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URBAN LAYOUT FOR BUILDING SOLAR OPTIMIZATION
AND OUTDOOR COMFORT BALANCE: NEIGHBORHOOD
STRATEGY IN MEDITERRANEAN CLIMATE

Julia Diaz-Borrego”, Ignacio Acosta, Miguel Angel Campano, and Samuel Dominguez-Amarillo
Department of Building Construction, Universidad de Sevilla, Seville, Spain

ABSTRACT: The urban configuration in the Mediterranean area, which has noticeable solar radiation and
significant thermal oscillation, is one of the factors that affect the microclimate and the urban heat island
phenomenon of the cities located in that zone. To contribute to the improvement of urban comfort, this work
presents an experimental methodological proposal for the analysis and multicriteria optimization of performance
indicators using a parametric workflow through Grasshopper. This workflow can lead to the development of a set
of environmental design criteria as support tools in the design of the urban configuration. The methodology is
based on the quantification of two parameters on the analysis and management of daylight in interior spaces by
means of dynamic metrics and, on the other hand, on the evaluation of hygrothermal conditions and the urban heat
island effect, which affect both the daytime comfort of passersby and the nighttime comfort of dwellings. This
study considers the most typical variables of urban layout, both morphological and material. The case study
analyzed is located in the city of Seville (Spain), which has a significant percentage of its contemporary buildings
without a suitable adaptation to local climate conditions. The results obtained from the case study prove the
potential of the proposed methodology to evaluate and optimize lighting and thermal performance at the
neighbourhood scale. Thus, it provides urban planners with a powerful decision support tool for both urban
expansion and urban renewal.

Keywords: Thermal Comfort; Daylighting; Urban Configuration; Multi-criteria Analysis and Optimization; Urban
Heal Island; Outdoor Microclimate.
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1. INTRODUCTION

Energy efficiency in buildings is nowadays a must.
However, a deeper understanding of the urban
environment impact on building performance and on
the inhabitants’ well-being is required.

Solar obstruction caused by the urban environment is
the main physical factor affecting lighting comfort
(Xue et al., 2014), as well as the proper chrono
regulation due to the lack of daylight access. In
addition, urban form influences the building energy
performance, with an increase of up to 10% of the
energy consumption (Ratti et al., 2005). The urban
configuration also affects the climatic and
microclimatic variables, playing a decisive role in the
urban heat island (UHI) phenomenon, which is mainly
responsible for the nocturnal heat stress. Likewise,
outdoor temperature, wind speed, and solar radiation to
which a building is exposed are not those represented
by the synoptic regional climate, but the local
microclimate modified by the structure of the city
(Givoni, 1989). Thus, the urban configuration
determines the outdoor environment quality,
modifying the regional climate and affecting the
comfort and health of the inhabitants.

Therefore, the correlation of multidisciplinary
analyses can act as an active tool in decision-making
(Naboni et al., 2019). For this purpose, urban elements
that influence the building performance -urban climate,
urban morphology and density, and building form-
must be integrated with a single calculation. In
addition, to assess the environmental efficiency of
urban design, it is necessary to perform a comparison
between solar accessibility inside buildings and
outdoor thermal comfort, which will be affected by the
solar potential and the UHI effect, respectively,
determining the energy performance of buildings.
However, due to its complexity, the coupling of
simulation engines for multivariate analysis of urban
environmental behaviour has been explored by a few
studies (Naboni et al., 2019; Natanian & Auer, 2020).

1.1. Background

Urban environment performance is an essential factor
to take into account in building efficiency and comfort
analysis; as it influences user thermal sensation
(outdoor thermal comfort), as well as the solar
accessibility, lighting, and energy consumption of
buildings. Therefore, public space configuration affects
both the external microclimate and the interior of the
building (Ali-Toudert & Mayer, 2006).

Daylight access is essential to avoid excessive
energy consumption and improve visual comfort, as
well as to help improve the health of the occupant
through proper circadian stimulation (Acosta et al.,
2016). Furthermore, circadian disturbance caused by
lack of access to natural light can promote depression
and other serious medical conditions (Bellia et al.,
2020). Thus, compared to electric light, daylight offers
better visual comfort by constantly varying its intensity,
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direction, and spectral composition (Wong, 2017).
However, excessive radiation and exposure to daylight
can also lead to glare, as well as an excess of solar
radiation can lead to overheating and thus a further
increase in cooling energy consumption. Therefore, it is
necessary to perform an analysis to improve urban
layout optimizing the use of daylight, both in terms of
thermal radiation management and illuminance.

