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Abstract: This study presents an approach to simulating building-integrated photovoltaic glazing
systems composed of semitransparent organic photovoltaic (ST-OPV) elements. The approach
consists of a mathematical cosimulation model based on the energy balance of complex glazing
systems, considering heat transfer as conduction, mixed convection, and radiation effects. The
cosimulation method is based on a functional mock-up unit (FMU) developed in Python and the
building simulation program Domus. This work aims at presenting a cosimulation technique
that can be easily applied to building energy simulation tools for the assessment of photovoltaic
energy generation in glazing systems. The cosimulation glazing model was verified according to
ANSI/ASHRAE Standard 140-2011, and the zone temperature was kept within with a root medium
square error (RMSE) of 1.45 °C. The simulated building with an ST-OPV system showed promising
results and could be applied to near-zero energy buildings since each 6-m2 glazing has a power
generation of around 77 W, equivalent to 9% of available solar resource.

Keywords: building simulation; integrated building systems; photovoltaic glazing systems; NZEB

1. Introduction

Energy plays a vital role in human society. Buildings consume around 32% of globally
produced energy [1], and this figure is expected to reach 40% by 2040 [2]. Due to this in-
crease, if we want to mitigate some consequences of climate change, we must reduce energy
consumption. Because more developed countries consume more electricity, it is important
to investigate optimization strategies to produce efficient energy for infrastructures such as
buildings. A building can last from 50 to 100 years, sometimes even longer, which is why
it is important to incorporate energy-efficient technology from its first stages. Since solar
energy is inexhaustible, clean, and the most abundant form of all renewable energy sources,
there is a rising interest in photovoltaics; solar radiation can be converted into electricity
through semiconductors [3]. Building-integrated photovoltaics (BIPV) are an excellent
way to contribute to energy harvesting. In addition, integrated PV modules contribute to
human comfort in the building; they serve as weather protection, heat insulation, shading
modulation, noise protection, thermal isolation, and electromagnetic shielding [4]. Many
studies have investigated BIPV, some of which are cited here. These studies also sought
evaluate the contribution of organic materials of semitransparent solar energy generation
incorporated in the windows of the selected model as an energy-generating mechanism,
and as a tool to control the interior temperature of the thermal zone. Ordenes et al. [5] stud-
ied in detail a BIPV application for Brazil. The authors analyzed the potential of seven BIPV
technologies implemented to harvest solar radiation in a residential prototype, simulated
in three different cities, namely, Natal, Brasília, and Florianópolis. Joseph et al. [6], and
Shukla et al. [7] indicated that the radiant energy harnessed through BIPV and other tech-
nologies can contribute to improvements in heating, solar thermal energy, and even artificial
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photosynthesis. The authors also found that the implementation of semitransparent BIPV
is an energy generation approach that integrates photovoltaic technologies into buildings
to harvest solar energy in various forms, and leads to a direct reduction in CO2 emissions.
This integration with organic elements is possible due to the technological advancements
of semitransparent photovoltaics. Stoichkov et al. [8], in a simulated experimental array,
researched the outdoor performance of organic building-integrated photovoltaics (OBIPVs),
which showed strong potential, with excessive energy generation for 8 months per year
based upon a 4.22 kWp OBIPV system. In the optimization of molecular structures of
organic photovoltaic (OPV) materials, Cui et al. [9] presented an effective method to boost
power conversion efficiency (PCE); through single-junction OPV cells, the molecular system
achieved 17.3% efficiency. Schopp and Brus [10] presented a complete review of current
ST-OPV-based technologies that shows devices with higher or lower transparency and the
resulting implications, clearly serving as a reference point for the systematic development
of the next generation of this technology. Regarding the simulation used to predict the
benefits of new solar-related technologies, different simulation and modelling tools often
have their own definition of how a phenomenon can be represented, and how model
data is stored. Complications arise when we develop model parts in one tool and try to
export the final model to another tool or when we attempt to verify a result by using a
different simulation tool. The functional mock-up interface (FMI) [11] is a standard that
provides a unified model execution interface to exchange dynamic system models between
modelling tools and simulation tools. A model that follows the FMI is called a functional
mock-up unit (FMU). This standard has earned widespread renown among users, and
the support of numerous commercial and open-source tools. The FMI gives a great deal
of attention to the simulation of dynamic system models, specifically the simulation of
coupled dynamic systems. Wetter [12], and Wetter and van Treeck [13] described the
implementation of a software environment that allows for different simulation programs to
exchange data during the time integration, conducting hardware into the loop simulation
with EnergyPlus [14], MATLAB [15], Simulink [16], and the Modelica [17] modelling and
simulation environment Dymola [18]. Nouidui et al. [19] described the development and
the implementation of the functional mock-up unit (FMU) for the cosimulation import
interface in EnergyPlus. This study focuses on simulating a code developed in Python 3.7 [?
] with whole-building hygrothermal simulation software DOMUS [21], and the application
of the FMI standard (direct or indirect) to evaluate complex glazing systems or complex
fenestration systems as described in Laouadi [22]. Building energy simulation tools are
commonly developed in such a way that their management and evolution can be very
difficult and time-consuming. In this way, this work aims at presenting a cosimulation
technique that can be easily applied to building energy simulation tools for the assessment
of photovoltaic energy generation in glazing systems. The development of a new func-
tional mock-up unit to cosimulate photovoltaic energy generation in glazing systems is
presented, which enables the software development in collaboration with different partners
without the need to modify and recompile the main program by means of an open-source
program such as Python. The authors see it as a developing area where researchers can
focus only on their own model and not on the whole code, which may also stimulate
cooperation with manufacturers without the understanding of a complex computer code.
The FMI standard is a viable solution for the development and research of new models as
the one proposed in the present paper. The simulation of glazing systems was based on the
spectral radiative properties of nonopaque materials. Furthermore, mathematical codes
were developed for simulation and energy evaluation for this study. This work presents a
cosimulation technique that can be easily applied to building energy simulation tools for
the assessment of photovoltaic energy generation in glazing systems.

