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ARTICLE INFO ABSTRACT

Keywords: The present study explores the contribution and benefits of a renewable energy based multigeneration prototype
nZEB integrating a luminescent compound parabolic concentrator, a photovoltaic/thermal system and thermal storage
BIPVA . using phase change materials. A numerical model was developed for assessing the energy performance of the
Mulngeneranon. prototype prototype and the results are presented for three different European locations. A simplified economic analysis
Techno-economic analysis . . .
was also developed and presented for two different scenarios and the same European locations. The results reveal
that the installation of the IDEAS system in Lisbon, with a total estimated yearly use of solar energy of 1215 kWh
and an amount of energy sold to the grid of 40.6 kWh, results in savings of 266 € (26 % of energy bill). For the
Ferrara location, with a total estimated yearly use of solar energy of 967 kWh and 19.8 kWh of energy sold to the
grid of, results on 229 € (16 % of energy bill) of annual savings. In Dublin, with a total estimated yearly use of
solar energy of 862 kWh and an amount of energy sold to the grid of 20.5 kWh, results on annual savings of 257 €

(14 % of energy bill).

1. Introduction

Buildings are central to the global energy balance, and in Europe,
decarbonizing this sector presents a critical challenge. Large-scale
deployment of nearly Zero Energy Buildings (nZEBs) is key to
achieving this goal. The revised 2024 Energy Performance of Buildings
Directive (EPBD) [1] introduces more ambitious targets, aiming to
reduce GHG emissions in the building sector by at least 60 % by 2030
(compared to 2015 levels) and to achieve a fully decarbonized,
zero-emission building stock by 2050. One of the core requirements of
the former directive, EPBD 2010 recast [2] mandates nearly Zero Energy
performance, achieved through local alternative energy supply systems
that are cost-efficient and environmentally sustainable [3,4]. This per-
formance level serves as a milestone towards zero-carbon buildings for
new constructions by 2028 and for existing buildings by 2030.

To qualify as an nZEB, a building must incorporate tailored energy-
efficient solutions along with renewable energy generation. This re-
quires a focused development of alternative energy sources for the built
environment. Solar energy, typically integrated through solar gener-
ating systems embedded within opaque sections of the building enve-
lope, is one of the most effective renewable energy solutions for

buildings. Facade elements can enhance a building’s energy flexibility
by optimizing thermal performance to align with the climate and usage
patterns, or by adapting dynamically to changing conditions through
automated features. Innovative facades with integrated solar energy
systems can significantly reduce a building’s energy demand, offering a
transformative approach to energy-efficient design in the built envi-
ronment [5].

A sustainable integration of the renewable energy, in order to assure
the balance between the architectural aspects, structural and efficiency
of the systems, is not always straightforward and consensual, mainly
between architects but also engineers. Bot et al. [6] published an
extensive review of studies concerning building integrated solar energy
systems for facades in the last five years. One of the most used tech-
nologies as an integrated system are photovoltaic (PV) modules. The
integrated photovoltaic modules in the building envelope are a prom-
ising technology that has been widely studied and used due to its mul-
tifunctionality. PV systems can even replace conventional construction
elements and generate electricity and heat simultaneously, being in this
cases called building integrated photovoltaic (BIPV) systems.

Photovoltaic thermal (PVT), a well-known technology and highly
investigated in the last 30 years, combine PV with a solar thermal
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collector, which transfers the otherwise unused waste heat from the PV
module to a heat transfer fluid. Kumar et al. [7] and Herrando et al. [8]
developed research reviews regarding conceptual designs of PVT types
(according to the integration solutions), evaluation and performance.
According to Masood et al. [9], the concentrating PVT may offer benefits
in terms of the system optimization, intensifying solar radiation and
lowering costs. In the case of BIPV, only about 16 % of the solar energy
incident on the PV is converted to electricity, the remaining, being
absorbed and transformed into heat [10]. This leads to potential over-
heating problems for BIPV with an undesirable decrease in the electrical
efficiency of the PV cells. To mitigate this problem, a cooling fluid,
usually water or air, can circulate behind the module to remove and
eventually use the thermal energy from BIPV systems [11]. BIPV/-
Thermal systems deliver solar thermal heat at levels similar to conven-
tional solar thermal collectors and generate electricity similar to
standard PV modules. Knowing that thermal applications often require
higher operational temperatures, whereas the PV module efficiency
drops with increasing temperature, a careful architectural design of
BIPV/T systems is crucial, and different solutions have been studied to
increase the electrical power production from PV modules in addition to
the recovery of heat extracted. For example, the evacuation of the
accumulated heat through the ventilation of the air gap on the back of
PV module, is one way, that may contribute for indoor heating of the
adjacent room [11].

In order to increase the PV system efficiency, innovative solutions
have been found, especially with the integration of photovoltaic mod-
ules in the building facade combined with passive innovative materials,
such as Phase Change Materials (PCM) [12-27] or even combined with
traditional and natural solutions as water tanks [28]. The type of PV
cells also determines the PV module efficiency and consequently the
BIPV performance. Single junction photovoltaic (PV) devices exhibit a
bottleneck in their efficiency due to incomplete or inefficient harvesting
of photons in the low- or high-energy regions of the solar spectrum [29].
In the PV devices, the charge carriers photogeneration only occurs when
the energy of solar photons (Eph) is equal or greater than the energy
band gap (Eg) of the PV material and all photons with Eph < Eg pass
through it and are wasted. Spectral converters exploiting photo-
luminescence processes have been used to capture low or high energy
photons that cannot be used by the PV cell and convert them into
photons with useful energy [30]. Luminescent down-shifting (LDS)
converters are coatings applied on the PV cell top surface, to absorb the
incident radiation complementarily to the PV cell, which is re-emitted at
a specific wavelength and then refracted towards the PV cell, allowing to
tune the absorption spectral range of the PV device. An ideal material for
luminescent down-shifting should possess the following characteristics:
(i) broadband absorption, particularly in the region where the spectral
response of the solar cell is low; (ii) high absorption coefficient and high
luminescence quantum yield (PLQY) so that all incident light results in
emission; (iii) high transmittance and narrowband emission, particu-
larly in the region where the device response is high; (iv) large Stokes
shift to minimize the self-absorption energy losses due to the spectral
overlap between the absorption and emission bands; and (v) long-term
stability. Two different architectures have been widely explored to
integrate down-shifting converters into PV cells: (1) LDS layer which is a
planar design, where the down-shifting material is applied as a lumi-
nescent coating on the top surface of the PV cell [31] and (2) a Lumi-
nescent Solar Concentrator (LSC) structure, in which the luminescent
material is either coated on, or doped within, a transparent waveguide
slab, that has PV cell(s) coupled to its edges [32]. In addition to the
photoconversion efficiency (PCE) enhancements, it is possible to select
LDS materials whose optical absorption is in the UV region of the solar
spectrum. In this way, LDS converters could also impact the long-term
stability of solar cells by reducing harmful UV absorption in the active
layer. Whilst the same role could be fulfilled by a UV filter, the LDS layer
has the advantage of not blocking incident UV light, "recycling" it to be
used for photocurrent generation [33,34]. Si-based solar cells are
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currently the most widely used mainstream cell type for solar energy
application, as they comprise 85-90 % of the global PV module pro-
duction. Multicrystalline silicon (mc-Si) solar cells have significantly
lower External Quantum Efficiency (EQE) at short wavelength (300
nm-400 nm), due to the low absorption and high reflection caused by
the antireflective coating (ARC) between surface-air interfaces, which is
mainly optimized for long wavelengths. Although crystalline silicon
(c-Si) solar cells show a better performance up to a 400 nm wavelength,
there is still a severe decrease in the performance at wavelengths <400
nm, thus, the use of LDS layers can be one possible way of enhancing the
response at shorter wavelengths. Different luminescent materials such as
organic dyes (e.g Lumogen F 570) [35], quantum dots (e.g CulnSy/ZnS
and CH3NH3PbBr3) [36-39] and europium (III) (Eu) complexes [40]
have been employed in LDS layers to enhance efficiency of Si-solar cells.

