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Abstract

This study aims to investigate the thermal behaviour of innovative solar technologies and energy
storage systems. It focuses on solar systems able to produce thermal and/or electric energy to cover
energy needs in the building sector (i.e. heating, cooling, dwelling hot water, electricity, etc.). The thesis
includes the experimental and numerical investigation of several innovative technologies.

At first, two innovative solar thermal collectors with a vacuum space (adopted for insulating the
absorber plate and avoiding convective heat losses), are presented. Here, both the design and the
mathematical simulation model (developed in MatLab environment) of the two novel evacuated flat-
plate solar thermal collector prototype are introduced. The first solar thermal collector is characterized
by a very low initial cost, whereas the second one is characterized by high-vacuum space (i.e. 10-¥ mbar)
for dwelling hot water storage purposes.

The study is then focused on an innovative low-cost air-based photovoltaic/thermal collector
prototype, for which a novel dynamic simulation model is suitably developed in order to investigate its
energy performance and economic feasibility under different operating conditions. The prototype is
tested under different operating conditions and the experimental data are used to validate the developed
simulation model. A suitable case study in which the photovoltaic/thermal collectors are coupled to an
air-to-air heat pump for space heating of a sample building, is also presented.

Thus, with the aim of investigating the passive effects of the integration into the building envelope
of the above-mentioned solar technologies, the experimental validation of an in-house building
simulation model, called DETECY, is presented. Here, with the use of a comparative analysis between
numerical results and measurements obtained on a real test room, the experimental validation of the
dynamic simulation model is presented.

Finally, the integration of air open-loop photovoltaic thermal systems on the facade of a high-rise
buildings is analysed, with a special focus on their active and passive effects. The system energy
performance and its impact on the building heating and cooling demands and electrical production are
assessed through a dynamic simulation model suitably modified and linked into DETECt. In addition,
with the aim of analysing the potentiality of electricity storage system, a novel energy management
system for buildings connected in a micro-grid, by considering electric vehicles as active components of

such energy scheme is also investigated.
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CHAPTER
1

1. Introduction

As commonly known, thermal energy and electricity are conventionally produced by using fossil
fuels (e.g. petroleum, coal, natural gas, etc.). However, the burning of these fuels leads to gas
emissions which are the primary cause of air pollution and global climate change. In this framework,
the growing concerns about environmental pollution, caused by a sensible increase of World energy
consumption, have led the research community toward the development of sustainable energy
policies. Therefore, to avoid pollution by fossil fuel combustion, a viable strategy is the adoption of
renewable energy-based technologies. These kinds of systems are commonly accepted by human
society for their high environmental-friendly attitude. Among all the available renewable energy, the
most promising one is solar energy [1]. It is freely available, allowing users to harvest thermal power
and/or electricity.

According to the IEA statistics for energy balance, the use of energy in buildings accounts for more
than one-third of total energy end-use [2]. In OECD countries the building sector is responsible for
approximately 40% of total final energy consumption, being an important source of pollution.
Buildings can play a crucial role to tackle climate change and energy consumptions through the
adoption of energy-efficient strategies incorporated into design, construction, and operation of new
and retrofitted buildings. A significant amount of energy consumed in buildings is used to cover
heating and domestic hot water demands. During the time, these needs were mainly covered by

intensive exploitation of fossil fuels. However, many drawbacks regarding environmental impact and
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reduction in quality of life led to the development of environmental-friendly technologies based on
renewable energy [3]. Among all the available renewable energy sources (RES), solar energy is the
one that properly matches energy demands of buildings [4], and solar-based technologies in their
active or passive forms, can deliver the entire set of needs.

Solar energy can be exploited for satisfying energy needs required for space heating and cooling,
domestic hot water production, and electricity. Technologies based on solar RES, such as photovoltaic
panels (PV), solar thermal collectors (STCs), and photovoltaic thermal collectors (PV/T), can be easily
integrated into the shell of a new building, by substituting conventional building materials with no
additional surface area. Also, as an on-site energy production option, it is to be highly preferred,
among others, and particularly effective in the case of building renovations [5]. Their utilization
provides the ability to reduce significantly or nullify the share of non-renewable energy sources
consumed in buildings, as long as sufficient surfaces for integration are available [6].

In this regard, the adoption of these technologies facilitates the achievement of net/nearly zero
energy building (NZEB/nZEB) goals. This concept has attracted the interest of the research
community, building stakeholders, and policymakers supporting the shift towards a low-carbon
economy [4]. An nZEB is considered as a building with very high energy performance which requires
a very low amount of energy, to be covered to a very significant extent, or even completely, using
RES, produced on-site or nearby [4]. Therefore, appropriate nZEB designs or renovations must
combine high efficiency active and passive technologies (e.g. natural ventilation, daylighting) with
renewable energy production, providing an opportunity for cost-effective measures, aiming at

converting the building stock from an energy consumer to an energy producer.

1.1. Subject this study

The subject of this thesis is the energy performance assessment of innovative solar technologies
and energy storage systems. This research is conducted with the twofold aim to investigate innovative
technologies by adopting a dynamic simulation approach and provide useful design criteria. As
previously discussed, solar-based technologies are suitable for matching energy demands of
buildings, however, different problems occur in the design and application of these technologies.
Furthermore, despite several approaches adopted by many researchers in order to understand the
physical effects and mechanisms of these systems, deep investigations need to be carried out and
different solutions must be provided for some specific issues.

In this thesis, the most promising innovative technologies and energy efficiency strategies are

investigated as follows: i) solar vacuum thermal collector; ii) stand-alone photovoltaic/thermal
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collectors; iii) building integrated photovoltaic/thermal system (BIPV/T system); iv) electricity storage
and electricity fluxes optimization by means of electric vehicles and vehicle to building strategy. For
each investigated technology a deep experimental campaign is carried out. Then, with the aim of
assessing the system performance under different operating conditions, suitable dynamic simulation
models are purposely developed. By means of the gathered data during the experimental campaigns,
the developed mathematical models are validated.

Initially, stand-alone devices (i.e. solar thermal collector and photovoltaic thermal collector) are
analysed. Then, with the aim of assessing the passive effect of the integration of these technologies
into the building envelope, a previously developed building energy performance simulation tool,
called DETECt, is adopted. Specifically, its reliability is investigated by means of a suitable
experimental campaign carried out on a real test cell. Finally, the integration of an air-based PV/T
system into the building envelope of a high-rise building is investigated. In addition, the exploitation
of electricity production is optimized by means of the vehicle to building strategy and electric storage
system. Interesting results by the energy, economic and environmental point of view are achieved and

discussed hereinafter, with the aim to provide useful design criteria.

1.2. Aim of this study
Summarising, the new goals of this thesis are:

e develop new mathematical models able to assess the energy performance of innovative
solar-based devices and new energy efficiency strategies;

e experimentally validate the developed mathematical models by means of real data
gathered during suitable experimental tests;

e investigate heat and electricity performance offered by the integration of these technologies
into the building envelope;

e optimize the design of the developed prototypes by utilizing the developed mathematical
models;

e provide punctual design guidelines and criteria for the exploitation of these technologies.






CHAPTER
2

2. Literature review

In this chapter, the literature review of the innovative investigated technologies is presented.
Specifically, the main findings of the recent scientific literature are here reported with the twofold aim

of analysing what has been done and highlighting the lack of knowledge.

2.1. Solar thermal collector system

Many typologies of solar thermal systems are available on the market, however flat-plate solar
thermal collectors (FPCs) are the most common type [7], due to its numerous advantages (e.g. simple
construction, low cost, safe operation, etc.). The available literature on FPCs, highlights the presence
of many studies focused on the development and enhancement of the working fluid’s outlet
temperature and system’s thermal efficiency.

Different designs and materials were investigated on this topic, as described by Ali Sakhaei et al.
[8]. From this review article, it is clearly noted that the most critical parameters that affect the
performance of the FPCs are referring mostly to the thickness of the various materials as the glass
cover, the absorber plate, the riser pipes and the gap spacing between the absorber plate and
insulation.

In addition, other important parameters are the optical properties of the materials [9] that
characterize the heat exchange between the above-listed components and the ambient. Several ways

to enhance the thermal efficiency of FPCs are described in literature as well and different glass cover
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thicknesses are adopted. Ramadhani et al. [10] investigated the effect of the thickness of the glass cover
on the performance of FPCs. They have tested experimentally the thermal efficiency of the FPC with
glasses with low-iron oxide content and thickness of 4, 5 and 6 mm. It is concluded that, the adoption
of a thickness of 4 mm can improve the thermal efficiency about 7.6% compared to the thickness of 5
and 6 mm. However, if the 4 mm glass cover is used, the risk of breaking the glass is higher than the
one with 5 and 6 mm. Another critical feature of the glass cover is its emissivity, typical values range
from 0.79 to 0.89 [11]. Giovannetti et al. [12] improved the optical properties of the glass cover by
applying highly transmitting and spectrally selective coatings. They analysed two different FPCs
(single and double glass cover). Such a solution can provide a significant increase of the performance
of FPCs (i.e. 60% higher than that of a typical FPC single-glazed available on the market). Boudaden
et al. [13] investigated the optical characteristics of titanium dioxide and silicon dioxide dielectric
materials in order to create a non-reflective coatings for solar thermal applications. Based on the
spectroscopic results, it is shown that the non-reflective coatings could be successfully used in solar
thermal applications as they can offer low absorbance, low reflectivity, and high solar transmittance
(about 87% for double coating, and 70 % for triple coat).

The absorption of the absorber plate is also a critical parameter. Kalogirou et al. [14] evaluated the
application and performance of various colour dyes in the absorber plate of FPC. From both the
theoretical and the experimental analysis, the coloured collectors (85% absorbance and 10%
emissivity) showed lower performance than standard black-dye collectors (95% absorbance and 10%
emissivity).

Regarding the riser pipes, Garcia et al.[15] used steel wire inserts to assess the heat transfer
through pipes. Tests were conducted for laminar, transient and turbulent flow, whereas the heat
transfer fluids used were water and propylene glycol. It is shown that it is possible to affirm that the
use of wire inserts in the tubes led to an increase in the heat transfer rate of up to 200%. The same
authors [15] utilized steel wire inserts into the riser pipes of a typical solar thermal collector. Tests
were conducted for mass flow rate ranges from 0.011 to 0.047 kg/s and an increase of the thermal
efficiency between 14 and 31% was detected. From these two works, it is clear that the increase of the
performance of the solar thermal collector is directly related to the mass flow rate of the working fluid,
but for very high flow rates of the working fluid, the increase in the heat transfer rate is not significant.
Jaisankar et al. [16] conducted experiments by adding helix strips into the copper tubes of a FPC to
determine the heat transfer characteristics and pressure drop. In this experimental procedure,
Jaisankar et al. used copper metallic strips with different rotational ratios, while the Reynolds number

ranged from 3000 to 23000. Based on the results from the experimental procedure, it was found that
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with the increase of the twisting ratio, turbulence was increased, resulting in an increase of the heat
transfer rate between the pipe walls and the heat transfer fluid, as well as the pressure drop across the
pipes which also increases the pumping power required. In addition, it has been shown that the use
of helical strips within the tubes of the FPC can reduce the active surface of the collector from 8 to 24%
for stable collector performance.

Comparing to the typical FPC, the evacuated flat-plate collector works better during cloudy days
and in weather zones characterized by cold climate [17]. This is due to two reasons: i) evacuated FPCs
can collect the diffuse radiation; ii) vacuum chamber between the absorber plate and the glass cover
provide a very low heat loss coefficient. Souliotis et al. [18] developed a novel integrated collector
storage solar water heater. Such a collector is composed by two concentric cylinders and, between
them, an anulus in which the vacuum is made. Several experimental tests were carried out considering
different pressure levels into the anulus and various experimental correlations were obtained for
thermal loss coefficients as function of the vacuum pressure. Moss et al. [19, 20] developed and
presented two water-based evacuated FPCs characterized by a significant low internal pressure (0.5
Pa). By means of a deep experimental investigation, remarkable results in terms of heat loss coefficient
reduction (i.e. from 7.4 to 3.6 W/(m?K)) and a corresponding improved efficiency (i.e. from 36 to 56%)
were achieved. Juanicé [21] stated that the adoption of a transient model is necessary for a vacuum
system, in order to take into account the thermal mass effects on the FPC performance. Such approach
is required for taking into account the dynamical response of the system.

In this regard, Saleh [22] developed a dynamic simulation model capable to simulate a whole solar
thermal system. Such approach was needed for taking into account the thermal behaviour of the hot
water storage tank. The model is based on one-dimensional thermal network and it is able to evaluate
the transient processes occurring. A similar approach was considered by Zhou et. al. [23] who have
developed a transient model in order to assess the enhancement provided by the adoption of PCM
between the absorber plate and the back-insulation layer. In fact, if the authors had adopted a quasi-
steady state approach, the advantages offered by PCM layer into the FPC (i.e. heat released and stored
by PCM during time) would not have been considered. Therefore, from the works [22, 23] it seems
clearly that the adoption of transient dynamic simulation model is required in case of systems with
components with a thermal mass which is not negligible.

A different approach was considered by Dara et al. [24], since they have developed a quasi-steady
state model for assessing the performance of FPC collector. By means of such a code, they investigated
the top loss heat transfer coefficient by varying the absorber plate emittance and air gap spacing

between the absorber plate and the cover plate, separately. They considered a gap spacing variation
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ranging from 9.0 to 50 mm and an emissivity of the absorber plate ranging from 0.5 to 0.95. Finally,
they assessed an increase of the efficiency from 0.646 to 0.680 by increasing the gap spacing (with a
consequential decrease of the top heat loss heat transfer from 8.2 to 6.3 W/(m?K), equal to -23%). In
addition, by decreasing the emissivity of the absorber plate, an increase on the thermal efficiency is
achievable (from 0.65 to 0.69). Such results are obtained by adopting a parametric analysis in which

the effectiveness of a single variable on the thermal efficiency is assessed.

2.2. Photovoltaics/thermal collector

Another promising solar-based technology is the photovoltaic solar thermal collector system
(PV/T system). Despite space constraints for the installation of these devices, considerable effects of
temperature on the PV efficiency opened up a new front of research, where both technologies (i.e.
photovoltaic cells and thermal absorbers) are combined into a single hybrid device. This device is able
to harness thermal energy, simultaneously increasing the PV electrical efficiency.

This hybrid technology, which converts solar energy to electricity and heat, is known as
photovoltaic/thermal (PV/T) collector and has been studied extensively since the 1970s. Research led
to the development of a wide range of PV/T technologies starting from the first PV/T prototype,
conceived by Wolf and proposed as economic and space saving technique of energy production [25].
Both electrical and thermal energy production can be harvested from a single PV/T device. In
particular, PV cells convert photon energy to electricity whereas solar thermal energy is recovered
through a heat extraction system and transferred to the user through a suitable working fluid [26].
Wolf examined the possibility to replace the absorber of a traditional solar thermal collector with a
PV panel for electricity production[25]. Balancing the energy demands of a single-family house was
considered as a suitable application for the PV/T collectors, which caused a decrease of the system’s
overall energy performance (ranging from 10 to 20%, compared to PV panels and solar thermal
collectors fields). This result was considered promising at the time, thus a number of studies regarding
the development and improvement of the PV/T technology have been carried out.

The available literature on PV/T collectors highlights the presence of many studies focused on the
development and enhancement of the PV/T system configuration and overall energy conversion
efficiency. From this point of view different designs, system materials, and working fluids were
investigated, as reviewed by Abdelrazik et al. [27].

Regarding the collector layout, a number of attempts on increasing the system overall energy
efficiency have been carried out. Several authors analysed the use of a glass cover, installed above the

PV module of the PV/T collector, to improve the system energy performance, as reviewed by Al-Waeli
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et al. [28]. A comprehensive review written by Babu et. al [29] highlighted the slight decrease of the
electrical efficiency of glazed PV/T collectors (around 10.6%) with respect to unglazed systems (about
11.0%). On the other hand, as reported by Slimani et al. [30], the glass cover increases the PV/T
collector overall energy performance at the expense of the capital cost increase, as discussed by Kabir
etal. [31].

Additional layout options were proposed in the literature to optimize the PV/T systems
performance. In particular, the enhancement of the heat transfer to the air flowing through the channel
of PV/T collectors has been investigated by several authors in the recent years. Tonui and
Tripanagnostopoulos [32] conducted an experimental investigation to analyse the effect of metal sheet
and fins installed in the air channels. This modification decreased the PV operating temperature by 4
and 10°C with respect to a PV/T collector without this metal sheet and fins. This concept also appears
in the study of Jin et al. [33], where an air-based PV/T system with internal multiple rectangular
channels was compared to a typical system without this equipment. The analysis was conducted by
taking into account five different air flow rates and two solar irradiances. Results showed an increase
in the cooling effect and in the system’s thermal efficiency (almost 30% with respect to the reference
system). Franklin and Chandrasekar [34] studied the effects of adding staves (vertical thin metal
sheets) in the trailing portion of the air channel of a PV/T system. A prototype was experimentally
tested in Tamilnadu (India) and compared to two reference systems (a standard PV and a PV/T
without staves). An increase of 5 and 2.5 °C was observed on the outlet air temperature under high
and low speed conditions, respectively, while a reduction of the PV operating temperature was
recorded. The use of longitudinal fins inside the air channel of an air-cooled PV/T was recently
investigated by Fan et al. [35], achieving a significant increase of the air outlet temperature (with
respect to the channel without fins). Ali et al. [36] added staggered plate segments inside a parallel
plate heat exchanger of a PV/T collector to enhance the heat transfer, whereas Hussain et al. [37]
proposed the installation of a hexagonal honeycomb heat exchanger into the air passage located under
the PV module, which increased the recovered thermal energy up to 60%. An experimental study was
conducted on water-cooled PV/T collectors by Yuan et al. [38] in order to compare the energy
performance of a simple PV panel, a commercial water-based PV/T system and a PV/T collector
equipped with a micro-channel heat pipe array. The micro-channels increased the electrical efficiency
between 10 and 11.2%, being much lower in case of the PV panel (ranging between 7.0 and 8.6%) and
of the commercial PV/T device (ranging between 7.7 and 9.6%).

A different PV/T layout concept was proposed by Wu et al. [39], which unlike the traditional

collectors, presented a water-cooled prototype with the heat exchanger placed above the PV panel.
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This arrangement was designed for increasing thermal efficiency by sacrificing the electrical one.
Results showed that by considering a water flowrate of 0.003 kg/s, a 4% increase of thermal efficiency
(with respect to a standard PV/T system) was achieved. Conversely, a 0.8% decrease of the electrical
efficiency was detected due to the heat exchanger shielding effect on the PV cells.

