The selected streets have different di-
rections in relation to the North, and at the same time, they are intersected by other
streets with different directions as well. The selected street segments have different
degrees of sky openness, as described by the building Height-to-Street Width (H/W)
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ratio and the average Sky View Factor (SVF): The H/W ratio varies among the three
streets, but the SVF also varies by both the presence of tall vegetation as well as from
the greater openness of the crossroads, which the H/W ratio does not consider. The
streets also have a varying mixing degree of ground floor uses (e.g., retail, leisure,
and services).

The six selected areas allow a standardization of the microclimate simulations so that
the results are comparable between them. Figure 1 shows the six areas of interest, which
correspond to either a continuous street segment (cases 1, 2, and 3) or a junction segment
(cases 4, 5, and 6). The intersection segments of Tsimiski and Alexandrou Svolou Streets
include Palaion Patron Germanou Street, while the intersection segment for Stratigou Kal-
lari Street includes Nikis Avenue. The study considers other smaller streets that are within
the boundaries of the selected areas. The typological characteristics of the 11 examined
streets are presented in detail in Tables 1-3.

Continuous Street Segments

JThessaloniki
 m
2. Svolou St.
Junction Segments
Air quality
* monitoring station
S5
1.
L NS &
Meteorological
station
6.3 >
Junction segment - g — 3
I straight segment 4. Tsimiski St. 5. Svolou St. 6. Stratigo Kalari St.
and P.P. Germanou St. and P.P. Germanou St. and Nikis Ave.
Figure 1. Location of the six case study areas within Thessaloniki’s urban fabric.
Table 1. Typological characteristics of street geometries for Tsimiski St. (cases 1 and 4). Orientation
abbreviations correspond to cardinal (e.g., N for North, S for South) and intercardinal (e.g., NW for
Northwest) directions.
Hierarchy H/W Average Ground Floor
Street . Orientation Case
of Streets Ratio SVF Land Uses
L. Tsimiski . 89% retail
. . main road artery 1.22 0.44 NW-SE ’ 1
(continuous section) 11% health
I. Tsimiski (junction . 92% retail
, (] main road artery 1.22 0.52 NW-SE o ’ 4
section) 8% health
. 71% retail
P.P. Germanou minor road artery 1.30 0.73 NE-SW ’ 4

29% recreation

secondary road

1.43 0.41 NE-SW 100% retail 4
collector

I. Kouskoura
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o, '1
. local pedestrian 50% reta1.
Iktinou streot 243 0.43 NW-SE 35% recreation 4
15% food and drink
Table 2. Typological characteristics of street geometries for Svolou St. (cases 2 and 5).
Hierarchy Ratio  Average . . Ground Floor
treet tat
Stree of Streets H/W SVF Orientation Land Uses Case
A. Svolou primary road 88% commercial
1.97 0.42 NW-SE 2
(continuous section) collectors 12% recreation
i d 889 ial
ASvolou (junction) ey rod 1.97 0.55 NW-SE o commercia 5
collectors 12% recreation
2% ial
P.P. Germanou minor road artery  1.30 0.81 NE-SW 92 commetcia 5
8% recreation
K. Palaiologou secs;clijst}:);‘:ad 5.42 0.91 N-S 100% commercial 5
S. Loui local 3.65 0.87 SE-NW 100% commercial 5
Table 3. Typological characteristics of street geometries for Statrigou Kallari St. (cases 3 and 6).
Hierarchy Ratio Average . . Ground Floor
Street of Streets HW  syp  Orientation Land Uses Case
Stratigou Kallari local pedestrian 92% commercial
1.97 0.51 SW-NE 3
(continuous section) street 8% food and drink
Stratigou Kallari local pedestrian 1.49 0.49 SW-NE 92% commercial 6
(juction) street ’ ’ 8% food and drink
main road 74% recreation
L. Niki 1.51 0.94 NW-SE 6
s artery 26% food and drink
Secondary Road .
Markentaou collectors 1.43 0.41 NE-SW 100% commercial 6
o, 3 1
Lori Margariti local 543 091 NW-SE °0% commercia 6

50% recreation

We obtained the meteorological data for the study site and for the period 2012-2022
from the permanent weather station of the National Observatory located at the Interna-
tional Exhibition of Thessaloniki, which is within walking distance from the examined
street segments (800 m). We then analyzed the collected data to identify the hottest day
and hour of the decade, which was 3 August 2021, at 16:00, with the air temperature reach-
ing 40.8 °C. Since the study is concerned with urban climate resilience, the microclimate
we ran simulations for was for this extremely hot day and presented the results for the
hottest hour. Background air pollution data (NO, NOz, SOz, Os and PM2.5, PM10) were
obtained from the permanent monitoring station at St. Sofias, located near the study areas
(500 m). Traffic loads per vehicle category were obtained from Thessaloniki’'s SUMP.

