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ARTICLE INFO ABSTRACT

Keywords: The advancement of renewable and sustainable energy generation technologies has been driven by environment-
Building-integrated photovoltaics related issues, energy independence, and high costs of fossil fuels. Building-integrated photovoltaic systems have
Photovoltaics

been demonstrated to be a viable technology for the generation of renewable power, with the potential to assist
buildings in meeting their energy demands. This work reviews the current status of novel PV technologies,
including bifacial solar cells and semi-transparent solar cells. This review discusses the various constructions of

Bifacial solar cells
Semi-transparent solar cells

Modeling
Control techniques PV technologies, recent advances in these products, the influence of key design factors on electrical and thermal
Storage performance, and their potential in the design of energy-efficient smart buildings. The attention is focused on

bifacial and semi-transparent PV systems, given the high level of interest of the scientific community in their
current and potential applications.

Focus is also devoted to the analysis of the electrical, optical, and thermal modeling procedures developed for
sizing, designing, and integrating photovoltaics into larger building simulations. The development of these
models has a positive impact on the implementation of next-generation smart buildings. The latest innovative
developments and key issues in the application of bifacial PV solutions in buildings are also summarized and
analyzed. Special attention is paid to rear side electrical performance, which can be evaluated by means of
illuminance/optical backside modeling. Finally, energy management and control of PV-equipped buildings via
both model-based and data-driven approaches are discussed, as well as the integration of electric storage systems
in a multi-building context.

a number of factors, including the temperature of the PV module, partial
shadowing, the angle of installation, the direction of the building, and
the orientation of the system [1,2]: all these aspects have a significant
impact on the ability to achieve high power output and efficiency in
building applications. BIPV devices should also be useful to enhance the

1. Introduction

Renewable energies (RES) are increasingly penetrating urban power

grids, leading to increased distributed generation, mainly due to the
progressive reduction in the cost of PV modules over the last decades.
The installation of PV devices in urban and suburban environments re-
quires specific techniques aimed at integrating the photovoltaic com-
ponents into the building envelope and structure (such as the roof or
facade), possibly replacing conventional building materials. This inte-
gration is commonly referred to as Building-Integrated Photovoltaics
(BIPV). BIPV systems have been gaining in popularity over the past two
decades. In this scenario, the BIPV technology reduces the total building
cost and mounting cost, as BIPV panels serve as a building component. In
order to achieve a cost-effective BIPV system, it is necessary to consider
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comfort and aesthetics of the building. Moreover, the implementation of
BIPVs is fundamental for achieving net-zero building target: in [3] au-
thors conducted a quantitative analysis of the role of BIPVs for obtaining
a zero-energy building and the results confirmed the importance of
BIPVs role in line with the European 2020 targets. Also, Aelenei et al. [4]
applied BIPV in the walls and roofs to improve the load supply and the
grid interaction, taking into account the energy flexibility from BIPVs
and energy storage, in order to enhance the integration of renewable
energy sources. Another interesting study was carried out by Yuekuan
Zhou [5] where authors analyzed a combined strategy for improving
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Nomenclature

Symbols

ipy Current produced by the PV cell (A)
I, Diode reverse current (A)

Lir Light-generated current (A)

Isc Short Circuit Current (A)

n Ideal number of cells

Prax Maximum Power (W)

R Series resistance

Rsh Shunt resistance

Vpy Voltage across the PV cell (V)
Voc Open-Circuit Voltage (V)

Vr Thermal Voltage (V)

Subscripts

f Front side

PV Photovoltaic cell

r Rear side

S series

sh shunt

T Thermal

1 Single diode

2 Two-diode

Acronyms

AVT Average Visible light Transmittance
BIPV Building-Integrated Photovoltaic

BIPV/T Building-Integrated Photovoltaic-Thermal
BSC Bifacial Solar Cells

DC Direct Current

DPP Discounted Payback Period

DS-SC  Dye-Sensitized Solar Cells

ESS Electric Storage Systems

ITO Indium-Thin-Oxide

HIT Hetero-junction with Intrinsic Thin layer
HVAC  Heating, Ventilation, And Air Conditioning

MPC Model Predictive Control
NIR Near-infrared

NPV Net Present Value

OP-SC  Opaque Solar Cells

0sC Organic Solar Cells

PCE Power Conversion Efficiency

PERC Passivized Emitter Rear Cell

PERT Passivated Emitter, Rear Totally-Diffused
PSC Perovskite Solar Cells

PV Photovoltaic

RES Renewable Energies

SRI Scaled Rear Irradiance

ST-PV  Semi-Transparent BIPV

ST-SC Semi-Transparent Solar Cells

TOPCon Tunnel Oxide Passivated Contact
UHI Urban heat islands
WWR Window-to-Wall Ratio

energy efficiency of buildings through BIPVs and passive PCM walls.

BIPVs can also replace the transparent envelope: semi-transparent
PV glazed systems and large PV glazed facades are generally inte-
grated in commercial/educational/public buildings that present high
window-to-wall ratio percentages (WWR). The semi-transparent BIPV
glazing limits the entry of solar heat gain, daylight and generates elec-
tricity. Currently, several different BIPV glazing systems have been
investigated, including double-paned airflow semi-transparent PV
glazing, double-paned thermally insulated PV glazing, and single-pane
PV glazing [6]. In the early years, research focused on opaque BIPV
systems, as opaque PV (monocrystalline and multi-crystalline silicon
cells) was the first PV technology to gain significant market traction.
However, thin-film PV cells were rapidly identified as being of interest
for BIPV systems since their semi-transparency in the visible spectrum
allowed for a wide range of building integration possibilities [7].
Currently, several emerging PV technologies are evolving and some of
them can be produced at a very low cost [8]. Moreover, thin-film PV
cells and the majority of emerging PV technologies are flexible due to
their extremely small thickness of just a few microns, which enables
their integration into curved surfaces.