To assess the PV system integrated performance or even the opti-
mizations, design numerical tools are used, given that experimental
studies are most of the time not very easy to set-up and could require
additional high investments. Performance assessment methods of the
BIPV systems have been addressed by many authors through the use of
numerical tools [41-45] or by means of experimental approaches [46].

Some of the numerical tools usually used for modelling solar system
integration in buildings and assessing their behaviour are Computa-
tional Fluid Dynamics (CFD) simulation software, TRNSYS®, ENER-
GYPLUS®, MATLAB/SIMULINK®, among others.

Herrando et al. [47] developed and used a modelling methodology to
investigate the technoeconomic performance of Solar Combined Cool-
ing, Heating and Power (S-CCHP) systems based on hybrid PVT collec-
tors. A university campus was selected as a case study to demonstrate
how the methodology can be used to analyze the suitability and value of
these systems when providing space heating, cooling and electricity to
the campus buildings. The building energy demands were inputs to a
transient system model, which coupled PVT solar collectors via thermal
store to commercial absorption chillers. The results showed that a 1.68
MWp S-CCHP system can cover 20.9 %, 55.1 % and 16.3 % of the
space-heating, cooling and electrical demands of the Campus, respec-
tively, with roof-space availability being a major limiting factor. Due to
the considerably higher investment cost of the S-CCHP system compared
to a PV system with the same power, the payback time of the former is
significantly higher (16.7 years vs. 6.1 years), being the
cost-competitiveness of the solar systems considered very sensitive to
the utilities prices.

Braun et al. [48] investigated the potential of a PVT system to heat
and cool office buildings in three different climate zones. In this regard,
a parametric simulation study was carried out to evaluate system design
with different PVT surface areas and storage tank volumes, for two
different construction standards. It was shown that with a maximum
utilization of PV electricity for heating, ventilation, air conditioning and
other electricity demand such as lighting and plug loads, high solar
fractions and primary energy savings can be achieved, although the
system has not yet been validated under real operation conditions.
Nevertheless, the economic feasibility strongly depends on country
specific energy prices and energy policy.

Numerical tools are usually used according to the objectives of each
study, and with the availability and time necessary for processing. Most
of the numerical tools can be used not only for assessing a whole
building’s performance but also as a specific component. In fact, some of
the tools are used for i) detailed analysis of a specific process (heat
transfer, flow rate) and strategies (passive/active), ii) designing of the
systems and buildings (open studio) or iii) used for optimization pur-
poses [13,23]. A detailed review about the use of the numerical tools
used in the design and performance modelling of the BIPV was published
in the International Energy Agency Report [42]. The report clearly
structured the tools usually used for the design including the manage-
ment of the integrated PV and corresponding key aspects regarding cost
and economics [49-57].

In [50], a solar trigeneration system for an urban single family
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dwelling, based on PVT collectors, PV modules and a heat pump unit for
Domestic Hot Water (DHW), heating and cooling, was modelled to es-
timate its thermal and electric yields. The results led to an annual
thermal solar fraction of 64 % and an annual electric solar fraction (i.e.,
the ratio between local PV production and total electric demand) of 103
%, showing the system’s positive net energy balance. This work was
done for the Portuguese project SOL3 which was a predecessor of project
IDEAS.

Within the framework of the European project “IDEAS-Novel build-
ing Integration Designs for increased Efficiencies in Advanced climati-
cally tunable renewable energy Systems” [58], an innovative
trigeneration prototype was proposed for integration in building fa-
cades. The prototype integrates c-Si cells with an LDS layer on the top
surface of the PV cell, a compound parabolic concentrator (CPC), a
photovoltaic/thermal (PVT) system and thermal storage using phase
change materials (PCM). The CPC/PVT/PCM prototype hereinafter
referred as “Omega system” is the main component of the general IDEAS
integrated system, which apart from this, integrates a heating and
cooling system and other building components such as appliances and
radiant floor. In the Omega system, the capture of solar radiation is
enhanced through the CPC concentration technology and the applica-
tion of LDS layer in Si PV cell, to increase the production of electricity.
With improved solar capture, the temperature of the photovoltaic cells
increases, penalizing the PV efficiency. This negative effect is overcome
through the installation of heat sinks incorporating PCM that promote
cell temperature regulation. The heat released by the PVT can thus be
stored and used in domestic hot water (DHW), in a space heating system
using radiant floor or used coupled to aerothermal and/or geothermal
heat pumps to lower the temperature of the PV. Scientific and Techno-
logical Objectives of IDEAS project include: 1) Design of novel LDS
layers using high quantum efficiency luminescent dyes and quantum
dots (QDs) to increase the capture of direct and diffuse solar radiation, 2)
Design of a building integrated compound parabolic concentrator (CPC)
for different climatic locations and acceptance angles and 3) Design and
optimization of a heat sink utilizing PCM as Thermal Energy Storage
(TES), to capture the waste heat in the system to maintain higher system
efficiencies and for heat removal from PV.

A numerical model was developed for assessing the energy perfor-
mance of the prototype in three different European locations and a
simplified economic analysis was also developed and presented for the
three locations. The novel prototype was upscaled as a building-
integrated component, designed not only to generate power but also
to provide hot water and space heating within a building. It is expected
that the prototype and this preliminary techno-economic analysis con-
tributes to the market advances in developing trigeneration technologies
and consequently to energy transition in built environment.

2. Material and methods

This study evaluates the contribution of a renewable energy gener-
ation prototype, the core component of the IDEAS multigeneration in-
tegrated system, to the energy balance of a typical household.

A transient numerical model was developed and validated using
experimental data from prototype testing. This model was then applied
to analyze the building’s energy balance and assess the prototype’s
impact. Additionally, a simplified economic analysis of the Omega sys-
tem was performed to complement the evaluation.

The methodology is detailed in the following subsections, starting
with the numerical model description, followed by the input consider-
ations and concluding with the techno-economic analysis approach.

2.1. Numerical model description
The Omega system is a key component of the IDEAS integrated

system. To evaluate the performance of the Omega system within the
broader IDEAS framework, a 1-D dynamic simulation model was
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developed using MATLAB/SIMULINK® and SIMSCAPE®. The part of the
model related to the Omega prototype was validated with experimental
data. While this study primarily focuses on the Omega system perfor-
mance, the numerical model incorporates the entire IDEAS integrated
system. The model consists of three main blocks, each addressing spe-
cific tasks:

Input Data Block: Manages the required data, including vertical
facade solar irradiance (W/mz), ambient air temperature (°C), sun
height (°), sun azimuth (°), building energy consumption data (electric
power for appliances, W), and Domestic Hot Water (DHW) flow rates
(dm3/s at 50 °C) as well as Omega system material characteristics.

IDEAS System calculation model Block: Represents the computa-
tional model of the IDEAS integrated system, divided in 3 sub-blocks
representing the three main sub-systems of the IDEAS system, one
related with the building characteristics, one related with the heating
and cooling systems and one related with the PVT composed by the
Omega system integrated with a thermal storage system.

Results Block: Generates graphical outputs of performance metrics
and other analysis results.

The overall structure of the IDEAS system numerical model is illus-
trated in Fig. 1. Data simulation and processing occur in three primary
sub-systems, responsible for simulating the heating and cooling sub-
system, the Omega and thermal storage sub-system, and the building
characterization sub-system.

2.2. Input data

2.2.1. Climate data

Hourly data for solar irradiance on a vertical facade and ambient
temperature, derived from Typical Meteorological Years for three
selected locations, served as inputs. The locations were Lisbon
(Portugal), Ferrara (Italy) and Dublin (Ireland) in order to understand
how the system worked in different climatic conditions. To compare the
climate conditions in the three different locations, average ambient
temperature and vertical plane irradiation monthly values are shown in
Figs. 2-4. Lisbon is the location with higher values of average yearly
vertical plane irradiation, 1281 kWh/m?, followed by Ferrara, with
1005 kWh/m? and Dublin with 845 kWh/m?. For the average ambient
temperature, Lisbon is the one with less variation through the year, with
an average yearly value of 16.7 °C. Ferrara has the higher amplitude
variation of average ambient temperature, with an average yearly value
of 14.4 °C, and Dublin is the coldest location with an average yearly
ambient temperature of 9.9 °C.

