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ABSTRACT: In many developing countries, such as Brazil, cities have been rapidly growing over the past decades without 

an effective planning. This urbanization process has encountered important impacts on the natural and built environment. 

In tropical climate, the local climate change has led to thermal stress, affecting negatively comfort and human health, as 

well as social and commercial outdoor activities.  In Brazilian semi-arid region, many cities have just been elaborating 

their municipal building regulation. This paper examines different urban geometries generated from the building 

regulation guidelines of a Brazilian city located in the context of a tropical semi-arid climate. The urban scenarios were 

submitted to microclimatic analysis performed through computational simulation and pedestrian thermal comfort was 

then assessed by means of Physiological Equivalent Temperature (PET) index. The impact of the design parameters was 

evaluated through sensitivity analysis, which allowed identifying their relative importance through each scenario. Results 

suggested that the progressive building setbacks imposed by the local building regulation which lead mainly to an open-

set urban fabric with wider street canyons may be desirable regarding the outdoor thermal comfort in a tropical climate. 

However, changes worked in buildings proportions and orientation have triggered some important variations. 
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INTRODUCTION 

Urban centers of developing countries, such as Brazil, 

have been rapidly growing over the past decades without 

effective planning. This kind of urbanization process has 

encountered important impacts on the natural and built 

environment, especially in local urban-atmosphere. In 

tropical cities, the local climate change has led to thermal 

stress, affecting comfort and human health as it damages 

the environmental quality of liveable urban spaces [1].  

 

The improvement of the environmental quality of 

urban spaces and consequently of buildings energy 

demand should meet a well knowledge of the local urban 

microclimate as well as its interaction with the 

surrounding built environment. Therefore, and especially 

for the new growing urban centres, planners decisions 

play a crucial role on setting out rules that will strongly 

determine the urban environments performance.  

    

The building regulations and the Brazilian case 

The building regulation consists of urban development 

regulatory instrument to set control over land use in 

cities. It has been established to “ensure the healthy, 

safety, welfare and convenience of people in and around 

buildings” [2].  
 

In Brazil, most of the current municipal building 

regulations still preserve a part former sanitary code 

along with their urban zoning, but some initiatives to 

encourage environmental adequacy and energy efficiency 

parameters have been proposed, in the last years, by the 

Brazilian Institute of Municipal Management - 

IBAM/PROCEL [3] - towards new and existing building 

regulations.  
 

Even though it has been well thoroughly discussed 

the importance of integrating the energy efficiency and 

indoors thermal comfort, the outdoor environments still 

remain vastly under-reported in local regulations, even if, 

in most Brazilian regions, people tends to spend an 

important amount of their time developing activities in 

the outside spaces.   

 

The way building regulation affects urban form and 

consequently the outdoor thermal comfort of pedestrians 

is the focus of this particular paper which attempts to 

investigate the performance of the urban morphological 

parameters recently proposed in the building regulation 

of a tropical semi-arid Brazilian city.  

 

The objective of this work is to examine the outdoor 

thermal comfort responses considering the microclimatic 

modifications induced by different urban configurations. 

The major goal is to quantify the relative contribution of 

each of the parameters in mitigating the heat stress in 
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urban micro scale, towards the development of a 

comfortable microclimate at street level for pedestrians. 

 

 

METHOD 

According to this context, our methodology is based on 

the following steps: 

 

a. Definition of geometrical models according to the 

building regulation parameters through a Design of 

Experiments method (DOE); 

b. Three-dimensional numerical simulation analysis of 

the scenarios in urban micro scale through ENVI-

met model [4], which simulates the microclimatic 

changes within urban environments;  

c. PET index assessment (Physiological Equivalent 

Temperature); 

d. Parametric effect size and comparative analysis. 