In order to achieve a cost-effective BIPV system, the selected PV
technology has a significant influence on the final performance of the PV
plant, particularly in the case of novel applications and solutions. For
example, bifacial PV cells represent an interesting solution; thanks to
their potential to produce additional energy due to rear-side irradiance
absorption. The use of a bifacial photovoltaic module instead of a
monofacial module can result in an additional 25 %-30 % power output
assuming optimal installation and design of the system [9]. In general,
the economic feasibility of a BIPV system installation can be assessed in
terms of Net Present Value (NPV) and Discounted Payback Period (DPP):
the values depend on many factors, such as the countries in which the
BIPV solution is installed. In fact, both the electricity tariff and the initial
cost of the BIPV system per watt peak vary in different countries, and the
BIPV installation is more convenient when the electricity tariff is high,

and the PV technologies are not so expensive [10-12]. Moreover, BIPV
systems can be installed in an urban environment, where they must be
integrated architecturally, oriented to maximize solar gain, and shaded
from obstructions to perform at optimal levels.

In general, the use of PV modules as a building envelope and/or
architectural material is becoming increasingly prevalent, as BIPV sys-
tems are demonstrating the ability to perform well even when not
optimally positioned and partially shaded. This is due to the fact that the
electrical system design allows for flexibility in architectural decisions
[13]. An interesting review paper directed attention toward the impact
of BIPV system installation on urban heat islands (UHI) [14]. It was
posited that rationalized planning of BIPV and cool roofs in urban en-
vironments can assist in mitigating the UHI effect. The deployment of
BIPV with high conversion efficiency has been demonstrated to be
beneficial for urban cooling due to the reduced quantities of BIPVs [15].
Therefore, BIPV efficiency is crucial to the mitigation of the BIPV-
aggravated UHI effect.

Finally, the integration of hidden colored PV modules in architec-
turally sensitive areas represents the optimal solution for achieving a
balance between conservation and energy issues as discussed in [16].

2. Motivation and approach

This review paper presents a comprehensive review of current de-
velopments in the BIPV area, with a focus on two key technologies:
bifacial solar systems (BSC) and semi-transparent BIPV (ST-PV). These
two categories have been selected due to the high level of interest shown
by the scientific community in their applications. BSCs have been widely
adopted by the market, whereas ST-PV and, in particular, solutions with
semi-transparent solar cells (ST-SC) are currently undergoing improve-
ment. However, their future adoption will be a turning point for BIPV
applications in windows and glazing facades. Section 3.1 of the present
study outlines the main features of ST-PV (constituted by ST-SC or
opaque cells OP-SC), while section 3.2 is related to bifacial solar cells
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that are particularly interesting in the current scenario. In both cate-
gories, the key factors that contribute to the maximum building effi-
ciency are identified. This is followed by an overview of the available
solutions on the market that meet a wide range of requirements. Sub-
sequently, the authors analyze the efficiency and the electric, optic, and
thermal modeling of these PV technologies, with a specific focus on the
interaction among these three aspects (Section 4). Authors also study the
bifacial rear-side conditions modeling with focus on the illuminance
modeling procedures. It has been found that many boundary conditions
should be taken into account, including the albedo characteristics of the
reflective backside surfaces [9]. Section 5 addresses the management
and control of these BIPVs through both model-based and data-driven
control techniques. Moreover, the electric storage systems (ESS) role
and the BIPV-ESS integration in a multi-building context are also dis-
cussed. The final section presents the main findings and conclusions
derived from the study, as well as an overview of the challenges and
future trends in this field.

The novelty of this paper lies in the detailed analysis of two specific
types of BIPV systems, namely semi-transparent PV solutions and bifa-
cial solar cells. The first ones are suitable for buildings with highly
glazed facades, typical of European non-residential buildings, while
BSCs have demonstrated high efficiencies and strong potential. Special
focus is given to the modeling aspects of the considered PV typologies,
which are especially important due to the strong interconnection among
electrical, optical and thermal characteristics, whose interaction is
analyzed in detail. Based on the bibliographic search, few review studies
focus on this approach. An additional novelty concerns the review of
control techniques used to manage buildings equipped with both BIPVs
and ESSs.

To better describe the approach adopted for carrying out this review
analysis, a flowchart reporting the main structure is shown in Fig. 1.

3. Analysis of BIPVs solutions
3.1. Semi-transparent PV for windows

Transparent or semi-transparent PV (ST-PV) are suitable to be used
as windows or facades. A ST-PV glazing system is designed to absorb a
portion of the solar radiation incident upon the window surface, thereby
generating electrical power. Consequently, this has an impact on the
overall solar energy and natural daylight that penetrates the indoor
space. The energy performance and indoor comfort level of a building
are influenced by many factors, including the adoption of such windows
[17]. The impact of integrating photovoltaic glazing systems needs to be
analyzed from three main perspectives: optical and thermal perfor-
mance, as well as electricity production. With the general term ST-PV,

TECHNOLOGIES DESCRIPTION
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authors consider several kinds of PV glazing or windows that are
composed by different technologies (generally standard solutions i.e.
crystalline-silicon (c-Si) —based solar cells) that are incorporated in two
transparent layers: the distance between the cells determines a certain
transparency of the element. Very often the module uses a two-layer
glazing construction to safeguard the cells from mechanical stress and
enhance energy output: double glass layers are designed to provide
higher durability and better performance in adverse environmental
conditions (Fig. 2). Transparent solar cells are designed to permit some
light to pass through the cell while also absorbing a portion of the light
to generate electricity. To achieve both transparency and efficiency, it is
necessary for them to be able to reflect certain specific wavelengths of
light while allowing others to pass through and be absorbed by the cell.

Fig. 3 identifies the critical elements to be considered when semi-
transparent PV (ST-PV) are applied to buildings and the main features
that influence the indoor comfort conditions and the final consumptions
[18,19]. As visible from the flow-chart in Fig. 3, both transparent PV
solutions could potentially contribute to a range of benefits, including
the generation of indoor lighting, the control of heat dispersion, the
provision of a comfortable environment, and the reduction of additional
energy consumption. In addition to the principal indicator that is the
power conversion efficiency (PCE), other key performance features such
as thermal insulation, average visible light transmittance (AVT), color
properties, and integrability are all important for meeting the practical
application requirements of BIPVs [20]. ST-PV technology can regulate
the spread of heat and create a comfortable natural living environment
(temperature comfort and visual comfort) [21-23]. It is interesting to
note that the indoor lighting conditions achieved by the natural
contribution passing through the PV transparent surfaces influence the
on-time of the lamps and consequently the building’s electricity con-
sumption for artificial lighting. Furthermore, the lamps contribute to the
overall heat gain within the indoor environment, which must be
accounted for in any thermal balance calculations. Finally, the color
diversity of emerging photovoltaic devices permits the combination of
performance with aesthetics, thereby providing visual beauty for ar-
chitecture and art.