2.2.2. Household building considerations

The building considered for the study is a simple residential house
with an area of 102 m? (12 m x 8.5 m) and height of 3 m, 5 windows of
1.2 m? (3 south oriented). Typical consumption profiles (DHW, Elec-
tricity) for a single-family household with 4 occupants were considered.

Fig. 5 depicts the daily profiles of the household building flow rates
of freshwater consumption and DHW consumption (at temperature of
50 °C). The estimated average water consumption was 430 dm>/day and
the average DHW consumption at 50 °C was 115 dm®/day.

In terms of electrical appliances demand, an estimated yearly total
demand of 2650 kWh was considered with an average daily demand of
7.0 kWh on weekdays and 7.9 kWh on weekend days. In Fig. 6 the used
daily profile of the electrical demand of appliances on weekdays is
presented.

Seasonal variations in day length were not taken into account in the
electricity demand due to lighting, because the demand of LED lamps
today is negligible in relation to the rest of the household’s demand.

2.2.3. Characteristics of the omega components

The Omega system (Fig. 7) was designed to be mounted on vertical
facades south oriented and its main characteristics are presented in
Table 1. Under standard test conditions (STC), the power of PV modules
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Fig. 1. IDEAS model architecture.

installed in Ferrara without CPC reflectors is near Ppv stc = 113.6 W
considering a PV cells conversion area of Acel = 0.5 m2 The results
obtained at Ferrara site between September 2021 and May 2022 were
considered to model the Omega system. Based on the measured values,
the estimated power of the Omega system at STC conditions was about
140 W with a PV efficiency of 7.3 %.

The characteristics of the PV module of the Omega system are pre-
sented in Table 1. The heat released is absorbed by PCM and it is
assumed that the thermal absorption of the PV cells is 95 % and this is
the amount of energy that reaches the PCM.

The characteristics of the PCM integrated in Omega system are
presented in Table 2.

2.2.4. Air renovation rate

For this model an air renovation of 0.50 renovations/h was consid-
ered to calculate the amount of thermal power lost or gained by the
house, and regarding the activity of each person and their dissipated
heat, an average power of 50 W/person was considered, as for the heat
generated by the appliances, is assumed that all the energy consumed is
converted to heat inside the building.

2.3. IDEAS calculation module

The calculation block of the IDEAS system was divided in three main
blocks corresponding with the main IDEAS sub-systems. Each sub-
system model is described in the following section.

2.3.1. Integrated PVT: omega and thermal storage systems

In the numerical model, this subsystem is divided into four different
blocks: one responsible for the modulation of the CPC optical system,
one responsible for the calculations of the photovoltaic conversion, one
responsible for the conversion of the Direct Current (DC) power pro-
duced by the PV into Alternating Current (AC) power, and finally a block

that contains the thermal energy transfer with the PCM. Fig. 8 illustrates
the components contained inside the Omega system. A heat sink incor-
porating PCM was designed and modelled for enhanced heat manage-
ment. The PCM was installed on the back of the PV cells and its
characteristics per c-silicon are shown in Fig. 8.

For the PV cell model, the power output, Py, was calculated as a
function of incident irradiance at the cells, G; (|, the cells temperature,
Tcel, and Standard Test Conditions (STC) for the PV power, temperature
and irradiance, Ppy s, Tt of 25 °C and Gy of 1000 W/m?.

P Gi cel
DV stc G
stc

va(Gi cely Tcel) = [1 + V'(Tcel - Tstc)} 1
Where y is the cells coefficient of variation of maximum power with
temperature.

Equation (2) shows how some of the incident solar power in the
external area of the CPC/PVT module, Gj modAmod is lost due to the
optical losses in the CPC design and reflectivity of mirrors, CPCjysses,
leading to the effective solar power at the cells surface, Gj ce. Acel,

Gi cel -Acel = Gi mod -Ammi»(l — CP Closses) 2

A CPC optical losses factor function of the sun height, hg,, and azi-
muth, z, was considered. The losses were estimated for the Ferrara site
from the prototype electrical power data, Py, at different sun heights
and azimuths, considering the STC temperature. The five coefficients of
the sine of the solar height angle and solar azimuth angle polynomial
equations, P(z) and P(sin(hg,,)) used to model the optical losses asso-
ciated with the CPC geometry are shown in Tables 3 and 4.

The available solar power for conversion at the cells is given by the
product of CPC losses, CPCjysses, irradiance, G;, and the total cell area, A
tot» and the CPC loss factor is calculated by Equation (3).

CPCiosses = P(2).P(hsun) 3

Considering the data results obtained at Ferrara site with the Omega
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Fig. 2. Average monthly ambient temperature and south facing vertical plane irradiation at Lisbon.

Prototype, a thermal loss at the cell’s front of 10 Wm 2K~! and a
matching factor between the connected cells of 0.882 are used.

The PV cell’s efficiency at a given irradiance and temperature, 1y, is
calculated by Equation (4), where 7. is the cell’s STC efficiency. A
simplified model was used considering T (t) to be equal to the tem-
perature of the PCM behind the back of the CPC/PVT module.

ﬂpv(Gi cely Tcel) = ’7“5~Fm~[1 + }’-(Tcel - Tstc)] 4

Considering the results obtained at Ferrara site the equation includes
the matching factor losses, between the connected cells, F,, with a
typical value of 0.90-0.95 at conventional PV modules. Mismatch losses
are caused by the interconnection of solar cells or modules which do not
have identical properties or which experience different conditions from
one to another. Mismatch losses are a problem in PV cells, modules and
arrays, since the output of the entire PV device is determined by the solar
cell with the lowest output, because the cells are connected in series to
increase the output voltage.

The thermal behavior of PV modules’ cells strongly influence its
electrical performance and is determined by an energy balance between
ambient temperature and the heating of the cells due to incident irra-
diance. Adopting Faiman’s formula [59], where T¢e and Tamp are the PV
cells and ambient temperatures, G; is the incident solar irradiance, U is
the cell’s global thermal loss coefficient, and W; is the wind speed, the
cell temperature can be obtained by Equations (5)-(7).

U-(Tcel - Tamb) = a(l - ﬂpv)~Gi cel 5

a is the thermal irradiance absorption coefficient and 7, is the PV
efficiency conversion.

U=U+ U;,.W; 6

Uy and Uj are the thermal coefficients describing the effect of the
cooling by convection and the wind, respectively [60].

a.(1- npv).Gi

7
Uo + U . Wi

Teet = Tamp +

For the prototype, a global thermal loss coefficient of 0.5 Wm 2K},
proportional to the cell’s area is used, considering a fully insulated
backside, low infrared radiative losses and low wind losses.

The PVT produces DC power, in order to connect it to the AC elec-
trical grid an inverter is needed. The inverter output power, Py, is a
function of its efficiency curve and of the PV input power, Ppc. The
power produced by the PV module is a function of its temperature,
operating voltage and incident solar irradiance. The inverter is equipped
with a Maximum Power Point Tracking (MPPT) device that adjusts the
operating voltage so that the modules operate at their maximum power
point at all times. For each set of modules, one inverter with a typical
conversion efficiency curve, #iny (Ppc/Prom), Which is a function of the
normalized input power defined as the ratio between the input power,
Pp¢, and the nominal power of the inverter, Ppop, is considered. The
modelled inverter efficiency curve is depicted in Fig. 9.

Fig. 10 shows the input parameters used for the Omega system.

The subsystem responsible for modeling the thermal energy transfer
with the phase change materials has a mask for parameter input that is
shown in Fig. 11.

This model is implemented with 3 subsystems, shown in Fig. 12. One
that models and calculates the temperature change of the PCM accord-
ing to the gains and losses on the CPC/PVT/PCM prototypes, one that
calculates the PCM cooling resulting from thermal losses and heat
dissipation and another that controls the circulation of the fluid and
evaluates if the PCM temperature is enough to produce an energy gain
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Fig. 3. Average monthly ambient temperature and south facing vertical plane irradiation at Ferrara.

inside the thermal energy system. Only the solar power that has reached
the solar cells and has not been converted into electrical energy is
available for thermal conversion The thermal gains of the PCM system
are all due to the thermal energy that is available at the back of the solar
cells. It is assumed that the thermal absorption of the PV cells is 90 % and
that this energy reaches the PCM.

