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Abstract 

Over the last two decades, urban geometry has been shown to be a key determinant of the microclimatic 

conditions in urban areas. This study uses the Ladybug-tools, the plugins of Grasshopper3D to optimise 

building heights, street widths and orientation to maximise outdoor thermal comfort, represented by the 

diurnal average Universal Thermal Climate Index (UTCI). In the hot-arid climate of Cairo, Egypt, the 

optimised parameters of symmetrical and asymmetrical urban canyons are compared with the Egyptian 

Construction Act’s design regulations. The results show a strong negative correlation between the 

height-to-width (H/W) ratios and the output UTCI, with R² = 0.71, and much stronger (R² = 0.91) if 

east-west orientations are excluded from the results, exceeding correlations previously reported for 

Cairo. Maximum UTCI reductions due to changing H/W and orientation approach ~6 °C. Considerable 

variation is shown in the strength of the correlation between UTCI and the asymmetrical H/W ratio of 

each flank, with R² = 0.81 for Southeast side compared to R² = 0.4 for Northwest side. Design 

recommendations are given urban planners based on using the optimised parameters that at least achieve 

a UTCI reduction benchmark that exceeds those resulting from using the regulations’ thresholds.  

Keywords: Thermal comfort, UTCI, Urban geometry, Ladybug, Optimisation 

1 Introduction 

Urban areas are expected to accommodate almost 70% of the global population by 2050 (United 

Nations, 2018). With such global urbanisation rates, increasing attention has been paid to the negative 

environmental impacts of urban areas, and many discussions on the resilience and liveability of current 
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and future urban developments have expanded to include other environmental qualities such as urban 

health and well-being. The impact of the urban microclimate on public health has already been 

documented (Kovats et al., 2008), and over the past three decades, the attention given to outdoor thermal 

comfort as one of the key performance indicators for urban environmental assessment has grown (Jamei 

et al., 2016). For outdoor urban environments, thermal comfort is temporal and is dependent on the 

inter-connectivity of the physiological and micro-climatological conditions (Coccolo et al., 2016), 

where pedestrians are exposed to large fluctuations in air temperatures, wind velocities and solar 

irradiation over time. Moreover, the thermal stress-induced sensation can drive pedestrians into 

adaptation practices, i.e. increasing dependency on automobiles and use of indoor space, which in turn 

increases their associated energy consumption and greenhouse gas emissions (Futcher et al., 2013). 

Given knowledge of human thermoregulation and the recent development of computational models 

(Naboni et al., 2019a), comfort metrics have become easier to understand and more viable to quantify. 

Indeed, the integration of these metrics in climate-responsive design policies and guidelines has become 

an inevitable practice (Ruefenacht et al., 2020), although this is not fully realised across the globe. 

Densification of the built environment leads to the replacement of permeable surfaces with 

impervious construction materials, reduced vegetation, increased pollution, and relatively narrower 

canyon ratios. Dubbed the urban heat island (UHI), Oke (1995) articulated the negative impacts that 

urban areas pose to the microclimate. This includes increased long-wave radiation absorption as a result 

of air pollution and the sensible heat storage due to the higher thermal admittance of building 

constructions. Evaporative cooling is also limited by impervious paving and reduced percolation, while 

anthropogenic heat is released into the local environment from buildings and traffic. Canyon geometry 

is another crucial factor, with recurrent reflections trapping short-wave radiation at street level, leading 

to greater absorption and attenuating net long-wave radiation loss, as well as inhibiting turbulent heat 

transfer by convection (Oke, 1995; Toparlar et al., 2015). In this context, urban form plays a crucial 

role in shaping the microclimatic conditions to which pedestrians are exposed, and hence the perceived 

thermal comfort. Studies that have investigated canyon geometry in temperate and humid climates are 

abundant (Qaid et al., 2015; Sharmin et al., 2017), as opposed to those conducted in hot and dry areas, 
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though the latter accommodates about one-third of the world’s population (Pearlmutter et al., 2007). 

Given the interdependencies of the energy budgets of urban elements, in-situ measurements are 

typically laborious compared to computational simulations. In this regard, there has been significant 

interest among bio-climatologists to develop computational models capable of estimating human 

thermal comfort in response to their ever-changing surrounding thermal environment (Naboni et al., 

2017). Additionally, the tendency to engage parametric design tools within urban environmental 

simulations has increased remarkably, where the exploration of a myriad of design solutions is feasible 

(Wagdy et al., 2017). 

1.1 Urban geometry 

The planetary boundary layer, the lowest layer of the Earth’s atmosphere, is partitioned into an 

urban canopy layer (UCL) which extends from the street level up to the mean height of the roughness 

elements, i.e. buildings and trees, and the urban boundary layer (UBL) which can extend to up to 2km 

above the city (Ampatzidis et al., 2020). Besides the thermal mixing and level of moisture and pollutant 

content of the atmosphere, the height, spacing and configuration of the urban roughness elements dictate 

the air flow characteristics, and hence shape the structure and the depth of the UBL (Oke et al., 2017). 

At a city scale, neighbourhoods with similar land use and land cover can generate different local 

microclimates due to several factors, among which are urban morphology, construction materials, 

provision of vegetation and human activity (Stewart et al., 2012). Urban forms comprise of several 

urban canyons with varying geometric parameters such as canyon orientation, street width (W), building 

heights (H), canyon aspect ratio (H/W), and sky view factors (Ali-Toudert et al., 2006). These different 

configurations, together with other surface-specific parameters, e.g. albedo and emissivity (Andreou, 

2013), and environmental parameters, e.g. air temperatures, humidity, wind speed and solar irradiation, 

are sufficient to modulate the radiant exchanges and wind flow patterns within the canyon, resulting in 

distinct microclimatic conditions for an urban canyon (Grimmond et al., 2010). The local climate of 

given urban form could be implied from the microclimatic performance of these canyons (Fahmy, 2010; 

Lin et al., 2017). Hot-dry areas are accompanied by substantial heat stress, due to the increased 

magnitude of short-wave solar radiation and increased long-wave radiation emitted from urban surfaces, 
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and hence should not accommodate dispersed urban forms typical of hot-humid areas (Ratti et al., 

2003). However, the suitability of a given urban layout for a specific climate remains a function of the 

geometrical proportions, which might if changed significantly, entail a radical change in performance 

(Golany, 1996). 

The influence of canyon aspect ratio on the microclimate is disparate, with its induced thermal 

performance being highly dependent on the climatic region. A higher H/W ratio (lower sky view factor) 

reduces the amount of solar radiation received and absorbed by the urban surfaces, entailing lower 

daytime temperatures, albeit with slightly higher nocturnal temperatures (Johansson, 2006), partially 

due to trapping the long-wave radiation within the street canyon (known as the canyon effect). As a 

result, abundant studies have acknowledged that higher H/W ratios can be beneficial in dry climates 

(Ahmed, 1994; Bourbia et al., 2010), while others have argued their benefits due to lower wind 

penetration and reduced cooling rates (Giannopoulou et al., 2010; Niachou et al., 2008). In terms of 

their shading effect, studies conducted in various climatic regions have attested that improved thermal 

comfort levels can be achieved by the shading generated by increased building heights (Ali-Toudert et 

al., 2007; Perini et al., 2014). On the other hand, studies investigating canyon orientation in different 

climates have shown significant variability. Street orientation, unless notably wide, defines the diurnal 

course of the canyon's solar exposure. However, seasonal variations play as important a role as the 

orientation. Thus, an "optimum" orientation is ostensibly unattainable, and a "preferred" one should be 

a trade-off between hot and cold seasons. Nonetheless, East-West (E-W) canyons have been reported 

to maintain the worst daily thermal conditions, particularly during summer, owing to increased solar 

exposure (Watkins et al., 2007). In this sense, North-South (N-S), NE-SW, and NW-SE oriented 

canyons have been advocated by many studies to be appropriate within arid, semi-arid, and 