Concerning technologies and materials, an at-a-glance comparison of
the different possibilities is given in Table 1.

Perovskite represents the most promising emerging photovoltaic
material used in the field of transparent or semi-transparent SC. This
emerging photovoltaic technology is safe and environmentally sustain-
able; perovskite solar cells (PSC) are able to combine the effects of
visible light transparency and photoelectric conversion. A ST-SC should
allow the utilization of ultraviolet and/or near infrared photons and
simultaneously maintain a good photon transmittance in the visible
wavelength to achieve a balance between solar spectral absorption and
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Fig. 1. Flowchart with the main structure and steps of the present literature review.
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Fig. 2. Schematic representations of ST-PV glazing systems with opaque solar cells (OP-SC)(on the left) and semi-transparent solar cells (ST-SC) (on the right).
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Fig. 3. Effects of semi-transparent PV applications on buildings energy consumptions and global comfort conditions [19].

transmission. Indeed, perovskite materials can achieve color control by
adjusting different absorption ranges. Furthermore, they can easily meet
the expected features in terms of transparency, resistance, and

flexibility.
Inorganic solar cells, such as the ones based on silicon (Si)-PV and
perovskite, often necessitate the use of extremely thin or partially
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Table 1
At-a-glance comparison of the main technologies and materials for PV cell
construction.

Technology Efficiency Costs Durability Flexibility
Monocrystalline Silicon 24 x L4 x
Polycrystalline Silicon 4 v 4 x

CdTe Thin-Film v 24 v/ 44

CIGS Thin-Film L4 v v 24

a-Si Thin-Film x 24 x 44
Perovskite 44 44 x 4%
Organic PV x Y x Y
Multi-Junction 224 x 4 x

ablated absorbing layers in order to provide transparency; this signifi-
cantly reduces their capability of producing energy [24]. In general,
conventional silicon photovoltaic (Si-PV) technology is unable to select
wavelengths, is rigid and breakable, and has low power-per-weight. On
the contrary, for organic solar technology the absorption does not occur
in the visible regions, thus enabling transparency without compromising
the energy yield. Organic solar cells (OSC) work with discrete energy
levels and employ a clever approach to tailor molecules in the photo-
voltaic active layer, which ensures light absorption only in the near-
infrared (NIR) regions. Moreover, the high absorption coefficient and
the good ductility of organic semi-conductors permit the fabrication of
solar panels with an ultra-thin profile and excellent mechanical flexi-
bility: an active layer with a thickness of only 100 nm can fully capture
the photons. Nevertheless, the primary challenge in the development of
semi-transparent OSCs is the achievement of a balance between high
transparency in the visible region and high photoelectric conversion
efficiency in the near-infrared region.

The high reflectivity of commonly used ultrathin metal electrodes, in
silver or aluminum, can result in significant energy losses, which may
lead to reduced transparency and efficiency of PV devices. Researchers
developed transparent back electrodes to enhance the transparency of
the device while maintaining high efficiency: conductive polymers,
transparent indium-thin-oxide (ITO) electrodes, dielectric/metal/
dielectric photonic structures, and graphene are the most recent and
popular technologies.

The present state of the art in the field shows that both ST-PSC and
ST-OSC can be considered for practical applications: it has been
observed from laboratory tests that semi-transparent perovskite solar
cells reach a power conversion efficiency of 14 % with an average visible
transmittance of 20-25 %. In the case of semi-transparent organic solar
cells, the PCE has reached 13 % with an AVT of about 40 %, in the same
conditions.

A performance improvement of ST-PSC can be obtained by reducing
the thickness of the active layer and constructing discontinuous perov-
skite films; moreover, the usage of transparent conductors modulates the
optical properties of the device, thereby allowing high values of AVT
without decreasing PCE. On the other hand, high costs of transparent
conductive oxides limit the applications of these solutions.

It is of paramount importance to give special consideration to the
design and optimization of the interface between these devices and the
surrounding environment because both OCS and PCS are highly sus-
ceptible to environmental factors, particularly oxygen and moisture that
can lead to irreversible performance degradation and equipment failure.
Another limit is related to the area of conversion of these technologies
that is very small considering the expectation for BIPV (up today in the
order of cm?).

Another technology for semi-transparent PV applications is the so-
called dye-sensitized solar cells (DS-SC). DS-SC presents a sandwich
sealed structure composed by five layers, namely substrate, semi-
conductor, dye, electrolyte, and counter electrode substrates.

Synthetic metal complex-based dyes (inorganic) are frequently
employed in the production of dyes, including ruthenium, rhodium, and
porphyrin dyes. If organic, DS solar cells are synthesized from a variety
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of plant materials, including leaves, fruit, and flowers. Currently, the
highest efficiency recorded for ruthenium-based dyes is of about 14 %
while natural dye-based solar cells exhibited a maximum efficiency
lower than 10 % [25-28]. The quality of the layers sealing, the types and
origin of dye pigments present in different weights, the nature of the
extracting solvents and their pH contribute to the final performance of
DS-SC. The semi-conductor plays a pivotal role in accelerating electrons
from the excited state of the dye to counter electrode via an external
load. In DS-SC, wide bandgap semi-conductors have been extensively
employed: the most common are TiOy and ZnO. It is essential to allow a
uniform coating distribution of semi-conductors on the substrate: they
can be synthesized in a variety of ways and in a range of sizes, shapes,
and morphologies.

Dye-sensitized solar cells are of particular interest for BIPV appli-
cations due to their partial transparency, color tunability based on the
chosen dyes, light weight and possible flexibility [29,30]. The cells
achieved an average power density of 8.0 pW/cm? and an efficiency of
about 12 % when irradiated by 200 Ix compact fluorescent lamps [31].
Nevertheless, chemical degradation, leakage issues when liquid elec-
trolytes are used, and photochemical deterioration of dyes and sealants
continue to represent an obstacle to a large-scale diffusion. Fig. 4 pre-
sents a selection of images related to semi-transparent and transparent
BIPV applications.