The cells/PCM cooling subsystem contains tree different sinks of
energy, Fig. 13. The first one, is the heat removed by the fluid that cir-
culates inside the PVT/PCM and goes back to the Thermal Energy
Storage (TES) tank to heat the water inside it. The second one, is the
power loss to the ambient air. And the third is the power dissipated if the
maximum storage tank temperature is reached.

In the model subsystem that calculates the energy removed from the
PVT/PCM by the fluid flow rate, a control mechanism is implemented to
make sure that two conditions are met before the circuit is activated
(Fig. 14). If the PCM temperature is 5 °C higher than the bottom tank
layer temperature, the circuit will be activated, but only if the PCM
temperature is also higher than the mains water temperature’.

The circulation works while the PCM temperature is 2 °C higher than
the bottom tank temperature and higher than the mains water temper-
ature. The system remains in standby and waits for the solar radiation to
heat up the solar cells until the temperature is high enough to activate
the circulation again. The subsystem control scheme is shown in Fig. 14.

In the PCM there is a stateflow subsystem that controls at which
phase the PCM is in, solid phase, molten mass, or liquid phase, Fig. 15.

! In order to avoid circulation activation during the night when there is DHW
consumption and, at the same time, the incoming mains water is warmer than
the PCM, which would result in heating the PCM.

In this subsystem’s mask, it is possible to change the PCM physical
properties to any other values, Fig. 16, allowing the full customization of
the PCM material and the amount of mass used on each CPC/PVT/PCM
prototype module.

The TES is modelled in the PV&Thermal subsystem. The numerical
model of the storage system is designed to calculate the temperature at
different layers inside the tank, resulting from the different flow rates at
external connected circuits (Fig. 17). Several parameters characterizing
the TES can be changed, including the capacity, the tank height, the
thermal coefficients losses at top, side and bottom, if DHW is used, the
output temperature for DHW, the initial temperatures of the three tank
layers and the calculation method for the mains water temperature.

To represent the heat transfer between layers, an approach based on
the physical principles of conservation of mass and energy of indepen-
dent flow rates was implemented. In practice, each of these flow rates
are associated with mass and energy flow. It is this mass energy flow that
is taken in consideration, since it allows to calculate the average tem-
perature of each layer.

e 1, the flow rate that comes out from bottom layer, at the same
temperature of that layer and goes in top layer at the output tem-
perature of the PVT/PCM modules

o mMygp, the internal flow rate resulting from the DHW consumption

e myy the flow rate at middle layer that goes out at the temperature of
this layer and returns at the temperature of the radiant floor

The temperature of each layer is calculated through an energy bal-
ance, Figs. 18 and 19.

It is admitted that the storage tank has a cylindrical shape and that
the average heat loss coefficient at the tank bottom surface is equal to
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Fig. 5. Household flow rates of water and DHW demands at 50 °C.

3.06 Wm 2K 1, while for middle layer it is 0.71 Wm 2K ! and at the top
layer it is 0.71 Wm_ZK‘l, Cruickshank et al. [61].
In order to satisfy the consumption of DHW it is considered that the

electrical backup system only works if necessary. The DHW is extracted
from the thermal storage tank top layer and if the temperature is lower
than the set consumption temperature (50 °C) the water is heated to this
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Fig. 6. Daily profile of the electrical demand of appliances on weekdays.

e671

Fig. 7. Omega System installed in Ferrara.

temperature, so that only the consumed water is heated. On the other
hand, if the water temperature from the tank is higher than the set
temperature for consumption, the extracted water flow rate is adjusted
so that when mixed with mains water it guarantees the DHW flow rate
and temperature for consumption.

The seasonal variation in the mains water temperature for the
different cities was taken into account. It was estimated as a moving
average of the ambient temperature with a delay (average of the last 30
days hourly values).
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Table 1
Omega-PV characteristics.

Considered parameters

Values

Exterior dimensions

Total surface [Amodl

Estimated STC power [Pyl

Number and type of cells

Cells area

Estimated Module PV Efficiency
Estimated Temperature coeff. of Py [v]
Estimated thermal loss coefficient
Estimated Prototype Cost

1693 mm x 1123 mm
1.90 m?

140 W

32 monocrystalline cells
0.50 m?

7.3%

—0.40 %/K

10 W/m*K

1462 €

Table 2

Omega-PCM characteristics per ¢-Si PV module.

Considered parameters

Corresponding values

Mass

Specific Heat at Solid Phase
Specific Heat at Liquid Phase
Number and type of cells
Melting Temperature

Latent Heat of Fusion

Initial temperature of Solid Phase

12 kg

2250 J/kg K m?

2250 J/kg K m?

32 monocrystalline cells
36 °C

260 000 J/kg

15°C

2.3.2. Heating & cooling subsystem

A Heat Pump (HP) controls the temperature inside the building
environment by exchanging heat with the outside. There are 3 essential

components to the HP: the outdoor unit (evaporator), the indoor unit
(condenser) and the refrigerant that transfers the heat as it circulates
between the outdoor and indoor units. The HP can heat the building in a
cycle where the evaporator extracts energy from a renewable source
(air, water, geothermal or solar) by forcing the liquid to transform into a
gas. The compressor compresses the gas, which raises its temperature.
The condenser exchanges the heat from the gas to the heating system,
and the gas returns to a liquid state. The expansion valve lowers the
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pressure of the refrigerant, which triggers evaporation, and the cycle
begins all over again. Reversing the cycle process, the HP can cool the
building. Air-to-water low temperature HPs are considered an optimal
choice for new homes or buildings, when combined with underfloor
heating or low temperature radiators, because they require less energy
for heating.

The HP subsystem is mainly responsible for adjusting the house
temperature according to the Heating and Cooling demand of the
building.

Moreover, it also allows to adjust the temperature inside the house to
the comfort zone predefined by the user. Depending on the country and
city where the IDEAS project is implemented, different comfort tem-
peratures are used to make this decision. Fig. 20 shows this susbsystem’s
mask where the set point parameters can be defined.

The mask of the HP allows some important parameters to be estab-
lished and changed, namely:

e Turning the HP ON or OFF
e The temperature set point to which the air is heated up or cooled
down (restricted to boundaries established by the model)

Table 3
Optical CPC losses - Coefficients of the polynomial equation of the sine of the
solar height angle hgp.

sin(hgun)* sin(hyn)® sin(hyun)® sin(hyun) 1
15,505652 —31,279978 21,799339 ~6,335270 1,434036
Table 4

Optical CPC losses - Coefficients of the polynomial equation of the solar azimuth
angle z.

