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Abstract

Solar irradiance is a key input for modeling solar
heat gains, daylighting and photovoltaic (PV) perfor-
mance. However, solar irradiance is often affected by
the surrounding urban environment, which is labour-
intensive to take into account in building performance
simulations. This paper introduces Pyrano, an open-
source Python package for simulating solar irradi-
ance on external built surfaces using Digital Surface
Model (DSM) point clouds as shading geometry, aim-
ing to bridge the gap between building energy, solar
irradiance and PV power simulations. The working
principles of Pyrano are explained, including its role
in the software ecosystem consisting of EnergyPlus,
Radiance and PVMismatch, and the functionality of
Pyrano is demonstrated with a PV-equipped case
study building, situated in Eindhoven, the Nether-
lands.

Key Innovations

e FEnabling direct use of DSM point cloud datasets
as shading input for matrix-based solar irradi-
ance simulations.

e Simplifying the simulation workflow for taking
into account the effect of shading on buildings’
solar heat gains and PV yield.

Practical Implications

The Pyrano Python package provides an automat-
able workflow for taking into account the shading ef-
fect of the surroundings when simulating solar heat
gain and PV yield (see Figure 1). It eliminates the
need for converting the Light Detection and Ranging
(LiDAR) based DSM point cloud of the surround-
ings to a 3D surface model or manually modeling
the surroundings. It can be applied in conjunction
with EnergyPlus, when a DSM dataset of the sur-
roundings is available. It is recommended for situ-
ations when significant shading from the surround-
ings is expected to influence solar heat gains and
PV yield. Pyrano is free and open-source. The
source code and tutorials are available at: https:
//gitlab.tue.nl/bp-tue/pyrano.
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Fzgure 1: Pyrano is linking together different model
puts and simulation software.

Introduction

In the Building Performance Simulation (BPS) do-
main, efficient techniques have been developed by
daylight modeling researchers for including the ef-
fects of obstructions and reflections, such as the
Daylight Coefficient method (Tregenza and Waters
(1983); Mardaljevic (2000)). These methods are often
used to calculate daylight metrics in interior spaces,
however, with some adjustments, such methods could
also be applied on external built surfaces to calculate
the solar irradiance input for PV or solar heat gain
simulations. The two main obstacles to do this are
(i) availability of shading geometry of the surround-
ings (3D models of buildings, trees, etc.), and (ii)
the different spatial resolution of daylight (e.g. Ra-
diance, DAYSIM) and BPS (e.g. EnergyPlus) simu-
lation software regarding solar irradiance: Radiance
simulates solar irradiance at distinct sensor points,
while EnergyPlus calculates it on surfaces.

This paper introduces Pyrano, a Python package for
simulating solar irradiance on external built surfaces.
It addresses the above mentioned obstacles by (i) pro-
viding a ready to use open-source implementation
of the Point Cloud Based (PCB) 2 phase solar ir-
radiance simulation method (Bognar (2021)) which
uses LIDAR-based DSM point clouds (Priestnall et al.
(2000)) as shading geometry, combined with a matrix-
based approach to model solar irradiance, and (ii)
functions to match EnergyPlus surfaces to irradiance
sensor points.

The structure of the paper is as follows: in the next
two sections, a short overview is provided about the
2 phase and PCB 2 phase methods. Then the main
functions of Pyrano are discussed, followed by a case
study demonstrating solar heat gain and PV yield
simulations using Pyrano. In the last section, con-
clusions are drawn and future development plans are
discussed.
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Overview of the 2 phase method

Provided that a 3D surface model of the environ-
ment is available, ray-tracing is a widely used state
of the art method for taking into account the shad-
ing effect and the reflections from the surroundings
when calculating the plane of array (POA) solar ir-
radiance or illuminance on external or internal sur-
faces of buildings (Brembilla et al. (2019); Wang et al.
(2020)). Radiance is an open-source suite of validated
tools to model and render luminous effects of building
fenestration and interior lighting (Ward Larson and
Shaskespeare (2003)). It is less commonly used for
such purpose, but Radiance can also model solar ir-
radiance on PV surfaces (Lo et al. (2015)). However,
simulation with ray-tracing at every timestep can be
very time consuming, especially for (annual) hourly
or sub-hourly simulations.