Mediterranean climates (Jamei et al., 2019), while others have claimed the suitability of E-W canyons 

for temperate and Mediterranean climates only if galleries and overhanging facades are used (Ali-

Toudert, 2005). Furthermore, a canyon's airflow is influenced by its geometry (H/W ratio and the 

orientation) and is governed by the mean wind at the average roof level. In simple terms, the lower the 

H/W ratio, the less undisturbed airflow there is above the canopy layer. H/W ratios of ~0.05 are 
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characterised by an isolated roughness flow. This is disturbed by the canyon's flow as the H/W increases 

up to 0.7 and is turned into a wake interference flow with deflection-reinforced eddies generated within 

the canyon. A skimming flow occurs as the H/W increases above 0.7, where the canyon is characterised 

by circulatory vortices (Oke, 1988). The speed of a single vortex in a skimming flow regime is a 

function of air flow above the roof level, thermal stratification inside the canyon, and the advective 

motions from the buildings' corners (Ali-Toudert, 2005). In case of light winds, thermal variations due 

to the warming of canyon facets can shift the flow from one regime to another (Sini et al., 1996) and a 

second contra-rotating vortex may be generated (He et al., 2019). Moreover, canyons with an 

orientation parallel to the wind direction will experience a "channelling effect", whereas those 

perpendicular to the wind flow will experience transverse flows at the downwind side of the street. An 

air flow with an oblique angle will result in corkscrew-like eddies along the length of the canyon (Oke, 

1988). At a neighbourhood scale, as cities are densified from scattered to compact areas, wind speed 

and the ventilation potential decrease (He et al., 2019). The heterogeneity of building heights, however, 

plays an important role in enhancing the ventilation potential, where higher buildings downwash the 

ambient flow to the street level (Golany, 1996; He et al., 2019). 

1.2 Thermal Comfort 

Human thermal comfort is already defined as “the condition of mind which expresses 

satisfaction with the thermal environment”. It is mainly influenced by such bio-meteorological factors 

as air temperature, radiant temperature, velocity of air, humidity, clothing and metabolic rate production 

(ASHRAE). Fanger (1972) derived the first expression to indicate both heat and cold stress, the 

Predicted Mean Vote (PMV), and its corresponding Predicted Percentage of Dissatisfied (PPD) on 

account of indoor comfort quantification. However, such indices are not as efficient to model the human 

interaction with their ever-changing outdoor microclimate as they are for the thermoregulatory 

equilibrium state within an indoor environment. This has led to the development of indices specifically 

for outdoor comfort evaluation (Potchter et al., 2018). The preceding half-century has seen the 

development of diverse comfort models in search of a holistic index, capable not only of gauging 

thermal sensation within warm and cold climates, but also specifying to what extent people perceive 
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the thermal stress to which they are exposed. Examples are abundant, albeit the most commonly used 

indices are the Physiologically Equivalent Temperature (PET) (Höppe, 1999) and the Universal 

Thermal Climate Index (UTCI) (Bröde et al., 2012). These indices provide the full range of thermal 

sensation, up to ten categories, in hot and cold conditions and provide the equivalent temperature for 

sensation (Potchter et al., 2018). 

UTCI was developed to indicate the air temperature in a reference environment which elicits a 

similar physiological response to that of the actual environment. UTCI has been developed based on 

the multi-node Fiala thermoregulatory model (Fiala et al., 2012) which accounts for the dynamic 

thermal body responses, as well as the advanced clothing model by (Havenith et al., 2012) to account 

for the adaptation and distribution of clothing. The accuracy of the model stems from the calculation of 

body thermal and nervous responses in twelve body segments, while at the same time taking into 

account the inner and outer body heat transfer (Coccolo et al., 2016).	 UTCI has been applied across all 

Köppen Geiger climate regions and has been validated against monitored data and other thermal indices, 

e.g. PET and PMV. Furthermore, UTCI presents a detailed representation of thermal sensation for the 

neutral as well as the extreme cold and hot conditions (Figure 1)  (Blazejczyk et al., 2012). Unlike PMV 

which sorts thermal stress into categories, UTCI provides the equivalent temperature for sensation in 

degrees Celsius, which makes it more perceptible by urban designers and planners. 

 

Figure 1: Concept of the UTCI equivalent temperature, adapted from (Bröde et al., 2012) 

1.3 Research problem and objectives 
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Egypt, as a developing country, is striving to contain overpopulation, and provide adequate and 

affordable housing, whilst also constricting urban sprawl. In 2015, the government set out a long-term 

action plan for the physical expansion of existing cities, and the planning for new urban communities. 

However, the endeavours to integrate environmental performance assessment into practice in Egypt are 

still voluntary. Moreover, the Executive Regulations for the Egyptian Unified Construction Act 

(Ministry of Housing Utilities & Urban Communities, 2008) specifies merely spatial, rather than 

climate-responsive urban form design norms and criteria, particularly with respect to the canyon-scale 

design. This gap between the study of outdoor thermal comfort and the design practice inhibits the 

improvement of cities’ microclimates, thereby deteriorating health and well-being. A number of studies 

have investigated the impact of canyon geometry design on the microclimate in Egypt. Labib et al. 

(2015) studied the outdoor thermal comfort (represented by PET) of a single urban canyon in Cairo, 

Egypt, using ENVI-met. The urban canyon however had a fixed street width of 9m, and the simulations 

ran over only 4 orientations and only 4 height-to-width (H/W) ratios (4 building heights). In their 

conclusions, the authors pointed out that, timewise, examining a large number of canyon configurations 

using ENVI-met is cumbersome, and they recommended using a parametric modelling platform that 

could be efficient to produce a larger number of street configurations. Similarly, Shalaby et al. (2018) 

investigated the microclimate of a simple hypothetical urban layout in Cairo, using ENVI-met. 

However, the study examined a limited number of canyon configurations, having a street width fixed 

to 12m and 5 H/W ratios with building heights ranging between 12m and 60m, for different orientations. 

In their investigation of four urban communities in Cairo, (Galal et al., 2020) claimed that PET at the 

street level is strongly dependent on the H/W ratio, rather than the mere height or width thereof. 

However, having a closer look at the H/W ratios examined at this study, only 3 out of 68 streets had a 

H/W greater than 2. Moreover, none of these studies have considered the performance of asymmetrical 

urban canyons and if they perform any differently from symmetrical ones. 

This paper utilises the parametric design capabilities of modern software packages to be the 

first to investigate thousands of canyon geometry configurations. The parameters being examined in 

this study are the street widths, building heights (symmetrical and asymmetrical with respect to the 
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street axis), H/W ratios and orientation. In this research, our objective is to simulate a wider variety of 

widths, heights, H/W ratios and orientations to find the optimal urban canyon parameters to improve 

outdoor thermal comfort and compare these thresholds to those of the Egyptian Construction Act, and 

then provide recommendations and guidelines that should be adopted in the Executive Regulations. The 

study is performed in the hot arid climate of Cairo, Egypt, where Cairo accounts for almost 32% of the 

current new residential projects, and along with Alexandria, around 88% of the residential apartments 

with air conditioning (CAPMAS, 2019; Mahdy, 2014). In this research, the Ladybug-tools (Roudsari et 

al., 2020), the plugins for Grasshopper 3D, are used to calculate the UTCI as a metric for outdoor 

thermal comfort within the street canyon. Also, taking the same approach of the above-mentioned 

studies, simulations are conducted over a single day that represents severe climatic conditions, which 

occur during June and July in Egypt. 