F_LDS

LDS Factor 10

Summer  Spring/  Winter -
Autumn

Optical CPC System

Solar power Solar power at PV Cells

cells

- o PVT Thermal Power

Solar Thermal
absortion Efficiency

2t 23 22 z 1
—3,0806E-08 —2,4239E-06 1,5645E-04 2,8065E-03 —1,4021E-02
m
%
e
E 20
& 15
—
05 —o\ —— 200Wim2
o s © rsiom » = _
PV conversion at Solar Cells e
030 S
,/’
080 /
PVT Electric Power DC [ o
aso
aso
ano
o o o o a0 10 1

Inverter, DC/AC Conversion

ABSORB STORE RELEASE

Thermal Energy Transfer at PCM

Fig. 8. Omega model structure-electric and thermal parts.
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[E] Block Parameters: Inverter, DC/AC Conversion X o)
Subsystem (mask) » O i
INVERTER Parameters . 00 y
Nominal DC Power, Pnom [W] § e ‘.‘
jowo I TPVT Electric Power DC
Inverter Efficiency for Pnom L)
[ose 8 B
|
a0
E o] Hdp App!y 3 000 020 040 M“m 080 100 120
Inverter, DC/AC Conversion
Fig. 9. Inverter parameters and efficiency curve.
s 1 PVT Module Characteristics
= PVT Front Area [m2] |l.9 ‘
‘7 Number of PVT I
LDS Gain factor [1.01 B
- Thermal Efficiency l0.95 ‘
PVT Flow Rate [kg/s] [0.01 |
PV CELLS
Number of cells [32 I
Cell Area (12.5 x 12.5) [cm?] [156.25 JE
3 Nominal STC Efficiency [0.2272 |:
w
Mismatch losses between PV cells [ ] E
Temperature coefficient of Pmp [/°C] E
Thermal Loss at front of cells [W/(m?2 °C)] H
i cPC
L—ig [ cpc (YES / NO)
— » Loss Factor Function with Solar height, 4nd degree polynomial
Prototype CPC / PVT / PC M » Loss Factor Function with Solar azimuth, 4nd degree polynomial
Cancel Help Apply
Fig. 10. Omega system parameters.
E] Block Parameters: Thermal Energy Transfer at PCM X
Subsystem (mask)
THERMAL STORAGE SYSTEM
Maximum temperature [°C)] IB0.0 I -
HEAT SINK
Heat dissipation area [m2] |2.00 I :
Thermal dissipation [W/(mz °C)] [20.0 |: ABSORB STORE RELEASE
PVT/PCM FLOW
Thermal Energy Transfer at PCM
Minimum AT to Start [°C)] [5.0 |
Minimum AT to Flow [°C)] |2.0 |:
cncel || v || hogh

Fig. 11. Thermal energy transfer to PCM mask with the dissipation parameters.
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PCM Flow On/Off
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Fig. 14. PCM system flow in the PCM On/Off.
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Fig. 15. PCM system interconnection with Stateflow.

e The mass flow rate of the air coming out of the HP and it’s specific
heat

e Choosing if the model to operates with the IDEAS performances, or
with conventional performances

e Defining the values for The Seasonal Energy Efficiency Ratio (SEER)

e Defining the values for The Seasonal Coefficient of Performance
(scop)

e Defining the values for The Improved Seasonal Energy Efficiency
Ratio (I-SEER)

e Defining the values for The Improved Seasonal Coefficient of Per-
formance (I-SCOP)

The improved values are associated with the IDEAS facilities usage.
This option will allow the measurement in the Management subsystem
of the cost reductions achieved by using Ground Heat Exchangers
together with Air Heat Exchangers. These values can be modified ac-
cording to the results from the experimental data sites of the project. The
Standard values were based on a market analysis of HPs from different
brands.

Inside the HP there are two subsystems responsible for the operating

12

modes, the Heating control system, and the Cooling control system that
are shown in Fig. 21. Both implement Equation (8) that will add or
remove heat from the building depending on the indoor temperature.

Qn = mair-cp air-AT 8

Where g is the mass flow rate of air entering the building, ¢, 4 is the
specific heat of air and AT is the difference in temperatures between the
temperature of the air entering the building and the indoor air tem-
perature. If the building indoor temperature rises, AT will be negative,
outputting a negative value, wich means that heat should be removed
from the inside to the outside.

Fig. 22 depicts the mechanism used to decide which coeficients of
performance will be used by the program. The variable that decides if
the IDEAS technologies are ON or OFF is called “IDEAS_ON” and can be
activated or deactivated at the mask presented at Fig. 20.

The Heat Pump (HP) subsystem is mainly responsible for adjusting
the house indoor temperature according to the building demand for
heating and cooling and allows to adjust the temperature inside the
building to the comfort zone predefined by the user. The same comfort
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Block Parameters: PCM Stateflow X
Subsystem (mask)

PCM Characteristics (One PVT Module)
PCM Mass [kg]

[E
Specific Heat at Solid Phase [J/(kg K)]
[1290 IE

Specific Heat at Liquid Phase [J/(kg K)]
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Melting Temperature [°C]
[s7 IE

Latent Heat of Fusion [J/kg]
(189000 IE

Inicial Temperature at Solid Phase [°C]
[15 IE

Cancel || Hep || Apoly

Fig. 16. PCM subsystem mask - example of PCM parameters (DHW use).
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Storage Tank Volume [dm3] [600

Tank Height [m] [2.0

Thermal Side Losses  [W/(m2 °C)] [0.70

|

|
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|
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Thermal Bottom Losses [W/(m?2 °C)] |3-°6

Tank Location:
Outside v
4 Domestic Hot Water Use [On/Off]
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Mains Water Temperatui Mains Water Temperature Constant
OTHERS

Water Specific Heat [J/(kg °C)] 4180 |:

(o ]| cancel || nelp || Aoy

Thermal Storage System

Fig. 17. Thermal storage system input parameters.

temperature set points were considered for the three locations (Lisbon,
Ferrara, Dublin), for the heating period, between 18 °C and 20 °C, and
for the cooling period between, 23 °C and 26 °C. In order to calculate the
eletrical consumption due to the comfort needs, it was considered that
the HP system operates at heating with a Seasonal Energy Efficiency
Ratio (SEER) of 4.53, and at cooling with a Seasonal Coefficient of

Performance (SCOP) of 2.55. These improved values are associated with
the IDEAS usage and were modified according to the results from the
experimental data from the Ferrara site.

2.3.3. Building subsystem model
This subsystem aims to model a typical standard house or building to

13
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Fig. 18. Thermal storage subsystem model.
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Fig. 19. TES example of Balance of energy at Middle layer block.

estimate how each IDEAS concept will influence energy consumption.
The building subsystem model can be observed in Fig. 23 and considers
that the building exchanges heat with the environment through its walls
and windows. Each component simulates a combination of a thermal
convection, thermal conduction, and thermal mass.

This subsystem calculates the indoor temperature as a function of the
ambient temperature. It was assumed that the six Omega systems with a
total area of 11.4 m? were integrated on the building’s south facade. In
addition to the energy exchanges with the environment, the Building
subsystem also calculates the heat transfer coefficient of the walls,
windows and the overall coefficient of the building. These values allow
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the user to make a direct comparison between the energy performance of
the building that is being modelled and other buildings, Table 5.

The thermal subsystems in the buildings are modelled based on the
concept of thermal equivalent circuit. If a one-dimensional heat transfer
with no internal energy generation and with constant properties is
assumed, it is possible to create an analogue between the diffusion of
heat and electrical charge. Just as an electrical resistance is associated
with the conduction of electricity, a thermal resistance, Riermal, may be
associated with the conduction of heat. Defining thermal resistance as
the ratio of a driving potential, AT=T;-T5, (temperature difference be-
tween both sides of the wall) to the corresponding heat transfer rate,
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Heating & Cooling HP System
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Trigger OFF [°C] (22 IE
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IDEAS ON
v IDEAS VALUES

Improved SCOP [4.5 E
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» STANDARD VALUES

Fig. 20. IDEAS heating & cooling menu.

Power needed
to Heat the Building [W]

HP_PowerHeating >4

<

Power needed
to Cool the Building [W]

WP

Heat System Control
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HP_PowerCooling <

Heating/Cooling Source

Cooling System Control

Fig. 21. IDEAS Heating & Cooling HP components.

shown in Equation (9) it follows that the heat flow through a plane wall,
Qwall, is given by Equation (10), where L is the wall’s width, A is the
wall’s area and k is the wall’s thermal conductivity.