In order to reduce computation time for an an-
nual calculation, the concept of daylight coefficients
was introduced (Tregenza and Waters (1983)). The
2 phase method (or daylight coefficient method) is
based on the recognition that the irradiance at a given
sensor point (i.e. a point in the model with a tilt
and orientation angle for which the solar irradiance
is calculated) is determined by the luminance of the
sky and the geometry and optical properties of the
surroundings. While the sky-conditions change at
every time step, the surroundings of a sensor point
(e.g. a city around a rooftop) are usually static.
The simulation can therefore be separated into two
phases: generating a daylight coefficient vector (a list
of daylight coefficient values) and a sky vector (a list
of luminance values of the segments of a discretized
sky). The daylight coefficient vector describes the
flux-transfer relation between a luminescent sky seg-
ment and a sensor point:

AE, = DC, x Ly x* AS,, (1)

where AF, is the illuminance contribution, DC\, is
the daylight coefficient, L, is the luminance, and AS,,
is the angular size of the o sky segment. The calcu-
lated Egp illuminance at the sensor point at a given
timestep can be obtained by adding up the AFE, il-
luminance contributions from all sky segments. For
annual calculations, instead of a sky vector one can
use a sky matrix (a list of lists of sky segment lumi-
nance values) to calculate Egp. Figure 2b shows the
flux-transfer coefficients (DC, * AS,) and Figure 2¢
shows the luminance values (L,,) of the sky segments
during a sunny period, calculated for the scene shown
in Figure 2a.

Calculating the daylight coefficients (apart from a few
simple cases) is only feasible in a numerical way. Most
daylight simulation software uses Radiance as a sim-
ulation engine for calculating the daylight coefficients
with ray-tracing. To date, probably the most popular
implementation is DAYSIM (Reinhart and Walken-
horst (2001)), but many other are available which

build on DAYSIM, such as DIVA4Rhino, SPOT, and
Ladybug-Honeybee (Subramaniam (2017)), while a
native Radiance implementation has become easily

accessible via the recent implementation of Rflurmtz
(LBNL (2020)).

Overview of the PCB 2 phase method

The daylight coefficient method made calculating so-
lar irradiance in urban environments more efficient,
by eliminating the need for conducting ray-tracing
for each timestep and converting the effect of the
surroundings into a set of coefficients correspond-
ing to each segment of the discretized sky. The
2 phase implementation of the daylight coefficient
method utilizes Radiance as a ray-tracer to calcu-
late the daylight coefficients. In order to conduct ray
tracing, a surface-based geometry representation and
reflectance properties of the environment are neces-
sary as an input. However, this input is not always
available.

It is more and more common that municipalities con-
duct LiDAR surveys to generate a DSM of cities or
other urban areas. Worldwide coverage is hard to
assess, but for example, DSM data is freely available
through government services in certain countries such
as the Netherlands, United States and United King-
dom (Department for Environment Food & Rural Af-
fairs (2020); Land Registry of the Netherlands (2020);
USGS (2020)). However, converting the LiDAR-
based DSM point-cloud of entire neighborhoods into
a surface model can require a lot of (human) model-
ing effort and time, which limits the usability of these
datasets.