3.2. Bifacial cells for panels

Bifacial cells are suitable for many BIPV applications and can be
integrated into transparent and opaque envelopes. They have attracted
great interest in recent years thanks to the potential of an innovative
technology able to increase energy output while reducing the surface
area requirement and overall costs compared to the conventional PV
solution [36,37]. UV-resistant materials are provided on both sides of
bifacial solar cells. These materials protect the structures against
degradation caused by exposure to sunlight, rain, and other environ-
mental factors. Their spread began in the early eighties with rather high
production costs, but now their economic viability is increasing
[38-40].

Today a number of manufacturers are engaged in the development
and commercialization of different types of bifacial PV modules. Among
the current bifacial PV technologies are:

- Passivized Emitter Rear Cell (PERC) technology;
- Hetero-junction with Intrinsic Thin layer (HIT);
- Back contact technology.

The PERC bifacial PV module is able to achieve high energy output
by capturing sunlight from both the front and rear sides of the panel.
PERC technology employs a rear passivation layer to reduce surface
recombination and increase solar cell efficiency with respect to tradi-
tional solutions. The configuration of PERC bifacial PV cells typically
include an N-type silicon substrate, front contacts, passivation layer, and
rear contacts. The rear contact of a PERC cell collects negative charge
carriers generated by the solar cell. It can be constructed from various
materials, such as silver or aluminum. To achieve bifaciality in the cell,
light is allowed to pass through the rear side. Different materials can be
used for the passivation layer, such as silicon nitride (SiNx) or aluminum
oxide (Aleg).

An interesting evolution of the PERC cells is represented by tunnel
oxide passivated contact (TOPCon) solar cell technology, which has the
potential to replace passivated emitter and rear contact (PERC) and
high-efficiency passivated emitter, rear totally-diffused (PERT) solar
panels. One of the key benefits of TOPCon solar cells is that their
structure is largely similar to that of PERC/PERT cells. This allows
manufacturers to leverage existing production lines with minimal
modifications to produce TOPCon cells. TOPCon solar cells present the
same base structure of PERT solar cells but they include an ultra-thin
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Fig. 4. Semi-transparent and transparent PVs applications: a) ST-PV applied as ventilated curtain wall [32]; b) ST-PV: Turin train station roof [32]; ST-PV applied as
balcony with OP-SC [32]; d) transparent see-through Cadmium Telluride (CdTe) thin-film PV technology [33]; e) Organic solar cells (OSC) [34]; f) DS-SC glazing

application [35]; g) Sainsbury’s Forecourt Canopies [33].

silicon dioxide (SiO3) layer, which serves as the tunnel oxide layer.
Additionally, the back surface field layer is replaced with a
phosphorous-doped polycrystalline silicon (n + Poly-Si) layer, further
enhancing the structure’s efficiency also by curbing recombination
through the addition of passivation layers.

HIT PV panels use a thin layer of amorphous silicon (Si) on top of a
Carbon-Silicon (C-Si) wafer to enhance the energy conversion efficiency
of the module.

The back-contact technology is very useful for avoiding the losses
due to shading: modules with the contacts located on the rear side of the
cells allow a more efficient light capture. For bifacial solar cells it is
important to specify the type of substrate, the light trapping method,
and the contacts layout [39]. Among substrate materials, mono-
crystalline and multicrystalline silicon are commonly used for bifacial
PV technologies. The thickness of this substrate is important: the impact
of different substrate thicknesses on bifacial solar cell conversion effi-
ciency has been investigated through direct testing [41] and modeling
simulation [42]. Experimental results with a substrate thickness of 140
um compared to 240 pm demonstrated a high efficiency due to a good
light trapping. The simulations also demonstrate that minimal decreases
in conversion efficiency are observed passing from 200 pm to about 60
um with a good percentage of cost reduction (despite increasing
handling difficulties). One of the most common strategies for enhancing
the conversion efficiency of solar cells is to texturize the surface, thereby
increasing the absorption of light. Bifacial technology necessitates only

front or front-rear texturing, contingent on the configuration of the solar
cell. Bifacial solar cells with textured front and planar rear sides are
typically sufficient for improvements in light trapping properties, unless
a rear side reflector is applied: in this case added back texturization can
be useful. Furthermore, a novel research area that deserves attention for
enhancing light trapping in bifacial solar cells is the application of
photonic grating interfaces: this solution can achieve high reflectivity
within the same spectral window, depending on the direction of the
incident light [43].

Furthermore, research activities in this area for bifacial solar cells are
focused on replacing conventional screen-printed silver (Ag) front con-
tacts with either Cu-plated contacts, TCO, or aluminum (Al), reducing
the silver amount per bifacial cell that represents a substantial cost for
the fabrication process. Cu-plated contacts can also help to reduce the
high temperature firing silver pastes (curing temperature is at 160 °C)
and the high recombination velocity of Al-coated rear surfaces, which
reduces the conversion efficiency with decreasing wafer thickness. Ef-
ficiencies higher than 23 % for bifacial solar cells have been recently
obtained using copper electrochemical plating to form the electrodes
[44]. An advantage of bifacial PV cells is that they reduce recombination
at the rear surface by restricting the metal contact area to a grid. Bifacial
PV cells capture photons on both cell faces and, in particular, up-
converters placed on the cells capture photons with energy lower than
the band gap of the semi-conductor substrate and, simultaneously, they
re-emit the photons with energy higher than the bandgap to the active
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region of the solar cell, thereby increasing the efficiency of the solar cell
[45].

Specific bifacial solar cells are developed for flexible and low-weight
applications, including semi-transparent solutions. They are mainly
based on dye-sensitized technology, as well as thin film technologies
based on CdTe, CIGS and GaAs. These cells are inserted in glass or
plastic, with TCO thin films used for the electric contacts. To increase the
efficiency of these particular bifacial PV modules that are generally quite
low and to improve the device longevity, alternative materials can be
used. As previously stated, the use of a bifacial PV module instead of a
monofacial system can result in increased power. However, many fac-
tors including the adopted configuration, the temperature of the mod-
ule, and the uniformity of irradiance, can affect the performance of a
bifacial PV module in the field [46-48]. In general, it can be said that the
non-uniformity of back irradiance represents a significant limitation on
the back contribution, which is particularly sensitive to the height of the
lower edge of the module from the ground and to the non-uniform
irradiance (when diffused radiation is dominant). In general, the
larger the surface area of the ground reflective surface, the greater the
energy yield of the PV module. This effect is more pronounced when the
module elevation is increased, but it reaches a saturation point above a
certain value [49]. It is recommended to maintain the optimum tilt
angles low in installations with a high albedo coefficient. This reduces
the inhomogeneity of the rear irradiation and increases the energy yield.
Fig. 5 resumes the most important aspects that influence the final
electric/thermal behavior and the efficiency of bifacial PV applications.