2 Methodology 

The Executive Regulations for the Egyptian Construction Act (Ministry of Housing Utilities & 

Urban Communities, 2008) specifies some canyon parameter thresholds for urban communities, such 

as a minimum street width of 10m, maximum building heights of 36m and a maximum H/W ratio of 

1.5. Currently, the Egyptian government is considering the applicability of a few amendments to the 

regulations, with even lower thresholds. Since the aim of this study is to examine a wider variety of 

H/W’s to find the optimum thresholds, the design parameters thresholds were set according to the 

Executive Regulations (Ministry of Housing Utilities & Urban Communities, 2008), with the exception 

that street widths were set to a lower bound of 6m (Table 1). A hypothetical urban canyon geometry 

was created and simulated in three consecutive and correlated phases, with building constructions 

obtained from Engineering-ToolBox (2001). The first phase includes the simulation of a sole urban 

canyon, having the building heights on both sides of the canyon (Array A and Array B in Table 1) 

changing simultaneously to investigate the thermal comfort in symmetric urban canyons, followed by 

a regression analysis to scrutinise the relationship between the design parameters and the output UTCI. 

In the first phase, Orientation 180° is anticipated to be identical to orientation 0°.  However, it was 

included to verify the model’s performance. The thermal performance (UTCI) of the canyon is assessed 



9 
 

at a single point on the central axis of the canyon at a height of 1.1m to represent pedestrian level 

thermal comfort, and the outputs of this phase are presented as the average diurnal UTCI recorded from 

5 am (sunrise) to 7 pm (sunset). Based on the first phase’s results, the thresholds and steps of the 

parameters are refined in both phases 2 and 3 to those eliciting relatively lower UTCI values (Table 1).  

In the second phase, the canyon is simulated within an urban context of an existing newly 

constructed urban community to provide a more realistic estimation of the urban heat island effect. 

Heights of the flanking building arrays A & B are varied independently to address the potential of 

asymmetrical urban canyons for better thermal comfort. The second phase’s results are presented as the 

average value of all points on a 2m grid inside the canyon, rather than a single point. This gives a better 

overall view of the thermal performance of the canyon and as such avoids any anomalies -if any- of a 

single point output. The results of this phase are also shown as the average diurnal UTCI recorded from 

5 pm to 9 pm (2 hours after sunset) to investigate the impact of solar radiation exposure/blockage on 

thermal comfort at certain hours. This helps to accentuate the effect of each flank’s height on the UTCI 

and thus supports the design strategies to increase the sky view factor to mitigate the UHI effect; this 

also helps to interpret the results of the third phase. As per the second phase, in the third phase, building 

heights are simulated independently, however with fewer steps (Table 1). Results of this phase are 

averaged across the canyon and presented as the average UTCI registered from 5 am to 7 pm to provide 

an overall analysis during the daytime. This way, the third phase links the analysis approach of both the 

first and second phases but with more attention given to each flank’s H/W rather than their mere heights. 

Johansson (2006) investigated the thermal performance of 12 urban canyons in the hot-arid climate of 

Fez, Morocco, and reported that the relative cooling by day due to shading exceeded the warming by 

night. For this reason and to better understand the urban geometry response to the solar exposure without 

being misinterpreted by averaging, nocturnal temperatures were not included in this study.  

Table 1: Thresholds and steps of the parameters simulated in all phases. 

 
Phase 1 (a total of 1716 cases) 

 
 
 

Min Max Step 
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Building 
Heights 
 
 

3m 36m 3m 

 

Street 
Width 
 
 

6m 36m 3m 

Orientation 0° 180° 15° 

 
Phase 2 (a total of 3840 cases) 

 

 
 Min Max Step 

Building 
Heights A 
 

8m 36m 4m 

Building 
Heights B 
 

8m 36m 4m 

Street 
Width 
 

6m 18m 3m 

Orientation 0° 165° 15° 

 
Phase 3 (a total of 2160 cases) 

 

 
 Min Max Step 

Building 
Heights A 
 

6m 36m 6m 

Building 
Heights B 
 

6m 36m 6m 

Street 
Width 
 

6m 18m 3m 

Orientation 0° 165° 15° 

 

2.1 Simulation workflow 

The ladybug-tools model is selected for this study for several reasons; it is considerably less time 

consuming to perform calculations than ENVI-met, allowing for the simulation of thousands of canyon 
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configurations, it produces a variety of thermal indices, among them is the UTCI which is the focus of 

this study, and the ability to parametrically model canyon geometries and to visualise the results within 

the Grasshopper environment. The ladybug-tools microclimate model is a combination of Grasshopper 

plugins (Roudsari et al., 2020) used to estimate the outdoor thermal comfort with a graphical 

representation. The model is based on linking Grasshopper to already validated software engines 

dedicated to calculating the thermal comfort determinants individually. For instance, Honeybee links 

Grasshopper to EnergyPlus (Crawley et al., 2001) which calculates the surface temperatures. Dragonfly 

utilises the Urban Weather Generator (UWG) (Bueno et al., 2013) to calculate the urban air temperature 

and relative humidity. The algorithm combines a variety of input parameters, such as the average 

building heights and the surface roughness, to morph the ‘rural’ weather file into a new ‘urban’ file 

containing modified hourly urban air temperatures and relative humidity. Ladybug components are used 

to visualise the environmental data and the output results. The Butterfly plug-in could potentially 

integrate OpenFOAM software for CFD air flow analyses, but this would involve prohibitively high 

computation time. Therefore, wind speeds in this study are retrieved from the weather file, where the 

weather station 10m-high wind speeds are translated into 2m-high wind speeds and vice versa, where 

necessary, using a Ladybug component based on the wind profile power law. The mean radiant 

temperature (MRT) is calculated as the agglomeration of the three components; the long-wave radiation 

from the surfaces; the amount of the sky long-wave radiation absorbed by the human body; and the 

additional amount of absorbed solar short-wave radiation. The long-wave radiation from surfaces is 

estimated by using the following formula: 

MRTSurface= "
∑ (Ts

4∙Fs+ Te
4∙Fns)N

i=1

∑ Fs
N
i=1

$
1/4

 (1) 

Where Ts is the outside surface temperature calculated by virtue of EnergyPlus. Te is the ambient 

temperature of one surface and is assumed to be equal to the ambient air temperature as shaped by the 

surrounding surfaces. Fs is the view factor between the point of interest and a specific surface and Fns 

is the non-surface view factor, i.e. view factor to surfaces other than that specific surface. Angle factors 

are calculated by tracing back the number of spherical vectors impinging one surface and dividing that 

number by the total number of vectors emanating from each point. 



12 
 

The absorbed sky long-wave radiation is calculated by following the formula specified within the 

MENEX model (Blazejczyk, 2005) as follows: 

MRTsky=fsvv∙ %
La

αlw∙σ&
1/4

-273.15 
(2) 

Where fsvv is the sky view from a certain point unobstructed by opaque surfaces. La is the terrestrial 

sky long-wave radiation, and is obtained from the weather file. αlw is the emissivity of the human body 

for long-wave radiation (default value of 0.95), and σ is the Stephan Boltzmann constant 

(5.667∙10-8 W/m2K4). As for the short-wave solar radiation, the model accounts for the absorbed 

portion by means of the effective radiant field (ERF) specified within the SolarCal model (Arens et al., 

2015) and the normative appendix (C) of (ASHRAE) in terms of the three components; the direct; 

diffused; and reflected solar radiation, where the latter is defined with reference to the global horizontal 

radiation as follows: 

ERFsolar= αsw

αlw
∙'(0.5∙feff∙fsvv)(IGlobal∙Rfloor+Idiff)+*fp∙feff∙IDir+, (3) 

Where αsw is the absorption coefficient for the short-wave radiation (default value of 0.7), feff is the 

fraction of the body exposed to radiation (0.696 and 0.725 for a seated and a standing person 

respectively). IGlobal, Idiff, IDir are the global, diffused and direct normal radiation respectively. Rfloor is 

the floor/ground reflectivity and fp is the projected area factor and is derived with reference to the solar 

altitude and azimuth as in (Fanger, 1972) and (ASHRAE). The amount of additional MRT due to solar 

radiation is eventually calculated in terms of ERF, feff, and the radiative heat transfer coefficient (hr) as 

follows: 

MRTsol=
ERFsolar

feff .	hr
-  

(4) 
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Figure 2 shows the data streaming between the different plugins, components and simulation engines as 

used in this study. 