2. Materials and Methods

The modelling of glazing systems is not a simple task because it requires consistent
physical and mathematical models. As is described below, the ST-OPV material can be
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added or deposited on a substrate. The following sections describe the simulation software
tools and the integration of this solar harvester material on glazing as a thin-film approach.

2.1. Simulation Software Tools

A vast number of methods have been developed to mathematically solve ordinary
differential equations and differential–algebraic equations in order for researchers to physi-
cally model certain phenomena, such as heat and mass transfer. Numerical methods can
be easily implemented in different programming languages and with different interfaces.
In this study, we selected the high-level programming languages Octave [23] for the de-
velopment of the mathematical code and Python 3.7 [? ] for computing implementation
because they are both compatible with GNU General Public License. Accessing these
tools through a unified interface is necessary not only for the academic community and
for education purposes, but also for industrial use. An industrial model of a dynamic
system is usually not only a set of differential equations. These models may contain discrete
controllers, impacts, or friction, which results in discontinuities that must be handled by
a modern solver correctly and efficiently. In addition, models may produce an enormous
amount of data, which puts strain on the simulation software. Figure 1 [24] presents a
mathematical cosimulation scheme where each solver can work at different stages and
exchange bidirectional information.

t i t i + 1

Macro stepsize
Solver 2

Solver 1Different 
Coupling
Schemes

Data Exchange
of Coupling-
Quantities

Different time scales
(adapted to Solver/Problem)

Figure 1. Numerical cosimulation scheme.

2.2. Functional Mock-Up Interface

The functional mock-up interface (FMI) [11] is a standard designed to provide a uni-
fied execution interface for dynamic system models to integrate modelling and simulation
tools. The idea is that tools generate and exchange models that adhere to the FMI spec-
ification called functional mock-up units (FMUs). This approach enables users to create
models in one modelling environment, connect them to a second one, and simulate the
complete system using a third simulation tool, as presented in Figure 2 on the basis of
Fritzson et al. [11].

The generated FMU models are distributed and shared as compressed archives. They
include either the source files for the model, allowing for a user to have full access to the
internals, or a shared object file containing the model’s information accessed through the
FMI interface. Furthermore, both the source files and the shared object file can be included
in the FMU. The archive additionally provides an XML file containing metadata of the
model, such as the sizes of the dynamic system and the names of variables, parameters,
constants, and inputs, additional information that does not impact a simulation of the
model, but may be relevant to distribute with the FMU, such as documentation. The FMI
was developed by a European project, MODELISAR [25], focused on improving the design
of systems and embedded software in vehicles. The standard is now maintained and
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developed by the Modelica Association [17]. Since its release, the standard has received a
significant amount of attention among both tool vendors and users. There are currently
over 70 tools [24]; some examples include the commercial products Dymola [18] and
SIMPACK [26], and open-source platform JModelica.org [27]. The large number of tool
vendors that have adopted the standard show that there is a real and pressing need to be
able to export and import dynamic system models between existing tools and to develop
custom simulation environments.