T, -T, L
Rerermal = = 9
thermal Govat kA
kA
Qwall = T(Tl - TZ) 10

This analogy can be used for all the three heat transfer mechanisms,
conduction, convection and radiation as shown by Equations (11) to
(15), where qeonyection and Reonyection are the convection flow and con-
vection resistance of the surface, Grqdigton @nd Rradiation are the heat
transfer through radiation and the radiation resistance, Tgyface and
Tsurrounding are the surface and the surface surrounding temperatures, ¢ is
the emissivity of the surface € [0,1], o is the Stefan-Boltzmann constant
(5.67 x 10°8 Wm’ZK"‘), h is the convective heat transfer coefficient and
h, is the radiative heat transfer coefficient.
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Gconvection = hA. (Tswface - Tszuunding) 11
T, — T, i 1
Reomvection = —rface — 7 surrounding __~ _ 12
Gconvection hA
Gradiation = hr ~A~(Tsurface - Tsurrounding) 13
h" =¢&.0. (Tswface + Tswrounding) . (szurface + Tszuﬂounding) 14
Rradiua‘on _ Tsu!face — L surrounding _ 1 15

h..A

Gradiation

The models for the building consider the following gains: air leakage,
direct solar gains through the windows, the occupancy (people on
average living inside the building) and the heat released by the electric
appliances. Regardless of the activity, each person produces an average
power of 50 W and for the heat generated by the appliances, it is
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Fig. 23. Building System — considers the energy transfer by conduction and convection with the walls and windows.

Table 5

Calculated Building Heat transfer coefficients (U).

assumed that all the energy consumed is converted to heat that remains

Household building part

U [W/(m?K)]

Walls
Windows

Whole building envelope

inside the building. The model also considers the gains from the thermal
storage losses if the storage tank is installed inside the building.
The model uses the air renovation rate in Equation (16) to calculate

0.264 the amount of thermal power lost or gained by the house, Pgir in/ous
1.085 where Airrenovation 1S the air renovation rate, Vpoyse is the volume of the
0.308

house, pg;- is the air density, ¢, q; is the specific heat of air and AT is the
temperature gradient.

P air infout = Airrenuvation~vhozl.se 'paircp air~AT 16

16
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The direct solar gains through the windows are a function of the
incident radiation on the windows, the area of windows facing south, the
percentage of glass of the window area, through which direct radiation
can pass through, and finally, the absorption coefficient of the glass.

The Building subsystem (Fig. 23) also contemplates a Thermal
Radiant Floor system so that the stored solar thermal energy can also be
used for heating. Nevertheless, in order to give priority to the use of solar
energy stored at the TES, the radiant floor starts first, then the heat pump
starts but only works if the temperature of the middle layer of TES is 5 °C
higher than the temperature of the bottom layer, and higher than the
returned fluid from the radiant floor. The radiant layer in the floor is the
layer that comes after the insulation layer and corresponds to the whole
structural slab. The radiant floor subsystem’s mask is shown in Fig. 24
and the subsystem is depicted in Fig. 25.

2.4. Techno-economic analysis

A simplified techno-economical evaluation of the novel Omega sys-
tem installed in a household building was developed to analyze the
economic benefits. The system cost effectiveness was estimated based on
necessary initial investment, operation and maintenance (O&M) costs,
cost of fuel (if applicable) and cost of capital. As a result, relevant key
economic indicators such as, Levelized Cost of Energy (LCOE), Net
Present Value (NPV), Internal Rate of Return (IRR) etc., were assessed
using Equations (17)-(20).

2.4.1. Net present value
Net present value can be calculated as follows:
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time, RV, the residual value, n the operating life time of the Omega
system, and I; the cost of the investment. If the net present value is
positive, the investment is financially viable.

2.4.2. Internal rate of return

The internal rate of return (IRR) is used to estimate the profitability
of the investment when the NPV is zero. If the IRR is higher than the
reference interest rate, the investment is financially viable. The internal
rate of return is given as follows:

n

)D

t=1

Se RV,

LA A
A+ e
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where r is the internal rate of return, and the investment is considered
viable when r > i

A discounted payback period gives the time in years that is needed
for the investment to liquidate the invested capital. The discounted
payback period is calculated as follows:

o

)D

t=1

St
(1 +1i)f

-I,=0 19

where n" is the payback time. The investment is financially viable if the
payback time is lower than the expected lifetime of the investment.

2.4.3. Levelized cost of energy

The levelized cost of energy, LCOE, is a measure of the average net
present cost of energy production for a generating installation over its
lifetime and is calculated as follows:

“ S RY, N LM, AF,
NPV=>) "t n—1 17 D
ZECRLINCR) LCOE=-————5— 20
pI (1+i)F
where S; is the cash flow of the system in year t, i the discount rate, t the
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Fig. 24. Power Radiant Floor blocks and related parameters.
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Fig. 25. Power Radiant Floor subsystem.
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Where:

I;: investment expenditures in the year t

M;: operation and maintenance expenditures in the year t
Fy: fuel expenditures in the year t

E;: energy (thermal and electric) generated in the year t
i: discount rate

n: expected lifetime of system

Regarding the system expected lifetime, according to Moser et al.
[62], the PV module power output might be too low to be economically
viable, even though the PV module is still generating power. For eco-
nomic viability of PV projects, most of the PV module manufacturers,
guarantee a power reduction of less than 20 %, referenced at standard
test conditions (STC) within 25 years of operation. In the manufacturers’
context, the lifetime of a PV module is often defined as the time required
for a PV module to lose its initial STC power by 20 % (so-called degra-
dation limit).

120 1200

e Experimental
= Simulated

. Irradiance

PV Power [W]

10:00 12:00 14:00 16:00 18:00
Day hours (h)

Irradiance [W/m?]

3. Results

In this section the numerical results of the Omega system analysis are
presented. Firstly, the numerical model was validated with the experi-
mental results from the testing facility in Ferrara. Once validated, the
numerical model was used for the performance analysis of the prototype
and the contribution to the energy balance of the household, taking into
consideration three different locations. In the last part the techno-
economic analysis results are presented.

3.1. Experimental validation

The numerical model of Omega system was validated with the
experimental results collected in the Ferrara experimental facility. For
comparison, measured data from the installed and tested prototype in
Ferrara are presented together with simulation results, for two different
days, one in winter - January, Fig. 26 (a) and the other in summer -
September, Fig. 26 (b).

As it can be observed, the numerical model of the PV power produced
by the Omega system, as function of the irradiance, solar height and
solar azimuth associated with the CPC geometry, tracks the power
produced by the prototype under real conditions.

120 1200
~ Experimental b)
100 = Simulated
= [rradiance
80 800 -E
— —
2 2
5 60 600 g
g 2
= E
24 200 t
20 200
0 o

7:00 900 11:00 13:00 15:00 17:00 19:00
Day hours (h)

Fig. 26. Model validation results: Power output of Omega system and Irradiance versus day hours on (a) 14-01-2022 and (b) 05-09-2021.
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3.2. Performance and use of energy produced

The validated transient model was used to calculate the contribution
of the solar energy generated by the Omega System to the energy bal-
ance of the building. The simulations were carried out taking in
consideration three different locations, Lisbon, Ferrara and Dublin.

To understand the results of the yearly simulation of the building
household’s use of energy produced, Equations (21)-(26) must be
considered.

3.2.1. Thermal energy needs of domestic hot water (DHW)
Epuw = Esotar paw + Eac backup DHW 21

where Eppy is the total energy needed to heat the mainswater in order to
satisfy the consumption of water at 50 °C, Egolar puw is the total amount
of solar thermal energy used and Eac packup pHW is the total AC backup
electricity used to heat the water from the storage tank, when its tem-
perature is lower than 50 °C.

3.2.2. AC eletrical energy needs supply
EAc toads + Eac ap + EAc backup bW = Eac solar + Eac gria 22

where Epc Joads iS the AC electricity consumed by load appliances, Exc up
is the AC electricity used by the heat pump, Eac solar is the solar energy
converted to AC electricity, and Eac grid is the electricity from the grid.

3.2.3. Total building energy used
Eiota = Eac toads + Esolar baw + Eac backup paw + Eac up + Esolar rF 23

where Ejoq is the total energy used in the building, and Esjar grr is the
solar thermal energy used for climatization in the radiant floor.

3.2.4. Total solar energy used (electric and thermal)
Esolar used — EAC solar Esolar pHW + Esolar RF 24

where Egolar used iS the total solar energy (thermal and electric) used in
the building.

3.2.5. Solar fraction

f:solar = Esolar used / Eotal 25

where fiolar is the fraction of solar energy used.

3.2.6. Global efficiency of the system
Nsolar = Esolar used / Esalar modules 26

where 75012 is the global efficiency of the Omega system.