Concerning the system materials, a novelty is represented by the use of a phase change material
(PCM) layer placed on the back of a PV/T collector. Such an option was investigated by Chauhan et
al. [40], which compared a water-cooled PCM-based PV/T system to a standard one. A 33% growth of
thermal energy storage capacity and an increase of the useful time period from 75 to 100% was
detected for the PCM-based PV/T collector with respect to the traditional one. The possibility of
replacing the standard thermal insulation panel on the back of a PV/T system with a PCM layer was
also investigated by Yang et al. [41]. They compared the PCM-PV/T system with a traditional PV/T
collector, observing a decrease of the PV back temperature with a consequent increase of the electrical
efficiency from 6.98% (for the standard configuration) to 8.16% (for the proposed one).

Air and water are typically adopted as working fluids into PV/T collectors for their wide
availability and naught cost. As an alternative to these conventional working fluids, other promising
ones have been recently investigated. Al-Shamani et. al [42] compared two PV/T collectors cooled
with water and a nanofluid (based on silicon dioxide, SiO2), observing an enhancement in terms of
PV operating temperatures. Specifically, the temperature of the PV/T absorber plate dropped from 65
to 45°C with the SiO2 nanofluid, and from 65 to 50°C with water.

Nevertheless, despite the better performance obtained with the use of innovative working fluids,
air- and water-based PV/T systems are more often adopted, mostly for their lower initial and
operating costs [43]. From this point of view, several tests were performed by Tripanagnostopoulos
et al. [44] with the aim of comparing air to water as working fluids. The analysis was conducted on
PV/T collectors made by polycrystalline and amorphous silicon PV cells. A better performance was
achieved by using water, obtaining an increase of the electrical efficiency of about 3% with respect to
the air cooling option.

The use and spread of PV/T systems are also linked to the prediction of their energy and economic
performance on a yearly basis. To this aim, simulation tools are nowadays crucial as they are able to
provide reliable prediction of the energy performance and economic convenience of modern PV/T
collectors, as well as to aid the design process of the system. From this point of view several studies
are available in the literature. A well-known mathematical model was developed by Florschuetz [45],
who proposed an extension of the Hottel-Whillier-Bliss correlation, commonly used for the flat plate

solar collectors, to be applied for air- and water-based PV/T systems. Florschuetz described the steady
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state efficiency as a function of the average value of the heat removal factor and the heat loss
coefficient, proposing several major modifications, such as to use a linear relationship between the
cell efficiency and its operating temperature, by taking into account a reduction of optical efficiency
caused by the PV operation. This simple approach was extended and integrated with many steady-
state simulation models, as reviewed by Das et al. [46]. As an example, the quasi-steady state approach
was adopted by Herrando et al. [47], that modelled the performance of an energy system based on
novel water-cooled PV/T collectors. The model, developed in EES environment, was used to conduct
an economic analysis for assessing the feasibility of the PV/T prototype to balance the energy needs
of a single-family house located in three different weather zones. Finally, concerning the calculation
of the PV cells operating temperature to be used in the Hottel-Whillier-Bliss approach, several novel
equations for the calculation of the effective PV temperature (which in a PV/T system also depends
on the operating conditions) were proposed by Tripanagnostopoulos [48]. Recently, a modification of
the formula for the temperature of the PV module for a water-based PV/T systems has been proposed
by Bigorajski and Chwieduk [49].

It is noteworthy to observe that steady state and quasi-steady state approaches appears today
rather unsuitable for accurately assessing the energy performance of PV/T collectors. In fact, the
operation of these solar devices is intrinsically dynamic and the above mentioned methods could be
lacking to fully assess the effective behaviour of PV/T systems. Therefore, several tools were
developed for the dynamic analysis of these solar systems. A dynamic simulation model for assessing
the performance of water-based PV/T collectors in response to boundary condition changes was
developed by Chow [50]. The tool was based on a suitable resistance-capacitance thermal network
composed of seven nodes (one for each system component) and solved with the finite difference
method. A similar approach was adopted by Rejeb et al. [51], who presented a transient mathematical
model for analysing the thermal behaviour of a water-based PV/T collector. The mathematical model,
based on the energy balance of six main components (a transparent cover, a PV module, a plate
absorber, a tube, water in the tube and insulation), was validated against experimental results
available in the literature. This tool is able to assess the effects of meteorological, design and optical
parameters on the performance of the PV/T system. Results showed that for the Tunisian climate
conditions the best electrical performance, pay-back period and economic convenience was achieved
by unglazed PV/T collectors. Kuo et al. [52] presented a detailed method for the water-based PV/T
collector optimization by means of the TRNSYS software. In particular, the PV/T system performance
was simulated by varying six critical parameters affecting the system performance: plate material;

azimuth; panel angle; a number of tubes; mass flow rate; and volume to surface ratio of the hot water
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storage tank. The best set of these parameters was used to build the prototype subsequently tested. A
remarkable increase of electrical and thermal efficiencies was detected (12.7 and 34.1%, respectively)
with respect to the standard PV/T system. A computational fluid dynamics (CFD) approach was
considered by Thinsurat et al. [53] for developing a detailed simulation model able to assess both
thermal and electrical power generation of PV/T collectors. By this tool, authors analysed the system
feasibility for domestic hot water (DHW) production applications. A suitable integration with a
thermochemical sorption system for seasonal energy storage was also analysed. Results showed that
through the proposed integrated system (featured by 7.76 m? of PV/T collectors) it was possible to
balance the DHW demand of a single-house in the weather zone of Newcastle.

Over the past 20 years, the issues related to the integration of PV/T collectors in the building
envelope has been gradually investigated [54]. The building integration of these devices has opened
up to the investigation of different thermodynamic and aesthetic issues of solar building roof/facades
[55]. In this framework, the design of a novel building integrated photovoltaic/thermal (BIPV/T) solar
collector was presented by Anderson et al. [56]. Here, for a suitable PV/T system, integrated into the
roof of a sample building, a simulation model (based on a modified Hottel-Whillier-Bliss approach)
for the system performance assessment was developed and experimentally validated, Yang and
Athienitis [57] presented a numerical and experimental study for an air-based BIPV/T system. A
simulation model was developed in order to analyse the energy performance and optimize the design
of a PV/T system based on multiple air inlets, causing in a 5% increase of the thermal efficiency. With
the aim of assessing the building passive effects of BIPV/T systems, Athienitis et al. [58] presented an
in-house developed dynamic simulation model (based on the thermal network method) for the
assessment of both passive and active effects due to the integration of air-based BIPV/T collectors into
the vertical fagade of a high-rise building. Recently, Tomar et al. [59] developed a detailed analytical
model with the aim of estimating the electrical and thermal efficiency of four BIPV/T systems and of
understanding their implications on the building energy behaviour. To this purpose, four different
PV/T configurations integrated on four prototype test cells were tested and their overall performance
was compared for identifying the most suitable PV/T configuration for the climatic condition of the
Northern of India.

Innovative applications of this technology concern the coupling of PV/T collectors to other devices
in order to improve their energy performance [60]. From this point of view an example was proposed
by Zhang et al. [61]. Here, a water-based PV/T solar field was coupled through a suitable heat
exchanger to the evaporator of a gas engine driven heat pump for space heating. An increase in the

coefficient of performance, from 2.9 to 3.7, was achieved with respect to a heat pump equipped with
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a traditional evaporator. Finally, it is worth noting that although the PV/T technology is relatively
new, its applications (particularly those conceived for the building sector and the mitigation of the
associated emissions) have gained significant attention by the research community and stakeholders,

as reviewed by Chauhan et al. [40].

2.3. Building energy performance simulation model

Thus, after the introduction of solar and photovoltaics thermal collectors, the idea is to investigate
how it is possible to integrate such devices into the building. With the aim of assessing the
environmental and energy-related impacts, the adoption of a suitable building energy performance
simulation (BEPS) tool is more and more crucial.

The sustainable energy transition of the building sector is driven by the proper implementation
of energy efficiency actions. In this regard, the use of BEPS tools is essential for predicting all the
possible benefits achievable through innovative solutions and techniques conceived for energy saving
purposes [62, 63]. Given the growing concern about the energy efficiency in buildings, several tools
have been developed with the aim of assessing the energy performance of single buildings as well as
of providing global and city-scale planning and setting guidance for the use of policy-makers and
stakeholders [64]. Concerning the individual building analysis, the available tools have been mostly
developed and used with the aim to:

e support an energy efficient building design or redesign, construction or refurbishment, and

operation [65-67];

e deal with all the most important phenomena occurring in the building [68-70];
e address the effectiveness of applied energy efficiency techniques or renewable energy sources [5,

71] while promoting their implementation for the building energy diagnosis [72, 73].

Building simulation models mostly differ in temporal and spatial resolution and modelling
approaches. An overview of theory and assumptions is presented in reference [74]. Here, authors
compare the capabilities of the major building energy simulation tools [75], whereas selection criteria,
based on energy’s user needs, are discussed in reference [76]. Reviews of BEPS tools are proposed by
several authors, concerning the analysis of the integration of renewable energy [77, 78], the simulation
of district-level energy systems [79, 80], and the performance of low-energy buildings [76, 81].

Although BEPS tools have been in use throughout the building energy community since decades,
their adoption has been boosted by the recent advances in computational methods and computer
calculation power [82], which provide opportunities for the enhancement of simulation tools and for

the development of new ones, especially developed for simulating innovative building energy
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efficient technologies [83]. In fact, despite of the availability of commercial BEPS codes (often
characterized by high level of flexibility and complete user interfaces/data libraries), the development
of up to date tools and novel in-house simulation models have become more and more common for
research aims and, more in general, for aiding the implementation of new unreleased energy
efficiency measures (e.g. [84-88]). In this regard, the use of BEPS codes in the building design process
is highly recommended especially for the design of the next generation of buildings requiring
different innovative features/materials and energy efficient measures (e.g. phase change materials,
thermally activated systems, passive strategies, integrated renewable technologies, etc.). In case of
new and/or not commercialized technologies and materials, for which no experimental data are
available yet [89], the development of suitable simulation models is often required and recommended.
This is particularly true for the design of the next generation of buildings (as NZEBs) to be carried out
through suitable computer-based energy analyses [71, 90-92]. New BEPS tools are also developed with
the purpose to evaluate the occupants” comfort, and to stimulate models robustness and fidelity also
toward the implementation of innovative control strategies [74, 89].

Despite of such progress and effort, building energy simulation is still nowadays a complicated
process that requires and involves modelling and analytical skills [93]. The use and development of
BEPS tools and the analysis of the obtained results can be considered as a challenge for building
designers and practitioners, sometimes undecided about the choice of the BEPS tool to be adopted as
well as by the reliability of the related calculation results [89]. In this regard, since these tools are
developed to predict the thermal performance of new buildings or to recommend energy retrofit
packages for refurbishment, validation procedures (sometimes improperly substituted by calibration
ones) are necessary to reduce simulation uncertainties [94, 95]. In fact, the validation of a novel in-
house developed BEPS tool is mandatory to ensure unfailing and accurate energy analyses and to
prevent untrustworthy results.

To ensure the reliability of a BEPS code, standard validation processes are frequently used [89]
to validate new models, examples are reported in references [91, 95-97]. The use of validation
procedures has been recently emphasized by the Energy Performance Building Directive (EPBD)
issued by the European Union, which also underlines the need of new certified tools for decision-
makers and practitioners to be developed with the aim to support integrated building design
applications while ensuring the compliance with higher energy efficiency standards.

The available literature includes several general criteria and standard procedures for the
validation of novel BEPS tools [98, 99]. These procedures consist of comprehensive and integrated

suites of building energy analysis tool tests, involving empirical, analytical, and comparative
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approaches [100-102]. Here, the differences depend on the method in which the calculated outputs
(i.e. by a subroutine, algorithm, software, etc.) are compared to the data considered as reference ones
[98, 103]. Specifically, simulation results relative to a building tool or component to be validated can
be compared to i) measured data, obtained by a real building, a test cell, or laboratory experiments,
in case of the empirical validation, ii) results from accepted numerical methods or standard analytical
solutions (i.e. simulation of the heat transfer mechanisms under certain boundary conditions), in case
of the analytical verification procedure, iii) results obtained by the current state-of-the-art codes
(considered as reference tools and more reliable than the code under exam), in case of the comparative
test procedure [101]. More details regarding the advantages and disadvantages of such procedures
are reported in [100, 102].

Despite of the progresses in validation methods for building energy simulation tools, the
validation process is still time consuming and rather difficult to be accomplished [104]. Although
empirical validation procedures, based on real metering and auditing data, are considered as very
reliable procedures [105], they are often used for the validation of tools and mathematical models
developed for simulating specific phenomena. In this regard, the literature shows several examples
of such a procedure applied to the validation of models relative to thermally activated building
systems [106-108], daylighting or HVAC interactions with respect to window or solar gain [109, 110],
double skin facades or ventilated cavity [111-114], activities of occupants and their interaction with
the building loads [115], etc.. It is worth noticing that though experimental validations of single
mathematical models for the simulation of the energy performance of a specific new building’s
technology, component or material, can be often easily carried out, the experimental validation of
whole BEPS tools is mostly unfeasible. This is the case of dynamic building simulation tools including
innovative and integrated energy and building envelope solutions which would require extensive
testing procedures, costly and time consuming [71, 116]. For this reason, very often new and validated
subroutines (developed for simulating specific innovative technologies) are added to commercial
BEPS tools [89] for conducting whole building energy simulation analyses. Nevertheless, the correct
experimental validation of whole BEPS tools integrating novel technologies would require the
construction of full-scale buildings, rather expensive and often impracticable. For these reasons,
experimental validation procedures through suitable test cells or scale building models are becoming
more and more frequent [117]. For novel thermal models few empirical validations works are
available in the literature, as reported in references [106, 118, 119]. Here, suitable test cells are often
used for analyzing the accuracy of the related results, whereas idealized test cells are built for suitably

taking into account the effects of specific building features to be studied [100]. In case of unavailability

15



Chapter 2 - Literature review

or unfeasibility of a suitable experimental set-up, the comparative approach (also known as code-to-
code validation) is considered. Here, the results obtained by the simulation model under exam are
compared to those obtained by different comparative tests cases, necessary to evaluate the reliability
of the building simulation model under different operating conditions. From this point of view, the
IEA commissioned a number of projects for developing proper validation methodologies for building
energy models [100, 120-122]. Among these, the Building Energy Simulation Test (BESTEST) [101, 102,
123] and the ANSI/ASHRAE Standard 140 [124] suites aim of increasing confidence in the use of BEPS
tools, by producing standardized test procedures for validating, diagnosing, and improving the

current generation of software.

2.4. Building integrated photovoltaic thermal system

Among the above-mentioned devices, the hybrid solution, i.e. PV/T, is a promising technology for
the simultaneous generation of electricity and useful heat. As already mentioned in section 2.2, this
arrangement, that has attracted an increasing attention since 1970s, aims at increasing the electrical
efficiency by extracting waste heat during photovoltaic operation [125]. Depending on the operating
fluid, PV/T systems are divided in two types: air-based and liquid-based. Liquid based devices are
more efficient than air cooled PV/T ones and their efficiencies are often comparable to those of
conventional solar thermal collectors. On the other hand, if compared to liquid models, air based PV/T
devices show lower installation and maintenance costs, and reduced risk of leakage and freezing
[126]. Innovative systems and products have been assembled and industrialized in the last decades,
while theoretical models have been developed, mainly by academics, for the evaluation of their
energy performances [127]. A survey about recent advancements and trends in PV/T technologies,
research and development is available in [28].

A remarkable research effort has been focused on the Building Integration PV/T (BIPV/T) systems,
where solar modules are suitably connected and mounted on or into the building envelope to serve
as a material (cover or structure), to produce useful electrical and thermal energy, and to increase
aesthetic [128]. These systems may become a standard building component, to be taken into
consideration during the design stage of new buildings or in case of building renovations, where the
implementation of energy efficient measures and renewable technologies is crucial to reach the
current building energy efficiency standards adopted worldwide. Currently, BIPV/T systems are
considered as a promising and effective measure to promote net and nearly ZEBs through enhanced

on-site solar energy utilization, especially in case of grid-connected systems [4].
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In the last few decades, as a function of the BIPV/T fluid used to cool the PV (e.g. air, water,
refrigerants) and of the typology of receivers (e.g. flat plate, concentrating), different BIPV/T systems
have been developed. Although the research and industrial attention on this technology, few surveys
investigating different aspects of the building integration of PV/T have been published. In particular,
recent research works focused on techniques capable to make PV/T collectors more viable for the
building heating load are analysed in [129]. Here, a particular attention is paid on the examination of
theoretical and experimental analyses on BIPV/T systems for heating applications. A review on
electrical performance (e.g. energy generation amounts, nominal power, efficiency, etc.) and on
simulation and numerical studies relative to BIPV/T systems is reported in [130]. A comprehensive
survey about advantages and limitations of air and water based BIPV/T systems, with a special focus
on the installation methods, applications, and system performance as well as economic and social
aspects, is reported in [131]. Another interesting comprehensive review article of BIPV/T including
research and development issues, application, and current status of BIPV/T technologies is presented
in [132]. Here, author also discuss the recent experimental and numerical methods developed for
studying BIPV/T systems and their impact of BIPV/T on the building performance [132].

In the following section, recent development of BIPV/T system with a focus on the technology of
interest for this work, i.e. air based flat-plate open loop active BIPV/T, is discussed with the twofold
aim to identify the lack of knowledge and to introduce this study. Interested readers are highly
encouraged to refer to the available reviews before presented about PV/T [28, 125, 127, 129, 130] and
BIPV/T [131, 132] systems.

The air based BIPV/T technology, despite its poor thermo-physical properties, is generally
preferred for building applications due to its cost-effectiveness if compared to the liquid based
technology, i.e. lower installation and maintenance costs [131]. In air BIPV/T systems, an air cavity is
created between the upper PV modules and the lower insulation layer, mounted on the building roof
/ facade, replacing expensive materials. Through the air gap, outdoor air flows (naturally ventilated
or fan-driven) cooling the PV modules, with a resulting enhancement of the PV electrical efficiency.
The heated outlet air may be recovered for multipurpose aims, as space heating among others. The
utilization of both electricity and useful heat is obtained through open loop active air PV/T systems,
whereas in passive devices the outlet air is exhausted to the environment and only electricity
production is achieved [132].

To increase the performance of air based BIPV/T systems, in terms of useful thermal and electrical

energy, different improvements, here discussed, have been recently proposed in literature [128]. In
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particular, to enhance the useful thermal energy production, obtained by boosting the heat transfer,
different configurations have been proposed.

A first cost-effective solution to augment the heat transfer in air based PV/T systems is reported
in [133]. Such novel configuration consisted on the use of a suspended thin flat metallic sheet or fins,
placed at the middle, or at the back wall, of an air duct. An experimental investigation on the
performance of an innovative air PV/T device, with a double pass configuration and vertical fins in
the lower channel (air flows from the upper channel to the lower one), is presented in [134]. The heat
transfer rate and the PV efficiency resulted to be enhanced by the implementation of fins arranged
perpendicularly to the direction of the air flow.