 

Figure 2: Schematic diagram showing the data streaming between Ladybug-tools plugins and the simulation 

engines in the workflow used in this study. 

2.2 Validation of the workflow 

As mentioned in previous sections, the workflow depends on validated software engines to determine 

the MRT and the thermal comfort components. EnergyPlus was validated with the ASHRAE 1052RP 

test and verified with a series of building energy simulation programs (BESTEST) as endorsed in 

ASHRAE Standard 140-2001 as a Standard Method of Test (Witte et al.). The UWG was validated with 

field measurements in different climates (Bueno et al., 2013; Bueno et al., 2014). It is then how the 

workflow applies the MRT equations and combines the different UTCI components that needs to be 

validated. A recent study by Evola et al. (2020) included the validation of the Ladybug-tools workflow 

with experimental measurements in a Mediterranean climate context, namely Catania, Italy, in terms of 

the MRT. Results of that study has shown good agreement with measurements with a coefficient of 

determination R2 = 0.92. Moreover, in studies by the authors, the workflow has been verified against 

the CFD modelling package, ENVI-met, in Cairo, Egypt (Ibrahim et al., 2020b), and London, UK 

(Ibrahim et al., 2020a). Figure 3 shows the results for the average MRT and UTCI of all grid points in 
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the case of Cairo, having a congruent performance in terms of the MRT and UTCI (R2 = 0.94 and 0.96 

respectively). 

 

Figure 3: Results for the average of all grid points as simulated by both Ladybug-tools and ENVI-met. 

In this study, an urban canyon, located in a university campus in Cairo, was selected to validate 

the workflow against field measurements (Figure 4-a). The canyon comprises office buildings with a 

total length of around 50m and asymmetrical H/W of 0.9:1:1.3 and is orientated 42° North-eastwards. 

The canyon was modelled in Rhino along with the surrounding context of area around 170×110m as 

shown in Figure 4-b. Construction materials along with their physical and thermal properties were 

defined in Grasshopper as similar to the real case as possible. A Onset HOBO-U30 (Onset, 2021) 

weather station and Extech HT30 Heat Stress WBGT Meter (Extech, 2021) were placed at the centre 

of the street to measure the meteorological parameters needed for validation as shown in Figure 4-c. 

Table 2 lists the parameters measured in the campaign, the sensors used and their corresponding range 

and accuracy. 
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Figure 4: Site of measurements as shown (a) in Google Earth, (b) in the Rhino scene, and (c) during 

measurements. 

Table 2: The parameters measured by the sensors and their corresponding range and accuracy. 

Parameter Sensor Range Accuracy 
Air temperature S-THB-M002 −40 to 75°C ±0.21°C (at 0-50°C) 
Relative humidity S-THB-M002 0 to 100% ±2.5% (at 10-90%) 
Wind speed S-WSB-M003 0 to 76 m/s ±1.1 m/s OR 4% of reading 
Black globe temperature HT30 0 to 80°C ±3°C (Outdoors) 

 

Measurements were recorded on the 6th August, 2018 every hour from 7 am to 7 pm. Measured 

air temperature (Ta), relative humidity (Rh) and wind speed (v) were compared to their counterparts in 

an International Weather for Energy Calculation (IWEC) weather file (DoE, 2020), which is used for 

the simulations in the validation and the rest of this study to check the reliability of the weather file. 

The mean radiant temperature (MRT) was calculated on site in terms of the black globe temperature 

(Tg) and the air temperature (Ta) following the formula (British Standards Institution, 2001): 

MRT=	%(Tg+273)4+	
1.1*	108×	v0.6

εg×	D0.4 ×(Tg-	Ta)
4

-273 (5) 

Where (εg = 0.95) and (D = 0.04 m) are the globe emissivity and diameter, respectively. 

A Honeybee component was used to convert the 10m-high wind speeds from the IWEC file into 2m-

high wind speeds and vice versa, required for MRT and UTCI calculations. The latter was calculated 

by a Ladybug component which takes Ta, Rh, v and MRT and produces the UTCI. 
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Figure 5 plots the relationship between the measured parameters and their counterparts in the 

IWEC file. The IWEC parameters appear to be strongly correlated to the measured values with the wind 

speed having the lowest correlation. This can be explained by the low resolution of the wind speed 

sensor (0.25 m/s) which resulted in reading (zero m/s) in almost half of the recordings. Even so, the 

general trends of the three parameters are congruent with the measurements. The relationship between 

the measured and simulated MRT is shown in the top row of Figure 6, where the simulation workflow 

appears to be sufficiently reflecting the MRT temporal variations. Based on a sensitivity analysis, the 

discrepancy in MRT at 10 am can be attributed to the difference between the simulation model and the 

real site in three main parameters; global horizontal radiation; thermal admittance of the ground surface; 

and the spatial resolution of the simulation model. Apart from that, the general trend is in agreement 

with the measurements with maximum difference of 8.01°C. This is in line with previous studies 

concerning the outdoor thermal comfort and using the same workflow, for instance, 6.1°C in Evola et 

al. (2020) and ~7°C in Naboni et al. (2019b). 

 

Figure 5: Scattered plots showing the relationship between the measured parameters and the IWEC parameters. 
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Figure 6: Relationships between measured and simulated MRT (top row) and UTCI (bottom row). 

It can clearly be seen that although the parameters, Ta, Rh, and v have some discrepancies with 

the measured values (Figure 5), the UTCI follows trend of the MRT throughout the day (Figure 6), 

showing a good agreement with the field measurements UTCI, with a maximum difference of ~3.5°C. 

The results shown above indicate that the Ladybug-tools workflow can simulate the thermal 

performance of geometry configurations with a considerable reliability, but also with a comparable 

accuracy to valid microclimate models such as ENVI-met with dramatically decreased simulation times 

and hence, it can be used in this study. The results also indicate that the IWEC weather file is adequately 

appropriate for the simulation of hypothetical case studies. Additionally, the results reported in this 

validation are not including CFD wind simulation. This was recommended based on a preliminary 

sensitivity analysis by the authors. Natanian et al. (2020) performed a sensitivity analysis on the solar 

and wind parameters included in the calculation of UTCI using the same workflow in a hot desert 

climate, similar to our study. Their results showed that MRT had the strongest impact on UTCI, and 
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that using the wind data from the weather file (rather than a detailed CFD analysis) had a minimal effect 

on the output UTCI. Also in a hot-arid climate, Krüger et al. (2010) concluded that wind exposure is 

not as significant as mutual shading for improving the heat transfer by convection and reducing cooling 

loads. Accordingly, based on our preliminary study and the inferences from the literature, and given the 

exhaustive computation time needed for the CFD analyses, wind speeds in this study are extracted 

directly from the IWEC file, in favour of performing a total of 7716 permutations. 

2.3 Hypothetical study modelling 

The hypothetical urban canyon, comprised of two arrays of 5 residential units, 24m ´ 20m each, was 

modelled parametrically in Grasshopper (100m total canyon length). The ground in the ladybug-tools 

model was defined as a thermal zone in EnergyPlus in order to account for ground temperature changes. 

The ground zone was further divided into 5 zones during the first phase and 20 zones during the second 

and third phases, to capture the dynamic variation of the shading without increasing the computation 

time. Building materials typical of the residential sector in Egypt were defined as the construction 

materials for the model, with all material roughness set to “rough”. Table 3 lists the thermal and physical 

properties used in this study. Upon the second and third phases, an existing newly constructed urban 

area in Cairo is modelled with average building heights of 18m are assumed. Note that the UWG module 

within the Dragonfly plugin uses the average building heights, building footprints, density and material 

thermal properties to calculate the UHI effect. Since the context neighbourhood is not orientated with 

the urban canyon, the morphology and the spacing between neighbouring buildings will not affect the 

results of the UWG. Figure 7-a depicts the canyon as modelled in phase 1, while Figure 7-b and Figure 

7-c show the canyon as modelled within the context neighbourhood and used in both phases 2 and 3. 

Table 3: Physical and thermal properties of construction materials (Engineering-ToolBox, 2001). 