The results of the contribution of the solar energy generated by the
Omega System to the energy balance of the building are presented in
Table 6 and represent the solar thermal energy used by the DHW (Solar
En. to DHW), the backup energy needed by the DHW (Energy BackUp),
the solar energy used by the radiant floor, the thermal losses of the
Omega system and TES losses. In the same table, are also shown the
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Omega system generated electricity used by the Heat Pump (En. Heat
Pump) to satisfy the heating and cooling needs, and the appliances load
consumption (En. AC loads). Other results shown are the total building
energy used, the total amount of solar energy used (thermal and elec-
tric), the solar fraction and the global efficiency of the system. It should
be noted that the fraction of the solar energy used for the consumption
(Solar Fraction) for the IDEAS system presented is higher in Lisbon with
25.9 % while the solar fraction in Ferrara is 16.3 % and in Dublin is 13.8
%. The obtained global efficiency (used energy/incident solar energy)
for the three locations is very similar with values of 8.3 %, 8.4 % and 8.9
% respectively. As regards photovoltaic performance conversion, it
should be noted that the estimated yearly final yields (useful AC energy/
PV STC power installed), are 899 kWh/kW in Lisbon, 713 kWh/kW in
Ferrara and 625 kWh/kW in Dublin.

Regarding the performance of the Omega system, the annual pro-
duction profiles of the Omega system installed at building facades for
three different locations Lisbon, Dublin and Ferrara are presented in
Figs. 27-29. The line in green shows the available solar energy radiation
that reaches the photovoltaic cells after concentration by the CPC. The
line in orange represents the thermal energy available to be absorbed by
the PCM and the line in blue shows the electrical energy in AC produced
by the photovoltaic system and delivered to the electrical grid.

The graphs illustrate the different solar energy availability between
cities, resulting from the different weather conditions. Lisbon, with an
annual solar energy of 14604 kWh incident on Omega collectors pre-
sents the most regular yearly profiles of solar energy on solar cells and
electric and thermal energy produced, Fig. 27. Due to the nebulosity,
Dublin, with an annual solar energy of 9634 kWh on Omega collectors,
presents the most irregular yearly profiles of solar energy incident on
solar cells and electric thermal energy produced, Fig. 29.

3.3. Economic analysis

Taking into account the results and energy balance parameters pre-
sented previously (Table 4), the estimated costs and benefits corre-
sponding to the integration of the IDEAS system in a typical household
located in Lisbon, Ferrara and Dublin are presented in Fig. 30.

The installation of the IDEAS system in Lisbon, with a total estimated
yearly use of the solar energy of 1215 kWh and an energy sold to the grid
of 40.6 kWh, results on a profit of 266 €. In Ferrara, with a total esti-
mated yearly use of the solar energy of 967 kWh and an energy sold to
the grid of 19.8 kWh, results on a profit of 229 €. In Dublin, with a total
estimated yearly use of solar energy of 862 kWh and an energy sold to
the grid of 20.5 kWh, results on annual profit of 257 €.

3.4. Techno-economic analysis and indicators

Taking into account the base cost values assumed for the Omega
system components, two alternative scenarios were considered for the
case of system industrialization and production. The economic analysis
of the systems can change depending on the scale and the costs of the
production. Considering the hypothesis of economies of scale when
scaling up the prototypes for industrial manufacturing, two scenarios
were considered, (a) considering 50 % of the base cost of the prototype
and (b) considering 33 % of the base cost of the prototype (Table 7).

Other components working with Omega system (Table 8) household

Table 6
Numerical results of the energy balance of the household on a yearly basis for Lisbon, Ferrara and Dublin.
Location  Solar En. Solar En. to  Energy Radiant Energy En. AC to En. AC to Total En. Solar En. Solar Global
Module DHW BackUp Floor OmegaAC Heat Pump Loads Used Used Fraction Eff.
[kWh] [kKWh] [kWh] [kWh] [kWh] [kKWh] [kWh] [kWh] [kWh]
Lisbon 14 604 607 1019 129 479 289 2650 4693 1215 0.259 0.083
Ferrara 11 458 553 1184 39 376 1512 2650 5936 967 0.163 0.084
Dublin 9634 480 1471 73 309 1580 2650 6254 862 0.138 0.089
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Fig. 27. Results of the annual performance of each component of the Omega system located in Lisbon: energy at PV cells, thermal energy to PCM and AC energy from

Omega to the grid.
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Fig. 28. Results of the annual performance of each component of the Omega system located in Ferrara: energy at PV cells, thermal energy to PCM and AC energy

from Omega to the grid.

system were considered in the economic analysis, such as the inverters
adapted to the PV power installed with Pac = 0.8 kW, other necessary
connections and a thermal storage tank with a capacity of 600 L.

Considering that with mass production this type of PVT module
system costs could be highly reduced, Scenario (a) would have an in-
vestment cost of 7382 € and Scenario (b) an investment cost of 5918 €.

A financial analysis was developed in order to calculate the main
investment feasibility indicators for each variant and scenario under
study. The assumptions considered in this analysis are:

@ Initial investment costs are the capital applied in the acquisition and
implementation of the equipment necessary for the conversion and
storage of the energy produced;

@ Itis considered that this investment is made in the deployment phase
of the systems, summarized for the purposes of analysis to the year
"0". This assumption restricts the financial viability analysis to the
years of effective operation of the systems;

20

@ The expected annual revenues represent the value of the replaced
operating costs, i.e. the average cost of the kWh of electricity pur-
chased from the grid, multiplied by the total amount of solar energy
produced (thermal and electric) that is self-consumed; plus the rev-
enues from the sale of excess energy to the grid;

@ For the purposes referred in the previous paragraph, medium-sized
electricity household consumers were considered. In the second se-
mester of 2021, the average electricity retail price reported by
Eurostat [63] was in Portugal 0.2170 €/kWh, in Ireland 0.2974
€/kWh and in Italy 0.2360 €/kWh. The constant value of 0.0500
€/kWh was considered as the price of the energy sold to the grid;

@ Accounting for the market values and the characteristics of the sys-
tems, the initial investments considered for a Household building are
presented at Table 7.

@ The average annual operation and maintenance costs of the entire
system, including the substitution of components, are considered to
be 1.0 % of the initial investment value, plus the cost associated with
the replacement of the inverters (evaluated at 250 €/kW) at year 10;
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Fig. 29. Results of the annual performance of each component of the Omega system located in Dublin: energy at PV cells, thermal energy to PCM and AC energy from

Omega to the grid.
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Fig. 30. Results of the household yearly costs and savings with the Omega
system for 3 locations.

Table 7
Omega prototype cost & estimation of costs for commercial production [€].

Omega Cost Scenario (a) Scenario (b)
PV Solar cells 174.0 87.0 58.0
CPC Reflector 352.0 176.0 117.0
Frame collector 338.0 169.0 113.0
Thermal absorption 404.0 202.0 135.0
Thermal PCM 194.0 97.0 64.0
Cost Omega 1462.0 731.0 487.0
Table 8

Omega system - Estimation of investment costs at commercial production [€].

Omega system Scenario (a) Scenario (b)

Omega prototype 731 487
Thermal storage tank 2196 2196
Inverters 200 200
Other per collector 100 100
Total system (6 collectors) 7382 5918

@ For the evaluation of the economic investment decision 3 financial
indicators are used, the NPV, IRR and the LCOE for the project life-
time. The simple payback period and the discounted payback period
are also indicated at the analysis;

@ The assumed discount rate necessary for the calculation of the
mentioned indicators was 2.5 %;

@ The assumed useful lifetime of the projects is 20 years;

@ Costs related to financial charges, amortizations and taxes were not
considered.

Household economy results for Lisbon, Ferrara and Dublin consid-
ering different scenarios are presented in Table 9 and summarized in
Fig. 31.