In this regard, only a small number of studies
analyze indoor daylight behaviour using dynamic
metrics. Most of them focused on the analysis of
opening or shading devices. In addition, most research
analyzing urban morphological parameters focuses
only on the analysis of the building envelope solar
potential.

For its part, the urban configuration also affects the
climatic and microclimatic variables, playing a decisive
role in the so-called UHI phenomenon. UHI is an effect
related to urbanization that causes significant climatic
changes. It affects both air temperature and relative
humidity, as well as airflow and wind speed in the built
environment (Nafiez Peir6 et al., 2017), raising air
temperature values in urban areas compared to rural
areas (Street et al., 2013). This phenomenon was first
studied by Oke (Oke, 1988) at the end of the nineteenth
century, who analyzed its links with different urban
morphological —parameters. Urban  densification
contributes to the intensity of UHI, thus affecting the
microclimatic conditions of the environment and,
consequently, the indoor and outdoor conditions of
comfort. It also aggravates the effects of climate change
and heatwaves, posing a serious threat to the health and
comfort of citizens. Therefore, the UHI is the most
appropriate indicator to quantify the environmental
modification produced by the effect of urbanization on
a specific territory.

Concerning the evaluation parameters, the main
parameter that allows evaluating the urban morphology
influence on microclimate and daylight accessibility is
the urban canyon proportion. This urban parameter,
coined by Oke, specifies the ratio between the height of
the building and the width of the road (H/W). Thus,
orientation and urban canyon proportion influence solar
access potential, airflow, and other microclimatic data,
such as the urban heat island effect.

Nowadays, the swift computational tools evolution
and development allows more complex analysis by
reducing the computational cost. In this sense, several
studies have explored the correlation between urban

form and different environmental performance
parameters; however, few have developed a
multicriteria  combination of  contradictory or

conflicting aspects, a complex but essential challenge.

1.2. Aims and objectives

This research aims to reach a methodological proposal
that allows determining the optimal urban layout to
optimize the use of daylight in the Mediterranean area,
both in terms of thermal radiation management and
illuminance.
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In addition, the proposed methodology also aims to
provide a useful evaluation tool for urban planners,
allowing predicting with a single workflow both the
daylight and the thermal behaviour of the designed
urban configuration.

2. METHODOLOGY

To promote energy savings and wellness in buildings, it
is essential to quantify the urban configuration
influence both on the interior daylight access and on the
outdoor hygrothermal conditions. However, due to the
complex calculations required, there is a lack of these
studies. Nevertheless, today, parametric tools
development allows the environmental analysis at the
urban scale to search for more efficient configurations.

The parametric design method could be defined as a
fast way to generate multiple design solutions and
configurations by varying the values of the input
parameters of the initial design model (Taleb &
Musleh, 2015). Thus, the integration in a parametric
and dynamic workflow of urban data sets and the
different tools used allows carrying out a multicriteria
analysis and optimization.

Therefore, the method proposed in this study brings
the integration of several parameters, factors, and
metrics in a single parametric workflow through the
Rhinoceros 3D software tool with the aid of the
Grasshopper application. Grasshopper is a visual
programming language that allows the assessment of
complex urban systems through a parametric workflow.
Such workflow can perform a multi-objective analysis
and an optimization process because of the coupling of
the simulation engines. The following specific light and
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PERFORMANCE INDICATORS EVALUATION

environmental simulation programs are used in this
workflow: Radiance, EnergyPlus, OpenStudio and
Urban Weather Generator (UWG). All of them couple
to Grasshopper through Ladybug Tools —Ladybug,
Honeybee and Dragonfly—, which acts as a parametric
environmental plugin for Grasshopper by means of a
free and open-source development (Roudsari & Pak,
2013).

Thus, this workflow allows a multicriteria analysis
and optimization of the initial results, to enhance the
lighting efficiency of buildings in an urban fabric, as
well as to establish design guidelines for cities for the
study of climatic and morphological conditions at the
neighbourhood scale.