In order to make the simulation results comparable, we standardized the constant
input data (e.g., meteorological data, date/time of simulation, material and vegetation
properties, and model dimensions). ENVI-met simulates the urban space in a 3D voxel
architecture, which could take any dimensions we wanted. Here, the 100 x 100 m? study
area was transformed into a grid of 45 x 45 x 33 voxels, corresponding to real-world di-
mensions of 2.22 x 2.22 x 1.5 m3 per voxel. The model space was enveloped within a nest-
ing grid of 4 additional voxels, scaled in size the further they were from the model’s area.
This was necessary for the correct execution of the fluid dynamics model of ENVI-met.
The 3D models were rotated vertically to include the main axis of the road in a horizontal
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or vertical layout. This was done to decrease the pixelation effect of angled geometries
represented in ENVI-met’s gridded system.

We then drew the examined areas in their existing state and fed the input data into
the program (Table 4). Air pollutant dispersion and concentration levels were calculated
by ENVI-met by considering the background and traffic-generated pollutants according
to recorded loads per vehicle type. We entered the meteorological data by a simple forcing
of the model, using maximum and minimum daily temperature/humidity values, from
which the corresponding hourly values were derived. We determined the spatial distri-
bution of materials and vegetation by field observations while their thermophysical and
morphometric properties were defined through an informal market survey of local sup-
pliers via phone and e-mail (Table 4).

Table 4. Standardized input data for 3 August 2021, at 16:00.

Variable Value

Longitude/latitude 22.56°, 40.37°

Maximum air temperature 41 °C

Minimum air temperature 28 °C

Maximum relative humidity 60%

Minimum relative humidity 16%

Wind speed and direction 0.‘9 m/'s, 23° from North (North-Northeastern
direction)

Roughness length (urban space) 2.0m

Os background level 44 ug/m?3

SOz background level 5 pg/md

PMio background level 18 pg/m3

NO background level 23 ug/m?3

NO:2 background level 54 ug/m?

PM2. background level 9 pug/md

CO: background level 400 ppm

Road material Used asphalt, albedo =0.2

Pavement material Pavement slab with a concrete base, albedo =0.3

Roofing materials Reinforced concrete slab with coating, albedo = 0.3
High-density deciduous tree, height 10 m

Planting Shrubby vegetation of moderate density, height 0.5 m.
Grass, height 0.25 m.

Building indoor temperature 26 °C

Daily vehicle traffic I. Tsimiski: 42.210, P.P. Germanou:12.640

(no. of vehicles) A. Svolou: 14.530, L. Nikis: 25.270

Categories of passing vehicles  Light duty vehicles: 3%, Motorcycles: 5%

(on all roads) Bus: 3%, Passenger cars.: 89%

We ran simulations for the existing state of the six street segments for 3 August 2021,
and for a simulated period of 25 h, beginning from 12:00 PM of the previous day. Then
we post-processed the simulation results using BIO-MET to calculate the PET thermal
comfort sensation for a 60-year-old woman in average clothing (clo = 0.8) and in a brisk
walking activity (MET = 3.0). This human profile was chosen in order to study the effects
on a theoretically more vulnerable person, as indicated by relevant research on the rela-
tionship between heat-related health risks, human age, and sex [33,34]. All simulation re-
sults, including the PET thermal comfort sensation, were mapped at the height of 1.35 m
above the ground surface.
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The next step was to alter the 3D configuration models of the six street segments

using a standardized set of environmental interventions (conservative scenario) and run
a second set of simulations. These interventions included the following (Figure 2):

Replacement of asphalt pavement with high reflectivity pavement mixture;
Replacement of sidewalk slabs with cool and photocatalytic pavers on a concrete
base. Cool materials have a high solar reflectance and heat emittance, but dust and
dirt can reduce their effectiveness. Photocatalytic materials are “self-cleaning” since
they can decompose such particles using ultraviolet solar radiation. A paver that is
both cool and photocatalytic combines both attributes;

