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Abstract

The wurban heat island (UHI) affects energy
consumption as well as heating and cooling demand in
cities. Traditional urban canopy models, such as the
Urban Weather Generator (UWG), can be used to
estimate the impact of the UHI on the outdoor air
temperature. They simplify urban morphology by
assuming idealized averaged street canyons. This limits
the accuracy of solar radiation modeling, a critical
component of urban energy balance. To address this, we
propose integrating detailed ray tracing solar
calculations into UWG, leveraging Building
Information Models (BIM) to enhance geometric
precision. A case study on a real neighborhood shows
the impact on shortwave irradiance and air temperature
predictions, with measurable but limited impacts on
cooling demand.

Key Innovations

o Integration of detailed ray tracing solar calculations
into the Urban Weather Generator (UWG)
framework, replacing simplified urban canyon
assumptions

e A novel methodology for coupling BIM-based
geometry with urban canopy models, paving the way
for more precise microclimate and energy
assessments

Practical Implications

Improving solar gain modeling in the urban canopy
layer can reduce inaccuracies in the urban air
temperature prediction, and thus improve the energy
demand predictions.

1 Introduction

The urban heat island (UHI) is a widely studied
phenomenon that amplifies air temperatures in cities
compared to their rural surroundings (Oke, 1987).
Urbanization alters the diurnal cycle of air temperature
through increased effective albedo, reduced wind
speeds, and limited evaporative cooling due to reduced
vegetative surfaces. Considering that buildings account
for about 40% of primary global energy consumption
(Santamouris 2014; Pérez-Lombard, Ortiz, et Pout
2008), UHI effect significantly impacts both total
energy consumption and peak power demand by
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strongly altering building energy needs (Bueno et al.
2012; Bozonnet, 2005).

Urban canopy models such as the model implemented in
Urban Weather Generator (UWG) (Bruno Bueno et al.
2013) simplify the urban morphology. While this
approach is sufficient for many urban climate studies, it
introduces inaccuracies in solar radiation modeling — a
key component of the urban energy balance. Solar
radiation can contribute up to 50% of the total energy
balance in urban areas, underscoring the importance of
precise shortwave calculations to improve air
temperature predictions, and thus building energy
demand predictions (Oke, 1987).

Usually, within urban canopy models like UWG, the
solar calculation method assumes a typical street canyon
with no specific orientations and solar radiations are
averaged over all orientations. In this study, we present
a methodology for integrating detailed ray tracing solar
calculations into UWG, leveraging BIM (Building
Information Model) data to account for complex urban
geometries. The proposed approach is tested for a real
neighborhood in France, quantifying its impact on solar
irradiance, air temperature predictions, and building
cooling demands in summer. This work highlights the
value of improved radiative modeling in capturing urban
heterogeneities and its implications on outdoor air
temperature prediction.

2 Method

The aim of this study is to quantify the influence of the
urban canopy layer (UCL) modeling, including a
detailed solar irradiance modeling, on the urban air
temperature, and the energy cooling demand, for a set of
Building Energy Models (BEM). This section describes
the numerical tools and the coupling approach.

2.1 MyBEM and Building Energy Model

To calculate the building energy demand of the
neighborhood, we use MyBEM, a modular platform
dedicated to building energy modeling (Bouquerel et al.
2021) comprising three main software tools: HelioBIM,
Pyrosette, and BuildSysPro.

HelioBIM is used to generate a gbXML (energy
oriented BIM file) containing the building data
(Bouquerel et al. 2021): the imported 3D geometry, the
envelope property that can be edited (construction
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material and windows properties), and the building
operation scenarios. It also features a ray-tracing solar
calculation module that calculates hourly solar
irradiances (W/m?) for all urban surfaces (see next
chapter for more details). Pyrosette is a Python package
that uses BIM data given by HelioBIM (gbXML and
weather data) to generate a BEM. It is designed to
instantiate each building component as a Modelica
model: each building component described in the BIM
has a corresponding model in BuildSysPro.
BuildSysPro is a free and open-source Modelica library
developed by EDF R&D for 0D/1D building energy and
system modeling (Plessis, Kaemmerlen, et Lindsay
2014). The approach to building modeling in
BuildSysPro aligns with methods widely used by the
building science community, where weather data are
used as boundary conditions and thus with a single
outdoor temperature (Trwra)). However solar calculations
used as boundary conditions in the model generated by
PyRosette are performed with HelioBIM. In Figure 1 we
propose a simplified diagram of MyBEM.

