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SUMMARY 

The implementation of adaptation strategies is considered as one of measures for 

adapting cities to changing climatic conditions. Making appropriate planning decisions, 

taking into account the specificity of a given area, requires having access to reliable data on 

the effectiveness of adaptation measures. It is necessary to determine the impact of planned 

projects on climatic conditions as well as on the thermal comfort of people living in urban 

spaces. However, the complexity of this issue requires knowledge of architecture and urban 

planning, construction, environmental engineering and climatology. As a result, it is 

possible to describe the complex processes occurring in urban areas. 

The present dissertation is part of the current research on urban physics. The paper is 

divided into eleven chapters. The first part is the introduction. It justifies the necessity of 

undertaking research on the given issue. Research thesis has been defined, which assumes 

the existence of relation between the form of buildings and the effectiveness of introduced 

adaptation strategies. It also defines the main objective of this study, i.e. the evaluation 

of (1) the influence of characteristic forms of urban development, (2) selected 

adaptation strategies on microclimatic conditions, as well as human thermal comfort. 

The study delimits the geographical research area - the Metropolitan Area of Lodz, which 

is a key area for the city’s identity and of interest to planners and municipal authorities. It 

defines the research methodology, which involves the use of available archival information 

sources, digital data resources, and computer-aided tools. 

The second chapter is the theoretical foundation of the doctoral dissertation. It describes 

the characteristic microclimatic conditions prevailing in cities, which are the result of spatial 

development, i.e. the compact nature of development structure, the large percentage of 

impermeable surfaces, and the reduction of environmental components. The description 

addresses potential adaptation strategies to counteract negative climate change that can be 

implemented in the inner city. It discusses the research on human thermal comfort in the 

outdoor environment. 

The third chapter presents the tool used, from the field of Computational Fluid 

Dynamics (CFD) to perform numerical simulations. Currently, the ENVI-met is one of the 

widely used applications for the assessment of complex climatic phenomena occurring in 

urban areas. It allows to create models that can be used for estimation of climatic conditions 

in public spaces. Finally, it is possible to determine the thermal comfort prevailing in the 

outdoor environment. 



 
 

The fourth chapter is a description of the author’s method of determining typical 

development structures in the Metropolitan Area of Lodz. The analyses were based on 

archival data resources (from the National Archive, the City Conservation Officer, and the 

Regional Conservation Officer) and information from digital databases of public institutions 

(Lodz Geodesy Centre). The information was processed using Geographic Information 

System tools. As a result, geometric models of typical development forms in the 

Metropolitan Area were created. 

The fifth chapter covers the climatic conditions in the city of Lodz. The analyses were 

carried out for the basic parameters prevailing during a Typical Meteorological Year. 

Taking into account the fact that the information is obtained from the suburban zone - Lodz-

Lublinek station, the author’s approach has been proposed based on combining the 

conditions of the suburban and inner city zones. As a result, it was possible to calculate the 

air flow velocity in the city center. Data were used in numerical simulation processes. 

The main part of this dissertation, related to numerical simulations, is the analysis of 

microclimatic conditions and thermal comfort. The sixth chapter discusses scenarios related 

to the influence of development forms of the Metropolitan Area on microclimatic conditions 

and external thermal comfort. The seventh chapter investigates the effectiveness of selected 

adaptation strategies, involving the introduction of green roofs, walls, tree rows, and water 

elements, in relation to the thermal conditions prevailing in the areas of typical forms of the 

Metropolitan Area of Lodz. An extensive discussion is also presented, including the 

research results, in relation to the effectiveness of adaptation strategies implemented in 

cities. The eighth chapter presents the potential impact of green solutions on the thermal 

conditions inside buildings located in the Metropolitan Area of Lodz. 

The ninth chapter presents a comparison of obtained results with the literature studies 

conducted. The description concerns both studies on the influence of development form on 

the external microclimate conditions and the effectiveness of adaptation strategies in 

relation to the internal thermal conditions. It is concluded with recommendation cards that 

refer to selected solutions that can potentially be implemented in the Metropolitan Area of 

Lodz. 

The last part is a summary of conducted research. It confirms the research thesis that 

there is a relationship between the development structure and the effectiveness of adaptation 

strategies in cities. It presents conclusions of a general nature as well as discusses further 

directions of research. 
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Symbols 

𝑎௕௟ௗ௚ building footprint [m2] 

𝑎௙ albedo of leaf surface 
 

𝑎௚ shortwave albedo of the ground  

as albedo of ground surface 
 

𝑎௦௜௧௘ reference area [m2] 

𝑎ത averaged albedo for walls and ground surfaces in the 

model area 

 

A the coefficient dependent on the airflow velocity  

ADu DuBois area [m2] 

Af Tropical rainforest climate (Köppen climate 

classification) 

 

Am Tropical monsoon climate (Köppen climate 

classification) 

 

Aw Tropical wet and dry climate (Köppen climate 

classification) 

 

BSh Hot semi-arid climate (Köppen climate classification)  

BSk Cold semi-arid climate (Köppen climate classification)  

BWh Hot desert climate (Köppen climate classification)  

cd,f drag coefficient at the plant foliage (= 0.2)  

cp specific heat of air at constant pressure (= 1847) [Jkg-1K-1] 

c1, c2, c3 standard values for calibrating ε-equation, available 

from lit. 

 

cμ , σE, σε constants for the turbulence model: cμ = 0.09, σE = 1, σε 

= 1.3 

 

C convective heat flow [W] 

𝐶௙ bulk heat transfer coefficient  



 
 

Cfa Humid subtropical climate (Köppen climate 

classification) 

 

Cfb Temperate oceanic climate (Köppen climate 

classification) 

 

𝐶௛
௚ sensible heat flux bulk transfer coefficient at ground 

layer 

 

Csa Hot-summer Mediterranean climate (Köppen climate 

classification) 

 

𝐶௛
௦ bulk coefficient  

Cwa Monsoon-influenced humid subtropical climate 

(Köppen climate classification) 

 

D leaf diameter [m] 

Dt total short-wave diffuse radiation flux absorbed by a 

human body 

[Wm-2] 

𝐷ఎ hydraulic diffusivity  

E turbulent kinetic energy [m2s-2] 

ED latent heat flow to evaporate water into water vapour 

diffusing through the skin 

[W] 

ERE sum of heat flows for heating and humidifying the 

inspired air 

 

ESW heat flow due to evaporation of sweat  

Et total long-wave radiation flux absorbed by a human 

body 

[Wm-2] 

f Coriolis Parameter (= 10-4 ) [s-1] 

fcl ratio of the surface area of the clothed body to the 

surface area of the nude body 

 

fp surface projection factor  

fw fraction of wet leaves 
 



 
 

F extinction coefficient 
 

𝐹(𝑝, 𝑦, 𝑚, 𝑖) cumulative distribution function of the daily 

meteorological means within each calendar month 

 

𝐹௦(𝑝, 𝑦, 𝑚) Finkelstein-Schafer statistics  

g acceleration due to gravity ( = 9.81) [ms-2] 

G coefficient of mean temperature of ambient radiation in 

heat perception 

 

𝐺଴ substrate heat (0: ground) [Wm-2] 

ℎ௔௩௚ average building height [m] 

ℎ௕௟ௗ௚ average building height in a reference area [m] 

hc heat convection coefficient [Wm-2K-1] 

ℎଵ, ℎଶ height of view obscuration by building constructions at 

the selected point 

[m] 

𝐻௙ heat sensible flux [Wm-2] 

𝐻௚ ground sensible heat flux [Wm-2] 

Hmax the maximum height [m] 

𝐻௢,௪,௥ turbulent sensible heat (for ground o, wall w or roof r 

surface) 

[Wm-2] 

𝐼௜௥ total infrared irradiance [Wm-2] 

𝐼௦ total solar irradiance [Wm-2] 

It total short-wave direct irradiance absorbed by a human 

body 

[Wm-2] 

Jf, evap evaporative heat flux between plant and surroundings [Wm-2] 

Jf,h direct heat flux between plant and surroundings [Wm-2] 

Jf,trans transpiration heat flux between plant and surroundings [Wm-2] 

𝐽௜ the rank of i-th daily meteorological mean values 

within a given month and year 

 



 
 

k heat transmission coefficient [Wm-2K-1] 

𝐾 von Kármán constant (0.4)  

𝐾 ground thermal conductivity  

KE, Kε diffusion coefficients for local turbulence (production 

& dissipation) 

[m2s-1] 

 

𝐾௛
(଴,௪) exchange coefficient for heat at ground 0 or wall 

surface w 

[m2s-1] 

𝐾௜ the rank of i-th daily mean meteorological value for the 

calendar month in the entire dataset 

 

𝐾௠
(଴,௪) exchange coefficient for momentum at ground 0 or 

wall surface w 

[m2s-1] 

 

𝐾௤
(଴,௪) exchange coefficient for vapour at ground 0 or wall 

surface w 

[m2s-1] 

𝐾௦ thermal diffusivity [m2s-1] 

𝑙௙ latent heat of vaporization at ground temperature [Jkg-1] 

L latent heat of vaporization [Jkg-1] 

𝐿௙ foliage latent heat flux [Wm-2] 

𝐿௚ ground latent heat flux [Wm-2] 

LAD Leaf Area Density [m2m-3] 

LAI Leaf Area Index [m3m-3] 

𝑚௧௥௔௡௦ total transpiration in plant element  

M metabolic rate [Wm-2] 

n number of measurements  

Offset deviation of air temperature  

pa water vapour pressure [Pa] 

𝑝̅ daily mean value of meteorological parameter  

p´ local pressure perturbation [Pa] 



 
 

𝑃௕௟ௗ௚ building perimeter [m] 

Pr production of turbulence energy due to wind shearing 
 

q specific humidity (q0 at the surface) [Kgkg-1] 

𝑞௔௙ mixing ratio for air within foliage canopy  

𝑞௙,௦௔௧ saturation mixing ratio at foliage temperature  

𝑞௚ mixing ratio at ground temperature  

Δq leaf-to-air humidity deficit [Kgkg-1] 

QE latent heat flux density [Wm-2] 

QE additional turbulence produced by vegetation [s-1] 

Qh sink/source terms due to heat [ms-2] 

Qq sink/source terms due to vapour [ms-2] 

Q(wr) heat flux through wall or roof [Wm-2] 

Qε additional turbulence dissipated by vegetation [s-1] 

ra aerodynamic resistance of the leaf [sm-1] 

rs stomatal resistance at leaf surface [sm-1] 

𝑟ᇱᇱ surface wetness factor  

R net radiation of the body  

𝑅௟௪
↓(଴) atmospheric long-wave radiation flux density (0: at 

model boundary) 

[Wm-2] 

𝑅௟௪
↑  long-wave radiation flux density from ground [Wm-2] 

𝑅௟௪
↔  long-wave radiation flux density from walls [Wm-2] 

𝑅௟௪,௡௘௧
(௦,௨௦)  net long-wave radiation (fraction shielded/unshielded 

by buildings 

[Wm-2] 

𝑅௡,௟௪ divergence of long-wave radiation flux density [Wm-2] 

𝑅௦௪,ௗ௜௙
଴  diffuse short-wave radiation flux density (0: at model 

boundary) 

[Wm-2] 



 
 

𝑅௦௪,ௗ௜௥
଴  direct short-wave radiation flux density (0: at model 

boundary) 

[Wm-2] 

𝑅௦௪,௡௘௧ net short-wave radiation density [Wm-2] 

RAD Root Area Density [m2m-3] 

S storage heat flows for heating or cooling the body mass  

Su , Sv, Sz sink/source terms due to wind drag [ms-2] 

SVF Sky View Factor  

𝑆ఎ,଴ sink term connected with the surface evaporation  

t time [s] 

ta, Ta air temperature [°C] 

tcl clothed surface temperature [°C] 

tmrt mean radiant temperature [K or °C] 

trf transmission factor (= 0.3) 
 

T absolute temperature [K] 

Ta air temperature [K or °C] 

𝑇௔௙ air temperature within the canopy [°C] 

𝑇௔௚ air temperature within the canopy [K] 

𝑇௔,௜ air temperature inside the buildings [K] 

Tf(+,-) leaf temperature (+ overlying side, - underlying side of 

the leaf) 

[K] 

Th dissipation of turbulence energy due thermal 

stratification 

 

To ground surface temperature [K or °C] 

Tw wall temperature [K] 

u, v, w wind speed in the x, y, and z directions [ms-1] 

ui, xi i.e. u, v, w and to x, y, z with i = 1, 2, 3 (Einstein 

summation) 

 



 
 

𝑢∗ frictional velocity [ms-1] 

U heat transfer coefficient [Wm-2K-1] 

𝑈ഥ(௭) average wind speed at 10 m height [ms-1] 

va wind speed [ms-1] 

VH side wall area of buildings [m2] 

w1, w2 distances of vertical obscuring planes from the selected 

point 

[m] 

W physical work output  

W mean wind speed at height z (w = u2+ v2+ w2)0.5  [ms-1] 

Waf wind speed within the canopy [ms-1] 

Wdew dew on leaf surfaces [kgm-2] 

x, y, z cartesian coordinates [m] 

Δx, Δy, Δz grid resolution of the model in the 3 directions [m] 

X, Y, Z horizontal and vertical dimensions of the core model [m] 

yi reference value  

𝑦ො௜ simulation output value  

zd displacement of the zero plane [m] 

zp vegetation height [m] 

zr root depth [m] 

z0 roughness coefficient [m] 

(z - zd) effective height [m] 

𝛼 constant (0.8)  

𝛼௙ shortwave albedo of the foliage layer  

αk body absorption coefficient for short-wave radiation 

(≈ 0.7) 

 

β angle of incident direct beam/normal to surface ˚ 



 
 

𝜂 volumetric soil water content in the first soil layer  

(η୤ୡ - at filed capacity) 

[m3m-3] 

𝜂 external mechanical efficiency heat exchange (usually 

is set to zero) 

 

θ potential temperature [K] 

𝜃௖ optimal operative temperature [˚C] 

𝜃௘ௗିଵ the daily mean external temperature for the previous 

day 

[˚C] 

θref average temperature over all grids at height z [K] 

𝜃௥௠ running mean temperature for today [˚C] 

σB Stefan-Boltzmann constant (= 5.664∙10-8) [Wm-2K-4] 

𝜎௙ foliage fraction coverage  

𝜎௟௪
↓  modification factor for downwards long-wave radiation 

 

𝜎௟௪
↑  modification factor for upwards long-wave radiation 

 

σsvf Sky View Factor 
 

σsw,dif modification factor for diffuse short-wave radiation 
 

σsw,dir modification factor for direct short-wave radiation 
 

ε dissipation of turbulence 
 

𝜀௙ emissivity of foliage 
 

ɛ௣ emissivity of the human body (≈ 0.97) 
 

εs, εw emissivity of ground and wall surface 
 

ρ air density (ρ0 = 1.29) [kgm-3] 

𝜌௔௙ density of air at foliage temperature [kgm-3] 

𝜌௔௚ density of air near the soil surface [kgm-3] 

𝜌௨௥௕ site coverage ratio  

𝜌௪ water density [kgm-3] 



 
 

δc factor depending on evaporation and transpiration 

probability 

 

𝜆௦ heat conductivity [Wm-1K-1] 

φ sun position ˚ 

𝜑(𝑝, 𝑚, 𝑖) cumulative distribution function of the daily 

meteorological means over all years in the data set 

 

ω vertical angle of an obstacle ˚ 

π azimuth angle ˚ 

Acronyms 

1D   one-dimensional domain 

2D   two-dimensional domain 

3D   three-dimensional domain 

ADI   Alternating Directions Implicit Method 

AR   Aspect Ratio 

ASHRAE American Society of Heating, Refrigeration and Air Conditioning 

Engineers 

ASV Air Temperature Sensation Vote 

CFD   Computational Fluid Dynamics 

CSV   Cloud Cover Sensation Vote 

EPA   Environmental Protection Agency 

EPS   Expandable Polystyrene 

ET   Effective Temperature 

EU   European Union 

FASST  the Fast All Season Soil Strength Model 

GIS   Geographic Information System 

HSV   Humid Sensation Vote 

InterSIT  Internet Terrain Information System for Lodz 



 
 

IMiGW Institute of Meteorology and Water Management of the National 

Research Institute 

LAD   Leaf Angle Distribution 

LAI   Leaf Area Index 

MAPE   Mean Absolute Percentage Error 

MEMI   Munich Energy-Balance Model for individuals 

PBL   Planetary Boundary Layer 

PDD   Predicted Percentage Dissatisfied 

PET   Physiological Equivalent Temperature 

PMV   Predicted Mean Vote 

RAD   Root Area Density 

REALCOOL  Really Cooling Water Bodies in Cities 

RL   Friction Layer 

RMSE   Root Mean Square Error 

SET   Standard Effective Temperature 

SL   Surface Layer 

SSV   Sun Sensation Vote 

SVF   Sky View Factor 

TMY   Typical Meteorological Year 

Top   Operative Temperature 

TSV   Thermal Sensation Vote 

UBL   Urban Boundary Layer 

UCL   Urban Canopy Layer 

UHI   Urban Heat Island 

UTCI   Universal Thermal Climate Index 

WSV   Wind Sensation Vote 

 



 
 

Abbreviations connected with numerical simulations 

E-WA - the measurement point above the street in the east-west oriented canyon 

E-WN - the northern measurement point in the east-west oriented urban form 

E-WN-T - the northern measurement point nearby the tree in the east-west oriented urban 

form 

E-WS - the southern measurement point in the east-west oriented urban form 

E-WS-T - the southern measurement point nearby the tree in the east-west oriented urban 

form 

N-SA - the measurement point above the street in the north-south oriented canyon 

N-SE - the eastern measurement point in the north-south oriented urban form 

N-SE-T - the eastern measurement point nearby the tree in the north-south oriented urban 

form 

N-SW - the western measurement point in the north-south oriented urban form 

N-SW-T - the western measurement point nearby the tree in the north-south oriented urban 

form 

 

Chapter VI. 

HF - High Forecourt - the scenario connected with the highest building structure of the 

forecourt (21m) 

HR - High Ratio - the scenario connected with the highest building structure in the canyon 

(21m) 

LF - Low Forecourt - the scenario connected with the lowest building structure of the 

forecourt (7m) 

LR - Low Ratio - the scenario connected with the lowest building structure in the canyon 

(7m) 

MF - Mean Forecourt - the scenario connected with the typical building structure of the 

forecourt (14m) 

MR - Mean Ratio - the scenario connected with the typical building structure in the canyon 

(14m) 



 
 

Chapter VII. 

BC - Base Case - the reference scenario for the canyon 

BP - Bioretention Planters - the scenario connected with an addition of four bioretention 

planters in the canyon (128 m2) 

BP2 - Bioretention Planters 2 - the scenario connected with an addition of twelve 

bioretention planters in the canyon (384 m2) 

FGR - Forecourt Green Roof - the scenario connected with an addition of green roof in the 

forecourt (25%) 

FGR2 - Forecourt Green Roof 2 - the scenario connected with an addition of green roof in 

the forecourt (51%) 

FGR3 - Forecourt Green Roof 3 - the scenario connected with an addition of green roof in 

the forecourt (100%) 

FW - Forecourt Green Wall - the scenario connected with an addition of green wall in the 

forecourt (26%) 

FW2 - Forecourt Green Wall 2 - the scenario connected with an addition of green wall in 

the forecourt (51%) 

FW3 - Forecourt Green Wall 3 - the scenario connected with an addition of green wall in 

the forecourt (100%) 

GR - Green Roof - the scenario connected with an addition of green roof in the canyon 

(43%) 

GR2 - Green Roof 2 - the scenario connected with an addition of green roof in the canyon 

(57%) 

GR3 - Green Roof 3 - the scenario connected with an addition of green roof in the canyon 

(100%) 

T - Tree Case - the scenario connected with an addition of trees in the canyon (6%) 

T2 - Tree Case 2 - the scenario connected with an addition of trees in the canyon (10%) 

T3 - Tree Case 3 - the scenario connected with an addition of trees in the canyon (19%) 

W - Green Wall - the scenario connected with an addition of green wall in the canyon (47%) 

W2 - Green Wall 2 - the scenario connected with an addition of green wall in the canyon 

(60%) 



 
 

W3 - Green Wall 3 - the scenario connected with an addition of green wall in the canyon 

(100%) 

WR - Water Reservoir - the scenario connected with an addition of water reservoir in the 

forecourt (42m2) 

WR2 - Water Reservoir 2 - the scenario connected with an addition of water reservoir in the 

forecourt (84m2) 

 

Chapter VIII. 

LF - Last Floor - the scenario for rooms located at the height of the last floor in the 

Metropolitan Area of Lodz 

LZ - Living Zone - the scenario for rooms located at the residential level in the Metropolitan 

Area of Lodz 

GR - Green Roof - the scenario connected with an addition of green roof on the building 

GW - Green Wall - the scenario connected with an addition of green wall on the building 

RTR2021 - Roof Technical Requirements 2021 - the scenario, to meet technical 

requirements, connected with an addition of insulation layer on the building 

RTR2021/GR - Roof Technical Requirements 2021/Green Roof - the scenario connected 

with an addition of the insulation layer and the extensive green roof on the building 

WTR2021 - Wall Technical Requirements 2021 - the scenario, to meet technical 

requirements, connected with an addition of insulation layer on the building 

WTR2021/GW - Wall Technical Requirements 2021/Green Wall - the scenario connected 

with an addition of the insulation layer and the living façade on the building 
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CHAPTER I. INTRODUCTION 

1.1. Necessity of present study 

Currently, more than half of the world’s population lives in highly urbanized areas. 

Within Europe, this percentage, which is one of the highest in the world, is 77%. It is 

expected to increase to 85% by 2100 (The United Nations Population Division, 2018). There 

is no doubt that cities have become ‘hotspots’ characterized by specific climatic conditions. 

Their modification is caused by (1) transformations of building layouts, including the 

creation of large impervious surfaces, (2) reduction of green areas, which are responsible 

for regulating water management, (3) emission of waste heat or heat lost in technological 

processes and energy devices as well as heat used for heating buildings, (4) and also 

intensive emission of pollutants into the atmosphere. In the light of progressing global 

changes, climate modification on a local scale will intensify the negative phenomena that 

occur in highly urbanized areas. These include the Urban Heat Island phenomenon, heat 

waves, heavy rainfall and hailstorms, local flooding, strong winds, and the formation of 

superstorm cells. They constitute a serious problem from the point of view of human 

comfort and health, especially in relation to disadvantaged groups (elderly and sick 

people)(Goggins et al., 2012, Kováts & Hajat, 2008, Arsenović et al., 2019). Due to global 

warming, it is very likely that the frequency and intensity of these climate phenomena will 

increase in the future (Kotharkar et al., 2018, Elghonaimy & Mohammed, 2019, Ramírez-

Aguilar et al., 2019, Geletič et al., 2020, Martilli et al., 2020, Veena et al., 2020). 

Adaptation and adjustment of urban areas to climate change can be ensured through the 

implementation of adaptation strategies. In 2008, the Environmental Protection Agency 

(EPA) published a set of mitigation actions. Among the proposed solutions, special 

emphasis was placed on the implementation of blue-green infrastructure elements, which 

are possible to introduce in the strict city centers, in particular vegetation in the form of 

horizontal (green roofs), as well as vertical (living facades, tall greenery in the form of 

trees)(EPA, 2008). 

Many cities have already started to implement adaptation strategies to improve the urban 

thermal environment and pedestrian thermal comfort. These include changing the geometry 

of buildings, reducing impervious surfaces, introducing specialized building materials that 

allow rainwater to be stored and even infiltrate and soak into the ground, and using blue-
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green infrastructure. These actions are extremely important because anthropogenic changes 

are constantly progressing in urban areas. This also applies to the strict city centers, where 

as a result of pressure from developers, the whole complexes of multi-storey buildings are 

implemented. This leads, among others, to strong transformations of the climate conditions 

and disturbances of the surface infiltration properties. However, the transformations of 

urban layouts oriented towards the improvement of climatic conditions can translate into a 

higher quality of life for people in cities. 

In order to meet the needs of cities in adapting to changing climatic conditions, an 

attempt has been made to develop a method for assessing the effectiveness of selected 

solutions with respect to the external as well as internal environment. 

Literature studies indicate that the effectiveness of individual strategies varies greatly. 

This is due to both the characteristics of buildings for each city, geographical location, 

climate zone, as well as the level of economic development affecting, among others, the 

technical infrastructure of the city. In case of thermal comfort perceived by the users of 

urban space, the situation is even more complex. Thermal sensations depend on physical 

parameters of people, the type of performed activity, the duration of exposure, as well as 

the ability to adapt to conditions in the external environment. 

Therefore, the implementation of one specific scheme is impossible. In order to fully 

assess the effectiveness of adaptive solutions, it is necessary to know in detail the conditions 

of individual locations. 

The present study was limited to the city of Lodz, which is the fourth largest and third 

most populated city in Poland. The research covered the Metropolitan Area of Lodz, which 

has become a point of interest for planners and municipal authorities. The area is inhabited 

by more than one fifth of the population. It was considered to be the most degraded space 

in the city. It is a priority area in terms of transformations. In accordance with the provisions 

of the 2026+ Metropolitan Revitalization Programme for Lodz, planning measures are to 

contribute to ‘the revitalization of the residential area’ by transforming buildings along with 

their functionally connected surroundings. With regard to the revitalized space, it is also 

postulated that the technical standard of buildings will be improved. Activities will include, 

among others, thermo-modernization of buildings, improvement of energy efficiency, and 

introduction of power supply from renewable sources. It is extremely important because the 

city’s core is constituted by historic 19th century buildings. The compact, dense structure is 

the cause of Urban Heat Island in Lodz. As shown by Kłysik research (1998), the intensity 

of this phenomenon is enormous, especially in the period of unfavorable weather conditions. 



- 3 - 
 

Therefore, an increasing attention is being paid to the implementation of adaptation 

measures which will allow to limit this unfavorable phenomenon and improve the 

inhabitants’ quality of life. 

1.2. Aims and objectives 

This study can be considered as a ‘bridge’ between the research sphere dealing with 

complex physical phenomena occurring in highly urbanized areas, and the practical activity 

allowing the translation of previous achievements into guidelines for professionals involved 

in the design of urban structures.  

The formulated research thesis assumes the existence of a relationship between the 

form of development and the effectiveness of the introduced adaptation strategies. 

Therefore, the main aim of this study was to evaluate (1) the influence of characteristic 

urban forms, (2) selected adaptation strategies on the microclimatic conditions, as well 

as on the thermal comfort of humans. The work includes cognitive, methodological and 

application aspects. 

The cognitive aim is to determine the typical building structures of the Metropolitan 

Area of Lodz and to assess the meteorological conditions in the city center of Lodz. 

The methodological goal is an attempt to develop a research procedure aimed at 

assessing the effectiveness of the application of adaptation strategies in specific, 

characteristic building layouts. 

The application objective includes the development of recommendation cards, i.e. 

planning guidelines, referring to the indication of the most effective adaptation solutions 

that can be implemented within the characteristic forms of the Metropolitan Area of Lodz. 

In order to achieve the above assumptions, objectives were formulated: 

 characterization of typical forms in the Metropolitan Area of Lodz using computer 

techniques (Geographic Information Systems), 

 development of an updated database of meteorological conditions for Metropolitan Area 

of Lodz (Typical Meteorological Year),  

 assessment of microclimatic conditions in the areas of typical forms of the Metropolitan 

Area of Lodz using numerical methods (ENVI-met application),  

 assessment of the impact of adaptation strategies, connected with the introduction of 

blue-green elements, on the microclimatic conditions, as well as the human thermal 

comfort in the external environment of Lodz,  
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 determination of the impact of adaptation strategies on the thermal comfort prevailing 

inside the buildings of the Metropolitan Area of Lodz. 

1.3. Methodology 

In recent years, there has been a growing interest in the issues of shaping microclimate 

and thermal comfort within urban spaces. Usually the studies are conducted in the inner-

city areas, where the land use has a great influence on the prevailing environmental 

conditions. However, the results are often incomparable. The reasons for this can be found 

in the varied geographical location (climate zone), external environmental conditions (year 

seasons), study areas (selected public spaces), survey method (measurement campaigns, 

computer simulations), statistical indicators, and the form of result presentation. 

In the field of urban climatology, the most commonly used method is field research, 

referred to as measurement campaigns, during which meteorological parameters are 

measured, including air temperature, radiation temperature, relative humidity, wind 

direction and speed at a height of 10m above the ground level. They are extremely tedious 

studies, which should be conducted on an hourly basis. They are associated with numerous 

organizational problems involving the proper selection of measuring equipment, as well as 

the research supervision. In the era of computer technology development, numerical 

simulations become an alternative. They allow to carry out analyses taking into account 

complex physical processes occurring in external environment in a relatively short time. 

One application that is considered to be the most widely used in the field of urban 

climatology is ENVI-met. The program in the field of computational fluid dynamics (CFD) 

requires entering information on basic meteorological parameters only. On their basis, a 

comprehensive analysis of microclimatic conditions is carried out taking into account the 

complex ground-plant-air relationships occurring in urbanized environments. The program 

enables also to assess the thermal comfort of humans residing in urban spaces. The ENVI-

met environment can be integrated with software for calculation of energy efficiency of 

buildings. This allows to estimate the impact of external weather conditions on the thermal 

comfort inside residential buildings. 

In this study, the author’s concept, which is a multi-track approach to the assessment of 

microclimatic conditions prevailing in the outdoor environment, has been applied. First, 

analyses were carried out to determine the parameters of urban layout of the Lodz 

Metropolitan Area. The research was necessary due to the specific character of this area 

(19th century historical building structure). Detailed information was obtained from state 
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institutions, i.e. the City Conservator of Monuments, the Regional Conservator of 

Monuments, and the Municipal Surveying Centre. Computer methods using Geographic 

Information System (GIS) were applied. This comprehensive approach allowed for the 

selection of characteristic building forms occurring in the Metropolitan Area of Lodz - the 

street canyon and the urban forecourt.  

The next step was to assess the influence of selected adaptation strategies on the 

microclimate in the areas of characteristic forms of development. The implementation of 

blue-green infrastructure that could be applied in the area of the Metropolitan Area of Lodz 

was considered. The analyzes were carried out using the ENVI-met tool. Simulation studies 

were also carried out with regard to the thermal comfort of people residing within the 

previously determined characteristic building forms. 

Then, studies were carried out on the impact of selected adaptation strategies on thermal 

conditions in residential buildings located in the Metropolitan Area of Lodz. The analysis 

of the effectiveness of the adopted solutions, such as green roofs and green walls, was 

carried out using the DesignBuilder program. The implementation of selected strategies 

with regard to existing and modernized buildings was considered.  

The author’s research results were used to create recommendation sheets, which are 

planning guidelines for characteristic forms occurring in the Metropolitan Area of Lodz. 

They were prepared for each case, i.e. (1) east-west oriented canyons, (2) north-south 

oriented canyons, (3) east-west oriented urban forecourts, and (4) north-south oriented 

forecourts. 

1.4. Structure of the thesis 

The paper, which is divided into eleven chapters, contains information on the previous 

research achievements in the field of urban climatology, as well as the author’s own research 

results for characteristic urban forms of the Metropolitan Area of Lodz. The individual 

chapters of this paper focus on the following issues: 

 Chapter II - specificity of the climate of highly urbanized areas, adaptation strategies 

possible to implement in inner-city areas, and thermal sensations experienced by 

humans in the external environment. 

 Chapter III - methods of climatic studies using numerical simulations of computer fluid 

dynamics (CFD). 

 Chapter IV - determination of characteristic urban forms occurring in the Metropolitan 

Area of Lodz (street canyons, and urban forecourts). 
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 Chapter V - the creation of the Typical Meteorological Year in accordance with ISO 

15927-4:2005 - Hygrothermal performance of buildings - Calculation and presentation 

of climatic data - Part 4: Hourly data for assessing the annual energy use for heating and 

cooling (2005). 

 Chapter VI - evaluation of the influence of building form on microclimatic conditions, 

as well as thermal comfort of humans living in an outdoor environment. 

 Chapter VII - assessment of the impact of selected adaptation strategies consisting in 

the implementation of blue-green infrastructure elements in the areas of characteristic 

urban forms of the Metropolitan Area of Lodz. 

 Chapter VIII - analysis of the impact of chosen adaptation strategies on human thermal 

comfort inside the buildings. 

 Chapter IX - determination of planning guidelines for each case study of (1) east-west 

oriented canyons, (2) north-south oriented canyons, (3) east-west oriented urban 

forecourts, and (4) north-south oriented urban forecourts. 

 Chapter X - conclusions and further research directions. 
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CHAPTER II. LITERATURE REVIEW 

2.1. Characteristic features of urban climate 

The dynamic rate of civilizational development is reflected in strong transformations of 

settlement systems. In particular, anthropogenic modifications affect the way of land use, 

i.e. the structure of urban layout (including building arrangement, structure density), type 

of development (understood as the type - multi-family, single-family), functions located in 

the buildings (including residential, service, industrial), as well as components of natural 

environment (Laskowski, 1987). These transformations negatively affect the living comfort 

of residents. 

The changes taking place are observable on a mesoscale covering units of several tens 

of kilometers. The subject of this study covers the areas of whole cities or separate fragments 

of fairly homogeneous areas. Next, the research is conducted within the Urban Boundary 

Layer (UBL)(Figure 2.1. a-b). In the case of detailed studies - in microscale - the analyses 

include isolated structures (e.g. single objects, groups of buildings). The studies are carried 

out within the vertical scale of Urban Canopy Layer (UCL)(Figure 2.1. c), which constitutes 

the lower part of the roughness sub-layer (approximately from the ground to the rooftops of 

buildings)(Martinelli & Matzarakis, 2017). It is believed that urban climatic events are most 

strongly felt within the Urban Conopy Layer. At this level, the most intense influence of 

environmental parameters on the human comfort residing in the outdoor environment is 

observed (Zielonko-Jung, 2013). 

 

Figure 2.1. a. Structure of the atmospheric boundary layer over the city (a) mesoscale; abbreviations: PBL - 

planetary boundary layer, UBL - urban boundary layer, SL - surface layer, source: based on Oke (2000)). 
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Figure 2.1. b-c. Structure of the atmospheric boundary layer over the city (b) local scale; c) microscale; 

abbreviations: UBL - urban boundary layer, SL - surface layer, RL - friction layer, UCL - roof layer; source: 

own elaboration based on Oke (2000)). 

Thermal conditions 

Air temperature is considered one of the most significant parameters shaping thermal 

conditions of the biosphere. Its spatial diversity is the greatest in urbanized areas, which is 

due to the complex nature of urban layout. What is more, recorded values of air temperature, 

despite smaller amount of solar radiation reaching the earth surface, are much higher in 

urban areas. This results in the phenomenon of Urban Heat Island, defined as the difference 

in temperature between downtown areas and areas surrounding the city. It is noticeable in 

settlement units with more than 5000 inhabitants (Dian et al., 2020). Due to the scale of 

occurrence, it is one of the most frequently addressed issues in the scientific sphere. 

Research on UHI has been conducted extensively in Europe (Ketter & Matzarakis, 2015, 

Nastran et al., 2019, Rodríguez et al., 2020, Ferrari et al., 2020), Asia (Wang et al., 2016, 

Kotharkar et al., 2018, Hong et al., 2019, Yang et al., 2020), North America (Silva & Fillpot, 
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2018, Bauer, 2020, Equere et al, 2020), South America (Wu et al., 2019, Umezaki & 

Ribeiro, 2020), and Africa (Shahraiyni et al., 2016, Bahi et al., 2016, Simwanda et al., 2019, 

Aboleata et al., 2020). According to Hart & Sailor (2009), the intensity of Urban Heat Island 

phenomenon is closely related to the spatial development. The center-periphery temperature 

difference can vary from 1-2˚C during the daytime, while 3-6˚C during the nighttime. 

According to Akbari et al. (2016), the temperature difference can reach 6-10˚C. In extreme 

cases it can reach 12˚C (Poland, Czech Republic, India)(Szymanowski & Kryza, 2012, 

Geletič et al., 2019, Veena et al., 2020). Undoubtedly, the phenomenon affects deterioration 

in the quality of urban conditions. It contributes significantly to an increase in the number 

of hot days, and an increase in heat waves. It causes a weakening of air flow, as well as an 

increase in pollution levels (Hogrefe et al., 2004). It directly affects the prevailing 

microclimatic conditions and human thermal comfort. It translates into economic issues 

related to expanded energy costs and extra cooling consumptions (Akbari et al. 2001). As a 

result heat-stress associated mortality and illnesses (impaires public health)(Knowlton et al., 

2004). 

Solar conditions 

Solar radiation is a determinant of the physical phenomena occurring in ground level of 

the atmosphere. The amount of solar radiation reaching the earth’s surface is significantly 

modified, especially in urban areas. It is related to (1) insolation time (covering the horizon) 

resulting from the shape of urban structure, (2) properties of horizontal and vertical surfaces 

(materials of buildings, artificial surfaces of the ground), as well as (3) changes in the state 

of atmosphere (cloudiness, pollution)(Lewińska, 2000). The results of literature studies 

show that solar radiation reaching the ground surface can be reduced by 40% in urban areas 

of temperate climate zone. The maximum values are observed in June-July, while the 

minimum in December (Kicińska & Wawer, 2010). It is estimated that the value of total 

solar radiation is reduced on average by 5-8% in urban areas. It is lower on average by 2-

6% in summer, and 10-15% in winter (in extreme cases a reduction of 40% was observed). 

The opposite trend is observed for diffuse radiation, which is much stronger compared to 

suburban areas (Hess et al., 1980).  

Radiation absorption is related to the urban layout of the city (anthropogenic elements 

and environmental components). It is determined by a dimensionless coefficient - albedo, 

which is the ratio of the amount of radiation reflected in all directions to the amount of 

radiation on a given surface. Its value varies from 0 (radiation is completely absorbed) to 1 
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(total reflection). According to Oke (1981), the albedo of urbanized areas is usually lower 

than that of suburban areas (Table 2.1.). This is caused by urban arrangement, which affects 

the level of radiation absorption by pavements. Fortuniak & Pawlak (2003) showed that the 

geometric factor can lower the albedo by several tens of percent. Also the physical 

properties of building materials (e.g. density, porosity, and heat capacity) contribute 

significantly to changes in radiation conditions. The average albedo value in urbanized areas 

is 10-27%. This is 10-20% less than for open areas. 

Table 2.1. Albedo of city element. 

 ALBEDO 

BUILDING STRUCTURE MORNING DAY 

Sapporo   

residential 0.18 0.13 

low rise 0.16 0.13 

high rise 0.16 0.12 

Tokyo 0.12 

  

ARTIFICIAL STRUCTURES  

roof (tiles) 0.19 

street (asphalt) 0.05 - 0.24  

pavement 0.30 - 0.40 

  

NATURAL STRUCTURES   

grass 0.30 

forest 0.20 0.16 

Source: own elaboration based on Santamouris, 2000, Sugawara H. et al., 2014, Chatzidimitriou & Yannas, 

2015. 

The study of Chatzidimitriou & Yannas (2015) confirms that the albedo value of 

materials in urban areas is much lower. The authors conducted a study investigating the 

influence of construction materials on microclimatic conditions in Thessaloniki, in the 

northern Greece. The study areas were public spaces (parks, squares and forecourt) with 

different spatial development. The first stage of study consisted of field measurements. 

Analyses focused on the influence of building materials on microclimatic conditions. Also 

the components of natural environment were taken into consideration (surfaces like grass, 

high greenery). The second stage was to estimate the influence of construction and natural 

elements on thermal comfort. The authors showed that there is an inverse relationship 

between the temperature of pavement and the albedo value of material used. The darker the 
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color of pavement, the higher the air temperature. It should be emphasized that the use of 

materials with light shades positively influences the microclimatic conditions, but 

contributes to a negative impact on human thermal comfort (reflected solar radiation from 

the ground causes higher mean radiant temperature). In complex urban structures the 

physical properties of building materials (porosity, thermal capacity) should be taken into 

account. The right choice of pavement will influence the microclimatic conditions and 

ultimately the perceived thermal comfort. 

Wind conditions 

The change in atmospheric flows is most evident in the Atmospheric Boundary Layer 

(Figure 2.2.). Then, the anemometric conditions depend on the land use. Modification of 

wind structure is caused by natural environmental components (terrain, exposure and slope, 

valley depth) and anthropogenic factors (structure of buildings). It is estimated that the 

average annual value of wind speed decreases by 20-30% in urban areas. The greatest 

slowdown is observed in the near-surface layer. Compact structure of buildings (high 

roughness of ground) causes that the air flow takes place above the buildings. At the ground 

surface the wind speed is minimal. Then, an important role in shaping the climatic 

conditions is played by the area’ thermics. The opposite situation is observed above the 

friction layer. As the height increases, the wind speed increases. It can be even six times 

higher at the level of 300 m above sea level compared to the bottom wind (Lewińska J., 

2000). 

Figure 2.2. Wind profiles (source: own elaboration based on Lewińska J., 2000). 
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The mosaic form of urban layout contributes to varying thermal conditions within the 

city. The highest temperature is observed in the inner city zone, which is usually 

characterized by the highest ground roughness. This structure causes the formation of 

convergence zones, which force vertical air movements. Then the wind speed is accelerated. 

Different thermal conditions may intensify air flow in calm atmospheric conditions - the so-

called breeze circulation (Figure 2.3.). This is when cool air from suburban areas flows onto 

heated up inner city areas with lower atmospheric pressure. The opposite trend, an anti-

breeze, occurs over buildings. Air moves from heated up inner-city areas to outer zones. 

Moreover, it causes air changes in the direction of air flow by 10-20˚ especially in areas of 

dense urban development.  

Figure 2.3. Breeze circulation over the city (source: own elaboration based on Hegger M. et al., 2008). 

Forecasts show that the transformation dynamics of highly urbanized areas will increase. 

Intensive urbanization will lead to densification and expansion of the urban area. Settlement 

units will be characterized by an increasing proportion of impermeable surfaces, and thus a 

smaller amount of greenery. As a result, specific climatic conditions will be formed with 

distinctly different radiation, thermal, humidity, wind and aerosanitary parameters. In the 

first case - radiation flows there will be a reduction of direct solar radiation reaching the 

ground surface. However, a much greater proportion of diffuse radiation will be observed. 