Dymola

JModelica.org

SIMPACK

SimulationX

Functional
Mock-Up
Interface

Interface
Custom User

JModelica.org

PyFMI

FMI ToolBox for MatLab

Figure 2. Exchange of dynamical models following the functional mock-up Interface.

2.3. Cosimulation

For cosimulation, the standard describes a discrete interface to the underlying dynamic
model, i.e., giving the current internal state, input un, and step size H of the model returns
the outputs yn+1, at a time Tn + H = Tn+1,

yn+1 = f (H, un; p), (1)

where p are the parameters. The advancement of the states and time is completely hidden
outside of the model and is not specified by the standard. Consequently, if there are events,
these are also handled internally and are not visible from the outside. However, since the
advancement is hidden, this allows for specialized solvers to be used for the particular sub-
system at hand, which may improve performance and simulation stabilization. A scheme
of this can be seen in Figure 3; the solver is the Python script for this case of study.

Tool

Solver

FMU

ModelFMI

Figure 3. A cosimulation FMU and the connection to a tool for simulation.

2.4. Integration of Glazing and Films

In this section, we unveil the approach to evaluate the radiative properties of the semi-
transparent organic photovoltaic material available in the literature. The idea is to model
this material as a reflective film attached to the interior surface of a double-panel glazing
system. Regarding the radiative properties of glazing systems, such as transmittance,
reflectance, and absorbance at different incidence angles, Riquelme et al. [28] developed a
mathematical integration for directional averages, and this was introduced to calculate the
radiative properties according to the incidence of solar angles as a continuous function.
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2.5. Modelling of Thin Films

Although many unsolved problems remain on this area, the general features of the
optical behavior of thin films are fairly developed. Heavens [29] indicated that progress
in the methods of studying structures of films continues to grow, aiding in the solution of
interpretation questions regarding optical phenomena. Meanwhile, further developments
in the field of high-speed computing contribute to a reduction in the labor involved in
studying the properties of multiple-film systems. On that subject, we cite the mathematical
treatment for thin films based on Schuster [30], a recent study, and the classical approaches
of Walton [31], Heavens [29], and Born and Wolf [32]. A reflective film is treated as a smooth,
thin coating on one side of the glass pane. Figure 4 shows a schematic representation of the
investigated optical system: a thin film on top of a thick substrate. The boundary on the
second side of the substrate is not shown. In general, the medium behind the substrate is
identical to Medium 1 (air).

Thin Film

Substrate

Air0 1

02

03

ReflectedIncident

d

Figure 1: Thin Film Interaction.

n̂2 = n2 − ik2 (i =
√
−1) (1)

where n2 is the (real) index of refraction and k2 is the extinction coef-
ficient. Snell’s law can be still applied, but it leads to a complex value of
cosθ̂2 = x+ iy. Thus to obtain these values,

a =

[
(n1sinθ1n2)(
n22 + k22

)
]2
∧ b =

[
(n1sinθ1k2)(
n22 + k22

)
]2

(2)

then

x =

√

1− a+ b+

√
(1− a+ b)2 + 4ab

2
(3)

and

y =
a k2

(x n2)
(4)

The amplitude (not energy) reflectance at the interface between media
i and j for the incident radiation from medium i is given by

ρ̂ij =
(p̂i − p̂j)
(p̂i + p̂j)

(5)

where,
p̂i = cosθ̂i n̂i [TE polarization] (6)

p̂i =
n̂i

cosθ̂i
[TM polarization]. (7)

The amplitude transmittance at an interface is given by

5

Figure 4. Thin-film interaction.

The mathematical treatment of the optics of a metallic composed film presented by
Heavens [29], and Born and Wolf [32] is based on the index of refraction of the metal, which
is a complex number as shown in Equation (2).

n̂2 = n2 − ik2 (i =
√
−1) (2)

where n2 is the (real) index of refraction, and k2 is the extinction coefficient. Snell’s law
can be still applied, but it leads to a complex value of cosθ̂2 = x + iy. Thus to obtain
these values,

a =

[
(n1sinθ1n2)(

n2
2 + k2

2
)
]2

∧ b =

[
(n1sinθ1k2)(

n2
2 + k2

2
)
]2

(3)

then

x =

√

1− a + b +
√
(1− a + b)2 + 4ab

2
(4)

and
y =

a k2

(x n2)
(5)

The amplitude (not energy) reflectance at the interface between media i and j for the
incident radiation from medium i is given by

ρ̂ij =

(
p̂i − p̂j

)
(

p̂i + p̂j
) (6)
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where,
p̂i = cosθ̂i n̂i [TE polarization] (7)

p̂i =
n̂i

cosθ̂i
[TM polarization]. (8)

The amplitude transmittance at an interface is given by

τ̂ij =
2 p̂i(

p̂i + p̂j
) (9)

p̂ji = − p̂ij and τ̂ij = 1− ρ̂2
ji.