The inclination of the air channel has been proved to have a remarkable impact on the air
circulation in the cavity gap, where natural or forced convection influences the heat extraction from
the PV panels. The characteristics of the air flow in an inclined heated cavity model, under steady
conditions, were experimentally assessed in [135]. Here, authors found out that the convection in
tilted channels takes benefits of low natural force of buoyancy, being less performing than vertical
channels. In this regard, two mathematical relationships for assessing the convective heat transfer
coefficients for the top and bottom surface of the PV panels (in an air open loop BIPV/T system) were
recently estimated as a function of the tilt angle (from 30 to 45°) of the system [136]. From the analyses
of measured data, no significant difference in Nusselt numbers was found out, suggesting that
buoyancy effects are almost constant in the investigated roof slopes [136].

Comparative studies about different BIPV/T system configurations have been conducted by
several authors. As an example, three open-loop air BIPV/T roof system layouts for heating purposes,
consisting of an unglazed roof BIPV/T system, also connected to vertical glazed solar air collectors,
and of a glazed roof BIPV/T system, were theoretical and experimental analysed in [137]. Authors
found out that through the unglazed BIPV/T system configuration with extra short string of vertical
solar air heater showed the best electrical and thermal performance, also for sloped roofs in cold
climates [137]. The performance of a roof mounted BIPV/T system with four different configurations
consisting of series and parallel combinations are proposed in [138]. In the investigated cold climates,
the combination of all rows connected in series, with constant air mass flow rate, resulted to be the
best configuration among the proposed (reaching an overall thermal efficiency of more than 50%),
with a sensible reduction of the heating peak demand [138]. A comparative analysis of roof mounted
air BIPV/T system, based on an opaque solar cell tile array and on a semi-transparent PV/T array, was
conducted with the aim to calculate the indoor air temperature [139]. Simulation results showed that

a higher extraction of heat from PV cells (i.e. the outlet air temperature was about 24% higher) is
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obtained in case of semi-transparent PV/T collectors (mostly due to their lower packing factor), with
a consequent lower internal room temperature compared to the opaque tile array roof system.
Another comparative study carried out to assess how an air BIPV/T system influences the building
energy profile and load is reported in [140]. Here, three different BIPV and BIPV/T applications,
consisting of a wall BIPV with no ventilation, an air gap BIPV/T system, and an air gap BIPV/T with
indoor air flow operation, were compared. The last configuration, due to the outdoor air circulated to
the indoor, resulted to be the more effective in reducing the heating load (about 27% lower), and
capable to prevent the decreasing of the PV efficiency [140]. A case study on a double pass semi-
transparent PV/T system integrated in the building facade for space heating purposes was presented
in [141]. The proposed configuration resulted to be more efficient than conventional opaque PV
double pass systems, resulting in higher thermal and electrical productions. Its energy performance
was evaluated through a numerical model suitably developed by the authors, predicting an increase
of the indoor air temperature by 5-6 °C in winter days.

The influence of the channel depth, length, air distribution duct diameter, and air mass flow rate
per unit collector area on the whole system performance has been investigated by different authors,
as discussed in [129]. For instance, an PV/T air collector linked to the air distribution system of a
residential building and the air mass flow rate was tested by varying the required temperature
increase [142]. The smaller collector depth resulted to be more efficient in terms of good performance
for large temperature difference. On the other hand, in such study it was also noted that the design is
also very sensitive to the ratio of mass flow rate and collector area. An interesting concept of modular
PV/T system is presented in [143]. Here, PV/T modules were integrated onto the vertical exterior
wallboards, assembled to replace roof systems removing its drawbacks (e.g. reduce system cost,
overcome roof leak due to snow, etc.). In particular, a two months test was carried out on a modular
wallboard integrating PV/T panels, tilted at 80° such layout was also compared to other
configurations obtained by varying the PV protective material. Authors found out, according to the
literature, that a glass cover produces the enhancement of the thermal efficiency from 22 to 29%,
whereas the electrical efficiency (about 11-12%) was not affected by the typology of protective material
[143]. Marginal differences on the PV efficiency of a novel configuration of multi-functional roof-
integrated PV/T system were obtained by analysing the air gap ventilation mode [144]. In particular,
no significant differences were detected between the electrical yields of the two operating modes [144].
A study on the energy performance assessment of a photovoltaic solar wall, with different operating

conditions for the ventilated PV fagade, is presented in [145].
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Recently, the strategic placement of PV/T modules has been proven to be crucial to enhance the
heat extraction from PV modules. To this aim, the use of modular solar walls with broken lines (i.e.
openings) among PV/T modules is a feasible and interesting solution for helping to prevent excessive
heat, as demonstrated for example by the SolarWall® technology (Conserval Engineering Inc.). Such
concept, known as multiple inlet approach, aims to enhance the performance of air based BIPV/T
collectors, and has gained much attention in the last years [146]. In particular, the optimization of a
single inlet prototype of an open loop air based BIPV/T system is proposed in [57]. Here, the design
of the BIPV/T system was improved with the multiple inlets concept, and other means of heat transfer
enhancement, studied through simulations. Simulation results showed that the use of two inlets may
still lead to marginal electrical efficiency rise, increasing the thermal efficiency by about 5%. Moreover,
the addition of a solar air heater system with a smooth air channel enhanced the thermal efficiency up
to 8%, reaching 10% with a wire mesh packed air cavity. The decrease of the peak PV temperature (of
about 1.5 °C) was also observed (though the marginal increase in PV efficiency), whereas a
temperature decrease from 5 to 10 °C is expected in case of larger installations (5-6 meter) [57]. The
developed and experimented model related to four inlets was also applied to a BIPV/T roof of an
existing solar house, showing an increase of thermal efficiency of about 7% [57]. Different
configurations of such BIPV/T system were investigated in case of opaque and semi-transparent
mono-crystalline silicon PV panels [147]. Here, experimental results demonstrated that the semi-
transparent configuration with two inlets enhances the thermal efficiency by 7.6% if compared to the
opaque system. Authors also found out that no significant costs are added in case of the two-inlet
BIPV/T design. These air based glazed BIPV/T systems with multiple inlets, obtained through a
modular plug and play solution for building fagade and roof applications, were also compared to non-
building integrated unglazed thermal collectors (as reported in [146]), showing very similar thermal
efficiency [148]. The results of a numerical investigation carried out to compare the performance of
single and multiple-inlet BIPV/T systems is presented in [149]. Here, electrical and thermal
performance, and PV temperature distributions were compared by taking into account a cold winter
and a hot summer day, as well as different wind conditions. Such study includes a detailed flow
distribution model, developed by using pressure drop and flow correlations, wind tunnel pressure
measurements, and a modified energy balance model for the multiple inlet system. The authors found
out that, through a multiple inlet BIPV/T system, the increase of the electrical efficiency is still
marginal (about 1%), whereas the thermal efficiency increases by about 24%. Finally, a multiple inlet
configuration was also taken into account during the experimental investigation of the influence of

the underneath cavity on buoyant-forced cooling of a BIPV/T located on inclined roofs [150]. The
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building prototype consists of an insulated polystyrene chain structure, experimented in a solar
simulator positioned in an atmospheric wind tunnel to naturally ventilate the cavity. The observed
PV temperatures resulted to be significantly lower in the configuration with three openings,
compared to the single one. As reported by the authors, experimental tests were also done to be later
used for the development of tools capable to predict the PV degradation probability as a function of
the climate, in order to quickly obtain aging test conditions and enhance the durability of the PV
modules [150].

By means of simulation models, specific phenomena of PV/T collectors, regardless of the working
fluid and configuration, are commonly simulated by assuming as one-dimensional the heat transfer
and by taking into account thermal network models discretized through the finite difference scheme
[132], whereas other methods include the modified Hottel-Whiller approach and the use of
computational fluid dynamics [130]. The thermal network approach, especially in case of air type
PV/T, has been recently adopted by several authors, focusing on the assessment of the system
performance (e.g. [137, 151]) and on the flow and heat transfer [152, 153], calculated under variable
working and design conditions. The overall energy performance of BIPV/T systems, focusing on the
whole building-plant, is generally carried out by using commercial software, e.g. TRNSYS,
EnergyPlus and ESP-r [154]. The use of whole building simulation analyses is also used for the
assessment of the economic feasibility of the BIPV/T system, examples are recently reported in [155,
156]. By means of such tools, to the best knowledge of the authors, several studies concerning the
analysis of the air based BIPV/T system integrated with other energy systems (such as heat pumps,
heat storage, heat recovery ventilator and absorption and adsorption chillers) are available in
literature (e.g.[157, 158]). Nevertheless, although the incredible research effort on the analysis of
BIPV/T systems, the available literature still found that the behaviour of the coupled system needs to
be further investigated, being crucial for the promotion of this technology [154]. An example of a novel
analysis developed for a non-cold climate is reported in [158]. Here, a typical air open loop facade
BIPV/T system for the Mediterranean climate (i.e. Greece) and its energy saving potentials were
investigated by means of TRNSYS [158], showing that diverse BIPV/T (e.g. aspect ratio, flow rate, etc.)
design versions must be adapted to different climatic conditions and building orientations.

Although the BIPV/T technology has been largely investigated, there is still a lack of analysis
concerning the impact of the building integration on both the active and passive effects, and, therefore,
on the building energy performance [4, 132]. As reported in the above mentioned surveys, further
BIPV/T system research is necessary to provide methods for carrying out comprehensive building

performance analyses, with the aim to increase the attractiveness of such system [132]. In fact, in most
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of the numerical investigations available in literature, many important aspects linked to the
integration of PV/T devices into or onto building envelope (e.g. variation of the visible and light
transmittance, thermal transmittance, impact of the solar radiation on the building energy needs, etc.)
are neglected. Therefore, researchers are encouraged to focus on the analysis of passive effects due to
the building integration of PV/T devices on the overall building performance [154]. To this aim, the
use of suitable numerical and predictive models is also crucial [159].

To assess the BIPV/T system active and passive behaviours, with the aim to optimize the system
design and operation, the development of simulation tools is recommended [4, 154]. Suitable
numerical models are more and more developed aiming at modelling and simulating the energy
performance of novel system configurations or system operation strategies, which cannot be analysed
through commercial software; by such tools the analysis of the effects due to some critical design and
operation parameters on the BIPV/T system performance may not be always possible. Therefore,
especially in case of novel system configurations and/or specific flow and heat transfer conditions,
novel in-house mathematical models have been recently developed [57, 149, 160]. In such studies,
authors suitably developed simulation models based on the energy balance approach and on the
thermal network analogy, committing a particular attention to the simulation of a specific
phenomenon or aspect, e.g. flow distributions, multiple inlet PV/T performance, heat transfer
coefficient between air the wire mesh. As highlighted by the available literature, in many in-house
developed models, the main focus is on a specific characteristic of the BIPV/T system, whereas the
building thermal modelling is simplified, and its thermal behaviour is often neglected. Moreover,
many commercial simulation tools for BIPV/T analysis are based on static calculation methods and on
the decoupled modelling approach. Here, the back temperature of collector calculated is calculated
by neglecting the wall/roof thermal capacity and it is imposed as a boundary condition of the building
envelope integrating the PV/T. These widely accepted simplifications are not suitable for low or null
insulation between the PV and the wall/roof and for heavyweight building envelopes (typical of hot
climates and thermal cooling applications), where the thermal modelling of the building becomes
curial for its energy requirements calculation, as also pointed out in [160].

None of the study available in literature focus on the investigation of the performance of a facade
BIPV/T system for high rise buildings, obtained by taking into consideration both passive and active
effects on the building overall energy consumptions. Such concept is suitable for this kind of buildings
in which a large amount of surface is available. In particular, this thesis presents a new in-house
developed simulation model for the dynamic analysis of air based open-loop BIPV/T systems, with a

particular emphasis on the building thermal behaviour. By means of the code, the performance of an
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air BIPV/T system for high rise building fagade, to be considered in case of retrofits or new designs, is

investigated.

2.5. Building to vehicle to building

The concept of net or Nearly Zero Energy Buildings (ZEB) has brought to the forefront by the
EPBD (Energy Performance of Buildings Directive) [161], considered as a promising approach to
minimize the building sector energy consumptions (about 30-40% of the world primary energy
consumptions in regions belonging to the Organisation for Economic Co-operation and Development
(OECD) [162]) and carbon dioxide emissions, while increasing the penetration of technologies based
on Renewable Energy Sources (RES) in buildings [4]. A net or nearly zero energy building is a high
energy performance building [163] that requires a very low amount of energy, obtained through the
efficient design [5, 164-166], to be covered to a very significant extent, or even completely, through
RES [167].

The common basic design rule of ZEBs is to address demand first, and then supply [168]. Despite
of the available energy carriers (electricity, natural gas, hot/cold fluids by thermal networks for district
heating/cooling, biomass and other fuels), a key-feature of a ZEB is the ability to locally produce on-
site energy vectors. In fact, a ZEB should be designed to match its own load by on-site generation
(exploiting local RES on-site) and exporting or importing energy with utility grids, working in
synergy with them. In this regard, the two-way grid concept is crucial to increase the share of electrical
renewable energy within the grids [169].

In this regard, a wide dissemination of distributed generation may compromise power stability
and quality in grid structures, mainly at local distribution grid level [169]. Nowadays, developing
novel methodologies to minimize the energy consumption of a building, while suitably integrating
RES into the power grid (main electricity source) seems to be a crucial issue which will greatly
contribute to a more sustainable community [170]. For this reason, shifting the building energy
sources away from the electricity grid toward on-site RES is a key concept for a sustainable building
sector and ZEBs. In this regard, among available RES (solar panels, wind turbines, etc.), the use of
solar based technologies, e.g. solar photovoltaics (PV), to supply the energy demand of buildings is
crucial, as investigated by many authors [171, 172].

In the available literature, the ZEB target is mostly considered at the building scale, so the effort
toward its definition [163], the development of standards and calculation methods [71, 173], together
with the development of tools for the early design of ZEB [174] and of relevant case studies [175] are

basically focused on single buildings considered as independent energy users. On the contrary, by
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expanding the energy framework toward a larger scale, it becomes crucial to consider the location of
the buildings and their operation with respect to human activities as highly impacting on the energy
efficiency of buildings and mobility energy consumptions. Similarly to ZEB, the mobility energy
consumption, although widely investigated in literature, is mostly considered as a single energy entity
[176, 177]. Very few papers, available in literature, focused on the analysis of ZEB in a urban / district
concept. An example is reported in references [178] and [179], where authors analyze the potentialities
of an integrated approach, by linking transportation and building energy consumptions, developing
a tool for assessing the consumption in residential buildings and for daily mobility.

The transport sector is the most dependent on oil (about 95 %) in which road vehicles account for
about 35% of the global energy use for transport [2]. The daily mobility represents a significant
contributor to the total final energy demand at a city and neighbourhood level [178]. Such demand is
being driven by the spatial distribution of human activities [180], especially by the home-to-work
commuting, thus, it is often linked to the building consumption for spatial planning policies [181].

One of the promising solution to reduce the dependence on fossil fuel by the transportation sector,
decreasing the greenhouse gas emission, is the shift toward the electrification of automobile
powertrains [182]. This will reduce the local emissions resulting in an improvement in air quality and
higher energy efficiency compared to internal combustion engine vehicles [183]. Nevertheless, a
potential issue linked to the massive adoption of Electric Vehicles (EVs) is the simultaneous charge
due to a high number of vehicles, which can lead to a considerable increase of the peak load of the
electricity demand [184]. This issue highlights the need of suitable energy policies to improve grid
stability [185].

Nowadays, the car industry is allocating remarkable investments in the development of EVs, and
their energy demands will be increasingly covered by distributed energy resources (DER) located in
our cities [186]. A review on EV technologies, their connectivity and impacts on grid as well as
standards required for their efficient and profitable operation with DER is presented in reference
[187]. EVs can be considered as fundamental parts of a smart grid, being capable of providing valuable
services to power systems (by acting as energy sources), other than just consuming power (by acting
as energy sinks). In this regard, several papers available in literature analyse different aspects of the
integration of EVs in the power grid, focusing on services, optimization and control aspects [188],
computational scheduling methods for the intelligent integration with power systems [189], issues
related to driving patterns and charging behaviour [190], as well as forecasting methods [191] to
promote the smart managing of the EV charging operation [192] and its use as mobile storage units

via Vehicle-to-Grid (V2G) technologies [193]. It is worth noting that the implementation of smart
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charging strategies for EVs batteries can minimise the cost linked to the upgrade of grid capacity while
enhancing the operation of grid systems, by providing a large responsive storage system constituted
by EVs batteries [194].

As distributed electrical storage systems, EVs play a crucial role in the management of the energy
fluxes in buildings. In fact, by means of intelligent bidirectional chargers, an EV may be powered by
renewable energy sources installed on-site and may be a viable energy source to supply the power
demand of a building [195], in addition to RES. EVs may potentially become one of the main energy
contributors of buildings to the achievement of the NZEB goal at a large scale [178, 196]. This concept,
known as Vehicle-To-Home (bidirectional V2H technology), allows one to achieve the integration of
EVs with RES (e.g. PV, wind turbines), toward a more efficient and sustainable energy paradigm [197].
A V2H system allows the EV battery to store eventual excess of energy generation from renewables,
to be subsequently used when the main source of power generation system is not capable to meet the
building energy demand. This leads to a number of advantages, namely: matching supply and
demand, minimizing the infrastructure of power transmission and improving the power grid stability
[197]. The basic idea behind the V2H technology is the possibility to use electric vehicles as storages,
exchanging power to and from the grid when parked and plugged in. The major challenge and
potential of V2H systems are grid losses and balance of the intermittence of the generation and the
load [198].

V2H technology has been studied from different points of view, such as: i) development of
simulation models [199], ii) challenges and prospects to use vehicles to home and vehicles to grid
systems [197], iii) case study analysis on the grid interaction [200]; iv) economic [201] and
environmental aspects; v) optimization analysis of V2H system for NZEBs [195]. Nevertheless, few
studies on V2H system available in literature focus on the energy management at a building level
[202-204]. Many authors focused their study on a specific aspect of EV technology and its coupling
with buildings, such as the EV battery performance with different charging/discharging strategies
[184, 205, 206], driver behaviour [207, 208] and models for the evaluation of energy and economic
impact [207, 209, 210]. The design of an energy management system to enhance the integration of EVs
into building is presented in reference [209]. Here, authors formulated an objective function for
minimizing the total power demanded by the system and the total power injected back to the grid, by
modelling the scheduling of the EV with a stochastic method (to simulate trips, charging and
discharging phases) [209]. An operation decision model for electric vehicle to building integration is
presented in [207]. Here, authors carried out a simplified analysis based on hourly electric and thermal

energy demands data of a medium office building interconnected with an EV charging station.
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Simulations, carried out for a sample summer day, aimed to minimize the operation costs of both
building and charging station (economic saving of about 23%) [207]. The same model is used to
evaluate the impacts of driver behaviours and building categories on the economic performance of
electric vehicles integrated in buildings [207]. An optimal control model is developed in reference
[210] with the aim to study the economic feasibility and the benefits of the grid interaction of smart
charging and the control of space heating loads of several residential buildings (each one connected
to a single EV), with on-site photovoltaics.