4. Optical, thermal, and electrical models

Modeling an operative PV device is a complex task since its behavior
must be studied in three different physical domains: the electrical
domain, the optical domain and the thermal domain. The models
implemented for each domain are not autonomous, but instead, interact
with the models in the other domains. A schematic representation is
given in Fig. 6. Models interact as follows. The optical model is used to
understand the illumination profile on the PV device. This information is
used by the electrical model as useful solar radiation (in terms of spec-
trum) on front and backside of the PV panel, also taking into consider-
ation diffused radiation and shading effects. The same information is
also used by the thermal model to estimate the thermal power flow due
to the solar illumination. The electrical model estimates the electrical
power produced by the PV device, which is strongly dependent on the
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Fig. 6. Interaction between the three modeling aspects involved in bifacial
solar cells.

normal irradiance (provided by the optical model) and the device tem-
perature (provided by the thermal model). The thermal model estimates
the state representation from which the PV device temperature is esti-
mated. For this estimation, information on the heating coming from
solar insolation (provided by the optical model), and the net solar ra-
diation converted in electrical power (provided by the electrical model)
are required.

Concerning the efficiency of the PV system, which is probably the
most important figure of merit in design and operations, it is influenced
by all the three domains at the same time. The electrical domain affects
efficiency in terms of optimal operating point (which is acted upon by
maximum power point tracking algorithms). Optical domain affects the
performance in terms of useful radiation reaching the semi-conductor
and being transformed into electrical carriers (this is especially true
for bifacial devices). Thermal domain affects the efficiency through
alteration of the electrical model as a function of the junction’s tem-
perature. Thus, efficiency modeling requires a suitable representation of
the device in all the domains at the same time. It should be noted that the
strong interaction and coupling between these models makes the
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Fig. 5. Key factors for the efficiency of Bifacial PV modules determination.
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simulation of the complete PV system a challenging task, especially
considering that the three domains operate on different timescales. For
this reason, the importance of studies featuring the contextual simula-
tion of the three domains turns out to be a very important task.

4.1. Models for semi-transparent solar cells

Modeling approaches for semi-transparent solar cells can in general
be traced back to models used for non-transparent solar cells
[34,35,50,51]. This is because the illumination for the cell is mono-
directional. Given this nature, approaching the model using classic PV
device models such as the single-diode or the double diode model,
shown respectively in the top and bottom of Fig. 7, has the advantage of
exploiting a well-established methodology both in terms of model
adaptation and identification for different specific construction
technologies.

For the circuits shown in Fig. 7, the current-voltage relationships are
given by (1) and (2), respectively:

— R;i — R;i
ipv —Iyy — 1, (exp (va nVTSlpV> ) _Yor R, stpy =
-S|

. Vo — Rl Vo — Rl Vv — R,
it —los (00 () )~ (exp (MR ) Y R

=0

0 1)

(2

where the terms {R;, Ry, lir 1, I,} re the circuit parameters for the
single diode model, {R;, R, Iyr N1, N2, L1, Loz} re the circuit param-
eters for the double diode model, and V7 is the thermal voltage.

A modern and up to date review on the modeling for semi-
transparent SC applied in BIPV can be found in [7]. Concerning the
identification of the single diode model for PV devices several meth-
odologies are present in the literature. Up to date reviews are presented
in [52] and [53]. A notable methodology for parameter identification
featuring solution space reduction is proposed in [54] and applied to
sealed PV modules in [55]. Concerning the numerical simulation of the
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model, implementations in time-domain simulations for circuit con-
version is fairly common [56-58].

4.2. Models for bifacial solar cells

Electrical modeling approaches fall, in general, in two categories.
The first category is relative to approaches where an equivalent circuit
model is either derived ex novo or adapted from simpler configurations
(e.g. monofacial solar cells). This category in general exploits the same
models that are adapted for semi-transparent SC shown in Fig. 7. The
second category is relative to approaches where bifaciality factors are
estimated. Bifaciality factors express the ratio of key electrical quantities
(open circuit voltage, short circuit current, maximum power) when
illumination is applied on the back side with respect to when illumi-
nation is applied on the front side. In particular,three bifaciality co-
efficients are defined:

VOCr

= 29 3

Pvoc Vocs 3)

ISC r

= 2 4

1. Toes “@
Pmaxr

= o )

Op,o Proes )

The procedure to determine the bifaciality factors is reported in the
technical standard TS IEC 60904-1-2 [59] where the parameters Voc, Isc
and Ppqy, reported in eq. (3), (4), and (5), are, respectively, the open
circuit voltage, the short circuit current, and the maximum power
related to the front or the rear sides. The subscript f,;r denotes if the
illumination is provided on the front (f) or the rear (r) side, as shown in
Fig. 8. In general, the front and rear side efficiencies of bifacial solar cells
are given separately, and this precludes the provision of information
regarding the actual bifacial operation of the cells.

Thermal models aim at estimating the cell temperatures in real
operating conditions. Knowledge of the temperature is critical since
higher operating temperatures reduce the efficiency of solar cells due to
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Fig. 7. Single diode (top) and double diode (bottom) models for the equivalent circuit modeling of a photovoltaic device.
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Fig. 8. Characterization methodology for bifacial devices. Illumination is provided to the front and the back separately by placing a non-reflective screen on the non-

illuminated side.

the increase in intrinsic carrier concentration, which affects the open-
circuit voltage and, consequently, the fill factor (FF). For bifacial solar
cells, thermal modeling becomes even more critical due to their expo-
sure to additional light and thermal loads from both sides. This increased
exposure can lead to higher operational temperatures, further impacting
their performance and reliability. Thermal modeling is in general a
difficult task due to the complexity of the structure surrounding the cell.
In this case, several solutions are found in literature, ranging from
simple 1D lumped parameters models up to computational fluid dy-
namics approaches taking into account the full geometry surrounding
the active cell.