There will be energy interception by building materials, which will heat up much more 

strongly than natural surfaces (e.g., the ground). Thermal changes will cause an increase in 

maximum air temperature as well as more frequent occurrence of heat waves and heat days. 

Changes in the sphere of natural water circulation will translate into prolonged rainless 

periods combined with temperatures above 25˚C and occurrence of sudden local floods 

resulting from strong, short-lived precipitation. Changes in aerosanitary conditions (an 

increase in concentration of air pollutants) will also be significant. As a consequence, a less 
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favourable environment for human life will be created. Undoubtedly, progressive changes 

in climate conditions will cause a serious problem from the human comfort and health point 

of view (Goggins et al., 2012, Kováts & Hajat, 2008, Arsenović et al., 2019). 

2.2. Climate change adaptation strategies in urban environment 

Climate change is described as one of the greatest threats to humanity that will 

significantly affect both people and elements of the environment. As a result, the European 

Union has set the goal of being the first carbon-neutral continent in the world by 2050. 

According to the Paris Agreement on Climate Change, countries aim to keep global 

warming well below 2˚C compared to pre-industrial temperatures. Unfortunately, 

projections show that this will be extremely difficult, as temperatures are already higher 

compared to the pre-industrial era. Moreover, it could increase by as much as 3˚C by the 

end of this century (The EU, The JRC PESETA IV). The superimposition of global 

transformations as well as characteristic changes in urban climate conditions makes it 

necessary to take immediate action. 

Undoubtedly, adaptation measures are one of the possibilities to counteract 

environmental changes. The currently implemented strategies are the result of arrangements 

at the EU level, i.e. provisions of the White Paper and the Green Paper from the Commission 

to the Council, the European Parliament, the European Economic and Social Committee 

and the Committee of the Regions (White Paper, 1985, Green Paper from the Commission 

to the Council, 2007). The implemented actions result from national and regional strategies, 

as well as local communities’ initiatives. They are taken in relation to the existing 

phenomena, as well as possible future ones. Measures are introduced in sectors such as 

construction, energy, water management, mining, forestry, urban areas, agriculture, 

biodiversity, coastal zone, transport, tourism and health. They refer to components of the 

natural environment, as well as those transformed by human activity. Ultimately, they are 

intended to result in the adaptation of urban areas to changing climatic conditions (Ministry 

of the Environment, CLIMADA). 

A compendium of adaptation measures has been published by the Environmental 

Protection Agency (EPA, 2008). It addresses solutions such as: (1) trees and vegetation, (2) 

green roofs, (3) cool roofs, (4) cool pavements, (5) water elements, (6) reduction activities 

enabling mitigation of anthropogenic impacts in urban areas. The description of adaptation 

strategies was made for selected solutions. In the further part of this paper, the strategies 
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were used as elements shaping the microclimatic conditions, as well as the residents’ 

thermal comfort. 

Trees and Vegetation 

The introduction of vegetation is one of the most widely used passive methods to 

counteract the Urban Heat Island effect (Ng et al., 2012). It contributes to the modification 

of microclimatic conditions through shading. It causes the reduction of solar radiation 

reaching the earth’s surface. During summer, only 10% to 30% of solar energy penetrates 

through the tree canopy. A significant part is used in photosynthesis. In winter, the amount 

of energy reaching the ground surface varies from 10% to 80%. Greenery causes a change 

in thermal conditions. An example is the effect of vegetation on pavement heating. Dense 

tree crowns, by limiting solar radiation, contribute to the reduction of ground temperature. 

They affect the heat absorption of building materials. Modification of climatic conditions 

through evapotranspiration is mentioned as another advantage of vegetation (Zhang et al., 

2017). Greenery absorbs water through the root system. Transpiration occurs in the above-

ground parts of plants. The result is a change in moisture conditions. The use of passive 

technologies is one of the least invasive transformation forms of urban spaces, thus it does 

not violate the status quo of existing buildings, especially historic buildings in strict city 

centers. 

The impact of green technologies varies due to local conditions of settlement units. The 

scale of impact depends on the amount of greenery introduced (Ng et al., 2012, Srivanit & 

Hokao, 2013, Rui et al., 2019, Ouyang et al., 2020, Teshnehdel et al., 2020), spatial 

arrangement of trees (Wu & Chen, 2017, Tsoka et al., 2021, Lee & Mayer, 2021) and the 

species of greenery (Takács et al., 2016, Karimi Afshar et al., 2018). An increase in green 

coverage can reduce air temperature by 0.12˚C (China, Yan et al., 2018), 0.22˚C (China, 

Wu & Chen, 2017), 0.43˚C (Japan, Hamada & Ohta, 2010). The distribution of greenery 

modifies microclimatic conditions. A 10% increase in tree canopy results in a 0.22 ˚C 

decrease in temperature (Wu & Chen, 2017). Intensification of greenery to 25% results in a 

day time cooling benefit of up to 2˚C (Middel et al., 2015). Green cover of 33% can result 

in a temperature drop of up to 1˚C (Ng et al., 2012). The introduction of 20-30% natural 

area in urban environments is considered optimal (Ouyang et al., 2020). In practice, the use 

of more vegetation is difficult for practical reasons. 
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Green roofs 

Green roofs are a passive solution contributing to the increase of biologically active 

surface in built-up areas. They become increasingly popular, as they optimize the use of 

urban space (there is no need to designate new land for the solution). They are used as an 

element installed on service facilities: administration, large-format shopping, science and 

culture, as well as residential buildings.  

Intensive green roofs are considered to be the most effective solution (Figure 2.4.). The 

basis is vegetation, which is planted in a thick layer of vegetative substrate (up to 125 cm) 

on the building roofs. This type of passive technology contributes to the increase of tall 

greenery. Stable construction allows even for planting trees. The second implemented 

solution are extensive roofs (Figure 2.5.). In this case, buildings are covered with low 

vegetation, which is not very demanding. 

 
Figure 2.4. ASROS center in Fukuoka (source: 

https://www.floornature.com). 

Intensive green roof 

implementation cost: 
maintenance cost: 

from 150 euro/m2 

3.5-15 euro/m2 

Space requirements 

roof slope angle: max 5˚ 

substrate thickness: max 125 cm 

burden: max 570 kg/m2 

water retention: up to 160 l/m2 

Undoubtedly, green roofs influence climatic conditions in cities. Various mitigating 

effects of living roofs are observed under different climates and urban densities. In a hot-

dry climate, the temperature reduction is 1.4 °C (Cairo), the temperate climate is 0.3 °C in 

Paris (Morakinyo et al., 2017), 0.5 °C in Rome (Battista et al., 2016), and 1.5 °C in Germany 

(Köhler & Kaiser, 2019). The effect is to mitigate the Urban Heat Island phenomenon. 

Green roofs allow rainfall to be captured and held in the environment for longer periods 

of time. They reduce surface runoff by about 90%. As a result, it is possible to reduce the 

cost of maintaining the natural system, as well as relieve the sewer system during heavy 

rainfall. 
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Green infrastructure influences the energy efficiency of buildings. It is a kind of natural 

insulation, especially in summer. The effect is a lower temperature inside the buildings. This 

translates into lower energy demand associated with cooling of rooms. In winter, it reduces 

heat loss through roofing. 

 
Figure 2.5. Green roof, Lake Toxaway, NC 

(source: https://greenroofs.org). 

Extensive green roof 

implementation cost: 
maintenance cost: 

from 50-255 euro/m2 

0.5-3 euro/m2 

Space requirements 

roof slope angle: even 45˚ 

substrate thickness: from 7 cm 

burden: from 80 kg/m2 

water retention: from 25 l/m2 

Green walls 

Another adaptation strategy is the implementation of green walls in urban areas (Figure 

2.6.). Vertical surfaces of buildings are covered entirely or partially with vegetation. The 

least demanding form involves the introduction of plantings directly into the ground. 

Climbing vegetation adjacent directly to the walls of buildings is used. More complex cases 

involve the use of supporting structures. Then, systems of ropes or trusses are used to keep 

plants in a certain position. 

Green wall systems contribute to the quality of urban environment. Alexandri & Johnes 

(2008) showed that living facades provide a more efficient adaptive solution than green 

roofs. They have the effect of modifying climatic conditions to the roof level. According to 

Herath et al. (2018) the introduction of 50% living facades into a highly urbanized 

environment reduces air temperature by 1.86˚C. Studies by Srivanit et al. (2013)(Japan) 

confirm that microclimatic conditions undergo changes. The air temperature can be 

decreased by up to 2.27˚C. Furthermore, the use of green walls affects the surface 

temperature, which is reduced by 6 to 10˚C (Singapore)(2010). However, the impact of 

changes can be observed as the temperature increases. The warmer the climate, the greater 

the importance of introducing green technologies in urban areas. Green walls have an impact 

not only on microclimatic conditions. Passive technology can improve atmospheric air 
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quality. The concentration of pollutants can be 30% lower in areas where vegetation has 

been implemented (Rui et al., 2019).  

Figure 2.6. Green wall systems (left - Residential Green Wall, Canaletto, 259 City Road, London (source: 

https://www.biotecture.uk.com); right - Cairo, Egypt (source: http://www.greenprophet.com)). 

Water elements 

Blue infrastructure is considered as a part of adaptation efforts. Solutions that are under 

consideration include water retention ponds, bioretention basins, infiltration trenches, and 

bioretention planters (description provided below, Figures 2.7. - 2.10.). They can be 

introduced as a supplementary component with a considerable surface area in green areas. 

They can also be implemented within road infrastructure in highly urbanized environments 

(city centers). 

Blue infrastructure contributes to the modification of environmental conditions, in 

particular the regulation of water management. It protects urban areas from flooding, 

reduces surface runoff from catchments, treats rainwater, provides habitat for flora and 

fauna, and has aesthetic value (Iwaszuk et al., 2019). 

Blue-net elements cause a reduction in air temperature during the day. An example is 

water bodies at least half a meter deep, which absorb a significant part of solar radiation due 

to their high thermal capacity. However, numerous studies show that they increase the air 

temperature at night. This is due to thermal exchange along the atmosphere-surface 

pathway. At night, the water temperature is higher than the air temperature. Then, heat 

transfer occurs to the environment. To prevent a significant temperature increase, mitigation 

measures (e.g. proper natural ventilation) are taken (Steeneveld et al., 2014, Van Hove et 

al., 2015). 
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Figure 2.7. Potsdamer Platz retention pond (source: 

https://www.facebook.com/potsdamer platz). 

©
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a Water retention ponds - can be created 

on the basis of natural terrain or 

artificially made. They are used as 

reservoirs for retaining and purifying 

water. They are also the habitat of flora 

and fauna occurring in urban areas. 

 

Figure 2.8. Bioretention basin at Water Street in 

Plymouth Center, Massachusetts (source: http:// 

capecodgreenguide.wordpress.com). 

 Bioretention basins - implemented in 

heavily sealed areas. They are used to 

collect and purify rainwater. As a result, 

they reduce the surface runoff from the 

catchment area. 

 

Figure 2.9. Infiltration trench in Paso Robles, 

United States (source: http://www.svrdesign. com). 

 Infiltration trenches - implemented in 

the form of roadside ditches as elements 

of road infrastructure. Depressions are 

filled with gravel or stone. During heavy 

rains they stop surface runoff. In addition, 

they treat water that is drained from 

sealed, asphalt pavements. 
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Figure 2.10. Bioretention planters in El Cerrito, 

United States (source: http://www.madrono.org). 

 Bioretention planters - elements 

artificially implemented into the urban 

environment. The objects, in the form of 

concrete tanks, allow to collect and purify 

water. As a result, they influence water 

conditions. 

Their undoubted advantage is the ease of 

implementation in cities. They can be 

installed in the strict centers, i.e. within 

the forecourt development, in street 

canyons, as well as in public squares. It 

should be noted that they bring aesthetic 

benefits, affecting the appearance of 

urban spaces. 

There are ongoing projects to determine the impact of adaptation scenarios on urban climate. 

An example is REALCOOL (Really Cooling Water Bodies in Cities) conducted in 

Dutch cities. Research is carried out on the impact of blue as well as green strategies on 

environmental parameters. The key issue is the use of blue-green combinations. Then, 

thermal discomfort can be reduced by 1-10˚C (Jacobs et al., 2020). 

2.3. Outdoor thermal comfort 

There are many definitions of thermal comfort. One of the best known, created by the 

American Society of Heating, Refrigeration and Air Conditioning Engineers, defines 

thermal comfort as a state of mind that expresses satisfaction with the thermal environment 

(ASHRAE 55, 2014). According to the Polish standard ISO 7730 (2006), comfortable 

conditions prevail when people express satisfaction with the prevailing thermal environment 

(PN-EN ISO 7730, 2006). A more rational definition explains thermal comfort as a state of 

thermal balance. This means that it is felt when the amount of heat generated in the body 

(through metabolic processes) is balanced with the amount of heat released to the 

environment (through convection, radiation and conduction). This is when the human 

physical parameters, i.e. skin temperature, sweat rate and/or core temperature are in thermal 

equilibrium (Fanger, 1970). 

Assessment of thermal comfort can be carried out by using thermal comfort indices. 

Literature research shows that there are currently many international, national standards, 
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guidelines, and advisories for the assessment of thermal conditions. These are used for both 

indoor and outdoor environment evaluation. The comfort of indoor environment has been 

well documented in previous decades. This was due to the possibility of performing tests in 

a relatively stable environment and the possibility of its mechanical control (with respect to 

climatic parameters). In the second case, the assessment of thermal comfort was and still is 

more complex. This is due to the highly dynamic nature of external environment, which is 

caused by sudden changes in meteorological parameters, in particular solar radiation and 

wind speed (Coccolo et al., 2013). Moreover, the assessment of thermal comfort depends 

on the duration of human exposure to microclimatic parameters, which can last from a few 

minutes to several hours. Depending on the time spent in the outdoor environment, people 

have the ability to acclimatize, which is related to the modification of clothing and physical 

activity performed. This allows them to modify the perceived thermal conditions. 

Assessment of thermal comfort is a result of physical and psychological conditions. 

Satisfaction with the thermal environment is also a result of expectations, choices and 

previous experiences with exposure to environmental factors (Auliciems, 1998). 

Thermal environment and its effects on humans cannot be described as a function of 

single variable. The human body (through receptors) experiences all microclimatic 

parameters simultaneously. Models used to assess thermal comfort are based on the same 

assumption - they are functions of multiple variables. According to international studies 

(ASHRAE 55, 2014) as well as national standards (PN-EN ISO 7730, 2006), four 

meteorological parameters (temperature, solar radiation, relative humidity and wind speed) 

and two physical parameters (metabolism and thermal insulation of clothing) are listed as 

the main factors affecting thermal comfort. In this way, the models take into account the 

physical conditions and effects of the external environment on humans. These parameters 

are the components of models to assess thermal comfort for both indoor and outdoor 

research (Fang et al., 2018). 

2.3.1. Heat exchange between a human body and the outdoor environment 

The Fanger’s model 

A breakthrough in the history of thermal comfort research was the publication of a book 

entitled “Thermal Comfort” by Ole Fanger (1970). It was the culmination of research 

conducted on a group of students at the Technical University of Denmark and at Kansas 

State University, United States. Fanger was the first to identify the environmental and 
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physical parameters that directly affect thermal conditions. The human thermal balance 

equation was described by four basic meteorological parameters (air temperature, mean 

radiant temperature, humidity and air velocity) as well as thermal insulation of clothing and 

physical activity (Equation 2.1.). 

(𝑀/𝐴஽௨)(1 – 𝜂)– 0.35[43– 0.061(𝑀/𝐴஽௨)(1 – 𝜂)– 𝑃௔]– 0.42[(𝑀/𝐴஽௨)(1 – 𝜂)– 50]– 0.0023(𝑀

/𝐴஽௨)(44 – 𝑝௔)– 0.0014(𝑀/𝐴஽௨)(34 – 𝑡௔)

= 3.4 × 10–଼𝑓௖௟[(𝑡௖௟ + 273)ସ– (𝑡௠௥௧ + 273)ସ] + 𝑓௖௟ℎ௖(𝑡௖௟– 𝑡௔) 

Equation 2.1. Energy balance. 

where: M: metabolic rate (W/m2), ADu: DuBois area [m2], 𝜂: external mechanical efficiency 

heat exchange (usually is set to zero), pa: water vapour pressure [Pa], ta: air temperature 

[°C], tmrt: mean radiant temperature, fcl: ratio of the surface area of the clothed body to the 

surface area of the nude body, tcl: clothed surface temperature [°C], hc: heat convection 

coefficient [W/m2∙K]. 

Fanger’s equation was applicable only to determine the thermal comfort of a human in 

an energy balance condition. It allowed obtaining satisfactory thermal conditions only for 

specific combination of variables in the equation. As is well known, not all space users will 

express satisfaction with the prevailing thermal conditions. Therefore, the author used the 

created energy balance equation to evaluate the dissatisfaction level with specific thermal 

conditions. Currently, the Fanger equation is used in the PMV (Predicted Mean Vote) and 

PDD (Predicted Percentage Dissatisfied) index of individuals expressing dissatisfaction 

with the prevailing thermal environment. 

The MEMI model 

The Munich Energy-Balance Model for individuals (MEMI - Equation 2.2.) defines 

human energy balance as a component of meteorological parameters (air and ground 

temperature, humidity, shortwave radiation and airflow velocity), physiological factors 

(metabolic heat production, skin temperature), and information about thermal insulation 

properties of clothing (Sikora, 2008). 
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𝑀 + 𝑊 + 𝑅 + 𝐶 + 𝐸஽ + 𝐸ோா + 𝐸ௌௐ + 𝑆 =  0 Equation 2.2. 

where: M: metabolic activity, W: physical work output, R: net radiation of the body, C: 

convective heat flow, ED: latent heat flow to evaporate water into water vapour diffusing 

through the skin, ERE: sum of heat flows for heating and humidifying the inspired air, ESW: 

heat flow due to evaporation of sweat, S: storage heat flows for heating or cooling the body 

mass. 

The unit of all parameters is Watt [W]. Parameters have positive signs if they cause heat 

gain for the body. Otherwise (heat losses), the parameters have negative signs. Additionally, 

the values of individual parameters in the equation depend on meteorological factors (Table 

2.2.). 

Table 2.2. Relationship of meteorological parameters and physical factors according to MEMI model. 

MEMI PARAMETERS METEOROLOGICAL PARAMETERS 

the net radiation of the body (R) mean radiant temperature 

the convective heat flow (C) air temperature, wind velocity 

the latent heat flow to evaporate water diffusing 

through the skin (imperceptible perspiration)(ED) 
air humidity 

the sum of heat flows for heating and 

humidifying the inspired air (ERE) 
air temperature, air humidity 

the heat flow due to evaporation of sweat (ESW) air humidity, wind velocity 

Source: own elaboration. 

The Fiala’s model 

Fiala’s heat transfer model was developed in 1999. It assumed the existence of a passive 

system to regulate heat exchange between 19 basic body parts. Each component was further 

divided into 5 layers (bone, muscle, adipose tissue, subcutaneous tissue, and skin), two to 

three segments (anterior, posterior, and inferior), and the circulatory system divided into 

three components (central blood pool, counter current heat exchanger, and pathways to 

individual tissue nodes). Each component was represented by one node in the model (over 

300 nodes in total). The active system was responsible for physiological thermoregulatory 
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processes that altered the amount of heat exchange in the body. It was developed using an 

experimental method that measured the responses of subjects exposed to varying heat 

conditions (cold stress, cold, moderate, warm and hot stress conditions) and conducting 

specific physical activity. The model provided information on the magnitudes of individual 

physiological body parameters and heat flows. Currently, Fiala’s heat balance equation is 

used as a component of the UTCI index - one of the most widely used to assess human 

thermal comfort in the outdoor environment. 

2.3.2. Thermal comfort indices 

Literature research shows an increase in interest in the subject of thermal comfort 

assessment in the outdoor environment. According to de Freitas & Grigorieva (2017), there 

are 165 indices used to estimate human thermal sensations. Such a large number of indices 

may be confounding at first; however, they share common characteristics that allow them 

to be divided into two categories: empirical and rational indices. In the case of empirical 

indices, thermal comfort is assessed based on the thermal sensations of people who express 

their satisfaction or dissatisfaction with the prevailing meteorological conditions. 

Unfortunately, this form of assessment does not allow studying the influence of individual 

parameters on human thermal sensations. It is a component of the effects of temperature, 

humidity, and airflow on the human body. The assessment is made for sedentary activity. 

Moreover, various physical factors (gender, age, height and weight), psychological factors 

and clothing are not taken into account. The latter - rational indices are commonly used to 

assess thermal comfort in the outdoor environment. This is closely related to the 

development of computer techniques which enable the implementation of their heat balance 

equations in simulators. Finally, they allow simultaneous estimation of meteorological 

parameters in the outdoor environment as well as estimation of thermal conditions for 

different combinations of human physical parameters (Parsons, 2003).  

Among the most commonly used empirical indices are Effective Temperature (ET) and 

Operative Temperature (Top). The most popular rational indices for estimating thermal 

comfort in outdoor environments include - Standard Effective Temperature (SET), 

Predicted Mean Vote (PMV), Physiological Equivalent Temperature (PET) and Universal 

Thermal Climate Index (UTCI)(Potchter et al., 2018). Comparison of the listed indices is 

presented in Table 2.3. 
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Table 2.3. Thermal comfort indices used in environment studies. 

TITLE 

AUTHORS CITY, 
COUNTRY 

CLIMATE INDEX NO. OF 
VOTES 

EMPIRICAL INDICES - EFFECTIVE TEMPERATURE (ET) 

1. Spagnolo and de 
Dear, 2003 

Sydney, Australia Humid subtropical (Cfa) Top 

PET, SET 

1018 

2. Yahia and 
Johansson, 2012 

Damascus, Syria Dry, steppe (BSk) PMV, PET, 
SET 

920 

EMPIRICAL INDICES - OPERATIVE TEMPERATURE (Top) 

1. Hwang et al., 
2010  

Taichung, Taiwan Humid subtropical (Cwa) Top 3837 

2. Yang et al., 2013 Singapore Tropical rainforest (Af) Top 2036 

3. Wang et al., 2017 Groningen, 
Netherlands 

Oceanic (Cfb) Top 

PET 

389 

4. Fang et al., 2018  Guangzhou, China Humid subtropical (Cfa) Top 

PET and 
UTCI 

2007 

RATIONAL INDICES - STANDARD EFFECTIVE TEMPERATURE (SET) 

1. Lin et al., 2011 Taichung, Yunlin, 
Chiayi, Taiwan 

Humid subtropical (Cwa) SET 1644 

2. Xi et al., 2012 Guangzhou, China Humid subtropical (Cfa) SET 114 

3. Zhou et al., 2013 Wuhan, China Humid subtropical (Cfa) SET 386 

4. Zhao et al., 2016 Guangzhou, China Humid subtropical (Cfa) SET 1582 

RATIONAL INDICES - PREADICTED MEAN VOTE (PMV) 

1. Nikolopoulou et 
al., 2001 

Cambridge, UK Maritime temperate 
(Oceanic)(Cfb) 

PMV 1431 

2. Becker et al., 
2003 

Yotvata, Israel Desert arid (BWh) PMV 288 

3. Thorsson et al., 
2004 

Göteborg, Sweden Maritime temperate 
(Oceanic)(Cfb) 

PMV 285 

4. Kántor et al., 
2007 

Szeged, Hungary Maritime temperate 
(Oceanic)(Cfb) 

PMV 844 

5. Metje et al., 2008 Birmingham, UK Maritime temperate 
(Oceanic)(Cfb) 

PMV 451 

6. Aljawabra and 
Nikolopoulou, 
2010 

Marakech, 
Morocco  

Phoenix, Ar. USA 

Hot semi-arid (BSh) 

Desert (BWh) 

PMV 303 

126 

7. Sangkertadi and 
Syafriny, 2014 

Manado, Indonesia Tropical wet (Af) PMV 300 

8. Hashim et al., 
2016 

Kota Damansara, 
Malaysia 

Tropical rainforest (Af) PMV 30 

9. Salata et al., 2016 Rome, Italy Subtropical (Csa) PMV 1565 

RATIONAL INDICES - PHYSIOLOGICALLY EQUIVALENT TEMPERATURE (PET) 

1. Knez and 
Thorsson, 2006 

Tokyo, Japan  

Göteborg, Sweden  

Humid subtropical (Cfa) 

Maritime temperate 
(Oceanic)(Cfb) 

PET 63 

43 
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Table 2.3. Continuation. 

RATIONAL INDICES - PHYSIOLOGICALLY EQUIVALENT TEMPERATURE (PET) 

2. Eliasson et al., 
2007 

Göteborg,, Sweden Maritime temperate 
(Oceanic)(Cfb) 

PET 1379 

3. Oliveira and 
Andrade, 2007 

Lisbon, Portugal Mediterranean (Csa) PET 91 

4. Thorsson et al., 
2007 

Tokyo, Japan Humid subtropical (Cfa) PET 1142 

5. Lin and 
Matzarakis, 2008 

Sun Moon Lake, 
Taiwan 

Humid subtropical (Cwa) PET 1644 

6. Lin, 2009 Taichung, Taiwan Humid subtropical (Cwa) PET 505 

7. Mahmoud, 2011  Cairo, Egypt Desert arid (BWh) PET 300 

8. Kántor et al., 
2012  

Szeged, Hungary Maritime temperate 
(Oceanic)(Cfb) 

PET 967 

9. Makaremi et al., 
2012 

Putrajaya, 
Malaysia 

Tropical rainforest (Af) PET 200 

10. Ng et al., 2012  Hong Kong, China Humid subtropical (Cwa) PET 2702 

11. Schnell et al., 
2012  

Tel Aviv, Israel Subtropical (Csa) PET 1457 

12. Cohen et al., 2013  Tel Aviv, Israel Subtropical (Csa) PET 1731 

13. Yang et al., 2013  Singapore, 
Singapore 

Changsha, China 

Tropical rainforest (Af) 

Humid subtropical (Cfa) 

PET 2020 

2052 

 

14. Krüger et al., 
2014  

Glasgow, UK Maritime temperate 
(Oceanic)(Cfb) 

PET 567 

15. Tung et al., 2014  Taichung, Yunlin, 
Chiayi, Taiwan 

Humid subtropical (Cwa) PET 1644 

16. Chen et al., 2015 Shanghai, China Humid subtropical (Cfa) PET 596 

17. Da Silva and De 
Alvarez, 2015  

Vitoria, Brazil Humid tropical (Af) PET 841 

18. Lin et al., 2015  Keelung, 
Taichung, Tainan 
Taiwan 

Humid subtropical (Cwa) PET 2071 

19. Zeng and Dong, 
2015 

Chengdu, China Humid subtropical (Cwa) PET 255 

20. Elnabawi et al., 
2016  

Cairo, Egypt Desert arid (BWh) PET 320 

21. Hirashima et al., 
2016 

Belo Horizonte, 
Brazil 

Tropical wet and dry (Aw) PET 1693 

22. Kántor et al., 
2016  

Szeged, Hungary Maritime temperate 
(Oceanic)(Cfb) 

PET 5805 

23. Kovács et al., 
2016  

Szeged, Hungary Maritime temperate 
(Oceanic)(Cfb) 

PET 5128 

24. Li et al., 2016  Guangzhou, China Humid subtropical (Cfa)  PET 1005 

25. Liu et al., 2016  Changsha, China Humid subtropical (Cfa) PET 7851 

26. Shooshtarian and 
Ridley, 2016 

Melbourne, 
Australia 

Temperate oceanic (Cfb) PET 1023 

27. Louafi et al., 2017  Constantine, 
Algeria, 

Mediterranean (Csa) PET 2220 
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Table 2.3. Continuation. 

RATIONAL INDICES - PHYSIOLOGICALLY EQUIVALENT TEMPERATURE (PET) 

28. Middel et al., 
2017  

Tempe, Ar, USA Desert (BWh) PET 1284 

29. Shooshtarian and 
Rajagopalan, 
2017 

Melbourne, 
Australia 

Temperate oceanic (Cfb) PET 1059 

RATIONAL INDICES - UNIVERSAL THERMAL CLIMATE INDEX (UTCI) 

1. Rutty and Scott, 
2015 

Barbados, Saint 
Lucia, Tobago, 
The 

Caribbean Islands 

 

Tropical (Aw) maritime 
tropical (Am) 

UTCI 472 

2. Huang et al., 
2016  

Wuhan, China Warm and temperate (Cfa) UTCI 1460 

3. Lam et al., 2018  Melbourne, 
Australia 

Temperate oceanic (Cfb) UTCI 3320 

4. Maras et al., 2016  Aachen, Germany Temprate (Cfb) UTCI 138 

5. Krüger et al., 
2017  

Curitiba, Brazil Mesothermic humid 
subtropical (Cfb) 

UTCI 1685 

Source: own elaboration. 

Operative temperature (Top) 

According to Hwang et al. (2010), estimation of the thermal comfort prevailing in the 

outdoor environment is possible with simple indicators. One of them is the operative 

temperature. According to Appendix C of ASHRAE-55 standard (2014), it is defined as the 

uniform room temperature at which a person will exchange the same amount of heat by 

radiation and convection as in a non-uniform temperature environment. It is dependent on 

the air temperature, the average radiant temperature and the airflow velocity (Equation 2.3.). 

𝑇௢௣  =  𝐴𝑇௔ + (1 –  𝐴)𝑇௠௥௧ Equation 2.3. 

In the equation, the coefficient A depends only on the airflow velocity. When va is less 

than 0.2 m/s, then A = 0.5, when va varies from 0.2 to 0.6 m/s then A = 0.6, when va exceeds 

0.7 then A = 0.7 (ASHRAE 55, 2014). According to Wang et al. (2017), this index can only 

be used to estimate the effect of microclimate parameters on thermal comfort. However, by 

comparing TSVs (obtained through surveys) with Top, it is possible to determine the neutral 

temperature and the temperature preferred by users of public spaces. As shown in numerous 

studies (Hwang et al., 2010, Yang et al., 2013, Wang et al., 2017, Fang et al., 2018) their 

value will depend on local microclimatic conditions. 

Operative temperature is used to determine internal thermal comfort. Then, the air 

temperature as well as the average ambient radiation temperature is taken into account 
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during the evaluation. Other meteorological variables including relative humidity or air 

velocity are ignored (Equation 2.4.)(Lis, 2015). 

𝑇௢௣ = 𝐺𝑇௠௥௧ + (1 − 𝐺)𝑇௔ Equation 2.4. 

where: Tmrt - mean temperature of ambient radiation [˚C], Ta - air temperature [˚C], G - 

coefficient of mean temperature of ambient radiation in heat perception. 

The operative temperature was used in this study as an index for evaluating thermal 

comfort inside buildings located in the Metropolitan Area of Lodz. 

Predicted Mean Vote (PMV) 

The Predicted Mean Vote is an index commonly used to estimate thermal comfort in 

outdoor environments. Initially, it was used in studies of indoor environments. A 

modification of the Fanger thermal balance equation used in the model by Jednritzky and 

Nübler made it adaptable for outdoor environment studies. The current modified model 

version is called “Klima-Michel-Modell,” which takes into account the influence of 

meteorological parameters, long- and short-wave radiation flows, typical physical activity, 

and human clothing (Jendritzky & Nübler, 1981).  

According to the Polish standard EN-ISO 7730 (2006), the PMV index is defined as the 

average rating of a group of people expressing their thermal sensations on a seven-point 

rating scale. The index values usually range from [-3] to [+3]. Neutral conditions are defined 

as sensations that are assigned a value between [-0.5] and [0.5](Table 2.4.). In case of 

conducting research in an outdoor environment, the values of index are significantly beyond 

the scale of [-3], [+3]. This is due to the calculation of index on the basis of varying weather 

conditions and the average ratings of people expressing their satisfaction with the thermal 

environment. Discrepancy between the theoretical (seven-point scale) and empirical studies 

is due to the lack of restrictions on the minimum/maximum values of PMV in the case of 

studies conducted in the outdoor environment. Moreover, the values of index are dependent 

on the local climate and thus on the climatic zone in which the research is carried out. 

Table. 2.4. PMV scale. 

Source: own elaboration. 

cold cool slightly cool slightly warm warm hot 
 

-3 -2 -1 
neutral 

conditions 
+1 +2 +3 
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This fact is confirmed by the study conducted by Jihad and Tahiri for subtropical/tropical 

climate (Morocco). The authors showed that the value of PMV was dependent on the local 

climate, season, and the way of urban planning, in particular the ratio of building height 

forming a street canyon to street width. The value of index varied from [-4] to [11] 

throughout the year (Jihad & Tahiri, 2016). The study conducted by Thorsson et al. (2004) 

showed that the value of index ranged from [-11] to [+11] when the study was conducted in 

temperate zone. Also they showed that there is a discrepancy between PMV values obtained 

from simulation of atmospheric processes and surveys (40% discrepancy). 

Physiologically Equivalent Temperature (PET) 

Literature studies show that the most commonly used index to assess thermal comfort 

in outdoor environments is Physiological Equivalent Temperature (PET; Table 2.5.). It is 

defined as air temperature at which, in a typical indoor setting (without wind and solar 

radiation), the heat budget of the human body is balanced with the same core and skin 

temperature as under the complex outdoor conditions to be assessed (Höppe, 1999). This 

approach allows a person to make an assessment of outdoor conditions based on previous 

experience gained in the indoor environment. In this case, the MEMI model is used to 

describe the human heat balance (see Chapter 2.3.1. for a detailed description). 

Table 2.5. PET index scale. 

PET °C Thermal Perception Grade Of Physiological Stress 

4 °C 

8 °C 

13 °C 

18 °C 

23 °C 

29 °C 

35 °C 

41 °C 
 

very cold 

cold 

cool 

slightly cool 

comfortable 

slightly warm 

warm 

hot 

very hot 
 

extreme cold stress 

strong cold stress 

moderate cold stress 

slight cold stress 

no thermal stress 

slight heat stress 

moderate heat stress 

strong heat stress 

extreme heat stress 
 

Source: own elaboration. 

The value of PET index is dependent on the climatic zone. Potchter et al. (2018) 

conducted a literature analysis of 110 papers that were published between 2001 and 2017. 

Their main aim was to review methods for assessing thermal comfort in the outdoor 

environment, to identify the most commonly used thermal comfort indices, and to evaluate 

human thermal sensations depending on the climatic zone. In the case of PET index, the 
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variation of values depending on the prevailing climatic conditions was evident. The authors 

showed that its value ranged from 19 to 31°C for tropical climate, from 19 to 33°C for dry 

climate, from 10 to 31°C for warm temperate climate and from 6 to 24°C for continental 

climate. The neutral value of index ranged from 24 to 26°C for hot climates and 15 to 20°C 

for cold climates (Potchter et al., 2018). 

Universal Thermal Climate Index (UTCI) 

The International Society for Biometeorology established an interdisciplinary group of 

experts (from thermo-physiology, occupational medicine, physics, meteorology, 

biometeorology and environmental science) under the European COST Action 730 

(Cooperation in Science and Technical Development) program. Their aim was to invent a 

new universal index for the assessment of bioclimatic conditions. This index was to take 

into account information about complex thermophysical processes. It was also supposed to 

have universal applicability for different climatic conditions (taking into account seasonality 

of climate), as well as scale and research objective. 

Several years of cooperation of the expert group resulted in an invention of new 

universal index for evaluation of thermal comfort in the outdoor environment (1999). The 

Universal Thermal Climate Index is defined as the equivalent air temperature at which, 

under reference conditions, the basic physiological parameters of the body take the same 

values as under real conditions. It means that the heat exchange between a person and the 

environment depends on the air temperature assuming unchanged level of other 

meteorological parameters (Equation 2.5.). In order to determine the equivalent air 

temperature it is first necessary to calculate the human energy balance in real conditions. 

This is possible by using Fiala’s model. Then the air temperature at which physiological 

parameters take the same values as in real conditions should be estimated. In the case of 

UTCI calculation, the following parameters were taken as reference meteorological 

conditions: mean radiant temperature equal to air temperature, water vapor pressure equal 

to 50% relative humidity (at temperature <29°C) and equal to 20 hPa at temperature higher 

than 29°C, wind speed at 10 meters above ground level equal to 0.5 m/s and relative air flow 

velocity associated with movement equal to 1.1 m/s. Metabolic heat production of 135 W/m2 

and clothed thermal insulation proportional to actual thermal conditions were assumed as 

physiological parameters (Błażejczyk et al., 2009). The Universal Thermal Climate Index 

equation takes a general form: 
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𝑈𝑇𝐶𝐼(𝑇௔ , 𝑇௠௥௧ , 𝑣௔, 𝑝௔)  =  𝑇௔ + Offset(𝑇௔, 𝑇௠௥௧ , 𝑣௔ , 𝑝௔) Equation 2.5. 

where: Ta - air temperature (°C), Tmrt - mean radiant temperature (°C), va - air flow velocity 

(m/s), pa - water vapour pressure, Offset - deviation of air temperature. 

This indicator has a 10-point rating scale. The values range from [-40] to [+46](Table 

2.6.). In many studies it is emphasized that neutral conditions are felt for values between 

[+9] and [+26]. This fact was confirmed by Lai et al. (2014), Pantavou et al. (2014), Huang 

et al. (2016), and Krüger et al. (2017). 

Table 2.6. UTCI index scale. 

UTCI °C Grade Of Physiological Stress 

above +46 °C 

+38 °C TO +46 °C 

+32 °C TO +38 °C 

+26 °C TO +32 °C 

+9 °C TO +26 °C 

0 °C TO +9 °C 

-13 °C TO 0 °C 

-27 °C TO -13 °C 

-40 °C TO -27 °C 

below -40 °C 

extreme heat stress 

very strong heat stress 

strong heat stress 

moderate heat stress 

no thermal stress 

slight cold stress 

moderate cold stress 

strong cold stress 

very strong cold stress 

extreme cold stress 
 

Source: own elaboration. 

Subjective evaluation of comfort conditions 

Thermal comfort assessments can be carried out based on the subjective evaluations of 

people describing their thermal sensations. The information is obtained by means of surveys 

conducted in the outdoor environment (usually in the areas of selected public spaces, which 

are the research subject). Most often, the survey questionnaire is divided into three parts. 

The first is aimed at obtaining data on physical characteristics (e.g. age, gender, weight, 

height), as well as the respondent’s current thermal status (physical activity performed and 

clothing). In addition, the questionnaire can be supplemented with questions about socio-

economic conditions (education level, occupational status, financial situation; Aljawabra & 

Nikolopoulou, 2010). Next, thermal impressions of the prevailing microclimatic conditions 

are determined. In this case, the thermal sensation scale (TSV) is used. According to 

ASHRAE-55 guidelines (2014), it has a 7-point scale (Table 2.7.). In many studies, the scale 

used is a 9-point scale (it has been expanded to include extreme conditions such as: “very 

cold” and “very hot”)(Table 2.8.). Impressions can be specified for each microclimate 
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parameter, i.e. air temperature (ASV - Air Temperature Sensation Vote), solar radiation 

(SSV - Sun Sensation Vote), humidity (HSV - Humid Sensation Vote), wind speed (WSV 

- Wind Sensation Vote), and cloud cover (CSV - Cloud Cover Sensation Vote). The last 

part of the questionnaire addresses preferred conditions determined by the McIntyre scale, 

as well as acceptable conditions estimated by a binary item (“acceptable” or 

“unacceptable”).  

Table 2.7. ASHRAE-55 Thermal Sensation Vote scale (TSV). 

Source: own elaboration. 

Table 2.8. Broadened Thermal Sensation Vote scale (TSV). 

very cold cold cool 
slightly 

cool 
slightly 
warm 

warm hot very hot 
 

-4 -3 -2 -1 
neutral 

conditions 
+1 +2 +3 +4 

 

Source: own elaboration. 

Preferences can be expressed for each of the microclimatic parameters, i.e., air temperature 

(I prefer a warm condition, I have no preferences, I prefer a cool condition), solar radiation 

(prefer more sun, no preference and prefer less sun), humidity (prefer humid, no preference 

and prefer dryness), wind speed (prefer more wind, no preference and prefer less wind), 

cloudiness (prefer more cloud, no preference and prefer less cloud), and precipitation (prefer 

more precipitation, no preference and prefer less precipitation). 

Field measurements of microclimatic parameters are carried out in parallel to the survey. 

They take place directly in the vicinity of a respondent filling out the questionnaire. Based 

on the comparison of obtained data it is possible to determine neutral, preferred, and 

acceptable conditions. Neutral conditions; the conditions which people feel neither cool nor 

warm (Fanger, 1970) are determined on the basis of linear regression curve between thermal 

feelings of respondents (according to the ordinal scale) and calculated thermal comfort 

index. Preferred conditions; the thermal environmental condition under which individuals 

prefer neither warmer nor cooler temperature are determined from the relationships 

described by two curves, i.e. (1) representing the relationship between air temperature and 

the percentage of individuals preferring higher air temperature, and (2) representing the 

relationship between air temperature and the percentage of individuals preferring lower 

cold cool 
slightly 

cool 
slightly 
warm 

warm hot 
 

-3 -2 -1 
neutral 

conditions 
+1 +2 +3 

 



- 32 - 
 

temperature (Fanger, 1973). Intersection of curves (point at which percentage of people 

preferring lower and higher temperature is the same) determines the preferred temperature. 

Conditions are considered acceptable if they are recognized as such by a minimum of 80% 

of respondents (threshold is defined in the ASHRAE-55, 2014). 

Thermal comfort research - a critical view 

A thorough literature review leads to the conclusion that the current state of research on 

thermal comfort in the outdoor environment is not sufficient. Usually the studies are carried 

out for selected days of the year, which may reflect extreme or semi-extreme conditions, 

especially in summer. Few authors conduct comprehensive studies considering different 

microclimatic conditions for each season (Lin et al., 2011, Nikolopoulou et al., 2001, Lin & 

Matzarakis, 2008, Lin et al., 2015, Liu et al., 2016, Middel et al., 2017, Huang et al., 2016). 

This means that the research does not allow the development of practical guidelines for 

urban designers. This is caused by the lack of determination of average conditions in the 

given areas. In order to estimate them, it is necessary to use the provisions of international 

standards, which indicate how to determine the so-called Typical Meteorological Year. 

Their determination will allow to describe the averaged conditions in the external 

environment. The Author has not found in any of the studies subject to the analysis even a 

mention of the necessity to apply this type of approach - calculation of conditions for the 

Typical Meteorological Year. 