Only few papers analyse the energy demand of vehicles as building-related energy use, including
the EV in the energy buildings” energy balance. Specifically, the first study investigates the role of
electric vehicles and solar energy sources as potential featured in a net zero energy building (NZEB),
by means of dynamic simulations [195]. Results show that the V2H system is capable to reduce the
electricity required from the grid by up to 68% [195]. A second study, based on the development of a
mixed-integer linear optimization model, addresses the energy management problem of housing and
personal mobility with EV [196]. Here, the optimization model is applied to a novel house concept
integrating photovoltaic panels and district heating/ground source heat pump. Simulations results
demonstrate that the V2H technology is capable to enhance the annual imported/exported energy, as
well as energy matching indexes [196]. Finally, the investigation of strategies aimed at limiting the
impact of both heat pumps and EVs on the electrical demand of future dwellings integrating PV is
presented in [211].

The analysis of the literature highlights a great research effort toward the study of the EV
operation within the grid, whereas only few studies focus on the V2H concept, such as on the EVs
integration within the energy balance of the building integrating RES. Since the share of electric, and
autonomous, vehicles is expected to increase in the near future along with the level of automatization
of buildings [211], the need of intelligent energy management schemes to control the energy exchange
between all the key users (i.e. EVs, buildings, RES), will be crucial. Consequently, an accurate
prediction of building electric loads, EV consumption and PV generation is necessary, together with
the possibility to optimize the size of electrical storages, aiming at improve the economic feasibility of
the whole system [196]. Such research gaps, highlighted by the literature, must be also applied to a
larger building scale, as EVs represents the next step of distributed energy systems. In this regard, the
ZEB concept applied to a neighbourhood or to a city refers to scenarios where transportation,

buildings and electric grid, powered by RES are analysed with an integrated approach [212].
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In this chapter, a deep scientific literature review of the five topics, on which this thesis is based,

is introduced. Here, the main researches and the main subjects treated in recent scientific literature

are highlighted. By considering the analysed papers, the methodology adopted in this thesis was

suitably developed and it can be summarized in the flow chart reported in Fig. 2.1:
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Fig. 2.1. Methodology adopted.

In this chapter, a deep scientific literature review of the five topics, on which this thesis is based,

is introduced. In this chapter, the main researches and the main subjects treated in recent scientific

literature are highlighted. At the end of this analysis, significant lacks of knowledge were detected

and they can be summarised as follow:

e there are no available studies involving the simultaneous optimization of the main

parameters affecting the performance of flat plate solar thermal collector systems;

e there are no flat plate vacuum solar thermal collector systems able to store thermal energy

without the adoption of suitable hot water storage tank;

e there are no studies focusing on the design of low-cost PV/T prototype suitable coincided

for be integrated into the building envelope;
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there are no criteria and guidelines involving the coupling of photovoltaic/thermal collector
with air-to-air heat pump;

a lack of knowledge regarding the assessment of both active and passive effects provided
by building integration photovoltaics thermal system in high-rise building is detected;
very few studies on V2H system available in literature focus on the energy management at

a building level.









CHAPTER
3

3. Solar thermal collectors

As it can be derived from the literature review reported in chapter 2, the performance of a solar
thermal collector is affected by several parameters. With the aim of optimizing such technologies, the
adoption of parametric analysis is not enough. Therefore, with a simple parametric analysis it is not
possible to carry out a comprehensive analysis and discover the correlations among the parameters
characterizing the performance of the collector. For such a reason, a sensitivity analysis is needed. The
sensitivity analysis can be adopted for determining the effect of the parameters on results [213]. With
this kind of investigation, it is possible to obtain a rank of the most influencing parameters and decide
which of the selected parameters need to be improved. A structural analysis is also considered for the
design of both glass cover and absorber plate thicknesses. In addition, two novel evacuated flat-plate
solar thermal collector prototype are introduced. The first solar thermal collector is characterized by
a very low initial cost whereas the second one (called Tank_v.2) is characterized by high-vacuum

space (i.e. 10 mbar) for dwelling hot water storage purposes.

3.1. Aim of the work and content of the chapter

The literature review shows that despite a wide number of papers focusing on the investigation
of different parameters characterizing FPCs, there are no available works involving on the
simultaneously optimization of the main parameters affecting the performance of FPC systems. In

this chapter, a mathematical model written in MatLab environment is developed with the aim to
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assess the energy performance of FPC systems. The code adopts a quasi-steady approach and it is
based on Hottel-Whillier-Bliss equations adjusted for assessing the features of the FPC collector
technology. Then, in order to optimize a typical FPC, a sensitivity analysis on the main effective
parameters is also presented. This analysis is based on the developed code that is implemented in a
suitable tool available in MatLab Simulink. Such sensitivity analysis is conducted with the twofold
aim to identify the main parameters and to find out which of them have the greatest influence on two
considered objective functions (i.e. maximize the working fluid outlet temperature, maximize the
thermal efficiency). Finally, a comparison between the optimized FPCs against a typical one is also

presented in order to show the potential of the proposed method.

3.2. Method and model description

In this section, the considered method is described in detail. Firstly, the investigated solar thermal
collector with the main features is described, and secondly the developed mathematical model for
assessing the performance of the investigated FPC is presented. Finally, at the last part of this section,
a sensitivity analysis is presented, which is carried out based on the described code, in order to

identify the most effective parameters for the performance of the investigated FPC.

3.2.1. Solar thermal collector description
For this work, a typical FPC available on the market is investigated. A schematic representation

of the collector can be seen in the sketch depicted in Fig. 3.1.
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Fig. 3.1. Solar thermal collector details: a) top view b) side view c) cross-section view.
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The device consists of a glass cover, a copper absorber plate, a set of copper riser pipes, a glass
wool insulation layer, and steel sheet edge cover (Fig. 3.1a). The glass cover has a length (L) of 2.0 m,
a width (W) of 1.1 m, a thickness (65) of 8.0 mm, and a gross area (Ac) of 2.2 m2 The copper absorber
plate has the same dimension of the glass cover except from the thickness (6y) thatis 0.5 mm. A number
of (Npipes) 8 copper riser pipes, with an inner diameter (D;) of 13.4 mm, an outer diameter (D) of 15 mm
and a thickness (pipes) of 0.8 mm, are welded on the absorber plate. An air gap spacing (Lgp) of 50 mm
is made between the glass cover and the absorber plate, as it is clearly visible in Fig. 3.1b. A glass wool
insulation layer with a thickness (0cins) of 30 mm wrapped the edges whereas the same material with
a different thickness (0v,ins), of 50 mm, is adopted to insulate the bottom of the collector as well. A sheet
metal (6v) of 0.5 mm is composing the edge cover. The main geometrical and thermophysical features

of the system are reported in Table 3.1.

Table 3.1. Features of typical flat-plate solar thermal collector.

Symbol Value Unit Design parameter

Lc 2.0 m Length of the glass cover

We 1.1 m Width of the glass cover

g 8.0 mm Thickness of the glass cover

Ac 2.2 m? Gross area of solar thermal collector

K 16 - Glass extinction coefficient

&g 0.84 - Emissivity of the glass cover

ag 0.062 - Absorbance of the glass cover

g 0.859 - Transmittance of the glass cover

Kg 0.80 W/(m-K) Thermal conductivity of the glass cover

Lp 2.0 m Length of the absorber plate

Wp 1.1 m Width of the absorber plate

Ap 22 m? Area of the absorber plate

Op 0.5 mm Thickness of the absorber plate

&p 0.84 - Emissivity of the absorber plate

ap 0.90 - Absorbance of the absorber plate

kp 385 W/(m-K) Thermal conductivity of the absorber plate
Npipes 8 - Number of riser pipes

Di 13.4 mm Inner diameter of riser pipes

D 15.0 mm Outer diameter of riser pipes
Opipes 0.8 mm Thickness of riser pipes
Kpipes 385 W/(m-K) Thermal conductivity of the absorber plate
Lg-p 50 mm Air gap spacing between the glass cover and absorber plate
Oe,ins 30 mm Thickness of the insulation wrapped the edge
Obins 50 mm Thickness of the insulation wrapped the bottom
Kins 0.035 W/(m-K) Thermal conductivity of the insulation

b 0.5 mm Thickness of the bottom

Ko 180 W/(m-K) Thermal conductivity of the bottom

3.2.2. Mathematical model
The mathematical code developed to investigate the performance of the FPC is based on Hottel-

Whillier-Bliss equations [214], suitable adjusted for assessing the features of the FPC collector
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technology. With the aim of physically modelling the FPC, a few simplifying assumptions were

considered as follows:

—_

. The collector is in a steady state.

2. The collector is of the header and riser type fixed on a sheet with parallel tubes.

3. The headers cover only a small area of the collector and can be neglected.

4. Heaters provide uniform flow to the riser tubes.

5. Flow through the back insulation is one dimensional.

6. The sky is considered as a blackbody for the long-wavelength radiation at an equivalent sky
temperature.

7. Temperature gradients around tubes are neglected.

8. Properties of materials are independent of temperature.

9. No solar energy is absorbed by the cover.

10. Heat flow through the cover is one dimensional.

11. Temperature drop through the cover is negligible.

12.Cover is opaque to infrared radiation.

13.Same ambient temperature exists at the front and back of the collector.

14.Dust effects on the cover are negligible.

15. There is no shading of the absorber plate.

16. Emissivity of the glass cover is considered the same for both the front and back surface.
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Fig. 3.2. Energy fluxes.

The code is able to calculate the energy fluxes, the thermal efficiency, the temperature of each
component (i.e. glass cover, absorber plate, insulation and edge), and the working fluid outlet
temperature within the riser pipes. For sake of clarity, a sketch of the investigated FPC with the
thermal powers exchanged with the environment are depicted in Fig. 3.2.

The useful energy (Qu) supplied to the working fluid flowing along the riser pipes is calculated as

follow:

Q, = AF [ Gy (7@) ~U_ (Turin —Tams ) | (3.1)
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where A is the collector area, F; is the heat removal factor, Gt is the incident solar radiation per
collector area, (za) is the transmittance-absorptance product, UL is the overall heat loss coefficient
based on the collector area, Twtin is the inlet working fluid temperature, and Tamp is the ambient
temperature.

The calculation of thermal efficiency (#) is based on the ratio between the useful energy collected
and the incident energy on the solar collector surface.

Qu UL wa,in _Tamb
M = Gmtﬂ = Fr |:(T ap)_ ( )i| (32)

where 7q is the transmittance of the glass cover and, ay is the absorbance of the absorber plate. Note
that, the transmittance of the glass cover is calculated by means of the following equations:

. :T_a|: (1-r) N (1_'])} (3.3)

¢ 2|1-(rr) 1—(r”ra)

where 7, = exp[-kdg/(62)], « is the extinction coefficient of the glass cover, 6, the angle refracted beam,
r. and ry are the perpendicular and parallel components of the incident solar radiation, derived by
Fresnel’s equations [1].

In order to calculate the useful heat and the thermal efficiency, the heat removal factor (Fr) is

calculated as following:

_me, _|,_ _UFA
Fr_ACUL_{l exp{ e, ﬂ (3.4)

where 71 is the mass flow rate of the working fluid flowing along the riser pipes, ¢; is the specific

heat of the working fluid, and F is the collector efficiency factor.

The fin efficiency factor is a characteristic parameter of a solar thermal collector and it is function
of the geometry of the collector, the thermophysical properties of the material composing the collector
(e.g. thermal conductance of the welded bond) and the working fluid. It is calculated by eq.(3.5) as

following:

U
o L N . (35)
W[(UL (D+(W -D)F)) +(C,) +(zDh,) J
where W is the distance between the riser pipes, D is the outer diameter of the riser pipes, F is the
collector efficiency factor, Cy is the bond conductance, Di is the inner diameter of the riser pipes, and
hwt is the convective heat transfer coefficient between the working fluid and the riser pipes.

The bound conductance is evaluated as follow:
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Ky ong W,
Cb — bond ™ "bond (36)
5b0nd

where Kpond is thermal conductivity of the welded bond, Whond is the width of the welded bond, and
Obond is the thickness of the welded bond.
In addition, by referring to eq.(3.5) the collector efficiency factor can be calculated as following

_ tanh(m-(W —D)/2)

m-(W —D)/2 (3-7)

where kp is the thermal conductivity of the absorber plate and, Jp is the thickness of the absorber

plate. Note that, the fin efficiency is a constant parameter for a given collector.

Heat losses
As depicted in Fig. 3.1, the heat losses through the FPC are essentially three:
®  Quosst heat loss through the glass cover.
®  Quosse heat loss through the edge.
e  Quossp heat loss through the bottom.

The model calculates these thermal losses, by means of the following equation:
Qloss = A:U L (Tp _Tamb) (38)

where UL is the overall heat loss coefficient based on collector area and, Ty is the temperature of

the absorber plate. The overall heat loss coefficient can be expressed as:
U =U,+U, +U, (3.9)

where Ut is the heat loss coefficient of the top surface of the collector, Uy is the heat loss coefficient
of the bottom surface of the collector and, Ueis the heat loss coefficient of edge surface.

In order to assess the above-defined heat loss coefficients, the developed model considers different
calculation procedure based on the thermal network depicted in Fig. 3.3.

The heat loss coefficient of the top surface of the collector, is calculated as following:
U =U,+U, +U, (3.10)
where hcamb-g is the convective heat transfer coefficient between the ambient and the glass cover,
hrsky-g is the linearized radiative heat transfer coefficient between the sky and the glass cover, hcgp is

the convective heat transfer coefficient between the glass cover and the absorber plate and, hr g is the

linearized radiative heat transfer coefficient between the glass cover and the absorber plate.
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Fig. 3.3. Thermal network.

As mentioned before, the radiative heat transfer coefficients (hrsky-g and hrgp) are linearized and

can be calculated by means of eqs.(3.11)-(3.12):
b sky—g = €67 (Tsky +Tg ) (Teky +T&) 3.11)

o(Tq +Tp)(T92+TpZ)

NOP T T g e, 1

where ¢ is the emissivity of the glass cover, o is the Stefan-Boltzmann constant, Tsy is temperature of

h (3.12)

the sky, Ty is the temperature of the glass cover and, ¢p is the emissivity of the absorber plate. Note
that, in the developed model the emissivity of the glass cover is considered the same for both the faces.
Note also that, the sky temperature is considered equal to 0.0552-Tumv' for clear sky condition [215] or

equal to Tamp for cloudy sky [216].
Regarding the convective heat transfer coefficient between the glass cover and the ambient, the
Mitchell’s correlation [217] is taken into account:

0.6
8.6 - Wying

h L(c).4

(3.13)

c,g—amb

where Wying is the wind speed and, L. is the length of the collector.

The natural convection between the glass cover and the absorber plate is assessed as following;:
h by = - g (3.14)
where Kgas is the conductance of the air inside the air-gap spacing considered at a medium temperature
between the glass cover and the absorber plate, Lgp is the distance between absorber plate and the

glass cover and Nu is the Nusselt's number calculated by means of Holland’s equation [218], as

follows:
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Nu=1+l.44|:l— 1708 } {1—1708[9”(1'%)} }{(Ra’cos(ﬂ)) —1} (3.15)

Ra-cos(f) Ra-cos(f3) 5830

where Ra is the Rayleigh number, and f is the tilted angle of the collector.
In case of vacuum inside the gap spacing, the model considers another equation that is able to
characterize the heat loss through the vacuum space. In eq.(5.10), the term hcgpis void and replaced

with the following:

I'.'\/acuum = hgas + hpillars (3.16)

where hgas is the heat transfer coefficient due to the residual gas into the gap spacing and hpiliars is
the conductive heat transfer coefficient through the pillars. Note that, such pillars are needed for
keeping the vacuum and prevent the implosion of the evacuated FPC. These heat transfer coefficients

are calculated as following:

. 1 R 2
hgas _ Up Ug i ygas + . gas . pgas (317)
Up +Uq (1_09) Vous ~1] | 47M (Tp +Tg)
2-Kypass - T
hpillars = élz (318)

where vp and vg are the accommodation coefficients for the absorber plate and the glass cover, ygas
is the heat capacity ratio of the residual gas into the gap spacing, R is the gas constant, M is the
molecular weight of the residual gas and, pgas is the pressure inside the gap spacing.

The heat loss coefficient of the bottom surface of the collector, is calculated as following:

-1
u, - {2 Ry + ;j (3.19)

hc,edge—amb

where Ry,ins is the conductive resistance of the bottom edge, hcedge-amn is the convective heat transfer

coefficient between the bottom edge and the ambient. The conductive resistance is calculated as

following:
o .
Ryine = =2 3.20
b,ins 2k ( )

where 0Jp,ins is the thickness of the insulation wrapped the bottom edge and kins is the thermal
conductivity of the insulation. Note that, in eq.(5-19), due to the small thickness and the high thermal
conductivity of the edge, the resistance of the steel edge is neglected.

The heat loss coefficient of the side edge is calculated as following:
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1

-1
U, = {2- R + h—J (3.21)

c,edge—amb

where Reins is the conductive resistance of the side edge. Such a resistance is calculated as:

o. .
R =_&® 3.22
e,ins 2k ( )

ins

where Je ins is the thickness of the insulation wrapped the side edge.

3.3. Sensitivity analysis methodology

The main issue during the optimization of a typical FPC are due to several factors that need to be
considered, such as the number of parameters to be estimated, the solution method or to the
optimization method to find the parameter values. To assure that the feature parameters correspond
to the best set of values, a sensitivity analysis must be performed [213]. In this section, a sensitivity

analysis is presented. The methodology of the carried-out analysis is reported Fig. 3.4.

< Sensitivity analysis >

v

Parameter
Selection (n)

Set of optimized
parameters l

X= )’21,)22,...,)2 Assign range
L) e o DA . |

Search of optimized Y —
parametets Model 4\ Parameter sensitivity |

. cov(x;,0bj
Obj = max f (%) Obj =1f(Xy , Xo, oo, Xj,y ooy Xp) P, obj :Q

A

Main patameter | X1, X9, ..., X] ( Parameter
selection ’ j<n L rank

Fig. 3.4. Sensitivity analysis: methodology.

Oy, " Oobj

This is based on the above-described mathematical model suitable implemented in a tool in MatLab
Simulink called “Sensitivity Analysis Tool”. The considered approach is based on the global
sensitivity analysis in which a significant representative set of samples is used with the aim of
exploring the whole of the design space.