The PCB 2 phase method has been developed to cal-
culate solar irradiance on external built surfaces us-
ing raw LiDAR-based DSM point cloud as shading
geometry input. In the PCB 2 phase method the
ray-tracing step of the 2 phase method is replaced
with three steps: 1) an analytical calculation of the
flux-transfer coefficients for an empty scene (see Fig-
ure 3a), 2) a sky segment cover ratio calculation based
on the LiDAR point-cloud projected onto the sky
hemisphere (see Figure 3b), and 3) an approximation
of diffuse reflected solar irradiance from the surround-
ings (see Figure 3c). The illuminance at the sensor
point (Esp) can be calculated by adding up the illu-
minance contributions of the sky segments:

n

ESP = Z(ECOS,Q * (1 - CRa) + ET,Ot) * LO” (2)

a=0

where n is the number of sky segments, E¢qs o is the
flux-transfer coefficient for an empty scene, CR,, is
the cover ratio, E,, is the reflected component of
the flux-transfer coefficient, and L, is the luminance
of the ot sky segment. (Bognar (2021))
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Figure 2:
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a) Geometry of a 8D scene with an upwards-looking sensor point. b) Fluz transfer vector values

visualized on the sky hemisphere. c) Sky segment luminance values (at 16:00 on the 26" of May in Amsterdam,
based on an IWEC weather file) visualized on the sky hemisphere. Darker-lighter colors showing lower-higher

values respectively.
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Figure 3: Values of a) Ecos, b) CR, ¢) E,. plotted on the discretized sky hemisphere for an upward-looking sensor
point with the geometry shown on Figure 2a. Darker-lighter colors showing lower-higher values respectively.

Main functions of Pyrano

The Pyrano Python package, presented in this pa-
per, utilizes the PCB 2 phase solar irradiance mod-
eling method which was developed with a focus on
the requirements of PV system and solar heat gain
simulations in an urban context. The unique char-
acteristic of the modeling approach is that it allows
for taking into account shading and reflections based
on the raw LiDAR-based DSM point cloud data of
the surroundings without the need for generating 3D
surfaces nor conducting ray-tracing. In this paper, an
overview of Pyrano’s functionality is presented, while
the source code, further documentation and tutorials
are available on the project’s GitLab page (Bognér
and Loonen (2020)).

Simulation workflows for modeling PV together with
a building situated in an urban environment are frag-
mented (Gupta et al. (2014)), because modeling of
urban PV systems requires multidisciplinary knowl-
edge from the modelers about simulating solar irradi-
ance, building physics and electrical systems. Build-
ing energy modelers are usually architects, building
engineers, or engineers specialized in BPS, rarely elec-
trical engineers. This might have slowed the adoption
of including PV simulations in building performance
investigations. In an attempt to address this issue,
Pyrano bridges the gap between EnergyPlus (building

energy) and Radiance (solar irradiance) simulations,
by providing a method to externally calculate the sun-
lit fraction of EnergyPlus surfaces using the PCB 2
phase method. Moreover, Pyano has methods to out-
source PV system simulations to an I-V curve sim-
ulator, PVMismatch (Meyers and Mikofski (2017);
Mikofski et al. (2018)), allowing for high-detail, cell-
level PV system simulations that otherwise would not
be possible in EnergyPlus. Pyrano consists of five
modules:

o A DSM point cloud pre-processor
(pyr.pointcloud) for applying geometrical
transformations on the LiDAR-based DSM
point cloud to align its coordinate system with
the EnergyPlus geometry.

e A geometry pre-processor (pyr.geometry) that
handles irradiance sensor-point placement over
EnergyPlus surfaces.

e A module for calculating flux-transfer coeffi-
cients (pyr.dc) from pre-processed DSM point
clouds.

e A Python wrapper to execute certain Radiance
sub-programs (pyr.radiance), such as epw2wea,
gendaymtx and dctimestep.

e An input-output module (pyr.io) for results vi-
sualization and coupling between solar irradiance
and PV simulation software.
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Figure 4 shows the flowchart representation of us-
ing Pyrano to execute irradiance and PV simula-
tions with the PCB 2 phase method and PVMis-
match. The tree main input files are the EnergyPlus
model (*.idf or *.json) defining the sensor points, the
LiDAR-based DSM point cloud file (*.tif) defining
the surroundings, the weather file (*.epw) defining
the weather conditions, and the PV system layout
file (*.csv) defining the PV module stringing. The
colors represent the modules of Pyrano.