Most often the studies are conducted in the areas of public urban or semi-public spaces 

(green areas, city squares, street canyons, yards of multi-family buildings). Unfortunately, 

the selection of diverse types of spaces results in a qualitative nature of the research. The 

choice of strictly defined types of public spaces would allow to determine the relationship 

between thermal comfort and the way of spatial development. Numerous authors emphasize 

the influence of development structure (determined by SVF and AR) on microclimatic 

conditions (Xi et al., 2012, Yang et al., 2013, Cohen et al., 2013, Louafi et al., 2017, Krüger 

et al., 2017). 

The research is based on international standards (ISO 7726 - Ergonomics of the thermal 

environment - Instruments for measuring physical quantities, 1998). At first, field studies 

are carried out in selected areas of public spaces. They concern basic microclimatic 

parameters (temperature, average solar radiation temperature, relative humidity, air flow 

velocity). The studies require huge amounts of funds for research equipment. An example 

is the equipment used to determine the temperature of solar radiation. This problem is most 
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often solved by using an equation to calculate the average solar radiation temperature from 

the temperature, humidity, and wind values (Kántor et al., 2016, Middel et al., 2017, Wang 

et al., 2017, Fang et al., 2018). The method is presented in ISO 7726 (2001). In addition, 

field measurements are related to organizational problems (e.g., time for taking 

measurements). Simulation analyses are an alternative solution. Few authors use computer 

simulators to estimate microclimate parameters. The most commonly used are ENVI-met, 

Rayman and Bioklima applications (Kántor et al., 2007, Cohen et al., 2013, Salata et al., 

2016, Louafi et al., 2017). 

Surveys on thermal sensations, acceptable conditions and users’ preferences of public 

spaces are carried out in parallel with field studies. Respondents usually represent two 

groups of people, i.e. local residents using a given space for recreational purposes, and 

people randomly appearing in a given area (moving from point A to B in the city). 

According to the author, an interesting solution would be to include a representative group 

of inhabitants in the research on thermal comfort. This is possible by determining the 

population structure of a given city on the basis of information contained in the databases 

of state institutions (statistical offices). Then, surveys should be carried out distinguishing 

particular groups of people in the survey (age groups). Finally, it would be possible to 

determine the average thermal impressions of the inhabitants of a given area. 

Another problematic issue is the selection of an index to assess thermal comfort in the 

outdoor environment. The literature review showed that empirical indices, i.e. PMV, PET 

and UTCI are the most commonly used to determine thermal sensations of respondents. 

They take into account the influence of both microclimatic and psycho-physical factors on 

perceived thermal comfort. However, many authors emphasize the fact that the research 

results are not comparable. This is due to the inhabitant’s adaptation of different climate 

zones to local conditions. Moreover, many authors point out that there are different thermal 

sensations within one climate zone (Eludoyin & Adelekan, 2013). Therefore, making an 

evaluation of thermal comfort requires both estimating the value of comfort index and 

performing surveys. The obtained survey results should then be compared in order to 

determine the thermal sensations of individuals within the area of specific microclimatic 

conditions. 
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CHAPTER III. THE NUMERICAL MODEL 

3.1. Numerical modelling of an urban microclimate 

In the era of growing technological advances, it has become possible to conduct complex 

analyses of phenomena occurring in highly urbanized areas. The development of computer 

techniques allowed to conduct climatic studies, the results of which can be obtained in a 

relatively short time. In this case, computer simulations are the leading method. They are 

considered more efficient in comparison with time-consuming measurement campaigns 

supplemented with qualitative research (e.g. surveys, interviews). Thus, they become an 

increasingly common tool used in the field of urban climatology. The RayMan application 

modeling the mean radiant temperature and human thermal environment, BioKlima for the 

assessment of bioclimatic conditions, and the ENVI-met numerical fluid mechanics 

software are mentioned as the most commonly used for the assessment of the influence of 

building structure on climate and thermal comfort. 

Currently, the last mentioned - ENVI-met application becomes commonly used for 

studies that deal with climatic conditions in urban areas. This is due to the characteristics of 

software which allows to create three-dimensional urban layouts taking into account 

building materials used which are characteristic for a given area. Thus, it is possible to 

transfer the real world to the virtual model. According to Lee & Mayer (2016), the tool 

predicts the effect of building form on microclimatic conditions with acceptable accuracy 

in the outdoor environment. Hourly parameter values can be read at selected grid points 

(depending on the set model resolution). Simulations performed take into account airflow 

between buildings, heat transfer processes of horizontal and vertical surfaces, turbulence, 

vegetation parameters, and dispersion of pollutants. According to Lenzholer & Kohl (2010), 

ENVI-met is one of the tools that take into account parameters that determine thermal 

comfort in the outdoor environment such as air temperature, direction, wind speed, relative 

humidity, and mean radiant temperature to estimate values of thermal comfort indices.  

This paper uses the ENVI-met application due to its ability to assess both the impact of 

building form and adaptation strategies on microclimatic conditions and human thermal 

comfort in the outdoor environment. Moreover, the obtained simulation output data were 

used to calculate the thermal comfort perceived by the users of building structures located 

in the Metropolitan Area of Lodz. 
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3.2. The general structure of ENVI-met application 

The ENVI-met application was developed by Prof. Bruse’s team at Mainz University, 

Germany. It is used in the field of urban planning to simulate the influence of building form 

on climatic parameters, as well as to assess the thermal comfort of humans residing in a 

highly urbanized environment. It is successfully applied to research in the field of urban 

climatology.  

The CFD (Computational Fluid Dynamics) software tool is used to conduct analyses 

and simulations in the field of numerical fluid mechanics. It is used to create three-

dimensional non-hydrostatic microclimate models, taking into account the finite difference 

method (Hien et al., 2012). It estimates substrate-plant-air relationships over a diurnal cycle 

(typically 24 to 48 hours)(Huttner et al., 2008).  

Four modules of the application are used in the climatic studies, i.e. SPACES allowing 

to create a three-dimensional terrain model, ConfigWizard in which the input 

meteorological parameters are defined, ENVI-met (core) responsible for the simulation of 

atmospheric processes, as well as LEONARDO allowing to graphically present the 

distribution of weather parameters and to read their values at the location points of 

measuring stations at a selected height. 

Changes in urbanized environment are forecasted based on 3D core model (created in 

SPACES module) and 1D border model (meteorological parameters are defined in 

ConfigWizard module). The main task of 3D core model is to simulate changes in well-

defined structure of buildings. Location of the model is determined based on geographical 

coordinates of the terrain (longitude and latitude). 

Parameters of 3D model X, Y and Z as well as resolution of individual cells can be 

modified depending on the scope of conducted research. In case of grid structure 

determination there are two methods: equidistant and telescoping grid generation. The first 

one is based on model division into cells of equal size in each direction ∆𝑥 =  ∆𝑦 =  ∆𝑧 

(with the reservation that the height of the first five cells above the ground surface is ∆𝑧௚ =

0.2∆𝑧, in order to increase the accuracy of calculations related to microclimatic processes 

occurring near the ground surface). Second method - telescoping technique is used in case 

of investigations carried out in the strict city centers, where high objects are involved. Then, 

the telescoping factor is applied, which is defined as a percentage growth factor for the 

vertical parameter of the model. The maximum dimensions X, Y can be selected within a 

wide range. The vertical dimension of model Z is estimated from the parameters of the 
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highest object created in the model (𝑍 ≥ 2𝐻௠௔௫). The resolution of each model element 

can vary from 0.5 m to 10 m (Huttner et al., 2008). 

Creation of objects is possible in 2D as well as 3D format. The application provides the 

necessary tools to model building constructions, diverse ground surfaces (natural, artificial), 

as well as vegetation. Individual elements of the real world are created based on components 

found in the ENVI-met database (Table 3.1.). 

Table 3.1. Chosen model components. 

Materials 

 cement and concrete (heavyweight, lightweight, hollow, filled block, cast dense, 
photoactive), 

 glass (heat protection, plexiglass, foamed, clear float glass, glass brick surface, shading 
plexiglass), 

 metal (aluminium, iron, steel), 

 misc (good, moderate, without insulation, PCV), 

 natural (masonry, air), 

 stone (aerated, burned, reinforced brick), 

 tile (tile, terracotta); 

Soil 

 natural (sand, loamy sand, sandy loam, silt loam, loam, sandy clay loam, silty clay 
loam, clay loam, sandy clay, clay, peat, wood planks, water), 

 artificial (smashed brick, cement concrete, mineral concrete, asphalt, granite, basalt, 
brick, styrofoam); 

Greenings 

 wall and roof greenings (with/without air gap), 

 high vegetation (by tree species, i.e. deciduous, coniferous; selected for Leaf Area 
Density, i.e. low, medium, high). 

Source: own elaboration. 

The user can create a model using the elements from the database. In case of the lack of 

suitable solutions it is possible to modify/add materials, building partitions, types of surface 

and natural elements (vegetation). Then, it is necessary to determine their parameters (Table 

3.2.). 

The user then defines the meteorological conditions (1D model). Initially, the simulation 

date is chosen, resulting in the automatic generation of selected parameters (e.g. insolation). 

The test start time should be set at least two hours before sunrise. This is to ensure the 

stability of simulation process. Data are entered as meteorological boundary conditions. 

Wind speed at height of 10 m above ground level [m/s], direction of air inflow [deg], 

roughness length at measurement site [m] are defined. In case of temperature and humidity 
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it is possible to implement hourly values. The program automatically determines maximum 

and minimum values of the parameter during a day. In advanced settings the user has a 

possibility to make a correction of solar radiation based on adjustment factor. This is very 

useful function, because the parameters are overestimated by the application. The solar 

radiation value needs to be adjusted in order to ensure correct input data. Settings related to 

parameters inside buildings, soil conditions, type and concentration of air pollutants, as well 

as the degree of cloud cover can be used in broader urban climatology studies (Hien et al., 

2012). 

Table 3.2. Material parameters. 

Materials  Soils Greenings (wall and roof) 

 thickness, 

 absorption, 

 transmission, 

 reflection, 

 emissivity, 

 specific heat, 

 thermal 
conductivity, 

 density. 

 water content at saturation, 

 water content at field 
capacity, 

 water content at wilting 
point, 

 hydraulic conductivity, 

 volumetric heat capacity, 

 heat conductivity. 

Greening properties: 

 plant thickness, 

 Leaf Area Index (LAI), 

 Leaf Angle Distribution 
(LAD). 

 

Substrate properties: 

 substrate thickness, 

 emissivity of substrate, 

 albedo of substrate, 

 water coefficient of substrate 
for plants, 

 air gap between substrate and 
wall. 

Source: own elaboration. 

The upper horizontal boundary and the vertical windward boundary act as an interface 

between the 1D boundary model and the 3D core model (Figure 3.1.). The 1D model extends 

the area of 3D structure to H = 2 500 m (an average depth of a boundary layer). It enables 

to use microclimatic parameters as input data to the model - their transfer as start values to 

the upper boundary of prognostic 3D core model. Moreover, 1D soil model allows entering 

the information on temperature and relative humidity at the ground surface into the 3D 

model (excluding the cells forming the surface of urban structure in the 3D model to ensure 

homogeneity). Additionally, buffer zone called ‘nesting zone’ has been introduced. It causes 

model boundary area shift in order to eliminate numerical disturbances - boundary effects. 

It extends to dimensions that are at least twice the height of the highest building created in 

3D model (2Hmax). Dimensions of individual nesting grids gets progressively larger as 
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distance from core model increases. The user defines the roughness of nesting grids by 

specifying the surface material - two soil types. In this way it is possible to adapt entered 

parameters as 1D model for airflow to 3D core model (Wu & Chen, 2017). 

The simulation of atmospheric processes depends on the available computer 

components. Moreover, the larger the area to be simulated, the more tedious the simulation 

(in this study, 1 simulation for typical urban forms = 2 days; selected case of street canyon 

between intersections of Jaracza/Piotrkowska and Jaracza/Wschodnia streets = 5 days, 

selected case of urban forecourt at 50 Piotrkowska Street = 1 day). 

 

Figure 3.1. Model domain in the ENVI-met application (source: own elaboration based on Toudert F. A., 

2005). 

3.3. Boundary conditions 

Three-dimensional models are treated as simplified representations of real-world 

conditions. In the modeler, objects are created based on a rectangular grid of cells. 

Consequently, they have the character of block models. The horizontal structure is defined 

by specifying the number of cells forming the grid, as well as their resolution. The terrain 

dimension can be more than 50 x 50 cells. Its resolution can vary from 0.5 m to 10 m 

(dimensions of a single cell). ‘Nesting grids’ are used for stability. They are additional cells 

at the edges of model that allow input to the created inhomogeneous urban environment. It 

is necessary to determine the level of roughness of the buffer zone (nesting grids) by 
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indicating the dominant pavement type found around the modeled structure. The vertical 

dimension of the model should be at least 𝑍 ≥ 2𝐻௠௔௫ (Deng & Wong, 2020). 

The application allows to create simulations of atmospheric processes for selected 

fragments of the urban structure. Therefore, it is required to determine the boundary 

conditions of a 3D model. The simpled forced lateral boundary conditions used in this study 

consist in entering hourly values for temperature and humidity. The defined parameters are 

forced at the height of 2 m in the simulation process. It is important to note that the method 

can be used to run tests on a 24 hour cycle. The initialization time of the 1D model is related 

to the computer hardware parameters. It runs until interaction between all start values reach 

stationary state (𝑢ത, 𝑣̅, Ɵഥ, 𝑞ത, 𝐸, ɛ and the exchange coefficients 𝐾௠, 𝐾௛ and 𝐾௤). The equations 

used in the 3D core model simulation process are described in detail in Chapter 3.4. 

Governing equations of the atmospheric model. Their equivalents in the form of 1D 

equations are used as boundary conditions. Sometimes a parameterization is made to 

simplify the model. The vertical inflow profile extends to a height of 2 500 m. The 

temperature and humidity value for the top of the three dimensional model are calculated 

linearly on the basis of implemented values at 2 m height. The wind profile is determined 

based on logarithmic law. Then, the value of air flow at the height of 10 meters above the 

ground level is taken into account, as well as the roughness of the ground. Surface 

temperature is influenced by soil sub-model parameters. Temperature and moisture of the 

ground is defined at four heights, i.e., upper layer (0-20 cm), middle layer (20-50 cm), deep 

layer (50-200 cm) and bedrock layer (below 200 cm). Based on these, the tool determines 

the surface temperature. 

Numerical aspect of the simulation are connected with the usage of finite difference 

method for all differential equations. The time steps depend on the calculated parameter. 

For airflow it is 10 minutes. The solar radiation time step is set by the user. For E-ɛ system 

a 3-minutes time interval is used to ensure numerically stable solution. Alternating 

Directions Implicit Method (ADI) in combination with an upstream advection scheme is 

used to solve the advection-diffusion equations (Forouzandeh, 2018). 

3.4. Governing equations of the atmospheric model 

The atmospheric sub-model is mainly based on fundamental laws of computational fluid 

dynamics, i.e., equation of conservation of mass, momentum, heat and moisture. It predicts 

the evolution of wind flow (speed and direction), turbulence, air temperature, relative 
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humidity. It takes into account absorption and emission of short-wave and long-wave 

radiation fluxes (Bruse & Fleer, 1998).  

Due to the fact that the tool used contains numerous equations, only those considered 

crucial in assessing the impact of adaptation strategies introduced in highly urbanized areas 

on microclimatic conditions, as well as human thermal comfort, are described in this paper. 

Mean air flow 

The basic concept to describe a spatial and temporal evolution of the three-dimensional 

turbulent wind flow is given by the Navier-Stokes equations. In the application, the non-

hydrostatic incompressible form is used (Equation 3.1-a - 3.1-c)(Bruse & Fleer, 1998): 
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where 𝑓 (= 10ସ secିଵ) is the Coriolis parameter, 𝑝ᇱ is the local pressure perturbation, 𝜃 is 

the potential temperature at level z and 𝜃௥௘௙ is an average temperature over all grid cells of 

height z, excluding those occupied by buildings. 

The air density 𝜌 was removed from the original compressible Navier-Stokes equations 

using the Boussinesq Approximation. It gave the opportunity of implementing one 

additional source terms in the w-equation to include thermal forced vertical motion. Finally, 

one continuity Equation (1-d) which has to be satisfied for each time step in order to keep 

the flow field mass conserving was reached. It should be taken into consideration that all 

three-dimensional advection and diffusion terms are written in the Einstein summation 

(𝑢௜ = 𝑢, 𝑣, 𝑤; 𝑥௜ = 𝑥, 𝑦, 𝑧 for 𝑖 = 1, 2, 3 to save place). 

𝑆௨, 𝑆௩ and 𝑆௪ are the local source/sink terms which describe the loss of wind speed due 

to drag forces connected with vegetation elements. This effect can be parametrized by 

Yamada (1982) and Liu et al. (1996) dependency as: 

𝑆௨(௜) =  
డ௣ᇲതതതതത

డ௫೔
=  𝑐ௗ,௙𝐿𝐴𝐷(𝑧) · 𝑊 · 𝑢௜      (Equation 3.2.) 

𝑊 = (𝑢ଶ +  𝑣ଶ + 𝑤ଶ)଴.ହ is the mean wind speed at height z, LAD(z) is the leaf area density 

in [mଶmିଷ] of the vegetation in this height. The mechanical drag coefficient at plant 

elements 𝑐ௗ,௙ is set to 0.2. 
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Temperature and humidity 

In the sub-atmospheric model, the distribution of temperature 𝜃 and specific humidity q 

is based on the combined advection-diffusion equation with internal source/sinks (Bruse & 

Fleer, 1998): 
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Similar to the momentum equations, 𝑄௛ and 𝑄௤ are used to include heat and vapour 

exchange at vegetation in the sub-atmospheric model. The vegetation model, which is 

described later on, gives the possibility of quantifying 𝑄௛ and 𝑄௤ parameters. 𝜕𝑅௡.௟௪/𝜕𝑧 is 

the vertical divergence of longwave radiation taking into account the cooling and heating 

effect of radiative fluxes. 

Atmospheric turbulence 

Estimation of basic meteorological parameters requires consideration of turbulent air 

movement. Turbulence is created by disturbance of laminar flow of air masses. It is 

associated with the presence of anthropogenic obstacles (buildings), as well as natural 

elements (vegetation). Depending on the weather conditions, the phenomenon scale is 

variable. Under the windy conditions, local turbulence production surpasses its dissipation. 

Turbulent eddies may be transported by the mean flow, which leads to increased turbulent 

exchange away from the original source. In the present case, turbulence processes are 

determined by approximated values from definable quantities (closure problem). The 1.5 

turbulence closure model is used to describe the turbulence processes in the ENVI-met 

application. 

In the atmospheric model, two additional equations are implemented for the local 

turbulence (E) and its dissipation rate (ɛ). They are based on the work of Mellor & Yamada 

(1975) as follows: 
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The variables Pr and Th describe respectively the production and the dissipation of turbulent 

energy on account of wind shearing and thermal stratification. The former, can be 
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parameterized by the usage of the three dimensional deformation tensor of the local wind 

field. 

𝑃𝑟 = 2𝐾௠ ൬
𝜕𝑢

𝜕𝑥
൰

ଶ

+ 𝐾௠ ൬
𝜕𝑢

𝜕𝑦
+

𝜕𝑣

𝜕𝑥
൰

ଶ

+ 𝐾௠ ൬
𝜕𝑢

𝜕𝑧
+

𝜕𝑤

𝜕𝑥
൰

ଶ

+ 2𝐾௠ ൬
𝜕𝑣

𝜕𝑦
൰

ଶ

+ 𝐾௠ ൬
𝜕𝑣

𝜕𝑧
+

𝜕𝑤

𝜕𝑦
൰

ଶ

+ 2𝐾௠ ൬
𝜕𝑤

𝜕𝑧
൰

ଶ

   

(Equation 3.7.) 

The buoyancy production is given by: 

𝑇ℎ =  
௚

ఏೝ೐೑(೥)
𝐾௛

డఏ

డ௭
        (Equation 3.8.) 

The Th parameter is neglected under stable weather condition (Th>0). Depending on the 

complexity of the flow problem, different 𝑐ଵ, 𝑐ଶ, 𝑐ଷ values might be used. To calibrate the 

ɛ-equation in the atmospheric model standard values 𝑐ଵ = 1.44, 𝑐ଶ = 1.92, 𝑐ଷ = 1.44 given 

by Launder & Spalding (1974) are applied. 

The influence of natural obstacles is taken into consideration. The additional emerged 

turbulence produced by the vegetation elements as well as the accelerated cascades of 

turbulence energy from large to small scale nearby plant foliage are described by two extra 

source terms added to the E − ɛ equation (Liu et al., 1996, Wilson, 1988). 

𝑄ா = 𝑐ௗ,௙𝐿𝐴𝐷(௭) · 𝑊ଷ − 4𝑐ௗ,௙𝐿𝐴𝐷(௭) · |𝑊| · 𝐸      (Equation 3.9.) 

𝑄ɛ = 1.5𝑐ௗ,௙𝐿𝐴𝐷(௭) · 𝑊ଷ − 6𝑐ௗ,௙𝐿𝐴𝐷(௭) · |𝑊| · ɛ              (Equation 3.10.) 

where 𝑐ௗ,௙ is a drag coefficient at the plant foliage and W is the mean wind speed at a 

considered height (z). The source term (ɛ) in the letter equation is found on the basis of 

Kolmogorov relation (ɛ = 0.16𝐸ଷ/ଶ/𝑙). While the E − ɛ field is calculated, the turbulent 

exchange coefficients are calculated on the grounds of the assumption of the local 

turbulence isotropy: 

𝐾௠ = 𝑐ఓ
ாమ

ɛ
        (Equation 3.11.) 

𝐾௛ = 𝐾௤ = 1.35𝐾௠       (Equation 3.12.) 

𝐾ா =
௄೘

ఙಶ
        (Equation 3.13.) 

𝐾ɛ =
௄೘

ఙɛ
          (Equation 3.14.) 

with 𝑐ఓ = 0.09, 𝜎ா = 1, 𝜎ɛ = 1.3. When it comes to the simulation of boundary layer flows, 

the additional scaling function is added to adjust diffusion coefficients to thermal 

stratification following Sievers et al. (1987) and Businger et al. (1971). 
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Radiative fluxes 

As a top boundary conditions, there are included the incoming shortwave and longwave 

fluxes. In the application the two stream radiative flux approximation for the longwave 

fluxes and the set of empirical equations for the shortwave wavelength spectra are used. 

In the urban environment model, radiative fluxes are altered by artificial and natural 

obstacles. The five reduction coefficients are implemented to estimate their effect on 

radiative conditions. Their values can ranged from 1 for the undisturbed fluxes to 0 for total 

absorption (Bruse, 1995). 

The radiative environment partially blocked by the hindrances is expressed by the usage 

of the Sky View Factor (SVF). It defines the ratio of unobstructed sky hemisphere which is 

visible from the specific point on the ground. SVF ranges from 1 (fully visible sky) to 0 

(invisible sky hemisphere), where ω is the vertical angle determined by the obstacles in 

direction 𝜋. Finally, it gives information how strong might be the radiative fluxes at a 

particular location (Wang & Akbari, 2014). 

𝜎௦௩௙(𝑧) =
ଵ

ଷ଺଴
∑ 𝑐𝑜𝑠𝜔(𝜋)ଷ଺଴

గୀ଴       (Equation 3.15.) 

The impact of vegetation is taken into consideration by the usage of obstructions 

coefficients for direct and diffuse shortwave radiation. 

 𝜎௦௪,ௗ௜௥(𝑧) = 𝑒𝑥𝑝൫−𝐹 · 𝐿𝐴𝐼∗(𝑧)൯     (Equation 3.16.) 

 𝜎௦௪,ௗ௜௙(𝑧) = 𝑒𝑥𝑝 ቀ−𝐹 · 𝐿𝐴𝐼൫𝑧, 𝑧௣൯ቁ      (Equation 3.17.) 

The natural obstruction influence on atmospheric and terrestrial longwave radiation is 

expressed: 

𝜎௟௪
↓ (𝑧) = 𝑒𝑥𝑝 ቀ−𝐹 · 𝐿𝐴𝐼൫𝑧, 𝑧௣൯ቁ     (Equation 3.18.) 

𝜎௟௪
↑ (𝑧) = 𝑒𝑥𝑝൫−𝐹 · 𝐿𝐴𝐼(0, 𝑧)൯      (Equation 3.19.) 

The term 𝐹 is the extinction coefficient. LAI is defined as the one dimensional vertical leaf 

area index which is calculated for the natural elements from a reference level (z) to the 

crown top of a tree (𝑧௣). The coefficient is calculated by the vertical integration of LAD 

over the height of the vegetation (Huttner, 2012). 

𝐿𝐴𝐼(𝑧, 𝑧 + ∆𝑧) = ∫ 𝐿𝐴𝐷(𝑧ᇱ)𝑑𝑧ᇱ௭ᇲା∆௭

௭ᇲ      (Equation 3.20.) 

To anticipate the effect of the modelled urban structure on direct solar radiation LAI is 

replaced by 𝐿𝐴𝐼∗. It takes into account the angle of incidence from the incoming sun rays. 

Moreover, the model foresees the impact of hindrances which intersect the ray path on the 
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radiative environment. If the direct solar radiation is fully blocked by obstructions, the 

𝜎௦௪,ௗ௜௥(𝑧) is set equal to zero. If the porous elements appear, the reduction coefficient is 

used (Equation 3.16.). 

Two equations are implemented to estimate the direct and diffused shortwave solar 

radiation at any point z of the mesh: 

𝑅௦௪,ௗ௜௥(𝑧) = 𝜎௦௪,ௗ௜௥(𝑧)𝑅௦௪,ௗ௜௥
଴       (Equation 3.21.) 

𝑅௦௪,ௗ௜௙(𝑧) = 𝜎௦௪,ௗ௜௙(𝑧)𝜎௦௩௙(𝑧)𝑅௦௪,ௗ௜௙
଴ + ൫1 − 𝜎௦௩௙(𝑧)൯𝑅௦௪,ௗ௜௥

଴ · 𝑎ത (Equation 3.22.) 

Terms 𝜎௦௪,ௗ௜௥(𝑧) and 𝜎௦௪,ௗ௜௙(𝑧) are used to include the vegetation impact on the radiative 

fluxes. 𝑅௦௪,ௗ௜௥
଴  and 𝑅௦௪,ௗ௜௙

଴  describe the direct and diffused shortwave fluxes at the top 

boundary of the model. The former term in the Equation 3.22. corresponds to the diffused 

fluxes, making the assumption of isotropic scattered. Furthermore, it is weighted by the Sky 

View Factor which gives opportunities of including the effect of artificial hindrances. The 

latter incorporates the reflectivity indicator (𝑎ത) which describes the average walls and 

ground surfaces albedo in the modelled area. 

The longwave radiation fluxes upwards and downwards are described by the set of 

equations. In the model, it is assumed that the vegetation will partially absorb the longwave 

radiation. Then it will be altered for plants own fluxes. When it comes to the horizontal 

radiative environment from artificial structures, it is calculated by weighting the emitted 

radiation of the walls with the Sky View Factor (Toudert F. A., 2005). 

𝑅௟௪
↓ (𝑧) = 𝜎௟௪

↓ (𝑧)𝑅௟௪
↓,଴ + ቀ1 − 𝜎௟௪

↓ (𝑧)ቁ 𝜀௙𝜎஻𝑇ത௙ା
ସ     (Equation 3.23.) 

𝑅௟௪
↑ (𝑧) = 𝜎௟௪

↑ (𝑧)𝜀௦𝜎஻𝑇଴
ସ + ቀ1 − 𝜎௟௪

↑ (𝑧)ቁ 𝜀௙𝜎஻𝑇ത௙ି
ସ    (Equation 3.24.) 

𝑅௟௪
↔ (𝑧) = ቀ1 − 𝜎௦௩௙(𝑧)ቁ 𝜀௪𝜎஻𝑇ത௪

ସ     (Equation 3.25.) 

where: 𝑇ത௙ା
ସ , 𝑇ത௙ି

ସ : average foliage temperature of the overlying (+) and the underlying (-) 

vegetation layer, 𝑇଴: ground surface temperature, 𝑇ത௪: average surface temperature building 

walls, 𝜀௙, 𝜀௦, 𝜀௪: foliage, ground surface and wall emissivity, 𝜎஻: Stefan-Boltzman constant. 

Fluxes of the ground and wall surfaces 

To assess the temperature of the ground surface (𝑇଴) the energy balance equation is used 

in the model: 

𝑅௦௪,௡௘௧ + 𝑅௟௪,௡௘௧ − 𝐺଴ − 𝐻଴ − 𝐿𝐸଴ = 0    (Equation 3.26.) 
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The first term ൫𝑅௦௪,௡௘௧൯ is the net shortwave radiation and 𝑅௟௪,௡௘௧ is the net longwave 

energy fluxes received by the surface. Further components are connected with the partition 

of net radiation at the soil into conduction heat (𝐺଴) into the ground, turbulent sensible heat 

(𝐻଴) and the latent heat (𝐿𝐸଴) into the atmosphere. When the artificial surfaces (walls, 

roofs) are concerned, the soil heat flux is replaced by the heat transmission term 

൫𝑄௪,௥൯(Bruse & Fleer, 1998). 

Radiative fluxes of the ground and partition surfaces 

Taking into account the described fluxes scheme in Chapter 3.4., the net shortwave 

radiation can be written as: 

𝑅௦௪,௡௘௧ = ቀ𝑅௦௪,ௗ௜௥(𝑧 = 0)𝑐𝑜𝑠𝛽 + 𝑅௦௪,ௗ௜௙(𝑧 = 0)ቁ (1 − 𝑎௦)  (Equation 3.27.) 

The radiation absorbed by the modelled environment is calculated with respect to the 

temperature of the artificial partitions and horizontal surfaces. In the equation, there is 

included the height of the surface (z), the angle of incidence of the incoming fluxes (𝑐𝑜𝑠𝛽) 

with reference to the surface exposition and the albedo of the surface (𝑎௦). 

To assess the longwave net radiation there is made an assumption that natural elements 

existing above the ground layer (upper branches of a tree), longwave fluxes connected with 

artificial partitions as well as reflected fluxes between buildings and surfaces have got direct 

influence on radiative environment. Therefore, the longwave budget is split into a fraction 

unshielded by buildings ൫𝑅௟௪,௡௘௧
௨௦ ൯ and fraction associated with the effect of modelled 

hurdles ൫𝑅௟௪,௡௘௧
௦ ൯(Toudert F. A., 2005). 

𝑅௟௪,௡௘௧(𝑇଴) = 𝜎௦௩௙𝑅௟௪,௡௘௧
௨௦ (𝑇଴) + ൫1 − 𝜎௦௩௙൯𝑅௟௪,௡௘௧

௦    (Equation 3.28.) 

According to Deardorff (1978), the first term of the equation expresses the radiation 

between the ground and the vegetation can be calculated as: 

𝑅௟௪,௡௘௧
௨௦ = 𝜎௟௪

↓ (0)൫𝑅௟௪
↓,଴ − 𝜀௦𝜎஻𝑇଴

ସ൯ + ቀ1 − 𝜎௟௪
↓ (0)ቁ

ఌ೑ఌೞ

ఌ೑ାఌೞିఌ೑ఌೞ
൫𝜎஻𝑇ത௙

ସ − 𝜎஻𝑇଴
ସ൯    

(Equation 3.29.) 

The effect of the obstacles which is expressed as the second term of the Equation 3.28., can 

be described as: 

𝑅௟௪,௡௘௧
௦ =

ఌೢఌೞ

ఌೢାఌೞିఌೢఌೞ
{𝑚𝑎𝑥(𝜎஻𝑇ത௪

ସ, 𝜎஻𝑇଴
ସ) − 𝜎஻𝑇଴

ସ}   (Equation 3.30.) 
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The term 𝑇ത௪ is the average temperature of the building walls and the 𝜀௪ is their emissivity. 

When the fluxes of building walls are concerned, the impact of the vegetation on radiative 

environment is neglected. In case of the vertical partition, there is made the assumption that 

the shielded fraction will receive two-third of the radiation as the emitted fluxes of the 

facades and one-third as the radiation from the ground. For the unshielded fraction, 50% of 

the radiation comes from the sky and the other 50% from the ground. 

Turbulent fluxes of sensible heat and vapour 

The turbulent fluxes of momentum, heat and vapour at the ground an at walls are 

assessed on the basis of the similarity law from Monin and Obhukov. They can be describe 

as: 

𝐻଴ = 𝜌𝑐௣ ቂ−𝐾௛
଴ డ்

డ௭
ቚ

௭ୀ଴
ቃ = 𝜌𝑐௣ ቂ𝐾௛

଴ బ்ିఏೖసభ

଴.ହ∆௭ೖసభ
ቃ     (Equation 3.31.) 

𝐿𝐸଴ = 𝜌𝐿଴ ቂ−𝐾௤
଴ డ௤

డ௭
ቃ = 𝜌𝐿଴ ቂ𝐾௤

଴ ௤బି௤ೖసభ

଴.ହ∆௭ೖసభ
ቃ    (Equation 3.32.) 

𝐿଴ = ൫5.501 − 0.00237(𝑇଴ − 273.13)൯10଺    (Equation 3.33.) 

In the equation set, there are included the temperature (𝑇) as well as the humidity (𝑞) of 

ground surface (𝑧 = 0) and the first grid point vertically (𝑧 = 1), exchange coefficient for 

heat (𝐾௛
଴) and vapour ൫𝐾௤

଴൯ between surface and air. They are calculated with regard to 

thermal stratification (Asaeda & Ca, 1993). In terms of free convection the Convective 

Transport Theory is applied to describe vertical transport by thermals (Stull, 1994). 

According to Deardorff’s β-approach (1978), the surface humidity might be assessed 

based on the soil moisture content at level 𝑧 = −1. 

𝑞଴ = 𝛽𝑞∗(𝑇଴) + (1 − 𝛽)𝑞(𝑧 = 1)     (Equation 3.34.) 

𝛽 = 𝑚𝑖𝑛൫1, 𝜂(𝑧 = −1)/𝜂௙௖൯      (Equation 3.35.) 

The term 𝜂 defines the volumetric soil water content in the first soil layer and 𝜂௙௖ is its value 

at field capacity. Additionally, the water flux is described by soil hydraulic model where 

appears the supplementary sink term 𝑆ఎ,଴ connected with the surface evaporation. 

𝑆ఎ,଴(𝑘 = −1) = −
ఘ

ఘೢ
𝐿𝐸଴

ଵ

∆௭(௞ୀିଵ)
     (Equation 3.36.) 

where the 𝑘 = −1 is the first layer of the soil model, ∆𝑧 is the thickness of the first soil 

layer and 𝜌௪ is the water density. 
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Soil and artificial partitions heat fluxes 

The soil heat flux is described on the basis of the surface temperature as well as the 

temperature of the first soil layer below the surface. 

𝐺଴ = 𝜆௦
డ்

డ௭
= 𝜆௦(𝑘 = −1) బ்ି்ೖసషభ

଴.ହ∆௭ೖసషభ
      (Equation 3.37.) 

The term 𝜆௦ is soil heat conductivity which is dependent on the soil material and water 

content. When the artificial partitions are concerned, the 𝐺 is replaced by 𝑄௪. 

𝑄௪ = 𝑘൫𝑇௪ − 𝑇௔,௜൯       (Equation 3.38.) 

In the equation are included the heat transmission coefficient (𝑘) and the inside air 

temperature of the building ൫𝑇௔,௜൯. It is worth mentioning that the heat storage of the wall 

material is not taken into account (Toudert F. A., 2005). 

The soil model 

The diversity of building materials that make up an urban structure is enormous. The 

soil sub-model allows the simulation of this heterogeneous urban environment taking into 

account the individual properties of both natural and totally artificial materials. 

Thermodynamic, hydraulical properties and albedo of material can be assign to each and 

every single grid cell of the surface. The soil sub-model is organised as three layers (upper 

layer 0-20 cm, middle layer 20-50 cm, deep layer 50-200 cm) between the ground surface 

and the bedrock layer (below 200 cm). For all of them, there is a possibility of defining the 

individual hygrothermal properties. Below the bedrock layer the daily variations of 

temperature and humidity are assumed negligible. 

The exchange processes are simulated as a vertical transfer between layers. The 

horizontal parameter changes are neglected. The application estimates temperature and soil 

volumetric moisture content by the usage of the one dimensional predictive Equation 3.39 

- 3.40. 

డ்

డ௧
= 𝐾௦

డమ்

డ௭మ         (Equation 3.39.) 

డఎ

డ௧
= 𝐷ఎ

డమఎ

డ௭మ +
డ௄ആ

డ௭
− 𝑆ఎ(𝑧)      (Equation 3.40.) 

For natural materials, the 𝐾௦ which is the thermal diffusivity is calculated on the basis of 

soil moisture (𝜂) after Tjernström (1989). The hydraulic parameters used in the Equation 
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3.40. such as volumetric water content (𝜂), saturation value (𝑆ఎ), the hydraulic conductivity 

(𝐾ఎ) and the hydraulic diffusivity (𝐷ఎ) are calculated after Clapp & Hornberger (1978). 

The vegetation model 

Vegetation is an integral part of the urban landscape. It interacts with the surrounding 

environment through the heat and water vapor exchange. In the application, it is possible to 

schematically represent vegetation elements as one-dimensional column with height (𝑧௣). 

The amount and distribution of leaves is described by the profile of leaf area density (LAD). 

The same concept was applied to the distribution of green element roots. The root area 

density profile (RAD) determines underground composition of trees from the ground level 

to the vegetation depth (−𝑧௥). In the model it is possible to use 3D vegetation in the form 

of deciduous and coniferous trees. They are differentiated in terms of LAD. Also, the user 

can select a specific species of tree that has been added to the software database. 

Turbulent fluxes of heat and vapour (vegetation model) 

The interaction between vegetation elements and surrounding air is described by direct 

heat flux ൫𝐽௙,௛൯, evaporation flux ൫𝐽௙,௘௩௔௣൯, and transpiration flux ൫𝐽௙,௧௥௔௡௦൯. These 

interactions are given by: 

𝐽௙,௛ = 1.1𝑟௔
ିଵ൫𝑇௙ − 𝑇௔൯       (Equation 3.41.) 

𝐽௙,௘௩௔௣ = 𝑟௔
ିଵ∆𝑞𝛿௖𝑓௪ + 𝑟௔

ିଵ(1 − 𝛿௖)∆𝑞     (Equation 3.42.) 

𝐽௙,௧௥௔௡௦ = 𝛿௖(𝑟௔ + 𝑟௦)ିଵ(1 − 𝑓௪)∆𝑞     (Equation 3.43.) 

where 𝑇௔ is the air temperature, 𝑞௔ is the specific humidity of air surrounding the vegetation 

leaves and ∆𝑞 is the humidity deficit with ∆𝑞 = 𝑞∗൫𝑇௙൯ − 𝑞௔. 𝑇௙ is the foliage temperature 

and 𝑞∗ is the saturation value of q at the leaf surface. The aerodynamic resistance (𝑟௔) is 

provided by the function of the leaf geometry and wind speed. According to Barden (1982), 

it is described as: 

𝑟௦ = 𝐴ට
஽

௠௔௫(ௐ,଴.଴ହ)
       (Equation 3.44.) 

Parameter A depends on the selected vegetation species. For conifers and natural substrate 

(grass) it is 𝐴 = 87 sec଴.ହmିଵ. For deciduous trees it oscillates within 𝐴 = 200 sec଴.ହmିଵ. 

The D value, which is typical leaf diameter, varies from 0.02 m (conifers) to 0.5 m or more 

(tropical plants). The last parameter W is a wind speed at the leaf surface. 𝑟௦ is dependent 
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on short-wave irradiance input and soil water. The photosynthetic process is estimated after 

Deardorff (1978) or Jacobs (1994). When evaporation and transpiration process are present, 

the coefficient (δୡ) is 1. Then, (𝑓௪), which describes the fraction of wet leaves, is included 

in Equation 3.42 - 3.43. Otherwise, only the condensation phenomenon is considered, while 

δୡ = 0. 

𝑓௪ = ൬
ௐ೏೐ೢ

ௐ೏೐ೢ,೘ೌೣ
൰

ଶ/ଷ

       (Equation 3.45.) 

where 𝑊ௗ௘௪ is the amount of dew on leaf surfaces and 𝑊ௗ௘௪,௠௔௫ is the maximum possible 

value (0.2 kgmିଶ). 

Energy balance of leaves 

Temperature of foliage is based on the assumption of the steady-state leaf energy budget. 

Then, the internal energy storage of the vegetation (a single leaf) is neglected (Toudert F. 

A., 2005). 

0 = 𝑅௦௪,௡௘௧(𝑧) + 𝑅௟௪,௡௘௧(𝑧) − 𝑐௣𝜌𝐽௙,௛ − 𝜌𝐿൫𝐽௙,௘௩௔௣ + 𝐽௙,௧௥௔௡൯  (Equation 3.46.) 

𝑐௣ is the specific heat of the air, 𝜌 is the air density and (L) is the latent heat of vaporization. 

The parameter 𝑅௦௪,௡௘௧, which is the net shortwave radiation absorbed by the surface of 

leaves, can be obtain on the basis of the Equation 3.47. 

𝑅௦௪,௡௘௧(𝑧) = ൫𝐹𝑅௦௪,ௗ௜௥(𝑧) + 𝑅௦௪,ௗ௜௙(𝑧)൯൫1 − 𝑎௙ − 𝑡𝑟௙൯  (Equation 3.47.) 

First non-dimensional parameter (𝐹) describes the orientation of leaves towards the sun. 

Value 𝐹 = 0.5 is assigned to randomly oriented leaves. The albedo of the vegetation is 

represented by (𝑎௙). Last value (𝑡𝑟௙) of transmission factor is set to 0.3. Net longwave 

radiation flux is given by: 

𝑅௟௪,௡௘௧൫𝑧, 𝑇௙൯ = 𝜀௙𝑅௟௪
↓ (𝑧) + 𝑅௟௪

↔ (𝑧) + 𝜀௙𝑅௟௪
↑ (𝑧) − 2𝜀௙𝜎஻𝑇௙

ସ − ቀ1 − 𝜎௦௩௙(𝑧)ቁ 𝜎஻𝑇௙
ସ  

(Equation 3.48.) 

where (𝜀௙) is the emissivity of leaves. 

The source/sink terms, which were mentioned in Equation 3.2., are calculated after 

solving the Equation 3.41 - 3.43. There is taken into account the LAD on the specific heights. 