 

Case study  

The climate studied is the tropical semi-arid of the 

Northeast Brazil. As an example for this case study, we 

have chosen the city of Petrolina, situated in the state of 

Pernambuco, Brazil, at 9°22’ South latitude and 40°32’ 

west at 375m of altitude. Its climate can be mostly 

characterized by high temperatures throughout the whole 

year. However, as the relative humidity can fluctuate daily 

and seasonally, the site presents an important thermal 

amplitude, during a daily-cycle as well as in between 

seasons (the summer and winter time). Among other 

climatic features, the mentioned region presents also a 

predominantly clear sky with high intense solar radiation 

all over the year, hence its low latitude. The climate in 

Petrolina is mostly characterized by a long season 

extremely hot and dry (through spring and summer) and a 

winter that is characterized most like a hot and humid 

climate, with temperatures slightly milder compared to 

summer time, due to the significant yearly fluctuation of 

relative humidity. Regarding to the annual average air 

temperature, it registers a maximum average of 33.5°C, in 

the summer condition, and a minimum average of 19°C, 

during winter time. The place presents important daily 

thermal amplitude of 12.3°C, on average. It can be verified 

in the region that the average of air humidity is relatively 

low with a concentrated rainfall season [5]. 

 

One of the main difficulties that could face an urban 

planner, dealing with the semi-arid climate of Brazil, is 

to deal with the conflict between the seasonal needs of its 

hybrid climate configuration. Oke [6] claimed that a 

‘‘zone of compatibility’’, which ensures a compromise 

between apparently conflicting objectives in urban 

designing, should be found. However, further 

investigation is required for providing quantitative 

information about optimal urban forms scenarios in order 

to regulate the climate comfort [7]. 

 

Building regulation of Petrolina – PE – Brazil  

Petrolina is one the most populous municipality in the 

banks of the River São Francisco, in the semi-arid zone 

of Brazil, with 294 thousand inhabitants. Its population 

has grown 380% since 1970 and 34.5% only between 

2000 and 2010. Such a phenomenon can be justified by 

the intensively growth of the local economy that have 

recently attracted an important number of migrations to 

the city.  As a consequence, the urban center of Petrolina 

passes through a process of a rapid verticalization that 

has unceasingly modified the landscape along the coast 

side of the river. 

 

In order to set control over the urban center, it was 

recently established the local master plan and building 

regulation to the city. The building regulation of 

Petrolina was published in 2006 and provides a 

restrictive set of instruments for their buildings 

construction which is mainly defined by the following 

elements: Plot Ratio (PR); Floor Area Index (FAI); 

Progressive building setbacks; Soil Permeability Rate 

(PSR). 

 

Each of these parameters presents specific attributes 

according to each of the 7 urban zones determined by the 

local master plan: 4 residential areas (ZR-1, ZR-2, ZR-3, 

ZR-4); area of environmental preservation (ZPA); 

historical patrimony zone (ZPH); multiple activities zone 

(ZAM); zone of industries and other services (ZIS); port 

area zone (ZP); urban expansion zone (ZIDU-ZIDU-1, 2) 

(see in Fig. 1).  For each zone, land use priorities as well 

as building regulation parameters were established 

limiting or encouraging urban densification. This work 

focus on the urban residential zoning regulation (ZR-1) 

characterized by the predominance of multi-store 

housing. By choosing this typological zone, our main 

interest is to understand the impact of a local strong trend 

towards densification and verticalization which presents 

no building height limit. 

 

 

 
 

Figure 1: Urban zoning for Petrolina – PE (Source: 

Government of Petrolina-PE. 

 

 

Even though no height limit has been established as a 

parameter by the building regulation, with the Floor Area 
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Index (FAI) along with the formula to find the restrictive 

building setbacks (Table 1), one gets to find an 

interesting building total height, by tracing up an optimal 

rapport between the total potential area available and a 

convenient floor area.  
 

Table 1: Building regulation parameters for residential zones 

in Petrolina (Source: Government of Petrolina-PE). 

 

Urban 

zone 
FAI PL 

Buildings 

up to 2 

floors 

Buildings 

with more 

than 4 floors 

Resulting 

Building 

Setbacks 
IBFS IBLS IBFS IBLS 

R1(*) 4,0 0,7 3,00 0 5,00 2,00 RBS = 
IBFS + (n-

4) x 0,20 

 
RLBS = 

IBLS + (n-

4) x 0,20 

ZR2 3,0 0,7 3,00 0 5,00 2,00 

ZR3 3,0 0,7 3,00 0 5,00 2,00 

ZR4 3,0 0,7 2,00 0 5,00 2,00 

FAI – Floor Area Index; PR – Plot Ratio; IBFS – Initial Building Frontal 

Setback; IBLS – Initial Building Lateral setback; n – Number of floors. 