DSM point cloud pre-processor

The DSM point cloud pre-processor module of
Pyrano (pyr.pointcloud) contains methods and helper
functions for three main purposes: (i) reading and
cropping the DSM input files, (ii) executing geomet-
rical transformations on the DSM point cloud, and
(iii) aligning the DSM point cloud with the coordi-
nate system of the EnergyPlus model.

LiDAR-based DSM data is available in more and
more countries in various resolutions. In the Nether-
lands, it is available in up to 0.5 m resolution *.tif
files in 5x6 km segments which contain more than
120 million DSM points each. For shadowing calcula-
tions, it is sufficient to include only the close proxim-
ity of the surroundings which allows for smaller file
sizes and faster calculations. Apart from some ex-
treme cases, an area with a 300 m radius usually con-
tains the terrain features or buildings that can cast
a shadow on the investigated surfaces. In some cases
the modeler might be aware of recent changes in the
surroundings, which may not yet be present in the
DSM data. In such cases a DSM point suppressor
function of pyr.pointcloud can be used to limit the
height of the DSM points to a maximum value within
the perimeters of a polygon defined on the heightmap.
This way, clutter caused by roof obstructions, demol-
ished buildings or cut trees can be removed from the
DSM data.

To ensure that the relative position of the shadow-
casting DSM point cloud and the EnergyPlus model
(that defines the location, tilt and orientation
of the irradiance sensor points) is in order, the
pyr.pointcloud module offers functions to match the
coordinate system of the EnergyPlus model and the
LiDAR-based DSM point cloud. This can be done
by selecting the coordinates of the same feature (e.g.
a corner of a building) in the EnergyPlus model and
the DSM height map and use these coordinates as ref-
erence points to translate the DSM point cloud into
the coordinate system of the EnergyPlus model.

Geometry pre-processor

With the aim of streamlining the current way of mod-
eling of PV system and building energy performance,
Pyrano uses the EnergyPlus model geometry conven-
tion to define the position, tilt and orientation of the
solar irradiance sensor points. When building the En-
ergyPlus model geometry, the modeler can label cer-

tain surfaces as active surfaces. These are the surfaces
that the modeler wants to calculate solar irradiance
on. The labeling can be done by either making an En-
ergyPlus construction object with a unique name (e.g.
"PV _construction”) that is exclusively used for active
surfaces, or by placing the surfaces in a separate En-
ergyPlus zone (called e.g. "PV_zone”). Then, the
active surfaces can be filtered for, using GeomEppy
(Bull (2020)), and they can be used to define the loca-
tion, tilt and orientation of the solar irradiance sensor
points. Similarly, for calculating solar heat gains, the
modeler can filter for glazing sub-surfaces to gener-
ate sensor points for. The pyr.geometry module has
two methods to define a sensor point grid over la-
beled surfaces: the “point-grid over PV module” and
the “point-grid over surface” methods. The former
method is to generate sensor points over a rectangu-
lar surface with predefined numbers of sensor point
rows and columns, where each sensor point is asso-
ciated with the corresponding cell of a PV module.
The latter method is for generating sensor points for
EnergyPlus surfaces (e.g. windows) on a sensor point
per square meter basis.

Flux-transfer coefficient module

The pyr.dc module contains methods and helper func-
tions for calculating flux-transfer coeflicients with the
PCB 2 phase method from the DSM point cloud.
The module includes functions for: (i) defining sky
discretization (using the same conventions as used in
Radiance and DAYSIM), (ii) analytical calculation of
the flux-transfer coefficients of each sky segment for
an empty scene (Ecps.q), (iii) calculating cover ratio
for each sky segment (CR,,), (iv) calculating the re-
flected component of the flux-transfer coefficients for
each sky segment (E,,), and (v) writing the com-
bined flux-transfer coefficients to a *.mtx file that is
compatible with Radiance.