[ mysem

helioBim Pyrosette

buildsvspro

- Processing and - Translation and
enhancement of BIM generation of a
models building model for

- Detailed 3D solar BuildSysPro
calculations on an urban
scene

- 0D/1D building
energy model

Figure 1: Simplified diagram of MyBEM tool chain.

2.2 HelioBIM Ray tracing method

Computing irradiance on a surface involves summing
three components: direct irradiance from the sun (Ep),
diffuse irradiance from the sky (Eg), and reflected
irradiance from surrounding surfaces (E). In Figure 2
we propose a simplified scheme of the method.

A
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Figure 2: HelioBIM solar calculations scheme.

A commonly used method to calculate these
components is Monte Carlo ray tracing, which is
implemented in HelioBIM. In this tool, the irradiance is
obtained by tracing rays backward, starting from the
surface of interest and traveling toward the radiation
sources: the sun or the sky.

Direct irradiance is first calculated by casting rays
toward the sun from different points of the surface of
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interest S;. The proportion of rays that are not
intercepted by another surface and the inclination of the
surface are used to calculate the direct irradiance.

A set of rays with random directions is then cast from
the surface S; and for each ray, the following steps are
performed:

1. Intersection Check:

o If the ray does not intersect any object, it collects
energy directly from the sky, contributing to the
diffuse irradiance.

o Iftheray intersects an object, the energy received
by that surface S; is computed.

2. Energy Calculation on surface Sr:

e Direct Irradiance (Ep): A ray is cast toward the
sun. If the sun is unobstructed, its energy
contributes directly to the irradiance.

e Indirect Irradiance (E): To account for reflected
energy, another ray is recursively cast in a
random direction, simulating ray reflections
from nearby surfaces. For transmissive surfaces,
the transmission ratio is used as the probability
of casting the recursive ray through the surface.

To ensure the accuracy of the method, error calculation
is used to monitor convergence and control the precision
of the results. By summing the contributions from a
large number of rays and adjusting for error, the total
irradiance on the surface can be determined reliably.

To optimize computational costs, the Monte Carlo
algorithm is executed only for a set of carefully selected
key positions of the sun (each hour for one day per
month). The view factors calculation allows then to
express irradiances from Eq and Ep. These view factors
are interpolated in order to get values for each hour of
the year.

2.3 Microclimate Model

To observe the effect of UHI on the air temperature and
then on energy demands, we use the Urban Weather
Generator (UWG), an urban mesoscale model widely
recognized within the scientific community (Bruno
Bueno et al. 2013). It generates an urban air temperature
scenario from a rural weather data set. To do so, the rural
temperature is passed through a simplified atmospheric
model and then through an urban canopy model (UCM),
which itself integrates a building energy model to take
into account the heat transfer from the building to the air
of the urban canopy layer. A coupling mechanism
(Bourquin et al. 2024) permits to link HelioBIM with
UWG to generate custom building energy models
through the automated process of UWG data.

2.4 Presentation of the studied configurations

In this paper, we propose to study how the refinement of
the solar radiation modeling in the UCM impacts the
urban air temperature (Tout,urb) and the building energy
demand predictions. For this purpose, we consider three

2
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approaches for the Building Energy Model (Table 1): (0)
without the UCM, (1) with the UWG model, and (2)
with UWG model coupled to a ray tracing model
(HelioBIM, (Bougquerel et al. 2021)).

Table 1: Overview diagram of the different software
components and configurations of the case study

Config 0 Config 1 Config 2
No urban UWG UWG +

model HelioBIM

UWG representative Ray Tracing
Urban surfaces Rural canyon Module
Solar Irradiance data
ES
|

Rural

Urban Canopy Model (UCM) data =
Urban air temperature T = )
out, urb

@ I Rolad

T
Building Energy Model (BEM) l Toul D l Tout,urb l Tout )
Cooling and Heating ! Bui !

uildSysPro

demand
O Detailed building model

The Configuration 0 (cf Table 1) is used as reference:
the rural weather data (reference weather station)
provides the outdoor air temperature used in the
Building Energy Model (BuildSysPro).