𝑄௛(𝑧) = 𝐿𝐴𝐷(𝑧)𝐽௙,௛       (Equation 3.49.) 

𝑄௤(𝑧) = 𝐿𝐴𝐷(𝑧)൫𝐽௙,௘௩௔௣ + 𝐽௙,௧௥௔௡௦൯     (Equation 3.50.) 
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Additionally, the dependency between water transpiration by the plant and water supply by 

the soil is included in the sub-vegetation model. If there is not enough water content in the 

soil, the stomatal resistance of leaves will be increased. This way, the transpiration rate will 

be decreased. The total transpiration of vegetation expressed by the vertical integral over 

the transpiration fluxes in various plant elements is given by: 

𝑚௧௥௔௡௦ = 𝜌 ∫ 𝐿𝐴𝐷(𝑧)𝐽௙,௧௔௡௦(𝑧)𝑑𝑧
௭೛

଴
     (Equation 3.51.) 

Taking into consideration Pielke’s (1984) suggestion, the water content comes from the 

underground layer. It is connected with the root density (RAD) and the hydraulic diffusivity 

of the soil layer ቀ𝐷ఎ(𝑧)ቁ. 

𝑆ఎ(−𝑧) =
௠೟ೝೌ೙ೞ

ఘೢ
ቀ𝑅𝐴𝐷(−𝑧)𝐷ఎ(−𝑧)ቁ ቀ∫ 𝑅𝐴𝐷(−𝑧)𝐷ఎ(−𝑧)𝑑𝑧

଴

ି௭ೝ
ቁ

ିଵ
 (Equation 3.52.) 

3.5. The human-biometeorological dimension 

BioMet module allows to estimate the influence of created urban structure on human 

thermal comfort. The input data are the parameters calculated from the simulation of 

atmospheric processes. Microclimatic conditions are determined by air temperature (Ta), 

mean radiant temperature (Tmrt), horizontal wind speed (uv) and specific humidity (q). The 

mean radiant temperature is used to express the effect of radiation. In this case 

approximation is made for each grid point (z) as: 

𝑇௠௥௧ =  ቈ
ଵ

ఙಳ
ቆ𝐸௧(𝑧)  + 

ఈೖ

ɛ೛
(𝐷௧(𝑧)  + 𝐼௧(𝑧))ቇ቉

଴.ଶହ

   (Equation 3.53.) 

In the equation are considered direct irradiance 𝐼௧(𝑧), diffused and diffusely reflected solar 

radiation 𝐷௧(𝑧) and total long-wave fluxes 𝐸௧(𝑧). The last one is treated as the emission 

from the sky, the ground and from surrounding artificial partitions of objects. There is the 

assumption that long-wave radiation originates from the upper hemisphere (50%) and the 

ground (50%). The Tmrt calculation is valid only at street level. It is connected with the fact 

that the ground influence decreases with the height (Equation 3.54.)(Huttner, 2012). 

𝐸௧(𝑧) = 0.5ൣ൫1 − 𝜎௦௩௙(𝑧)൯𝑅௟௪
⃡ + 𝜎௦௩௙(𝑧)𝑅௟௪

↓,଴൧ + 0.5ɛ௦𝜎஻𝑇଴
ସ  (Equation 3.54.) 

The long wave radiation emitted by the walls was described as the Equation 3.25. (radiative 

fluxes). 𝑅௟௪
↓,଴ is the downward radiation flux coming from the visible part of the sky. The 

second equation term - heat flux from the ground (0.5ɛ௦𝜎஻𝑇଴
ସ) takes into account the actual 

surface temperature (𝑇଴). 
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𝐷௧(𝑧) = 𝜎௦௩௙(𝑧)𝑅௦௪,ௗ௜௙
↓,଴ + ൫1 − 𝜎௦௩௙(𝑧)൯𝑎ത𝑅௦௪,ௗ௜௥

↓,଴    (Equation 3.55.) 

The total diffused radiation 𝐷௧(𝑧) is treated as the combination of a flux coming from the 

sky and diffusely reflected flux from walls. 𝑎ത term in the Equation 3.55. is the mean albedo 

of the model area.  

At the end, the interconnections between human body and environmental factors are 

included. The absorption of the direct solar irradiance by the body is expressed by the 

projection factor (𝑓௣). It includes the position of the sun (height)(Toudert F. A., 2005). 

𝐼௧(𝑧) = 𝑓௣𝑅௦௪,ௗ௜௥
↓ (𝑧)       (Equation 3.56.) 

𝑓௣ = 0.42𝑐𝑜𝑠𝜙 + 0.043𝜙      (Equation 3.57.) 

Human physical conditions are determined based on body parameters (age of person, 

gender, weight, height and surface area - DuBois), clothing parameters (static clothing 

insulation), and personal metabolism (basal rate, work metabolism and walking speed). 

The tool (BioMet module) allows to assess the influence of building form on thermal 

sensations of users living in urban spaces. This is possible on the basis of microclimatic 

conditions described above and certain physical parameters of humans. For this purpose are 

used four rational indices such as: Predicted Mean Vote (PMV), Standard Effective 

Temperature (SET), Physiological Equivalent Temperature (PET), Universal Thermal 

Climate Index (UTCI), which were found to be adjusted for conducting research in outdoor 

environment. A detailed description of the indices can be found in Chapter 2.3.2. The 

thermal comfort indices. The use of PMV has been questioned by numerous researchers. 

This is due to the discrepancy between the results obtained from the simulation process and 

the surveys with respondents (Thorsson et al., 2004). The use of SET and UTCI does not 

provide comparative data for different climate zones (Fischereit & Schlunzen, 2018). 

Moreover, the calculation of indices is conducted by assuming some simplifications of the 

equations. The application developers point out that some limitations due to programming 

assumptions should be taken into account during the research. According to them, 

Physiological Equivalent Temperature is the only indicator that allows correct estimation of 

human perceived thermal conditions. The PET is considered to be the most widely used in 

the field of urban microclimatology. It has been applied in studies conducted for diverse 

climatic zones. Therefore, it provides comparative results. 
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3.6. Model validation 

The ENVI-met model is used to conduct analyzes of climatic conditions as well as 

thermal comfort in highly urbanized areas. Numerous authors apply the numerical-

simulation-related three-step approach, i.e. modelling, validation and scenario simulation. 

Therefore, it can be concluded that the performance of the model constantly undergoing 

thorough verification. The published research results indicate that numerical simulations are 

characterized by the high accuracy of microclimatic predictions.  

Model validation is conducted on the basis of real meteorological data. They come from 

a series of measurements carried out in dense, city centre areas. Then, basic microclimatic 

parameters are measured. According to Liu et al. (2021) the most frequently used variable 

to perform model validation is air temperature (over 90% of studies), followed by relative 

humidity (~ 28%) and mean radiant temperature (~ 13%). Tests are also carried out on the 

basis of surface temperature, air flow, solar radiation and longwave radiation. For thermal 

comfort indicators, the Physiological Equivalent Temperature (~ 10%) is taken into account.  

The studies consider the difference measures of the model evaluation. The basic one is 

the coefficient of determination (R2), which is a key output of regression analysis, describing 

the proportion of the total variance explained by a model (used in ~65% works; Willmott, 

1981). Then, the Root Mean Square Error (RMSE), the Systematic Root Mean Square Error 

(RMSEs), the Unsystematic Root Mean Square Error (RMSEu) are used. The last one is 

Willmott’s index of agreement (d), which describes how error-free variables are simulated 

by a model. Simulations are considered to be reliable if these measures are close to the 

requirements: R2 → 1, RMSEs → 0, RMSEu → RMSE and d → 1. Examples of the 

validation results of the ENVI-met model are presented in Table 3.3. 

Table 3.3. Quantitative chosen measures of the performance of the ENVI-met. 

Study City, Country Variable Model validation 

Hedquist & Brazel (2014) Phoenix, USA TA 

R2: 0.99 

RMSE: 1.46 ˚C 

d: 0.94 

Acero & Herranz-Pascual 

(2015) 
Bilbao, Spain 

TA R2: 0.96 

Tmrt R2: 0.71 

RH R2: 0.93 

PET R2: 0.73 

Duarte et al. (2015) Sao Paulo, Brazil TA 
RMSE: 1.61 ˚C 

d: 0.85 
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Table 3.3. Continuation. 

Jänicke et al. (2015) Berlin, Germany 

TA 
R2: 0.89 

RMSE: 1.35 ˚C 

Tmrt R2: 0.94 

Lee et al. (2016) Freiburg, Germany 

TA 

R2: 0.85 

RMSE: 0.66 ˚C 

d: 0.95 

Tmrt 

R2: 0.86 

RMSE: 5.49 ˚C 

d: 0.95 

PET 

R2: 0.77 

RMSE: 3.98 ˚C 

d: 0.84 

Salata et al. (2016) Rome, Italy 

TA 

R2: 0.88 

RMSE: 1.89 ˚C 

d: 0.91 

Tmrt 

R2: 0.96 

RMSE: 2.79 ˚C 

d: 0.87 

Ayyad & Sharples (2019) Amman, Jordan TA 

R2: 0.93 

RMSE: 2.45 ˚C 

d: 0.89 

Bochenek & Klemm  

(2017-2021)1 
Lodz, Poland TA 

Street canyon 

RMSE: 0.72 ˚C 

Forecourt 

RMSE: 0.61 ˚C 

Source: own elaboration. 

 

  

 
1 Experimental studies have been conducted since 2017. The area of the study, where field measurements were 

performed, was the Metropolitan Area of Lodz. The results were then used to evaluate numerical models 

performed with the Envi-met software. The outcomes of the research project will be published in the form of 

a scientific publication. 
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CHAPTER IV. SELECTION OF URBAN FORMS 

Depending on the scale of research in the field of urban climatology, two influence zones 

of urban forms are distinguished. The first one is related to the impact within the street level 

(up to the height of the first building storey). This is when the assessment of the influence 

of microclimatic conditions on human comfort in the outdoor environment is carried out. 

Within the second zone - the level above the street (up to the roof height), the analysis of 

the influence of external parameters on the user of building constructions is carried out 

(Zielonko-Jung, 2013). According to Ratti et al. (2003), the phenomena occurring at the city 

microscale are particularly important for those associated with urban planning. Finding the 

relationship between structure indicators and microclimate parameters can contribute to the 

proper formation of thermal conditions in cities. 

In this study, the Metropolitan Area of Lodz has been selected as the research area. The 

street canyon and city forecourt were considered to be characteristic urban forms. 

4.1. Street canyon 

Street canyons are the basic element of urban zone. According to Sharifi (2019), they 

are the backbone that determines the development of a settlement unit. Properly designed, 

they can contribute positively to the evolution of cities. They influence the adaptability of 

structures when socio-demographic and technological changes occur. They are the elements 

that connect the nodal points (public spaces such as squares) and are responsible for 

communication flows. Moreover, they influence the existence and functioning of industries 

(e.g. energy). 

The study of street canyons is carried out at a scale covering settlement units within 

administrative boundaries. Then accessibility, connectivity, compatibility, diversity, 

density, nodality and containment of urban street canyons are considered (Abdelmonem et 

al., 2019). At the microscale, selected street canyon structures become the subject of study. 

Their form is determined by the relationship of building lines to street space. In inner city 

areas, the side walls of the canyon are formed by the fronts of townhouses adjacent to the 

street line. In case of detached houses, the side walls are formed by buildings (most often 

residential buildings) that are separated from the building line, which is the registered 

boundary of the building plot. The space between them constitutes the floor of created urban 

interior - the street canyon.  
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The literature mentions two parameters used to describe the form of a street canyon - 

Aspect Ratio, and Sky View Factor. The former, also called Height-to-Width ratio (Figure 

4.1.), is the ratio between the height of building frontage extending on both sides of the 

street canyon and the distance between the buildings. It is a dimensionless index with 

positive values. The higher the index value, the higher the development structure appearing 

along the communication route. For symmetrical canyons, the AR parameter is calculated 

as the average value of buildings’ heights occurring on both sides of the passage in relation 

to the distance between the buildings. For asymmetrical canyons, the ratio coefficient is 

expressed by Equation 4.1. 

 

Figure 4.1. Parameters used to determine the Aspect Ratio for asymmetric canyons (source: own elaboration). 

𝐴𝑅 (𝐻/𝑊 𝑟𝑎𝑡𝑖𝑜) = (ℎଵ + ℎଶ) / 2(𝑤ଵ + 𝑤ଶ)   (Equation 4.1.) 

where: 

ℎଵ, ℎଶ - describe the height of view obscuration by building constructions at point P, while 

𝑤ଵ, 𝑤ଶ - characterize the distances of vertical obscuring planes from point P. 

Another parameter is the Sky View Factor (SVF or 𝜓௦) characterizing the fraction of 

visible sky on a hemisphere centered over the analyzed location (Oke, 1981; Figure 4.2.). It 

is a dimensionless parameter taking values ranging from 0 to 1. The higher the index value, 

the lower the sky obscuration level by obstacles. It can also be argued that the lower the 

parameter value, the greater the degree of compactness of the urban interior. In case of 

characterizing the form of street canyons, this index is calculated based on Equation 4.2. 

(Bernard et al., 2018). 

𝑆𝑉𝐹௖௔௡ = 𝑐𝑜𝑠൫𝑎𝑡𝑎𝑛(2𝐻/𝑊)൯    (Equation 4.2.) 

where: H/W is the ratio of buildings height forming the side walls of the street canyon to its 

width. 
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Figure 4.2. Sky View Factor (source: own elaboration). 

Typicality of street canyons in Lodz 

The study area was the most urbanized part of Lodz - the Metropolitan Area. Based on 

the information on the urban structure of Metropolitan Area, the parameters of a typical 

street canyon were estimated. The development form data were collected from the state 

institution (Lodz Surveying Centre). They had the form of editable vector files (building 

geometry). Descriptive file versions (attribute tables) were obtained along with them. The 

information concerned 13.315 building constructions, as well as 10.050 record plots. 

Information such as the number of above-ground storeys, dimensions of buildings, length 

and width of registered parcels, and width of traffic routes was used to determine the 

typicality of street canyons. 

At first, the dimensions of reference areas for buildings - registered plots - were 

determined. In this case, a method was used to calculate the parameters based on the 

information obtained by generation of building vertexes. The average dimensions of 

evidential plots were 26.77 m in width, and 42.08 m in length. Next, the parameters of 

buildings forming the frontage of street canyons within the Metropolitan Area of Lodz were 

estimated. In this case, it was also necessary to generate the points constituting the building 

vertexes. Based on the two-dimensional coordinates of building vertexes, the length, width, 

and surface area of buildings were determined. The parameters of frontal buildings 

(tenement houses) were on average 10.88 m wide, and 26.77 m long. In the case of building 

area, the parameter variation was evident. Its value averaged 136 m2 (± 143 m2). It means 

that there is a diversity of urban forms in the Metropolitan Area. This phenomenon is typical 
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of inner-city zones, where the functions of buildings are diversified (e.g. residential, office, 

retail and service, transport and communications, industrial and warehousing, other non-

residential). In order to assess the parameters of side outbuildings, it was necessary to 

determine the degree of development of registered plots. It was 38% of the area. Taking into 

account the building parameters, as well as the land plots, it was assumed that there will be 

two symmetrical side outbuildings (8 m wide by 10 m long). The next step was to calculate 

the building height. This was possible on the basis of descriptive information contained in 

the table of attributes for the buildings. The average height of buildings fronting the side 

walls of street canyons of the Metropolitan Area was 4 storeys.  

The street canyon floor, which is the space between the front buildings of the tenement 

houses, was determined based on geometric data available in vector form, as well as 

descriptive information contained in the attribute table for the buildings. The parameters for 

each of street canyons of the Metropolitan Area were calculated using the available 

measurement functions in QGIS software. The distance between the buildings fronting on 

the study area, and thus the width of canyon was 16.5 meters. Its length oscillated within 

197.51 meters. 

Further, the building materials of a typical street canyon interior were estimated, as well 

as the buildings that form the development frontage. Determination of the floor materials 

was possible on the basis of descriptive as well as geometric information for the 

Metropolitan Area obtained from the database of the Surveying Centre of Lodz. For each of 

the canyons, the percentage of each building material used to create the floor was calculated. 

The research showed that the surfaces defined as impermeable constituted approx. 98% 

(including the percentage of asphalt surfaces of 51%), permeable surfaces approx. 1%, and 

those defined as other constituted 1% of the canyons’ surface. The group of impermeable 

pavements included asphalt, concrete, cobblestone, precast pavers, stone pavers, bituminous 

mass, clinker, and concrete slab. The permeable surfaces were natural soil. 

Data on construction materials of the front structures were not available as descriptive 

files in the database of the Surveying Center of Lodz. It was necessary to obtain information 

from the record cards of immovable monuments held at the office of the Municipal and 

Regional Conservator of Monuments in Lodz. At the moment of data collection, 551 

registration cards were available. The information concerned the front buildings that form 

the frontage of street canyons in the Metropolitan Area of Lodz. In this study, they were 

used to assess the dimensions of building envelope, wall construction materials, as well as 
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the inclination and type of roofing of the frontage buildings in street canyon. A summary of 

the basic information on the buildings is presented in Table 4.1. 

Table 4.1. Development parameters in the Metropolitan Area. 

Development parameters in the 
Metropolitan Area 

Number of buildings Percentage of buildings [%] 

building material: brick 416/551 75% 

mortar: cement-lime 292/551 53% 

facade: plaster 451/551 82% 

roof pitch: pitched 332/551 60% 

roof covering: tar paper 479/551 87% 

Source: own elaboration. 

The analyses conducted showed that ceramic brick was the primary building material. 

It was used in 416 structures (75.49%). Other materials mentioned were brick (70 buildings 

- 12.70%), clinker brick (4 buildings - 0.72%) and wood (1 building - 0.18%). In 60 cases 

(10.88%), the information about the building material used was not specified. However, it 

was indicated that it was a brick building. In most buildings, cement-lime mortar was used 

(292 buildings - 52.99%). Other mentioned mortars were lime (76 buildings - 13.79%), 

cement (5 buildings - 0.90%), lime-sand (1 building - 0.18%). For 177 cases (32.12%) no 

information was provided about the type of mortar used. Additionally, information was 

obtained on the number of buildings that were covered with plaster from the outside (451 

buildings - 81.85%). 

In case of roof covering analyses, the information provided in the registration cards of 

immovable structures was used. They were verified using the data provided by the Internet 

Terrain Information System for Lodz (InterSIT), as well as oblique images for the city. The 

dominant type of roofing was pitched roof (332 cases - 60.25%). Other mentioned types 

were multi-sloped (118 buildings - 21.41%), single-sloped (54 buildings - 9.80%), and flat 

(41 buildings - 7.44%). A significant number of buildings were covered with tar paper (479 

- 86.93%). Other mentioned roofing materials were metal sheet (54 buildings - 9.80%), tile 

(13 buildings - 2.35%), metal tile (1 building - 0.18%). No information on the roofing 

material used was provided for 4 buildings. 
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Three-dimensional model of typical street canyon in Lodz 

The street canyon was the first urban form for which a 3D model was created. The 

geographical location chosen was the Metropolitan Area of Lodz - 19°27′59″E (longitude), 

51°45′00″N (latitude). The selection was based on the available database of landmarks in 

the application. Geographical coordinates of one of the hotels (Grand Hotel) located at the 

main traffic route of the city were taken as a reference point. It was a point located in the 

center of the Metropolitan Area. The choice of location for the model was related to the 

automatic generation of model input parameter values (e.g. radiation). Therefore, providing 

such geographic coordinates allowed the initial conditions in the study area to be reflected. 

Next, it was proceeded to create the three-dimensional structure of street canyon. Based 

on the analysis results conducted for the development form, the model dimensions were 

determined. They were 198 m long, 58 m wide, and 30 m high. Accordingly, the model 

resolution was 1 m x 1 m x 1 m. For the vertical structure, an equidistant grid was chosen. 

The result was a grid of cells with equal dimensions in all directions (∆𝑥 =  ∆𝑦 =  ∆𝑧).  

The building materials of model were determined based on the analyses conducted for 

the Metropolitan Area. Impermeable material - concrete cube (forecourt interiors, pedestrian 

walkway zones) was selected as the ground surface. The interior of street canyon was 

covered with asphalt (roadway). When creating buildings, it was necessary to make changes 

in the application settings. A building wall structure characterized by the Metropolitan Area 

was added. It consisted of an inner layer created from ceramic brick, as well as outer layers 

made of plaster. The wall parameters such as thickness, absorption, transmission, reflection, 

emissivity, specific heat, thermal conductivity and density are shown in Figure 4.3. In the 

database it was necessary to add the roof covering - tar paper. Its parameters are shown in 

Figure 4.4. 

Having a database of materials characterized by the Metropolitan Area, the frontage of 

the street canyon development (on both sides of the communication route) was created. It 

consisted of frontal structures measuring 27 meters in length, and 11 meters in width. Two 

symmetrical side outbuildings with dimensions of 8 meters in width, as well as 10 meters 

in length were assumed to occur on the registered plots. According to the preliminary project 

assumptions, the development area within the registered plots was ~ 40%. The final project 

consisted of seven front structures, as well as fourteen side outbuildings forming the 

development frontage along the canyon. The distance between the building frontages, and 

thus the canyon width, was 16 m (Figure 4.5.). 
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Figure 4.3. Wall parameters of a building characterized by the Metropolitan Area in Lodz (source: own 

elaboration). 

 

Figure 4.4. Roofing parameters of a building characterized by the Metropolitan Area in Lodz (source: own 

elaboration). 

 

 

Model size: 189x58x30 m2 

Canyon dimension: 189x16 m2 

Frontal buildings: 27x11 m2 

Side outbuildings: 8x10 m2 

AR: 0.90 

 

 

 

Figure 4.5. The model of the typical canyon in the Metropolitan Area in Lodz (source: own elaboration). 



- 61 - 
 

4.2. Forecourt 

Changes in climatic conditions have the greatest impact on residents in the influence 

zone of building groups. This area is called the building neighborhood scale, which extends 

up to 1.000 meters. According to Ragheb et al. (2016), it is the land use pattern that 

determines the local microclimate. In particular, the influence of development form for land 

parcels in highly urbanized areas is emphasized (Middel et al., 2014). 

The composition and interrelationships of buildings create the city’s unique character. 

Forecourts are cited as the most desirable compact development structures. They are defined 

as an enclosed or semi-enclosed space by a compact arrangement of buildings within a 

parcel of land. They were initially associated with Asian, Middle Eastern, South American, 

and Mediterranean cultures. This was related to the development form aimed at improving 

thermal conditions in the immediate vicinity of the residence (Ghaffarianhoseini et al., 

2015). Currently, a compact development structure with an internal forecourt is considered 

one of the most efficient forms of space management. The forecourt-type form provides the 

possibility to design intensive development (horizontally) with free internal space. In 

addition, it contributes to limiting the development of settlement units in the vertical 

dimension. 

Typicality of forecourts in Lodz 

In order to determine the typicality of forecourts within the Metropolitan Area, vector 

and descriptive data were used, which were obtained from the Surveying Centre of Lodz. 

The information concerned the height, perimeter, and surface area of building structures and 

the surface area of registered plots (Figure 4.6. - 4.7.). On their basis, the morphological 

parameters of buildings were calculated, i.e. average building height (Equation 4.3.), site 

coverage ratio (Equation 4.4.), and façade to site ratio (Equation 4.5.)(Salvati et al., 2015).2 

 
2 Due to the fragmented structure of the city’s registered plots, it was necessary to develop indicators for the 

urban quarters. Building constructions were assigned quarters’ identification numbers. In this way, it was 

possible to estimate the indicators of building parameters for each of the quarters. Finally, it was assumed that 

the indicators could be assigned to the structure occurring in the registered plots, which were considered as 

reference areas. 
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Figure. 4.6. Morphological parameters necessary to calculate average building height and site coverage ratio 

(source: own elaboration based on Salvati et al., 2015). 

ℎ௔௩௚ =  
∑ ௛್೗೏೒௔್೗೏೒

௔ೞ೔೟೐
    (Equation 4.3.) 

Average building height (ℎ௔௩௚) is defined as the average building height (ℎ௕௟ௗ௚) in a 

reference area (𝑎௦௜௧௘), normalized by building footprint (𝑎௕௟ௗ௚). It allows to describe the 

vertical development structure in the selected site. Determination of site coverage ratio 

(𝜌௨௥௕) allows to estimate the built-up area. It is calculated as a ratio of building footprint 

(𝑎௕௟ௗ௚) to the site area (𝑎௦௜௧௘).  

𝜌௨௥௕ =  
∑ ௔್೗೏೒

௔ೞ೔೟೐
    (Equation 4.4.) 

The last one estimates the side wall area of buildings (VH). It is calculated as the ratio 

of vertical surface area (∑ 𝑃௕௟ௗ௚ℎ௕௟ௗ௚) to the urban plan area (𝐴௦௜௧௘). Thus, it defines the 

size of urban barrier, which is the development. 
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Figure 4.7. Morphological parameters necessary to calculate façade to site ratio (source: own elaboration 

based on Salvati et al., 2015). 

𝑉𝐻 =  
∑ ௉್೗೏೒௛್೗೏೒

௔ೞ೔೟೐
    (Equation 4.5.) 

Additionally, Aspect Ratio and Sky View Factor were calculated in order to describe 

the development structure. 

Table 4.2. shows the development parameters that characterize the Metropolitan Area. 

It should be noted that these are values attributed to all structures (residential, office, retail 

and service, transportation and communications, industrial and warehouse, and other non-

residential). The average building height (ℎ௔௩௚) was 11.31 m ± 1.60 m. According to the 

Regulation of the Minister of Infrastructure of 12 April 2002 on Technical Conditions, 

Which Should Correspond to the Buildings and Their Location (2002), buildings with a 

vertical dimension of up to 12 m are considered low-rise (up to and including 4 overground 

storeys). Others are classified as medium-high (more than 4 to 9 storeys inclusive, which is 

equivalent to a height of 12 to 25 m above ground level). The degree of development (𝜌௨௥௕) 

averaged 38% of the area of registered plots. The maximum calculated value was 62%. It 

should be noted that it was estimated on the basis of information for quarters of the 

Metropolitan Area. In reality, the degree of development of registered plots in the strict city 

centre zone reaches 100% (location of the building directly on the boundary). In case of 

quarters, the value will be lower, which is related to maintaining the distance of buildings 

from the plot boundary, the parameter of maximum building area on the plot, as well as the 

minimum percentage of biologically active area. The requirements are related to provisions 

of the Regulation of the Minister of Infrastructure of 12 April 2002 on Technical Conditions, 

Which Should Correspond to the Buildings and Their Location (2002), as well as local 

spatial development plans. Another parameter - facade to site ratio oscillated within the 

range of 1.09 ± 0.76. This means that the front wall area of development was significant 
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within the quarter. The buildings will be a barrier for airflow in the city. The other 

parameters described the degree of compactness of urban development. Aspect Ratio 

averaged 0.18 and Sky View Factor averaged 0.62, which means that the variation of 

downtown buildings is high. Although the degree of compactness of the quarters’ 

development frontages is high, it is not possible to confirm this fact by calculating the Sky 

View Factor. This is due to the distribution of buildings located inside the quarters, where 

undeveloped areas exist. As a result, there is a large dispersion of Aspect Ratio values, as 

well as Sky View Factor. 

Table 4.2. Morphological parameters of development in the Metropolitan Area. 

INDICES min value median max value 

average building height (ℎ௔௩௚)     5.63 m   11.31 m   17.88 m 

site coverage ratio (𝜌௨௥௕) 0.11 0.38 0.62 

façade to site ratio 0.07 1.09 5.86 

Aspect Ratio 0.05 0.18 0.75 

Sky View Factor 0.18 0.62 0.95 

Source: own elaboration. 

Three-dimensional model of typical forecourt 

Based on the analysis results, a typical forecourt model was developed. The 

Metropolitan Area was selected as the location. The choice was made on the basis of 

characteristic points in the city available in the ENVI-met application database. Correct 

definition of latitude and longitude was important due to meteorological parameters (e.g. 

radiation), which are generated automatically by the software. 

The site dimensions were 37 m wide and 58 m long. This was consistent with the 

parameter assumptions for the land parcels in Chapter IV. Selection of urban form. An 

equidistant grid was selected as the vertical grid structure. The defined model dimensions 

were 37 x 58 x 30 cells with a resolution of 1 m x 1 m x 1 m (Figure 4.8.). The forecourt 

was assumed to be a type of enclosed space through a compact layout of buildings. 

Accordingly, the buildings sited in the reference area were a front building (27 m x 11 m), 

two side outbuildings (8 m x 36 m), and a rear outbuilding (8 m x 27 m). The average 

building height was 7.63 m, site coverage ratio was 55%, and facade to site ratio was 2.17. 

Similarly to the street canyon model, the predominant building material types within the 

Metropolitan Area were used. Concrete pavement grey was used as the base material. The 
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materials characteristic of building structures within the Metropolitan Area are shown in 

Table 4.1. Brick and plaster were selected as the primary building wall materials. The 

roofing material used was tar paper. Their parameters are shown in Figure 4.3 - 4.4. 

 

 

Model size: 37x58x30 m2 

Frontal building: 27x11 m2 

Side outbuildings: 8x36 m2 

Rear outbuilding: 8x27 m2 

AR: 0.90 

 

 

Figure 4.8. The model of the typical forecourt in the Metropolitan Area in Lodz (source: own elaboration). 
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CHAPTER V. CITY’S MICROCLIMATIC CONDITIONS 

Typical meteorological years, created on the basis of 30-year data sequences (from 

1971-2000), are downloadable from the website of the Institute of Meteorology and Water 

Management of the National Research Institute. However, in the era of progressing climatic 

changes, especially global warming, they do not reflect the conditions of external 

environment. Therefore, it is proposed to redesignate the Typical Meteorological Year for 

Lodz, which will allow to describe the average climatic conditions in the city. 

At further stages of the research work, the information for the warmest day of a Typical 

Meteorological Year was used. This was due to the fact that in the summer there is an 

increase in people's physical activity in public spaces (Huang et al., 2016). In this study, 

these data were used to assess the impact of typical forms and adaptation strategies on the 

microclimatic conditions, as well as the thermal comfort felt by humans in the external 

environment. Finally, the information was used to determine the impact of adaptation 

strategies on the conditions inside buildings located in the Metropolitan Area of Lodz. 

Typical Meteorological Year for the city 

Typical Meteorological Year constitutes a set of parameters characterizing the average 

climate of considered geographical area. It is compiled, depending on the determination 

method, based on hourly meteorological data over a period of at least 10 years, with a 

preference for 20- or 30-year sequences. The typical reference year replaces the long-term 

measurement and observation data with a representative period of one year, which is 

considered to be the most typical in the multi-year period, or is a composite of twelve 

months from different years of selected multi-year period. The second method is more 

popular due to the low probability of twelve months within a sequence that would represent 

the average conditions that characterize the geographic area under consideration. It is 

important to note that the reference year created does not describe extreme or semi-extreme 

conditions (Crawley, 1998). 

Typical Meteorological Year for the Polish territory was prepared in relation to the 

introduction of the Regulation of 6 November 2008 on the methodology for calculation of 

energy performance of buildings constituting an independent technical and utilitarian entity, 

as well as the method of preparation and examples of their energy performance certificates 

(2008). This document is the result of implementation of Directive 2002/91/EC of the 
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European Parliament and of the Council of 16 December 2002 (2002) to improve the energy 

performance of buildings in the Member States of the European Union, taking into account 

the typical internal and external climatic conditions, as well as economic calculation. 

Currently in Poland the average climate conditions are determined in accordance with the 

provisions of Polish Standard PN-ISO 15927-4:2005 - Hygrothermal performance of 

buildings - Calculation and presentation of climatic data - Part 4: Hourly data for assessing 

the annual energy use for heating and cooling according to EN ISO 13790 (2005) which 

specifies how to calculate the energy demand. Although it is mostly used for energy 

simulations in buildings, it is possible to use it for special applications. In this case, it has 

been used to determine the average climate conditions in highly urbanized areas, and then 

to estimate the thermal comfort in public spaces. 

Microclimatic conditions in Lodz based on Typical Meteorological Year 

A Typical Meteorological Year was created based on hourly measurement and 

observation data, i.e. dry thermometer temperature [°C], solar radiation [W/m2], relative 

humidity [%], and airflow at 10 m above the ground level [m/s]. Due to numerous 

deficiencies in the structure of measurement and observation data, hourly values of 

meteorological parameters from the period 2004-2015 were used. This allowed to maintain 

consistency and completeness of all data. The determination method of the Typical 

Meteorological Year is presented below. 

PROCEDURE FOR DETERMINATION OF A TYPICAL METEOROLOGICAL 

YEAR (ISO 15927-4 STANDARD, 2005) 

a) Calculation of daily mean values (𝑝̅); 

b) Determination of the distribution of daily averages for each calendar month separately 

for each year, 

𝜑(𝑝, 𝑚, 𝑖) =
𝐾௜

𝑁 + 1
 (Equation 5.1.) 

where: 𝐾௜ - is the rank of i-th daily mean value for the calendar month in the entire dataset; 

c) Determination of the distribution of daily averages for each calendar month based on all 

years in the dataset, 

𝐹(𝑝, y, 𝑚, 𝑖) =
𝐽௜

𝑛 + 1
 (Equation 5.2.) 

where: 𝐽௜ - is the rank of i-th daily mean values within a given month and year; 
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d) Calculation of Finkelstein-Schafer statistics for each month; 

𝐹௦(𝑝, y, 𝑚) = ෍|𝐹(𝑝, y, 𝑚, 𝑖) − 𝜑(𝑝, 𝑚, 𝑖)|

௡

௜ୀଵ

 (Equation 5.3.) 

e) Increasing ordering of months from multi-year measurements according to Finkelstein-

Schafer statistics; 

f) Separately adding a rank to each of the six selected climatic parameters; 

g) Determination for each calendar month of three months with the lowest total rank 

(understood as the sum of partial ranks) and then calculating for them the absolute value 

of difference between the average monthly value of wind speed for the analyzed month 

and the multi-year average value of wind speed for a given month; 

h) Selection of the month characterized by the lowest absolute value as the reference month 

of a Typical Meteorological Year. 

The selected months are presented in Table 5.1. Based on them, the typical city conditions 

were determined, excluding extreme and semi-extreme situations. 

Table 5.1. Typical Meteorological Year. 

TMY CONSTRUCTION 

January 2012 May 2009 September 2012 

February 2004 June 2004 October 2011 

March 2010 July 2015 November 2013 

April 2010 August 2012 December 2008 

Source: own elaboration. 

During the Typical Meteorological Year, air temperature ranged from -15.00 to 35.00 °C 

(Figure 5.1.; Appendix 1.). The spring was dominated by values in the range of 5-10 °C for 

40.15% of the time. In the summer the value remained in the range of 15-25 °C most of the 

time (64.54%). In the autumn the parameter oscillated between 10-15 °C (44.36% of the 

time). In the winter the largest range of air temperature was evident. However, the values 

were accumulated between 0 and 15 °C. 

The solar radiation value oscillated between 0 and 1000 W/m2 (Figure 5.2.; Appendix 

2.). The prevailing values ranged from 0 to 100 W/m2. In the spring they occurred 59.22% 

of the time; summer 52.59% of the time; autumn 77.17% of the time; winter 85.54% of the 

time. The radiation value reaching the surface was relatively low in the city area. 
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Figure 5.1. Frequency of air temperatures for each weather period (Typical Meteorological Year)(source: own 

elaboration). 

 
Figure 5.2. Frequency of solar radiation for each weather period (Typical Meteorological Year)(source: own 

elaboration). 
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Figure 5.2. Continuation. 

Relative humidity ranged from 20% to 100% (Figure 5.3.; Appendix 3.). The greatest 

range of this parameter was observed in the spring and the summer. Then, values from 40% 

to 100% prevailed (spring for 84.22% of time; summer season for 97.08% of time). In the 

autumn, as well as in the winter, values of this parameter were cumulated in ranges from 

80% to 100% (autumn for 73.98% of time; in winter for 76.71% of time). 

The analysis results showed that wind speed reached up to 5 m/s (spring - 85.61% of the 

time; summer 87.76% of the time; autumn 84.38% of the time; winter - 77.32% of the 

time)(Figure 5.4.; Appendix 4.). In extreme cases the airflow above 10 m/s was observed. 

However, these were incidental situations. 

 
Figure 5.3. Frequency of relative humidity for each weather period (Typical Meteorological Year)(source: 

own elaboration). 
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Figure 5.3. Continuation. 

 

 
Figure 5.4. Frequency of individual wind speed values at 10 m height for each weather period (Typical 

Meteorological Year)(source: own elaboration). 
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These conditions characterized the suburban zone, where the meteorological station 

was located. In relation to conducting research in the central part of the city - the 

Metropolitan Area, it was necessary to take into account the change in the wind speed profile 

due to different ground roughness conditions. For this purpose, an authorial approach was 

implemented, which consisted in linking the conditions of suburban - inner city zone. 

Initially, the value of frictional velocity in the suburban area was determined using a 

modified version of the logarithmic equation (Equation 5.4. - 5.5.; Żurański, 2005). 

𝑈ഥ(௭) =
𝑢∗

𝐾
∗ 𝑙𝑛

(𝑧 − 𝑧ௗ)

𝑧଴
 (Equation 5.4.) 

𝑢∗ =
𝑈ഥ(௭)

𝑙𝑛 
(𝑧 − 𝑧ௗ)

𝑧଴

∗ 𝐾 (Equation 5.5.) 

where: 𝑈ഥ(௭) - average wind speed at 10 m height [m/s], 𝑢∗ - frictional velocity [m/s], K - von 

Kármán constant (0.4), z - height above the ground level [m], (𝑧 − 𝑧ௗ) - effective height 

[m], 𝑧ௗ - displacement length [m], 𝑧଴ - aerodynamic roughness length (also called roughness 

parameter or roughness height) [m]. 

The above equation is valid from the level 𝑧 ≅ (𝑧ௗ + 10), below this level the value of 

wind speed should be considered constant and equal to 𝑈ഥ(𝑧ௗ + 10)(Flaga, 2008). 

Therefore, the frictional velocity at the Lublinek site was calculated using a simplified form 

of Equation 5.6. 

𝑢∗ =
𝑈ഥ(௭)

𝑙𝑛
10
𝑧଴

∗ 𝐾 (Equation 5.6.) 

Next, the frictional velocity for the inner city area was determined using the relationship 

proposed by Simiu (Equation 5.7.; Simiu, 1975), which enabled the wind speed profiles of 

the suburban area and the Metropolitan Area to be related. According to the modified 

Davenport classification (Wieringa, 1992), the roughness of suburban area was assumed to 

be zo ≈ 0.03 m, while the inner city area was zo ≈ 1.00 m. 
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𝑢∗

𝑢∗ଵ
=  ൬

𝑧଴

𝑧଴ଵ
൰

଴,଴଻଴଺

 (Equation 5.7.) 

where: 𝑢∗ - frictional velocity in the Lublinek area [m/s], 𝑢∗ଵ - frictional velocity in the inner 

city area of Lodz [m/s], 𝑧଴ - roughness coefficient for the Lublinek area [m], 𝑧଴ଵ - roughness 

coefficient for the inner city area of Lodz [m]. 

Finally, the wind speed was calculated for the Metropolitan Area. Table 5.2. presents 

the wind speeds in the suburban zone and the corresponding parameter values in the inner 

city area. The analyses conducted showed that the dominant group are the values ranging 

from 0 m/s to 5 m/s in the suburban area during the year. Therefore, in the most intensively 

urbanized zone, the parameter values will oscillate within the range of 0.31 m/s - 1.86 m/s. 

Table 5.2. Wind speeds in the suburban area and their values in the Metropolitan Area. 

Wind speed at 10 m height [m/s] 

Suburban zone 0 1 2 3 4 5 6 7 8 

City centre 0.31 0.62 0.93 1.24 1.55 1.86 2.17 2.48 2.79 

Suburban zone 9 10 11 12 13 14 15 16 17 

City centre 3.09 3.40 3.71 4.02 4.33 4.64 4.95 5.26 5.57 

Source: own elaboration. 

During the Typical Meteorological Year, the air inflow was mainly from the western 

sector and the eastern sector as well (Figure 5.5.; Appendix 5.). In the first case it was 

21.46% of the time (spring); 26.64% of the time (summer); 21.09% of the time (autumn); 

26.25% of the time (winter). In the second, 15.91% of the time (spring); 14.74% of the time 

(summer); 19.36% of the time (autumn); 18.07% of the time (winter). It is worth noting that 

a significant percentage was the air inflow from the southwest sector (11.74% of the time - 

spring; 12.93% of the time - summer; 22.74% of the time - autumn; 19.23% of the time - 

winter). 
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Figure 5.5. Frequency of individual wind directions for each weather period (Typical Meteorological 

Year)(source: own elaboration). 

A Typical Meteorological Year describes the average conditions that prevail in the city 

of Lodz. Extreme as well as semi-extreme situations are excluded. In this study, at further 

stages of the research, the information was used as input parameters for the simulation of 

atmospheric processes. The assessment of the impact of adaptation strategies on the 

microclimate as well as human thermal comfort in the external environment was made for 

the warmest day of a Typical Meteorological Year (05/07/2015). The input data used are 

presented in Table 5.3. 
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Table 5.3. The warmest day of a Typical Meteorological Year. 

Hour 0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00 8:00 

Temperature [˚C] 17.50 15.50 14.80 14.60 16.70 21.10 23.40 26.80 29.60 

Humidity [%] 70.00 81.00 85.00 85.00 82.00 63.00 57.00 50.00 40.00 

Hour 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 

Temperature [˚C] 31.00 31.70 32.70 33.30 33.70 34.20 34.00 34.00 33.50 

Humidity [%] 30.00 28.00 26.00 24.00 21.00 20.00 20.00 21.00 22.00 

Hour 18:00 19:00 20:00 21:00 22:00 23:00    

Temperature [˚C] 31.60 28.10 23.90 22.40 20.60 19.70    

Humidity [%] 27.00 36.00 52.00 55.00 64.00 69.00    

Wind direction - east  

Wind speed - 0.80 [m/s] 

Source: own elaboration 

  



- 76 - 
 

CHAPTER VI. NUMERICAL SIMULATION OF MICROCLIMATIC 

AND THERMAL CONDITIONS  

According to Darbani et al. (2021), urban form development becomes increasingly 

important in highly urbanized areas. It is emphasized that a properly designed building 

structure can improve climatic conditions as well as thermal comfort. Therefore, more and 

more attention is focused on the appropriate planning provisions that allow to mitigate the 

discomforting thermal conditions experienced by people in urban spaces, especially during 

the summer season. Numerous authors indicate that the provisions should take into account 

the varying orientation as well as dimensions of different forms (Rodríguez-Algeciras et al., 

2018). In this way, it will be possible to modify thermal conditions (by limiting sunlight), 

or wind conditions (by ensuring free airflow).  