Radiance wrapper

The pyr.radiance module of Pyrano contains
Python wrapper functions for certain Radiance sub-
programs. Including the ability to execute Radi-
ance sub-programs using Pyrano serves two purposes.
Firstly, Pyrano was made to be compatible with Ra-
diance, that is, the input files it uses and the out-
put files it generates can be directly used with Ra-
diance. In this way, some of the steps of the simu-
lation process (weather file conversion, creating dis-
cretized hourly annual sky matrix and matrix multi-
plication of the sky with the flux-transfer coefficients)
can be outsourced to Radiance, eliminating the need
for re-implementing already existing, validated soft-
ware components. Secondly, the compatibility with
Radiance makes it easy to use the 2 phase method to
validate the PCB 2 phase method. Therefore, while
the primary use of Pyrano is to simulate solar irradi-
ance on external built surfaces with the PCB 2 phase
method using LiDAR, point clouds as shading input,
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it is also capable of simulating solar irradiance based
on 3D geometry with the 2 phase method using Ra-
diance ray-tracing.

Input-output module

The pyr.io module of Pyrano contains methods and
helper functions for two main purposes. Firstly, to
read and visualize results files made with Pyrano or
Radiance, such as flux-transfer coefficient (*.mtx),
sky matrix (*.smx) and irradiance (*.irr) files and
convert them into pandas (The pandas development
team (2020)) DataFrame Python objects. Once the
data is in a DataFrame format, the extensive plot-
ting and data analysis library of Matplotlib (Hunter
(2007)) can be conveniently used to analyze and visu-
alize the simulation results. The visualization func-
tions in the pyr.io module take advantage of the 3D
plotting capabilities of GeomEppy to show a 3D view
of the EnergyPlus model geometry and the simulated
solar irradiance of the sensor points in one plot. The
other main purpose of the pyr.io module is to en-
sure interoperability between solar irradiance and PV
power simulations with PVMismatch. The output of
the solar irradiance simulations is an *.irr file, which
is a text file with rows and columns of irradiance val-
ues. Each row represents a timestep and each column
corresponds to a given sensor point. PVMismatch in
every timestep requires solar irradiance as input for
every cell of a PV system (which is one row in the

sensor points with PV
cells
Simulate PV system
|-V curves
(PVMismatch)

Simulated PV
power (*.csv)

Figure 4: Flowchart representation of irradiance and PV simulations with Pyrano. The colors represent the
modules of Pyrano. Red: pyr.geometry, green: pyr.dc, yellow: pyr.pointcloud, gray: pyr.radiance, blue: pyr.io.

*irr file). A crucial task of the functions in pyr.io is
to map the right irradiance values from the *.irr file
to the right PV modules, and within them, the right
PV cells in the PVMismatch model.

Case study

The case study presented in this section demonstrates
the effect of shading by the surroundings on heating/-
cooling load and PV performance simulated with En-
ergyPlus by comparing the modeled performance of
two cases with, and without shading. The case study
building is located in the city center of Eindhoven,
the Netherlands, equipped with a 4.96 kWp PV sys-
tem on its roof (see Figure 6). The building has win-
dows in the South-East and North-West facades and
is shaded by trees and neighboring buildings. Some
of the most important parameters of the EnergyPlus
model are summarized in Table 1. The weather input
is an International Weather for Energy Calculations
(IWEC) Amsterdam hourly weather file. The build-
ing energy and PV power simulations are conducted
with EnergyPlus (Crawley et al. (2001)), which by
default uses its built-in shading module to calculate
the sunlit fraction of the building surfaces from a 3D
model of shading geometry, which is in turn used to
calculate the solar heat gains through building fen-
estration. Recent efforts (Luo et al. (2020)) made it
possible to outsource the sunlit fraction calculation
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Figure 5: a) Aerial view and b) visualization of the
EnergyPlus model with the irradiance sensor points
on the windows and PV modules.