 

 

Following the building regulation descriptors, this 

paper takes into account four defining geometrical 

variables: building height, width and length and 

buildings setbacks. It was also considered, for each 

scenario, a street width, defined as a pondered average 

found in the residential zone of interest. 

 

The Design of experiments and the local building 

regulation 

At this step, a design of experiments (DOE) method was 

carried out. Since the experiment of interest consists of 

the interaction of various morphological variables at a 

time, we have chosen to work with a multi-factorial, but 

only in a two levels design sequence, as the 

microclimatic model selected could be way time-

expensive (ENVImet model may take a whole day or 

longer to simulate a single experiment). The DOE 

sequence method allows obtaining the most relevant 

qualitative information from a database of experiments 

with the smallest number of experiment as possible.  

 

This statistical method works as a systematic 

approach using a smart distribution of scenarios (or 

experiments) in the design space. This technique allows 

having a good sample of a configuration space, avoiding 

subjective bias as well as eliminating redundant 

observations [8]. It mostly works as a preliminary 

exploration of a design space, in order to provide a 

starting point to check for response sensitivity to study 

main and high-order interaction between variables.  

 

To prepare a representative sample of experiments, 

the range for each design variable was established based 

on the current building plot and local constructions 

pattern identified in the case-study city residential urban 

zone of interest. The range intervals and DOE results can 

be found in the table 2. 
As a second step, by considering the building regulation 

parameters, we took each of the generated experiments 

and calculated the resulting building geometry according 

to the local design rules (Table 2).  
 
 
Table 2: Urban experiments. 

 

Exp 
Width 

(m) 

Length 

(m) 

Heigh

t (m) 

Building 

resulting 

dimensions 

(W;L;H) 

Street 

width 

(m) 

Orientation 

I 15 20 6 15; 14; 6 6 N-S; E-W 

II 15 60 6 15; 54; 6 6 N-S; E-W 

III 15 20 60 4; 6; 60 6 N-S; E-W 

IV 15 60 60 4; 46; 60 6 N-S; E-W 

V 30 20 6 30; 14; 6 6 N-S; E-W 

VI 30 60 6 30; 54; 6 6 N-S; E-W 

VII 30 20 60 20; 6; 60 6 N-S; E-W 

VIII 30 60 60 20; 46; 60 6 N-S; E-W 

 
  

For all modeled urban scenarios, it was considered 

the same width of street (6m) as well as the same block-

type in an orthogonal mesh pattern. For each of the eight 

models, it was also considered two different street 

orientations, as to verify the impact of each 

morphological factor in combination with different urban 

design implantations. The resulting building geometries 

can be depicted from the images in the table 3. 

 

 
Table 3: Resulted urban scenarios. 

 
 I II III 

   
IV V VI 

   
                VII             VIII 

  
 

 

According to the Floor Area Index (FAI) established 

in the building regulation, scenario IV and VIII would be 
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unfeasible designs, since they exceed the total permitted 

area for construction, but yet they were taken into 

account in the study as part of the statistical hypothesis 

testing sample to enable the evaluation of the effect size 

of the design variables of interest.  
 

In the table below, all the resulted geometries are 

described by a set of morphological descriptors. The 

morphological descriptors shall help identifying the 

relations between the many variables of urban form and 

the microclimate performance responses that will be 

presented in the next section of the paper.  
 

Associating the morphological analysis with the 

microclimatic responses might also allow creating an 

integrated language that could be later interpreted and 

used by urban planners. Here, five different 

morphological indicators were applied for each urban 

scenario: the built density, the compactness and 

contiguity of the buildings, the mean Sky View Factor 

(SVF) and the Height of the buildings to the Width of the 

street ratio (H/W ratio) (Table 4).  

 

 
Table 4: Resume of environmental indicators for each 

morphological model. 