The following chapter describes the analysis results of the influence of building 

geometry on microclimatic conditions. Different heights of buildings were taken into 

account. The average dimensions of street canyon (MR - Mean Ratio) occurring in the 

Metropolitan Area of Lodz have been taken as the reference point. In the HR (High Ratio) 

scenario, twice as high building heights were assumed. The development structure forming 

the street canyon frontage was intensified. In the LR (Low Ratio) scenario, twice lower 

height of buildings was assumed. It should be noted that the study considered structures 

with different orientations, i.e. (1) east-west, (2) and north-south. The scenarios are shown 

in Figure 6.1. (the left column). 

Next, the analyses were conducted for the second of characteristic building forms, the 

urban forecourt. Similarly, the mean forecourt (MF) dimensions of building structures found 

in the Metropolitan Area were assumed for the base structure. In the High Forecourt (HF) 

scenario, twice as high buildings were taken into account, while in the Low Forecourt (LF), 

twice as low. The models created are presented in Figure 6.1. (the right column).  

For both the street canyons and forecourt development, the weather conditions 

prevailing during the warmest day of a Typical Meteorological Year (05.07.2015, 

determined according to the standards described in Chapter V. City’s microclimatic 

conditions) were adopted as input data for the simulations. Hourly values of temperature 

and relative humidity at 2m height were included. For radiation it was necessary to calculate 

an adjustment factor. This resulted from overestimation of the parameter value by the 

software (automatic settings). In this case, the radiation adjustment factor was - 0.82. Also, 
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the wind speed was corrected. The study was conducted for the Metropolitan Area of the 

city, while the obtained value of airflow was related to the conditions in the suburban area 

(Lodz-Lublinek). In order to correct the airflow values, the author’s method described in 

Chapter V. City’s microclimatic conditions was used. The wind speed in the Metropolitan 

Area was 0.80 m/s. The last parameter - air inflow to the city was set as eastern. 

Figure 6.1. Geometry of considered urban forms (left column - canyons; right column - forecourts)(source: 

own elaboration). 

  

Low Ratio Scenario - Canyon (LR) 

Building height = 7m 

Street width = 16m 

Height-to-Width ratio = 7/16 

Low Ratio Scenario - Forecourt (LF) 

Building height = 7m 

Forecourt width = 11m 

Height-to-Width ratio = 7/11 

 

Mean Ratio Scenario - Canyon (MR) 

Building height = 14m 

Street width = 16m 

Height-to-Width ratio = 14/16 

Mean Ratio Scenario - Forecourt (MF) 

Building height = 14m 

Street width = 11m 

Height-to-Width ratio = 14/11 

  

High Ratio Scenario - Canyon (HR) 

Building height = 21m 

Street width = 16m 

Height-to-Width ratio = 21/16 

High Ratio Scenario - Forecourt (HF) 

Building height = 21m 

Street width = 11m 

Height-to-Width ratio = 21/11 
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6.1. Canyons 

Microclimatic conditions in the east-west oriented canyons 

Microclimatic conditions during the warmest day of a Typical Meteorological Year in 

street canyons with east-west orientation were evaluated. The subject of analysis was the 

influence of building height on microclimate. For comparison, meteorological parameters 

measured at two characteristic measurement points located in the middle of canyons, in the 

distance of 2.5 m from building walls, at the northern facade (E-WN) and at the southern 

facade (E-WS) are presented. The measurements were conducted during the day (3 pm) to 

assess the maximum influence of buildings on thermal conditions. Also the analysis of 

parameters was carried out at night (3.00 am). The results are presented in Figure 6.2.  

 
Figure 6.2. Air temperature in canyons with east-west orientation (top left - at north facade (E-WN); top right 

- at south facade (E-WS), 3 pm; bottom left - at north facade (E-WN), bottom right - at south facade (E-WS), 

3 am)(source: own elaboration). 
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The greatest reduction in air temperature was achieved in the HR scenario (building 

height = 21m). The buildings reduced the solar radiation reaching both horizontal surfaces 

(floor) and vertical surfaces (walls) during the day. It should be noted that sun hours were 

10h at the north facade. The sun hours at the south facade were much shorter, i.e. 3h. The 

effect was a reduction in temperature, especially at the pedestrian level at the more heavily 

shaded south facade. The temperature reduction was 1.28˚C (up to a height of 3.5 meters). 

At the residential level it was at - 0.89˚C. 

The highest temperature values were recorded in the MR scenario. A much lower 

development (14m) caused the canyon to have a stronger insolation than in the HR case 

(sun hours = 10h in E-WN, 5h in E-WS). Radiation reached the north elevation of the 

canyon. Concrete surfaces with low albedo absorbed a significant amount of solar energy. 

The remaining part was shortwave diffuse radiation absorbed by the other pavements. This 

effect was less intense for the LR scenario. The lower building structure (7m) with much 

less surface area did not intercept radiation as much as in the MR scenario. 

The situation was different at night time. High buildings (HR) prevented heat exchange 

on the artificial surfaces-environment path. This resulted in a slow dissipation of energy into 

the environment. Thus, the least favorable conditions were observed within the canyon with 

east-west orientation. The most favorable scenario appeared to be MR (building height = 

14m). 

Also, the effect of changing the geometry of buildings was to modify the pavement 

temperature (Figure 6.3.). The higher the buildings, the lower the canyon floor temperature 

was. The 24-hour average reduction in the parameter was 1.32˚C (LR), 3.11˚C (MR), 3.32˚C 

(HR)(differentiation = E-WN – E-WS). 

 

Figure 6.3. Surface temperature in canyons with east-west orientation (left - at north facade (E-WN); right - 

at south facade (E-WS))(source: own elaboration). 
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It should be noted that the eastern direction of air inflow was assumed in the models 

(Figure 6.4.). Negligible exchange of air masses (LR and MR) was observed at the 

pedestrian movement level. Increasing the building height to 21m (HR) resulted in an 

increase in wind speed of 0.74 m/s in the canyon with an east-west orientation. The 

development frontages formed a corridor that enhanced air exchange. 

 

Figure 6.4. Airflow in canyons with east-west orientation (left - at north facade (E-WN); right - at south facade 

(E-WS))(source: own elaboration). 

Microclimatic conditions in the north-south oriented canyons 

The second case was related to changes occurring in canyons with north-south 

orientation. Microclimatic conditions in the spaces were presented based on readings taken 

at two characteristic measurement points, i.e. at the eastern (N-SE) and western (N-SW) 

facades, in the middle of canyons, 2.5 m from building walls. Readings were taken for 

daytime (3 pm) as well as nighttime (3 am)(Figure 6.5.).  

Conditions appeared to be more favorable than in the canyon with east-west orientation. 

The area was less sunny. Sun hours were 6h (LR), 4h (MR), and 2.5h (HR). The most 

favorable scenario appeared to be - HR. The buildings provided a physical barrier to the 

influx of solar radiation in the canyon. As a result, a reduction in air temperature of 1.98˚C 

at the pedestrian movement level, and 1.85˚C at the residential height (N-SW) was achieved. 

In the MR scenario, the worst thermal situation was observed. It was a more strongly 

insolated area than in HR. Building materials absorbed a significant amount of solar energy 

during the day. Also of great importance was the change in radiation fluxes - reflection from 

the building walls - resulting in an increase in air temperature in the canyon.  

It should be noted that the height of buildings at 21m (HR) caused an adverse effect on 

thermal conditions at night. The buildings constituted an anthropogenic obstacle. It impeded 
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the heat exchange on the way artificial surfaces (floor, walls of buildings) - environment. 

This resulted in higher air temperature. In other scenarios, where lower buildings were 

assumed, the exchange took place in a more efficient way. As a result, the prevailing thermal 

conditions were more favorable, both at the pedestrian movement and residential levels. It 

should be noted that the dynamics of parameter change with height was small up to the 

height of the roof layer at night. A relatively constant air temperature was maintained. 

The change of building height resulted in a modification of the canyon-floor surface 

temperature (Figure 6.6.). The highest values were recorded in sunny areas. The mean 

diurnal difference was 0.54˚C (LR), 0.76˚C (MR), 0.20˚C (HR) within the canyon 

(differentiation = N-SW – N-SE). In the first case (LR), the floor heated relatively uniformly 

throughout the day. The absorbed heat was dissipated into the environment at night. In the 

MR scenario, there was a noticeable difference in the floor heating. The site received strong 

sunlight at the east facade during the day. The buildings cast a shadow at the west facade 

causing a reduction in air temperature. However, during the nighttime, the compact layout 

of buildings hindered the transfer of energy to the environment. In the latter (HR), the 24-

hour average surface temperature was the lowest. The buildings cast shadows protecting the 

floor from heating during the day. 

 

Figure 6.5. Air temperature in canyons with north-south orientation (upper left - at east facade (N-SE); upper 

right - at west facade (N-SW), 3 pm; lower left - at east facade (N-SE), lower right - at west facade (N-SW), 

3 am)(source: own elaboration). 
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Figure 6.5. Continuation. 

It should be mentioned that in the canyon with north-south orientation the airflow would 

be impeded (assumed eastern direction). The structure of buildings was a kind of obstacle 

for air exchange. In fact, there was a stagnation (Figure 6.7.). 

 

Figure 6.6. Surface temperature in canyons with north-south orientation (left - at east facade (N-SE); right - 

at west facade (N-SW))(source: own elaboration). 
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Figure 6.7. Airflow in canyons with north-south orientation (left - at east facade (N-SE); right - at west facade 

(N-SW))(source: own elaboration). 

Thermal comfort in the east-west oriented canyons 

Thermal comfort of a person in an outdoor environment was estimated using PET index 

(description of the index is presented in Chapter 2.3.2. The thermal comfort indices). The 

study was conducted for a 35-year-old person, with a height of 1.75 m, weight of 75 kg, 

who moved at a speed of 1.21 m/s in a public space. Thermal insulation of clothing for the 

summer period, i.e. 0.50 clo, was taken into account. The results of the effect of building 

structure on human thermal comfort are shown in Figure 6.8. Readings were taken at the 

north facade (E-WN) as well as the south facade (E-WS) to show the effect of building 

geometry on thermal comfort within the canyon with east-west orientation. Measurements 

were conducted at pedestrian movement height (h=1.5 m), at residential level (h=5.5 m), 

and directly above the building roofs (h= 1.5 m above the roof, depending on the height of 

buildings). The situation that takes place during the day (3 pm), as well as at night (3 am) is 

shown. 

At the outset, it should be emphasized that the geometry of buildings contributed 

significantly to the modification of index. It reduced the solar radiation and thus the surface 

temperature. As a result, it affected the mean radiant temperature - a key parameter in PET 

calculations.  

The development caused a significant reduction in the index, especially at the south 

facade during the day. The conditions defined as ‘very hot’ (E-WN) managed to be reduced 

to ‘hot’ (E-WS, MR scenario) and even ‘warm’ (E-WS, HR scenario) at the pedestrian 

movement level. Only in HR was a beneficial modification noted at the residential level 

(h=5.5 m, ‘warm’ conditions). Insolation was effectively reduced by 21 m high objects 
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(HR). This resulted in much more favorable thermal conditions and thus the sensation of 

people residing in the canyon area. In other cases, thermal sensations were at the ‘very hot’ 

level. The PET was over 42˚C, which was associated with the possibility of ‘heat stroke’ in 

humans. 

 

 

Figure 6.8. PET in canyons with east-west orientation (top left - at north facade (E-WN); top right - at south 

facade (E-WS), 3 pm; bottom left - at north facade (E-WN), bottom right - at south facade (E-WS), 3 am) 

(source: own elaboration). 

An acceptable situation was observed during the night time (all scenarios). The PET 

values were slightly higher for the scenario related to the facade of buildings up to 21 m 

(HR). Buildings constituting a physical barrier slowed down the heat exchange between 

artificial surfaces (floor, walls) and the environment. This resulted in more favorable 

conditions at the ‘slightly cool’ level. In other cases, conditions at the ‘cool’ level (less 

favorable) were recorded. 
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Thermal comfort in the north-south oriented canyons 

The human-perceived thermal comfort in the canyon with north-south orientation was 

evaluated. Readings were taken at the east facade (N-SE) as well as the west facade (N-

SW). Daytime (3 pm) and nighttime (3 am) conditions were considered. The results are 

shown in Figure 6.9. 

The situation was more favorable in areas shaded by buildings during the day. Then the 

conditions were described as ‘hot’ (LR, MR) and ‘warm’ (HR) at the pedestrian movement 

level. It should be mentioned that a significant reduction in PET occurred at the residential 

height in the HR scenario (building height = 21 m, ‘warm’ conditions). A similar situation 

was observed with a building height of 14 m (MR), but only with a shaded western facade. 

The buildings were too low to guarantee residential level shade at the east facade. This 

resulted in thermal discomfort already appearing at the residential level with a strongly 

sunny - eastern facade (N-SE, MR). In other cases, thermal sensations reached levels above 

42˚C, indicating the possibility of ‘heat stroke’ among people. 

In the canyon with north-south orientation, lowering the building height to 7m resulted 

in a longer period of prevailing ‘very hot’ conditions - up to 10h (LR), an hour longer 

compared to the canyon with east-west orientation. For MR a more favorable situation was 

noted, this time was reduced to 6h (2 h shorter). In HR the appearance of ‘very hot’ 

conditions was noted between 11 am and 1 pm. The most unfavorable conditions was ‘hot’ 

in the east-west oriented canyon (HR). 

The thermal situation can be considered favorable during the nighttime. Comfortable 

conditions were achieved in the scenario where the building height was 21 m (HR). 

Sensations were comfortable both within the canyon and above the building roofs. The 

buildings created a physical barrier to canyon-environment heat exchange. Therefore, a 

higher air temperature was maintained within the canyon. This resulted in a more favorable 

thermal situation. ‘Slightly cool’ conditions were recorded up to the height of roof layer in 

other cases (LR, MR). ‘Cool’ conditions occurred above the building roofs. Here, the lower 

height of buildings enabled the absorbed heat to be dissipated by building materials (floors, 

walls). As a result, cooler conditions persisted in the area at night. 
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Figure 6.9. PET in canyons with north-south orientation (top left - at east facade (N-SE); top right - at west 

facade (N-SW), 3 pm; bottom left - at east facade (N-SE), bottom right - at west facade (N-SW), 3 am)(source: 

own elaboration). 

6.2. Forecourts 

Microclimatic conditions in the east-west oriented forecourt 

Thermal conditions in the urban forecourt area were evaluated. Information was 

obtained from two measurement points. The readings taken at the north facade (E-WN) are 

shown in Figure 6.10. Similar results were obtained at the south facade, and therefore their 

graphical presentation was omitted. The study included both daytime (3 pm) and nighttime 

(3 am) conditions. Thanks to this approach, it was possible to assess the maximum effect of 

the building structure on the microclimate. It was also possible to check what the effect 

would be when the temperature conditions were extreme, when it was warmest (3 pm), and 

when it was coldest (3 am). 
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Figure 6.10. Air temperature in forecourts with east-west orientation (left - at the north facade (E-WN), 3 pm; 

right - at the north facade (E-WN), 3 am)(source: own elaboration). 

The building structure affected the microclimate in the urban forecourt. During the 

daytime, the most effective scenario appeared to be the HR related to the facade of buildings 

to a height of 21 m. The buildings allowed the reduction of solar inflow to the forecourt 

area. Sun hours were less than 1h. This was an extremely favorable situation that led to a 

temperature reduction of 0.78˚C at pedestrian movement level (h=1.5 m), 0.64˚C at 

residential height (h=5.5 m) compared to MF. The forecourt was more strongly insolated 

when the buildings height was at 14 m. Then, the north facade was insolated (sun hours = 

8h). Lowering the buildings to 7m had a negative effect on the thermal conditions. Even the 

area near the south facade was subjected to insolation (sun hours = 5h). The temperature 

exceeded 33˚C at the pedestrian movement level. 

However, other phenomena occurring in the forecourt must be taken into account. The 

layout of buildings influenced the floor heating. The sunny surfaces absorbed much of the 

daytime radiation (Figure 6.11.). The difference could be 9.43˚C (LF), 9.00˚C (MF), 1.51˚C 

(HF)(value difference = E-WN – E-WS). Unfortunately, the result was an increase in air 

temperature, especially in the afternoon. At that time, energy was being dissipated into the 

environment.  
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Figure 6.11. Surface temperature in forecourts with east-west orientation (left - by north facade (E-WN); right 

- by south facade (E-WS))(source: own elaboration). 

After sunset, the buildings were a key factor in modifying the thermal conditions. The 

higher the buildings, the slower the forecourt cooled down. The structure with a height of 

21 m (HF) resulted in significantly higher air temperatures at night. It was compact enough 

to prevent cooler air masses from entering the forecourt. In this case, convective motions 

were observed that modified the thermal conditions. Advective movement only took place 

from the roof layer level. 

Microclimatic conditions in the north-south oriented forecourt 

The influence of height of the north-south oriented urban forecourt layout on the thermal 

conditions was presented on the basis of readings taken at the eastern facade (N-SE)(Figure 

6.12.). The situation was similar at the western facade. Therefore it was decided to present 

graphically the measurements taken at the eastern, more insolated facade. Daytime (3 pm) 

and nighttime (3 am) conditions were taken into account. 

The dependence of air temperature on layout geometry was evident for this structure as 

well. For buildings with a height of at least 14 m there was a reduction in temperature in the 

forecourt. Then there was a relatively constant value of the parameter in the area (MF, HF), 

both at the pedestrian movement and residential level. The unfavorable situation occurred 

in the forecourt, which was formed by buildings with a height of 7m (LF). There was an 

increase in air temperature, especially at the pedestrian movement level. This was due to the 

stronger insolation of forecourt during the day (sun hours > 5h). 
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Figure 6.12. Air temperature in forecourts with north-south orientation (left - at the eastern facade (N-SE), 3 

pm; right - at the eastern facade (N-SE), 3 am)(source: own elaboration). 

The pavement temperature was also modified (Figure 6.13.). It was increased to 42.40˚C 

(LR), 35.97˚C (MF), and 33.24˚C. Unfortunately, the building materials used, in this case 

concrete, largely absorbed solar radiation during the day. Energy dissipation occurred at 

night when the ambient temperature was significantly lower than the vertical surfaces 

(plastered walls) and horizontal surfaces (concrete floor). Additionally, the buildings 

impeded the dissipation of energy. As in the forecourt with east-west orientation, the 

buildings were a physical barrier for air exchange. This occurred largely through convective 

air movements. 

 
Figure 6.13. Pavement temperature in forecourts with north-south orientation (left - at east facade (N-SE); 

right - at west facade (N-SW))(source: own elaboration). 
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Thermal comfort in the east-west oriented forecourts 

The analyses conducted showed that the geometry of buildings contributed significantly 

to thermal sensation in forecourts with east-west orientation (Figure 6.14.). Buildings with 

a height of 21 m (HR) resulted in reduced solar radiation reaching the ground surface. The 

result was a reduction in thermal discomfort from ‘very hot’ to ‘hot’, especially at the 

pedestrian movement and residential levels near the south facade. It was also possible to 

shape thermal sensations at the ‘hot’ level at pedestrian height by the north facade with such 

buildings’ geometry. The buildings effectively shaded the canyon area. Thus, more 

favorable thermal conditions were observed. 

 

Figure. 6.14. Effect of building structure on thermal comfort in the east-west oriented forecourt (upper left - 

E-WN, upper right - E-WS, 3 pm; bottom left - E-WN, bottom right - E-WS, 3 am)(source: own elaboration). 

The situation was different at the residential level by the north facade. Here, shortwave 

diffuse radiation was the primary influence. Sunlight reaching the walls was reflected. The 

higher the building, the higher the amount of shortwave diffuse radiation. This resulted in 
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the highest PET values recorded at the residential level in the HF scenario (buildings height 

=21 m). Also, unfavorable conditions described as ‘very hot’ prevailed at a building height 

of 14 m. 

Favorable thermal conditions were observable during the nighttime. Thermal sensations 

described as ‘slightly cool’ prevailed at the pedestrian movement and residential levels (MF, 

HF). They were more conducive than in the LF scenario, where slightly lower values of the 

PET index (sensations of ‘cool’ type) were recorded. This was due to the fact that higher air 

temperatures were maintained with a building height of at least 14 m in the forecourts. This 

is when heat transfer was slower. In addition, the compact, closed structure of buildings 

prevented free airflow. Convective movements were observed within the forecourt. 

Horizontal (advective) flow took place above the roof levels. 

Thermal comfort in the north-south oriented forecourts 

The prevailing thermal conditions were more favorable in the forecourt with north-south 

orientation (Figure 6.15.). Significant reductions in thermal discomfort were achieved with 

a building height of 14 m. The building structures cast a shadow on the east facade up to the 

residential level. Then the thermal sensations of a person staying in the outdoor environment 

were at the ‘hot’ level, both at the eastern and western facades (MF, HF scenarios). It should 

be noted that with 7m high buildings, conditions became more uncomfortable (LF) at the 

east facade. This was undoubtedly influenced by the heating of canyon floor, as well as the 

structure walls. The result was an increase in air temperature and thus thermal discomfort. 

 

Figure. 6.15. Effect of building structure on thermal comfort in the north-south oriented forecourt (upper left 

- N-SE, upper right - N-SW, 3 pm; bottom left - N-SE, bottom right - N-SW, 3 am)(source: own elaboration). 
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Fig. 6.15. Continuation. 

Conditions appeared to be more favorable at night than in the forecourt with east-west 

orientation. Higher PET values were recorded at the pedestrian movement level and also at 

the residential level (all scenarios). The forecourt structure decreased the energy exchange 

processes up to the height of roof layer, inhibited heat exchange with the environment. The 

wind direction - east was also a key element. The forecourt shape elongated on the north-

south axis caused the movement of air masses directly above the roof layer. Only convection 

movements were recorded within the forecourt. 
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CHAPTER VII. INFLUENCE OF ADAPTATION STRATEGIES ON 

EXTERNAL ENVIRONMENT 

7.1. The role of greenery 

The nature-based scenarios for the street canyons 

The scenarios considered were related to the introduction of passive technologies in the 

form of green roofs, walls, and tall greenery (deciduous trees) into a highly urbanized 

environment. The research concerned thermal conditions in the area of a typical street 

canyon. The impact of implemented passive solutions was estimated in the zone of influence 

of microclimatic conditions on the pedestrian (1.5 m height, the level of human movement 

in public spaces), the occurrence of dwellings (5.5 m height; to estimate the impact of 

microclimate on residents in buildings), as well as over the building roofs (15.5 m height). 

The analyzed solutions are shown in Figure 7.1. 

 

Base Case (BC) Roof Case (GR)  

additional greenery coverage (43% roof area) 

Roof Case (GR2)  

additional greenery coverage (57% roof area) 

Roof Case (GR3) 

additional greenery coverage (100% roof area) 

 

Figure 7.1. Green scenarios in the canyons (source: own elaboration). 
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Wall Case (W) 

additional greenery (47% wall coverage) 

Wall Case (W2) 

additional greenery (60% wall coverage) 

  

Wall Case (W3) 

additional greenery (100% wall coverage) 

Tree Case (T) 

additional trees (6 % street area) 

  

Tree Case (T2) 

additional trees (10 % street area) 

Tree Case (T3) 

additional trees (19 % street area) 

Figure 7.1. Continuation. 

Green Roof Cases (GR, GR2 and GR3) 

The scenarios were related to the introduction of green roofs on buildings forming the 

structure of a typical street canyon (Figure 7.2.). An extensive construction was assumed. It 

consisted of a substrate layer (15 cm, sandy loam) with planted grass (30 cm). In the first 

scenario - Roof Case (GR), 43% of the surface of existing buildings was covered with 

greenery. Passive solutions were introduced on every third building. In the next scenario, 

Roof Case (GR2), 57% of the building surface was covered with greenery. Plantings were 
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introduced on every second roof. The last scenario - Roof Case (GR3) assumed that roofs 

were completely covered with greenery. 

It should be emphasized that from the application point of view the last of the scenarios 

is not possible to implement. However, it was taken into account in order to illustrate the 

maximum impact of a given solution on thermal conditions. 

 

Figure 7.2. The construction of the green roof (source: own elaboration). 

Green Wall Cases (W, W2 and W3) 

The presented scenarios assumed the introduction of passive solutions in the form of 

green walls (Figure 7.3.). It was considered to cover the building facades with climbing 

plants - ivy. Wall Case (W) involved covering 47% of vertical surfaces with greenery. In 

the second case - Wall Case (W2) it was assumed to introduce 60% of surfaces planted with 

vegetation. The last of the considered - Wall Case (W3) took into account the total greenery 

coverage of the model walls. 

 
Figure 7.3. The construction of the green wall (source: own elaboration). 

As it was mentioned above - W3 - is a scenario treated as a hypothetical solution. Its 

practical application is not possible due to complex geometry of building constructions, i.e. 
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occurrence of window and door openings. However, the general idea was presented in order 

to show the potential impact of solutions on thermal conditions, as well as on human 

comfort. 

Tree Cases (Tree Case - T, T2 and T3) 

The simulations included the use of tall greenery in the form of deciduous trees 

measuring 5 m x 5 m x 7 m, with the widest crown part extending at a height of 4 meters. 

Tree Case - T assumed the presence of 8 deciduous trees that occupied 6% of the canyon 

area. They were introduced at distances of 42 meters. Another of the Tree Case scenarios 

(T2) assumed the introduction of 12 trees, which represented 10% of the communication 

route. The plantings were implemented at distances of 27 meters. The last one - Tree Case 

(T3) involved the introduction of 28 trees covering 19% of the canyon area. The distance 

between the greenery was 15 meters. The location was selected in terms of the real 

possibility of planting trees in the inner-city area. In this way, the collision issue of 

introduced green solutions with areas serving as access roads to buildings was eliminated 

(usually the gateways are located in the middle of frontal buildings)(Appendix A). 

The last scenario (T3) may be identified with the measures implemented in the inner-

city of Lodz. Revitalization measures consist in the introduction of evenly distributed 

vegetation (trees) in public spaces. In accordance with legal requirements, greenery 

coverage is to constitute at least 15% of the area of street canyons (Resolution No. 

VI/211/19, 2019). 

Impact of nature-based solutions on microclimatic conditions in the east-west oriented 

canyon 

Green roofs 
 

Simulations were carried out for scenarios related to the introduction of green roofs in 

the east-west oriented canyon. Preliminary analysis showed that the dynamics of changes 

in thermal conditions were similar at selected characteristic points, i.e., at the north facade 

(E-WN) and at the south facade (E-WS)(Their locations are shown in Figure 7.4.3). 

Therefore, the impact of green solutions is presented based on the data acquired at the 

 
3 Information was taken at specific points located at a considerable distance from the domain border, 2.5 m 

from the building facades. The choice was dictated by limiting the boundary effects on microclimatic 

conditions in the canyons. 
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measurement point at the north facade (E-WN). The effect of vegetation on the microclimate 

during the daytime (3 pm) as well as during the nighttime (3 am) was shown. The change 

in air temperature with altitude is shown in Figure 7.5.4 

 

 

 

E-WN 

E-WS 

Figure 7.4. Location of E-WN and E-WS measurement points in the street canyon (source: own elaboration). 

The study showed that covering the roof slopes with vegetation contributed to a slight 

modification of the ambient temperature. The most beneficial impact was recorded for 

scenario GR3 (100%). The average diurnal reduction in air temperature was 0.46˚C directly 

above the building roofs. As height decreased, the impact of vegetation decreased - 0.11˚C 

(at residential level = 5.5 m), 0.13˚C (at pedestrian movement height = 1.5 m). The solution 

had a soothing effect during the day (max change of air temperature = 0.50˚C, GR3). Despite 

the insignificant effect on air temperature, the introduction of green roofs contributed to a 

reduction in the temperature of roof slopes. They warmed up to 20-25˚C. In other cases, the 

temperature was over 60˚C (roofing tar paper).  

 

Figure 7.5. Impact of green roofs on thermal conditions of the east-west oriented canyon (source: own 

elaboration). 

 
4 Tabular summary attached as Appendix 6. 
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Unfortunately, the unfavorable influence of greenery during the night time was noted. 

Then, the air temperature over the roofs was higher (0.65˚C; GR3). A similar effect was 

observed in the GR2 scenario (57%). The reason for this effect can be found in the heat 

exchange on the vegetation-environment path. Green roofs released the absorbed energy at 

night. As a result, the air temperature in the canyon increased. Moreover, the effect was 

more intense directly above the roof layer. This was caused by heat dissipation through the 

highly heated roof surfaces. Covering the roof slopes with vegetation in 43% (GR), did not 

significantly affect the thermal conditions. 

Living facades 
 

Analyses included the impact of green walls on thermal conditions within the east-west 

oriented canyon (Figure 7.6.5). The applied solutions contributed similarly to the change in 

air temperature. The mean diurnal difference was 0.38˚C (W), 0.36˚C (W2), 0.49˚C (W3) 

in the E-WN during the day. Vegetation had a soothing effect on thermal conditions in the 

area. The greenery reduced the amount of solar radiation reaching the facade surfaces. It 

constituted a kind of physical barrier. Thus, it protected the walls from strong heating during 

the day. The buildings, which were covered with vegetation, heated up to 35-39˚C. In other 

cases, a value of 39-42˚C was recorded (plastered buildings). Adverse impact was observed 

during night time. The air temperature increased by 0.63˚C (W), 0.62˚C (W2), 0.70˚C (W3) 

in the E-WN; 0.64˚C (W), 0.63˚C (W2) and 0.72˚C (W3) in the E-WS. 

 

Figure 7.6. Impact of green walls on thermal conditions of the east-west oriented canyon (source: own 

elaboration). 

 
5 Tabular summary attached as Appendix 7. 
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This effect was related to the fact that the evapotranspiration process took place in the 

outdoor environment. It included the transpiration, which was being done by the leaves’ 

stomata. Moreover, it took into account the evaporation (water was released from the plant 

surface to the atmosphere). As the effect, the ambient temperature was reduced in the day-

time. Unfortunately, the heat exchange on the vegetation-ambient path contributed to an 

increase in the air temperature at night-time. 

 

High greenery 
 

In order to show the influence of introduced solutions - high greenery on thermal 

conditions, the selected points were located in the vicinity of trees, at the height of 1.5 m, at 

a distance of 2.5 m from the northern frontage (E-WN-T), as well as from the southern 

development (E-WS-T)(Their location is presented in Figure 7.7.). A comparison of the 

scenarios is shown in Figure 7.8.6  

 

 

 

          E-WN-T 
 

  E-WS-T 

Figure 7.7. Location of E-WN-T and E-WS-T measurement points in the street canyon (source: own 

elaboration). 

Trees created a kind of ‘cool enclave’ during the day. Already the introduction of 6% 

greening (T - scenario) contributed to a reduction in air temperature, i.e. 0.63˚C (E-WN-T), 

0.66˚C (E-WS-T) at pedestrian movement level. The effect decreased with the distance from 

greenery. Adverse modification of thermal parameters was observable at night time. The 

increase in air temperature was 0.81˚C (T), 0.70˚C (T2), 0.66˚ (T3) at the E-WN-T point 

(north facade). Similar conditions were observed at the south facade (E-WS-T). 

Trees limited the heating of facades during the day. The temperature of building walls 

was 34-39˚C in the immediate vicinity of high greenery. In other cases it reached 39-42˚C 

(plastered buildings). In addition, the author conducted a study of the temperature of canyon 

pavement. It turned out that trees effectively influenced the modification of thermal 

 
6 Tabular summary attached as Appendix 8. 



- 100 - 
 

conditions of the floor. There was observed a reduction of 1.55˚C (T), 1.57˚C (T2), 1.61˚C 

(T3) in the E-WN-T; 1.49˚C (T), 1.56˚C (T2), 1.81˚C (T3) in the E-WS-T during the day 

under the tree crowns.  

Considering the analyses results, it should be concluded that the introduction of 10% 

greening of the canyons seems to be the most favorable solution. It is as effective as the 

other scenarios in reducing daytime thermal parameters. In addition, it contributes to a lesser 

extent to increasing the values of air temperature and pavement temperature at night. 

 

 

Figure 7.8. Impact of tall greenery on thermal conditions in the east-west oriented canyon (left column - E-

WN-T; right column - E-WS-T)(source: own elaboration). 
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Impact of nature-based solutions on microclimatic conditions in the north-south 

oriented canyon 

The situation was different in the north-south 

oriented canyon (The location of measurement 

points is shown in Figure 7.9.). The GR scenario 

(every third building covered with low vegetation - 

57%) resulted in a similar outcome as GR3 (100% 

coverage of roof slopes)(Figure 7.10.7). The 

strongest impact of greenery was observed in the 

immediate vicinity of applied solution. The average 

reduction of the parameter was 0.85˚C (GR), 0.62˚C 

(GR2), 0.90˚C (GR3) in the N-SE during the day. 

Greenery contributed to increase the air temperature 

during night time. The modification was small within 

the canyon (up to 0.37˚C in the N-SE). Above the 

building roofs, the difference was noticeable (1.64˚C 

in the N-SE). 

In this case, the influence of building layout on 

thermal conditions should be emphasized. 

Distribution of air temperature was dependent on the 

geometry of building structures. They directly 

influenced the amount of solar radiation reaching the ground surface. The effect was to 

modify the air temperature as well as the pavement. The buildings shaped the aerodynamic 

conditions of this area. It was a physical barrier for free movement of air masses (east wind 

direction was assumed). The inflowing warm masses encountering the buildings were 

carried above the roof layer. After flowing over the green roof they were cooled down. Then, 

they penetrated into the canyon interior modifying the thermal conditions. It was possible 

to observe the impact at the western facade. In this area, the cooler air masses had a soothing 

effect on pedestrian movement. 

 

 
7 Tabular summary attached as Appendix 9. 
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Figure 7.10. Impact of green roofs on thermal conditions in the north-south oriented canyon area (source: own 

elaboration). 

The analyses showed that the application of 

greenery on the building facades had a relatively 

low efficiency (Figure 7.11.8). The solution of 

47% coverage of vertical surfaces with vegetation 

(W) had a similar effect as 100% greening of 

building facades (W3). The average reduction in 

air temperature oscillated between 0.43˚C (W, 

W2), 0.37˚C (W3) in the N-SE during the day. Vegetation caused the parameter to increase 

at night. This is when a rise in temperature of up to 1.64˚C (in the N-SE) was observed. The 

maximum change was recorded immediately above the Urban Conopy Layer (>14 m). Here, 

the reason can be found in the heat exchange on the roof-environment path. The low albedo 

of the roof covering caused strong heating of the surface during the day (above 60˚C). As a 

result, there was an increase in air temperature at night. Then, the energy was released to 

the environment. 

Modification of thermal conditions of building constructions was also significant. The 

temperature of green walls was reduced to 35-39˚C. Other buildings heated up more 

strongly (external facades covered with plaster - over 39˚C) during the day. The opposite 

effect could be observed at night. Where vegetation was introduced, a higher temperature 

(by 1˚C) was observed. The reason was the evapotranspiration process, i.e. heat exchange 

 
8 Tabular summary attached as Appendix 10. 
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on the vegetation-environment path. Greened facades more slowly released energy during 

the night time. 

 

Figure 7.11. Impact of green walls on thermal conditions in the north-south oriented canyon area (source: 

own elaboration).  

The effect of tall greenery on thermal conditions was 

assessed in the north-south oriented canyon. Preliminary 

analyses showed that similar dynamics of changes in 

thermal parameters in the immediate vicinity of trees 

were recorded at both the east (N-SE-T) and west (N-

SW-T) facades (Figure 7.12.). Therefore, the change in 

outside air temperature was illustrated using information 

obtained from a selected measurement point located in 

the central zone of the canyons, at the east facade (N-SE-

T), at a distance of 2.5 m from the walls, in the immediate 

vicinity of the trees (Figure 7.13.; Appendix 11.). The 

aim was to show the effect of tall greenery on the 

canyons’ thermals.  

Trees constituted ‘islands of coolness’ during the 

day. Temperature reduction was 0.66˚C (T), 0.67˚C (T2), 

0.72˚C (T3) in the N-SE-T in the immediate vicinity of 

trees at the pedestrian movement level. The soothing 

effect of vegetation decreased with distance. However, it 

should be noted that above the Urban Canopy Layer 
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(>14m) there was a noticeable effect of tall greenery on air temperature. It was reduced by 

0.63˚C (T), 0.70˚C (T2), 0.63˚C (T3) in the N-SE-T during the day.  

Trees had an effect on the thermal conditions of building facades. They prevented solar 

radiation from reaching the vertical surfaces. This resulted in the temperature of building 

walls oscillating between 35-39˚C. They shaded the canyon floor. Then, the temperature 

reduction was 1.34˚C (T), 1.35˚C (T2), 1.45˚C (T3) in the N-SE-T. 

 

Figure 7.13. Impact of tall greenery on thermal conditions of the north-south oriented canyon (source: own 

elaboration). 

Thermal conditions deteriorated during the night time. A particularly unfavorable 

situation was recorded for the T2 scenario (10% green coverage). There was a significant 

increase in temperature above the tree crowns (1.55˚C in the N-SE-T). The maximum 

change was 2.56˚C (at 18.5 m height; in the N-SE-T). In this case, the influence of 

phenomena occurring above buildings must be taken into account. Here, the heat exchange 

between the roof slope and the surroundings becomes important. 

Thermal comfort 

In the further part of the work, in order to determine the influence of passive solutions 

on human thermal comfort, the value of the PET coefficient was analyzed. Readings were 

taken at the north facade (E-WN) as well as the south facade (E-WS) to show the impact of 

building geometry on thermal comfort within the east-west oriented canyon. Measurements 

were conducted at pedestrian movement height (h=1.5 m) as well as at residential level 

(h=5.5 m). The situation that occurs during the daytime (3 pm) and nighttime (3 am) was 

shown. The impact of passive solutions on human thermal comfort is shown in Figure 7.14. 
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Figure 7.14. Impact of green solutions on thermal comfort in the east-west oriented canyon (upper left - E-

WN, upper right - E-WS, 3 pm; bottom left - E-WN, bottom right - E-WS, 3 am)(source: own elaboration). 

The PET variation was evident within the street canyon during the day (up to a height 

of 14 m). In places where the buildings provided a physical barrier to the inflow of solar 

radiation, lower index values were recorded, particularly at the south facade at pedestrian 

movement level. Thermal comfort was reduced from ‘very hot’ (E-WN) to ‘warm’ (E-WS). 

There was visible blurring of the boundary of influence of building geometry on thermal 

sensation at residential height. Solar radiation contributed in a significant way to increase 

thermal discomfort. This is when thermal conditions were described as ‘very hot’. 

The PET index oscillated between 12-14˚C during the night time. More favorable 

conditions prevailed at the pedestrian level (‘slightly cool’). The heated horizontal surfaces 

(canyon floor) and vertical surfaces (building walls) released the heat accumulated during 

the day to the environment. This resulted in slightly higher PET values at the pedestrian 

movement level. From the residential level, thermal - ‘cool’ conditions were recorded. This 

is when the influence of energy exchange processes on the pavement-environment path 

decreased. 
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The passive technologies implemented translated into thermal sensations. The 

introduction of tall greenery had the greatest impact on thermal conditions. The strategy of 

6% greening (T) proved to be as effective as the introduction of 19% canyon green cover 

(T3). Conditions that were initially described as ‘very hot’ (BC) were reduced to ‘warm’ 

(Tree Scenarios). This effect was observed with the south facade at the pedestrian movement 

level. The synergistic effect of building form as well as tall greenery enabled a significant 

reduction in thermal discomfort. 

The effect of green roofs on thermal sensation was virtually unnoticeable during the day. 

The prevailing conditions were described as ‘very hot’ (E-WN), and ‘warm’ (E-WS). It was 

only from 57% of the greening level (GR2) onwards that an effect on thermal comfort at 

night was observed. The scenario proved to be as effective as 100% vegetation coverage of 

roofs (GR3).  

The implementation of green walls adversely affected the perceived daytime thermal 

conditions. The PET value was slightly increased. This fact was probably due to the property 

of vegetation to reflect solar radiation. Albedo of greenery was higher than that of artificial 

surfaces (plastered walls of buildings). As a result, a large part of the radiation was reflected 

by the plants and then absorbed by the other canyon surfaces. The increase in PET values 

should be considered as a beneficial phenomenon during the night time. This is when 

conditions close to ‘neutral’ are maintained. This effect was achieved after the introduction 

of living facades in the canyons. They caused modification of air temperature. This was due 

to the fact of evapotranspiration process, which involved the vegetation releasing energy to 

the environment. In this case, the most effective solution was to completely cover the walls 

with vegetation (W3). Then there was observed increase of PET by 0.68˚C (h=1.5 m), 

0.23˚C (h=5.5 m), 0.40˚C (h=15.5 m). It should be noted that the index value was influenced 

by the energy exchange along the artificial surfaces (floor) - pedestrian level environment. 

Next, analyses were conducted within the north-south oriented canyon. Readings were 

taken at measurement points located at the east facade (N-SE), as well as the west facade 

(N-SW). The results are shown in Figure 7.15.  

Undoubtedly, the development structure contributed to the modification of daytime 

conditions in the canyon. It was effective in reducing sunlight levels, especially at the 

western facade. Lower PET values were recorded in the shaded areas - up to residence 

height (5.5 m). Perceived thermal conditions were at the ‘hot’ level. Although the north-

south oriented canyon area received twice as much sunlight as the east-west oriented 

canyon, less favorable conditions were observed. It can be surmised that this was due to 
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impeded airflow. The model assumed wind inflow from the east during the warmest day of 

a Typical Meteorological Year. As a result, objects forming the building frontage 

constituted a barrier impeding free air exchange. 

The PET index oscillated between 14-16˚C at night. More favorable conditions were 

observed up to the height of roof layer (‘slightly cool’). The energy exchange between the 

artificial surfaces and the surroundings caused an increase in the canyon air temperature. 