Figure 6: a) Aerial view and b) heightmap of the DSM
point cloud.

Table 1: EnergyPlus model parameters.

Parameter Value
External walls U-value (W/m?K) 0.177
Flat roof U-value (W/m?K) 0.143
Ground floor U-value (W/m?K) 0.218
External glazing U-value (W/m?K) 2.665
External glazing SHGC (-) 0.703
Total floor area (m?) 312.5
Heating setpoint/setback (°C) 21/12
Cooling setpoint /setback (°C') 24/28
Air change rate (ACH) 0.2
Internal heat gains (W/m?) 2.5
PV system nominal power (kWp) 4.96
PV module tilt/orientations (°) 10/141-321

from EnergyPlus to external software. This means
that the sunlit fraction calculations of an EnergyPlus
model can be executed with the PCB 2 phase method
and imported into EnergyPlus which makes it a con-
venient method to calculate the solar heat gain of
buildings using LiDAR-based DSM point clouds as
geometry input. To calculate the sunlit fraction of
the external glazing and PV surfaces first, the Ener-
gyPlus model geometry is imported into Pyrano and
a sensor point grid is generated over the surfaces. Fig-
ure 5b shows the sensor points on the glazing and PV
surfaces.

To get the sunlit fraction of the windows, the ap-
proach makes use of the fact that an intermediate
step of the PCB 2 phase method is to calculate the
cover ratio of each sky segment (CR,,) for every sen-
sor point (see Equation 2). The sunlit fraction of
a surface can then be calculated from it the follow-
ing way: firstly the mean CR,, . is calculated over
the sensor points corresponding to that surface for
each sky segment. Then, at every (t) timestep, it is
determined in which (s) sky segment the sun is lo-
cated. The sunlit fraction of a surface at the given
time step is: 1 — C Ry, s¢. Once the sunlit fraction is
determined for each window in the model, the sunlit
fraction values are imported into EnergyPlus using
a “Schedule:File:Shading” EnergyPlus object to run
annual simulations.

Effect of shading on heating and cooling load

Figure 7 shows the solar heat gain, the heating load
and the mean air temperature of the case study build-
ing on three consecutive days in February. On one
hand, it can be observed that on an overcast day (15"
of February), the heating loads of the shaded and
not shaded cases are similar due to the similar solar
heat gains. On the other hand, on a sunny day, the
contribution of the solar gains supplement the heat-
ing needs of the two cases differently, causing higher
heating demands when taking into account shading.
The effect of shading is also apparent in the mean
zone temperature of the building. On one hand, the
case without shading indicates significant overheat-
ing on sunny days around noon, when the building is

Proceedings of the 17th IBPSA Conference
Bruges, Belgium, Sept. 1-3, 2021

1534
https://doi.org/10.26868/25222708.2021.30390



INTERNATIONAL
BUILDING
PERFORMANCE
SIMULATION
ASSOCIATION

20 A
ns_solar_gains

- .
EE —— s_solar_gains
= 10 1
#° /J\ /\_
s o0 A
S 10 —— ns_zone_heating
_E’“;’ —— s_zone_heating
=0
o a
Kagie)]
o5 P

o
S

S) —— ns_mean_zone_temp
Qo
S5 25 4 S_mean_zone_temp
NG \.\
c -
o U
v 4
2EoT é«

[J]

s

00:00 12:00 00:00 12:00 00:00 12:00 00:00
15-Feb 16-Feb 17-Feb 18-Feb
Figure 7: Solar heat gains, heating loads and mean

zone temperatures of the shaded (s) and non-shaded
(ns) cases.