In the Configuration 1 (cf Table 1) the outdoor urban
air temperature used in the Building Energy Model
(BuildSysPro) is calculated with the standard version of
UWG. The solar irradiance is computed for an
equivalent street canyon, considering the neighborhood
morphological data. This is the default radiative model
in UWG (Bruno Bueno et al. 2013). All street
orientations are equally probable and solar irradiances
are averaged and integrated in all directions. The direct,
diffuse, and reflected irradiances (E,, Eq and Ep),
expressed in (Masson 2000), are assigned as a single
input to all building types in UWG (simplified BEMS),
considering an average value for each surface type
(walls, roofs, and roads).

In the Configuration 2 (cf Table 1), the outdoor urban
air temperature used in the Building Energy Model
(BuildSysPro) is calculated with a version of UWG
where the solar irradiance is computed using HelioBIM
ray tracing model. Each building in HelioBIM scene is
associated with a building type in UWG, with its
proportion of presence calculated as the ratio of the
building's total surface area to the total surface area of
all buildings within the urban zone. Solar inputs for
these buildings are derived by averaging HelioBIM’s
solar data for each surface type, ensuring compatibility
with UWG’s existing structure. The solar inputs from
each building type are then averaged according to their
respective proportions to calculate Touturb.
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The urban air temperature (Touur) generated by either
of these configurations is used as a boundary condition
in the detailed building energy model, i.e. BuildSysPro.

3 Case study presentation
3.1  Location

The first step in our methodology was to select a suitable
study area, guided by several criteria:

e High building density and building morphology
diversity in order to evaluate the influence of the
detailed 3D solar radiation calculations;

High urban heat island (UHI) risk;
Far enough from water bodies or large green spaces
that could mitigate the UHI;

o Data availability for comparison.

Paris, with its high density and comprehensive data from

the PANAME project (PANAME - 2022), met these

criteria. PANAME, an experimental collaboration led
by Météo-France and other public and private
institutions, has provided extensive data since 2022. loT
stations, mounted on the north-facing side of streetlights
to avoid direct sunlight exposure, recorded air
temperature and relative humidity every 10 minutes.

The selected study area is a cluster of buildings along

Rivoli Street. For rural comparison, additional data from

a station at the edge of Rambouillet Forest were used,

capturing air temperature at 10m above ground

(PANAME - 2022). In Figure 3, we show the locations

of the two measurement sites.

g/ o

Figure 3: Location of the rural station (green) and the
0T meteorological station (purple)

In this study, we focus exclusively on the summer
period, analyzing measurements recorded between July
1, 2022, and September 17, 2022. The UWG model has
been calibrated and parameterised for this specific
period, but we will show results for the entire summer
period from 1st May to 30th September.

3.2 Study area and zones

The neighborhood is modeled with three levels of detail

including the following three nested zones, for which

the colors (Figure 4) correspond to the modeling scales

in Table 1:

e BEM Zone (Green) : This zone includes buildings
and ground surfaces directly involved in energy
balance and solar flux calculations. Each building is
treated as an individual simplified building type
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within UWG, and a detailed building in the detailed
BuildSysPro BEM. This subset is assumed to be
representative of the overall urban area (UCM)

e Radiation Zone (Orange): A bigger area
encompassing the BEM zone and additional
surrounding buildings. This ensures realistic solar
radiation calculations, particularly on building
surfaces, used for the UCM in config 2 and for
BuildSysPro BEM in all configs.

e Urban Canopy Model Zone (Purple): A

500 m x 300 m area representing the urban canopy

layer, used to calculate morphological parameters

used in Configuration 1 and 2.

s R e i

Rt

UCM zone is shown in purple, the radiation zone in
orange and the BEM zone in green. In red, the position
of the measuring station.

For ground surfaces, the approach mirrors UWG
configuration by considering half-street canyons in front
of each study building. Full streets are included when
study buildings face each other.

3.3 Building properties

Construction materials and windows properties are
based on the selected values outlined in the tables below
(Table 2 to Table 3). All study buildings are assumed to
be Haussmannian-style and non-renovated. (Loga,
Stein, et Diefenbach 2016). The fact that no renovation
has been applied on buildings is a strong assumption, but
then the impact on energy demand will be high and the
influence of modeling choices will be easier to observe.