Two different objective functions are taken into account: i) maximizing the thermal efficiencys; ii)
maximizing the working fluid outlet temperature. During the sensitivity analysis, all the considered

parameters are altered simultaneously, allowing for the simultaneous assessment of the relative
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contribution of each individual parameter on the two considered objective function, as well as the
interactions between the parameters. The first step is the initialization of parameters because the
optimal solution depends mostly on initial guesses of parameters. Among all the features
characterizing the FPC performance, twelve effective parameters are selected and summarized in
Table 3.2. In addition, the variables assumed to be constant are shown in Table 3.3 according to the
ISO 9806:2017 [219]. By adopting the values shown in Table 3.2, the sensitivity analysis continues with
the definition of samples. The sampling procedure is based on the Sobol sequence. It is a quasi-random
sequence that is able of producing multiple set of parameters that cover the considered

multidimensional space. Each sample can be expressed as following:
X =%, Xp 0000 X5 | (3.23)

where X is a generic set of parameters, and Xi, Xz, ..., x12 are the single parameters composing the

generic sample.

Table 3.2. Sensitivity analysis: investigated parameters and initial values.

Parameter Symbol Minimum Maximum Initial Unit Step size
back insulation thickness Ob,ins 2.0 6.0 5.0 cm D
edge insulation thickness Oe,ins 2.0 6.0 3.0 cm D
gas used - atm. air, vacuum atm. air - D
glass cover emissivity &g 0.06 0.98 0.84 - C
glass cover thickness dg 4.0 8.0 4.0 mm D
glass extinction coefficient K 4.0 32 16 m! D
mass flow 7 0.010 0.090 0.033 kg/s D
number of riser pipes Npipes 7 11 8 - C
plate - glass cover gap Lg-p 4.0 8.0 5.0 cm D
plate absorbance op 0.50 0.99 0.90 - C
plate emissivity p 0.06 0.98 0.84 - C
plate thermal conductivity Kp 60 385 385 W/(m-K) D

D = discretized C = continuous

Table 3.3. Input variables.

Parameter Symbol Value Unit
fluid input temperature Tutin 45 °C
ambient air temperature Tamb 20 °C
incident solar radiation Gtot 1000 W/m?
wind velocity Waind 3.0 m/s
collector slope B 45 °
radiation incident angle 0 0 °
sky condition Clear sky

insulation thermal conductivity Kins 0.035 W/(m-K)
glass refractive index - 1.526 -
bond thermal conductivity Ko 195 W/(m-K)
bond with back bo 1 mm
bond thickness Sb 1 mm

Then, in order to find the correlation between each input variable and the considered objective

function, a statistical analysis based on Pearson correlation coefficient [220] is considered. Such
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correlation (p) indicates the linear correlation between each parameter (x1, x2, ..., x12) and the objective

function and it is calculated as following:

cov(x;,Obj
Py, 0bj = ¥ (3.24)

Oy, * Oonj

where Obj is the objective function, cov is the covariance, oyi is the standard deviation of the i-th x
variable, and oop; is the standard deviation of the objective function. Note that, p is an a-dimensional
number that ranges between -1 and +1. It represents how strong the correlation between the x; variable
and Obj is: when p is equal to zero no correlation is detected, when the correlation coefficient is 1,
there is a strong positive correlation (the higher the xi, the higher the Obj), whereas when the value is
-1 there is a strong negative correlation (the higher the xi, the lower the Obj).

Finally, after the sensitivity analysis completion, it is possible to carry out the optimization by
selecting the main effective variables ( X ) with the strongest correlations to the considered Obj. At this

stage it is possible to assess the best set of parameters capable of maximize the objective function:

Obj = max f (%) (3.25)

3.4. Structural analysis results

Thus, with the aim of assessing the vacuum level that the solar thermal collector is able to stand,
a structural analysis is conducted. By adopting Ansys R18.1 software, the optimum thickness of both
glass cover and absorber plat is assessed.

In Fig. 3.5, the considered mesh grid for the entire solar thermal collector is depicted.

A

Fig. 3.5. Mesh for structural analysis: adaptive size with a characteristic size of 1.764-10 mm.

0000 0250 0,500 (m)
]

Specifically, an adaptive geometry with a maximum characteristic size of 1.764-10-* mm is considered.

Such size is selected as trade-off between the required computational time for a single simulation and
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results reliability. In the following figures (Fig. 3.6 - Fig. 3.7) the main findings of the structural
analysis for both the absorber plate and the glass cover, are shown. These results are referring to a

glass thickness of 8.0 mm and an absorber plate thickness of 0.5 mm.
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Fig. 3.6. Total deformation for the absorber plate and the edge (for low, medium, and high-vacuum).
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Fig. 3.7. Total deformation for the glass cover (for low, medium, and high-vacuum).

In Table 3.4, for each vacuum level, the mechanical stress (omx) and the corresponding
deformation (emax) are reported. Here, it is possible to evaluate the vacuum quality level allowed by
the selected thickness (i.e. 8.00 mm for the glass cover and 0.50 mm for the absorber plate).

For the selected design structure, it is possible to stand a medium vacuum (10 mbar) by admitting

a deformation of 1.1 10 mm.
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Table 3.4. Mechanical stress and deformation for each vacuum level.

Vacuum quality Pressure Omax Emax
[mbar] [MPa] [mm]
Low 102 6.7-10¢ 8.3-10¢
10! 2.3-10° 2.1-105
100 8.2:10+ 5.7-104
. 101 5.4-103 4.3-103
Medium 102 42102 1.8:102
103 6.8-101 1.1-101
10+ 0.8-100 0.3-100
High 10° 1.5-10? 1.7-10!
10° 7.2:10° 1.0-10?
‘Boundary conditions Tam = 20°C, Gror= 800 W/m? Tmax,absorber = 240°C

3.5. Sensitivity and optimization results

In order to show the potential of the developed model, a typical FPC is considered as a reference
case. The model will be first applied on the typical FPC described previously in Section 2.1. By
considering the initial values characterizing the reference FPC, a sensitivity analysis on the twelve
selected parameters (list in Table 3.2) will be presented. The effectiveness of each parameter on the
two considered objective functions will be described. This will be followed by an optimization on the
main six parameters (detected at the end of the sensitivity analysis) that show the stronger correlation
with the considered objective functions. Next, two different optimized FPC will be presented and

compared with the reference one.

Sensitivity analysis results

The assessment of the weight of each parameter on the thermal efficiency and the working fluid

outlet temperature is performed by considering as initial values the ones summarized in Table 3.2. A

number of 577 samples are taken into account, and for each set of parameters, X, the thermal
efficiency and the working fluid outlet temperature are assessed.
In Fig. 3.8, the correlation between the absorbance of the absorber plate and the thermal efficiency

of the solar thermal collector is shown.
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Fig. 3.8. Correlation between the absorbance of the plate and the thermal efficiency.

As can be seen, the higher the absorbance of the absorber plate, the higher the thermal efficiency
of the FPC. This result is not obvious without the sensitivity analysis, because the considered
sensitivity analysis takes into account the simultaneous variations of all the considered parameters
allowing the assessment of the relative contribution of each individual parameter on the objective
functions. Thus, such analysis is able to discover hidden correlations between different parameters.
In fact, such hidden correlations cannot be assessed with a simple parametric analysis. However, the
trend of the thermal efficiency with the absorbance plate can be expressed with a linear equation (1
=0.70-ap — 0.11, depicted in the Fig. 3.8) with a coefficient of determination equal to 0.76. Note that,
among all the investigated parameters, the absorbance of the absorber plate is the most effective one
that affect the thermal efficiency, with a Pearson correlation coefficient, p(ay, nm), equal to 0.87.

In Fig. 3.9 the correlation between the emissivity of the glass cover and the thermal efficiency is
shown. By comparing Fig. 3.8 and Fig. 3.9, a different trend for the emissivity of the glass cover is

detected. Here, the higher the emissivity of the glass cover, the lower the thermal efficiency.

1.0

7 (5)

08 1
06 +

0.4 T

0.50 0.60 0.70 0.80 0.90 1.00
gg (')

Fig. 3.9. Correlation between the emissivity of the glass cover and the thermal efficiency.

45



Chapter 3 - Solar thermal collectors

In Fig. 3.10, the correlation between the mass flow rate of the working fluid and the working fluid

outlet temperature is shown.
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Fig. 3.10. Correlation between the working fluid mass flow rate and working fluid outlet temperature.

In this case, the higher the mass flow rate the lower the working fluid outlet temperature. An
exponential correlation between this parameter and the considered objective function is calculated
(Twiout = 34.45-m0124) with a coefficient of determination equal to 0.77. By means of the sensitivity
analysis, the mass flow rate has a Pearson correlation coefficient, p(7, Twiout), equal to -0.76. By
referring to Fig. 3.8, Fig. 3.9, and Fig. 3.10, same analyses could be conducted for the remaining
parameters (listed in Table 3.2), but for sake of brevity only the most representative ones are shown.
Specifically, for all the considered parameters, the correlation between them and the considered
objective functions can be assessed by means of Fig. 3.11 and Fig. 3.12.

In these figures, the tornado plots of the all the investigated parameters for the two analyzed

objective function are shown.
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Fig. 3.11. Tornado diagram for the solar collector performance.
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Fig. 3.12. Tornado diagram for the working fluid outlet temperature.

In these figures, it is possible to assess the rank of the effect of the twelve parameters on the
thermal efficiency and the working fluid outlet temperature, respectively. In addition, it is also
possible to evaluate the Pearson correlation coefficient of each parameter. The parameters located to
the right of the vertical axis have a positive effect on the considered objective function. In this case,
the objective function increases with the increase of the value of the parameter. For example, regarding
Fig. 3.11, this happen for the parameter "Plate thermal conductivity" which has a Pearson correlation
coefficient, p(kp, #t), of 0.14. Vice versa, the parameters located to the left of the vertical axis have a
negative effect on the considered objective function. In this case, the objective function decreases with
the increase of the value of the parameter.

As can be observed in Fig. 3.11, the parameters with the higher effect on the efficiency of the solar
collector are: the absorbance of the absorber plate, glass cover emissivity, glass cover extinction
coefficient and, gas used into the gap spacing. Specifically, the first and the fourth parameters have a
strong positive effect on the thermal efficiency whereas the other two mentioned parameters have a
strong negative one.

From Fig. 3.12, it can be seen that the parameters with the higher effect on the working fluid
temperature are: the mass flow rate, the absorbance of the absorber, the emissivity of the absorber
plate and, the glass cover extinction coefficient. Additionally, it is shown that the first, third and fourth
parameters have a strong negative effect on the working fluid temperature whereas the second one

has a strong positive effect.

Optimization analysis results

Referring to the tornado plots shown in Fig. 3.11 and Fig. 3.12, six parameters (the first four for
the efficiency and the other, not in common, two for the working fluid outlet temperature) are selected

and summarized below in Table 3.5.
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Table 3.5. Parameters selected for the optimization process.

Parameter Symbol Minimum Maximum Unit
Gas used - atmospheric air, vacuum -
Glass extinction coefficient K 4 32 m-!
Glass cover emissivity &g 0.06 0.98 -
Mass flow rate i1 0.010 0.090 kg/s
Plate absorbance op 0.50 0.99 -
Plate emissivity &p 0.06 0.98 -

The goal of the optimization analysis is to find out the set of parameters (X ), that are able to
maximize the two considered objective functions, defined as follow:

i) maximize the thermal efficiency, max () = f (X, ) (Optimized (1));

ii) maximize the working fluid outlet temperature, max(Twt, out) = f (%7 ) (Optimized (2)).

In order to evaluate the sets of parameters that maximize the thermal efficiency (X,) and the
working fluid outlet temperature (%), many attempts were considered during the optimization
procedure. Such attempts are shown in Fig. 3.13 and Fig. 3.14: fifty-one and fifty-three iterations been
needed for obtaining the required sets (for thermal efficiency and the working fluid outlet
temperature, respectively). Note that, between each iteration many sets of variables are evaluated.

In Fig. 3.13 is clearly visible that after nineteen iterations and four steps, the code is able to detect
the set of parameters that maximize the thermal efficiency, however the remaining thirty-two
iterations have been needed in order to check and compare the best set with the other available. More
complicated has been the detection of the set of variable able to maximize the working fluid outlet
temperature. As can be observed from Fig. 3.14, thirty-eight iterations and seven steps has been
needed. The other fifteen iterations have been needed in order to check and compare the best set with

the other available, as done for the thermal efficiency.
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Fig. 3.13. Optimization processes: number of iterations vs. thermal efficiency.
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Fig. 3.14. Optimization processes: number of iterations vs. working fluid outlet temperature.

FPCs: typical vs. optimized

In the following Table 3.6, the calculated sets of variables are shown.

Table 3.6. Features of traditional vs. optimized FPCs.

Parameter (symbol) Unit Typical Optimized (1)  Optimized (2)  p(Xi, 71th)  p(Xi, 71tn)
(%tn) (%)
gas used (-) - atmospheric air Vacuum 0.19 0.08
glass extinction coefficient (k) m! 16.0 4.0 4.0 -0.21 -0.11
glass cover emissivity (&g) - 0.8400 0.0607 0.0602 -0.29 -0.08
mass flow rate () kg/s 0.0330 0.0897 0.0100 0.03 -0.76
plate absorbance (ay) - 0.9000 0.9494 0.9499 0.87 0.35
plate emissivity (¢p) - 0.850 0.0609 0.0609 -.0.12 -0.13

As expected, the optimized FPCs are characterized by vacuum with gas used into the gap spacing.
Note that, the gap spacing for the vacuum solution, is considered at a pressure of 0.01 Pa. In addition,
it is possible to see that the parameter that changes more from the first to the second optimized FPC
is the mass flow rate: a mass flow rate of 0.0897 kg/s is required for maximizing the thermal efficiency
whereas 0.0100 kg/s is needed for maximizing the working fluid outlet temperature. Such a high
variation is in accordance to Fig. 3.11 and Fig. 3.12. In fact, the mass flow rate is the only parameter
that has a positive correlation for thermal efficiency (p(ri2, tn) equal to 0.03) and negative one for the
working fluid outlet temperature(p(#, Tutout) equal to -0.76). The other five parameters considered in
the optimization have the same effectiveness with different weight on the two objective functions (see
last two columns of Table 3.6).

The different values of the glass extinction factor, 16.0 m! for the typical FPC and 4.0 mled to the
calculation of different optical features, as reported in Table 3.7. Such results are calculated by eq.(3.3).
Due to enhancement of glass cover extinction coefficient (from 16.0 m! for the typical collector to 4.0
m-1 for the optimized ones) an increase of the transmittance of the glass cover from 0.859 to 0.902,

around 5% is achieved.
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Table 3.7. Optical features traditional vs. optimized STC.

Parameter Unit Typical Optimized (1) - (2)
Tg - 0.859 0.902
ag - 0.062 0.016
Py - 0.079 0.082

Furthermore, another enhancement for the glass cover was achieved by the decrease of the
emissivity of the glass cover, from 0.850 to 0.0609. Such improvements led to the decrease of the
thermal loss related to the top and, consequentially, to the overall thermal loss, as shown in Table 3.8.

Remarkable decreases in term of heat loss coefficient of the top surface and overall heat loss
coefficient are achieved:

i) heat loss coefficient of the top surface from 5.947 W/(m?K) for the typical FPC to 0.227 and 0.243

W/(m?K) for the first and second optimized FPC (around 96.16 and 95.9%.

ii) overall heat loss coefficient from 7.678 W/(m?K) for the typical FPC to 1.958 and 1.974 W/(m?2-K)

for the first and second optimized FPC (around 74.49 and 74.29%).

Table 3.8. Thermal features of traditional vs. optimized STC.

Parameter Unit Typical Optimized (1) Optimized (2)
Twl, out °C 52.4 494 82.6
Tglass °C 28.6 20.3 20.7
Fr - 0.829 0.959 0.918
UL W/(m?K) 7.678 1.958 1.974
Ut W/(m?K) 5.947 0.227 0.243
Up W/(m?*K) 0.663 0.663 0.663
Ue W/(m2K) 1.068 1.068 1.068
n - 0.463 0.749 0.718
70 = Fr(za)n - 0.622 0.797 0.763
a1=FUL W/(m2K) 6.367 1.878 1.813
Tstagnation °C 116 444 440

Of course, this reduction of the overall heat loss coefficient is not only due to the decrease of the
emissivity of the glass cover, but to the combination of this with the adoption of vacuum into the gap
spacing. In fact, by adopting the vacuum, the absorber plate is more insulated and the heat loss from
the top are significantly reduced. It should be noted that the average temperature of the glass cover is
also reduced from 28.6°C for the typical FPC to 20.3 and 20.7°C for the first and second optimized
FPC.

Regarding the working fluid outlet temperature, by comparing the typical with the first optimized
FPC, the temperature is slightly reduced from 52.4 to0 49.4°C (around -5.7%). Such a result is acceptable
if it is considered that the aim of the first optimization is to maximize the thermal efficiency of the
FPC, since an increase of thermal efficiency from 0.463 to 0.749 is achieved (61.7%). For the second
optimization, in which the goal is the maximization of the working fluid outlet temperature, a sensible

increase of the working fluid outlet temperature, from 52.4 to 82.6°C (around 57.6%) is achieved.
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Note that, due to the quite similar behaviour (in terms of Pearson correlation) of the six optimized
parameters, the effects of the enhanced parameters, on the thermal efficiency, are quite similar for
both the optimized FPCs. In fact, for the second optimized FPC, the thermal efficiency is increased
from 0.463 of the typical FPC to 0.718. Such a thermal efficiency is comparable to that of the first
optimized FPC (0.749). In fact, they differ only by 0.031 (around 4.1%). By comparing the two
optimized FPCs, itis clearly visible that their thermal efficiencies are comparable whereas the working
fluid outlet temperature are considerably different. For such a reason, the best optimized FPC is the

second one. The characteristic curves of the three investigated FPCs are shown in Fig. 3.15.
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Fig. 3.15. Thermal efficiency curves for the traditional vs. optimized FPC.

Here it is possible to see the trends of the characteristic curves of the investigated FPCs. The three
FPCs show substantial differences in terms of optical and thermal losses. The optical losses can be
assessed by considerding the F(ra)n parameter: the higher Fi(za): the lower the optical losses. As
expected, the highest optical losses are detected for the typical (non-optimized) FPC whereas the
lowest are observed for the first optimized FPC. Furthermore, the same happens for the thermal
losses: the highest thermal losses (as already seen in Table 3.8) are detected for the typical collector

whereas the lowest one are observed to the fist optimized FPC.

3.6. High vacuum solar thermal collector: Tank_v.2

This section focuses on the design of an innovative high-vacuum solar thermal collector produced
by TVP solar company, for which a novel dynamic simulation model is suitably developed in order
to investigate its energy performance under different operating conditions. The main novelty of this
solar thermal collector is the capability of storing hot water with no need for any additional storage
tank. In fact, thanks to the high-vacuum space between the glass cover and the absorber plate, the

convective thermal losses are almost nullified. In this way, it is possible to store hot water into the
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solar thermal collector without the use of a hot water storage tank. The prototype is tested under
different operating conditions and the experimental data are used to validate the presented simulation

model.