S 104 Wmm ns_zone_heating N s zone_heating
el . .
%E B ns_zone_cooling EE s zone_cooling

< .

o3 8
£x

S

83 67
<o
2o 44
£c

c=

o
28 21

1

58558523588 :¢%38
Figure 8: Normalized monthly cumulative heating and
cooling demands of the shaded (s) and non-shaded

(ns) cases.

unoccupied and a heating setback is applied. On the
other hand, the shaded case shows no sign of over-
heating during the day, in fact, the mean zone tem-
perature decreases during unoccupied hours, which
causes higher heating loads in the afternoon during
the reheating period. Similar trends can be observed
on a monthly level. Figure 8 shows the monthly cu-
mulative heating and cooling loads of the case study
building. Shading from the surroundings increases
the heating demand and reduces the cooling demand
of the building. On a yearly level, the heating de-
mand is 27 and 34 kWh/m? and the cooling demand
is 28 and 21 kWh/m? for the unshaded and shaded
cases respectively. Therefore, in this case, ignoring
shading from the surroundings would cause a 21%
underprediction of the annual heating demand and
33% overprediction of the annual cooling demand.

Effect of shading on PV yield

The simulated yield of the PV system installed on
the roof of the case study building is also affected by
shading. In this case study, the PV yield is simulated
with the “Simple PV model” of EnergyPlus. In the
“Simple PV model”, the user specifies the PV cell ef-
ficiency (neen), with which surfaces convert incident
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Figure 9: Simulated PV power of the shaded (s) and
non-shaded (ns) cases.

solar irradiation to electricity, and the inverter effi-
ciency (Minvert), specifying the conversion efficiency
of the power electronics. The user also specifies PV
module area (Agyrf) and the fraction of the PV mod-
ule covered with PV cells (factive). The PV power is
calculated as follows:

P= Asurf * factive * GT * Tcell * Minvert, (3)

where G is the POA irradiance calculated on an En-
ergyPlus surface that is assigned to the PV system
by the user. Grp is simulated by EnergyPlus’ built-
in solar irradiance model, using the imported sunlit
fraction values calculated with Pyrano. This is the
same irradiance model that is used for solar heat gain
calculations in the program. Figure 9 shows the PV
yield simulated with the “Simple PV model” of En-
ergyPlus on consecutive overcast and sunny days in
February for the cases with and without shading. It
can be observed that the effect of shading is marginal
on cloudy days (in the absence of direct sunlight) and
it is significant on sunny days. On a yearly level, the
non-shaded case yields 4784 kWh DC electric energy,
while the case taking into account shading yields 4376
kWh. Thus, ignoring shading would cause minimum
9% overprediction of the yearly PV yield. The actual
overprediction is likely to be larger, as this approach
of EnergyPlus for modeling PV yield does not include
the definition of strings, modules, bypass diodes and
other system details, hence, it ignores losses caused
by partial shading (Bognar et al. (2019)).

Concluding remarks

In this paper, an overview of the functionality of
Pyrano was presented. Pyrano is an open-source
Python package made for simulating solar irradiance
on external built surfaces. It aims to bridge the
software gap between building energy, solar irradi-
ance and PV power simulations by combining the
use of EnergyPlus model geometry, matrix-based so-
lar irradiance methods and cell-level PV simulations
using Python scripts. The current implementation
of Pyrano relies on EnergyPlus model geometry to
define the PV surfaces. The easiest way to apply
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the current workflow is to use the Euclid (Big Lad-
der Software (2017)) SketchUp extension to create
the EnergyPlus geometry. This is ideal for calculat-
ing solar heat gains and combined building energy
and PV simulations. However, solely for PV simula-
tion purposes, integration of Pyrano with other, gen-
eral purpose open-source geometry editing tools such
as Blender (Blender Online Community (2020)) or
FreeCAD (Riegel et al. (2019)) could widen its appli-
cability. It is expected that Pyrano will be extended
in the future with new features. See also the online
documentation of Pyrano https://gitlab.tue.nl/
bp-tue/pyrano for the current state of the project.
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