Table 2: Construction material properties

Composition Width Albedo Thermal
(exterior to (cm) resistance
interior) (m2.K/W)
Wall Cut Stone 50 0.4 R=0.32
Plasterboard 2.5
Roof Zinc 0.08 0.6 R=0.18
Sheathing board 2
Plasterboard 1.25
Floor Raw concrete 12 . R=0.10
slab
Mortar screed 7
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Road Bituminous 4 0.1 R=0.34
concrete
High-modulus 11
asphalt mix
Hydraulic binder 27
materials

Table 3: Window properties

U value (W/m2.K) SHGC (.)
Window 4.8 0.8

We chose an average glazing ratio of 0.3, which reflects
the conditions in the study area, despite being relatively
high for non-renovated buildings. Some buildings in the
zone have glazing ratios as high as 0.4.

Table 4: Cooling and ventilation scenarios

Cooling Ventilation
26°C 0.5ht
(May 2 to September 30)

As one can see, only the cooling setpoint has been
configured. As mentioned above, the study will focus
solely on the summer period and the cooling demand.

Table 5: Occupancy and Internal Gains scenarios

Occupancy & Internal Gains

Occupancy: 20% (7 AM—-6 PM) / 80% (else)
People: 100 W/25 m2
Equipment: 2.5 W/m?

3.4  UWG parameters setting

The study emphasizes accurate determination of two
sensitive UWG input parameters: the building density
and the vertical-to-horizontal surface ratio. Previous
studies have demonstrated that these parameters
strongly influence the accuracy of the UCM (Mao et al.
2017; Bruno Bueno et al. 2013). To derive these metrics,
we utilized Geoclimate, an open-source toolbox tailored
for urban climate research (Bocher et al. 2018).
Geoclimate processes high-resolution data from BD
TOPO, a French national dataset of land use and
topography. While computation time varies with the
area size, (Bocher et al. 2021) recommend a minimum
zone of 500m to 1km per side for reliable results. From
this dataset, we adopt an average building fraction of 0.4
a vertical-to-horizontal surface ratio of 2.16, given that
the UCM zone is relatively homogeneous for these
parameters (Figure 4).

4  Results

41 Differences on solar irradiances

The first key observation concerns solar irradiances. As
noted earlier, each surface of every building has its own
specific irradiance. In configuration 2, we calculate an
average value for each surface type (wall or roof) of
each building. The same process applies to roads. The

4
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following heatmap (Figure 5) illustrates the hourly
(ordinates axe) wall irradiance for two buildings, as
calculated by the ray tracing method, compared to the
average value used by UWG (configuration 1) and the

average for configuration 2.

Config 1

Config 2 Average

Config 2 - Most Irradiated Building

Config 2 - Léast Irradiated Bu‘ilding

16-May 15-Jun 15-ul 14-Aug 13-Sep
Dates
[ B
0 50 100 200 250

150
Irradiance (W/m?)

Figure 5: Facade irradiance (W/m2) heatmap for two
buildings (config 2), config 1 and average config 2.

As UWG (configuration 1) provides the same irradiance
value for all buildings, the irradiance of individual
buildings is not shown for this configuration (it will be
the same as the average). Furthermore, we have chosen
the most and least irradiated buildings, respectively
building 2 and building 18.

It reveals noticeable variability in irradiance based on a
building's orientation within the selected zone. The most
irradiated building (building 18) has a south-facing
orientation and receives significantly higher solar flux
than Building 2 which is predominantly north-facing.

Figure 6 presents the distribution of wall irradiance
values for all buildings over four days in August.

—— Config 1 average Irradiance wall
300 Config 2 average irradiance wall

08-1100  08-1112 08-12 00 08-12 12 08-13 00 08-13 12 08-14 00  08-1412

Figure 6: Wall irradiance distribution for all buildings
and the average of the two configurations.

-+
=)

Irradiance (W/m?)

The cumulative wall exposure over the whole summer
period (1% May — 30™ September) is:

- 140 kwWh/m? for Configuration 1

- 151 kwWh/m? for Configuration 2

These results show that the analytical radiative model of
UWG (Config 1) slightly underestimates solar
irradiances compared to the ray-tracing method
implemented in HelioBIM (Config 2). Moreover,
irradiance vary considerably based on building
orientation (Figure 5). HelioBIM and its ray tracing
model allow to simulate the variation of irradiance for
individual buildings within the canopy at a low
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computational cost (less than 2 minutes for a year),
however the average differences remain minor.