Replacement of trees in poor condition with new deciduous trees of medium size in
suitable tree planters. Trees are simulated at full growth. It is noted that many of the
elm trees, which are present in abundance, are mainly on I. Tsimiski and Alexandrou
Svolou Streets are in poor condition, as they exhibit signs of rot and infestation by
the elm beetle. Also, most of the trees were planted seven decades ago, and quite a
few have been badly pruned;

New plantings of medium-sized deciduous trees where possible, without drastically
altering the street layout and ensuring adequate distances from other trees and build-
ings;

Installation of lightweight extensive green roofs on surrounding buildings planted
and planting with drought-tolerant bushy and herbaceous vegetation.

The standardized parameters that were used in the second set of simulations are

shown in Table 5.

Table 5. Standardized input data for the conservative and radical intervention scenarios.

Variable Value

Road material: Reflective asphalt albedo = 0.35

Pavement material:

Cool/photocatalytic materials with a concrete base,
albedo=0.8

Roofing materials: Reinforced concrete slab with coating, albedo = 0.3

High-density deciduous tree, height =15 m

Planting: Shrubby vegetation of moderate density, height = 0.5 m.

Herbaceous vegetation, height = 0.25 m.
Deep soil 15 cm in a drainage membrane and
waterproofing.

Planted roofs Herbaceous vegetation of medium density, height = 0.5

m.
Grass, height = 0.25 m.

Svolou (2) Kallari (3)
; I
G - y (fF ‘\ Y
2 17
Tsimiski and _
, Germanou (4) Svolou and Kallari and

Current
Condition improvements Condition improvements Condition improvements

. Germanou (5) Nikis (6)
. o '; 7,

Proposed Current Proposed Current Proposed
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Figure 2. A 3D visualization of the existing and simple improved state of simulated study areas.
Light green corresponds to grass and low-lying vegetation, while dark green to tall vegetation.

The next step was to design and simulate a “radical” intervention scenario that in-
volved the pedestrianization of a major road artery (Tsimiski Street, case 1). This scenario
nullifies most of the locally produced vehicular emissions and changes the layout of the
street by replacing asphalt (albedo 0.20) and sidewalk slabs (albedo 0.30) with porous,
photocatalytic, and cool pavers (albedo 0.80), allocating more public space to pedestrians
and cyclists and providing space for additional trees. These interventions maximize nat-
ural street shading and cooling of the street surfaces using passive methods that do not
consume energy (Figure 3).

Figure 3. Plan of materials and plantings and 3D visualization of the radical intervention scenario
applied to Tsimiski St. continuous segments.

The selected pavers are porous and are installed on a sand substrate, with the excep-
tion of street segments reserved for any residual vehicular traffic (e.g., urban logistics,
maintenance, and emergencies) where the substrate is still concrete. This renders a large
portion of the street surface permeable to water which helps in restoring the urban water
cycle and reducing stormwater run-off. The increased porosity of the pavers allows the
material to trap water and air bubbles, mimicking, to a degree, the thermophysical prop-
erties of soil. Photocatalytic (self-cleaning) coatings reduce the accumulation of dust and
particles on the pavers, which helps maintain their reflective properties. An additional
row of 15 m high deciduous trees is also planted on a green strip in the middle of the road.

We run a second batch of 25-h simulations of the “conservative” scenario for the six
selected sections (both straight and junction segments) and the “radical” environmental
upgrade scenario for 3 August 2021. With the exception of changed parameters (e.g., veg-
etation, materials, and layout), the rest of the simulation parameters remained the same.

We then visualized and compared the simulation results using LEONARDO for
ENVI-met 5.1. The reported results were: (i) air temperature, (ii) surface temperature, and
(iif) PET thermal comfort sensation, distribution of nitrogen oxides (NOx), and distribu-
tion of PM2.5 particulate matter for the warmest time of day in the period 2012-2022 (3
August 2021, 16:00) with a recorded ambient temperature of 40.80 °C. Both the current
condition and the upgrade scenarios were presented, and the calculated differences be-
tween the examined parameters were also mapped to arrive at meaningful conclusions.