Amplitude transmittance (τ̂f ) within the metallic film is based on its phase thickness
and is defined as follows:

d̂ =
2 π d n̂2 cosθ̂2

λ
(10)

where d is the thickness of the film, and λ is wavelength spectra. So,

τ̂f = e−id̂ (11)

When multiple reflections within the film are considered, we are led to expressions for
the total amplitude reflectance and transmittance. For radiation incident from Medium 1,
the expressions are

ρ̂13 =
ρ̂12 + ρ̂23 τ̂f

1 + ρ̂12 ρ̂23 τ̂2
f
∧ τ̂13 =

τ̂12 + τ̂23 τ̂f

1 + ρ̂12 ρ̂23 τ̂2
f

. (12)

By reversing the subscripts for radiation incident from Medium 3, the energy re-
flectance and transmittance are given by

ρ13 = ρ̂13 ρ̄13 ∧ τ13 =
τ̂13 τ̄13 ρ̂3

ρ̂1
(13)

where ρ̄ and τ̄ are the complex conjugates of ρ̂ and τ̂. Energy is absorbed in the film
(ρ13 + τ13 < 1).

Most of the expressions above are complex. Rather than expanding them to obtain
solutions in terms of real numbers, it is easier to let the computer evaluate the expressions
by complex arithmetic. Optical constants, such as refraction coefficient and extinction
coefficient, are not available directly at the source, but an estimate of these values can be
obtained from the available spectral transmittance. Gao et al. [33] stated that a typical
reflectance for a TiO2 surface due to the near-infrared reflectance of this composite pigment
reaches 0.68. Average spectral values on this case were calculated using the Kramer–Konig
relations for connecting the real and imaginary parts of any complex function, as was
presented by Rubin [34], and developed from reflectance measurements for clear glass on
Riquelme et al. [35].

2.6. Integration of Photovoltaic Glazing in Buildings Based on Thin Films

Clarke [36] described an approach for an integrated photovoltaic façade based on
Buresch [37] taking into account the façade temperature. Current studies, such as the work
described by Stoichkov et al. [8], employed this approach to ST-OPVs integration in glazing
systems for solar-energy harvesting. Solar radiation is transmitted to the surface of the
photovoltaic layer through the cover via the processes described in the previous section.
Before this flux is applied to the corresponding finite-volume (FV) conservation equation,
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the flux magnitude is reduced to reflect the fact that not all absorbed solar radiation αi is
converted into heat since a proportion is converted into electrical energy:

α
′
i = αi + qei, (14)

where α
′
i is the actual absorption and qei is the photovoltaic power output (W), which may

be determined from the following model:

qei = nc


Vi Ig

(
1− e

Vi
θiλσi

)
− Vi Iscα

′
i

α
′
i(re f )


, (15)

where θi is the temperature (K) of the photovoltaic material determined from the heat flow
calculation scheme and the first node in the glazing numerical algorithm, Vi the node volt-
age, Ig the generated current, Isc the short circuit current, λ the electron charge (1.6 × 1019

Coulombs), n the number of series connected cells, c the number of parallel connected cells,
and σ the Stefan–Boltzmann constant (5.67 × 10−8 W m−2K−4). The generated current is
calculated as a function of the solar energy absorbed in the PV layer, αi when referenced to
the solar absorption, α

′
i(re f ), corresponding to the standard test condition.

2.7. Organic Photovoltaic Application

In this study, we developed a mathematical model that allowed for us to calculate
the amount of solar energy that could be harvested in future applications of organic
photovoltaics. Solar energy can be absorbed by photovoltaic cells placed within a semi-
transparent glazing system to produce energy. To this end, we first describe the properties
of semitransparent organic photovoltaics in detail.

Characterization of ST-OPV

The photovoltaic and radiative properties of semitransparent organic photovoltaic
(ST-OPV) materials must first be defined to model solar harvesting, and to evaluate the
temperature behavior inside the analyzed thermal zone. Photovoltaic power assessment
requires other data, such as the current and voltage produced by the ST-OPV device at each
stage. These values were estimated on the basis of the solar irradiation on glazing available
via weather files. Having the information from Table 1, and on the basis of Sun et al. [38],
Figure 5 was constructed using the single-diode PV cell-equivalent circuit developed by
Bellia et al. [39], Bayrakci et al. [40], Altas and Sharaf [41], and Duffie and Beckman [42].
The large dots indicate in detail the maximal power point for each silver substrate specimen
labelled Ag 10 to 20 nm. Table 2 shows the results for the spectral average transmittance
values calculated by mathematical integration for visible and total available spectrum
pictured in Figure 6. Figure 7 also presents the reflectance for each silver substrate for the
available spectrum.