On the basis of these household economic results, for all the IDEAS
Omega system the NPV and IRR indicators present negative values, the
discounted payback period is higher than the lifetime of the systems, and
the LCOE values are higher than the cost of the electric energy at the
second semester of 2021. These results are due to the lower availability
of incident solar energy on the collectors installed on facades, relatively
to the optimum inclination, typically near 35°. Nevertheless, the price of
electricity also can vary over time. In the first semester of 2022 was
observed an increase of the price of electricity due to the increase of
price of the natural gas by the Russia-Ukraine war. In Italy for example
the price of electricity (before all taxes and fees) increased more than 50
%.

4. Discussion

The financial evaluation accounts for the prototype system costs, the
expected energy production and savings in energy consumption, and the
financial earnings from the sale of surplus energy for each European
location. The cost of the Omega PVT prototype, 769.5 €/m? (considering
a total surface per module of 1.9 m?) can be compared to a commercial
PVT module, 225 €/m> [48]. Although there is a great difference in cost,
the prototype has innovative features when compared to a commercial
PVT module, such as, CPC concentration, PCM in the back of the PV cells
for enhanced heat transfer and LDS coating applied on the PV cells top
surface to increase the capture of solar radiation.

The numerical model developed for assessing the energy perfor-
mance of the prototype, was validated with data measured and results
were presented for three different European locations. For the system
presented, the estimated fraction of the solar energy used for con-
sumption is higher in Lisbon with 25.9 %, while the solar fraction in
Ferrara is 16.3 % and in Dublin is 13.8 %. Due to the differences on the
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Table 9
Household economic results for the different scenarios and components for Lisbon, Ferrara and Dublin.
Household Building Lisbon Ferrara Dublin Lisbon Ferrara Dublin
Scenario Scenario (a) (Scenario (b)
Annual energy consumption [kWh] 4693 5936 6254 4693 5936 6254
Solar Energy Used [kWh] 1215 967 862 1215 967 862
AC annual production [kWh] 479 376 309 479 376 309
AC Energy from the grid [kWh] 3509 4962 5376 3509 4962 5376
AC Energy to the grid [kWh] 41 20 21 41 20 21
Price of Energy from grid [€/kWh] 0.2170 0.2360 0.2974 0.2170 0.2360 0.2974
Average annual benefits [€] 265.6 229.2 257.3 265.6 229.2 257.3
Initial Investment [€] 7382 7382 7382 5918 5918 5918
Net Present Value [€] —4123 —4698 —4254 2428 -3003 —2559
Internal Rate of Return [%] —5.2% —6.7 % —5.5% —2.7% —4.3 % -31%
Levelized cost of energy [€/kWh] 0.322 0.410 0.458 0.260 0.330 0.369
Russia-Ukraine war. In Italy for example the price of electricity (before
—— Scenario (a) LCOE all taxes and fees) increased more than 50 %. In order to lower the LCOE
—A— Scenario (b) LCOE values and facilitate the market entry of this type of multigeneration

0,55 7 --eo-- Grid Energy prototypes, it is advisable that they are also developed for roof instal-

0,50 - lation, where they can be mounted at the optimum inclination and

orientation to maximise the capture of solar energy.

045 //’ The values of the used solar energy in each location are, 1215 kWh
—= 0,40 - /,/*"’"// for Lisbon, 967 kWh for Ferrara and 862 kWh for Dublin. These values
= - i A can be converted to find the avoided equivalent CO; emissions.
$ 0,35 4 '//// A/ Considering that the thermal energy could be produced using an elec-
— 0,30 - / . trical resistance inside the TES, all the produced energy, both thermal
3 N T and electrical will substitute an electrical consumption. The CO, avoi-
(iO,ZS T o ded emissions can then be calculated using a COy-equivalent for the
D904 T Portuguese, Italian and Irish power mix of 173 gCO2eq/kWh, 252 gCO2
. eq/kWh and 315 gCO2eq/kWh, respectively [64,65]. This leads to 210
LW 0,15 + kgCOqeq for Lisbon, 244 kgCO, eq for Ferrara and 272 kgCOzeq for

0.10 4 Dublin. The average annual avoided emissions for the 3 locations

' considering the total PVT area for each system, 11.4 m?, are 21
0,05 + kgCOseq/m>. According to Ref. [8] the annual avoided emissions for
0,00 : i : . : multigeneration PVT systems, are 83 kgCOo/m?. This value is consid-

Lisbon Ferrara Dublin erably higher than the one obtained for the average of the 3 systems
City studied in this work, but a possible reason for this difference has already

Fig. 31. Comparison of the LCOE for scenario (a) and (b) with the grid elec-
tricity price for the 3 countries.

electricity retail price in the countries, installing the system in Lisbon,
with a total estimated yearly use of the solar energy of 1215 kWh, results
in gains of 266 €, while installing it in Ferrara, with a total estimated
yearly use of 967 kWh results in gains of 229 € and in Dublin, with 862
kWh, results in an annual gain of 257 €.

The LCOE values considered for the first scenario are 0.322 €/kWh
for Lisbon, 0.410 €/kWh for Ferrara and 0.458 €/kWh for Dublin. These
values can be compared to the average thermal energy LCOE for a
similar system with 10 m? of commercial PVT modules and a thermal
storage tank of 1 m® in Stuttgart, Germany [47], that was 0.115 €/kWh.
The LCOE for the Stuttgart system is much lower, but as stated before,
the PVT prototype developed in this work has improvements over a
standard flat plate PVT. Also, the orientation and tilt of the Stuttgart
system is not stated in Ref. [48], so possibly these parameters are opti-
mized for this location. For trigeneration systems at Bari, Italy, the LCOE
was 0.145 €/kWh, but the systems were installed in roofs, could be
oriented optimally and tilted with 30° or 10° [47], which increased solar
energy captured when compared to a facade system. The obtained LCOE
values for both scenarios of system costs are higher than the cost of the
electric energy at the second semester of 2021 and are due to the lower
availability of incident solar energy on the collectors installed on fa-
cades, relatively to the optimum inclination, typically near 35° for these
cities. In the first semester of 2022 was observed an increase of the price
of electricity due to the increase of price of the natural gas by the
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been stated above, when the disadvantages of the integration in facades
were discussed.

5. Conclusions and future research

In this paper the authors explore the potential and benefits of a
renewable energy based multigeneration prototype using a numerical
approach. The prototype is the result of an European research project
and integrates a compound parabolic concentrator, a photovoltaic/
thermal system with luminescent downshifting layers at PV cells, and
thermal storage using phase change materials.

A numerical model was developed for assessing the energy perfor-
mance of the prototype, validated with data measured and the results
are presented for three different European locations. The installation of
the IDEAS system in Lisbon, with a total estimated yearly use of solar
energy of 1215 kWh and an energy sold to the grid of 40.6 kWh, results
on a profit of 266 € (26 % of energy bill). In Ferrara, with a total esti-
mated yearly use of the solar energy of 967 kWh and an energy sold to
the grid of 19.8 kWh, results on a profit of 229 € (16 % of energy bill). In
Dublin, with a total estimated yearly use of solar energy of 862 kWh and
an energy sold to the grid of 20.5 kWh, results on annual profit of 257 €
(14 % of energy bill).

A simplified economic analysis was also developed and presented for
two different scenarios at the same locations. Due to the lower avail-
ability of incident solar energy on the collectors installed on facades,
LCOE values are higher than the cost of the electric energy at the second
semester of 2021. Nevertheless, due to the recent increase of the price of
electricity as a consequence of the war in Ukraine, the installation of



L. Aelenei et al.

photovoltaic and thermal systems on the facades can be in some coun-
tries an affordable way of satisfying part of the energy consumption at
households.

As future research, the assessment of the multigeneration prototypes
based on the same technologies designed and developed for roof
installation, thus maximising the capture of solar use, in order to lower
the LCOE values of energy produced will be analysed. Also, the simu-
lation tool that was developed in this work will allow for a sensitivity
analysis to be done by changing each factor at a time (orientation, tilt,
climatic conditions, etc) and evaluating its impact on the system’s pro-
ductivity. This analysis will allow the identification of which factors
have a greater impact in the system’s performance and therefore should
be prioritized and optimized in new system developments. Moreover,
the benefits of using this kind of system will be assessed from the
perspective of comfort and indoor air quality, and environmental and
climate impact.
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