4.2  Differences on air temperatures

The second key physical parameter to consider is the
outdoor air temperature in the canyon. UWG uses a wide
range of parameters (over fifty), each having a varying
degree of influence on the results. Sensitivity analyses
were conducted to identify the most influential
parameters on the urban heat island (UHI) effect (Mao
et al. 2017; Martinez et al. 2021; Hamdi et al. 2024)

We present below (Figure 7) the root mean square error
(RMSE) between the simulated air temperature (Touturb
from Config 1 or Config 2) and the experimental data as
a function of the following normalized variation of
parameters [0-1] corresponding to the ranges in Table 6:

| Config 1 Config 2
| —— Nubla Pubi, o

w2w— - hubt.n hubi.n
LI Hret

= L L

0.0 0.2 0.4 0.6 o8 10
Normalized parameter values

Figure 7: RMSE (°C) as function of normalized UWG
parameters

Table 6: Range of variation of UWG parameters

Parameter min value max value
huoi,a (day) 90 m 1000 m
hupin (Night) 60 m 80 m
href 150 m 85m
L 1000 m 10200 m

We find in Table 6 the UBL (Urban Boundary Layer)
height (hus.) for day and night (index d and n), the
reference height (theoretical height where the potential
temperature gradient becomes zero), and the
characteristic length L, which represents the theoretical
surface of exchange between the city and the sboundary
layer.

This RMSE is calculated over the period for which real
data is available and on which our study is based, from
July 22 to September 17. The most significant
parameters for RMSE are the urban boundary layer
heights (day: huig and night: hu,n) and the reference
height, with hyp,g having the greatest impact.

To minimize the RMSE, the calibrated value of the
boundary layer heights is 90 m for daytime and 60 m for
nighttime. We obtain:

RMSE Config 1 = 1.22 °C ; RMSE Config 2 = 1.10 °C

A configuration of atmospheric parameters like the one
we chose, with an extremely low daytime boundary
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layer height, results in a daytime urban heat island that
is significantly stronger than what UWG is typically
able to produce. Indeed, it tends to underestimate the

daytime urban heat island and performs better for
nocturnal UHI (Hamdi et al. 2024).

This trend is confirmed in Figure 8 which shows the air
temperatures for Configurations 1 and 2 for 3 days in
August and in Figure 9, with the daily average
temperature curves. For the last one, since we represent
average daily values, the shaded pink represents the
temperature range for config 1 (between a daily min and
max value).
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Figure 8 : Comparison of Temperatures: Simulations
vs Rivoli data set from PANAME
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The two configurations yield remarkably similar results,
with slight differences emerging towards the end of the
day. Looking at the entire summer period (at least the
one considered in our scenarios) both configurations
also closely align. We can observe more precisely the
UHI intensity differences between both models that
differs depending on the hour of the day (Figure 10).

= o

)
°
o
UHI Difference Config 2 — Config 1 [°C]

1
= Bd &
¥ & ¥ & #

%
%

Figure 10: UHI Differences between Config 2 and
Config 1 for summer (May 2 — September 30)

We show that the differences between the
configurations are positive between 2PM and 6PM and
negative otherwise, particularly between 6AM and
12PM. This aligns well with Figure 6, which
demonstrated that the ray tracing method results in
higher irradiances during this time of day.
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The impact of these variations is further reflected in the
cold degree days (CDD) presented in Table 7. This
indicator represent the cumulative daily deviation from
a reference temperature of 18°C  (Meteo France;

Bhatnagar, Mathur, et Garg 2018). Here, the sum is
calculated for the period from May 2 to September 30.

Table 7: CDD calculated for our 3 configurations

Configuration CDD (°C.day)
Configuration 0 (rural) 297
Configuration 1 617
Configuration 2 571

We observe a twofold increase in CDD compared to the
rural reference. The results between the two
configurations show a difference of approximately 7%.
This reduction can be attributed to the ray-tracing-based
calculation of solar irradiance, which results in lower
average daytime solar gains, particularly during the
hottest hours, thereby limiting excessive heat
accumulation.