Optical models are probably the most complex aspect in BSC
modeling approaches. This is due to the heterogeneous panorama of
operating conditions that are present, especially considering the appli-
cation of BSC to BIPV scenarios. In general, the goal of an optical model
is the complete characterization of the illumination on the device. This
characterization is used to estimate the power-converted radiation from
the cell, and the insolation on the structure for thermal purposes. As for
thermal models, optical models found in literature vastly differ in terms
of complexity. The simplest approach involves the formulation of a view
factor, which is a computationally light approach able to give a coarse
estimation of the backscattered radiation. A more complex approach
involves ray-tracing techniques, which however requires a detailed
characterization of the geometry and the materials involved in the
photovoltaic system structure. Regardless of the complexity of the
backscattering model, the ground characterization still needs to be
performed, which is in general approached through albedo (or equiva-
lent albedo) estimation. Lastly, the modeling for reflection and absorp-
tion, both by the PV cell itself and by coating materials, is also an aspect
studied in the field of optical models.

Concerning electrical modeling, it is important to note that the
proposed models are suitable for describing the behavior not only of
silicon-based cells, but also of cells with different technologies. In fact,
once the parameters of the equivalent circuit model have been identi-
fied, it is possible to use it independently of the cell/panel construction
technology. However, it must be underlined that currently the dominant
technology for bifacial cells remains the silicon-based one. Indeed, CdTe
or CIGS cells do not find an equivalent diffusion in the field of bifacial
cells for BIPV due to their lower performance in terms not only of effi-
ciency, but also of reliability [60]. In the case of CdTe, the limiting issue
is related to the realization of the rear and contact region and its effi-
ciency, so CdTe cells are built employing nanoparticles and nanotubes
[61] or exploiting specific manufacturing solutions [62,63]. Even if the
results are promising, the adoption in BIPV cannot take place in a short

time [60]. A similar discussion applies to CIGS cells [64]. For this
particular technology is worth noticing the proposal of a digital twin
model in [65], which enhances the simulation performance.

In Table 2, a summary of the models for BSC is reported. The models
are classified according to their coverage on the thermal, electrical, and
optical domains, along with the type of validation (experimental and/or
simulation) performed by the authors.

5. Control techniques for integrated energy management in
BIPV-enabled buildings

To fully exploit the benefits of BIPVs in optimal building energy
management, suitable control techniques must be designed to satisfy
several requirements. As pointed out in the review paper [115], a three-
layer control architecture is generally adopted. Controllers at the lowest
level are related to current and voltage regulation, maximum power
point tracking (MPPT), and synchronization. Second-level controllers
are designed to guarantee power quality requirements, offer grid sup-
port, and provide safety mechanisms, like, e.g., anti-islanding pro-
tections. Finally, the purpose of upper-level controllers is to perform
integrated energy management of several different devices, such as
storage systems, heating, ventilation, and air conditioning (HVAC) ap-
paratuses, radiant floor heating systems, etc., and to detect and mitigate
faults. This section focuses on the latter control level, with special
emphasis on the smart integration of BIPVs. Indeed, optimized operation
of BIPVs in synergy with other devices allows for improved overall
performance and flexibility of the system.