Table 1. Photovoltaic parameters of organic cells with various Ag thicknesses under optimized conditions.

Class Efficency Voc Jsc FF
% V mA/cm2 %

Ag 10 6.8 0.81 12.6 65
Ag 12 7.4 0.81 13.5 66
Ag 14 7.9 0.81 14.4 66
Ag 16 8.4 0.81 15.4 66
Ag 20 9.0 0.81 16.3 67
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[Altas and Sharaf, 2007], and [Duffie and Beckman, 2013]. The large dots
indicate in detail the maximum power point for each silver substrate spec-
imen labelled Ag 10 nm to Ag 20 nm. Table 2 presents the results for the
spectral average transmittance values calculated by mathematical integra-
tion for visible and total available spectrum pictured in Figure 3.

Table 1: Photovoltaic Parameters of Organic Cells with Various Ag Thick-
nesses under Optimal Conditions.

Class Efficency Voc Jsc FF
% V mA/cm2 %

Ag 10 6.8 0.81 12.6 65

Ag 12 7.4 0.81 13.5 66

Ag 14 7.9 0.81 14.4 66

Ag 16 8.4 0.81 15.4 66

Ag 20 9.0 0.81 16.3 67
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Table 2: Spectral Average Transmittance for ST-OPVs with Various Elec-
trode Thicknesses.

Class Visible Total Spectrum

Ag 10 33.60 27.13

Ag 12 30.53 24.62

Ag 14 28.85 22.40

Ag 16 23.67 19.69

Ag 20 19.49 15.73
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Table 2. Spectral average transmittance for ST-OPVs with various electrode thicknesses.

Class Visible Total Spectrum

Ag 10 33.60 27.13
Ag 12 30.53 24.62
Ag 14 28.85 22.40
Ag 16 23.67 19.69
Ag 20 19.49 15.73
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2.5 ANSI/ASHRAE Standard 140-2011

The basic test building (Fig.4) is a rectangular single zone (8 m wide x 6
m long x 2.7 m high) with no interior partitions and 12 m2 of windows on
the south exposure. The building is of lightweight construction; other at-
tributes are described below. For further details refer to Section 5.2.1 of the
ANSI/ASHRAE Standard 140-2011 [Judkoff and Neymark, 1995]. Figure 5
shows a graphical representation of BESTest glazing system and Figure 6
shows the radiation transmitted by the glazing on visible and infrared spec-
trum. The thermophysical properties of the materials used for the model
are listed in Table 3, which corresponds to the standard low-mass enclosure
settings.

[Jorissen et al., 2018] presents the verification stage based on this method-
ology. The Case 600 FF was selected because a low mass building with
extensive glazing has a high impact on glazing systems. Table 4 shows the
physical properties for windows or glazings.

Table 3: Specifications of opaque surfaces.
Surfaces Thickness U-value

(m) (W/m2K)

Wall 0.087 0.514

Roof 0.141 0.318

Floor 1.208 0.039

9

Figure 6. Transmittance—OPVs.
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2.8. ANSI/ASHRAE Standard 140-2011

The basic test building (Figure 8) was a rectangular single zone (8 m wide × 6 m
long × 2.7 m high) with no interior partitions and 12 m2 of windows on the southern
exposure. The building was of lightweight construction; other attributes are described
below. For further details, refer to Section 5.2.1 of the ANSI/ASHRAE Standard 140-2011,
Judkoff and Neymark [43]. Figure 9 shows a graphical representation of the BESTest glazing
system, and Figure 10 shows the radiation transmitted by the glazing on the visible and
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infrared spectra. The thermophysical properties of the materials used for the model are
listed in Table 3, which corresponds to standard low-mass enclosure settings. The BESTest
methodology presented by Jorissen et al. [44] can also be used as a first test to verify possible
code-related errors by comparing and checking if the results are somehow similar with the
results obtained before implementation. Low-mass Case 600 FF was selected, as indoor
temperature is more sensitive to the thermal performance of a glazing system. Table 4
shows the physical properties for windows or glazing.
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N
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Figure 4: ANSI/ASHRAE 140/2011-Case 600/900.
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Figure 5: BESTest defined glazing system.
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Table 3. Specifications of opaque surfaces.