 

 

(I) 

 

(II) 

 

(III) 

 

(IV) 

 
Built density 0,69 0,90 0,08 0,20 

Compactness 0,31 0,20 0,85 0,56 

Contiguity 0,43 0,65 0,58 0,88 

Mean SVF 0,66 0,66 0,49 0,43 

H/W ratio 0,43 0,43 2,73 2,73 

 

(V) 

 

(VI) 

 

(VII) 

 

(VIII) 

 

Built density 0,70 0,90 0,2 0,51 

Compactness 0,31 0,20 0,45 0,16 

Contiguity 0,19 0,27 0,24 0,63 

Mean SVF 0,66 0,66 0,38 0,36 

H/W ratio 0,43 0,43 2,73 2,73 

 
 
 

ANALYSIS AND RESULTS 

To carry out the output data analysis (for all scenarios), it 

was considered the mean data of a pedestrian walking 

through the same side-walk of a street. A whole typical 

day in a summer condition was analysed. Calculations 

were performed for a 1m x 1m x 2m grid net over 

ENVImet model and the microclimatic data were then 

extracted for 1,6m above ground level. The main 

findings will be presented in the following sections. 
 

Cases comparative analysis 

Two of the most decisive variables on defining the 

physiological equivalent temperature (PET) of 

pedestrians are the mean radiant temperature along with 

the wind speed rates. Hence, shading percentage was 

found to be one of the main strategies for keeping the 

street area cooler, since not only it protects the 

pedestrians against the direct solar radiation, as it also 

keeps the surrounding built surfaces cooler. 

Consequently, the scenarios with higher H/W ratio 

presented the better results, concerning the mildest 

values for the potential air temperature. Moreover, it was 

also verified that the wind speed rate worked, on one 

hand, as an attenuating factor towards PET responses, 

but also, on other situations, working as an aggravating 

one - as it could be verified in scenarios IV and VIII 

which both presented the highest rates of wind speed 

(6,8m/s and 5,5m/s respectively). The important increase 

of PET in these cases was mainly due to the combination 

of uncomfortable rate of wind speed with high air 

temperature in this climate condition.  

 

Mean Radiant Temperature and wind speed 

The greater the percentage of shadow projected over the 

side-walk (produced by a higher H/W ratio and a lower 

Sky View Factor – SVF- scenario) the minimum radiant 

temperature were reached in a day-average (e.g. 27,66
o
C 

for scenario VII and 29,65
o
C for scenario III), which 

seems obvious. However, concerning the other two 

scenarios (IV and VIII, that registered 32
o
C and 33

o
C in 

average, respectively) presenting the same H/W ratio but 

yet more densely built, they both recorded the highest 

night-time values. This particular fact could be justified 

by the long-wave radiation that rests trapped into the 

street for longer period, because of the high dense built 

area associated with the highest compactness of the 

buildings in these scenarios (more envelope area 

exposure). 
 

With exception for the latter mentioned scenarios 

(which are the unfeasible scenarios, as mentioned 

before), it is possible that the progressive building 

regulated setbacks might be responsible for two 

important phenomena: greater long-wave dispersion 

(especially in the night-time), moderating mean radiant 

temperature and by providing a more porous urban 

fabric, leading to greater wind speed rates in the streets at 

pedestrian level. 
 

For the same morphologies but with N-S oriented 

street, it was found slightly milder mean radiant 

temperatures (at daily average), but yet high temperatures 

for most of the scenarios.  
 

Outdoor thermal comfort  

The assessment of the outdoor thermal comfort responses 

for each microclimatic scenario was performed by the 

Physiological Equivalent Temperature (PET) model 

index.  
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The PET index, firstly published by Höppe [10], is 

defined as the air temperature at which the thermal 

balance of the human body can be maintained at the 

same temperatures of the core and the skin surface in a 

typical reference situation. PET has the unit degree 

Celsius and can, therefore, be more easily interpreted by 

planners for design purposes [7]. For this research, the 

calculation of PET was performed using RayMan 

software developed by Matzarakis [11] and team. 
 