Figure 1 shows the digital workflow developed for
this study, as well as the input data, lighting and thermal
metrics and plugins that materialize it. The following
sections show the methods used to build this workflow.

2.1. Input Parameters

The simulation parameters combine both static and
dynamic parameters. Static parameters are those that
establish the climatic conditions and define the
morphological parameters that are intrinsic to the urban
fabric to be analyzed. Dynamic parameters are those
that determine the purpose of the evaluation, being
related to light optimization and thermal comfort. Thus,
these values will vary to quantify their impact.

The geometric model has been performed using
Rhinoceros 3D based on the morphological parameters
that define the urban fabric to be analyzed. Once the
urban geometry has been obtained, it will be
parameterized using Grasshopper for its subsequent
analysis and optimization.
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Figure 1. Methodological diagram of the multi-criteria environmental analysis of the parametric workflow in Grasshopper.
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The building understudy has been modelled in
greater detail, introducing its floor plans, as well as the
facade openings. However, the urban environment has
been developed volumetrically, in a much more
simplified way since the “influence of volumetric and
relative building layout largely overweigh the
importance or relevance of geometric detailing on
building envelopes” (Compagnon, 2004).

In turn, the weather data file from the location under
study was imported in EnergyPlus (*.epw) format. Both
direct normal and diffuse horizontal irradiance, as well
as the sky model built up by Perez et al. (Perez et al.,
1993) and validated by CIE (I’Eclairage, 2003), were
used.

2.2. Microclimatic evaluation method

UHI is the most evident and quantitative indicator of the
environmental change produced by the effect of
urbanization on a specific territory. Its clearest
consequence is the increase in air temperature during
the night concerning the surrounding rural environment.
The UHI intensity is defined as the thermal difference
between the urban sector to be analyzed and the nearby
rural or non-urban area at a given time (Observatori
Metropolita del Canvi Climatic, 2015). Formally,

ATy =T, - T; 1)

where AT, _,. is the UHI intensity, T,, the temperature of

the urban area, and T, the temperature of the rural or

non-urban area. For this equality to be satisfied, the
geographical conditions of both points must be similar.

This expression is based on Lowry's additive model

(Lowry, 1977) whose simplified expression states:

- The average temperature of a point in the urban area,
T, is equal to the sum of the regional climate, C, the
effect of local geographic factors in the urban area,
G,, and the influence of urbanization, U;

T,=C+G,+U )

- The average temperature of a point in the rural area,
T, is equal to the sum of the regional climate, C, plus
the effect of local geographic factors in the rural area.,
G,:

T, =C+G, ©)

Thus, it is necessary to evaluate the hygrothermal
and microclimatic conditions of the urban context
correctly to reduce their environmental impact (Salvati
etal., 2016). Until now, this analysis has generally been
carried out using typical climate samples based on
historical records from the nearest meteorological
station, which is usually rural; therefore, they were
performed without taking into account the effect
produced on the climate by the urban environment.
Thus, the present study starts with a limitation in the
collection of the specific climatological data of the
urban context; that prevents an adequate prediction of
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environmental optimization (Alexander et al., 2015;
Nakano et al., 2015). Recent studies have focused on
how the urban environment affects climatology (Bueno
et al., 2015; Salvati et al., 2016, 2019; Street et al.,
2013), as well as the effect of urban microclimate on
building performance, resulting in the creation of the
Urban Weather Generator (UWG) software. UWG
produces a modified weather file, generated from the
rural environment file, which reflects the real
microclimatic conditions of the urban setting under
study. Therefore, the “urban weather conditions” are
introduced in the workflow of this study using UWG
(through Ladybug and Dragonfly plugins). In this way,
Ladybug imports the EnergyPlus weather files (*.epw)
-rural weather data- into Grasshopper. For its part, the
Dragonfly plugin allows UWG software coupling,
which transforms the rural weather data, generating a
modified weather file as shown in Figure 2. Finally, the
Ladybug plugin performed the detailed analysis of
climate data, once transformed into ‘urban weather data'
and its subsequent visualization, as well as the
interaction of said processed data with other plugins.