3. Results and Scenarios Comparative Analysis

The presentation and analysis of the simulation results are divided into two subsec-
tions: one for the “conservative” environmental intervention scenario and another for the
“radical” intervention scenario.
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3.1. Comparison of Simulation Results between the Existing Condition and the “Conservative”
Scenario

This section presents and comments upon the simulation results with respect to the
“conservative” environmental intervention scenario in terms of vegetation planting, PET
thermal comfort sensation (Figure 4), air temperature (Figure 5), surface temperature (Fig-
ure 6), distribution of nitrogen oxides (NOx) (Figure 7), and PM2s and PMio particulate
matter (Figure 8) for the warmest hour and day of the period 2012-2022 (3 August 2021,
16:00). Both the absolute values and their comparison are presented in these figures.

Current Conservative .
condition scenario Comparison

Tsimiski St. l e l

cont. Segment

S—— _.L_,

Tsimiski and
P.P. Germanou

Svolou St.
cont. segment |

Svolou and
P.P. Germanou

Stratigou
Kallari St.
cont. segment

Stratigou
Kallari and
Nikis Ave.

PET Thermal comfort sensation (°C) PET Thermal comfort
sensation difference (°C)

<-12

-10

<40
42
44
46
48
50
> 52 0

I - WY

Figure 4. Visualization of PET thermal comfort sensation distribution plot at 16:00.
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Current Conservative

condition scenario Comparison

Tsimiski St.
cont. Segment

Tsimiski and
P.P. Germanou

Svolou St.
cont. segment

Svolou and
P.P. Germanou

Stratigou
Kallari St.
cont. segment

Wl

Stratigou
Kallari and
Nikis Ave.

Air Temperature

Air Temperature (°C) difference (°C)
<38.40 <-1.20
%60 -1.00
38.80 -0.80
39.00 -0.60
39.20 -0.40
39.40 -0.20
> 39.60 >-0.00

Figure 5. Visualization of air temperature distribution at 16:00.
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Figure 6. Visualization of the distribution of surface temperatures at 16:00.
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Figure 7. Visualization of nitrogen oxides (NOx) distribution at 16:00.
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Figure 8. Visualization of the distribution of PM2.5 particulate matter at 16:00.
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The results reveal the influence of the relative lack of tall vegetation in P.P. Germanou
St. and Nikis Avenue and the complete lack of vegetation in several local streets (Kon-
stantinou Palaiologou, Iktinou, and Spyrou Loui) on increased thermal stress (Figure 4).
In such cases, the improvement of PET thermal comfort sensation was significant under
vegetation shade when considering the intervention scenario. The biggest reductions in
perceived air temperature were recorded in P.P. Germanou St. and Nikis Avenue and
could reach 12 °C under shade. On the other hand, Stratigou Kallari St., which has recently
been pedestrianized, and Svolou St. showed negligible improvements in PET thermal
comfort sensation due to the fact that they were already shaded significantly by trees.
Here it is noted that the trees for all cases were simulated at mature height, including the
newer trees planted in Stratigou Kallari. Tsimiski St. demonstrated moderate improve-
ment of around 7 °C on average due to the street already having a row of trees on both
sidewalks. Yet, even with two rows of trees, portions of asphalt received little shade (Fig-
ure 6). It was also found that despite the beneficial effect of the sea breeze at the coastal
Nikis Avenue, the lack of shade from trees and structures significantly increased the feel-
ing of thermal discomfort.

Extreme thermal stress levels could be observed above unshaded asphalt for a person
with prolonged exposure to the sun, as PET thermal sensation could reach 50 °C in such
locations. Empirically, such high temperatures could be found inside sun-exposed parked
cars and signify an increased risk of heat stroke. It is worth noting that even under the
shade, thermal comfort conditions were still unsuitable for a long stay (sensible tempera-
ture around 40 °C), but shaded areas could allow a person to cross the road while receiv-
ing less thermal stress, even during the hottest hour of the decade. However, for longer
stays, “conventional” microclimatic design measures may be proven inadequate, espe-
cially in the face of global climate change and aggravated UHI effect.

Exposed asphalt could reach surface temperatures of 55 °C, although spots where 60
°C were also observed in the most sun-exposed locations (e.g., Nikis Avenue, P.P. Ger-
manou St., I. Kouskoura St.). In the streets with tree coverage, much lower asphalt surface
temperatures were observed. The use of reflective asphalt mixtures and porous, photo-
catalytic, and cool pavers seemed to ameliorate the extreme surface temperatures, which
could still reach 3045 °C, depending on whether they were shaded or not (Figure 6).