 

 

Figure 7.15. Impact of green solutions on thermal comfort in the north-south oriented canyon (upper left - N-

SE, upper right - N-SW, 3 pm; bottom left - N-SE, bottom right - N-SW, 3 am)(source: own elaboration). 

The passive solutions implemented had an impact on thermal comfort. The most 

favorable scenarios were associated with planting trees in the canyon. Implementation of 

6% area greening (T) was as effective as 19% green coverage ratio (T3). Thermal discomfort 

was experienced in the heavily sunlit areas (eastern part of the canyon), despite the 

significant reduction in PET, conditions remained at the ‘very hot’ level. In shaded areas (at 

the west elevation), the effect was a reduction to ‘hot’ conditions.  

The living facades caused an increase in PET values. This could be due to the fact that 

vegetation reflects a significant amount of solar radiation. As a result, the thermal conditions 
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during the day deteriorated, especially at the pedestrian (h=1.5 m) and residential (h = 5.5 

m) levels. However, they had a soothing effect at night. They minimally increased the air 

temperature in the canyon. Then, thermal conditions were described as ‘slightly cool’. 

The nature-based scenarios for the forecourts 

The second urban form considered was a compact residential structure, which is 

regarded as characteristic of the Metropolitan Area. The forecourt layout is described in 

Chapter IV. Selection of the urban forms. The influence of building form on the basic 

microclimatic parameters is presented in Chapter VI. Numerical simulation of 

microclimatic and thermal conditions. This part considers the impact of passive 

technologies on the thermal conditions within the forecourt development. The applied 

solutions are shown in Figure 7.16. 

  

Roof Case (FGR)  

additional greenery coverage (25% roof area) 

Roof Case (FGR2)  

additional greenery coverage (51% roof area) 

 
 

Roof Case (FGR3)  

additional greenery coverage (100% roof area) 

Wall Case (FW)  

additional greenery (26% wall coverage) 

Figure 7.16. Green scenarios in the forecourts (source: own elaboration). 
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Wall Case (FW2)  

additional greenery (51% wall coverage) 

Wall Case (FW3)  

additional greenery (100% wall coverage) 

Figure 7.16. Continuation. 

Green Roof Cases (FGR, FGR2, FGR3) 

The scenarios were related to the implementation of green roofs on building structures. 

The Forecourt Green Roof (FGR) scenario involved covering the roof of 27 x 11 m front 

building with greenery, resulting in an area of 297 m2 (25%). The Forecourt Green Roof 

(FGR2) included the use of passive technology on the front building as well as the rear 

outbuilding. The area used for the green roof was 594 m2, or 51% of the total building area. 

The last scenario considered - Forecourt Green Roof (FGR3) was treated as a theoretical 

scenario. It was assumed that all roof surfaces would be covered with greenery. In practice, 

this solution would be impossible to implement. 

Green Wall Cases (FW, FW2, FW3) 

Other scenarios involved passive solutions - living facades to mitigate climate change. 

The Forecourt Green Wall (FW) involved the introduction of green walls within a typical 

forecourt development. Vegetation was planted on the front building facades. The area 

covered by the transformation was 532 m2. In the Forecourt Green Wall (FW2) scenario, 

the front building facades and the rear outbuilding were planted. This represented 1 064 m2. 

The last case considered involved the total greening of building facades (2 072 m2). The 

scenario of Forecourt Green Wall (FW3) should be considered theoretical. In practice, it 

would be impossible to implement a complete green facade coverage. Window and door 

openings would have to be included in the design. The area which would be subject to 

transformation would be significantly reduced. The percentage of greenery would be 

smaller. 
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Impact of nature-based solutions on microclimatic conditions in the east-west oriented 

forecourt 

The influence of green roofs on 

microclimatic conditions was tested 

within the forecourt development. 

The presented measurements were 

conducted at the north facade (E-WN). A similar effect was recorded at the south facade (E-

WS)(The location of points is shown in Figure 7.17.). The impact of solution during both 

daytime (3 pm) and nighttime (3 am) was assessed. The results are shown in Figure 7.18.9 

 

 

 

 

    E-WN 

           E-WS 

Figure 7.17. Location of E-WN and E-WS measurement points in the urban forecourt (source: own 

elaboration). 

Figure 7.18. Impact of green roofs on thermal conditions of the east-west (E-WN) oriented urban forecourt 

(source: own elaboration). 

 
9 Tabular summary attached as Appendix 12. 
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Green roofs slightly lowered the temperature of the outside air during the day in the city 

forecourt with an east-west orientation. The reduction was 0.31˚C (FGR), 0.32˚C (FGR2), 

0.44˚C (FGR3) in the pedestrian zone. It should be noted that the applied solution did not 

affect the thermal conditions at night. 

When assessing the effectiveness of green roofs, it was necessary to take into account 

their thermal properties. They had a higher albedo than artificial surfaces. They reflected 

more radiation, thus becoming ‘urban islands of coolness’ during the day. Covering with 

vegetation reduced the roof temperature to 24˚C. In other cases it was over 60˚C. 

The next step was to assess the impact 

of green walls on the thermal conditions in 

the urban forecourt area (Figure 7.19.10). 

The study showed that the impact of 

solution was virtually imperceptible with respect to air temperature. A minimal soothing 

effect occurred at the pedestrian movement level. Unfortunately, the vegetation covering 

the buildings contributed negatively to the modification of wall temperature.  

Figure 7.19. Impact of green walls on thermal conditions of the east-west (E-WN) oriented urban forecourt 

(source: own elaboration). 

There was an increase in the parameter to 32˚C for the south facade (from 29˚C), and to 

44˚C for the north facade (from 36˚C). This was a major change in the forecourt 

development area. The reason is to be found in the multiple reflections of solar radiation 

from the buildings. In this case, the geometry of buildings adversely affected the thermal 

 
10 Tabular summary attached as Appendix 13. 
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conditions of the area. The structure of narrow, long forecourts caused vegetation to 

intercept more energy. During the nighttime, the opposite trend was noticeable. Significant 

facade areas covered with vegetation had lower temperatures than plastered buildings (by 

up to 2˚C). 

Impact of nature-based solutions on microclimatic conditions in the north-south 

oriented forecourt 

A similar impact was observed in the north-

south oriented forecourt.11 The research results 

confirmed that green roofs were not an efficient 

solution that would translate into a reduction in 

air temperature (Figure 7.21.12). The effect of 

vegetation was practically imperceptible when 

the area occupied by it was less than 57% of the 

roof coverage. It was only when the slope was 

completely greened (FGR3) that a minimal 

soothing effect was evident. The change was 

0.12˚C (FGR), 0.14˚C (FGR2), 0.31˚C (FGR3) 

at the pedestrian movement level. However, 

there was an observable effect of vegetation on 

the temperature of roofs, which only heated up 

to 24˚C. Roofs covered with tar paper heated up to 60˚C. 

An unusual situation was evident at night. The introduction of green roofs on the 

buildings of urban forecourt with north-south orientation resulted in lower air temperature 

(FGR: 0.18˚C, FGR2: 0.19˚C, FGR3: 0.23˚C). The reason could be found in the soothing 

effect of wind. The air flowing over the roof layer was cooled. It then flowed into the 

forecourt. The effect was a reduction in temperature. In addition, warm masses resulting 

from the evapotranspiration process flowed over the building roofs. They were blown 

outside the forecourt. 

 
11 Location of measurement points is presented in Figure 7.20. 
12 Tabular summary attached as Appendix 14. 
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Figure 7.21. Impact of green roofs on thermal conditions of the north-south (N-SE) oriented urban forecourt 

(source: own elaboration). 

Living facades did not significantly modify thermal 

conditions in the north-south oriented forecourt (Figure 

7.22.13). Their effect on air temperature was virtually 

imperceptible during the day. Even the significant amount of 

greenery (FW3), i.e. covering all the building facades with 

vegetation, did not allow to reduce the parameter. On the 

other hand, it translated into the temperature of building 

walls. It increased to 34˚C (from 32˚C - west facade), 40˚C 

(from 38˚C - east facade). This effect was related to the 

radiation conditions in the forecourt. Some of radiation was absorbed by vegetation. A 

significant amount was reflected, especially by the one planted at the eastern (sunny) facade, 

and then intercepted by the other facades of the forecourt. As a result, unfavorable thermal 

conditions were noted. 

At night the green walls had a slight cooling effect. The total vegetation coverage of the 

facade translated to an average air temperature reduction of 0.24˚C (FW3) within the 

forecourt. A similar effect was observed for the other scenarios (FW, FW2). Moreover, 

vegetation caused a modification of the wall temperature. Those covered with greenery were 

heated up to 17˚C. The temperature of plastered facades was lower by 2-3˚C. This was 

 
13 Tabular summary attached as Appendix 15. 
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caused by the slower energy release to the environment by the green walls, compared to the 

plastered facades. 

Figure 7.22. Impact of green walls on thermal conditions of the north-south (N-SE) oriented urban forecourt 

(source: own elaboration). 

Thermal comfort in the forecourts 

Thermal comfort was assessed at the east-west oriented forecourt. Thermal sensations 

were assessed using readings taken at the north facade (E-WN), as well as the south facade 

(E-WS). Characteristic points located in the middle of forecourt at a distance of 2.5 m from 

the building walls were selected. The aim was to show the variation of conditions in the 

forecourt. In addition, it was possible to determine the influence of building geometry on 

the thermics of the area. The results are presented in Figure 7.23. 

In the east-west oriented forecourt area, the thermal conditions varied. The highest PET 

values were recorded at the strongly insolated north façade (PET > 49˚C). Thus, thermal 

discomfort prevailed there. A more favorable situation was observed at the shaded - south 

façade (PET > 39˚C, which meant the conditions of 'hot'). This was a significant change that 

was noted at both the pedestrian and residential levels. It appeared that depending on the 

geometry of development it would be possible to shape the thermal comfort index - PET. If 

the buildings on the south side were high enough to guarantee the shadow cast on the north 

facade, the thermal sensations would remain at the ‘hot’ level. 

The implementation of vegetation in a highly urbanized environment resulted in a slight 

modification of thermal conditions. In sunny areas there was a minimal change in PET 

depending on the solution used (green roof, green wall). The most effective was the 
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introduction of green roofs in the forecourt. This may have been caused by the effect of low 

vegetation (grass) on lowering the ambient temperature. Air masses cooled as they flowed 

over the buildings. Heavier air with higher density entered the forecourt. As a result, more 

favorable thermal conditions were shaped. The remaining scenarios should be considered 

ineffective in shaping thermal comfort in the forecourt area. 

 

 
Figure 7.23. Impact of green solutions on thermal comfort in the east-west oriented forecourt (upper left - E-

WN, upper right - E-WS, 3 pm; bottom left - E-WN, bottom right - E-WS, 3 am)(source: own elaboration). 

A similar situation occurred in the north-south oriented forecourt (Figure 7.24.). In 

places where buildings cast shadows, i.e. at the eastern facade (at pedestrian movement 

height), as well as at the western facade (up to habitation height), more favorable thermal 

conditions were visible. They remained at ‘hot’ levels during the day. In other cases, PET 

values exceeded 42˚C (‘extreme heat stress’). 

The implementation of vegetation caused discomfort conditions to persist. It even 

contributed to a minimal increase of PET index during the daytime. It should be noted that 

meteorological parameters such as mean radiant temperature, air temperature, humidity as 

well as wind velocity were taken into account when estimating heat sensations. In this case, 

the building structure contributed to a partial reduction of solar radiation in the forecourt. 
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The structures were subject to insolation from the residential level at the east facade. They 

absorbed a significant amount of energy during the day (low albedo of the plastered walls). 

Also, the effect of reflected shortwave radiation on the thermology of area was observed. 

Solar radiation was reflected from the building facades, then intercepted by other surfaces 

both horizontal (floor) and vertical (walls). The air flow in the forecourt was not without 

significance. The exchange of energy primarily took place through convective movements. 

This was due to the buildings, which prevented the inflow of cooler air from the assumed 

eastern direction. The introduction of greenery intensified this effect. The cause was the 

processes of transpiration, i.e. evaporation of water from the above-ground parts of plants, 

which caused an increase in humidity on the site. The compilation of the influence of all 

parameters translated into higher PET values in the north-south oriented forecourt. 

 

Figure 7.24. Impact of green solutions on thermal comfort in the north-south oriented forecourt (upper left - 

N-SE, upper right - N-SW, 3 pm; bottom left - N-SE, bottom right - N-SW, 3 am)(source: own elaboration). 
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 7.2. The impact of blue infrastructure 

The use of blue infrastructure in cities is listed among the primary adaptation strategies. 

Its invaluable impact is discussed in Chapter 2.2. Climate change adaptation strategies in 

urban environment. With the implementation of natural solutions in highly urbanized areas, 

more and more scientific studies are being carried out that indicate to what extent blue 

infrastructure can contribute to climate change mitigation. However, the studies conducted 

tend to be specific (single) case studies.  

This chapter estimates the impact of blue infrastructure that could be implemented in 

the form of bioretention planters in the space of a typical street canyon of the Metropolitan 

Area of Lodz (Figure 7.25. - 7.26.)14. Two cases were considered, i.e.: 

 Bioretention Planters Scenario (BP) - implementation of four bioretention planters, 

the area of which would be 128 m2, symmetrically distributed in the space of street 

canyon, in such a way as to maintain the possibility of pedestrian communication as 

well as vehicular traffic; 

 Bioretention Planters Scenario (BP2) - implementation of 12 bioretention planters 

with a total area of 384 m2. They were distributed symmetrically, between the pedestrian 

zone and the street. The only restriction was to keep pedestrian and vehicular traffic 

within the canyon area. 

  

Bioretention Planters (BP) 

additional water surface (4%) 

Bioretention Planters (BP2)  

additional water surface (12%) 

Figure 7.25. Blue solutions introduced in the canyons (source: own elaboration). 

 
14 The constructions of bioretention planters, which can be potentially implemented in the city, were presented 

in Figure 7.26. 
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Figure 7.26. The potential constructions of bioretention planters (source: own elaboration). 

Microclimatic conditions in the east-west oriented street canyons 

Bioretention planters 
 

Simulations of the impact of blue infrastructure were conducted for the warmest day of 

a Typical Meteorological Year. Readings of changes in meteorological parameters were 

taken in the immediate vicinity of bioretention planters, at a distance of 2.5 m from the 

building frontage, at the north facade (E-WN), to illustrate the direct impact of the solution 

on the microclimatic conditions in the east-west oriented canyon. The changes that occur in 

the street zone (E-WA), i.e. the further surroundings, were also taken into account (Figure 

7.27.). In this case, an attempt was made to assess the impact of solutions in places where 

land use (asphalt pavement) negatively affects the microclimate of canyon space. Analyses 

were conducted during the daytime (3 pm) as well as during the nighttime (3 am)(Figure 

7.28.15). 

 
15 Tabular summary attached as Appendix 16. 
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       E-WN 

E-WA 

E-WS 

Figure 7.27. Location of E-WN, E-WA, and E-WS measurement points in the street canyon (source: own 

elaboration). 

The implementation of blue infrastructure made a significant contribution to the 

improvement of thermal conditions in the east-west oriented canyon area. The solution of 

introducing only four bioretention planters (BP) was as effective as the scenario involving 

much more water surface (BP2). Directly above the surface of the bioretention planters, 

there was a temperature decrease of as much as 2.52˚C (h = 0.30 m). This was 1.98˚C in the 

pedestrian movement zone. With height, the soothing effect of implemented solutions 

decreased. At the residential level, it was 1.14˚C (h=5.5 m), while above the building roofs 

it was 0.61˚C (h=15.5˚C). The impact of blue infrastructure was noticeable in the canyon 

space. However, the opposite trend was noted at nighttime. The water surfaces caused an 

increase in air temperature. The most adverse change was observed at 1.5-5.5 m (BP and 

BP2). It was 0.97˚C. The phenomenon was due to the fact that water has a large heat 

capacity. Absorption of a significant amount of solar radiation occurred during the day.  

 

Figure 7.28. Impact of blue solutions on thermal conditions in the east-west oriented canyon (left column - 

E-WN; right column - E-WA)(source: own elaboration). 
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Figure 7.28. Continuation. 

Microclimatic conditions in the north-south oriented street canyons 

Next, simulations were conducted for the north-south 

oriented canyon. The readings took place in the immediate 

vicinity of bioretention planters (1) at the east facade (N-SE), 

2.5 m away from the building walls, (2) in the street zone (N-

SA)(Figure 7.29.). Due to the fact that the impact of blue 

infrastructure was similar in both measurement points, the 

author presented only the results obtained at the eastern 

facade. The impact of water surfaces on thermal conditions 

was estimated during the daytime (3 pm) and also during the 

nighttime (3 am)(Figure 7.30.16). 

The north-south oriented canyon was a less sunny area 

(sunhours = 4h, N-SE). It had significantly lower air 

temperatures than the east-west oriented canyon. However, 

the implementation of blue infrastructure features resulted in 

a similar modification of thermal conditions. Air temperatures were below 33˚C not only in 

the immediate vicinity of bioretention planters, but also in the street zone. An increasing 

soothing effect of the blue infrastructure could be observed with altitude. 

The implementation of water surfaces contributed less to the reduction of air 

temperature in the north-south oriented canyon. This effect was due to airflow. The assumed 

 
16 Tabular summary attached as Appendix 17. 
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east wind direction contributed to enhancing the effect of water resources in the east-west 

oriented canyon space. In the second case - the north-south oriented canyon, the geometry 

of system constituting a physical barrier prevented the free movement of air masses. 

Therefore, the reduction in air temperature was slightly smaller. 

Figure 7.30. Impact of blue solutions on thermal conditions in the north-south oriented canyon (left column - 

N-SE, 3 pm; right column - N-SE, 3 am)(source: own elaboration). 

Thermal comfort in the street canyons 

The impact of blue infrastructure on human-perceived thermal comfort was assessed in 

the east-west oriented canyon area. Analyses were conducted at the measurement point 

located at the north facade (E-WN), as well as the south facade (E-WS). The study included 

the zone directly at the building frontage to show the influence of both the building structure 

and water elements on the thermal sensations of humans residing in the outdoor 

environment. The assessment was carried out at the pedestrian movement level (h=1.5 m), 

as well as the residential level (h=5.5 m)(Figure 7.31.). The analysis was conducted using 

the Physiological Equivalent Temperature (PET) index.  

The building structure influenced the thermal sensations that were experienced by 

humans in the east-west oriented canyon area (this theme is described in detail in Chapter 

VI. Numerical simulation of microclimatic and thermal conditions). It contributed to the 

beneficial modification of microclimatic conditions. In shaded areas there was a visible 

decrease in thermal sensations from the level described as ‘very hot’ to ‘warm’. The impact 

of buildings was much stronger than that of the implemented blue infrastructure. 

0

5

10

15

20

25

30

31 32 33 34 35 36

H
ei

gh
t [

m
]

Day: air temperature [˚C], the east facade (N-SE).

BC BP

BP2 Buildings 14m

0

5

10

15

20

25

30

17 18 19 20 21 22

H
ei

gh
t [

m
]

Night: air temperature [˚C], the east facade (N-SE).
.

BC BP

BP2 Buildings 14m



- 122 - 
 

In the sunny areas, despite the implementation of water surfaces, thermal discomfort 

was felt, especially at the northern facade (E-WN). Unfortunately, conditions were at the 

‘extreme heat stress’ level. In the second case of the south facade, up to the residential level, 

the thermal sensation was successfully reduced from ‘hot’ to ‘warm’ by means of 

bioretention planters. The solution proved to be beneficial in the canyon area. 

 
Figure 7.31. Impact of blue infrastructure on thermal comfort in the east-west oriented canyon (upper left - 

E-WN, upper right - E-WS, 3 pm; bottom left - E-WN, bottom right - E-WS, 3 am)(source: own elaboration). 

At night, the water surfaces caused an increase in PET values. However, it was a positive 

phenomenon that allowed conditions described as ‘slightly cool’ to be maintained. This was 

due to the release of heat absorbed by the bioretention planters. When the air temperature 

started to decrease, the energy was released to the environment. As a result, the PET index 

increased, and thus more favorable thermal conditions perceived by humans in space were 

formed. 

Next, thermal sensations were assessed in the north-south oriented canyon area (Figure 

7.32.). Values were read at a point located at the east facade (N-SE, sunlit) and also at the 

west facade (N-SW, shaded to habitation level). In this case, significantly higher PET values 
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were observed. This was due to the parameters that were taken into account when 

calculating PET, in particular airflow. It was insignificant in the north-south oriented canyon 

area. The building structure effectively inhibited the inflow of cool air masses. Extreme 

thermal discomfort was felt in the sunny areas. This was an extremely unfavorable situation. 

In fact, such conditions could cause heat stroke. In the shaded areas, the use of blue 

infrastructure elements was able to reduce the thermal sensation level from ‘very hot’ to 

‘hot’. 

 

 

Figure 7.32. Impact of blue infrastructure on thermal comfort in the north-south oriented canyon (upper left - 

N-SE, upper right - N-SW, 3 pm; bottom left - N-SE, bottom right - N-SW, 3 am)(source: own elaboration). 

During the nighttime, thermal conditions were at the ‘slightly cool’ level. The PET value 

was slightly higher than in the east-west oriented canyon. This was undoubtedly influenced 

by the obstructed airflow. Also, slower heat dissipation of heated artificial surfaces (asphalt, 

concrete) translated into higher PET values. However, the situation should be considered 

favorable.  
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Implementation of the blue infrastructure in forecourts 

The compact structures of inner-city development seem to be isolated systems. 

Enclosing small spaces on all sides with buildings results in a peculiar microclimate formed 

in the interiors of urban forecourts. Unfortunately, this results in the need for case-specific 

research. In this study, urban forecourts occurring in the Metropolitan Area of Lodz are 

considered. The impact of blue infrastructure in the form of water reservoirs introduced in 

the middle of forecourts on the thermal conditions was assessed (Figure 7.33.)17. Two cases 

were considered: 

 Water Reservoir (WR) - involving the implementation of a 3 x 13 m (42 m2) water 

reservoir, 

 Water Reservoir (WR2) - involving the implementation of a water surface with 

dimensions of 3 x 28 m in the middle of forecourt (84 m2). They were created in such a 

way as to enable communication within the forecourts. The free space between the 

building walls and the water reservoirs was maintained (4 m). 

 

  

Water Case (WR) 

additional water surface (11%) 

Water Case 2 (WR2)  

additional water surface (21%) 

Figure 7.33. Blue solutions introduced in urban forecourts (source: own elaboration). 

 
17 The construction scheme of water reservoir was presented in Figure 7.34. 
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Figure 7.34. The construction scheme of water reservoir (source: own elaboration). 

 

Initial analyses were conducted at the 

characteristic points, i.e. at the north 

facade (E-WN), as well as the south facade 

(E-WS) in the east-west oriented forecourt 

(Figure 7.35.). The implementation of blue infrastructure had a similar effect in reducing air 

temperature at both the north and south facades. Therefore, results are only presented for 

the selected point (E-WN). 

 

 

 

         E-WN 

 

  E-WS 

Figure 7.35. Location of E-WN and E-WS measurement points in the forecourt (source: own elaboration). 

The implementation of water reservoirs in the middle of urban forecourt resulted in a 

slight modification of thermal conditions. The soothing effect of the solution was practically 

unnoticeable (Figure 7.36.18). It appears that the geometry of buildings was a key factor in 

the compact structures of the inner-city. It determined the prevailing microclimatic 

conditions (this issue is described in detail in Chapter VI. Numerical simulation of 

microclimatic and thermal conditions). 

 
18 Tabular summary attached as Appendix 18. 
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Figure 7.36. Impact of blue solutions on thermal conditions in the east-west oriented forecourt (source: own 

elaboration). 

The author conducted analyses of the conditions 

in the north-south oriented forecourt. The results are 

presented for the point located at the eastern facade 

(N-SE)(Figure 7.37.). The impact of the introduced 

water reservoir solution was insignificant (Figure 

7.38.19). Air temperature was kept relatively constant 

in the forecourt area. During the day it was higher 

than over the building roofs. It was due to the strong 

heating of the paved forecourt floor, as well as the 

walls of building structures. The air exchange was 

important, which was hindered due to the fact that 

the system was closed on all sides with medium-high 

buildings. This resulted in air exchange based on 

convective movements in the forecourt. Advective 

movement was observed above the roof level.  

At night time, the temperature was maintained at 

19˚C in the north-south oriented forecourt. It was much lower than above the building roofs. 

Here, the reason is to be found in the energy exchange process between the building system 

 
19 Tabular summary attached as Appendix 19. 
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and the surroundings. Heat was transferred from strongly heated surfaces (floors, walls) to 

the surroundings. Increase of air temperature over the roofs was additionally caused by 

giving up the heat from roofing (tar paper). 

The implementation of blue infrastructure elements did not contribute significantly to 

the modification of air temperature. However, it should be noted that there are non-climatic 

advantages of this type of solutions (aesthetic, social). Therefore, the implementation of 

water reservoirs in urban spaces should be considered. 

 

Figure 7.38. Impact of blue solutions on thermal conditions in the north-south oriented forecourt (left column 

- N-SE, 3 pm; right column - N-SE, 3 am)(source: own elaboration). 

Thermal comfort in the forecourts 

Thermal sensations experienced by the human in the external environment were 

considered. As an example, the measurement results conducted at the north facade (E-WN) 

were used (Figure 7.39.). This was the location with the least favorable conditions as a result 

of strong insolation of the area. Blue infrastructure in the form of a water reservoir 

introduced in the middle of canyon did not help improve thermal conditions. Thermal 

discomfort was experienced in the heavily sunlit areas. Conditions were described as ‘very 

hot’ during the day (PET index above 42˚C indicating the possibility of heat stroke among 

people). At night, ‘slightly cool’ conditions were recorded and should be considered 

favorable. 

Also in the north-south oriented forecourt, the impact of blue infrastructure was virtually 

imperceptible (N-SE, Figure 7.40.). The reduction in thermal conditions was due to the 
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layout of buildings. Buildings with a height of 14 m shaded the east facade causing thermal 

sensations to remain ‘warm’ in the pedestrian movement zone. Where the area was exposed 

to sunlight, thermal discomfort was experienced. At night conditions were described as 

‘slightly cool’. The PET values were slightly lower than in the east-west oriented forecourt 

area. In this case, the reason was the shorter daytime insolation of the area. Thus, the 

building materials used in the forecourt absorbed less solar energy. As a result, there was 

less intense heat exchange during the night time. 

Figure 7.39. Impact of blue infrastructure on thermal comfort in the east-west oriented forecourt (left - E-

WN, 3 pm; right - E-WN, 3 am)(source: own elaboration). 

 

Figure 7.40. Impact of blue infrastructure on thermal comfort in the north-south oriented forecourt (left - N-

SE, 3 pm; right - N-SE, 3 am)(source: own elaboration). 
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7.3. The effectiveness of climate change adaptation strategies within the context of 

analyzed urban form 

For years it has been emphasized that Lodz, being one of the largest cities in Poland, is 

particularly vulnerable to the effects of climate change. The dense, compact structure of the 

urban layout, historical processes and the development dynamics will exacerbate the 

negative environmental impact. To counteract the threats, the city has been included in the 

adaptation program to climate change. The assumptions include creation of local spatial 

development plans taking into account the Municipal Adaptation Plans. Among the 

strategies implemented, the use of natural solutions can be distinguished. These consist of 

introducing plantings, leaving old trees to the extent possible, and ensuring an adequate 

proportion of biologically active areas (Resolution No. XL/1074/17, 2017, Resolution No. 

XLVIII/1227/17, 2017, Resolution No. XLVIII/1228/17, 2017). The blue infrastructure is 

intended to be a complementary element to the green network. Undoubtedly, the above-

mentioned measures will positively influence the climate of urban spaces, especially during 

the period of prevailing high temperatures in the city. However, their potential impact has 

not yet been documented. The effectiveness of solutions depends on many parameters (the 

geometry of buildings, their mutual arrangement, proportion of impermeable surfaces, and 

environmental components). Therefore, it is necessary to adapt measures to the specific 

context. Unfortunately, to date, it has not been observed that planning activities are 

supported by scientific studies that consider the impact of development transformations on 

climatic conditions. 

This paper is the first study to address the impact of blue-green solutions on 

microclimate conditions and thermal comfort within selected urban forms in Lodz. 

Solutions that are suggested as potential planning measures to improve the quality of human 

life in the city (green roofs, living facades, high-greenery, bioretention planters, and water 

reservoirs) were taken into account. Their impact was assessed both for street canyons, 

which are the primary space in which pedestrians move, and urban forecourts, which are 

enclaves where everyday life of residents takes place and where social ties between 

neighbors are formed. Two orientations of the above mentioned structures were taken into 

account, i.e. east-west and north-south, which resulted from the city’s communication 

network, and thus its urban layout. 
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The urban street canyons contex - Lodz 

The blue-green adaptation strategies contribute to the improvement of climatic 

conditions. This is achieved by (1) reduced direct solar radiation reaching horizontal 

surfaces, (2) captured diffuse short-wave radiation that is reflected by building walls and 

later used in the process of plant photosynthesis, (3) reduced temperature not only of the 

environment but also of pavements, especially those made of materials characterized by low 

albedo, (3) increased humidity, and (4) modification of urban airflow. 

The effectiveness of the adaptation strategies introduced depends on the urban layout 

form. According to Ng et al. (2012), building height is a key parameter when implementing 

adaptation measures in the form of natural solutions in cities. A study conducted in Hong 

Kong showed that planting high-rise buildings (h = 60 m) with vegetation had no cooling 

effect on the pedestrian movement zone. Even if the roof slopes were 100% covered with 

greenery, no significant improvement in climatic conditions would be obtained.  

The research conducted in the street canyons of the Lodz Metropolitan Area showed 

that the selected strategies positively influenced the changes in microclimatic conditions. In 

the cases analysed, i.e. medium-high buildings (14 m), the green roofs were the most 

effective solution in the north-south oriented canyons (Table 7.1.). This was related to the 

assumed air inflow from the east. The air as it moved over the green canopy cooled down. 

Then a denser mass entered the canyon. It displaced the heated, lighter air. The effect was 

to reduce the temperature of the air inside the canyon. The solution was almost as effective 

at the pedestrian movement level as it was above the roof layer. In the east-west oriented 

canyon, the effect on meteorological parameters was most intense directly above the 

building roofs. In this case, the key parameter turned out to be the airflow, which projected 

the effectiveness of implemented solution. 

The literature review confirms the fact that green roofs have a beneficial effect on the 

microclimatic conditions of urban spaces. Herath et al. (2018) conducted a study in tropical 

Sri Lankan urban context (tropical rainforest climate). They attempted to apply vegetation 

as elements of mitigation efforts in the context of climate change. Green roofs (50% 

coverage, 100% coverage) were considered by them as potential solutions. It was shown 

that changing the roof cover functioned as a constant heat sink. Vegetation, the albedo of 

which was much higher than that of building materials, absorbed less solar radiation. Some 

of the absorbed light was used in photosynthesis and also during evaporative heat transfer. 
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Table 7.1. Impact of green roofs on air temperature in canyons. 

AIR TEMPERATURE DIFFERENCE 

 
South façade North façade 

GREEN ROOF SCENARIO (GR3) IN THE EAST-WEST ORIENTED CANYON 

 
West façade East façade 

GREEN ROOF SCENARIO (GR3) IN THE NORTH-SOUTH ORIENTED CANYON 

Source: own elaboration. 

Thus, they respectively obtained air temperature reduction of 1.79˚C, 1.76˚C in pedestrian 

movement zone. Intensification of vegetation cover on building roofs (up to 100%) did not 

translate into significant temperature reductions. The scenario associated with 50% low 

vegetation cover of the roof area was more effective. This is confirmed by the conclusions 

obtained from the research carried out in the areas of street canyons in the Metropolitan 

Zone of Lodz (moderately warm climate zone).  

Air temperature difference in the canyon with east-west orientation [˚C] - the north point (E-WN) 

Height (m) 
GR GR2 GR3 

day night day night day night 

1.5m - 0.03 - 0.01 - 0.42 0.63 - 0.47 0.63 

5.5m - 0.05 0.00 - 0.41 0.70 - 0.48 0.69 

15.5m - 0.13 - 0.03 - 0.50 0.68 - 0.63 0.64 

Air temperature difference in the canyon with north-south orientation [˚C] - the east point (N-SE) 

1.5m - 0.65 0.37 - 0.56 0.39 - 0.76 0.35 

5.5m - 0.73 0.33 - 0.60 0.36 - 0.82 0.32 

15.5m - 0.80 0.62 - 0.56 0.64 - 0.82 0.62 
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Numerous authors emphasize that the implementation of green solutions influences the 

parameters related to thermal conditions of urban areas. Green roofs modify the temperature 

of roof slopes, which affects the microclimatic conditions inside buildings. In summer, they 

reduce the heating of roofs. The difference may be even 30˚C (Eumorfopoulou & 

Aravantinos, 1998, Wong et al., 2003, Saiz et al., 2006). In Lodz, the maximum temperature 

of green roofs was 25˚C, which meant a 35˚C reduction in the parameter compared to 

buildings covered with tar paper roofs. As a result, energy consumption in buildings could 

be reduced. According to Saiz et al. (2006), summer cooling load could be lowered by 6%. 

During peak hours, cooling load in the upper floor may reach 25%. 

Another adaptation strategy was the use of green walls, considered as one of the more 

practical solutions due to their low interference with the land use (they occupy a small 

space). Three cases were considered, i.e. 47%, 60%, 100% ivy coverage of building facades 

forming street canyon frontages. The greening of all building walls in the east-west canyon 

area was found to be the most effective (Table 7.2.). The reduction in air temperature was 

0.76˚C at the level of people movement. The more intense impact of the solution was 

associated with the eastern air inflow, which although small during the warmest day of the 

Typical Meteorological Year, influenced the appearance of soothing effect in the canyon. 

Even above the building roofs, there was a noticeable decrease in air temperature. In the 

second case - the north-south oriented canyon, the effect of ivy cover on building facades 

was smaller (0.24 - 0.54˚C). The maximum temperature decrease took place above the roof 

slopes. Here, the reason is to be found in the effect of assumed airflow in shaping the 

conditions within the canyons. 

Table 7.2. Impact of green walls on air temperature in canyons. 

AIR TEMPERATURE DIFFERENCE 

 
South façade North façade  

GREEN WALL SCENARIO (W3) IN THE EAST-WEST ORIENTED CANYON 
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Table 7.2. Continuation. 

 
 West façade  East façade  

GREEN WALL SCENARIO (W3) IN THE NORTH-SOUTH ORIENTED CANYON 

Source: own elaboration. 

Air temperature difference in the canyon with east-west orientation [˚C] – the north point (E-WN) 

Height (m) 
W W2 W3 

day night day night day night 

1.5m - 0.40 0.55 - 0.38 0.53 - 0.76 0.51 

5.5m - 0.40 0.62 - 0.38 0.59 - 0.61 0.65 

15.5m - 0.39 0.70 - 0.39 0.69 - 0.48 0.89 

Air temperature difference in the canyon with north-south orientation [˚C] – the east point (N-SE) 

1.5m - 0.35 0.32 - 0.35 0.32 - 0.24 0.30 

5.5m - 0.41 0.29 - 0.41 0.29 - 0.33 0.27 

15.5m - 0.54 0.61 - 0.54 0.61 - 0.50 0.62 

Studies on the application of vertical greenery confirm that the implementation of 

this type of solution causes a beneficial modification of the thermal conditions in the outdoor 

environment. Living facades effectively intercept solar radiation. The absorbed part is used 

for biological functions, metabolism, and transpiration. Another part is reflected by 

vegetation to the environment. Therefore, the ambient temperature is modified (Hoelscher 

et al., 2016). 

Tall greenery is considered to be one of the more effective solutions leading to a 

beneficial modification of climatic conditions in areas of dense, compact inner-city 

development (Table 7.3.). The introduced forestation causes shading of the area. The effect 

is reduction of air temperature in the canyons. The analyses carried out showed that the 

effects of strategy implementation based on tree planting were greatest in their direct 

vicinity in street canyons located in the Metropolitan Area of Lodz. The assumption was to 

introduce tall greenery symmetrically distributed along the building frontages. The 

maximum reduction of air temperature, which reached over 0.95˚C, was observed under the 

tree crowns. The greater the proportion of vegetation, the greater the temperature reduction 

in canyons. Airflow proved to be the key parameter. The synergistic effect of tall greenery 
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appeared when the wind direction was parallel to the canyon axis. It allowed lowering the 

ambient temperature at a considerable distance. In addition, the trees contributed to changes 

in the floor temperature (up to 1.81˚C). The dense tree crowns protected the pavement from 

excessive sunlight during the day. They also contributed to decreasing the temperature of 

building walls (3-5˚C). 

Table 7.3. Impact of trees on air temperature in canyons. 

AIR TEMPERATURE DIFFERENCE 

 
South façade North façade 

TREE SCENARIO (T3) IN THE EAST-WEST ORIENTED CANYON 

 
West façade East façade 

TREE SCENARIO (T3) IN THE NORTH-SOUTH ORIENTED CANYON 

Source: own elaboration. 

Air temperature difference in the canyon with east-west orientation [˚C] - the north point (E-WN) 

Height (m) 
T T2 T3 

day night day night day night 

1.5m - 0.63 0.81 - 0.66 0.70 - 0.76 0.66 

5.5m - 0.59 0.82 - 0.62 0.75 - 0.73 0.71 

15.5m - 0.47 0.82 - 0.62 0.75 - 0.73 0.71 

Surface temperature - 1.55 0.26 - 1.57 0.19 - 1.61 0.20 

Air temperature difference in the canyon with north-south orientation [˚C] - the east point (N-SE) 

1.5m - 0.66 0.26 - 0.67 0.31 - 0.72 0.35 

5.5m - 0.64 0.32 - 0.66 0.40 - 0.69 0.30 

15.5m - 0.62 1.26 - 0.70 2.17 - 0.63 1.31 

Surface temperature - 1.34 - 0.23 - 1.35 - 0.21 - 1.45 - 0.18 
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Numerous authors confirm the possibility of using tall greenery as one of the adaptation 

strategies in highly urbanized areas. Morakinyo & Lam (2016) conducted a study on the 

effect of tall greenery on climatic conditions in geometrically diverse canyon forms. They 

assumed at the outset that the least comfortable situation would be observed in the east-west 

oriented canyons. This was due to the strong insolation of the area, especially at the north 

facade. The authors showed that the higher the buildings forming the frontage, the greater 

the reduction in daytime temperature inside the canyon. The opposite trend was observed at 

nighttime. The buildings acted as a barrier to thermal exchange. As a result, trapped 

longwave radiation caused an increase in temperature. The introduction of tall greenery was 

proposed as a solution to reduce the sunlight in the area. The vegetation resulted in a slight 

temperature reduction of 0.20˚C inside the canyon. A much better effect was obtained by 

Tsoka et al. (2021), who confirmed a moderate impact of tall greenery within a compact 

urban area. A study conducted in Thessaloniki, Greece, showed that trees cause a maximum 

temperature reduction of 1˚C in the pedestrian movement zone. Their influence decreases 

with distance. They also contribute to modify conditions inside buildings. The use of trees 

influences the shading, thus reducing the heating of buildings. This allows to reduce the 

energy consumption for cooling in summer. Cooling loads can be reduced by 54.34%. 

The implementation of blue infrastructure in the form of bioretention planters in the 

street canyon areas of the Metropolitan Area of Lodz was found to be the most effective 

solution to affect the ambient temperature (Table 7.4.). Water elements proved to be twice 

as effective a strategy that can be used to mitigate the effects of climate change in the inner-

city areas. The reduction in air temperature was as much as 1.93˚C in the pedestrian 

movement zone, 1.15˚C at residential heights, and 0.61˚C directly above the building roofs 

in the east-west oriented canyons. This effect was caused by air inflow from the east 

direction. The combination of the effect of water as a cooling surface and the free flow of 

air had a positive impact on thermal conditions. In the north-south oriented canyon, the 

strategy was less efficient. However, the effect, which was temperature reduction, was 

greater compared to the implementation of tall greenery. 

The form of blue strategy used will translate into the effectiveness of solution. In built-

up inner-city areas it is not possible to introduce water reservoirs with significant areas. 

However, it is possible to apply bioretention planters, the depth of which will be greater 

than 1 m. Then the water bodies will have a lower temperature than the surroundings during 

the day. This effect is due to a combination of the physical properties of water - the large 

heat capacity and the ability to transport heat away from its surface by turbulent mixing. 
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During the nighttime, the natural surface will have a much higher temperature due to the 

slow transfer of heat to the surroundings.  

Table 7.4. Impact of blue infrastructure on air temperature in canyons. 

AIR TEMPERATURE DIFFERENCE 

 

South façade North façade 

BIORETENTION PLANTER SCENARIO (BP2) IN THE EAST-WEST ORIENTED CANYON 

 

West façade          East façade 

 

BIORETENTION PLANTER SCENARIO (BP2) IN THE NORTH-SOUTH ORIENTED CANYON 

Source: own elaboration. 

Völker et al. (2013) conducted a review of 27 studies on the impact of blue infrastructure 

on climatic conditions in urbanized areas. They showed that the impact of solutions varies. 

Air temperature difference in the canyon with east-west orientation [˚C] - the north point (E-WN) 

Height (m) 
BP BP2 

day night day night 

1.5m - 1.93 0.99 - 1.93 0.69 

5.5m - 1.15 1.05 - 1.15 0.87 

15.5m - 0.61 0.82 - 0.61 0.86 

Air temperature difference in the canyon with north-south orientation [˚C] - the east point (N-SE) 

1.5m - 0.87 0.48 - 0.91 0.48 

5.5m - 0.80 0.62 - 0.84 0.62 

15.5m - 0.75 1.97 - 0.77 1.97 
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It can range from 0.40˚C (pond in park) to 5.63˚C (urban wetlands). The soothing effect is 

dependent on geographic location and thus meteorological conditions. According to 

Hathway & Sharp (2012), blue strategies are efficient when the air temperature is above 

20˚C. Their effectiveness is influenced by urban layout, proportion of impervious surfaces, 

or natural components. The study by Jacobs et al. (2020) in a warm temperate climate zone 

showed a maximum effect of aquatic surfaces at 0.60˚C. The authors emphasized that there 

are two dominant factors determining the effectiveness of blue infrastructure, i.e. (1) the 

surface-air temperature gradient, and (2) the location of measurement point. 