Once the modified urban weather file is obtained,
the real urban thermal radiation is analysed by
evaluating the Mean Radiant Temperature (MRT) in
the outdoor environment in July, the warmest month of
the year. MRT is defined as “the uniform temperature
of an imaginary enclosure in which the radiant heat
transfer from the human body equals the radiant heat
transfer in the actual nonuniform enclosure”
(Fundamentals, 2001). The evaluation was carried out
using Ladybug Tools, by means of the tools and
components shown in Figures 3 and 4, on the outside,
to assess which urban configuration is more favourable
in this sense.

2.3. Daylight Evaluation Method

Daylight potential is quantified using the metric, both
spatial and dynamic, spatial Daylight Autonomy (sDA).
This one was introduced by the Illuminating
Engineering Society of North American (IESNA) in
2012 in the LM-83 lighting protocol for the evaluation
of lighting behaviour in architectural spaces
(Committee, 2012). The sDA metric indicates daylight
sufficiency, defined as the percentage of a surface area
that exceeds 300 lux of illuminance during 50% of the
occupancy time.
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Figure 2. Comparison of the rural and the simulated urban
weather.
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Figure 4. Grasshopper components flowchart for the multicriteria environmental and experimental analysis.
Table 1. llluminance thresholds and definition of the SDA metric.
Minimum Minimum
Metric illuminance temporal Analysis result ﬁﬁiggﬁ?ﬂe ,Z:f;g;g?g
threshold threshold
9 i >55% >75%
DA 300 lux 50% % surface with
sufficient illumination of surface area of surface area

The illuminance thresholds for the definition of this  validated light simulation engines for ray tracing
metric correspond to those stipulated by IESNA (IES  Radiance and Daysim (Acosta et al., 2015; Reinhart &
LM-83-12) (Table 1). The adopted occupancy time for ~ Breton, 2009; Reinhart & Walkenhorst, 2001). For
daylight evaluation is between 8:00-18:00 every day  such evaluation, the sensors were set up in a grid on the
throughout the year, as also recommended by IESNA. first floor of the building to be analyzed; the analysis

Since the research is based on the comparative  area is reduced only to the six-meter depth concerning
analysis of light behaviour resulting from the different ~ facade, being the greatest depth that daylight can reach
variations of the urban fabric, the solar accessibility  inside a building the "active zone". A sensitivity
analysis was carried out without considering blinds.  analysis is also performed for different values of the
Likewise, other important parameters to be considered, ~ Radiance daylight calculation parameters to balance the
such as the material's reflectance of the urban contextor ~ optimization of the calculation time and the accuracy of
glazing ratios, have been considered as fixed values the light calculation.
and, therefore, they were not of relevance in the This evaluation was carried out on the lower floor
comparative analysis. This is acceptable as this paper,  of the building as it is the most unfavourable floor in
as mentioned above, focuses on the impact of the urban  terms of the illuminance evaluation of the SDA metric.
environment on indoor daylighting quality.

The evaluation was carried out using the plugin of 2.4, Multi-criteria Analysis and Optimization
Ladybug Tools, Honeybee. Honeybee allows the  The results obtained from the performance indicators
evaluation of indoor daylighting by connecting the  have been exported to a spreadsheet application for the
Grasshopper visual programming environment with the  processing and multicriteria analysis of the output data,
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through the Colibri plugin of Grasshopper, as well as to
the software Design Explorer for their visualization.

To achieve a set of environmental design criteria,
optimization was carried out using Grasshopper's
Octopus component. Octopus allows programming
evolutionary algorithms based on predefined
parameters to optimize multiple object functions; as
well as defining the optimal design parameter values to
improve environmental performance. The use of this
component is crucial to relate the parameters and
performance indicators (indoor light accessibility and
outdoor microclimatic conditions).

The results obtained from the multicriteria
optimization have been exported, finally, once again for
the processing and analysis of the output data.