The proposed interventions resulted in an air temperature drop of approximately 1
°C (from 39.5 °C to 38.5 °C) in the cases of P.P. Germanou St. and Nikis Avenue, although
changes were smaller or negligible in other streets. The air temperature was relatively
inelastic to local environmental improvements due to the constant mixing of air masses
within the urban canyons. Air mixing seemed to occur in the narrower local streets of
Konstantinou Palaiologou, Spyrou Loui, Iktinou, Morkentau, and L. Margariti as well,
which share similar air temperatures. The effect was more noticeable in areas with signif-
icant improvement potential, especially where sun-exposed asphalt prevails (Figures 5
and 6). The center of street junctions could be a particularly problematic area (e.g., the P.P.
Germanou St. intersections with Svolou St. and Tsimiski St.).

The comparison visualizations revealed that the greatest improvement was shown
by P.P. Germanou at the intersections with A. Svolou and Tsimiski, particularly where
additional trees are planted. The significant effect of sun and shade on thermal comfort
was well documented in the relevant literature, so this came as no surprise. Tsimiski and
A. Svolou already had significant tree cover on the sidewalks, and improvements in ther-
mal comfort were more limited. They came mainly from the improvement of the thermo-
optical properties of the materials, the denser tree cover, and, to a lesser extent, from the
planted roofs. In the case of the recently pedestrianized Kallari St., there was some poten-
tial for further but limited improvement for the examined intervention scenario. It seemed
that additional shading of the road, by natural or artificial means, was required to increase
its bioclimatic responsiveness toward the expected increase in frequency and intensity of
heat waves in the coming years.
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However, shading was not possible everywhere. In the case of Nikis Avenue, the
possibilities for additional shading were limited. The old waterfront was not suitable for
tall vegetation, and the installation of umbrellas would limit the view of Thermaikos. In
addition, the intersections of wide streets running at an angle of 45° (e.g., Tsimiski and P.
P. Germanou) could hardly be shaded by trees or artificial structures. Therefore, it makes
sense to explore advanced urban floor cooling techniques that do not burden the occupant
with increased thermal loads from reflections and emissions but instead improve the pe-
destrian’s environmental sensation. It is typically mentioned that the combination of cool
materials in road floors with parallel photocatalytic properties is now imperative since
photocatalytic materials are self-cleaning and do not easily lose their reflective properties.
The use of cool materials allows for limiting the visual discomfort of pedestrians due to
their selective reflectivity. However, special attention is needed in their placement so that
the pedestrian is not further thermally burdened by the reflected radiation. Therefore, the
most suitable materials should be porous because, on the one hand, the increased rough-
ness diffuses the reflections more evenly, and on the other hand, it increases the thermal
insulation capacity of the materials due to the trapping of air bubbles as well as the cooling
by evaporation of water vapor from the surface of the floor. Consequently, the “ideal”
paving material for the examined Mediterranean climate should be cool, photocatalytic,
permeable, and porous.

The installation of green roofs mostly contributed to roof shading and insulation and
had a limited effect on-street cooling, mostly due to the increased shading provided by
shrubs. The air temperature inside the streets did not seem to be affected by green roofs.
It was also noted that several of the buildings, due to their old age, could not be loaded
with large volumes of soil, which was why the perimeter planting of shrubs was proposed
as an alternative. The rest of the roofs could either be planted with low-lying vegetation
with the minimum amount of required soil, or they could be sealed with cool, highly re-
flective, or thermochromic coatings.

Finally, regarding air quality, it was found that the particulate matter produced by
vehicles (PM25/PMio) fell short of those recorded by the pollutant measuring station (Fig-
ure 7), but the exact opposite happened with Nitrogen Oxide (NOx) concentrations (Fig-
ure 7). Interestingly, denser tree planting altered local wind patterns and the distribution
of air pollutants, resulting in a higher concentration of pollutants below and around the
tree canopy and near building facades where wind decelerated. The opposite happened
where the wind accelerated, either due to unobstructed movement or due to the building
corner effect and the Bernoulli effect in narrower streets. In such cases, pollutant concen-
trations were smaller than the background levels. The increased entrapment of air pollu-
tants was observed in the improved cases in all the examined areas except Nikis Avenue,
which lacks vegetation, and Stratigou Kallari, which is a pedestrian street. This means that
any intervention that increases shading but limits urban ventilation, such as extended tree
plantings, should be accompanied by actions to reduce air pollutant emissions from car
traffic. This can be done either through the gradual electrification of vehicular traffic or
through smart mobility planning that encourages sustainable modes of transport over the
car.