Surfaces Thickness U-Value
(m) (W/m2K)

Walls 0.087 0.514
Roof 0.141 0.318
Floor 1.208 0.039

Table 4. Windows properties.

Property Value

Extinction coeff. 0.0196 (1/mm)
Number of panes 2

Pane thickness 3.175 (mm)
Air-gap thickness 13 (mm)
Index of refraction 1.526

Transmittance one pane 0.86156
Thermal conduc. glass 1.06 (W/mK)

Conductance glass pane 333 (W/m2K)
Exterior surf. coeff. 21.00 (W/m2K)
Interior surf. coeff. 8.29 (W/m2K)

Density of glass 2500 (kg/m3)
Specific heat of glass 750 (J/kg K)

2.9. Development of a Cosimulation Tool

The development of a cosimulation tool enabled us to test new algorithms to improve
mathematical and physical modelling on existing simulation tools. As previously described,
this study consists of the development of an FMU (Version 1.0) under FMI standard
in Python. Regarding FMU, the mathematical model and internal solver were based
on the finite-volume method, and took into account the transmission and absorption of
solar radiation on glazing on the basis of multireflection, as previously introduced in
Riquelme et al. [28] and applied in Riquelme et al. [45].

2.9.1. Whole-Building Hygrothermal Simulation Program DOMUS: Implementation

The implementation was performed using the FMI standard that defines a container
and an interface to exchange dynamic models using a combination of XML files, binaries,
and C code, distributed as a ZIP file. The ZIP file contained the FMI Description file (XML),
the binaries and libraries required to execute the FMI functions (.dll or .so files), the sources
of the FMI functions (optional), and other data used by the FMU. An FMU can hide the
source code to secure the contained know-how or to allow for the fully automatic import of
the FMU in another simulation environment. A schematic and general view of an FMU
standard is shown in Figure 11 based on Blochwitz [46], where blue arrows denote the
information provided by the FMU (Developed Python Solver), and the red arrows denote
the information provided to the FMU (DOMUS data). All types of variables that can be used
are presented here. In our case, the variables are all real numbers, t is the time step defined
by DOMUS, u are the inputs as an external convective coefficient, internal convective
coefficient, direct solar radiation, diffuse solar radiation, external temperature, internal
temperature, p and v are the parameters and variables that include internal process as solar
geometry, internal energy balance, angular radiative properties, and the radiative long-
wave balance on the thermal zone. y are the outputs of the FMU that are the temperatures
on the glazing system in our case.

To increase the speed and accuracy of assessment associated to direct solar radia-
tion gains, a pixel counting technique was implemented in DOMUS, with an extensive
validation presented in de Almeida et al. [47], and de Almeida et al. [48].
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p, initial values (a subset of v(    ))t0 , t0

Enclosing Model

u

v

t time

p     parameters of type Real, Integer, Boolean, String

y
u     inputs of type Real, Integer, Boolean, String

v     all exposed variables
y     outputs of type Real, Integer, Boolean, String

FMU  instance
(model exchange or Co-simulation)

Figure 11. Data flow between the environment and an FMU.

2.9.2. Scheme for Glazing Model

The tested model was a capacitive finite-volume (FV)-based model to implement a new
technology not present in the Domus model. Figure 12 presents the different elements of the
solver model based on the FV method by Patankar [49] to solve differential equations. These
equations are solved via the tridiagonal matrix algorithm (TDMA), which considers heat
transfer by conduction, forced external convection, free internal convection (vertical cavity
between panes), and multireflection for glazing transmission with a fully implicit scheme.
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Figure 12. Python Solver: graphical scheme model.

Technology is not present in the DOMUS model, which also has a capacitive model,
but is not prepared to simulate technologies such as the one based on STPV. Domus window
model can be seen in Freire et al. [50].

3. Verification

As previously described, the FMU approach must be verified. The BESTest Case 600
FF was selected because a low-mass building coupled with an extensive glazing system
can considerably affect internal temperature.

Domus Results for BESTest 600 FF

This section shows the results of the verification stage. Relevant data are displayed
in the figures, including the main variables and their comparison with the available data.
Figure 13 presents the results for the comparison of the thermal zone temperature ob-
tained through the developed mathematical code and the available range results in the
ANSI/ASHRAE Standard 140-2011 Judkoff and Neymark [43]. Results were aligned to
the values set for a clear cold day. Figure 13 also indicates appropriate physical modelling
through the numerical results. The BESTest Case 600 range was obtained by using steady-
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state based models, while the red line represents results gathered from simulations using a
transient model.
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Figure 13. Standard 140-2011 hourly free float temperatures—clear cold day—Case 600FF..