3. METHODOLOGICAL APPLICATION
IN A CASE STUDY

The application of the proposed methodology has been
carried out using a small sample of the study. This case
of study is located in the city of Seville (Spain), with a
latitude of 37.42° and a longitude of 5.40°. Seville has
a Mediterranean climate, with mainly clear skies and
warm and dry summers. In addition, these high heat
periods are prolonged, extending from May to
September, raising the level of discomfort and also
acting as a risk factor for the health of the inhabitants.
Furthermore, Seville has a significant percentage of its
contemporary buildings without a suitable adaptation
to the local climate conditions. For the analysis, a
typical urban expansion configuration has been chosen
(Figure 5), since it can be considered as the most
frequent urban configuration in newly constructed
neighbourhoods.

3.1. Input Parameters

As mentioned above, the weather conditions
correspond to the city of Seville, and they are imported
to Grasshopper as EnergyPlus weather files (*.epw) by
Ladybug. In this case, the static building and urban
input parameters used are those shown in Table 2. For
its part, default daylighting radiance settings have been
entered as shown in Table 3.

As dynamic parameters, to assess the proper use of
daylight and improve microclimatic conditions, two
orientations have been considered in the urban
analysis, N-S/E-W (0.0) and NE-SW/NW-SE (45.0)
orientations, in each iteration. In addition, regarding
the urban canyon, different street widths (5, 10, 15, 20,
25, 30, 35, and 40 m) were considered, generating
different urban canyon proportions.

3.2. Case Study Results

The results show a direct relationship between urban
canyon ratio and daylight accessibility; the lower H/W
ratio, the higher the sDA metric. For its part,
orientation does not significantly affect solar
accessibility, according to this location (Figures 6 and
7).

Likewise, the proportion of urban canyon H/W equal
to or greater than one had practically no effect on MRT;
however, for lower ratios, MRT increases (Figure 7).
Orientation also did not have a significant effect on the
average MRT outdoors. However, if the detailed
behaviour of each orientation is analyzed, a significant
temperature difference between each orientation in N-
S/E-W urban distribution is observed. Nevertheless, in
NE-SW/NW-SE  urban  distribution,  similar
temperature values on all facades of the block are
achieved.

3.3. Analysis of results
From the results of this limited-size case study, it can
be concluded that a lower proportion of urban canyons
in the urban fabric will significantly improve the solar
accessibility of buildings in urban configurations,
without significantly varying the outside MRT if this
proportion is equal to or higher than 4/5 ratio.
Furthermore, for proportions equal to or lower than
a ratio of 4/5, the NE-SW / NW-SE orientation appears
to obtain more favourable values, as it shows a more
uniform thermal behaviour on all the building facades.
Such lower ratios, in turn, favour street ventilation and
reduce UHI in the urban canyon. Furthermore, ratios
equal to or greater than do not allow sufficient solar
access, leading to increased energy demand and,
therefore, to lower buildings energy savings.
Therefore, an inappropriate ratio can affect not only the
economy of the occupants but also their health and
visual comfort. However, thermal variations in
proportions greater than 4/5 are imperceptible. It is
necessary to reduce this ratio below 4/5 so that outdoor
MRT begins to increase significantly.

Table 2. Static simulation parameters.

Static Input Parameters Values

Window-to-Wall Ratio (WWR) 25%

Glazing transmittance 0.55

Interior building reflectance 0.50

Building typologies Courtyard

Building use Residential

Average urban height 20m

Maximum sensible

anthropogenic heat flux of the 20 Wim2

urban area

Context reflectance 0.35

Trees and grass cover 0
Table 3. Daylighting Radiance Settings.

Parameters Values

Ambient bounces 2

Ambient division 5000

Limit Weight 2e-5
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Figure 6. Results for the case study iterations.
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Thus, the 4/5 urban canyon ratio allows obtaining
adequate indoor solar access while the outdoor thermal
radiation is also controlled. In addition, for this
proportion, orientation is not a significant parameter.

Finally, it should be noted that, when the urban
canyon ratio is equal to or lower than 4/5, this ratio
becomes a more important parameter than orientation
for the daylight access and outdoor temperature
optimization process. However, orientation begins to
be more relevant when the H/W ratio is lower than 4/5.
Thus, it must be taken into account that, with lower
H/W ratios, the N-S orientation can cause a thermal
imbalance in the different facades of the building, with
the spaces located on the south facade suffering higher
temperatures. In these cases, the use of vegetation on
the street (depending on the type of vegetation, size,
and density, as well deciduous or evergreen) can be
another possible strategy to reduce overheating and
direct solar radiation on buildings.