3.2. Comparison of Simulation Results between Existing Condition and “Radical” Intervention
Scenario

The “radical” intervention scenario focuses on Tsimiski St., which is the main artery
running through Thessaloniki’s shopping district. Its partial or even complete pedestria-
nization has been a topic for debate over the past few years, and the exclusion of car traffic
has been proposed by Thessaloniki’s Sustainable Urban Mobility Plansas, a potential strat-
egy for 2030, along with other transport network modifications that accommodate such
change. Thus, it becomes interesting to study an additional “radical” scenario that further
improves the climate resilience of Tsimiski St. by removing car traffic, increasing the num-
ber of trees and the area of unsealed soil, and replacing the asphalt and sidewalk slabs
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with porous, photocatalytic and cool materials. Furthermore, this scenario allows us to
examine the condition where both air quality and thermal comfort improve, in contrast to
the “conventional” scenario, which demonstrated an increase in pollutant concentrations
due to the additional tree plantings. Here we study this “ideal” scenario of full pedestria-
nization at a 100 m continuous street segment of Tsimiski St., which:

)

)

(©)

Maximizes natural street shading with targeted tree plantings and further reduces
surface temperatures since the proposed pavers can be used in the entirety of the
street surface;

Reduces air pollutants produced by vehicles and the street’s energy footprint since
the proposed interventions passively reduce the dependency on air conditioning in
the lower building floors without consuming additional energy (e.g., through fan-
forced ventilation and cooling installations such as water curtains, downdraft towers,
and mist sprinklers);

Allows additional room for a cycle path without limiting the street area reserved for
pedestrians.

The following interventions were considered:

Total removal of vehicular travel and complete replacement of the asphalt (albedo
0.20) and sidewalk slabs (albedo 0.30) with cold, photocatalytic, and porous materials
with a high reflectivity coefficient (albedo 0.80);

Placement of an additional row of 15 m tall deciduous trees along the middle of the
road;

Replacement of existing old or problematic trees with 15 m tall deciduous trees;
Installation of lightweight extensive green roofs on surrounding buildings planted
and planting with drought-tolerant bushy and herbaceous vegetation;

The simulation results for the “radical” scenario are presented in Figures 9-12. Fur-

thermore, the median and maximum values for the current condition and the “conserva-
tive” and “radical” scenarios are calculated from the entire simulation grid (Tables 6 and
7). This allows for a more quantified and straightforward comparison between the current
condition and the proposed interventions. Regarding microclimate, thermal comfort sen-
sation, and air quality, the following could be observed:

Conditions of significant heat stress still prevailed within Tsimiski Street, even in the
“radical” scenario (Figure 9). However, the improvement was more noticeable in
both median and maximum heat sensations. The additional improvement could
make short outdoor stays and walks more viable and reduce heat-related health risks;
While the “conservative” scenario failed to effectively lower the ambient air temper-
ature, the “radical” scenario managed an average reduction of 1 °C (Figure 1). This
finding could have city-wide implications as the city is able to cool itself more effec-
tively, although this can only be confirmed by future studies through large-scale nu-
merical modeling;

The decrease in surface temperatures was significantly greater in the “radical sce-
nario.” Urban surface temperatures reached a median of 27.4 °C (47% reduction from
the initial 40.4 °C), which means that they absorb far less heat to be re-emitted after
the sun sets (Figure 10);

Pedestrianization, as expected, nearly nullified local air pollution sources, particu-
larly NOx (Figure 11), while lesser reductions were observed for PM2.5 and PM10
(Figure 12) since they were in small concentrations even in the base case. The remain-
ing levels of air pollution were attributed to background pollution as recorded by the
local station and inputted into the simulation software.
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Table 6. Comparison of median values of simulation results for Tsimiski continuous street segment,
3 August 2021, at 16:00.