3.6.1. Prototype description

The novel high-vacuum solar thermal collector prototype consists of eight steel pipes of 95.0 mm
diameter, and 1860 mm length, suitably painted with a solar coating utilized for increasing their
absorbance. These pipes are suitably welded in order to shape a serpentine working as absorber. A
volume of 1301 is available for storing hot water. A vacuum space of 110 mm between the glass cover
and the absorber plate is considered. Here, a high vacuum (almost 10 mbar) is made for insulating
the absorber and avoiding the convective thermal losses. In order to stand the vacuum and avoid a
collapse of the glass cover on the absorber plate, 189 pillars (e.g. 9 rows of 21 pillars) of 110 mm length
and 5.2 mm diameter are welded on the edge. The cross-section of the solar thermal collector is shown

in Fig. 3.16 whereas the front is depicted in Fig. 3.17.

/ Glass cover
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Edge Absorber pipers

Fig. 3.16. Cross section with glass and edge nodes.

;

Fig. 3.17. Front face high-vacuum solar thermal collector (left), prospective rendering view (right).

3.6.2. Mathematical model

The dynamic simulation model of the innovative high-vacuum solar thermal collector is based on
a finite volume approach for the numerical solution of the three-dimensional heat conduction. A set
of suitable equations is obtained for each node of the adopted thermal resistance-capacitance (RC)

network, including conductive, radiative and convective heat transfer occurring within and through
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the high-vacuum solar thermal collector. This set of equations was implemented in a suitable tool
developed in MatLab environment. A sketch of the considered discretization system and the relative
RC thermal network are shown in Fig. 3.18 and Fig. 3.19, respectively. Note that, for the sake of
brevity, the thermal network is depicted for only one absorber pipe. Note also that, the thermal
behaviour of each absorber pipe is affected by the adjacent ones, which is considered in the developed

model.
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Fig. 3.18. Discretization: top view (left), cross section view (right).

Tg as cavity

Fig. 3.19. RC thermal network.

To calculate the water temperature gradient along the absorber pipes, both the absorber and the
water volume are discretised in capacitive nodes to model their thermal inertia. A two-dimensional
Cartesian coordinate (x-y) system is considered. Differently from the absorber pipes and water
volume, the glass cover and the edge are discretized in only one capacitive node (see the two-
dimensional Cartesian coordinate (y-z) in Fig. 3.18).

The glass cover temperature is calculated as:
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where Cy is the thermal capacity of the glass cover, Tq is the glass cover temperature, df is the
infinitesimal delta time, ag is the absorbance of the glass cover, Aq is the surface of the glass cover, Gt
is the global irradiance, &g is the emissivity of the glass cover, ¢ is the Stefan-Boltzmann constant, Tsky,
is the sky temperature, h¢ a.g is the convective heat transfer coefficient between the glass cover and the
ambient air, Tamb is the ambient air temperature, i is the i-th node in which the absorber is discretized,
N is the number of the absorber pipe nodes, T, is the i-th absorber pipe node temperature, Fy.p;is the
view factor between the glass cover and the i-th absorber pipe node, Ay, is the surface of the i-th
absorber pipe, ¢ is the emissivity of the absorber, T is the case temperature, Fg. is the view factor
between the glass cover and the case, ¢ is the emissivity of the case. Note that, in eq.(3.26) the
convective heat transfer between the glass cover and the air in the gas cavity is intentionally neglected
because of the high-vacuum level (i.e. 108 mbar).
Considering the i-th absorber pipe node, its temperature is calculated as:
o-(Tg4 -T )

S T —

p.i¥p p.i"pi-g ¢

+...

dT,
Cpi [d—g'J = (rgozp)Ap,iGtot +U A (TW,i ~Tpi )+

(3.27)
4 —4 4 4
O'(Tc —Tpi ) K Ap,io-(prJ' —Thii )
%, "% l-& 2 £ 1
Ap,igp Ap,i l:p,i—c Acge €p

where Cp, is the thermal capacity of the i-th absorber pipe node, 74 is the transmittance coefficient of
the glass cover, ap is the absorbance of the absorber pipes, Uy is the global transmittance between the
i-th water volume and the i-th pipe node, Tw, is the i-th water volume temperature, Fp,gis the view
factor between the glass cover and the absorber pipe node, Fp,ic is the view factor between the case
and the absorber pipe node, j is the j-th adjacent absorber pipe node, and K is the number of adjacent
absorber pipe nodes.

Regarding the edge, the temperature is assessed as follows:
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where C; is the thermal capacity of the case, ac is the absorbance of the case, Ac is the surface of the
case, N¢ ae is the convective heat transfer coefficient between the case and the ambient air, and Fc.g, is
the view factor between the glass cover and the case.

Considering the i-th water volume node, its temperature is calculated as:

dT,, i+1
Cw[ d‘g" j — UwAp (Tp,i _Tw,i )+ z mWCp’W (TW,j _TW,i) (329)
j=i—1

where Cy is the thermal capacity of the water volume, 7 is the water mass flow rate, Cpw is the specific

heat of water, and Tw; is j-th water volume of the adjacent water volumes to the i-th water volume.

3.6.3. Experimental analysis

A suitable experimental setup is built and tested in August 2019 in the weather zone of Avellino
(Italy). This period of the year has been selected as a suitable one for testing this technology. In fact,
in August, the weather zone of Avellino is characterized by high solar irradiation (e.g. with a peak
valeu about 900 W/m?) and quite low ambient air temperature during the night time. This occurrence
is needed for assessing the effectiveness of the vacuum insulation and the relative water drop

temperature. In Fig. 3.20 the test bench is shown.

-1 'y:‘;‘_—;.‘f.?.‘“

T
— ’- T

Fig. 3.20. Test bench.
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Here, with the aim of measuring the boundary conditions that affect the performance of the high-
vacuum solar thermal collector, the following instruments are utilized:
i) an anemometer (AM-4222; speed range: 0.4 - 30.0 m/s; temperature range: 0 - 50°C;
accuracy: + 1%) for measuring the wind speed;
ii) a pyranometer (Kipp and Zonen CM11) for assessing the incident solor radiation;
iif) a termoygrometer for evaluating both the temperature and relative humidity of the
ambient air.
In Fig. 3.21 the placement of the adopted instruments for testing the high-vacuum solar thermal
collector is reported. Specifically, four PT100 thermocouples, two T-Type thermocouples, one flow
transmitter, and one manometer are connected through a compact Rio. With reference to Fig. 3.21, the
following measurements are obtained:
i) water flow temperature at the outlet (Twater outet) and inlet (Twater intet) Oof the high-vacuum
solar thermal collector, points a and b;
ii) water flow temperature in the middle of the first (Tfrignt) and last (Tt ert) pipe of the high-

vacuum solar thermal collector, points c and d;

ii) glass cover temperature (Tgiass), point e;

iv) case temperature (Tcase), point f;

V) mass flow rate (flow transmitter) at the inlet of the hig-vacuum solar thermal collector;
vi) water pressure (P) at the outlet of the high-vacuum solar thermal collector.
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Fig. 3.21. Experimental setup: instruments arrangement.

3.6.4. Experimental validation

The results of the conducted experimental analyses and the relative experimental validation, for
the aforementioned configurations, are reported in this section. The developed dynamic simulation
model is validated against the experimental data. The validation process consists of comparing the
measured parameters against the calculated ones, relative to the: i) water flow temperature at the
middle of the first absorber pipe (Ttrignt); ii) water flow temperature at the middle of the last absorber
pipe (Ttrignt); iii) glass cover temperature (Tguass); iv) case temperature (Tcase). In order to assess these
parameters, the simulation model requires as input data the: i) ambient air temperature (Tamp); ii)
incident solar radiation (Giot); and iii) wind velocity (Wwing). During the experiments, in order to assess
the insulation magnitude provided by the high vacuum, the solar thermal collector was
experimentally assessed with a volume full of water (i.e. 130 1) and no mass flow rate from and to the
outside was adopted. Such a circumstance was selected for assessing the temperature drop during the
night. The validation procedure is carried out for a week. Nevertheless, for the sake of brevity, one
significant day is here discussed and shown hereinafter. The experimental measurements with the
relative gathered data are summarised in Fig. 3.22. In addition, boundary conditions are reported in

Fig. 3.23.
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Fig. 3.22. Experimental data.
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Fig. 3.23. Boundary conditions.

Here it is possible to detect a maximum water temperature around 74°C (15" hour). Note that,
this result is achieved at a time of the day that does not correspond to the one in which the maximum
solar radiation is observed (i.e. around 12t hour with maximum solar radiation of 951 W/m?). This
occurs because of the high-vacuum system and the capability of storing hot water by strongly limiting
the convective heat losses. Furthermore, the trend of the temperature changes around 16%* hour. Here,
the heat losses are higher than the collected heat. By analysing Fig. 3.22, a temperature drops around
1.6°C/h (from 64°C recorded at 20 hour to 48°C detected at 30* hour) is achieved. Such a result is
achieved by combining two technologies: i) high-vacuum level; ii) solar coating. In fact, as above
described, thanks to the high-vacuum adoption, during the night the only thermal losses are the one
due to the radiative heat exchange between the absorber pipes and the sky. These thermal losses are

reduced by adopting a suitable solar coating characterized by an emissivity of 0.25 and an absorbance

of 0.95.
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In Fig. 3.24, the comparison between the simulated and the experimental data of the working fluid

temperature at the middle of the first (Ttrignt) and last (Tt iert) pipe are shown.
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Fig. 3.24. Working fluid temperatures comparisons (right and left): experimental vs. simulated.
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Here, a very good match between simulated and experimentally measured is achieved for both

the working fluid temperatures. Specifically, T rignt exp is well fitted by Tt rignt exo Whereas a higher

discrepancy for the Tt et is observed. This circumstance is due to the different location between the

test bench (i.e. the place in which the boundary conditions are recorded, see Fig. 3.20) and the

experimental setup (i.e. located in the opposite side of the building, see Fig. 3.21).
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Fig. 3.25. Case (left) and glass cover (right) temperature comparisons: experimental vs. simulated.

In fact, these two systems are located in two different places. Specifically, the test bench takes

place on the roof wherase the experimental setup reported in Fig. 3.21 is located on the ground, where

during the afternoon, a building shadow reduces the incident solar radiation on the high-vacuum

solar thermal collector so the simulated temperature are quite higher than the measured one.
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In Fig. 3.25, the comparison between the simulated and the experimental data of both the case
(Tecase) and the glass cover (Tgiss) temperatures are shown.
A very good agreement is observed between simulated and measured results for both the case and
glass cover temperatures. Specifically, acceptable errors are achieved for all the investigated
parameters.

In Fig. 3.26 the comparison between all the experimental and simulated temperatures is reported.
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Fig. 3.26. Experimental (left) and simulated (right) temperatures comparisons.

By analysing the experimental working fluid temperature trends (Trigntexp and Tieftexp), an intersection
of the two temperatures is detected around 19t hour. Such circumstance is due to a malfunction of
the pressure valve at the outlet of the high-vacuum thermal collector. Here, a mixing between the cold
water (coming from the outer pipes) and the water inside the left side of the solar thermal collector
occurs. In this way, a sensible reduction of the Tieft exp Occurs. In fact, by comparing the simulated
working fluid temperature trends (Trignt sim and Tieft sim), with the experimental ones (Tright exp and Tieft
exp), it is possible to assert that if the pressure valve works without any malfunction, the two
considered tempeartures drop with the same gradient (without any intersection, as reported in Fig.

3.26, right). In Fig. 3.27 the validation results for the entire experimental period are reported.
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Fig. 3.27. Water air temperature: simulated vs. experimental results (for the entire experimental period).

Specifically, both the mean error and the mean percentage error are assessed according to the

following equations:

ME = % . Z Tsim,z _Tmea,z
’ - (3.30)
1 simz~ ! mea,z
MPE= —- > ————~.100
Z ZZ: Tsim,z

By observing this figure, it can be detected a mean error about 2.36°C and a mean percentage

error of 5.67%.

3.7. Conclusions

As itis shown, the performance of a flat-plate solar thermal collector depends on many parameters
e.g. material, geometrical features, optical properties, mass flow rate etc. In this chapter a
mathematical model based on Hottel-Whillier-Bliss equations is presented. Such a model is able to
assess the performance of standard flat-plate solar thermal collector technology. A sensitivity analysis
is also carried out with the twofold aim of identifying the main parameters and to find out which of
them have the greatest influence on the performance of the investigated technology. The sensitivity
analysis is based on twelve parameters and 577 samples were generated with the Sobol sequence.
Based on the results provided by the sensitivity analysis, an optimization was conducted. The aim of

the presented optimization was to maximize two objective functions: i) thermal efficiency, ii) working
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fluid outlet temperature. Two optimized flat-plate solar thermal collectors characterized by a high

vacuum (0.01 Pa) into the gap spacing were assessed. Two rankings in which the effects of the twelve

parameters on thermal efficiency and working fluid outlet temperature are presented. Characteristic
curves for the three investigated flat-plate solar thermal collector were assessed and shown as well.

In addition, a structural analysis is also conducted with the aim of characterizing both the glass cover

and absorber plate thicknesses.

The main findings of this study are summarized in the following list:

e The main six parameters that show a strong correlation with the efficiency and the working fluid
outlet temperature were detected: i) plate absorbance, ii) glass cover emissivity, iii) glass
extinction coefficient, iv) mass flow rate, v) plate emissivity and vi) gas used.

e Thermal efficiency increases from 0.463 (typical) to 0.718 (optimized).

e Working fluid outlet temperature increases from 52.4 (typical) to 82.6°C (optimized).

The second part of the chapter is dedicated to an innovative high-vacuum solar thermal collector.
Such a system is adopted for both collect and store thermal energy. In fact, by means of suitable
vacuum space, the convective thermal losses are avoided. In this way, it is possible to store thermal
energy without the adoption of a hot water storage tank. In this chapter, a 3-D dynamic simulation
model able to assess the energy performance of such a system is introduced. Here, the model is
validated by comparing the experimental data with the simulated one. A very good agreement

between the simulated and experimental data is achieved.
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CHAPTER
4

4. Photovoltaics/thermal collectors

Currently, the commercially available PV/T systems often refer to devices that are still more
expensive than alternative cheaper and easier technologies. In the future this issue could be solved by
low-cost PV/T collectors.From this point of view, an innovative and low-cost air-based PV/T prototype
is described in the present work. For such an innovative device, a dynamic energy performance
simulation model is developed and experimentally validated. The model, based on the Hottel-Willier-
Bliss approach, is implemented in a MatLab tool. The performance of a combined system obtained by
coupling a PV/T prototype to an air-to-air heat pump for space heating is also assessed. The developed
tool allows for complete energy and economic analyses of the building and the heating, ventilation
and air conditioning (HVAC) system. The potential of the innovative system and the features of the
developed simulation tool are analysed through a case study analysis. It refers to the simulation of
the energy performance of an array of PV/T collectors mounted on the tilted roof of a two-floor
building, which includes a commercial open-space located on the first floor and a single-family house
at the second floor. With the aim of providing data about the optimal design and operation of the

proposed system as a function of the climate, simulations are performed for different weather zones.

4.1. Aim of the work and content of the chapter

In the literature there are no studies focused on the design of a similar PV/T prototype, the

experimental assessment, the system modelling, and the investigation of its performance on an HVAC
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system application. The main novelties of the present work are:

e new low-cost PV/T collector prototype: design and construction;

e innovative experimental setup including the new PV/T collector prototype;

e experimental analysis of the new PV/T collector prototype under different boundary
conditions (hourly weather data, water temperatures, etc.);

¢ new dynamic simulation model of the new PV/T collector prototype. Suitable performance
maps of an air-to-air heat pump coupled to the new PV/T prototype. MatLab tool for the
dynamic energy and economic performance analysis of the innovative system;

e novel case study to assess the energy, economic and environmental impact performance of

the innovative PV/T-HVAC system for eight different European weather zones.

4.2. Methods and model description

The PV/T prototype is fabricated and tested at Renewable Energy Laboratory of University of
Patras (Greece). A suitable experimental setup is used to assess the energy performance of the novel
prototype as a function of the tilt angle of the system and the air flow rates. Furthermore, in order to
calculate the energy performance of the prototype under different weather conditions, a suitable
dynamic simulation model is developed and validated against experimental data. The considered

approach is summarised with the help of a synoptic block diagram depicted in Fig. 4.1.

PV/T prototype
construction
| parametric
analysis?

performance?

A\ 4 A\ 4

Mathematical
model

Lixperimental
analysis

Experimental
validation

e (low ratc e weather data
e tilted angle (meteonorm file)
e weather conditions o PV/T features

Fig. 4.1. Synoptic block diagram.

4.2.1. Prototype features
The novel PV/T prototype consists of a commercial polycrystalline silicon PV module coupled to
a low-cost air-based heat extraction system. Seven hexagonal air ducts are built with two overlapped

galvanized corrugated steel sheets typically used for roofing (Fig. 4.2).
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"~ Thermal insulation

b) Stagnant air Fans
Fig. 4.2. a) PV panel top view b) PV/T collector cross-sectional view.
Table 4.1. Main features of PV/T prototype.
Symbol Value Unit Description

Iy, 1.64 m PV module length

Wy 0.99 m PV module width

toy 40.0 mm PV module thickness

A, 1.62 m? PV module gross area

Epy 0.87 - emissivity of PV module

la 0.905 - absorption coefficient of prototype

L 90.0 mm insulation thickness

Eins 0.23 - emissivity of insulation panel

Cins 1340 J/(kgK) specific heat capacity of insulation
Kin 0.035 W/(m-K) thermal conductivity of insulation
Cuct 1.28 m duct length
Wiiet 67.0 mm duct width (horizontal)

St 0.05 mm duct roughness

Squct 46.0 mm duct width (oblique)

bt 22.0 mm duct thickness
At 65.7 cm? Cross-section area

et 80.0 mm distance between ducts

Cauct 470 J/(kg-K) specific heat capacity steel sheet
et 52.0 W/(m-K) thermal conductivity of steel sheet

The steel sheets are painted black to maximize the system radiative heat transfer (Fig. 4.3a). The

air input and the air duct fans are located at the bottom of the solar collector (Fig. 4.3a). The heat

extraction system is fixed to the back of the PV module with four aluminium rectangular profiles

supports (Fig. 4.3b). Geometrical and thermophysical features of the system are reported in Table 4.1.