Among the methodologies recently employed in this context, Model
Predictive Control (MPC) has gained remarkable importance [116,117].
The main reason for its wide adoption lies in its flexibility and ability to
take several different requirements and constraints into account, while
optimizing performance indices which are relevant to the application. In
its most general formulation, MPC involves a sequence of optimization
steps based on the plant model, the cost function to be optimized, and
design constraints enforced on the system variables and actuation
commands. At every time instant k, the current plant state is measured
or estimated, and the optimal control strategy is computed via numerical
optimization. Such a task is performed over a limited time horizon of p
steps in the future by predicting system state evolutions that stem from
the present state using the plant model (see Fig. 9) [120]. Then, only the
first step of the control strategy is actuated, and the process is repeated
at the following time step k + 1, starting from the new plant state and
shifting the prediction horizon one step forward. In this respect, MPC is
regarded as a receding horizon strategy. The result is a sub-optimal
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Table 2
Summary of the modeling approaches for bifacial solar cells.
Reference  Electrical Thermal Optical Validation Notes
[66] Yes No No Experimental Reference to Standard IEC TS 60904-1-2.
BF varies with irradiance
[67] No No Yes Simulation Study the effects of tilt and rear irradiance
[68] Yes No No Simulation Spice model
[69] Yes No Yes Experimental Front and rear side irradiance based on the isotropic sky model
[70] Yes No Yes Simulation Optimization of the tilt angle
[71] Yes No Yes Simulation and Micro-scale coupled electrical and optical models for contact shading characterization
experimental on samples
[72] Yes No No Experimental on samples Study of the impact of some physical factors on the solar cell’s open-circuit voltage, maximum
power point, and fill factor.
[73] Yes No No Experimental Study the effects of front and rear irradiance
[74] Yes Yes Yes Simulation Deep discussion on the modeling and further consideration about the effects of various
installation and weather parameters on the PV generation
[75] No Yes No Experimental Verification of the FEM simulation of thermal model implemented in COMSOL
[76] Yes No No Experimental Circuital model taking into account the effect of rear illumination.
[771 Yes No No Simulation Circuital model implemented in simulink taking into account rear illumination and temperature.
[78] Yes No Yes Simulation and Power performance verification with estimation of improvements production with respect to
Experimental monofacial, by using rear irradiance model. Simulation and experimental validation
[79] No No Yes Experimental Optical model for the evaluation of Bifaciality Factor
[80,81] No No Yes Experimental Optical model for the evaluation of the effects of rear illumination and integration in SANDIA
model
[82] Yes Yes Yes Simulation It is a review and reports the several models available for optical-thermal-electrical analysis of
Bifacial PV
[83] No No Yes Experimental and Models for back irradiance. comparison of ray-tracing model and view factor models. Practical
simulation rules for effective installations are achieved.
[84] No No Yes Simulation Comparison among different models (and commercial software) for the evaluation of rear
irradiance in order to predict Bifacial Factor and energy production
[85] No No Yes Experimental Verification of two different models for rear irradiance evaluation and Bifacial Factor study
[86] No Yes No Experimental Transient thermal analysis with 1D finite difference method
[87] No No Yes Simulation Propose a scaled rear irradiance (SRI) to correct prediction of IEC standard and discuss several
installations of interest
[88] No Yes No Experimental Discussion on the temperature of the module and its influence on energy evaluation, taking into
account the temperature at both sides of the module
[89] No Yes Yes Simulation Discussion about solar load model, aimed to calculate energy flux from solar radiation for thermal
analysis. Several models are tested in order to compare performance. A well-written introduction
about the optical-thermal-electrical modeling is also reported
[90,91] Yes Yes No Experimental and Validation of thermal model with Computational Fluid Dynamic (CFD) for facade with Bifacial
simulation PV. Bifacial Factor estimation for electrical model
[92] No Yes No Experimental CFD and thermal camera measurements comparison for a bifacial agrivoltaics system
[93] Yes No No Simulation Authors discuss the circuital model with one-diode and double diode and the identification of
electrical parameters with a stochastic approach.
[94] Yes Yes Yes Simulation optical-thermal-electrical models are discussed together with synthetic and empirical formulae
and commercial simulators suitable for Bifacial PV system performance evaluation
[95] No Yes No Simulation It is of interest for its use of equivalent resistive-capacitive network for the simulation of the
thermal behavior. Even if it is a general theory, it can be easily applied to semi-transparent PV and
to Bifacial PV.
[96] No Yes No Simulation Modeling double glass (GG) and glass-transparent material (GT) in the realization of Bifacial PV
[97] No Yes No Simulation Apart to the thermal modeling, it is of interest for its review of BIPV technologies comparison
[98] No No Yes Simulation Optical model at structure level with TCAD
[99] Yes Yes No Experimental Electric-thermal model coupled with building model for study of interaction of the two systems in
BIPV
[100] No No Yes Simulation Optical model aimed to taking into account ground illumination in terms of both direct and
diffuse components
[101,23] Yes Yes Yes Experimental Study of thermal model (temperature) for BIPV (facade, windows, etc). In [16] a review of model
and applications is widely reported
[102] No No Yes Experimental Geometric optical model for blinds in BIPV of Bifacial PV
[103] Yes No No Experimental Comparison among models in terms of Bifacial Factor to predict power production. Specifically,
for BIPV
[104] Yes Yes Yes Experimental A complete optical-thermal-electrical model aiming at simulation of I-V characteristic in BIPV
[37] Yes No Yes Experimental Electrical performance assessment with variable tilt angles.
[105] No No Yes Simulation improvement of performance with infrared reflective coating and white reflective coating
[106] Yes No Yes Simulation Variable albedo effects investigation
[107] No No Yes Experimental Estimation of albedo on complex landscapes
[108] No No Yes Simulation Geometrical model and performance comparison
[109] No No Yes Simulation Irradiation calculation for large power plants and effects of reflectors
[110] Yes No Yes Simulation Power production estimation with different albedo profiles
[111] No No Yes Experimental Albedo statistical analysis on satellite data
[112] No No Yes Experimental Front and back soling rates with variable tilt angle
[113] Yes Yes Yes Experimental Application of thermochromic materials to bifacial systems
[114] No No Yes Experimental Indoor lighting effects
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Fig. 9. General predictive framework used in MPC [120].

control action over the whole evolution (possibly over an infinite time
horizon) of the closed-loop system. Under suitable conditions, MPC
guarantees global asymptotic stability [118]. In the recent literature,
robust variants of MPC schemes have been proposed [119]. Such tech-
niques can account for set-bounded uncertainties and disturbances by
preserving constraint satisfaction and feasibility of the optimization
problem at every time step despite the presence of the uncertainty
sources.

Beside MPC and more traditional model-based approaches, data-
driven control techniques have recently gained attention. The main
advantage of these techniques is that the control action is computed
without relying on a specific model. A recent survey on data-driven
control applied to smart BIPVs can be found in [121]. In this paper,
the four fundamental components of the control system are analyzed:
data sensing, data analysis, data-driven prediction, and data-driven
optimization.

In the following, a review of works focusing on high-level operation
of BIPVs interconnected with other devices is presented. Special atten-
tion is devoted to the interplay between BIPVs and energy storage sys-
tems, which plays a key role in promoting energy efficiency and
reducing costs. Some of these works concentrate on solutions involving a
single building, while others address applications involving coordinated
control across a district-wide group of buildings.

5.1. Integration with electrical energy storage systems

In [122], some issues related to combining BIPVs and Electrical
Storage Systems (ES S) systems in a building are addressed. This work is
focused on the optimal dispatch of energy produced by a BIPV. More
specifically, the aim is to minimize the daily cost of building operation,
by considering facility costs, electricity price, and CO, price. To this
purpose, a nonlinear optimization problem is formulated and solved
through a general-purpose solver. Three clear-sky scenarios are simu-
lated, showing that the convenience of BIPV-ES S integration strongly
depends on the building consumption patterns and storage costs. A study
involving a real office building located in Portugal has been developed
in [123]. In the experimental results, batteries with four different ca-
pacities have been integrated with BIPV panels, in order to promote self-
consumption and therefore reduce economic costs. Differently from
other works, real generation and consumption profiles are used, while
the storage behavior is simulated. Results show that the use of suitably
dimensioned storage systems can increase load matching and provide
remarkable economic benefits.

A special class of BIPVs is represented by Building-Integrated
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Photovoltaic-Thermal (BIPV/T) devices, which are designed to pro-
duce both electricity and heat. Heat is usually employed for ventilation
preheating through a transpired collector [124]. As reported in [125],
the integration of thermal storage may improve the efficiency of the
overall system compared with the direct use of heat, thus providing
reduced energy consumption and peak loads as well as increased ther-
mal comfort. In [126] a gray-box and a subspace state-space system
identification are adopted to estimate the parameters of a model to be
used in an MPC algorithm devoted to optimally managing the interac-
tion between BIPV/T, radiant floor heating, HVAC, and thermal storage
devices. The work in [127] investigates the use of simplified linear
models obtained from system identification for the development of
control strategies in solar buildings with passive and active thermal
storage capabilities. In [128], MPC techniques are employed to regulate
the airflow rate of BIPV/T systems connected to multiple appliances,
such as energy recovery ventilators and HVAC systems. Three scenarios
based on a real building in Canada are considered. Results obtained in
some scenarios by using MPC show a reduction of energy consumption
up to 36 % with respect to the simple rule-based control currently
employed. Moreover, the heated air excess can be conveyed to the
closest buildings, thus providing additional benefit. Along the same line,
J.A. Candanedo et al. [129] investigate a method to account for weather
forecasts, namely solar radiation availability, in the control system of a
solar-optimized building equipped with building-integrated photovol-
taic thermal devices. Findings show the effectiveness of MPC combined
with such forecasts in the management of stored thermal energy and in
overall performance optimization, with special attention to cutting
down the utilization of backup heat sources and the reduction of the
total electric energy consumption of auxiliary heat pumps. Simulations
indicate that a BIPV/T roof can supply 70 % of the auxiliary heating
needed by a house in cold climates.