Material 
Properties 

Roofs Walls Ground 
Roofing tiles Wall bricks Asphalt 

Solar Absorption (-) 0.50 0.60 0.88 
Solar Reflection / albedo (-) 0.50 0.40 0.10 
Thermal Absorptance (-) 0.90 0.90 0.93 
Density (Kg/m3) 1900 1500 2100 
Specific Heat Capacity (J/Kg∙K) 800 650 920 
Thermal Conductivity (W/m∙K) 0.84 0.44 1.40 
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Figure 7: 3D view of the urban canyon simulated in (a) phase 1, and (b) and (c) in both phases 2 and 3. 

Neighbouring buildings in red colour are included in the view factor calculations. 

2.4 Simulation setup 

For the Dragonfly Urban Weather Generator inputs, a building programme was set to “mid-rise 

apartments”. For the parameterisation of EnergyPlus simulation via Honeybee, each building was 

divided into a number of thermal zones equal to the building’s floors, i.e. one thermal zone per floor, to 

capture the variations in surface temperatures relative to the dynamic shading pattern. Building zones 

were set to “not conditioned”, with equipment and lighting loads set to zero. In the same context, the 

timestep was set to 10 mins with reporting every hour, and using the solar distribution module “Full 

exterior with reflections”. The points of measurements were distributed along the canyon on a 2m grid, 

e.g. a 100m long street of width 6m entails a total of 50×3=150 points. Results were recorded at a height 

of 1.1m to represent the centre of gravity of a human body, thus taking a thermal sensation point of 

view. For phase 2 and 3, the nearest neighbouring buildings (shown in red colour in Figure 7-b) are 

included for view factor calculations, yet not for shadowing. The TT-Toolbox (Tomasetti, 2020) Colibri 

component was used to iterate a total of 1716, 3840 and 2160 cases respectively for the first, second 

and third phases.  

2.5 Climate context 

Egypt encompasses a range of diverse climatic conditions; however, it is generally categorised 

as a hot-desert climate according to the Köppen Geiger classification. The climate is characterised by a 
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hot-arid summer and a temperate winter with low precipitation levels. The highest mean temperatures 

are typically in July while the coldest temperatures are in January. An International Weather for Energy 

Calculation (IWEC) file for Cairo was obtained from the U.S. DoE (2020) and used in this study. 

Simulations, however, were conducted on June 7th as the hottest day to represent the worst-case 

scenario. Figure 8 shows the meteorological data of June 7th that were input into the simulation. It’s clear 

that the radiation values are not typically symmetrical around noon. Consequently, the performance of 

canyons providing similar shading patterns across the day will slightly vary based on the radiation 

values that they receive and/or block, as discussed below. 

 

Figure 8: Meteorological data in Cairo, on June 7th, as retrieved from the IWEC file and input to the model. 

3 Results and discussion 

For symmetrical canyons in phase 1, besides showing the optimum H/W ratios within each 

orientation, a focus is given to allocating specific heights and widths that produce these optimum ratios, 

where different height and widths may produce the same H/W. In phase 2, asymmetrical canyons are 

analysed with more emphasis on the heights of each array of buildings (flank). In phase 3, the heights 

of each flank within different widths are analysed with more attention to each flank’s H/W. This set of 

analyses gives a comprehensive interpretation of the relationship between design parameters and the 

output thermal comfort. 

3.1 Phase 1 
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Results of the first phase were interpolated using 2D Non-Uniform Rational Based Spline 

(NURBS) surfaces, and then transformed into coloured meshes, with each face delineating a resultant 

UTCI value of using a certain street width and building height as shown in Figure 9. Results of 

orientation 180° were excluded since they showed identical performance to those of orientation zero, 

as expected. In general, it can be noted that higher H/W ratios within all orientations lead to the lowest 

UTCI. However, N-S, NW-SE (15-45°) and NE-SW (135-165°) orientations tend to produce a wider 

variety of lower UTCI H/W ratios than those orientations close to E-W (60-120°). Given that the solar 

altitude reaches ~82° at noon, E-W canyons remain exposed almost the entire day and thus maintain 

the highest UTCI values. 



22 
 

 

Figure 9: Coloured meshes showing the height-to-width based UTCI for different orientations in degrees 

relative to North, recorded in the middle of the canyon on June 7th, from 5 am to 7 pm. 
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The more E-W orientated the canyons are, the less impact the street widths have on the UTCI. 

This is attributed to the longer exposure time not only for the canyon ground but also for the building 

surfaces, hence, the taller the buildings within these canyons, the more long-wave radiation a receptor 

point receives. Also, NE-SW canyons (120, 135 and 150°) having H/W ratios between 1 and 1.5 (Figure 

9) tend to be a preferred orientation relative to their NW-SE counterparts (60, 45 and 30°). Despite both 

NE-SW and NW-SE spending almost the same time sun-exposed or shaded, NE-SW canyons provide 

shading during the morning hours, obstructing radiation values relatively higher than those in the late 

afternoon. As canyon ground starts to heat up around 9 am, NW-SE canyons, on the other hand, provide 

shading during the late afternoon hours where surfaces are already heated, and the shading effect is 

lessened. Also, canyons within orientation 90° showed slightly better performance than those within 

orientation 75 and 105° with streets wider than 12m, as the former casts more shading during the noon 

hours (12-1 pm) characterised by the highest solar radiation intensities. Results of this phase are in 

agreement with previous studies in hot arid climates (Ali-Toudert et al., 2005; Ali-Toudert et al., 2006; 

Bourbia et al., 2010; Galal et al., 2020; Johansson, 2006; Shalaby et al., 2018) which advocated the use 

of NS-oriented deeper canyons for better thermal conditions. 

 

Figure 10: H/W matrix as a product of all building heights and street widths in phase 1. 

The lowest UTCI values of less than 39°C were recorded for canyon heights of ≥18m within 

6m streets and heights of ≥27m within 9m streets (H/W ranging between 3 and 6) within all orientations 

other than E-W canyons (75, 90 and 105°). The latter registered lower UTCI, of less than 40°C, with 
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building heights of 27m or more on a 6m street with H/W between 4.5 and 6. Canyons close to N-S 

orientation (0, 15 and 165°) start to register their highest UTCI values, ≥43°C, as building heights 

decrease to ≤15m within 18m and wider streets so long as they have H/W ratios between 0.16 and 0.45, 

respective to their parameters. Whereas NW-SE (30 and 45°) and NE-SW (135 and 150°) canyons 

register their highest UTCI, ≥43°C, as building heights decrease to ≤21m, street widths increase to 

≥15m, so long as they have H/W ratios between 0.16 and 0.66, respective to their parameters (Figure 

10). Within orientations (60° and 120°), the ratios move to ≤30m height and ≥12m width with H/W 

between 1.6 and 0.9, respective to their parameters. On the other hand, E-W canyons register UTCI 

higher than 43°C as building heights increase above 6m (except for 9m in 90°) within 12m streets and 

wider so long as they have H/W ratios between 0.16 and 1.67, respective to their parameters (Figure 10). 

Table 4 lists the lower and higher bounds for the geometry parameters, within which minimum and 

maximum UTCI values were registered. 

Table 4: Upper and lower bounds for geometry parameters to produce minima and maxima UTCI. 