The back surface of the heat extraction system is thermally insulated with an extruded polystyrene

sheet with a thickness of 30.0 mm (Fig. 4.3c). A reflective coating is placed behind the insulation layer

in order to reduce radiation losses to the environment (Fig. 4.3d). Thus, an aluminized Mylar™ sheet

is attached on the insulation behind the metallic sheets with commercial glue for polyester materials,

as shown in (Fig. 4.3d).
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Fig. 4.3. a) Details of the heat extraction system b) PV/T prototype c) Extruded polystyrene sheet insulation d)

Reflective coating of the back of the panel.

4.2.2. Mathematical modelling
The performance of the novel PV/T prototype is investigated both numerically and

experimentally and the numerical solution results are compared with experimental data for validation
purposes. The developed mathematical model is based on Hottel-Whillier-Bliss equations, used to
calculate temperatures of the PV cells and the outlet air of the heat extraction system [45]. The main
assumptions of the developed mathematical model are:

e steady state conditions;

e negligible temperature gradients around ducts;

¢ thermal and radiative properties of materials invariable with temperature;

* negligible entry regions effects (x,,./D,, = 4.4-Re') and fully developed turbulent flow;

e negligible temperature drops through the cover;

o the sky is considered as a blackbody for the long-wavelength radiation and an equivalent sky
temperature is modelled;

e the front and back of the PV/T collector face the ambient air at the same temperature;

e negligible dust and shading effects on the panel;

e constant air speed into the ducts.

Photovoltaic/thermal model

The thermal performance of the PV/T collector is affected by different system design parameters
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and operating conditions. The PV/T prototype is assumed to be represented as a flat-plate collector
with a single unglazed sheet composed of the PV panel working as an absorber. In terms of energy

balance on the PV module node, the PV operating temperature (T, ) is calculated as:

T _ Gtot (Ta)pv _ houtTamb + hradeky _ (Pel + Qu + Qloss) (41)
PV A
(hout, PV —out + hrad ,PV —out ) (hout,PV —out + hrad ,PV —out ) \% (hout,PV —out + hrad ,PV —out )

where G is the total incident solar radiation, (za),,, is the product between the solar transmittance
and the absorbance of the PV panel, h is the convective heat transfer coefficient between the PV

out,PV-out

cells and the outdoor air, h_, ., . is the linearized radiative heat transfer coefficient between the PV

panel and the sky (hrad Voot = Epy O (Tpv +Tgy )(TPZV +T8f<y )) , Tomp 18 the ambient temperature, Ty is the

effective sky temperature, P, is the gross electrical power production of the PV/T collector, Qu is the
useful collected heat, and Qioss is the heat loss from the PV/T system to the ambient.
The useful heat Qu absorbed by the PV/T panel and transferred to the heat transfer fluid is

calculated as [45]:

Q, = A FR[GM [(za)py —720v |- DUy (T =Tams )] 4.2)

where F_ is the heat removal factor representing the ratio between the actual and the useful energy
gain of the collector [221], 7, is the electrical efficiency of the PV panel, U, is the heat loss coefficient
between the k-th PV/T component (front of the PV panel and the back of the system) and the ambient
(the heat loss related to the edge surface is neglected due to its small surface), and T, is the average

temperature of the k-th PV/T component. Both convective and radiative heat exchanges are taken into
account. Therefore, the overall PV/T collector heat loss coefficient can be calculated as

-1

1 1 h

Uey = 0.430 1 rad (4.3)
430(1 + 100/Tpy ) - —
C | Tov ~Tamy Mo | ) [(gpv +5.91.10 %, )"+ 1H T = 09675, }
Toy 1+ f Epy

t t 1\

U =| Jns_ 4 _air , _— (44)
Pk ( kins kair hout ]

where fand C are two mathematical operator functions of h o, v Ny pyow €py @and the tilt angle of

the PV/T collector [222], k , and t . are the thermal conductivity and the thickness of the stagnant air

between the galvanized steel sheet and the insulation layer, respectively (Fig. 4.2).

Considering eq.(4.2), the heat removal factor is calculated as [223]:
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m-c !
F— G 1—exp(_MJ (4.5)
AvU m-c,
where 71 is the mass air flow rate, c_ is the specific heat of the flowing air, D and D_ . are the
p eq,out eq,in

hydraulic diameter for the inner and outlet duct surface, C, is bond conductance; and F’ is the fin

efficiency factor defined as:

U -1
F'= ( L ) — - — (4.6)
dduct |:U L (Deq,out + (dduct - Deq,out ) F ):| + (Cb ) + (”Deq,in hair )
The electrical (7, ), thermal efficiency (7,,), and the global efficiency are calculated as [224]:
T, T
7 = Fe [(Ta)pv o M} (4.7)
Gtot

Mev =10 [1_18(TPV — Thocr ):I (4.8)
Thot = M (49)

Giot Aev
where 7, is the nominal electrical efficiency at the nominal operating cell temperature (T, ,.;), f is a
temperature coefficient, and Pe is the gross electricity production. Once the thermal and electrical
efficiencies are assessed, in order to compute the thermal and electricity gain of the PV/T system, the
outlet air temperature of the PV/T system (T_,) is calculated as:

To=T, 2 (4.10)

out in
m Cp

Energy, economic and environmental model

The energy and economic feasibility of the built PV/T system are carried out by means of a
suitable thermo-economic model, described below. The developed code is capable of assessing the

electricity and the thermal energy produced by the PV/T. The gross electricity production (P,) of the

prototype is obtained by:

P =14G oein Ay (4.11)

where G__ . is the net incident solar radiation converted into electricity. In the case of a PV/T collectors

totin

field, the amount of produced electricity is calculated as:
Q

Pt fietld = Z Pel,j (4.12)
j=1

where Q is the number of the PV/T collectors composing the solar field. The electricity production
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of the PV/T system can be directly used to supply the compressor electric motor of a heat pump (HP)
for building space heating, whereas the air heated by the PV/T collectors can be used to supply the
HP evaporator (increasing its performance) [58, 225, 226]. This way, the electricity powering the fans
of the heat extraction system is provided from the PV [92]. The electric power necessary for the fans

can be calculated as:

_V:ap
el fans

n fans

(4.13)

where V is the volumetric air flow rate, 4p is the pressure drop along the ducts and Neans 1S the fan

efficiency. For the sake of clarity, the sketch of the considered innovative system layout is depicted in Fig. 4.4.

The amount of the air flow rate circulating into the PV/T solar field is calculated as:
Mg = Z mair,j (4.14)

where N is the number of collectors connected in parallel.
The mass and energy balance necessary to assess the temperature of the supplied air to the HP

evaporator (Tuppvr) are:

Myp = My + Mgy (4.15)

rT.]fieIdTout field + I"hHF’ - r.hfield Tamb
Topipvr = Sn ) (4.16)

HP

where 71, is the mass air flow rate from the solar field, 7, is the air flow rate required by the

fie

HP evaporator, M, is the ambient air flow rate, T is the outlet air temperature from the solar

out field

field, and T is the temperature of the mixed air (due to heated (i1, ) and outdoor (72, air).

HP/PVT

Mair compressor
Hlair ! evaporator
condenser
Mair .
Mext L
lamination valve
mmr
x |
v Solar field Heat Pump

Fig. 4.4. Sketch of the considered innovative system layout: PV/T collectors + HP.

In the developed simulation model, the performance of the HP is modelled in terms of hourly

coefficient of performance (COP), analytically calculated, considering the UNI/TS 11300 [227] (Italian
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release of ISO EN 13790). The COP,,, ., of the innovative system configuration is evaluated by
varying T, and it is calculated as [228]:

COP, 3 +AS, 4-fopn

COP, = : :
PRI COPy (% +A%)—(Thprpvr —A% ) 0.1+3.6- fopp

[1-0.25-(1-4- foq) ] (4.17)

where COP and COP__ are the coefficients of performance at nominal and maximum conditions, 6
is the heat source temperature, 6 is the gradient temperature between the heat source and the fluid
refrigerator in the HP condenser, 6 is the gradient temperature between the cold source and the fluid
refrigerator in the HP evaporator, and fpir is the part load ratio (PLR, ratio between the actual power

to the nominal one). The electricity saving (AE,) due to the exploitation at the HP evaporator of the

air heated by the PV/T collectors is calculated as:

1 1
AE, =>'Q - (4.18)
I %“ " (COPHP,ref COPRLp/pvr J

where Qn is the building heating demand. Another considered parameter is the primary energy

savings (PES), calculated as:

Eel,req irement + Eel,to grid - Eel, from grid
PES = ?PE =( " 6 ) <)o (4.19)

Eref (Eel,requirement + Eel,to grid )

ref

where APE is the yearly PES, PEr is the primary energy required by the reference system, E

el,requirement

is the electricity demand for the whole building (heating, cooling and appliances), E, ,, ., is the

electricity sold to the national grid and E is the electricity purchased from the grid. In order to

el, from grid
assess the profitability and environmental impact of the innovative system, the economic savings are
computed for two different scenarios: i) standard electricity purchase/selling condition, ACE; and ii)
ideal electricity net metering (all the monthly produced electricity supplied to the grid is delivered to

the building when required, ACE". These economic outcomes are assessed as:

ACE = (Eel, from grid ~ Jbuy.kWe) _(Eel, from grid ~ Jbuy.kWe + Eel,to grid ~ Jsell.kWe)

ref pro

(4.20)
ACE' = (AEeI + Eet. field ) Jwn,

is the electricity unitary selling price.

where j, . is the electricity unitary cost and j_ .

According to the investigated economic scenarios, the simple pay-back period (SPB) and the

avoided CO:2 (4CO;) emissions are calculated by:

SPB = Aev dpvir and SPB'= Aev dpvir (4.21)
ACE ACE"
ACO, =(Ee,,ﬁe,d +AEe,) feo, (4.22)
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where J, . is the capital cost per square meter of the innovative prototype, and f__, is the carbon

dioxide emission conversion factor.

4.2.3. Experimental analysis

A suitable experimental setup is built and tested from May to June 2017 in Patras (Greece). The
particular period is selected as the most representative according to the monthly distribution of solar
irradiance observed in the Greek Peloponnesian region [229]. Specifically, the annual solar irradiance
based on climatological data ranges between 1600 and 1700 kWh/m?y. The monthly distribution of
solar irradiance on the horizontal surface for the city of Patras is reported in Table 4.2 [230]. The
highest irradiance occurs in June (about 7.2 kWh/m2day), whereas the average of the hot season
corresponds to the month of May (about 6.0 kWh/m?2day). Therefore, these two months, in which the
experimental tests are conducted, can be considered as well representative of the summer climate

conditions of the considered weather zone.

Table 4.2. Monthly distribution of solar irradiance for the weather zone of Patras [230].

Month Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct.  Nov. Dec.

kWh/(m?*day) 2.14 2.75 3.93 4.92 599 721 710 6.27 4.83 3.38 211 1.71

In order to test the prototype performance, different experimental analyses are carried out and
several parameters are experimentally assessed. Specifically, 11 T-Type thermocouples connected
through a selector to a thermometer (model Mastech ms8229; range of utilization: -270 - 370°C;
accuracy *1.0°C or +0.75%) are used. With reference to Fig. 4.5 (showing the placement of the
thermocouples), several temperature measurements are obtained at the:

i) outlet (T ) and inlet (T, ) air flow in the PV/T panel, points b and g;

ii) top of the PV module front face (T ) and back face (T,

PV top,front PV top,bck);

iii) bottom of PV module front face (T and back face (T, . Points d and ;

PV bot,front)

iv) top of the air duct interior face: up-side (T ) and down-side (T points a, b;

sheet 1,front: sheet 1,bck)’

v) bottom of the air duct interior face: up-side (T ) and down-side (T, ,.), points f, h;

sheet 2,front
vi) back of the insulation layer (T, ), point i.
Using two anemometers (AM-4222; speed range: 0.4 - 30.0 m/s; temperature range: 0 - 50°C;
accuracy: + 1%), the air flow rate (7iz,, ) in the PV/T system and the wind speed are measured. The
incident solar radiation (G, ) is measured using a Kipp and Zonen CM11 pyranometer (sensitivity: 10

oW/(W/m?)), tilted at the same angle with the investigated PV/T prototype. Finally, the outdoor air

temperature is measured with a T-type thermocouple. In order to assess the PV panel electricity
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output, four rheostats with a maximum dissipation of 0.25 W at 70°C are connected to two
multimeters used for voltage and current measurement. Using these instruments, I-V curves are
obtained for different outdoor conditions.

The results of the conducted experimental analyses, for the aforementioned configurations, are
presented below. Specifically, the prototype characteristic curves relative to electrical (I-V and P-V

curves) and thermal (3, - 4T/G curves) performances are shown for several operating conditions.

Qutlet air

/

Bottom

@=

' Insulation

Inlet air

Wuer

Fig. 4.5. 3-D sketch of the PV/T solar collector and thermocouples arrangement.

Electricity energy performance analysis

Since the PV module in the tested PV/T prototype is a commercial panel, the electrical efficiency
is affected by the PV cells operating temperature. In order to assess the PV maximum power point
(MPP), four rheostats have been used. Several tests are performed to obtain the I-V and P-V curves,
which are necessary to assess the PV module performance. Considering the PV panel without the heat
extraction system, the I-V and P-V curves are obtained for different PV temperatures and incident
solar radiation values and are shown in Fig. 4.6. The electrical efficiency as a function of the PV
temperature is also assessed from the same dataset, as shown in Fig. 4.7.

The electrical efficiency decreases from 16.4 to 14.8% as the PV temperature increases. A good

agreement between the trend line related to the experimental measurements (featured by equation 7,
=-0.0005-T,, + 0.1765; R? = 0.92) and that referred to the theoretical calculation is observed. For PV

temperatures between 35 and 58°C (corresponding to the typical operating conditions), the electrical
efficiency estimated by the dynamic simulation model through eq. (4.8) agrees with the experimental

results.
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Fig. 4.6. I-V and P-V curves for PV/T prototype.
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Fig. 4.7. Electrical efficiency as a function of the PV temperature.

Thermal energy performance analysis

The prototype performance is assessed under different boundary conditions and the system
energy performance is investigated by taking into account:
e two air flow rates: 153.7 and 368.9 m3/h (corresponding to 0.0523 and 0.123 kg/s);
e three prototype tilt angles: 30, 45 and 60°;
o different weather conditions: sunny/cloudy and windy/no-windy days.
For each tilt angle, the stagnation conditions (with no air flow in the ducts) are also investigated.
All measurements are made while the prototype is tracking the sun. A first analysis is performed by
varying the collector tilt angle and the air flow rate. Fig. 4.8a shows the measured thermal efficiencies
for a flow rate of 153.7 m3/h. The best result is achieved for a tilt angle of 30°, whilst the worst one for
60° (according to solar path in the investigated latitude and for the considered season of the year). Fig.
4.8b shows the results relative to the air flow rate of 368.9 m3/h.
A similar experimental analysis is performed to assess the thermal efficiency of the PV/T

prototype for the same air flow rates and fixed tilt angle at the optimal value (30°). The obtained
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results are depicted in Fig. 4.8c. In this case, the best thermal energy efficiency is achieved for a flow
rate of 368.9 m3/h ranging from 25.8 to 31.5%. In Fig. 4.8d, the influence of the wind on the PV/T
thermal efficiency is also investigated: no-wind and windy day (average wind speed of 2.57 m/s). In
case of no-wind condition an increase of the prototype operating temperature, with a consequent

higher i (Fig. 4.8d) and lower 7, are achieved.

—, 040 — 0,40
= flow rate 153.7 m’/h ®30° s flow rate 368.9 m*/h ®3(0°
030 ®45° T 030 8 ®45°
. @ 60° @ 50°
0,20 0,20 -
0.10 T, 0,10
0,00 + 1 o |t 0,00 - 1 . \—
0 0,02 0,04 0,06 0 0,02 0,04 0,06
a) AT/G [°C m/W] b) AT/G [°C m*W]
_ 040 040
:-E - tilted angle 30° ©368.9 m7h :‘E tilted angle 30° @ no wind
0,30 I ©153.7m%h 0,30 @ wind
0’20 | ~‘4.-...-_~_'-'.’_'_..,:.' 0,20
0’ o L -.:::::::1:::' 0, 10
0,00 | | _\ 0,00 | | %"‘_\
0 0,02 0,04 0,06 d) 0 0,02 0,04 0,06
¢) AT/G [*C/W] AT/G [*Cm¥/W]

Fig. 4.8. PV/T prototype thermal efficiency with an air flow rate of: a) 153.7 m3/h; b) 368.9 m3/h c) fixed tilted angle

30° d) air flow rate of 368.9 m3/h in case of no wind and windy day.

4.2.4. Experimental validation

The developed dynamic simulation model is validated against the experimental data. The
validation process consists of comparing the measured parameters against the calculated ones,
relative to the: i) outlet air temperature (T ); ii) PV panel temperature (T, ); and iii) duct temperature
(T

sheet) N OTder to assess these parameters, the simulation model requires as input data the: i) air flow

rate (7, ); i) inlet air temperature (T, ); iii) ambient air temperature (T, ); iv) incident solar radiation

air

(G, and v) wind velocity (w,, ,). The validation procedure is carried out for all the investigated tilt
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angles and air flow rates. Nevertheless, for the sake of brevity, only few significant results are
discussed and shown hereinafter (similar outcomes are obtained for the remaining working
conditions). The reported validation results are summarised in Fig. 4.9 for different air flow rates,
tilted angles and weather conditions. Here, during the experimental tests, wavy trends for the
investigated temperature were detected. Such trends can be explained because of the high variability

of the boundary conditions (e.g. wind, solar radiation).

— 56
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.............................................. Flow: 368.9 m*/h
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Fig. 4.9. Experimental and simulated, for: a) PV panel temperature b) outlet air temperature c) duct temperature.

An agreement is observed between simulated and measured results for the PV front face average
temperature, the outlet air temperature and the duct interior face temperature. Acceptable errors are
achieved for all the investigated parameters. The mean percentage errors range from 0.57 to 2.7% for

TPV,top,bck’ from 1.9 to 3.5% for Tow and from 0.22 to 4.2% for Tsheetz,bck'
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4.2.5. Case study

A case study analysis has been conducted in order to show the potential of the proposed system
and of the developed simulation tool. The proposed case study analysis refers to an array of PV/T
collectors mounted on the tilted roof of a two-floor building, in which a commercial open-space is
located on the first floor and a single-family house on the second floor (each of 100 m? of floor area).
The longitudinal building axis is East-West oriented. The PV/T array consists of 36 PV/T modules (6
rows x 6 columns), with a total gross area of 58.4 m2. The cost of the single hybrid PV/T system (jpv/T)
has been estimated equal to 230 € The modelled solar field is South oriented with a tilt angle of 30°

(roof slope). The sketch of the building is shown in Fig. 4.10.

PVIT solar
collectors

Fig. 4.10. Simulated building.