It should be noted that these conclusions are only
valid for the hypotheses under study, which are based
on a specific case of a typical urban configuration
located in the city of Seville. In addition, these
hypotheses have the initial limitation, or premise, of
having all the urban blocks the same, with the same
shape, height, orientation and distance between them.

In addition, this case study requires a more in-depth
analysis introducing other urban parameters, as the
reflectance of the materials, shadow cast by vegetation,
window-to-wall ratio, buildings coverage ratio and
urban density.

This is because this case study has been used to
show the efficacy and functionality of the
methodological proposal presented in this paper.

4. DISCUSSION

Nowadays, the promotion of energy savings and
wellness in buildings is common, and the urban scale
plays a fundamental role in achieving it. Nevertheless,
a larger-scale analysis involves a much more complex
calculation.

Therefore, the purpose of this research was to
propose an experimental methodology capable of
performing a multi-objective analysis while reducing
computational costs.

Thus, this study presents an experimental
methodological proposal based on a parametric
workflow through Grasshopper and Ladybug Tools.

This experimental method allows the integration of
urban data sets with the different tools used in a
parametric and dynamic  workflow, allowing
multicriteria consideration, for better design options.
The novelty of this research also lies in:

The use of sDA daylight metric to indicate the
daylight sufficiency of the spaces.

The multi-objective analysis of contradictory or
conflicting aspects (indoor daylight access and
outdoor thermal comfort).

121

The integration of UWG in the workflow, taking
into account the climate effect produced by the
urban environment (UHI).

The use of Grasshopper's Octopus component,
which allows programming evolutionary algorithms
to optimize multiple object functions. Its use is
crucial to relate both urban parameters and
performance indicators.

In this way, this new methodological approach can
contribute to performing more complex analyses (at the
urban scale, with the possibility of introducing
numerous parameters and variables) to achieve more
solid studies. This is done in a faster and easier way due
to the multi-objective optimization and the coupling of
several simulation engines in a single workflow.

The results obtained in the case study presented in
this paper prove the method viability of such workflow.
For this reason, the importance of this document is
based not on the case study results, but the new
methodological proposal potential.

Finally, it is worth highlighting the workflow
power to find differences and similarities between the
optimal values of design parameters in different urban
configurations and climates; as well as to establish,
locally or globally, design guidelines as support tools
in urban design.

5. CONCLUSION

This research presents a methodological proposal based
on a parametric workflow through Grasshopper and
Ladybug Tools. Its purpose is to define the optimal
values of urban parameters to improve both daylight
access and outdoor thermal comfort.

The results obtained in the case study presented in
this paper prove the method viability of such a
workflow to determine a set of environmental design
criteria at an urban scale from a multi-criteria analysis.
This can be further validated with real-world on-site
tests.

From the results of the case study, located in Seville
(Spain), the 4/5 ratio of the urban canyon seems to be
the optimal H/W proportion analyzed to achieve the
greater thermal and daylight comfort values for the
typical urban expansion configurations. On the other
hand, placing buildings with a NE-SW/NW-SE
orientation with urban canyon ratios equal or lower to
4/5 shows a better average thermal performance in all
the facades.

The novelty of this research is based on the analysis
of the proper use of daylight, simultaneously
considering the two aspects in an integrated way. On the
one hand, the effect of the urban environment on solar
access by using sDA dynamic lighting metric in an
urban context; on the other, the analysis of the
modification of the urban morphology on outdoor
thermal radiation and UHI phenomenon.

As a limitation of the research, it is necessary to
have a deeper analysis introducing other urban



Urban Layout for Building Solar Optimization and Outdoor Comfort Balance: Neighborhood Strategy
in Mediterranean Climate

parameters such as material reflectance, the shadow
cast by vegetation, window-to-wall ratio, building
coverage ratio, or urban density. In addition, the
integration of other performance indicators, such as
other dynamic daylight metrics (ASE,cDA, DAm, ...),
the dynamic outdoor thermal comfort metric OTCA
(that assess the links between the outdoor environment
and human well-being), operational energy should be
implemented. Finally, the proposed methodology
should be tested in other climate locations and urban
configurations.
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