 Minima UTCI (<39°C) * Maxima UTCI (>43°C) 
Parameter Heights (m) Widths (m) H/W Heights (m) Widths (m) H/W 
Bounds Min Max Min Max Min Max Min Max Min Max Min Max 

0, 15, 165° 18 36 6 9 3 6 6 15 18 36 0.16 0.45 
30, 45, 135, 150° 27 36 6 9 3.6 6 6 21 15 36 0.16 0.66 

60, 120° 24 36 6 9 4 6 6 30 12 36 0.16 0.9 
75, 90, 105° 27 36 6 6 4.5 6 6 36 12 36 0.16 1.67 

* <40°C in case of 75, 90 and 105° 
 

Having a closer look at Figure 9 and Figure 10, it should be noted that canyons with different heights 

(H) and widths (W) albeit with the same H/W may produce different UTCI values, in contrast to the 

findings previously reported by (Galal et al., 2020). For instance, an urban canyon with H6 and W12 

(H/W = 0.5) produces lower UTCI than a canyon with H9 and W18 by 0.8°C and 1.2°C in orientations 

0 and 60°, respectively, and lower than a canyon with H12 and W24 by 1.1°C in orientation 90°. A 

regression analysis for a sample size of 1716 cases was conducted to distinguish the effect of urban 

form variables in symmetric urban canyons as in this phase. A 2nd order polynomial trendline was used 

as it has shown the best fit with the sample data. Of the different variables investigated, H/W and sky 

view factor had the most significant correlations with UTCI with R2 = 0.71 and 0.73, respectively 



25 
 

(Figure 11), compared to 0.48 and 0.44, reported by (Galal et al., 2020). When orientations 60 to 120° 

were excluded from the authors’ analysis, a stronger correlation was found for the H/W with R2 = 0.91, 

compared to 0.56, also reported by (Galal et al., 2020). Furthermore, the authors also found a moderate 

correlation between UTCI and street widths with R2 = 0.49. This indicates that having a wider variety 

of canyon parameters in our study allows a more precise estimation of the relationship between urban 

form and thermal comfort, and identifies new relationships not previously reported, highlighting the 

significance of this study. 

 

Figure 11: scattered plots for the correlation between UTCI and H/W (left) and sky view factor (right). 

3.2 Phase 2 

Results of phase 2 show that the lowest UTCI values are a product of the narrowest streets and 

the highest buildings and vice versa. Consequently, results are shown in Figure 12 as clustered columns, 

each of which presents the variation of heights of array B with respect to each height of array A within 

a street width of 6m. Error bars represent the worst cases, within a street width of 18m, which generally 

produces the highest UTCI values, except for orientations 75, 90 and 105° within 8m-high array A. It 

is worth noting that although the results of this phase are only presented for 5 pm to 9 pm, EnergyPlus 

calculation of surface temperatures ran over the whole day. Consequently, surface temperature 

deviations during the morning and early afternoon hours should be taken into consideration. On a 6m 

wide street, a general trend can be seen within all orientations; UTCI values decrease with increasing 

the heights of array A. The effect is clearly seen within orientations where array A faces the southwest 

direction (45, 60 and 75°). In a similar vein, the effect of increasing the heights of array B is more 

prominent beyond orientation 90°. It is worth mentioning that although the turbulent heat fluxes are not 
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considered in the model, the natural convective heat transfer coefficient in EnergyPlus is based on the 

surface temperature variance with the air temperature, in addition to the wind speed, which is consistent 

over the whole layout. Given the disparate surface temperatures from one building height to another, 

heat transfer by convection becomes proportional to the mean difference between the surface and air 

temperature. In other words, the higher the surface temperature, the higher the natural convective heat 

transfer coefficient. Consequently, as buildings move from lower heights (exposed with high surface 

temperature) towards higher building heights (shaded with lower surface temperature), the natural 

convective heat transfer coefficient diminishes, and so does the heat transfer by convection. Thus, 

differences between higher buildings (28-36m) tend to be minimal as opposed to those between lower 

buildings (8-24m). In the next four sections, building heights are referred to by joining the array 

character “A or B” with its corresponding height in meters. For instance, “A-16 and B-32” indicate 

16m-high array A and 32m-high array B. 
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Figure 12: Clustered columns showing the relationship between building heights of array A and array B. The 

(thick) blue columns represent a 6m wide street, while the (ticked) error bars represent an 18m wide street.
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3.2.1 Orientations 0-30°   

Within these orientations, the effect of array B on reducing UTCI starts to be clear with 

increasing array A (20m onwards) for narrow streets. Increasing array B (except for heights B-32 and 

B-36) in tandem with array A-8 and A-12 increased the UTCI through increased long-wave radiation 

more than they decrease it by shading. For the same reason, increasing array B on wide streets (18m) 

resulted in increasing UTCI within arrays A-8 up to A-20, while the effect is attenuated within arrays 

A-24 up to A-36 due to the combined shading of arrays A and B. Table 5 shows the minimum and 

maximum UTCI values relative to their canyons on 6m and 18m streets for the three orientations. 

Table 5: Minimum and maximum UTCI for orientations 0-30°. 

 Max UTCI °C Max Canyon Min UTCI °C Min Canyon Attenuation °C 
(Max-Min) 

6m 18m 6m 18m 6m 18m 6m 18m 6m 18m 
0° 38.71 38.89 A8/B20 A8/B24 38.19 38.41 A36/B36 A36/B8 0.52 0.50 
15° 38.78 38.96 A8/B16 A8/B36 38.26 38.43 A36/B36 A36/B8 0.52 0.53 
30° 38.84 39.06 A8/B28 A8/B32 38.30 38.47 A36/B36 A36/B8 0.53 0.58 

 

3.2.2 Orientations 45-75°  

The behaviour of these orientations is dominated by array A blocking solar radiation in the late 

afternoon and evening. This can be seen through the reductions in UTCI being registered with 

increasing heights of array A within narrow streets. Increasing the heights of array B appears to increase 

the UTCI within arrays A-8 to A-16, have a minimal effect within arrays A-20 and A-24, and then 

decrease the UTCI within arrays A-28 to A-36, especially B-24 and higher. Conversely, on wider streets 

(18m), lower heights of array B led to a reduction of the UTCI within all heights of array A. Similar to 

orientations 0-30°, this is attributed to the long-wave radiation received from array B and the lack of 

shading from array A. However, angle factors between the points of measurements and the surfaces 

play an important role in shaping the UTCI, particularly in orientation 75°. This is clear in canyon A-

8/B-8 where the points have a lower view factor to the surfaces, regardless their temperatures, and hence 

register a lower UTCI than those of A-36, provided that array B has a minimal shading effect over the 
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whole day. Table 6 shows the minimum and maximum UTCI values relative to their canyons on 6m and 

18m streets for the three orientations. 

Table 6: Minimum and maximum UTCI for orientations 45-75°. 

 Max UTCI °C Max Canyon Min UTCI °C Min Canyon Attenuation °C 
(Max-Min) 

6m 18m 6m 18m 6m 18m 6m 18m 6m 18m 
45° 38.96 39.18 A8/B16 A8/B36 38.38 38.56 A36/B32 A36/B8 0.58 0.61 
60° 39.11 39.31 A8/B24 A12/B36 38.43 38.80 A36/B36 A36/B36 0.69 0.51 
75° 39.38 39.52 A8/B28 A20/B36 38.71 38.99 A36/B36 A8/B8 0.67 0.53 

 

3.2.3 Orientations 90-120°  

For orientation 90°, the UTCI is driven by mutual shading between array A and B. Within 

narrow streets, increasing heights of array A starts to have an impact on the UTCI at A-24 onwards. 

This is also the case for array B. This is due to the shading cast by array A during the early afternoon 

hours (12 pm – 3 pm) and that casted by array B during the late afternoon (4 pm – 7 pm). As streets get 

wider, the points of measurement receive a negligible amount of shading compared to the long-wave 

radiation they receive from the building surfaces, thereby increasing the UTCI. As canyons move north-

eastward (Orientations 105-120°), array B starts to cast shadow during the late afternoon and alleviates 

the UTCI regardless the height of array A. Even within wider streets (18m), where increasing heights 

of array A increase the UTCI, array B alleviates the UTCI as it increases beyond 24m. Table 7 shows 

the minimum and maximum UTCI values respective to their canyons on 6m and 18m streets for the 

three orientations. 

Table 7: Minimum and maximum UTCI for orientations 90-120°. 