After this first stage, we were able to validate the mathematical code for the evaluation
of glazing systems, and with it, to propose an approach to assess the photovoltaic potential
in glazing with a semitransparent organic photovoltaic material. Figure 14 compares
Domus-FMU and the BESTest validation reports Judkoff and Neymark [43], for the maximal
annual temperature on 16 October, a sunny clear day on 27 July, and a cool clear day on 4
January, showing good consistency by the two models.
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Figure 14. Thermal zone temperature profile for maximal annual temperature, sunny clear day,
and cool clear day.

4. Results and Discussion

In this section, we present the results of numerical modelling and the application of a
method to incorporate a semitransparent organic photovoltaic element to glazing. A typical
integration is based on the previously detailed theoretical models. Current research on
semitransparent elements with photovoltaic capacity shows promising results. In this
study, our approach included organic elements, since they are state-of-the-art materials
that showed near 10% efficiency rate in recent studies on OPV [9].

4.1. Approach of Integration Model for Estimating Photovoltaic Energy on a Glazing Facade

This section shows the results of a single thermal zone and glazing systems model
that considers the spectral radiative properties and multireflections when integrating
a semitransparent photovoltaic material in glazing for solar energy harvesting. First,
the results for the thermal zone simulation consisted of a comparison between the thermal
zone temperature obtained in BESTest with the temperature profiles obtained with the
five different thickness values of the silver substrate, originally labelled Ag 10 Ag 20 nm,
as per Sun et al. [38]. Lastly, we include the results for solar-energy harvesting using
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photovoltaic integration based on Clarke [36]. Figure 15 presents the temperature profile of
the thermal zone according to the five selected ST-OPV settings. In this example, selected
Case 600FF and a single-pane glazing with the integrated ST-OPV as a thin film over the
external surface of the glazing with the internal pane as substrate follows the mathematical
approach in Section Integration Photovoltaic Glazing in Buildings based on Thin Films.
Figure 15 illustrates also the important reduction on the temperature peak values, as a
second remarkable positive effect of ST-OPV systems.

4 Results and Discussion

In this chapter we present the results of numerical modeling and the ap-
plication of a method to attach a semi-transparent organic photovoltaic
element to glazing. The typical integration is based on the theoretical mod-
els previously detailed. Current research on semi-transparent elements with
photovoltaic capacity show promising results. In this study, our approach
includes organic elements, since they are state-of-art materials, which has
shown in recent studies on OPV a near 10% efficiency rate [Cui et al., 2020].

4.1 Approach of integration model for estimate photovoltaic
energy on a glazing facade

This section shows the results of a single thermal zone and glazing systems
model that considers the spectral radiative properties and multireflections
when integrating a semi-transparent photovoltaic material in glazings for
solar energy harvesting. First, the results for the thermal zone simulation
consist of a comparison between the thermal zone temperature obtained in
the BESTest with the temperatures profiles obtained with the five differ-
ent thickness of silver substrate originally labeled Ag 10nm to Ag 20nm,
as per [Sun et al., 2018]. Finally, we include the results for solar energy-
harvesting using photovoltaic integration based on [Clarke, 2007]. Figure 12
presents the temperature profile of the thermal zone, according to the five
selected ST-OPVs settings. In this example, the selected Case 600FF and
a single-pane glazing with the integrated ST-OPV as a thin film over the
external surface of the glazing with the internal pane as substrate follows
the mathematical approach in Section 2.3.
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Figure 15. Thermal zone temperature for selected ST-OPVs configuration due to base Case 600FF.

4.2. Photovoltaic Modelling Results

This section presents the results for solar energy harvesting for the material under
study in Figure 16. Our approach is similar to Clarke’s [36] in Equation (15) in that we
estimated the energy that could be produced by the integration of ST-OPVs materials such
as a thin film into the glazing. The results depict the southern façade over the course of
four days (12 to 16 January). The solar energy harvesting in this case clearly followed the
behavior of the available solar irradiance data defined by the BESTest dry-cold weather file.
This may have been due to the fact that the generated current (Ig) and node voltage (Vi)
produced by the device were only available as global values [38], and were directly related
to the solar irradiation that reached the southern glazing at each stage. The maximal power
generation reached 77 W in each glazing on 14 January, the equivalent to 9% efficiency.
The model also allowed for us to input the value of the temperature at the node of the
control volume equivalent to the position of the photovoltaic element. Therefore, we can
evaluate the efficiency of these materials when this information becomes available in the
future. Recent studies indicated that this material may reach near 18% efficiency [9], but the
study did not report on the spectral transmission and provided no quantitative information
on the temperature effect on efficiency.