5.2. BIPV-ESS integration in a multi-building context

In addition to controlling BIPV integration inside a single building,
some works extend the energy management range to several buildings in
a neighborhood. In this case, buildings are assumed to communicate
with each other to exchange the relevant information.

In [130], a district of buildings equipped with vertically placed BIPV
panels and battery energy storage systems, is considered. The purpose of
this work is to maximize the autonomy of the district from the external
grid, by exploiting cooperation within the group of buildings. To
accomplish this task, an MPC algorithm relying on three components (a
forecaster, an optimizer, and the district) is implemented. To assess the
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performance of this solution, a simulation of four days involving a five-
node distribution network located in Greece is performed, as well as a
sensitivity analysis under different weather conditions. Energy interac-
tion of buildings equipped with BIPVs has been considered in [131],
where the presence in the district of additional sources of renewable
generation (wind turbine and solar thermal collectors) as well as Electric
Vehicle (EV) charging stations, is assumed. A multi-criteria approach is
developed to mitigate storage system degradation. The presence of
electric vehicles has been considered also in [132], where a small resi-
dential district in Sweden has been analyzed. In this work, cost-optimal
capacity and position of BIPVs are optimized, taking into account the
interactions between thermal-electrical loads, power sharing among
buildings, and electrical storage systems. The analysis is conducted for
varying penetration of electric vehicle demand.

The problem of managing a network of several buildings equipped
with BIPVs and battery energy storage systems is addressed in [133].
This work aims at minimizing the energy cost of a residential building
assuming a dynamic energy price policy. This is obtained by maximizing
the overall efficiency of the network while satisfying constraints related
to devices like HVAC and other aggregated thermal appliances. The
problem is cast as a MILP and solved by using off-the-shelf tools. The
approach is validated on a simulation of five apartment towers located
in Sydney. Results show that the best solution is to use the energy
generated by BIPVs locally or, if a generation surplus occurs, to store it
in an ESS. A more involved architecture for high-level control of BIPVs is
reported in [134]. To reduce losses due to energy conversion, genera-
tion, and storage, buildings are assumed to be connected through a DC
network distribution grid. A hierarchical supervisor controller is sup-
posed to interface with both the utility grid and the considered smart
buildings, exchanging messages and metadata. Such a controller is
composed of four layers: human-machine interface, prediction, cost
management, and operation. In this approach, the energy produced by
PV panels is mainly self-consumed, while the main grid is used as a
backup. Experimental results show the viability of the considered
interaction between BIPVs and the utility grid.

6. Conclusions, challenges, and future developments

BIPVs represent a promising technology that offers the functionality
of conventional structural elements while providing additional benefits,
including the generation of electricity. Recent research has focused on
their electrical, thermal, and optical properties. In this scenario, the
present review examined more than 130 papers published over the past
25 years on the development, design, modeling and improvement of
bifacial and semi-transparent PV technologies. With regard to semi-
transparent perovskite and organic solar cells (PSC and OSC), there is
room for improvement in the selection of the active layer and device
optimization. Furthermore, there are still some outstanding issues to be
resolved in order to ensure optimal power conversion efficiency under
conditions of satisfactory visible light transmittance. This assessment
also indicates that bifacial solar cell and module solutions have reached
a rather good level of maturity. However, the implementation of new
technologies will have a significant impact on the efficiency, cost-
effectiveness, ease of manufacturing, and durability improvement. In
relation to BPV, it is of paramount importance to pay close attention to
the specific boundary conditions of the installation site and to select the
optimal configuration.

Modeling techniques, especially for BSCs, are fairly developed in
literature. The review identified that the electrical aspects are investi-
gated in 30 works, thermal aspects are investigated in 16 works and
optical aspects are investigated in 31 works. The interaction between the
domains, however, has received much less attention. Only 6 articles
propose a three-domain model, 8 articles correlate electrical and optical,
1 optical and thermal and 2 electrical and thermal. All remaining studies
are exclusively electrical (14), exclusively thermal (7) or exclusively
optical (16). It can surely be stated that the optical characterization is

12

Energy & Buildings 324 (2024) 114867

the most common for this kind of technology, but interaction with the
electrical and especially the thermal domain is still to be developed. The
proposed models are validated either by comparison against other
models or against experimental data. An interesting opportunity for
future research is to define a standard reference (in the form of a dataset)
to be used in validating new models under different domains. Such
dataset would provide a reference for a quantitative comparative anal-
ysis of both well-established models and novel ones. The last part of this
review concerns energy management in buildings equipped with BIPV
systems. The reported works agree with the fact that interfacing BIPVs
with storage systems helps improving the overall building efficiency,
thanks to their ability to allow deferral of generated energy consump-
tion. Model-based and data-driven techniques for coordinated control of
BIPVs, storage systems, HVAC, and other devices are surveyed, both in a
single-building environment and in district-wide scenarios.

The development of a unified model capable of representing the
comprehensive behavior of BIPV technologies is a significant future
challenge for manufacturers, engineers, researchers, and stakeholders.
This model should consider not only the thermal, optical, and electrical
behavior of these technologies but also the economic balance, the life
cycle assessment and environmental implications associated with their
installation. Indeed, economic analysis on some specific case studies
already pointed out the feasibility and advantages of using PV as
building components, providing a holistic view of the scenario. Inte-
gration of such models with the three domains already studied in the
literature will provide stakeholders with a complete understanding of
the system and with an instrument useful for intelligent design, main-
tenance scheduling and full lifetime economic analysis of the PV
installation.
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