 Max UTCI °C Max Canyon Min UTCI °C Min Canyon Attenuation °C 
(Max-Min) 

6m 18m 6m 18m 6m 18m 6m 18m 6m 18m 
90° 39.34 39.52 A12/B20 A32/B36 39.02 39.05 A36/B36 A8/B8 0.32 0.48 
105° 39.20 39.37 A12/B8 A32/B20 38.74 39.00 A36/B36 A8/B8 0.47 0.37 
120° 38.99 39.12 A8/B28 A24/B16 38.46 38.85 A36/B36 A8/B36 0.53 0.27 

 

3.2.4 Orientations 135-165°  
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It is clear that the effect of increasing heights of array B is predominant due to keeping canyons 

of all widths shaded. Given the lower solar altitude from 5 pm to 7 pm (~22°), the shading effect extends 

to wider streets. Array A appears to have a minimum effect on the UTCI due to the shading it provides 

during the early and noon hours. However, the wider the street, the larger the difference between the 

long-wave radiation it delivers, and the shading benefits it provides. This is similar to the effect of array 

B within orientations 45-90°. The impact of array B is more pronounced when it is shaded by array A 

before 3 pm, especially within orientations 150 and 165° in 6m streets. Table 8 shows the minimum and 

maximum UTCI values relative to their canyons on 6m and 18m streets for the three orientations. 

Table 8: Minimum and maximum UTCI for orientations 135-165°. 

 Max UTCI °C Max Canyon Min UTCI °C Min Canyon Attenuation °C 
(Max-Min) 

6m 18m 6m 18m 6m 18m 6m 18m 6m 18m 
135° 38.87 39.01 A12/B8 A20/B12 38.38 38.69 A36/B36 A8/B36 0.48 0.32 
150° 38.82 38.92 A16/B8 A24/B8 38.35 38.55 A32/B36 A8/B36 0.46 0.38 
165° 38.74 38.91 A16/B8 A32/B8 38.30 38.47 A32/B32 A8/B36 0.44 0.44 

 

3.3 Phase 3 

Results of this phase are presented as the average UTCI for each 6 heights of one flank against 

a single height of the other flank, e.g. the average of 6 UTCI values as a product of 6 heights of A (A-

6 up to A-36) against B-12. This demonstrates the effect of a single height of one flank regardless the 

other heights of the other flank. The averages of flank A (single B) are shown in green columns in Figure 

13 for 5 street widths, while the averages of flank B (single A) are shown as dash-lined columns. In N-

S canyons (0, 15, 165, 30 and 150°), the effect of increasing the height of one flank within an orientation 

(15° for instance) is contrary to the effect of increasing the same flank within its supplementary 

orientation (165°). In NW-SE (45, 60 and 75°) and NE-SW (135, 120 and 105°) canyons, the effect is 

almost similar, though the magnitude slightly differs depending on the hours of the day being 

exposed/blocked as discussed in phase 2. As streets get wider, UTCI increases for all heights of flank 

B. On the other hand, for A-6, a street width of 15m (W15) entails lower UTCI than W12 in orientations 

30, 45, 135, 150 and 90° and so does W9 than W6 in orientations 60, 75, 105 and 120°. This is due to 
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the reduced amount of longwave radiation received as streets get wider and the surface view factors 

decrease accordingly. 
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Figure 13: Clustered columns showing the average UTCI for 6 heights of flank A against one height of flank B 

in (green) and the average for 6 heights of B against a single height of A in (dash lines), within 5 street widths. 
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Moreover, results of this phase demonstrate how the magnitude of UTCI is dependent on the 

heights of flanks A and B and the different widths in N-S, NE-SW and NW-SE canyons more than it is 

in E-W canyons. As such, within E-W canyons, the effect of heights is negligible compared to that of 

changing the width. Apart from orientations 0, 15 and 75°, heights A-30 and A-36 lead to the minimal 

UTCI in street widths W6 and W9. This was clear when we investigated the correlation of Heights-

A/W and Heights-B/W independently across the different orientations (Figure 14-a and Figure 14-b), and 

then within each orientation (Figure 14-d). It was found that Height-A/W has a relatively higher 

correlation with UTCI than Height-B/W (R2 = 0.44 compared to 0.38). Figure 14-d demonstrates that 

within orientations 120 to 165°, heights of A had a strong correlation with UTCI compared to a 

moderate correlation of heights B. Also, in orientations 75 and 90°, flank A had relatively higher 

correlation than flank B. This is due to being flank A responsible for blocking the solar radiation during 

most of the sunlit hours. Hence, improved thermal comfort can be achieved by increasing the heights 

of the southern flank (A in this case) and maintaining lower heights of the northern one (B). This is 

different from what has been reported in the study of (Shalaby et al., 2018), which recommended using 

H/W = 1 in E-W canyons, the difference being that they did not include asymmetrical urban canyons 

in their study. Furthermore, Figure 14-c and Figure 14-d manifest the importance of using each flank’s 

H/W rather than using an average H/W in asymmetrical urban canyon studies, even if the latter 

maintains a good correlation with the output thermal comfort. Note that the asymmetrical nature of the 

other meteorological variables around midday may have overestimated or underestimated the output 

UTCI. However, urban shading remains the most dominating factor in determining the relationship 

between each flank and the output thermal comfort (also see Emmanuel et al., 2007). Again, having 

both canyon flanks modelled independently has allowed the examination of the nuances of their 

relationship with the outdoor thermal comfort, highlighting another contribution of this study. 
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Figure 14: Scattered plots showing the correlation between UTCI and (a) height-A/W, (b) height-B/W, (c) 

average-H/W. (d) coefficient of determination for height-A/W and height-B/W in different orientations 

4 Implications for urban design 

As mentioned earlier, the Egyptian Construction Act (Ministry of Housing Utilities & Urban 

Communities, 2008) specifies urban form thresholds for urban communities; a minimum street width 

of 10m, maximum building heights of 36m, a maximum H/W of 1.5 and even lower thresholds for new 

conurbations. Since the results of this study fall within the same UTCI category, we set the benchmark 

for UTCI reduction as the difference between the highest UTCI recorded and the lowest UTCI resulting 

from using a H/W of 1.5. Consequently, a reduction in UTCI of 3.7 °C and 2.6 °C were set as the 

benchmarks for phase 1 and 3, respectively. Table 9 lists the minimum H/W thresholds to meet these 

reduction benchmarks in both symmetrical and asymmetrical configurations. Note that since the study 

was conducted on the hottest day, the thresholds are still appropriate for less severe conditions. Based 

on these findings, higher H/W’s and narrower streets should be allowed within the regulations. Street 

widths 6 to 9m should be orientated E-W wherever possible to serve as local and sub-local roads, or 

pedestrian alleys. Wider streets should be orientated N-S wherever possible to serve as collectors, 

whereas intermediate orientations could serve as both. It can be deduced that higher and medium H/W 
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ratios lead to relatively low and moderate heat stresses in NS, NE-SW and NW-SE canyons. Within 

these canyons, wider streets with varying building heights can still yield lower heat stresses relative to 

the other orientations. This is useful for leveraging the solar radiation in winter and allowing air 

movement for better convective cooling in summer (Qaid et al., 2015). 

Table 9: Minimum H/W thresholds for achieving the UTCI reduction benchmarks. 