Existing  “Conservativ Relative “Radical” Relative
Condition  e” Scenario Change Scenario Change

Thermal comfort 39.5°C 381°C  -4%  367°C 8%

sensation

Air temperature 38.2°C 38.1°C 0% 37.1°C -3%

Surface temperature 40.4 °C 34.0 °C -16% 27.4°C —47%
NO 382 ug/m3 368 ug/m* 4%  52pug/m*  -635%
NO: 88.0 ug/m* 850 pug/m* 3% 119 pug/m*  -639%
PM25s 8.7 pg/m? 8.7 ug/m?3 0% 8.0 ug/m? -9%

PMi,0 18.8 ug/m>  18.8 ug/m? 0%  17.6 ug/m? 7%

Table 7. Comparison of maximum values of simulation results for Tsimiski continuous street seg-
ment, August 3rd, 2021, at 16:00.

Existing “Conservativ Relative “Radical” Relative
Condition e” Scenario Change Scenario Change

Thermal comfort

PET LTSIMISKI CONTINUOUS

CURRENT SITUATION

. 55.7 °C 51.7 °C 7% 40.1°C -30%
sensation
Air temperature 40.1 °C 39.9 °C -1% 38.5°C 4%
Surface temperature 56.9 °C 53.3°C 7% 41.7 °C -29%
NO 66.31 ug/m®  52.07 ug/m?> —22% 5.2 ug/m3 -118%
NO2 153.48 ug/m3 120.70 ug/m® -22% 12.2 pg/m?3 -117%
PM:z5 9.3 ug/m? 9.0 ug/m3 3% 8.0 ug/m3 -14%
PMi,0 19.59 pg/m®* 19.36 ug/m®* -1% 18.0 ug/m? —8%

UPGRADED SITUATION COMPARISON

WITH PEDESTRIANLIZATION

el

al

— L —
PET absolrte difference PFT
<3639 <-43C
34 °C 0.5 C
45.7 °C B e
498 °C ID:; {r
> 51.9°°C P IREC

Figure 9. Visualization of PET thermal comfort sensation distribution at the height of 1.35 m from
the road surface distribution at 16:00.
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Figure 10. Visualization of air temperature distribution at the height of 1.35 m from the road surface
and surface temperature distribution at 16:00.
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Figure 11. Visualization of the distribution of nitrogen oxides (NO and NO).
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Figure 12. Visualization of microparticle distribution (PM 2.5 and PM 10).

4. Discussion and Conclusions

The main objective of this research is the development of urban resilience and envi-
ronmental planning strategies, with the aim of dealing with the urban heat island effect
and reducing the energy footprint of the road network of a Mediterranean city. In this
context, the microclimate, the air and surface temperatures, the thermal comfort, as well
as the air quality in urban areas around streets in the historical center of Thessaloniki, with
different functional hierarchy, geometry, land uses, and traffic volumes, were simulated.
In addition, a pilot scenario of conservative environmental upgrading was simulated in
the study areas, which included street tree plantings, green roofs, and the replacement of
street pavements with environmentally friendly materials. Furthermore, a pilot scenario
of pedestrianization of the city center’s main arterial (Tsimiski Street) and the creation of
a car-free area was examined. This radical environmental upgrading scenario comprises
additional tree plantings to maximize natural shading, the use of cold photocatalytic ma-
terials to maximize the solar reflection on-street pavements, as well as the replacement of
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asphalt with porous materials and plant beds to maximize the absorption of rainwater.
The partial environmental upgrading scenario may have reduced the energy footprint an-
nually since the use of active cooling measures is avoided (e.g., outdoor fans and water
curtain pumps) with the use of deciduous trees which cooled the street and the adjacent
buildings (reducing the consumption of air conditioners) in the warm months, and main-
tained the solar thermal gain in the cold months. In the total pedestrianization scenario,
the energy footprint reduction may have been much greater due to the traffic prohibition
and the maximization of natural shading and cooling simultaneously. The environmental
simulations were performed for the warmest day of the period 2012-2022, which was Au-
gust 3rd, 2021, and the results concern the hottest daytime, which was at 16:00, when the
maximum air temperature of 41 °C was recorded.