4.2 Photovoltaic Modeling Results

This section presents the results for solar energy-harvesting for the material
under study in Fig.13. Our approach is similar to [Clarke, 2007]’s in Eq.14,
in that we estimate the energy that could be produced by the integration of
ST-OPVs materials such as a thin film into the glazing. The results depict
the south façade during four days (Jan.12 to Jan.16). The solar energy
harvesting in this case clearly follows the behavior of the available solar
irradiance data defined by the BESTest dry-cold weather file. This may owe
to the fact that the generated current (Ig) and node voltage (Vi) produced by
the device are only available as global values [Sun et al., 2018] and directly
relate to the solar irradiation that reaches the south glazing at each stage.
The maximum power generation reached 77W in each glazing in January
14, the equivalent to a 9% efficiency. The model also allows us to input
the value of the temperature at the node of the control volume equivalent
to the position of the photovoltaic element. Therefore, we can evaluate
the efficiency of these materials when this information becomes available in
the future. Recent studies indicate that this material may generate near
18% efficiency [Cui et al., 2020], but the study does not explicit the spectral
transmission and there is no reference as to how the efficiency varies with
respect to temperature.
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5. Conclusions

Developing a physical and mathematical model to calculate energy production of glaz-
ing systems is not a simple task. We sought to relate factors such as spectral transmission,
reflection, and multireflection, which could be approached in several ways, as shown in
Rubin et al. [51], ISO 9050 [52], and Howell et al. [53]. These factors were considered as we
developed a comprehensive transient model on the basis of the finite-volume method with
an evaluation of heat transfer by conduction inside the glass panes, forced convection both
outside and inside the thermal zone, free convection between the panes and the respective
inclusion of solar radiation that is transmitted, reflected, and even absorbed in the medium
for energy generation. Then, we introduced an approach to calculate the amount of solar
energy that can be harvested from a façade by coupling a photovoltaic material to the
glazing in the form of a thin film. This material adopted the spectral radiative properties
available on Sun et al. [38], and we followed the detailed mathematical approach presented
by Clarke [36]. The paper contributes to the building simulation community by provid-
ing a new approach to unsteadily simulate a photovoltaic glazing model, and highlights
the advantage of using an FMU that could be coupled to any building simulation tool
with flexibility to test different models without modifying the source code of the main
software. Hence, this study sought to develop a mathematical code for the Domus pro-
gram to enable the future evaluation of energy-generation capacity in facades and, more
specifically, composed by glazing materials. Since this is part of the development stage,
we decided to include a cosimulation tool so we could freely modify the mathematical
model without having to reprogram and recompile the master program (Domus). The
adopted methods in the verification stage were based on the ANSI/ASHRAE Standard
140-2011 Case 600 FF to evaluate the thermal behavior of a single thermal zone to test
glazing systems with a large glazed area on the southern wall. In this case, the incident
solar energy on this façade transmitted within the thermal zone produced a clear increase
in room air temperature, as shown in Figure 13. The results for temperature are in the
line with the BESTest range [43], which indicate the consistency of the developed FMU.
As mentioned above, the developed model integrates the temperature of the node or area
where the energy-generating material is located. When the performance information of
these emerging materials is available, the real values of photovoltaic generation can im-
prove the simulation. We may infer that there is a correlation between performance and the
materials of the cells, namely, cadmium tellurium and silicon, which may be the subject of
a future study. We also suggest that future research include the temperature dependence
of the efficiency of those type of cells. The contribution is on the development of a new
functional mock-up unit to cosimulate photovoltaic energy generation in glazing systems
and the dissemination of such a technique, which greatly facilitates software development
in collaboration with different partners without the need to modify and recompile the main
program by means of an open-source program such as Python. The authors see it as a
developing area where researchers can work focused only on their own model and not on
the whole code, which may also stimulate cooperation with manufacturers. This study also
contributes to the development of energy simulation models based on current cosimulation
tools (FMI Standard) to integrate energy-generating elements to buildings involving new
technologies and state-of-the-art research. Semitransparent organic photovoltaic materials
strike a good balance between the advancement of simulation techniques and the speed of
technological advancements. Lastly, this study may be considered to be a small contribution
to the ongoing research on modern building façades.
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