Adaptive strategies influence the thermal conditions that prevail in street canyon spaces 

(Figure 7.41.). However, their implementation does not translate into a significant 

improvement in human sensation in the outdoor environment. Research conducted in the 

Metropolitan Area of Lodz showed that thermal sensations were highly dependent on the 

geometry as well as orientation of buildings that form the canyon frontage. In places where 

shadow was cast by buildings, it was possible to reduce the conditions from ‘extreme heat 

stress’ even to ‘warm’. This was a significant change resulting solely from the urban layout 

considered. Taking into account the impact of blue-green adaptation strategies, it is 

important to admit that it was small. The maximum change was 0.44˚C (GR3), 0.07˚C (W3), 

3.21˚C (T3) at the north facade in the east-west oriented canyon; 1.60˚C (GR3), 0.91˚C (W), 

4.57˚C (T3) at the east facade in the north-south oriented canyon. 

This fact is confirmed in a study conducted by Peng & Jim (2013). They assessed the 

effectiveness of applying extensive green roofs in a residential area in Hong Kong (China). 

The implemented solutions were able to reduce air temperature by 0.40-0.70˚C. Next, they 

evaluated the impact of intensive green roofs where 6 m trees were planted. The temperature 

reduction was at the level of 0.50-1.70˚C. Introduced greenery did not significantly improve 

the thermal sensation in the pedestrian movement zone. The change in PET values was only 

0.10-0.20˚C.  

Also the study of Scharf & Kraus (2019) supports these conclusions. It is important to 

mention that green walls have an equally insignificant effect on the thermal sensations of 

humans in the outdoor environment. According to Resler et al. (2020), the soothing effects 

of greenery are limited in highly urbanized areas. There are many factors that determine the 

effectiveness of implemented solutions (root distribution, Leaf Area Index, and water 

content). 
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PET IN CANYONS  
 

South façade North façade West façade East façade 

GREEN ROOF SCENARIO (GR3) IN THE EAST-WEST 
ORIENTED CANYON 

GREEN ROOF SCENARIO (GR3) IN THE NORTH-
SOUTH ORIENTED CANYON 

South façade North façade West façade East façade 

GREEN WALL SCENARIO (W3) IN THE EAST-WEST 
ORIENTED CANYON 

GREEN WALL SCENARIO (W3) IN THE NORTH-
SOUTH ORIENTED CANYON 

South façade North façade West façade East façade 

TREE SCENARIO (T3) IN THE EAST-WEST ORIENTED 
CANYON 

TREE SCENARIO (T3) IN THE NORTH-SOUTH 
ORIENTED CANYON 

South façade North façade West façade East façade 

BIORETENTION PLANTER SCENARIO (BP2) IN THE 
EAST-WEST ORIENTED CANYON 

BIORETENTION PLANTER SCENARIO (BP2) IN THE 
NORTH-SOUTH ORIENTED CANYON 

Figure 7.41. Impact of selected adaptation strategies on human thermal sensations in outdoor environments - 

street canyons (source: own elaboration). 
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In reality, the implementation of green roofs and walls might be connected with high 

maintenance costs, if these techniques are efficient. The implementation of trees in cities is 

considered to be the most effective of the green adaptation strategies. Aboelata & Sodoudi 

(2020) conducted a study in a warm desert climate zone (Cairo, Egypt). They considered 

two scenarios involving the implementation of tall greenery at 30%, and 50% in an area of 

dense, compact residential development. Reduction in thermal comfort index - PET was 1-

2˚C. This showed that the development structure had a greater effect on the modification of 

human thermal sensations than adaptation strategies. Also, blue infrastructure does not 

significantly reduce thermal discomfort. The study of Jacobs et al. (2020) confirmed the fact 

that the modification of PET values was small. The authors considered natural solutions in 

the form of canals, ditches, as well as urban ponds in the Netherlands. The maximum change 

that was observed was less than 1˚C (70% of the analyzed cases). 

The Nature Based Solution benefits in the forecourts of Lodz 

The impact of blue-green infrastructure in urban forecourt areas was limited. In the 

isolated inner forecourts, microclimatic conditions were not significantly improved. In 

terms of air temperature reduction, a change was observed for the solution involving the 

implementation of green roofs (Table 7.5.). The maximum reduction of this parameter was 

0.44˚C in the east-west oriented forecourt. However, this effect should be associated with 

the exchange of air masses, which after flowing over the vegetation fell into the forecourt 

(cooling effect). In the second case - north-south orientation - the solution efficiency was 

much lower. Reduction occurred only outside the building area, in the place where cooled, 

denser, and thus heavier air fell down. 

However, it is found that green roofs can contribute to the modification of thermal 

conditions of an area, despite having little impact on external weather conditions. Li et al. 

(2019) assessed the effectiveness of greenery implementation in the form of both horizontal 

(extensive system - grass covering of roof slopes) and vertical (leafy vegetation supported 

on an external structure) on service buildings with an internal forecourt in the city of 

Ningbo, China. They estimated that the use of green infrastructure contributed to improved 

indoor conditions. Cooling load reduction was 8.8% and heating load reduction was 1.85%. 

As a result, the energy efficiency of buildings was increased. 
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Table 7.5. Impact of green roofs on air temperature in urban forecourts. 

AIR TEMPERATURE DIFFERENCE 

 

 

 

 

South façade North façade West façade East façade 

GREEN ROOF SCENARIO (FGR3) IN THE EAST-

WEST ORIENTED FORECOURT 

GREEN ROOF SCENARIO (FGR3) IN THE 

NORTH-SOUTH ORIENTED FORECOURT 

Source: own elaboration. 

The introduction of living facades also has a limited effect on meteorological conditions 

in the outdoor environment (Figure 7.6.). It causes a slight reduction in air temperature in 

the squares inside the forecourt development. However, according to Zhang et al. (2019), it 

is considered as one of the more desirable adaptation solutions that contributes 

simultaneously to the energy efficiency of building structures, environmental, economic, 

social and aesthetic benefits. The authors assessed the impact of green walls on the ambient 

conditions of the Builidng Energy Efficiency Research Centre at the South China University 

of Technology in Guanghou, China. They estimated that the temperature of concrete 

exterior walls was 51.4˚C. Screening the partitions with vegetation resulted in a reduction 

of 14.2˚C. This resulted in more favorable thermal conditions inside the building, i.e. 

Air temperature difference in the forecourt with east-west orientation [˚C] - the north point (E-WN) 

Height (m) 
FGR FGR2 FGR3 

day night day night day night 

1.5m - 0.31 0 - 0.32 0 - 0.44 0 

5.5m - 0.26 0 - 0.26 0 - 0.38 0 

15.5m -  0.13 0 - 0.13 0 - 0.26 0 

Air temperature difference in the forecourt with north-south orientation [˚C] - the east point (N-SE) 

1.5m - 0.13 - 0.18 - 0.15 - 0.19 - 0.31 - 0.23 

5.5m - 0.12 - 0.19 - 0.14 - 0.19 - 0.31 - 0.24 

15.5m - 0.11 - 0.14 - 0.11 - 0.14 - 0.28 - 0.18 
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reduced air temperature by 3.5˚C. This improved the thermal sensation experienced by 

people inside the Research Centre. 

Table 7.6. Impact of green walls on air temperature in urban forecourts. 

AIR TEMPERATURE DIFFERENCE 

 

 

 

 

South façade North façade West façade East façade 

GREEN WALL SCENARIO (FW3) IN THE EAST-

WEST ORIENTED FORECOURT 

GREEN WALL SCENARIO (FW3) IN THE NORTH-

SOUTH ORIENTED FORECOURT 

Source: own elaboration. 

Modification of meteorological parameters in the external environment proves to be 

extremely difficult. The implementation of water reservoirs is of limited use in highly 

urbanized areas, especially within compact housing developments (Table 7.7.). Analyses 

conducted for the Metropolitan Area of Lodz showed a marginal effect of water reservoir 

on the ambient temperature (<0.10˚C). Such an effect was probably related to airflow, which 

was prevented in the forecourts. According to Jin et al. (2017), for the cooling effect of blue 

infrastructure to occur, proper ventilation of the area is essential. The authors conducted a 

study for a residential development in Harbin (China). They tested the effectiveness of 

Air temperature difference in the forecourt with east-west orientation [˚C] - the north point (E-WN) 

Height (m) 
FW FW2 FW3 

day night day night day night 

1.5m - 0.17 0.01 - 0.15 0.00 - 0.05 - 0.15 

5.5m - 0.12 0.02 - 0.10 0.01 - 0.01 - 0.11 

15.5m - 0.04 0.02 - 0.03 0.02 - 0.01 0.01 

Air temperature difference in the forecourt with north-south orientation [˚C] - the east point (N-SE) 

1.5m - 0.07 - 0.21 - 0.05 - 0.23 0.06 - 0.47 

5.5m - 0.07 - 0.21 - 0.05 - 0.23 0.05 - 0.46 

15.5m - 0.01 - 0.15 - 0.09 - 0.15 - 0.06 - 0.17 
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selected adaptation strategies. The implementation of water reservoirs with a large surface 

area resulted in a maximum temperature reduction of 4.4˚C. However, for the soothing 

effect to occur, the airflow had to be ensured (1.98 m/s). Then, the cooling effect of the 

solution could be felt even at a distance of 10m.  

Table 7.7. Impact of blue infrastructure on air temperature in urban forecourts. 

AIR TEMPERATURE DIFFERENCE 

 

 

 

 
South façade North façade West façade East façade 

WATER RESERVOIR SCENARIO (WR2) IN THE 

EAST-WEST ORIENTED FORECOURT 

WATER RESERVOIR SCENARIO (WR2) IN THE 

NORTH-SOUTH ORIENTED FORECOURT 

Source: own elaboration. 

The use of blue-green strategies does not allow a significant improvement in the thermal 

comfort of the outdoor environment. Drapella-Hermansdorfer & Gierko (2020) point out 

that within urban forecourts, the development geometry is crucial. It is the geometry that 

limits insolation and thus guarantees a much more favorable thermal sensation during hot 

summer days. Adaptation strategies can only support planning measures that are 

implemented in highly urbanized areas. This fact is confirmed by the research conducted in 

the Metropolitan Area of Lodz (Figure 7.42.). The application of selected blue-green 

Air temperature difference in the forecourt with east-west orientation [˚C] - the north point (E-WN) 

Height (m) 
WR WR2 

day night day night 

1.5m - 0.04 - 0.04 - 0.06 - 0.05 

5.5m - 0.02 - 0.04 - 0.04 - 0.04 

15.5m - 0.01 - 0.05 - 0.02 - 0.06 

Air temperature difference in the forecourt with north-south orientation [˚C] - the east point (N-SE) 

1.5m - 0.05 - 0.01 - 0.07 - 0.02 

5.5m - 0.04 - 0.01 - 0.06 - 0.02 

15.5m - 0.01 0 - 0.02 - 0.01 
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strategies did not guarantee the comfort conditions in urban forecourts. The change was 

minimal. This was influenced by meteorological parameters, including mean radiant 

temperature, air temperature, relative humidity, and wind velocity, which are taken into 

account when estimating the thermal comfort index. In this case - the isolated urban form 

of Lodz forecourts prevented the free airflow. 

Literature studies confirm that urban building parameters become a key issue. The 

introduction of natural adaptation strategies translates, to a small extent, into an 

improvement of meteorological parameters and, therefore, of thermal comfort perceived by 

humans. Acero et al. (2019) assessed the effectiveness of vertical greenery implementation 

in a forecourt surrounded by high-rise buildings in Singapore. This was an area of 

considerable size (399 m x 414 m). Free airflow was guaranteed between the buildings 

located around the forecourt. As a result, the spatial-mean PET reduction was 4˚C at the 

east facade, which receives a lot of daytime sunlight. A much smaller effect was observed 

when blue infrastructure elements were applied. According to Sözen & Oral (2019), who 

conducted a study in Mardin, Turkey, the maximum PET reduction was 1.4˚C. They 

confirmed that the impact of blue-green strategies was dependent on the development 

dimensions, height-to-width ratio, and the number of layout openings. 

PET IN FORECOURTS 

 

  
South façade North façade West façade East façade 

GREEN ROOF SCENARIO (FGR3) IN THE EAST-

WEST ORIENTED FORECOURT 

GREEN ROOF SCENARIO (FGR3) IN THE 

NORTH-SOUTH ORIENTED FORECOURT 

Figure 7.42. Impact of selected adaptation strategies on human thermal sensation in outdoor environments - 

urban forecourts (source: own elaboration). 
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South façade North façade West façade East façade 

GREEN WALL SCENARIO (FW3) IN THE EAST-

WEST ORIENTED FORECOURT 

GREEN WALL SCENARIO (FW3) IN THE NORTH-

SOUTH ORIENTED FORECOURT 

  
South façade North façade West façade East façade 

WATER RESERVOIR SCENARIO (WR2) IN THE 

EAST-WEST ORIENTED FORECOURT 

WATER RESERVOIR SCENARIO (WR2) IN THE 

NORTH-SOUTH ORIENTED FORECOURT 

Figure 7.42. Continuation. 
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CHAPTER VIII. INDOOR THERMAL CONDITIONS 

European Union countries are involved in leading efforts to develop a sustainable, 

secure and low-carbon energy system. A set of policy initiatives, called the European Green 

Deal, was announced in September 2020 (European Commission, European Green Deal, 

2020). It aims to reduce greenhouse gas emissions by at least 40% by 2030 (compared to 

1990). The key issue is to improve the energy efficiency of buildings, especially with regard 

to historic buildings located in the inner cities. They are considered to be the most sensitive 

to changes in external weather conditions (European Commission, Climate and Energy 

Policy Framework to 2030, 2020). 

For more than a decade, there has been a proposal to improve the energy efficiency of 

existing buildings, including cultural heritage sites in Poland. The provisions are included 

in the Directive (EU) 2018/844 of the European Parliament and of the Council of 30 May 

2018 amending Directive 2010/31/EU on the energy performance of buildings and Directive 

2012/27/EU on energy efficiency (Text with EEA relevance)(2018). Activities will cover 

both the transformation of building structures and the implementation of passive and active 

technical systems. It is assumed that natural adaptation strategies, including elements of 

blue-green infrastructure, will contribute to reduction of energy demand. Green roofs and 

living facades are mentioned as basic solutions. In addition, the above-mentioned directives 

draw attention to the shaping of microclimatic parameters in the rooms. Increasing the 

quality of indoor environment is supposed to translate into improvement of, among others, 

thermal comfort of users (the Directive (EU) 2018/844 of the European Parliament and of 

the Council, 2018). 

This chapter presents an attempt to integrate the existing knowledge of urban 

climatology with building physics. The conducted series of analyses (described in Chapter 

VI. Numerical simulation of microclimatic and thermal conditions, Chapter VII. Influence 

of adaptation strategies on external environment) allowed for the evaluation of 

microclimatic conditions prevailing in the areas of typical for the Metropolitan Area 

development forms (street canyons, as well as city forecourts). At a further stage of the 

study, the information was used to determine internal thermal comfort. The impact of 

adaptation strategies, such as green roofs and living facades, on indoor thermal comfort 

parameters of buildings was considered. 
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The impact of adaptation strategies on thermal comfort 

Passive strategies are among the solutions that can be used to modify the energy 

performance of buildings. If done correctly, the conversion project will contribute to a 

reduction in energy demand (reduced need for heating and cooling). The change of 

characteristics will translate into a higher comfort level, as well as the well-being of users. 

In this study, the impact of adaptation strategies, which were (1) green roofs (GR 

scenario), and (2) green walls (GW scenario) on selected indoor thermal comfort parameters 

was analyzed. The information on the residential building located at the crossroad of 

Jaracza/Piotrkowska Streets (address: Jaracza 1), in the inner city, in the Metropolitan Area 

of Lodz, was used for the assessment. The data were obtained from archival databases of 

public institutions, including the City Conservator of Monuments and the City Surveying 

Centre. On their basis, a prototype of a room intended for human habitation was made. The 

horizontal projection of a residential building with services on the ground floor, made at the 

height of the second storey (the level of residential premises in the strict city center) was 

used. For building partitions, the parameters described in Chapter IV. Selection of urban 

forms have been adopted. The analyses included thermal conditions in the living room 

(Appendix B, Figure 8.1.).20 It was assumed that the room is located on the south building 

side. Consequently, the maximum influence of external weather conditions on the thermal 

comfort was taken into account (the southern facade was subjected to the strongest 

insolation)(Figure 8.2.). Fully adiabatic conditions were assumed for the external partitions 

of the analyzed room, except the external southern elevation. 

The structures included in the model are shown in Figure 8.3. - 8.4. Their influence on 

the thermal conditions inside the living rooms was estimated using DesignBuilder software.  

The computational model of green roof used in DesignBuilder is discussed below. Next, 

the effect of selected passive strategies on the thermal sensation of living room occupants 

located in a multi-storey residential building has been described. 

 

 
20 To conduct analyses of thermal conditions, including internal thermal comfort, the DesignBuilder program 

was used. It was required to create model of a room intended for permanent human habitation. It resulted from 

the fact that thermal sensations are determined separately for each room in the building. 
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Figure 8.1. The living room parameters used to create the prototype (source: own elaboration). 

 

Figure 8.2. The living room model of a residential building in the Metropolitan Area of Lodz (source: own 

elaboration). 
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Figure 8.3. The construction of green roof - RTR2021/GR scenario (source: own elaboration). 

 

Figure 8.4. The construction of green wall - WTR2021/GR scenario (source: own elaboration). 

The model of green adaptation strategies 

Analyses of the effects of selected adaptation strategies on indoor thermal comfort were 

conducted in EnergyPlus software with DesignBuilder interface. The modular structure of 

the application allowed the implementation of Sailor’s model (2008), which was based on 

the fast all season soil strength model (FASST) developed by Frankenstein and Koening for 

the US Army Corps of Engineers (2004). It considered the long, short wavelengths 

exchanges by the soil and vegetation, effects of greenery on convective (sensible heat) 

thermal flow, evapotranspiration (latent heat) through soil and vegetation, heat storage and 

transfer through the substrate (Figure 8.5.). 

 
 DesignBuilder requires plantings of greenery directly on the substrate layer. In order to investigate the 

influence of climbing vegetation on the thermal conditions prevailing in buildings, it is necessary to modify 

the software settings. A structure made of brick can be adopted as an 'imitation' of the substrate layer by 

modifying the parameters of the material. 
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Figure 8.5. Simplified representation of the energy balance in the passive construction (source: on the basis 

of Sailor, 2008, Kumar, 2017). 

The impact of selected passive strategies on the thermal conditions in the interior of 

buildings is estimated based on the one-dimensional Sailor’s model. The main heat fluxes 

that describe the foliage energy balance are given by (Equation 8.1.) the short and longwave 

radiation absorption and longwave radiation emitted by the foliage, (Equation 8.2.) the 

longwave radiation exchange between the foliage and the soil surface, (Equation 8.3.) the 

convection heat exchange between the foliage and the air in the canopy, (Equation 8.4.) the 

latent heat flux by evapotranspiration in the foliage. 

൫𝜎௙ൣ𝐼௦൫1 − 𝛼௙൯ +  𝜀௙𝐼௜௥ −  𝜀௙𝜎𝑇௙
ସ൧൯         Equation 8.1. 

where: 𝜎௙ is the foliage fraction coverage, 𝐼௦ is the total solar irradiance (W/m2), 𝛼௙ is the 

shortwave albedo of the foliage layer, 𝜀௙ is the foliage emissivity, 𝐼௜௥ is the total infrared 

irradiance (W/m2), 𝜎 is the Stafan-Boltzman constant (5.67x10-8 W/m2K4), 𝑇௙ is the foliage 

surface temperature (˚C). 

ቆ
ఙ೑ఌ೑ఌೞఙ

ఌ೑ା ఌೞି ఌ೑ఌೞ
൫𝑇௢

ସ −  𝑇௙
ସ൯ቇ      Equation 8.2. 

where: 𝜀௦ is the ground emissivity, 𝑇௢ is the soil surface temperature (˚C). 

ቀ𝐻௙ =  ൫1.1 × 𝐿𝐴𝐼𝜌௔௙𝑐௣𝐶௙𝑊௔௙൯ × ൫𝑇௔௙ −  𝑇௙൯ቁ  Equation 8.3. 

where: 𝐻௙ is the heat sensible flux (W/m2), LAI is leaf area index (m2/m2), 𝜌௔௙ is density of 

air at foliage temperature (kg/m3), 𝑐௣ is specific heat of air at constant pressure (1005.6 
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J/kg˚C), 𝐶௙ is the bulk heat transfer coefficient, 𝑊௔௙ is the wind speed within the canopy 

(m/s), 𝑇௔௙ is the air temperature within the canopy (˚C). 

ቀ𝐿௙ =  𝑙௙  ×  𝐿𝐴𝐼𝜌௔௙𝐶௙𝑊௔௙𝑟ᇱᇱ ×  ൫𝑞௔௙ −  𝑞௙,௦௔௧൯ቁ  Equation 8.4. 

where: 𝐿௙ is foliage latent heat flux (W/m2), 𝑙௙ is latent heat of vaporization at ground 

temperature (J/kg), 𝑟ᇱᇱ is the surface wetness factor, 𝑞௔௙ is mixing ratio for air within foliage 

canopy, 𝑞௙,௦௔௧ is saturation mixing ratio at foliage temperature. 

On the basis of the Equations 8.1. - 8.4. the foliage energy balance is assessed (Equation 

8.5.). 

𝐹௙ =  𝜎௙ൣ𝐼௦൫1 − 𝛼௙൯ +  𝜀௙𝐼௜௥ − 𝜀௙𝜎𝑇௙
ସ൧ + 

ఙ೑ఌ೑ఌೞఙ

ఌ೑ା ఌೞି ఌ೑ఌೞ
൫𝑇௢

ସ − 𝑇௙
ସ൯ +  𝐻௙ +  𝐿௙  Equation 8.5. 

The heat balance of the soil surface is the resultant of the (Equation 8.6.) the short and 

longwave radiation absorption and longwave radiation emission of the soil, (Equation 8.2.) 

the longwave radiation exchange between the foliage and the soil surface, (Equation 8.7.) 

the convection heat exchange between the soil and the air in the canopy, (Equation 8.8.) the 

latent heat flux by evapotranspiration in the soil, (Equation 8.9.) the heat flux conducted 

through the soil. 

ቀ൫1 −  𝜎௙൯ൣ𝐼௦൫1 −  𝑎௚൯ +  𝜀௦𝐼௜௥ −  𝜀௦𝑇௢
ସ൧ቁ   Equation 8.6. 

where: 𝑎௚ is the shortwave albedo of the ground. 

ቀ𝐻௚ =  𝜌௔௚𝑐௣𝐶௛
௦𝑊௔௙  ×  ൫𝑇௔௚ −  𝑇௢൯ቁ   Equation 8.7. 

where: 𝐻௚ is the ground sensible heat flux (W/m2), 𝑇௔௚ is the air temperature within the 

canopy (Kelvin), 𝐶௛
௦ is the bulk coefficient, 𝜌௔௚ is the density of air near the soil surface 

(kg/m3). 

൬ቀ𝐿௚ =  𝐶௛
௚

𝑙௙𝑊௔௙𝜌௔௚  ×  ൫𝑞௔௙ −  𝑞௚൯ቁ൰   Equation 8.8. 

where: 𝐿௚ is ground latent heat flux (W/m2), 𝐶௛
௚ is sensible heat flux bulk transfer coefficient 

at ground layer, 𝑞௚ is mixing ratio at ground temperature. 

ቀ𝐾 × 
డ ೚்

డ௭
ቁ       Equation 8.9. 
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where: 𝐾 is the ground thermal conductivity, z is the depth of the soil. 

The abbreviated  soil energy balance is given by the Equation 8.10. 

𝐹௚ =  ൫1 −  𝜎௙൯ൣ𝐼௦൫1 −  𝑎௚൯ +  𝜀௦𝐼௜௥ −  𝜀௦𝑇଴
ସ൧ −  

𝜎௙𝜀௙𝜀௦𝜎

𝜀௙ +  𝜀௦ −  𝜀௙𝜀௦

൫𝑇଴
ସ −  𝑇௙

ସ൯ +  𝐻௚ +  𝐿௚ + 𝐾 ×  
𝜕𝑇଴

𝜕𝑧
 

Equation 8.10. 

Heat fluxes are highly dependent on the foliage fraction coverage, which represents the 

degree of shading of the surface by greenery. The parameter is dependent on the Leaf Area 

Index, i.e. the projected area of leaves divided by the soil surface area (Equation 8.11.). 

𝜎௙ = 1 − 𝑒𝑥𝑝(−0.75 × 𝐿𝐴𝐼)    Equation 8.11. 

The presented computational model, implemented in DesignBuilder software, has been 

used to assess the impact of passive adaptive strategies on the thermal conditions in the 

rooms of a residential building located in the Metropolitan Area of Lodz. The research 

covered building structure as well as building materials characteristic for the historic city 

center (see Chapter IV. Selection of urban forms). Selected passive solutions, i.e. green 

roofs and living facades, were taken into account (more in Chapter VII. Influence of 

adaptation strategies on external environment).  

The parameters of computational models of the passive adaptation strategies that were 

used in this study are presented in Table 8.1. - 8.2. The automatic settings of the application 

were modified in order to take into account the specificity of selected natural solutions. 

Changes were made for: height of plants, Leaf Area Index, leaf reflectivity, leaf emissivity, 

minimum stomatal resistance, max volumetric moisture content at saturation, min residual 

volumetric moisture content, and initial volumetric moisture content. 

Table 8.1. Parameters of computational models of the applied adaptation strategies (roof). 

The scenario connected with the modification of the roof construction 

Scenarios Thickness Heat transfer coefficient (U - value) 

Last Floor (LF) 32 cm 2.54 W/(m2∙K) 

Green Roof (GR) 62 cm 2.54 W/(m2∙K) 

Roof Technical Requirements 2021 

(RTR2021) 
54 cm 0.15 W/(m2∙K) 

Roof Technical Requirements 

2021/Green Roof (RTR2021/GR) 
84 cm 0.15 W/(m2∙K) 
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Table 8.1. Continuation. 

Parameters of the vegetation layer 

Height of plants 0.30 m 

Leaf area index (LAI) 1.5 m2/m2 

Leaf reflectivity (𝛼௙) 0.22 

Leaf emissivity (𝜀௙) 0.95 

Minimum stomatal resistance 180 s/m 

Max volumetric moisture content at saturation 0.44 

Min residual volumetric moisture content 0.01 

Initial volumetric moisture content 0.15 

Source: own elaboration. 

Table 8.2. Parameters of computational models of the applied adaptation strategies (outer wall). 

The scenario connected with the modification of the wall construction 

Scenarios Thickness Heat transfer coefficient (U - value) 

Living Zone (LZ) 66 cm 0.60 W/(m2∙K) 

Green Wall (GW) 96 cm 0.60 W/(m2∙K) 

Wall Technical Requirements 2021 

(WTR2021) 
78 cm 0.20 W/(m2∙K) 

Wall Technical Requirements 

2021/Green Wall (WTR2021/GW) 
108 cm 0.20 W/(m2∙K) 

Parameters of the vegetation layer 

Height of plants 0.30 m 

Leaf area index (LAI) 1.5 m2/m2 

Leaf reflectivity (𝛼௙) 0.22 

Leaf emissivity (𝜀௙) 0.95 

Minimum stomatal resistance 180 s/m 

Max volumetric moisture content at saturation 0.11 

Min residual volumetric moisture content 0.01 

Initial volumetric moisture content 0.11 

Source: own elaboration. 
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Thermal conditions in the rooms of residential building located in the Metropolitan 

Area of Lodz 

Passive solutions - roofs 

The study investigated the effectiveness of implementing adaptation strategies on 

residential buildings in the Metropolitan Area of Lodz. The following scenarios were 

considered: 

 Last Floor (LF): thermal conditions in rooms located at the height of the last floor. 

Considered as a baseline scenario. 

 Green Roof (GR): implementation of a green roof. The structure is shown in Figure 8.3. 

(without the insulation layer). 

 Roof Technical Requirements 2021 (RTR2021): the design included the use of an 

additional insulation layer for the building envelope (22 cm). This was implemented to 

meet current regulatory requirements for renovated buildings (Figure 8.3. - without the 

vegetation layer). 

 Roof Technical Requirements 2021/Green Roof (RTR2021/GR): the scenario assumed 

implementation of roof insulation. The outer layer was an extensive green roof (Figure 

8.3.). 

The impact of passive natural solutions on indoor thermal comfort was considered. It 

was estimated in living rooms located in the residential zone (at the level of occurrence of 

dwelling units). For this purpose, the created living room prototype with southern exposure 

was used. Simulations were carried out for the hottest day of the Typical Meteorological 

Year.  

The assessment also included an alternative scenario (RTR2021). Adaptation of the 

residential building to the requirements of the Regulation Of The Minister Of Infrastructure 

Of 12 April 2002 On Technical Conditions, Which Should Correspond To The Buildings 

And Their Location (2002) was considered. The building structure was modified. Insulation 

material was implemented on the roof (thickness: 22 cm). Finally, according to the legal 

requirements of the Regulation (2002), an appropriate value of the heat transfer coefficient 

was obtained (Uc < 0.15 [W/(m2 ∙K)]).  

The last scenario (RTR2021/GR) involved a combination of existing building solutions 

along with passive adaptation strategies. The building was insulated. An extensive green 

roof was used as a natural solution. The simulation results are shown in Figure 8.6. 
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The analyses showed that implementation of an extensive green roof on the residential 

building improved the internal thermal comfort of the occupants. The operative temperature 

was reduced by 0.28˚C (24-hour average value). Although this is a relatively small change, 

the impact of the passive solution on the external microclimate conditions should be kept in 

mind (Chapter VII. Influence of adaptation strategies on external environment). Moreover, 

green roofs provide numerous non-climatic benefits. 

Modification of roof covering (introduction of additional insulation) turned out to be a 

more effective solution. Meeting the minimum legal requirements of the Regulation (2002) 

for buildings undergoing reconstruction allowed for an improvement in the quality of indoor 

environment. The thermal comfort index was reduced by 1.79˚C. However, this was a 

strategy related to significant reduction in the heat transfer coefficient for the envelope. In 

this case, there was no additional impact on the microclimatic conditions in the external 

environment. 

The last one was related to the combination of material solutions with natural design 

(RTR2021/GR). This was the most effective of the scenarios considered. The users’ thermal 

sensations were reduced by 1.84˚C. 

 

Figure 8.6. Operative temperature (scenarios related to roof structure modification)(source: own elaboration). 

Passive solutions - walls 

Passive solutions that are related to the use of green walls are considered as an effective 

method to improve both the microclimatic conditions of external environment and internal 

thermal comfort. Therefore, scenarios involving structural modification of the external 

building envelope of rooms located in the living zone were analyzed, i.e.: 
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 Living Zone (LZ): thermal conditions prevailing in rooms located at the residential level 

in the Metropolitan Area of Lodz. Treated as a baseline scenario. 

 Green Wall (GW): implementation of a green wall. The design is shown in Figure 8.4. 

(without insulation layer). 

 Wall Technical Requirements 2021 (WTR2021): implementation of additional 

insulation of the building envelope (thickness: 22 cm)(Figure 8.4. - without the 

vegetation layer). As a result, the minimum requirements of the Regulation (2002) on 

thermal insulation for renovated buildings have been met. 

 Wall Technical Requirements 2021/Green Wall (WTR2021/GW): the living room 

envelope was insulated. In addition, extensive green wall construction was implemented 

(Figure 8.4.). 

If the building was modernized, it would be necessary to adapt it to the current legal 

requirements. The Regulation Of The Minister Of Infrastructure Of 12 April 2002 On 

Technical Conditions, Which Should Correspond To The Buildings And Their Location 

(2002) includes provisions concerning thermal insulation of external partitions (walls). 

From January 2021, in accordance with §134(2) of the Regulation (2002), the heat transfer 

coefficient is Uc < 0.20 [W/(m2 ∙K)]. Therefore, the alternative scenario that involves 

implementation of an additional insulation layer of the building was considered. The results 

are presented in Figure 8.7. 

As the analysis showed, the most effective solution to significantly improve the internal 

thermal conditions was the implementation of vegetation in the external building envelope. 

Thermal comfort index decreased by 2.41˚C. In practice, planting the building walls with 

vegetation would translate into improved internal conditions. The modification would also 

include external environmental parameters (see Chapter VII. Influence of adaptation 

strategies on external environment). In the very center of cities, the strategy could be 

implemented, as an external structure, even on historic buildings. 

In case of object modernization, it would be necessary to adapt the structure to legal 

requirements (scenario WTR2021/GW). The analysis of study results indicates that the 

combination of material solutions (insulation of the building) along with the application of 

natural solutions (green walls) would allow to reduce the thermal comfort index by 1.69˚C. 

This is a significant change that would contribute to the improvement of energy performance 

of the building. The effect would be to reduce the use of internal technical installations 

(heating/cooling system). 
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The last case - scenario WTR2021 - was the least effective strategy. The reduction in 

operating temperature was 0.99˚C. 

 

Figure 8.7. Operative temperature (scenarios related to modification of living space wall structures)(source: 

own elaboration). 
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CHAPTER IX. DISCUSSION 

9.1. The influence of urban form on microclimatic conditions and outdoor thermal 

comfort 

The building layout geometry is considered a key factor in shaping the meteorological 

conditions in highly urbanized areas. According to Deng & Wong (2020), the Aspect Ratio, 

which expresses the layout proportions, i.e. the building height ratio in relation to the space 

width between buildings, affects the environmental parameters of public spaces. 

Complementing adaptation strategies, it will translate into reduction of insolation of the 

area, as well as modification of airflow, especially in the pedestrian movement zone (De & 

Mukherjee, 2018). Thus, it will have the effect of improving thermal sensations experienced 

in the outdoor environment. Therefore, it should be taken into account during the 

transformation of urban layouts, including at the initial stages of agreement - creation of 

provisions of local spatial development plans. 

This study analyzed the influence of building geometry on thermal conditions of an area. 

Scenarios for street canyons (Low Ratio (LR, AR ≈ 0.4), Mean Ratio (MR, AR ≈ 0.9) and 

High Ratio (HR, AR ≈ 1.1)), as well as for urban forecourts (Low Forecourt (LF, AR ≈ 0.6), 

Mean Forecourt (MF, AR ≈ 1.2) and High Forecourt (HF, AR ≈ 1.9)) were considered. Two 

orientations were included: east-west and north-south, which resulted from the 

checkerboard layout of the city structure. The scenarios are discussed in detail in Chapter 

VI. Numerical simulation of microclimatic and thermal conditions. 

The results confirm the influence of building parameters on thermal conditions in the 

street canyon areas (Figure 9.1.). The most favorable situation was observed for the scenario 

where the height of building structures was 21 m. They contributed to effective reduction 

of solar radiation and thus lowering the temperature inside the street canyon. The building 

structures’ walls were protected from daytime heating. The floor temperature was much 

lower. With the direction of air inflow parallel to the axis of street canyons, improved 

anemometric conditions were observed (canyon with east-west orientation). In other cases, 

less favorable thermal conditions were observed. 
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AIR TEMPERATURE IN CANYONS 

EAST-WEST ORIENTATION NORTH-SOUTH ORIENTATION 

South façade North façade West façade East façade 

LOW RATIO SCENARIOS 

South façade North façade West façade East façade 

MEAN RATIO SCENARIOS 

South façade North façade West façade East façade 

HIGH RATIO SCENARIOS 

 

Figure 9.1. Air temperature in east-west oriented canyons (the left column), in north-south oriented canyons 

(the right column), during the warmest day of the Typical Meteorological Year (05.07.2015)(source: own 

elaboration). 

The influence of layout proportions on climatic conditions is emphasized in numerous 

scientific studies. Deng & Wong (2020) conducted a study on the effect of geometry of 

street canyon layouts on thermal parameters in Nanjing, China. Layouts with varying Aspect 

Ratios (from AR = 1 to AR = 8) were considered. It was shown that less comfortable thermal 
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conditions were observed for shallow canyons (AR ≤ 1). The building heights were too low 

to effectively reduce the insolation of an area, thus affecting the ambient temperature. Only 

for deeper canyons the thermal conditions were observed to improve. The north-south 

orientation of the structures was considered favorable. Then, the canyons were subject to 

less daytime heating. Solar hours were much shorter than in canyons with east-west 

orientation. Such a relationship was also evident for Lodz. 

In addition to the direct relation to meteorological conditions, the influence of building 

geometry on thermal sensations experienced by humans in street canyon spaces is also 

observed. Sözen & Oral (2019) conducted a study in Mardin, Turkey. The authors showed 

that the improvement of conditions took place for deep canyons (AR>1). The higher the 

building structure that formed the canyons’ frontage, the greater the reduction of comfort 

index, PET. It was reduced to 39-42˚C, conditions described as ‘hot’-’very hot’. In the 

present study, i.e., elevating the development to a height of 21 meters (Aspect Ratio ≈ 1.1), 

thermal sensations were reduced to the ‘hot’ level in the pedestrian movement zone (Figure 

9.2.). In other cases, sensations as high as ‘extreme heat stress’ (PET > 53˚C) were recorded. 

PET IN CANYONS  

 
EAST-WEST ORIENTATION NORTH-SOUTH ORIENTATION 

South façade North façade West façade East façade 
LOW RATIO SCENARIOS 

South façade North façade West façade East façade 

MEAN RATIO SCENARIOS 

Figure 9.2. PET in east-west oriented canyons (the left column), in north-south oriented canyons (the right 

column), during the warmest day of the Typical Meteorological Year (05.07.2015)(source: own elaboration). 
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South façade North façade West façade East façade 

HIGH RATIO SCENARIOS 

Figure 9.2. Continuation. 

Studies carried out for urban forecourts in the Metropolitan Area of Lodz show 

different relationships (temperate climate zone). Much more favorable thermal conditions 

were recorded when the building height was at least 4 storeys (Figure 9.3.). When the 

buildings were 6 storeys high, the thermal conditions within the forecourts were relatively 

stable (air temperature around 32˚C). Rodríguez-Algeciras et al. (2018) point out that the 

north-south orientation is more favorable. Studies conducted in the Metropolitan Area of 

Lodz confirm this assumption. Forecourt areas with a north-south orientation showed (1) 

shorter sunhours, (2) lower ambient temperature, (3) and also lower pavement temperature 

compared to forms with an east-west orientation. However, it became a problematic issue 

with these types of structures to ensure free airflow. The facilities effectively prevented the 

exchange of air masses within the forecourts. 

Modification of building heights in highly urbanized areas remains a controversial issue. 

On the one hand, studies show that raising the height of buildings contributes to improving 

thermal conditions. The solar radiation is limited, thanks to which building materials absorb 

less heat. This reduces the ambient temperature and improves thermal comfort, especially 

at the pedestrian level (Figure 9.4.). However, higher buildings result in poorer airflow in 

urban areas, aerodynamic phenomena causing local air turbulence and deterioration of 

aerosanitary conditions (accumulation of pollutants). 

It is not always possible to raise the building heights to the assumed level. This is due 

to technical and constructional aspects, as well as legislative restrictions related to the 

provisions of local spatial development plans, especially for historic buildings. In the areas 

of historic urban layouts we deal with complexes of buildings and single structures under 

legal protection. The respect for cultural heritage becomes an important issue. 
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AIR TEMPERATURE IN CANYONS 
EAST-WEST ORIENTATION NORTH-SOUTH ORIENTATION 

  
South façade North façade West façade East façade 

LOW FORECOURT 

  
South façade North façade West façade East façade 

MEAN FORECOURT 

  
South façade North façade West façade East façade 

HIGH FORECOURT 

 
Figure 9.3. Air temperature in east-west oriented urban forecourts (the left column), in north-south oriented 

urban forecourts (the right column), during the warmest day of the Typical Meteorological Year 

(05.07.2015)(source: own elaboration). 
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PET IN CANYONS  

 
EAST-WEST ORIENTATION NORTH-SOUTH ORIENTATION 

  
South façade North façade West façade East façade 

LOW FORECOURT 

  
South façade North façade West façade East façade 

MEAN FORECOURT 

  
South façade North façade West façade East façade 

HIGH FORECOURT 

Figure 9.4. PET in east-west oriented urban forecourts (the left column), in north-south oriented urban 

forecourts (the right column), during the warmest day of the Typical Meteorological Year 

(05.07.2015)(source: own elaboration). 
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A sustainable approach to urban transformation becomes a challenge for designers. It is 

very often a compromise between preserving historical structures and improving the 

residents’ living conditions. 

9.2. The influence of external environment on indoor thermal comfort 

Immediate action to mitigate the effects of climate change has been advocated for a 

decade. Developments in the building sector become a key issue. Integration of material 

solutions along with passive natural adaptation strategies is mentioned as one of the 

concepts. Implementation of vegetation in the form of horizontal (green roofs) and vertical 

(green walls) aims at modification of the climatic conditions with simultaneous minor 

changes in the spatial development of the area. The effect is to improve outdoor 

environmental performance, provide water retention, enrich biodiversity, or increase energy 

efficiency of buildings (Khotbehsara, 2019). 

The present study included an evaluation of the effectiveness of passive adaptation 

strategies on residential buildings located in the Metropolitan Area of Lodz (Chapter 8.1. 

The impact of adaptation strategies on thermal comfort). The actions considered were 

related to changing the roof covering of existing buildings and those undergoing 

modernization. In the first case, an extensive green roof (GR scenario) was implemented on 

a multi-storey building that had not been insulated. The analyses showed that it influenced 

both the modification of meteorological conditions in the external environment (Rozdz. VII. 

Influence of adaptation strategies on external environment) and internal thermal conditions 

(8.1. The impact of adaptation strategies on thermal comfort). The operative temperature, 

which is an indicator of thermal comfort of users, was reduced. In the second case the 

modernized buildings, fulfilling the requirements included in the Regulation Of The 

Minister Of Infrastructure Of 12 April 2002 On Technical Conditions, Which Should 

Correspond To The Buildings And Their Location (2002), were taken into consideration. In 

modernized buildings, which meet the requirements of thermal protection, no significant 

influence of the adaptation strategy on thermal comfort inside the rooms was noticed 

(RTR2021/GR). This was due to the use of an additional thermal insulation layer, located 

directly under the substrate layer, which effectively reduced the influence of external 

conditions on building performance. 