These differences are also caused by the
parameterization of UWG atmospheric model. The
daytime boundary layer height is considerably
underestimated compared to observations from the
PANAME project, where it typically ranges between
1000 and 2000 meters and varies significantly through
the day (Deardorff 1972; Hidalgo, Masson, et Gimeno
2010). A boundary layer of this height effectively traps
heat during the day, creating an artificially pronounced
urban heat island effect. A more detailed sensitivity
analysis and optimization of the parameterization is a
promising direction for future work, as is the integration
of the influence of adjacent zones to the study area into
the model.

4.3 Influence on energy cooling demand

The final step involves generating the BuildSysPro
building models, using external air temperatures as
boundary conditions provided either by the rural
weather station (Configuration 0) the standard UWG
code (Configuration 1), or our modified UWG version
with detailed solar calculations (Configuration 2).

Cooling demands are analyzed using data calculated by

BuildSysPro. The distribution of this cooling demand is
reported on Figure 11 :

16 Config 0
mm Config 1
Config 2

Number of buildings

] 5 10 15 20 25 30 35
Energy Demand for Cooling (KWh/mZ2.y)

Figure 11: Distribution of the cooling demand for all
configurations
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In Table 8, we are giving the average cooling demand
difference in percentage between Config 1 and 2

Table 8: Average cooling demands for all buildings

Average cooling demand (kWh/m2.y)
Configuration 0 4.26
Configuration 1 13.61
Configuration 2 11.61
2vs1[%] -16.3%

Moving from the Base configuration (Configuration 0)
to Configuration 1 shows a clear urban heat island
effect, with cooling demand increase. These changes are
driven by the elevated urban air temperatures (Touturb)
simulated by UWG. The cooling demand remains
relatively low, attributed to the exclusively non-
renovated building compositions and thus less efficient
building envelopes (strong hypothesis). When
transitioning from Config 1 to Config 2, the changes are
more moderate, cooling demand decreasing (-16%).
This reduction in cooling demand is likely due to more
detailed ray-tracing calculations, which better account
for shading, and building orientation. This trend is
consistent with the CDD values (Table 7).
Finally, we can also compare the dynamic power curves
over a few summer days: Figure 12 and Figure 13
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(\ / —— Config 1 - Cool
25000 [ [ Config 2 - Cool
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Figure 12: Cooling power for building 2, north-facing
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Figure 13: Cooling power for building 18, south-facing

We can draw the same conclusions as for the cumulative
demand: the impact of the microclimate is clearly visible
in the significantly higher power demands for
Configurations 1 and 2. These demands peak at 5 PM,
which aligns well with the occupancy scenarios used.
Higher power demands are observed for Building 18,
which faces south, making this observation consistent
with expectations.

5 Conclusion

This study highlights the contribution of ray-tracing
methods in refining urban microclimate modeling,
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particularly within the UWG framework. While the
integration of detailed solar irradiance calculations
provides a more accurate representation of solar
irradiance on building walls and windows, the results in
terms of air temperature remain broadly similar to those

of the classic UWG model, with a change of RMSE
around 0.2 °C.

The improved accuracy in simulating urban air
temperatures with HelioBIM demonstrates its potential
as a more reliable tool for urban energy modeling,
particularly in dense urban environments. Furthermore,
the present study focused on a homogeneous set of
poorly insulated buildings during a summer period. In
more diverse urban contexts—featuring heterogeneous
morphologies, higher albedo surfaces, or extensive
glazing—the benefits of advanced solar modeling could
be more pronounced, as mean solar fluxes become less
representative of local thermal conditions. Additionally,
the model's sensitivity to key parameters, such as urban
boundary layer height and surface exchange length
scales, suggests that further optimization of these
parameters could improve the accuracy of energy
predictions.

Moreover, the results obtained for cooling demand are
consistent with ranges reported in the literature. For
instance, a study in southwestern Europe indicates that
specific cooling energy needs can range from 1 to
90 kWh/m?.year, depending on climate, urban density,
and building characteristics (Zambito et al. 2022).
Notably, Paris is cited in this study as one of the cities
with relatively low cooling energy needs, with values
often negligible and rarely exceeding 20 kWh/m?.year,
even in the most demanding configurations.
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