For the PET results presented, it was shown by the 

temperature evolution over a daily cycle that the highest 

PET were verified to all scenarios at 6pm, being the 

urban scenarios II and VI (the low-rise buildings with no 

setbacks) the one that presented the highest levels of PET 

for almost the entire day. This can be explained by the 

low H/W ratio of the street, offering in this case the 

highest value of sky view factor among the studied 

scenarios (SVF = 0,66). In addition to that, these same 

scenarios presented at the same time the lowest 

temperature levels during in early morning until 10am, 

due its canyon street configuration (even if a shallow 

canyon) which leads to a substantial reduction of direct 

solar radiation experienced by pedestrians when 

compared to others scenarios (as there is no sun 

fenestration through lateral buildings setbacks for these 

scenarios). Due to the shaded area generated by the 

towers of 60m (scenarios III and VII), the PET presented 

the lowest values compared to shallow canyons 

scenarios. However, with the highest solar angle, the 

proportion of its geometry and its high level of 

compactness (of about 0.45 - showing more reflective 

surfaces exposed to the outside) still present high PET in 

the daytime period (commonly verified phenomenon, 

especially in low latitudes) and prolonged until early 

night (PET of 34,9
o
C and 33,7

o
C at 6pm). This may be 

justified by the long wave radiation still retained in the 

interior of the urban canopy.  
 

Parametric effect size analysis 

To understand the relationship between the studied 

morphological variables regarding the PET response, an 

effect size statistical analysis was applied. The effect 

size is a descriptive statistic that takes to estimate the 

magnitude effect of a factor evolved [8]. 
 
 
 

 
Figure 2: A daily-cycle PET comparison between scenarios II 

(low-rise canyon street) and scenario III (high-rise with large 

buildings setbacks). 

 
 

As can be summarized from the above discussion and 

then depicted from the chart that follows, it could be 

identified a larger effect of magnitude for the number of 

floors and building length variables. This could, 

however, be justified by the major local building 

regulation rule that establishes a progressive building 

setback according to the choice of higher-rise buildings. 

The effect size of the number of floors variable 

concerning the PET was then found in an inverse 

relation, meaning: the higher the building (which also 

means greater distances between buildings), the lower 

the PET. Considering a t-test for two samples, assuming 

equal variances, the confidence interval estimation of the 

variables effect were of 0,006. 
 

Moreover, concerning the effect size on the wind 

speed rate, it was identified a direct relation to the 

building length which depending on the street 

orientation, plays decisive role on attenuating the PET. 
 

 
Figure 3: Effect size of the main morphological variables on the 

wind speed rate. 
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Figure 4: Effect size of the main morphological variables on 

PET. 

 

 
Figure 5: Sensitivity analysis results for main geometrical 

variables in Mean Radiant Temperature. 

 
 
 

CONCLUSION 

This paper presented the results of a statistical 

investigation over the microclimatic and outdoor thermal 

comfort responses of the recently established building 

regulation parameters of a city in the tropical semi-arid 

region of Brazil. A design of experiments sequence were 

submitted to numerical simulations over ENVImet model 

and then, analyzed individually and by a parametric 

effect size calculation in order to identify statistically the 

magnitude of the relationship between the morphological 

variables studied and their thermal comfort responses.  
 

Even though the building regulation does not 

consider a building height limit, the progressive building 

setbacks (which seem to lead to a larger impact of the 

number of floors variable) seem to play an important role 

in mitigating heat stress in urban microclimate in tropical 

semi-arid climate.  
 

Among the main findings presented, we can also 

conclude that in urban scenarios with lower H/W ratio, 

implementing shading strategies, such as applying urban 

vegetation or architectural devices (e.g. galleries, 

overhangs etc.) may also compensate the design choice 

performance regarding the outdoor thermal comfort 

responses. Additionally, the comparison of numerical 

results with field study is another important question, in 

order to validate the study.  
 

The problematic investigated here consists of 

complex phenomena that deserves a more detailed and 

larger experiment testing. As part of an on-going 

research, different geometries and different climates, in 

multi-criteria analysis, will be taken into account in 

future works by applying optimizations techniques 

towards thermal comfort and buildings energy efficiency. 
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