The impact of passive solutions depends on local conditions (climate zone, terrain, or 

building structure)(Table 9.1. - 9.2.). Li et al. (2019) conducted a study in Ningbo, China 

(warm temperate climate zone). The study investigated the use of horizontal (extensive 
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green roof) and vertical systems (climbing vegetation on an external structure) on a service 

facility. They showed that the implementation of green adaptation strategies resulted in a 

reduction of air temperature in the building (up to 1˚C). The result was a reduction in energy 

demand for cooling (8.83%) and heating (1.85%). 

Studies on the effectiveness of green roof application on a residential building were 

conducted by Gargari et al. (2016). The building constituted part of a complex that was built 

to meet the housing needs of the residents of Pisa, Italy (in a warm temperate climate zone). 

The municipal authorities decided to carry out adaptation measures due to the requirements 

of EU regulations, which require the improvement of building energy efficiency. Extensive 

and intensive design scenarios were considered. They were differentiated in terms of plant 

height, foliage index (LAI), and insulation material used (with/without EPS). 

Table 9.1. Study of the influence of green roof construction on the thermal comfort of building occupants. 

Development Climate zone Reduction of the comfort index 

Li et al. (2019) 
Ningbo, China 

Moderately warm climate 
1˚C 

Gargari et al. (2016) 
Pisa, Italy 

Moderately warm climate 
2˚C 

Niachou et al. (2001) 
Loutraki, Greece 

Moderately warm climate 
2˚C 

Ragab & Abdelrady (2020) 
Cairo, Alexandria, Aswan, Egypt 

Warm desert climate 
3-4˚C 

Source: own elaboration. 

Analysis of the study results by Gargari et al. (2016) showed that implementation of an 

extensive green roof reduces the temperature of roof envelope by 25˚C. This translates into 

thermal sensations of the room occupants. The comfort index, which is the operative 

temperature, can be reduced by ~1˚C. The effect is even greater when considering intensive 

construction. Reduction of indoor air temperature occurs with intensification of vegetation 

density, as well as the use of a thicker layer of substrate as an additional layer of building 

insulation. 

It turns out that the effectiveness of passive strategy is dependent on the geographical 

location. The higher the outside air temperature, the greater the impact of green roofs on 

thermal conditions inside buildings. The key parameters are the type of construction 
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(insulation layer occurring directly under the substrate), the thickness of substrate, and the 

vegetation implemented. 

The analyses were also carried out for the construction involving implementation of 

climbing vegetation on the external partitions of a residential building located in the 

Metropolitan Area of Lodz. Adaptation strategy contributed to significant improvement of 

microclimate conditions. It reduced outdoor air temperature, limited the heating of building 

walls, and thus allowed modification of indoor environmental parameters (see Chapter VII. 

Influence of adaptation strategies on external environment and Chapter VIII. Indoor thermal 

conditions). Thermal comfort index, which was the operative temperature, was reduced by 

as much as 2.41˚C (average daily value). This was more effective solution, in terms of 

indoor thermal conditions, compared to the implementation of extensive green roof. 

According to Shaheen et al. (2020), the implementation of climbing vegetation on the 

facades of buildings can translate into a significant improvement in thermal conditions. The 

authors conducted a study for public building located in Cairo, Egypt. A double skin green 

facade was used, which is a design that involves leaving free space between the external 

building envelope and the natural layer. The most efficient scenario involved 1.5m of free 

space (wall - climbing vegetation). The result was a reduction in the thermal comfort index 

of 2-3˚C. 

Table 9.2. Study of the influence of green wall construction on the thermal comfort of building occupants. 

Development Climate zone Reduction of the comfort index 

Shaheen et al. (2020) 
Cairo, Egypt 

Warm desert climate 
2-3˚C 

Assimakopoulos et al. (2020) 
Athens, Greece 

Continental Mediterranean climate 
0.5˚C 

Mabdeh et al. (2020) 

Jordan 

Mediterranean/continental 

subtropical climate 

1-2˚C 

Djedjig et al. (2013) 
Athens, Greece 

Continental Mediterranean climate 
1.5˚C 

Source: own elaboration. 

Assimakopoulos et al. (2020) point out that green walls form a shading installation. They 

provide a mechanism to mitigate adverse outdoor conditions. However, their effect is 
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dependent on the designed structure. The effect depends on the thermal insulation materials 

of building walls, the type of substrate, and the amount of greenery implemented. The 

authors conducted a series of analyses on the implementation of passive adaptation 

strategies on a residential building located in Athens, Greece. They showed that (1) the type 

of thermal insulation material affects the energy efficiency of buildings, (2) the effect of 

green walls on climatic parameters is most intense during the summer, (3) the type of 

vegetation used results in thermal comfort for the occupants of rooms located in residential 

structures. However, in this case, the achieved result, i.e. reduction of operative temperature, 

was at the level of 0.5˚C. This represented a slight improvement in thermal sensation. 

9.3. Recommendation for planners  

The adaptation of urban structures to climate change has become a challenge for 

building, architecture and urban planning professionals. Adaptation activities cover various 

spatial scales, starting from the scale of the whole city, through activities carried out within 

quarters and ending with individual buildings. They all lead to the improvement of climate 

conditions and human thermal comfort in urban spaces. 

Based on a thorough analysis of the selected cases, planning guidelines were developed 

in the form of recommendation sheets for typical urban forms found in the Metropolitan 

Area of Lodz. Sheets for street canyons and urban forecourts are presented below, taking 

into account their orientation with respect to the world’s directions. 

 

RECOMMENDATION SHEET 

EAST-WEST ORIENTED  

STREET CANYON  

 

Guidelines for the implementation of blue-green infrastructure elements 

(1) Implementation of green roofs with a minimum of 50% roof slope coverage, 

particularly on structures forming the south frontage of the canyon. 

Objective: reduction of ambient temperature, with the provision that more favorable 

conditions in the pedestrian movement zone will occur with air inflow perpendicular to 

the canyon axis; reduction of roof slope temperature. 
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(2) Creation of green walls with a minimum of 40% of facade, with a recommendation 

for use on the north canyon frontage. 

Objective: reduction of ambient temperature; reduction of solar radiation absorption by 

building walls. 

(3) Implementation of tall greenery, subject to the planting of deciduous species resistant 

to urban conditions, at distances of 27 meters, with a maximum height of 7 meters in 

the pedestrian movement zone. 

Objective: reduction of ambient temperature in the immediate vicinity of trees; reduction 

of canyon floor insolation, thereby reduction of pavement heating; reduction of 

development walls insolation reducing the temperature of building facades. 

(4) Implementation of bioretention planters, 16 x 2 meters, at distances of 60 meters in 

the canyons. 

Objective: reduction of ambient temperature; modification of surface temperature; 

intensification of air exchange based on convective movements. 

 

Diagrams of the proposed adaptation solutions 

 

Figure 9.5. Adaptation measures in the east-west oriented canyon (1. green roof, 2. green wall, 3. tall 

greenery, 4. bioretention planter)(source: own elaboration). 
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Figure 9.5. Continuation. 

 

 

RECOMMENDATION SHEET 

 

NORTH-SOUTH ORIENTED STREET CANYON 

 

Guidelines for the implementation of blue-green infrastructure elements 

(1) Implementation of green roofs with a minimum area of at least 40% of roof slope 

coverage. 

Objective: reduction of ambient temperature, with the provision that more favorable 

conditions in the pedestrian movement zone will occur with air inflow perpendicular to 

the canyon axis; reduction of roof slope temperature. 

 

3 
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(2) Creation of green walls with at least 40% of facade. 

Objective: reduction of ambient temperature; reduction of solar radiation absorption by 

building walls. 

(3) Implementation of tall greenery, subject to planting deciduous species resistant to 

urban conditions, at distances of 42 meters, with a maximum height of 7 meters in the 

pedestrian movement zone. 

Objective: reduction of ambient temperature in the immediate vicinity of trees; reduction 

of canyon floor insolation, thereby reduction of pavement heating; reduction of 

development walls insolation reducing the temperature of building facades. 

(4) Implementation of bioretention planters, 16 x 2 meters, at distances of 60 meters in 

the canyons. 

Objective: reduction of ambient temperature; modification of pavement temperature; 

intensification of air exchange based on convective movements. 

Diagrams of the proposed adaptation solutions 

 

Figure 9.6. Adaptation measures in the north-south oriented canyon (1. green roof, 2. green wall, 3. tall 

greenery, 4. bioretention planter)(source: own elaboration). 
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Figure 9.6. Continuation. 

 

RECOMMENDATION SHEET 

EAST-WEST ORIENTED  

URBAN FORECOURT 

 

 

Guidelines for the implementation of blue-green infrastructure elements 

(1) Implementation of green roofs on urban forecourt front structures. 

Objective: reduction of ambient temperature, with the provision that more favorable 

conditions in the pedestrian movement zone will occur when the air inflow is parallel to 

the forecourt axis; reduction of roof slope temperature. 

(2) Creation of green walls on the northern outbuildings of the urban forecourts. 

Objective: reduction of ambient temperature; reduction of solar radiation absorption by 

building walls. 

2 

3 
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(3) Implementation of blue infrastructure elements in urban forecourts. 

Objective: reduction of ambient temperature; modification of surface temperature; 

intensification of air exchange based on convective movements. 

 

Figure 9.7. Adaptation measures - east-west oriented urban forecourt (1. green roof, 3. blue-green 

infrastructure)(source: own elaboration). 

 

Figure 9.8. Adaptation measures - east-west oriented urban forecourt (1. green roof, 2. green wall, 3. blue-

green infrastructure)(source: own elaboration). 
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RECOMMENDATION SHEET 

 

NORTH-SOUTH ORIENTED URBAN FORECOURT 

 

Guidelines for the implementation of blue-green infrastructure elements 

(1) Implementation of green roofs on the urban forecourt front structures. 

Objective: reduction of ambient temperature, with the provision that more favorable 

conditions in the pedestrian movement zone will occur when the air inflow is parallel to 

the forecourt axis; reduction of roof slope temperature. 

(2) Creation of green walls on the eastern outbuildings of the city forecourts. 

Objective: reduction of ambient temperature; reduction of solar radiation absorption by 

building walls. 

(3) Implementation of blue infrastructure elements in urban forecourts. 

Objective: reduction of ambient temperature; modification of surface temperature; 

intensification of air exchange based on convective movements. 

 

Figure 9.9. Adaptive measures - north-south oriented urban forecourt (1. green roof, 3. blue 

infrastructure)(source: own elaboration). 
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Figure 9.10. Adaptive measures - north-south oriented urban forecourt (1. green roof, 2. green wall, 3. blue 

infrastructure)(source: own elaboration). 
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ROZDZIAŁ X. CONCLUSIONS AND RECOMMENDATIONS 

10.1. Conclusions 

One of the challenges facing modern cities is the need to adapt to changing climatic 

conditions. Measures taken in this regard are complex and interdisciplinary. They require a 

combination of knowledge from the fields of architecture and urban planning, construction, 

environmental engineering and climatology. 

The present paper is part of the current research stream in the field of urban physics and 

constitutes a kind of “bridge” between scientific research on the influence of urban 

structures on microclimate and human comfort and practical implementation of adaptation 

strategies. There are many publications on the possibilities and methods of combating 

climate change in urban areas. However, it should be noted that the effectiveness of 

implemented adaptation methods varies greatly and depends on many parameters. The 

nature of the city, its location, environmental conditions, the layout and type of buildings 

are just a few of the many elements that determine their effectiveness. Therefore, an in-

depth knowledge of the city’s specificity has a key role here. 

To address the current problems of cities in adjustment to climate change, an attempt 

was made to evaluate the effectiveness of selected adaptation strategies such as green walls, 

green roofs, tree rows, and water elements. The focus was on the Metropolitan Area of Lodz, 

which is crucial for the city’s identity, constituting its historical core, and at the same time 

one of the most degraded and in need of revitalization parts of the city. So far, the research 

carried out in this area has focused mainly on the phenomenon of Urban Heat Island, 

turbulent air flow and the spread of pollutants. This study may be considered the first to 

address the issues of the influence of urban structures on microclimate and thermal comfort 

in the Metropolitan Area of Lodz. 

The research thesis assumed the existence of a relationship between the development 

form and the effectiveness of implemented adaptation strategies. A comprehensive analysis 

of the experimental and numerical data as well as current state-of-the-art achievements was 

conducted with the aim of its verification. The analysis allowed to formulate the following 

general conclusions: 

1. In order to assess the complex physical phenomena occurring in urban areas, it is 

necessary to determine the characteristic development forms for a given area. 



- 175 - 
 

This study attempts to characterize the typical development forms in the Metropolitan 

Area of Lodz. For this purpose, the author proposed her own method based on the use 

of Geographic Information Systems. At first, information was obtained from the digital 

databases of state institutions involved in the city’s spatial planning (the Surveying 

Centre). They were used to determine the structure’s compactness, percentage of built-

up area, side wall area of buildings, building height, Sky View Factor (SVF), and height-

to-width ratio (AR). The street canyon and forecourt were considered typical forms 

found within the Metropolitan Area. Due to the historical nature of the area, it was 

necessary to obtain additional information from the archives (National Archives, City 

Conservator Office, and Regional Conservator Office). On their basis, the thickness of 

building object partitions was determined, and building materials occurring in the 

Metropolitan Area were characterized. Although this approach is not used in the 

literature, it was implemented to represent the building structure as close to reality as 

possible. The result was the creation of geometric models for typical forms - a street 

canyon and an urban forecourt. The mapping of typical structures of the Metropolitan 

Area of Lodz taking into account detailed material characteristics was of key importance 

for the quality of analyses conducted. 

2. Analyses of microclimatic conditions can be carried out using numerical simulations. If 

appropriate initial conditions are adopted, it is possible to evaluate the complex physical 

processes occurring in the city in a relatively short time. The key issue is the mapping 

of development structure, as well as determining the input meteorological conditions 

prevailing in the area. 

Based on the author’s research, it can be concluded that numerical methods are an 

alternative to time-consuming field studies. They allow assessing the microclimatic 

conditions in public spaces. Moreover, they enable to take into account different variants 

of transformations of urban development structure and to choose an optimal solution at 

the project stage. 

3. In the field of urban climatology it is common practice to use information from 

meteorological stations as input data in simulation studies. Usually they are located in 

suburban areas, sometimes a dozen or so kilometers away from the study area. Such 

approach is undoubtedly advantageous due to easiness of data acquisition, but it is 

burdened with some errors. It does not take into account the complex relations between 

the structure of buildings and microclimate. It is particularly important in the case of air 

flow. 
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The urban layout structure affects the flow attenuation, which should be taken into 

account in simulation studies. In order to make the assumed initial conditions correspond 

with the real anemological conditions, an original method was proposed in this paper, 

which enables the airflow to be estimated on the basis of information obtained from the 

nearest meteorological station Lodz-Lublinek. Based on the Simiu relation, the wind 

speed profile at the inlet of the computational domain was modified. 

4. Typical meteorological years, which are a commonly used type of input information for 

numerical simulations, represent the average microclimatic conditions prevailing in the 

considered geographical area. They are developed on the basis of long-term 

measurement data, which are most often obtained from suburban meteorological 

stations. The compiled dataset, which is publicly available, was created on the basis of 

information from 1971-2000. This means that the research concerns conditions which 

have been modified due to ongoing climatic changes. Therefore, the author has 

developed an updated climate database based on information for 2004-2015, which has 

been used to assess the effectiveness of selected adaptation strategies implemented in 

the areas of typical urban forms of the Metropolitan Area of Lodz. 

5. The effectiveness of adaptation strategies depends on the climatic zone, spatial 

management, as well as the implemented solution. Therefore, the main aim of this study 

was to estimate the impact of selected adaptation strategies on microclimatic conditions 

and human thermal comfort. Their impact on the street canyon and urban forecourt was 

considered. Two orientations were taken into account, i.e. east-west and north-south. It 

was based on the characteristic urban layout of the city (checkerboard plan).  

The study showed that the effectiveness of blue-green adaptation strategies varied. The 

most effective solutions were found to be: 

 in canyons with an east-west orientation - (1) high greenery (reduced outdoor air 

temperature of 0.81˚C, floor temperature of 1.81˚C, and building wall temperature 

of 8˚C) and (2) bioretention planters (reduced ambient temperature of 2.52˚C); 

 in canyons with a north-south orientation - (1) high greenery (reduced ambient air 

temperature - 0.72˚C, floor temperature - 2.23˚C, and building wall temperature - 

8˚C), and (2) bioretention planters (0.91˚C); 

 in urban forecourts with an east-west orientation - (1) green roof (reduced outdoor 

air temperature - 0.44˚C, roof slope temperature - 36˚C); 
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 in urban forecourts with a north-south orientation - green roof (reduced outdoor air 

temperature - 0.31˚C, roof slope temperature - 36˚C). 

The analyses showed that the key factor was the air flow in the areas of typical building 

forms of the Metropolitan Area. The wind flow was assumed to be from the eastern 

sector. Therefore, it was noticed that the impact of adaptation strategies was intensified 

within the forms with east-west orientation. Accordingly, it can be assumed that 

properly designed development structure, which will ensure proper air flow, will 

contribute to the improvement of microclimatic conditions and thermal comfort in 

highly urbanized areas. 

6. The final stage was to investigate the impact of green roofs and living facades on the 

indoor thermal conditions of buildings. The study evaluated adaptive strategies 

implemented on existing as well as modernized buildings. The effectiveness of selected 

solutions was dependent on the construction of building envelope. In case of existing 

buildings, which were not insulated, the reduction of comfort index, which was the 

operative temperature, was on the level of 0.28˚C (Green Roof scenario), 2.41˚C (Green 

Wall scenario). The adaptation of natural strategies on modernized buildings, adapted 

to current legal requirements, had a lower effectiveness (0.05˚C (Green Roof scenario), 

0.70˚C (Green Wall scenario)). 

The research results allow to formulate a conclusion that the assumed research thesis 

has been verified in a positive way. The research procedure provided an opportunity to 

assess the effectiveness of adaptation strategies in the specific development systems of the 

Metropolitan Area of Lodz. As a result, the assumed application objective was achieved. 

Recommendation cards were developed as planning guidelines for the most effective 

adaptation solutions. 

This study can be used in the decision-making processes, i.e. creation of municipal 

climate change adaptation plans, revitalization programs, or local spatial development 

plans. The recommendations can provide guidance that will contribute to the improvement 

of the quality of life of people living in cities. 

10.2. Recommendations for future research 

In order to advance the current knowledge, and to support and facilitate the urban 

planners and municipal authorities application of adaptation strategies the following 

recommendations may be put forward:  
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 It is advisable to conduct detailed studies on the influence of different plant species on 

the microclimate modification in specific seasons. These would include both real-scale 

measurements (for existing solutions) and laboratory studies to determine physical 

parameters of plants such as: Leaf Area Index, emissivity/reflectivity of foliage, 

stomatal resistance. The analyses results would allow to develop a catalog of plants 

adapted to specific urban conditions (resistant to soil and air pollution, with low soil and 

humidity requirements, low allergenic potential). This would contribute to the 

modification of solutions currently available in the Envi-met software database. 

 Include the impact of air pollution in adaptation measures. Determination of the 

effectiveness of selected solutions with respect to immission reduction. 

 Identification of local climate zones within the city. Delineate areas with similar 

physical characteristics, such as terrain roughness class, development structure 

compactness, percentage of impervious surface, biologically active area, or albedo of 

building materials. For such separated zones basic microclimate parameters should be 

determined. These parameters could be then used to calculate correction coefficients 

allowing modification of data from measurement stations. This would result in taking 

into account conditions similar to the real ones. 

 Further research on the human body’s response to thermal and wind discomfort 

conditions involving measurements and interviews with space users is indicated. As 

previous studies have shown, geosocial factors related to the adaptation level to climatic 

conditions have a very significant impact on human comfort in the outdoor environment. 

Even within European cities, variation in the perception of similar thermal conditions 

has been found. Therefore, it is important to identify the residents’ actual perceptions of 

a particular city. 

 According to the author’s research, air flow significantly influences the effectiveness of 

adaptation solutions. Therefore, for zones with complex development structures, 

additional airflow analyses should be conducted using numerical simulations or wind 

tunnel. 

 Due to the fact that the effectiveness of adaptation solutions depends on many factors, 

it would be interesting to use multi-criteria optimization aiming to determine the optimal 

adaptation strategy for a specific urban space. 
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Appendixes 

Appendix 1. Statistical distribution of air temperature (Typical Meteorological Year). 

AIR TEMPERATURE 

RANGE NUMBER OF HOURS FREQUENCY 
CUMULATIVE 

NUMBER OF HOURS 
CUMULATED 
FREQUENCY 

SPRING 

(-5.00) °C - 0.00 °C 11 1,39 11 1,39 

0.00 °C - 5.00 °C 158 19,95 169 21,34 

5.00 °C - 10.00 °C 318 40,15 487 61,49 

10.00 °C -15.00 °C 205 25,88 692 87,37 

15.00 °C - 20.00 °C 82 10,35 774 97,73 

20.00 °C - 25.00 °C 16 2,02 790 99,75 

25.00 °C - 30.00 °C 2 0,25 792 100,00 

SUMMER 

0.00 °C - 5.00 °C 2 0,06 2 0,06 

5.00 °C - 10.00 °C 44 1,26 46 1,32 

10.00 °C - 15.00 °C 329 9,45 375 10,78 

15.00 °C - 20.00 °C 1151 33,07 1526 43,85 

20.00 °C - 25.00 °C 1095 31,47 2621 75,32 

25.00 °C - 30.00 °C 602 17,30 3223 92,61 

30.00 °C - 35.00 °C 209 6,01 3432 98,62 

35.00 °C - 40.00 °C 48 1,38 3480 100,00 

AUTUMN 

0.00 °C - 5.00 °C 20 1,74 20 1,74 

5.00 °C - 10.00 °C 178 15,45 198 17,19 

10.00 °C - 15.00 °C 511 44,36 709 61,55 

15.00 °C - 20.00 °C 306 26,56 1015 88,11 

20.00 °C - 25.00 °C 97 8,42 1112 96,53 

25.00 °C - 30.00 °C 40 3,47 1152 100,00 

WINTER 

(-15.00) °C - (-10.00) °C 1 0,03 1 0,03 

(-10.00) °C - (-5.00) °C 112 3,33 113 3,36 

(-5.00) °C - 0.00 °C 240 7,14 353 10,51 

0.00 °C - 5.00 °C 960 28,57 1313 39,08 

5.00 °C - 10.00 °C 1350 40,18 2663 79,26 

10.00 °C - 15.00 °C 528 15,71 3191 94,97 

15.00 °C - 20.00 °C 137 4,08 3328 99,05 

20.00 °C - 25.00 °C 29 0,86 3357 99,91 

30.00 °C - 35.00 °C 3 0,09 3360 100,00 

 

Appendix 2. Statistical distribution of global solar radiation (Typical Meteorological Year). 

GLOBAL SOLAR RADIATION 

RANGE NUMBER OF HOURS FREQUENCY 
CUMULATIVE 

NUMBER OF HOURS 
CUMULATED 
FREQUENCY 

SPRING 

0 - 100 W/m2 469 59,22 469 59,22 

100 - 200 W/m2 78 9,85 547 69,07 
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Appendix 2. Continuation. 

GLOBAL SOLAR RADIATION 

RANGE NUMBER OF HOURS FREQUENCY 
CUMULATIVE 

NUMBER OF HOURS 
CUMULATED 
FREQUENCY 

SPRING 

200 - 300 W/m2 50 6,31 597 75,38 

300 - 400 W/m2 41 5,18 638 80,56 

400 - 500 W/m2 52 6,57 690 87,12 

500 - 600 W/m2 43 5,43 733 92,55 

600 - 700 W/m2 40 5,05 773 97,60 

700 - 800 W/m2 19 2,40 792 100,00 

SUMMER 

0 - 100 W/m2 1830 52,59 1830 52,59 

100 - 200 W/m2 341 9,80 2171 62,39 

200 - 300 W/m2 295 8,48 2466 70,86 

300 - 400 W/m2 256 7,36 2722 78,22 

400 - 500 W/m2 220 6,32 2942 84,54 

500 - 600 W/m2 236 6,78 3178 91,32 

600 - 700 W/m2 158 4,54 3336 95,86 

700 - 800 W/m2 108 3,10 3444 98,97 

800 - 900 W/m2 34 0,98 3478 99,94 

900 - 1000 W/m2 2 0,06 3480 100,00 

AUTUMN 

0 - 100 W/m2 889 77,17 889 77,17 

100 - 200 W/m2 108 9,38 997 86,55 

200 - 300 W/m2 65 5,64 1062 92,19 

300 - 400 W/m2 48 4,17 1110 96,35 

400 - 500 W/m2 38 3,30 1148 99,65 

500 - 600 W/m2 4 0,35 1152 100,00 

WINTER 

0 - 100 W/m2 2874 85,54 2874 85,54 

100 - 200 W/m2 270 8,04 3144 93,57 

200 - 300 W/m2 106 3,15 3250 96,73 

300 - 400 W/m2 51 1,52 3301 98,24 

400 - 500 W/m2 42 1,25 3343 99,49 

500 - 600 W/m2 17 0,51 3360 100,00 

 

Appendix 3. Statistical distribution of relative humidity (Typical Meteorological Year). 

RELATIVE HUMIDITY 

RANGE NUMBER OF HOURS FREQUENCY 
CUMULATIVE 

NUMBER OF HOURS 
CUMULATED 
FREQUENCY 

SPRING 

20% - 30% 32 4,04 32 4,04 

30% - 40% 93 11,74 125 15,78 

40% - 50% 91 11,49 216 27,27 

50% - 60% 84 10,61 300 37,88 

60% - 70% 90 11,36 390 49,24 
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Appendix 3. Continuation. 

RELATIVE HUMIDITY 

RANGE NUMBER OF HOURS FREQUENCY 
CUMULATIVE 

NUMBER OF HOURS 
CUMULATED 
FREQUENCY 

SPRING 

70% - 80% 118 14,90 508 64,14 

80% - 90% 140 17,68 648 81,82 

90% - 100% 144 18,18 792 100,00 

SUMMER 

20% - 30% 3 0,11 3 0,11 

30% - 40% 78 2,81 81 2,92 

40% - 50% 242 8,72 323 11,64 

50% - 60% 458 16,51 781 28,15 

60% - 70% 507 18,28 1288 46,43 

70% - 80% 422 15,21 1710 61,64 

80% - 90% 484 17,45 2194 79,09 

90% - 100% 580 20,91 2774 100,00 

AUTUMN 

40% - 50% 1 0,14 1 0,14 

50% - 60% 38 5,31 39 5,45 

60% - 70% 63 8,81 102 14,27 

70% - 80% 84 11,75 186 26,01 

80% - 90% 204 28,53 390 54,55 

90% - 100% 325 45,45 715 100,00 

WINTER 

30% - 40% 5 0,26 5 0,26 

40% - 50% 26 1,35 31 1,61 

50% - 60% 67 3,48 98 5,08 

60% - 70% 100 5,19 198 10,27 

70% - 80% 253 13,12 451 23,39 

80% - 90% 568 29,46 1019 52,85 

90% - 100% 909 47,15 1928 100,00 

 

Appendix 4. Statistical distribution of wind speed at a height of 10 m (Typical Meteorological Year). 

WIND SPEED AT A HEIGHT OF 10 M 

RANGE NUMBER OF HOURS FREQUENCY 
CUMULATIVE 

NUMBER OF HOURS 
CUMULATED 
FREQUENCY 

SPRING 

0 m/s - 1 m/s 108 13,64 108 13,64 

1 m/s - 2 m/s 108 13,64 216 27,27 

2 m/s - 3 m/s 144 18,18 360 45,45 

3 m/s - 4 m/s 182 22,98 542 68,43 

4 m/s - 5 m/s 136 17,17 678 85,61 

5 m/s - 6 m/s 67 8,46 745 94,07 

6 m/s - 7 m/s 32 4,04 777 98,11 

7 m/s - 8 m/s 13 1,64 790 99,75 

8 m/s - 9 m/s 1 0,13 791 99,87 

9 m/s - 10 m/s 1 0,13 792 100,00 
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Appendix 4. Continuation. 

WIND SPEED AT A HEIGHT OF 10 M 

RANGE NUMBER OF HOURS FREQUENCY 
CUMULATIVE 

NUMBER OF HOURS 
CUMULATED 
FREQUENCY 

SUMMER 

0 m/s - 1 m/s 711 20,43 711 20,43 

1 m/s - 2 m/s 721 20,72 1432 41,15 

2 m/s - 3 m/s 689 19,80 2121 60,95 

3 m/s - 4 m/s 547 15,72 2668 76,67 

4 m/s - 5 m/s 386 11,09 3054 87,76 

5 m/s - 6 m/s 208 5,98 3262 93,74 

6 m/s - 7 m/s 134 3,85 3396 97,59 

7 m/s - 8 m/s 53 1,52 3449 99,11 

8 m/s - 9 m/s 28 0,80 3477 99,91 

9 m/s - 10 m/s 2 0,06 3479 99,97 

10 m/s - 11 m/s 1 0,03 3480 100,00 

AUTUMN 

0 m/s - 1 m/s 201 17,45 201 17,45 

1 m/s - 2 m/s 203 17,62 404 35,07 

2 m/s - 3 m/s 238 20,66 642 55,73 

3 m/s - 4 m/s 189 16,41 831 72,14 

4 m/s - 5 m/s 141 12,24 972 84,38 

5 m/s - 6 m/s 94 8,16 1066 92,53 

6 m/s - 7 m/s 57 4,95 1123 97,48 

7 m/s - 8 m/s 22 1,91 1145 99,39 

8 m/s - 9 m/s 4 0,35 1149 99,74 

9 m/s - 10 m/s 2 0,17 1151 99,91 

10 m/s - 11 m/s 0 0,00 1151 99,91 

11 m/s - 12 m/s 0 0,00 1151 99,91 

12 m/s - 13 m/s 0 0,00 1151 99,91 

13 m/s - 14 m/s 1 0,09 1152 100,00 

WINTER 

0 m/s - 1 m/s 369 10,98 369 10,98 

1 m/s - 2 m/s 482 14,35 851 25,33 

2 m/s - 3 m/s 621 18,48 1472 43,81 

3 m/s - 4 m/s 590 17,56 2062 61,37 

4 m/s - 5 m/s 536 15,95 2598 77,32 

5 m/s - 6 m/s 336 10,00 2934 87,32 

6 m/s - 7 m/s 236 7,02 3170 94,35 

7 m/s - 8 m/s 109 3,24 3279 97,59 

8 m/s - 9 m/s 51 1,52 3330 99,11 

9 m/s - 10 m/s 17 0,51 3347 99,61 

10 m/s - 11 m/s 9 0,27 3356 99,88 

11 m/s - 12 m/s 3 0,09 3359 99,97 

12 m/s - 13 m/s 1 0,03 3360 100,00 
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Appendix 5. Wind direction statistical distribution (Typical Meteorological Year). 

    SPRING SUMMER AUTUMN WINTER 

DIRECTION RANGE 
NUMBER 

OF 
HOURS  

FREQUENCY 
NUMBER 

OF 
HOURS 

FREQUENCY 
NUMBER 

OF 
HOURS 

FREQUENCY 
NUMBER 

OF 
HOURS 

FREQUENCY 

N 

0 ° 51 6,44 220 6,32 103 8,94 157 4,67 

10 ° 14 1,77 25 0,72 7 0,61 45 1,34 

20 ° 29 3,66 32 0,92 2 0,17 33 0,98 

NE 

30 ° 26 3,28 32 0,92 0 0,00 21 0,63 

40 ° 23 2,90 29 0,83 3 0,26 19 0,57 

50 ° 24 3,03 47 1,35 3 0,26 16 0,48 

60 ° 27 3,41 61 1,75 4 0,35 27 0,80 

E 

70 ° 22 2,78 57 1,64 2 0,17 42 1,25 

80 ° 22 2,78 94 2,70 21 1,82 72 2,14 

90 ° 32 4,04 124 3,56 62 5,38 186 5,54 

100 ° 31 3,91 140 4,02 91 7,90 193 5,74 

110 ° 19 2,40 98 2,82 47 4,08 114 3,39 

SE 

120 ° 17 2,15 79 2,27 31 2,69 62 1,85 

130 ° 7 0,88 85 2,44 24 2,08 55 1,64 

140 ° 16 2,02 62 1,78 14 1,22 41 1,22 

150 ° 8 1,01 46 1,32 13 1,13 31 0,92 

S 

160 ° 7 0,88 47 1,35 27 2,34 33 0,98 

170 ° 7 0,88 50 1,44 31 2,69 50 1,49 

180 ° 14 1,77 54 1,55 28 2,43 80 2,38 

190 ° 18 2,27 76 2,18 42 3,65 100 2,98 

200 ° 19 2,40 61 1,75 32 2,78 104 3,10 

SW 

210 ° 31 3,91 73 2,10 54 4,69 146 4,35 

220 ° 17 2,15 112 3,22 83 7,20 169 5,03 

230 ° 22 2,78 121 3,48 64 5,56 155 4,61 

240 ° 23 2,90 144 4,14 61 5,30 176 5,24 

W 

250 ° 26 3,28 172 4,94 78 6,77 255 7,59 

260 ° 54 6,82 197 5,66 63 5,47 208 6,19 

270 ° 44 5,56 210 6,03 47 4,08 186 5,54 

280 ° 27 3,41 189 5,43 30 2,60 117 3,48 

290 ° 19 2,40 159 4,57 25 2,17 116 3,45 

NW 

300 ° 26 3,28 160 4,60 16 1,39 117 3,48 

310 ° 17 2,15 110 3,16 14 1,22 69 2,05 

320 ° 16 2,02 102 2,93 17 1,48 50 1,49 

330 ° 9 1,14 88 2,53 7 0,61 42 1,25 

N 
340 ° 16 2,02 66 1,90 2 0,17 35 1,04 

350 ° 12 1,52 58 1,67 4 0,35 38 1,13 
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Appendix 6. Influence of green roofs on the thermals of the east-west canyon. 

 

 

Appendix 7. The influence of green walls on the thermal conditions of the canyon with an east-west 

orientation. 

 

 

Appendix 8. The influence of high greenery on the thermal conditions in the canyon with an east-west 

orientation. 

 

  

Air temperature in the canyon with an east-west orientation [˚C] 

Height (m) 
BC GR GR2 GR3 

day night day night day night day night 

E-WN 

1.5m 34.65 17.53 34.62 17.52 34.23 18.16 34.18 18.16 

5.5m 33.73 17.84 33.68 17.84 33.32 18.54 33.25 18.53 

15.5m 32.67 19.70 32.54 19.67 32.17 20.38 32.04 20.34 

Air temperature in the canyon with an east-west orientation [˚C] 

Height (m) 
BC W W2 W3 

day night day night day night day night 

E-WN 

1.5m 34.65 17.53 34.25 18.08 34.27 18.06 33.89 18.04 

5.5m 33.73 17.84 33.33 18.46 33.35 18.43 33.12 18.49 

15.5m 32.67 19.70 32.28 20.40 32.28 20.39 32.19 20.59 

Air temperature in the canyon with an east-west orientation [˚C] 

Height (m) 
BC T T2 T3 

day night day night day night day night 

E-WN-T 

ST 41.77 18.26 40.22 18.52 40.20 18.45 40.16 18.46 

1.5m 34.65 17.53 34.02 18.34 33.99 18.23 33.89 18.19 

5.5m 33.73 17.84 33.14 18.66 33.11 18.59 33.00 18.55 

15.5m 32.67 19.70 32.20 20.36 32.18 20.39 32.14 20.37 

E-WS-T 

ST  32.60 18.26 31.11 18.49 31.04 18.42 30.79 18.42 

1.5m 33.54 17.49 32.88 18.32 32.84 18.20 32.73 18.16 

5.5m 33.23 17.84 32.65 18.66 32.61 18.59 32.53 18.54 

15.5m 32.60 19.71 32.12 20.37 32.11 20.41 32.07 20.40 

ST – surface temperature [˚C] 
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Appendix 9. The influence of green roofs on the thermal conditions in the canyon with a north-south 

orientation. 

 

 

Appendix 10. The influence of green walls on the thermal conditions in the canyon with a north-south 

orientation. 

 

 

Appendix 11. The influence of high greenery on the thermal conditions of the canyon with a north-south 

orientation. 

 

  

Air temperature in the canyon with a north-south orientation [˚C] 

Height (m) 
BC GR GR2 GR3 

day night day night day night day night 

N-SE 

1.5m 33.57 18.96 32.92 19.33 33.01 19.35 32.81 19.31 

5.5m 33.43 18.93 32.70 19.26 32.83 19.29 32.61 19.25 

15.5m 32.99 18.45 32.19 19.07 32.43 19.09 32.17 19.07 

Air temperature in the canyon with a north-south orientation [˚C] 

Height (m) 
BC W W2 W3 

day night day night day night day night 

N-SE 

1.5m 33.57 18.96 33.22 19.28 33.22 19.28 33.33 19.26 

5.5m 33.43 18.93 33.02 19.22 33.02 19.22 33.10 19.20 

15.5m 32.99 18.45 32.45 19.06 32.45 19.06 32.49 19.07 

Air temperature in the canyon with a north-south orientation [˚C] 

Height (m) 
BC T T2 T3 

day night day night day night day night 

N-SE-T 

ST 39.65 18.92 38.31 18.69 38.30 18.71 38.20 18.74 

1.5m 33.57 18.96 32.91 19.22 32.90 19.27 32.85 19.31 

5.5m 33.43 18.93 32.79 19.25 32.77 19.33 32.74 19.23 

15.5m 32.99 18.45 32.37 19.71 32.29 20.62 32.36 19.76 

N-SW-T 

ST  35.46 18.95 33.42 18.65 33.39 18.65 33.23 18.67 

1.5m 33.36 18.97 32.71 19.33 32.70 19.40 32.65 19.31 

5.5m 33.27 18.96 32.64 19.42 32.62 19.55 32.59 19.41 

15.5m 32.83 18.77 32.27 19.82 32.24 20.46 32.25 19.85 

ST – surface temperature [˚C] 
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Appendix 12. Influence of green roofs on the thermals of the forecourt with an east-west orientation. 

 

 

Appendix 13. Influence of green walls on the thermals of the forecourt with an east-west orientation. 

 

 

Appendix 14. Influence of green roofs on the thermals of the forecourt with a north-south orientation. 

 

 

Appendix 15. Influence of green walls on the thermals of the forecourt with a north-south orientation. 

 

 

  

Air temperature in the forecourt with an east-west orientation [˚C] 

Height (m) 
BC FGR FGR2 FGR3 

day night day night day night day night 

E-WN 

1.5m 32.71 19.62 32.40 19.62 32.39 19.62 32.27 19.61 

5.5m 32.56 19.67 32.30 19.67 32.30 19.67 32.18 19.66 

15.5m 32.15 20.15 32.02 20.15 32.02 20.15 31.89 20.14 

Air temperature in the forecourt with an east-west orientation [˚C] 

Height (m) 
BC FW FW2 FW3 

day night day night day night day night 

E-WN 

1.5m 32.71 19.62 32.54 19.63 32.56 19.62 32.66 19.47 

5.5m 32.56 19.67 32.44 19.69 32.46 19.68 32.55 19.56 

15.5m 32.15 20.15 32.11 20.17 32.12 20.17 32.14 20.16 

Air temperature in the forecourt with a north-south orientation [˚C] 

Height (m) 
BC FGR FGR2 FGR3 

day night day night day night day night 

N-SE 

1.5m 32.68 19.04 32.55 18.86 32.53 18.85 32.37 18.81 

5.5m 32.65 19.05 32.53 18.86 32.51 18.86 32.34 18.81 

15.5m 32.48 19.14 32.37 19.00 32.37 19.00 32.20 18.96 

Air temperature in the forecourt with a north-south orientation [˚C] 

Height (m) 
BC FW FW2 FW3 

day night day night day night day night 

N-SE 

1.5m 32.68 19.04 32.61 18.83 32.63 18.81 32.74 18.57 

5.5m 32.65 19.05 32.58 18.84 32.60 18.82 32.70 18.59 

15.5m 32.48 19.14 32.38 18.99 32.39 18.99 32.42 18.97 
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Appendix 16. The influence of blue solutions on the thermal conditions in the east-west orientation canyon. 

 

 

Appendix 17. The influence of blue solutions on thermal conditions in the canyon with a north-south 

orientation. 

 

 

Appendix 18. The influence of blue solutions on the thermal conditions in the forecourt with an east-west 

orientation. 

 

  

Air temperature in the canyon with an east-west orientation [˚C] 

Height (m) 
BC BP BP2 

day night day night day night 

E-WN 

1.5m 34.65 17.53 32.72 18.52 32.72 18.22 

5.5m 33.73 17.84 32.58 18.89 32.58 18.71 

15.5m 32.67 19.70 32.06 20.52 32.06 20.56 

E-WA 

1.5m 34.64 17.37 33.62 18.45 33.62 18.10 

5.5m 33.52 17.92 32.87 18.90 32.87 18.71 

15.5m 32.61 20.09 32.07 20.60 32.07 20.72 

Air temperature in the canyon with a north-south orientation [˚C] 

Height (m) 
BC BP BP2 

day night day night day night 

N-SE 

1.5m 33.57 18.96 32.70 19.44 32.66 19.44 

5.5m 33.43 18.93 32.63 19.55 32.59 19.55 

15.5m 32.99 18.45 32.24 20.42 32.22 20.42 

N-SA 

1.5m 33.46 18.98 32.79 19.44 32.75 19.44 

5.5m 33.34 18.95 32.70 19.57 32.66 19.57 

15.5m 3289 18.65 32.26 20.55 32.24 20.55 

Air temperature in the forecourt with an east-west orientation [˚C] 

Height (m) 
BC WR WR2 

day night day night day night 

E-WN 

1.5m 32.71 19.62 32.67 19.58 32.65 19.57 

5.5m 32.56 19.67 32.54 19.63 32.52 19.63 

15.5m 32.15 20.15 32.14 20.10 32.13 20.09 
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Appendix 19. The influence of blue solutions on thermal conditions in the forecourt with a north-south 

orientation. 

 

Air temperature in the forecourt with a north-south orientation [˚C] 

Height (m) 
BC WR WR2 

day night day night day night 

N-SE 

1.5m 32.68 19.04 32.63 19.03 32.61 19.02 

5.5m 32.65 19.05 32.61 19.04 32.59 19.03 

15.5m 32.48 19.14 32.47 19.14 32.46 19.13 