 Orientation 
0 15 30 45 60 75 90 105 120 135 150 165 

Symmetrical H/W 1.67 2 2 2.25 2.5 4.5 5 4.5 2.5 2 1.5 2 
Asymmetrical H-A/W 0.67 1 2 2 2.67 5 6 5 2.67 2 2 1.3 
Asymmetrical H-B/W 1 1.3 1 1 1 3 5 3 1 1 1 1 

 

Based on the results of the first and third phases, a “UTCI rose” is presented to help draw 

implications for urban designers, planners and decision-makers as a guideline for a lower heat stress 

urban environment during the early design stages. Figure 15 depicts the results of both phases, 

summarised in three bars within each orientation. The left-hand bars represent the resultant UTCI due 

to increasing or decreasing both canyon flanks’ H/W ratios. The middle and the right-hand stacked bars 

represent the resultant UTCI from increasing or decreasing the canyon flanks A and B respectively, 

within different street widths. In these stacked bars, the UTCI results are averaged for each 6 heights of 

one flank with respect to every single height of the other flank. The effect of increasing either building 

arrays in NS canyons is almost equivalent. In NE-SW canyons, the resultant UTCI is more dependent 

on the southern array (B in the rose) than it is on the northern array (A). Increasing the heights of the 

southern array (B) decreases the UTCI relatively more than array A does, although the lower heights of 

array B lead to higher UTCI than their counterparts in array A. The difference is attenuated as canyons 

are directed NS, however with slightly higher UTCI values in the lower heights of array B, owing to 

the higher solar radiation values in the morning and noon compared to the afternoon and evening. The 

opposite conditions are evident in NW-SE canyons. Canyons close to E-W, on the other hand, maintain 

relatively higher heat stresses across the majority of their H/W ratios, apart from the highest ones 

(narrowest streets). Within these canyons, increasing the heights of the northern array is only beneficial 

as long as they are shaded by the southern array. This is clear in wider streets (15 and 18m), where 
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building heights 12 to 18m of the southern array lead to higher UTCI than that of height 8m. In the 

latter case, canyon shading can be achieved by artificial shading devices, galleries (Ali-Toudert et al., 

2007) or tree lines (Fahmy et al., 2018). As the southern array increases above 18m, the UTCI starts to 

decrease again, and it further decreases as streets get narrower. It also can be suggested that, of the 

heights being tested in phase 3, an 18 to 24m-height of the southern array in E-W canyons works as a 

trade-off between solar penetration in winter and thermal loads induced within different street widths. 

 

Figure 15: UTCI rose. For each orientation, left-hand bars represent 132 H/W ratios and their resultant UTCI. 

Within the 5 street widths, middle stacked bars represent 6 heights of flank A along with their resultant UTCI as 

averaged over each respective 6 heights of flank B. Right-hand bars represent 6 heights of flank B along with 

their resultant UTCI as averaged over each respective 6 heights of flank A. 

The methodology presented in this paper can be replicated and used to test other performance 

criteria, e.g. energy loads, by means of its core simulation engine, EnergyPlus (Ibrahim et al., 2021). 

The user-friendly nature of Grasshopper allows architects, designers and others without proficiency in 

programming to use this methodology. Undoubtedly, the use of open-source plugins in Grasshopper 

has increased its popularity in research, but also spurred the integration of Grasshopper and its 

environmental plugins into educational curriculums, and it is fast becoming an indispensable tool in 
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practice. The UTCI results reported in this study are in degrees Celsius, which describe how pedestrians 

“feel” within a street canyon, and hence, designers can use these results as they are, without the need 

for further interpretation. The Egyptian government’s current initiative to amend the design regulations 

is not yet fully implemented. Such amendments can be extended to include climate informed design 

guidelines such as those reported in this study. Moreover, this paper’s methodology can be applied to 

district and small urban scale studies (Ibrahim et al., 2021), giving the opportunity to include 

performance driven insights into the design guidelines at different scales, thereby promoting the 

creation of resilient and sustainable built environments which ensure pedestrians’ health and well-being. 

5 Study limitations 

The simulation workflow presented in this study is based on an aggregated bottom-up approach 

by chaining the inputs and outputs of validated software engines, i.e., EnergyPlus and UWG, within the 

Grasshopper environment. This approach is appropriate in parametric studies aiming to support urban 

planners and designers in the planning stage, where the use of standardised design parameters facilitates 

the simulation of a higher number of case studies, whose results are most needed in this stage. The 

applicability of the workflow is, however, confronted by the necessity to balance the computational cost 

of including detailed bottom-up approaches, e.g. running CFD analyses, and the reliability of the 

model’s performance. In this study, we chose not to include wind analyses in favour of running a 

remarkably increased number of geometric permutations, since the workflow has shown considerable 

reliability using wind speeds from the IWEC file. Other approaches available in Grasshopper include 

wind analyses using Butterfly (Mackey et al., 2017) or Eddy3D (Natanian et al., 2020) which produce 

wind factors, the ratio between the simulated wind speeds and the inlet wind speed generated from a 

number of directions. These approaches, however, are not as accurate as if the turbulent heat exchanges 

are considered within the model, which is a feature in the OpenFOAM software, but is not yet integrated 

(currently under development) in either of the two plug-ins.  

Furthermore, compared with field measurements, it was shown that the ladybug-tools model 

underestimates the UTCI by some 3.5 °C. As mentioned in section 2.2, the main deviation stems from 

the differences between the simulation model and the real case in three main parameters. Firstly, in 
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sunlit hours, the radiation model mainly depends on the global horizontal radiation, retrieved from the 

weather file, which might suggest inaccuracies if not identical to reality. Secondly, the definition of the 

ground surface as the upper surface of an EnergyPlus thermal zone, assuming all other surfaces are 

adiabatic. Currently, there is no evidence from the literature about the convective nor the long-wave 

radiative heat transfer with this ground zone (Evola et al., 2020). Finally, the spatial resolution of the 

simulation model which may suggest inaccuracies regarding the sun obstruction angles. 

Notwithstanding, these differences are consistent over the hypothetical cases, and hence can be accepted 

for the purpose of running a comparative analysis in this pre-design stage. Further improvements to the 

model need to be made in detailed analyses. 

For most geometry configurations, this study has recommended using high aspect ratios for 

improved thermal comfort conditions. These configurations, nonetheless, might not seem applicable in 

practice in Egypt, although they are extensively found in other countries with similar climates, for 

instance Morocco (Johansson, 2006) (Figure 16-left) and Algeria (Bourbia et al., 2010). The fact that 

Egypt has suffered from urban sprawl since 1950 with around 50% of the existing building stock not 

complying with the building regulations (Edeisy et al., 2018) has spurred the government to instigate a 

redevelopment campaign for slums. Figure 16-right shows a sprawled area in Cairo, included in the 

government redevelopment action plan, where the rightmost part of the image is a neighbourhood, 

newly constructed in compliance with the Construction Act. That is to say, the limitation of applying 

these configurations in Egypt is subject to the interventions by stakeholders and decision makers in the 

design policies and regulations. 
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Figure 16: Satellite images of a neighbourhood in Fez, Morocco (Left), and Ezbet El-Haggana, Cairo, Egypt 

(right). The rightmost part of the image is a public sector newly constructed neighbourhood. 

6 Conclusion 

This study investigated the effect of H/W ratio and orientation of urban canyons on the outdoor 

thermal comfort represented by the UTCI. The Ladybug-tools microclimate model has shown its 

capability to capture the dynamic patterns of solar radiation and the resultant outdoor thermal comfort. 

In a hot arid climate, it was shown that modification of H/W and orientation can reduce the UTCI by 

almost 6 °C. Higher H/W ratios are favourable in N-S, NE-SW and NW-SE canyons and have the 

potential to reduce the heat stress in the urban canyon, whereas the more canyons are orientated E-W, 

the less effect H/W ratios have on the microclimate. Moreover, asymmetrical urban canyons are a 

feasible option, so long as taller buildings cast shadows on the canyon ground and shorter buildings, 

allowing for openness to the sky for convective cooling. The obtained UTCI thermal stress could be 

reduced significantly if the calculations were made on a typical day rather than an extreme one, not to 

mention the uncertainties of the weather file (Chinazzo et al., 2015). Given the shorter time required 

for computer simulations, which exceeds a thousand runs per day, this study could be applied in various 

climatic contexts. In Egypt, where the summer solar shading is prioritised over the winter solar heat 

gain, the study focused on the compromise between different H/W’s and orientations in summer. In 

other climatic zones, seasonal variations should be considered. The study provides climate-based 

insights for urban planners aiming at creating healthy and sustainable built environments. 
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Data Availability Statement 

Data available in a publicly accessible repository. The data presented in this study are openly available 

in University of Bath Research Data Archive at [https://doi.org/10.15125/BATH-01045] (Ibrahim, 

2021). 
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