The results showed that a middle-aged person is subject to extreme heat stress when
he is exposed to the sun, which is the case with pedestrian crosses. The heat burden is
significant even under shade in the existing situation, but the improvement is considera-
ble when environmental urban design measures are applied. The maximum PET thermal
comfort index was decreased by 15.6 °C in the “radical scenario,” while the maximum air
and surface temperature was reduced by 1.6 °C and 15.2 °C, respectively. These findings
are also confirmed by previous studies. Cool materials have been found to reduce the
surface temperature of the asphalt pavement by up to 15 °C [26,35-37] and the air temper-
ature from 0.2 °C to 3 °C, depending on the albedo increase and the spatial configuration
of the study area [38]. Tree shading contributed to a significant reduction in surface tem-
perature by 7 °C to 15 °C on sun-sheltered pavements [26]. Shading is the most efficient
strategy to improve thermal comfort [15,19]. However, this is not feasible in all urban ar-
eas and streets. In this case, the research findings demonstrated that the car-free interven-
tions combined with the use of environmentally friendly materials in the public realm
(e.g., cool, photocatalytic, and porous), as well as the implementation of vegetation on
building envelopes, can significantly reduce the heat island effect. These results support
the findings of similar studies on pavement and asphalt evaporative cooling via increased
permeability [39,40] and the beneficial effect of combining multiple climate adaptation
strategies [41,42].

Air quality is an important parameter to consider in environmental design, as higher
tree cover can increase the concentration of air pollutants on urban streets. Therefore, en-
vironmental interventions must be accompanied by a framework of calming traffic regu-
lations [43] that mitigate gaseous pollutants in the city. It is noteworthy that following the
simulated pedestrianization scenario, the nitrogen oxides were reduced by 87% due to the
total traffic prohibition. Nevertheless, the decrease of the fine particles (PM2.5) and the
coarse particles (PM10) was only 8.5% and 6.5%, respectively, because they are mainly
produced by industries, marine aerosols, dust, fires, fly ash, and households, and not by
cars.

The study has reported some clear results but also has certain limitations, such as the
absence of field measurements of air temperature, humidity, and wind speed to compare
with the software estimations. However, the reliability and validity ENVI-Met software
were verified by checking the variation of simulation outputs concerning air temperature
at different points of the study areas. The absolute error was found to be within a range
of 2 °C for the existing condition scenario in all the examined areas, compared to the max-
imum temperature of 41 °C recorded at the meteorological station. These variations are
mainly due to urban morphology, the density of tree planting in the area, but also to the
materials used for the construction of the urban environment. It is noteworthy that Chat-
zidimitriou [44] conducted an extensive study in Thessaloniki and also found small aver-
age daily deviations between measurements and simulation results for air and surface
temperatures, especially in cases of microclimate conditions near vegetation. Likewise,
Kouklis and Giannakou [18] verified the validity of the model through hourly compari-
sons of measurements and simulation results in Thessaloniki, using data from the same
meteorological station used in this study. Finally, Tsoka, Tsikaloudaki, and Theodosiou
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[27] reviewed 52 studies verifying the accuracy of ENVI-met, and they reported a mean
absolute error between 0.27 °C to 3.67 °C with a median of 1.34 °C.

In this research, the microclimate simulation analysis performed demonstrated the
negative impacts of the built environment and road traffic on the temperature rise and the
air quality in a compact Mediterranean city. Moreover, the urban design interventions
were proven resilient if they implemented nature-based solutions. Dealing with extreme
heat in cities requires integrated urban and transport planning and an environmental de-
sign strategy to promote sustainable mobility behavior, upgrade the public realm, and
reduce the ecological footprint of transportation. Future research could focus on investi-
gating and comparing the environmental effects of the complete vehicular traffic electri-
fication scenario, as well as a shared space scenario, including the introduction of a tram-
way in an exclusively protected corridor, a traffic lane reserved for electric vehicles, and
a protected public space for pedestrians and bicycles. There is also plenty of room for
future street microclimate studies to further investigate the impact of different vegetation
species since there are indications that certain species (i.e., conifers) might be more effi-
cient in lowering ambient urban temperatures [45]. Finally, the relationship between the
subjective thermal comfort sensation and air quality needs further investigation, as it has
been indicated by a recent study [46].

This study has provided evidence that any Sustainable Urban Mobility Plan that does
not consider the dire implications of a hotter climate on the thermal comfort of the pedes-
trian and the cyclist, as well as the air quality, could be considered incomplete. Finally,
the standardization of environmental interventions following a typology of urban streets
based on spatial and functional characteristics could support planners and decision-mak-
ers in detecting the best solutions for improving the urban microclimate.
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