The building heating and cooling loads and the electricity needs for each floor are calculated by
means of an in-house dynamic simulation code called DETECt [231, 232]. The heating and cooling set
points are 20 and 25°C, respectively. A single thermal zone is considered for each building floor. Here,
internal walls are considered as capacitive and perimeter wall layers include hollow bricks and

thermal insulation. All the accounted details for the building envelope are reported in Table 4.3.

Table 4.3. Main features of the building envelope.

Parameter Value Unit Description

Foall 30.0 cm thicknesses of building external walls

L 25.0 cm thicknesses of floor/ceiling

U, 1.32 W/(m?K) U-value of the building external walls
U, 1.10 W/(m?K) U-value of the floor/ceiling

Apicis 0.33 W/(m-K) thermal conductivity of the hollow bricks
)\,-,,5,10,,11 0.05 W/(m-K) thermal conductivity of thermal insulation
Puricks 1600 kg/m3 density of the hollow bricks

Pins wait 13.0 kg/m3 density of thermal insulation

Coricks 1200 J/(kg-K) specific heat of hollow bricks

Cins wall 1100 J/(kg-K) specific heat of the thermal insulation

Lot wall 0.3 - absorbance of the external wall
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A ventilation rate equal to 1.0 Vol/h and a crowding index of 0.12 person/m? are considered for
the commercial space, whereas a ventilation rate equal to 0.5 Vol/h and a crowding index of 0.03
person/m? are taken into account for the house space. The considered interior thermal load for people
is 115 W/p at 20°C and 90 W/p at 25°C. The users electricity needs for appliances (including equipment
and lighting) follow the schedules reported in Fig. 4.11.

_ 2500 _ 2500
3 f =
£ 2000 £ 2000
Sy a’
1500 1500
1000 1000
500 500
0 1 1 1 0
0 6 12 18 24 0 6 12 18 24
a) time [h] b) time [h]

Fig. 4.11. Daily electricity demand profile for light and appliances for the house (a) and the commercial space (b).

For comparison purposes, two different HVAC system configurations are modelled and
simulated:

i) an innovative system configuration (HP/PVT). The outlet air from PV/T collectors (Fig. 4.10) is
supplied to the evaporator of the air-to-water HP serving the commercial space, with the aim of
increasing its COP (calculated as a function of the occurring temperature and load conditions);

ii) a reference case layout (HP). Two conventional air-to-water HPs/chillers provide heating and
cooling to the commercial and the residential spaces. The building roof depicted in Fig. 4.10 is to
be considered without PV/T collectors.

During the summer months for both the commercial space and house, the same chillers are taken
into account for both the traditional and innovative system layouts. In addition, the considered HP
for the house heating is supplied by outdoor air in case of both reference and innovative system
layouts. The HVAC system is switched on from 9:00 to 18:00 for the commercial space, whereas from
16.00 to 22.00 for the house. Yearly simulations start at 0:00 of January 1t and end at 24:00 of December
31,

Meteonorm hourly data files are used for taking into account all the occurring weather conditions

(outdoor air temperature, solar radiation, wind velocity, etc.) 53. The modelled building-plant system
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is simulated in 8 different European weather zones, featuring cold, temperate, and hot climates. Table
4.4 shows the calculated heating degree days (HDD), tilted incident solar radiation (ISRtiiedso°), and the

minimum and maximum yearly outdoor air temperatures of each simulated weather zone.

Table 4.4. Simulated weather zones and related climatic indexes.

City Country HDD ISRtiitedzo Tmin Tmax
[Kd] [kWh/(m*y)] [°C]
Prague (C2) 3853 1600 -15.0 30.5
Freiburg (DE) 3110 1724 -10.8 33.3
Milan (IT) 2733 1828 -7.40 32.1
Bolzano (IT) 2641 1871 -8.80 31.8
Nice (FR) 1491 2122 1.30 30.2
Naples (IT) 1479 2139 -1.00 34.3
Athens (GR) 1060 2100 1.80 375
Limassol (CY) 840 2108 2.90 35.9

For each weather zone, the size of each HP/chiller (one for each space, i.e. residential and
commercial) is calculated as a function of the weather conditions. Energy, economic and
environmental indexes are reported in Table 4.5. Note that for the calculation of the SPB, for the first
investigated scenario (i.e. standard electricity purchase/selling condition, see Section 2.2.2) a 50%

capital investment incentive is applied.

Table 4.5. Efficiency for conventional electricity production, carbon dioxide conversion factors and energy tariffs.

Parameter Unit Ccz DE IT FR GR CY

PE conversion factor [kWhe/kWhyp] 0.324 0.389 0.460 0.502 0.368 0.389
CO:2 conversion factor [kgco2/kWhe] 0.950 0.624 0.483 0.283 1.149 0.408
Feed-in tariff [€/kWhe] 0.079 0.100 0.039 0.029 0.073 0.100
Purchase tariff [€/kWhe] 0.188 0.239 0.189 0.168 0.136 0.136

4.3. Results and discussion

This section includes the description of the solar field and HP design. In addition, details about
the obtained hourly, monthly and yearly simulation results are provided. For the sake of brevity,
discussed hourly and monthly results (Sections 4.3.2 and 4.3.3) are relative to the weather zone of
Naples only, whereas the yearly analysis (Section 4.3.4) includes the discussion of the results obtained

for all the 8 investigated weather zones.

4.3.1. Solar field and heat pump design
In order to assess the optimal layout of the PV/T array to be coupled to the air-to-water HP for
the space heating of the commercial zone, the analysis of the temperature gradient affecting the PV

panels performance is carried out. Then, according to the array layout (number of series and parallel
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panels), the total air flow rate flowing through the PV/T field channels is assessed (being 0.123 kg/s
that of a singular PV/T module).

Considering PV/T panels connected in series, the electricity produced by each panel and the
corresponding temperature is shown in Fig. 4.12a, whereas the thermal power production and the
temperature of the air flowing into each PV/T module is shown in Fig. 4.12b. These results are
achieved for an average solar radiation incident on the PV/T collector array of 705 W/m? and a mean
outdoor air temperature of 18.2°C. The temperature of the air flowing into the panels follows and
approaches those of the PV modules (ranging between 29 and 40°C). The air stream cools the PV
panels by increasing their electrical efficiency and electricity production only for the initial six/ten
PV/T panels in series. In fact, by further increasing the panels in series, the PV and flowing air
temperatures tend asymptotically to about 41 and 36°C, respectively. As a result, the cooling effect
obtained through the flowing air gradually becomes negligible. For this reason, for cooling purposes
an array of maximum 6 PV/T collectors in series should be selected. Furthermore, the idea of coupling
PV/T collectors to an air-to-water HP consists of suppling both the obtained thermal energy and
electricity to the HP. Therefore, to balance almost all the building electricity demand (HPs/chillers,

equipment, etc.), an array of 36 PV/T collectors (6 sets of 6 panels connected in series) is taken into

account.
— 45 200 — — 45 500
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20 LU L B L B BN 100 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
a) Number of PV/Ts in series [-] b) Number of PV/Ts in series [-]

Fig. 4.12. a) Electric power and PV temperature; b) Thermal power and outlet air temperature.

The performance of the innovative system layout (Fig. 4.4) is assessed by varying the related
boundary conditions. From the electricity production point of view, in order to avoid an oversized
solar field, 7iieid has to be lower than rinp. To meet this requirement and to simultaneously reach the

total air flow rate needed by the HP evaporator, rified is mixed to outdoor air. In this case study, 59%

81



Chapter 4 - Photovoltaics/thermal collectors

of the air flow rate demanded by the HP (mnp = 1.26 kg/s) comes from the PV/T array (#ifiels = 0.738
kg/s). In Table 4.6, the variation of the outlet air temperature of the PV/T array (Tout) and the mixed air
temperature to be supplied to the HP evaporator (Turrvr, obtained by mixing 59% of the required air
flow rate at Tout and the remaining 41% at Tamp) are assessed by varying the outdoor air temperature

(Tamb, from 0 to 18°C) and the solar radiation (G, from 100 to 1000 W/m?).

Table 4.6. Air temperature growth for different solar radiation and outdoor air temperatures (thield = 0.738 kg/s and

e = 1.26 kg/s).

Toms G =100 W/m? G =300 W/m? G =600 W/m? G =900 W/m? G =1000 W/m?
Tout Tupipvr Tout Tupipvr Tout Tupipvr Tout Tupipvr Tout Tupipvr
[°C]
0 2.27 1.33 6.80 3.98 13.6 7.95 20.3 119 22.6 13.2
1 3.27 2.33 7.79 4.98 14.6 8.95 21.3 129 23.5 14.2
2 4.27 3.33 8.79 5.98 15.6 9.94 22.3 13.9 24.5 15.2
3 5.26 4.33 9.79 6.98 16.5 109 23.3 149 25.5 16.2
4 6.26 5.33 10.8 7.97 17.5 119 24.3 159 26.5 17.2
5 7.26 6.33 11.8 8.97 18.5 129 25.2 16.9 27.5 18.2
6 8.26 7.32 12.8 9.97 19.5 139 26.2 17.8 28.4 19.2
7 9.26 8.32 13.8 11.0 20.5 149 27.2 18.8 29.4 20.1
8 10.3 9.32 14.8 12.0 21.5 159 28.2 19.8 30.4 21.1
9 11.3 10.3 15.8 13.0 22.5 16.9 29.2 20.8 31.4 22.1
10 12.3 11.3 16.8 14.0 23.5 179 30.2 21.8 32.4 23.1
11 13.3 12.3 17.7 15.0 24.5 189 31.1 22.8 33.3 24.1
12 14.3 13.3 18.7 16.0 255 19.9 32.1 23.8 34.3 25.1
13 15.2 14.3 19.7 16.9 26.4 20.9 33.1 24.8 35.3 26.1
14 16.2 15.3 20.7 17.9 274 219 34.1 25.8 36.3 27.1
15 17.2 16.3 21.7 18.9 28.4 229 35.1 26.8 37.3 28.0
16 18.2 17.3 22.7 19.9 294 239 36.0 27.7 38.2 29.0
17 19.2 18.3 23.7 20.9 30.4 24.8 37.0 28.7 39.2 30.0
18 20.2 19.3 247 21.9 314 25.8 38.0 29.7 40.2 31.0

The obtained values of the COPSs wp/pyt of the solar assisted HP, calculated by varying Tams and G,
are reported in Fig. 4.13, together with the COPs of a typical HP (COPs e, which only depends on the

outdoor temperature).
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Fig. 4.13. Commercial space HP: COPuprvr and COPrys (design conditions)
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This figure shows the increase of the COPs with respect to the reference case as well as to the
incident solar radiation level. Supplying the HP evaporator with air flow rate at the Thppvr
temperature (Table 4.6), the COPs can even double the reference value. This clearly shows how

remarkable energy savings can be achieved from the innovative system layout.

4.3.2. Hourly analysis
The calculated hourly heating and cooling loads of the commercial space of the examined building

are depicted in
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Fig. 4.14. According to the adopted strategy considered for the case study, with the HP switched
off during the summer season, the air flowing into the solar collectors is used for PV cells cooling
purposes only. For this reason, the reported summer results are relative only to the electricity
production of the PV/T array, whereas for the winter results the benefits due to the coupling of the

PV/T collectors to the HP are also take into account (discussed at Section 4.3.1).
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Fig. 4.14. Heating and cooling loads and demands of the considered commercial space.

83



Chapter 4 - Photovoltaics/thermal collectors

In the following Figs. 6.15 - 6.23, several results relative to three summer (June the 29t and 30®,

and July 1) and winter (January the 12%, 13t and 14th) sample days are reported.
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Fig. 4.15. Outdoor air and incident solar radiation at the first, third and sixth in series PV/T collector in June 29t and

30 and in July 1.

Concerning the summer analysis, Fig. 4.15 shows the time histories of the outdoor air temperature
and solar radiation incident on the panels, whereas Fig. 4.16 shows the obtained PV/T collectors outlet
air and surface temperatures.

Regarding Fig. 4.16a, the reported temperature profiles are relative to the outlet air from the first,
third and sixth PV/T collectors connected in series. The maximum temperature is achieved around
noon (when the highest solar incident radiation occurs), while the maximum working fluid
temperature (about 20.3°C on June 29%) is achieved at the outlet of the sixth PV/T panel (the last one

in series for each array column). Similar comments can be carried out for the surface temperatures of

the PV panels, Fig. 4.16b.
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Fig. 4.16. Temperature of the outlet working fluid (a) and PV module (b), at the first, third and sixth in series PV/T

collector in June 29 and 30t and in July 1st.

Fig. 4.17 shows the time histories of the extracted thermal power from the first, third and sixth

PV/T collectors connected in series.
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Fig. 4.17. Exhausted heat of the first, third and sixth PV/T collector in June 29" and 30* and July1st.

The heat extracted from the first PV/T collector is higher than the heat extracted from the last panel,
since the thermal efficiency decreases as the temperature increases. As an example, at the 5028 hour,
the extracted heat from the first PV/T collector is 625 W with respect to 234 W for the last panel.

In Fig. 4.18, the electrical efficiency of the system and the electricity production of the first, third
and sixth PV/T collectors are reported for the same summer sample days. The lower the PV panel
temperature, the higher the related electrical efficiencies and produced electricity. For the considered
case study, a slight decrease in the electrical efficiency is detected between the first and the sixth PV/T

panels connected in series (in Fig. 4.18 a maximum loss of about 5% is observed at the 5028 hour).
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Fig. 4.18. Electrical efficiency and produced electricity of the first, third and sixth PV/T collector in June 29 and 30
and July 1.
Shifting to the winter days, the time series of outdoor air temperatures and incident solar
radiations of the three winter sample days are depicted in Fig. 4.19, whereas the obtained PV/T
collectors outlet air and surface temperatures are reported in Fig. 4.20. Here, it can be observed that

the temperatures are lower than those obtained during the summer time.
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Fig. 4.19. Outdoor air and incident solar radiation at the first, third and sixth in series PV/T collector in January 12t-

14,

—.—T

25 - out. ! out. 3

T[°C]

‘ 288 300 312 324 336 348 360

288 300 312 324 336 348 360
b) time [h]

Fig. 4.20. Temperature of the outlet working fluid (a) and PV module (b), at the first, third and sixth in series PV/T

collector in January 12th-14th,

Fig. 4.21a shows the time histories of the thermal efficiency and thermal power (recovered heat)

from the first, third and sixth simulated PV/T collectors.
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Fig. 4.21. a) Thermal efficiency and recovered heat b) electric efficiency and electricity produced, at the first, third and

sixth in series PV/T collector in January 12th-14th,

The average thermal efficiency range between 20 and 40% shifting from the sixth to the first
collector. The thermal power obtained from each collector in winter, is significantly lower than the
corresponding thermal power obtained in summer. In Fig. 4.21b, for the same winter hours, the
system electrical efficiency and the electricity production of the third and sixth PV/T collectors are
reported. With respect to the summer results (Fig. 4.18), higher electrical efficiency and lower
electricity production are obtained.

In Fig. 4.22, for the same winter sample days, the time histories of the electricity load/need and
COPs are shown for the HP of the commercial space. Here, the reference case HP electricity power
need (P« xp) and COPrp can be compared to the innovative system ones (Pe vrpvr and COPrppvr). A
remarkable decrease is achieved on the electricity demand of the solar assisted HP (red area in Fig.
4.22) due to the growth of the related COP compared to the reference system ones. As an example, for
the coldest winter day (January 14%), the reference case electricity need (Eenr) is 3.92 kWh/day,
whereas for the innovative system layout (Eanrpvr) it is equal to 2.97 kWh/day, with a saving (AE:.) of
0.92 kWh/day (24.2%). Heat pump PLR conditions are taken into account in the system energy
performance assessment. Specifically, in case of PLR conditions, lower air flow rates supplied to the
HP evaporator occur. The lower the PLR the higher the percentage of air heated by the PV/T collectors
fed to the HP evaporator. Therefore, by decreasing PLR higher temperatures and higher COPs are

detected.
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Fig. 4.22. Electricity load/need and COP of the commercial space HP in January 12t-14,

For the same winter sample days, Table 4.7 shows the whole building electricity demand (Eei demand,
about 142.2 kWh - including appliances and HPs), the amount of Eedemand balanced by the grid (Eei from
grid), the electricity production from the PV/T field (Eeipvriot), and the amount of Eeipvrior delivered to
the building (Eei,from pvr).

Table 4.7. Whole building electricity demand and production in January 12-14%.

Eeldemand Eel,from grid Eel,from pPVT Eel,pvrtor
[kWh] | [kWh] |[kWh] [%] |[kWh] [%]
142.2 95.9 463 326| 744 523

For these days, the electricity produced by the PV/T field balance about 32.6% of Eel,demand (about
46.3 kWh, self-consumption). The remaining amount of electricity is supplied to the building from the
grid (about 59.9 kWh). It is noteworthy that although the solar collectors produce a significant amount
of the building electrical demand (about 74.4 kWh, corresponding to 52.3% of Eel demand), because of the
mismatch between production and demand, a significant amount of PV electricity production is
exported and sold to the grid (28.1 kWh).

To better understand the existence of renewable electricity surplus (despite the considerable
building demand), a daily graph is presented. Specifically, for January 12-14%, Fig. 4.23 depicts the
electricity PV/T system production and the electricity demand of the whole building (dark yellow
area), as well as the electricity needs due to the solar assisted HPs of the commercial space and the

house (green and red area, respectively).
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Fig. 4.23. Electricity production and demand for the whole building equipped by PV/T collectors in January 12-14t,

Fig. 4.23 clearly shows that although remarkable building electricity needs are balanced by the
PV/T collectors production, a significant surplus (exported to the grid) is observed in the central hours

of the day.

4.3.3. Monthly analysis
Concerning the building commercial space, Table 4.8 shows the electricity demands for:
® space heating of the reference traditional system (Eei heating (ref);
e space heating of the innovative proposed system (Eei neating (pro));
e for space cooling (Eei,cooling)-
This table clearly shows that the electricity needs of the solar assisted HP (Eel heating (pro)) are always
lower than those of the traditional HP system (Eel heating (ef)). Monthly electricity savings range from
0.30 kWh/month in November to 15.0 kWh/month in January (between 10% in November and 18% in

March) whereas for the proposed system the electricity needs for space cooling does not vary.

Table 4.8. Monthly electricity demands and savings of the commercial space HP/chiller.

Jan Feb Mar Apr May Jun Jul Aug  Sep Oct Nov  Dec

[kWhe/month]
Eel, heating (ref) 121 71 16 - - - - - - - 2.8 54
Eel, heating (pro) 106 61 13 - - - - - - - 2.5 47
Eel, cooling - - - - - 136 291 340 233 - - -
AEe 15.0 10.3 2.9 - - - - - - - 0.30 6.1
AEq (%) 12.3 13.9 18.5 - - - - - - - 10.5 11.3

Concerning the whole building equipped with PV/T collectors, Fig. 4.24. shows the monthly:

e total electricity demand (Eei tt);
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e gross produced electricity (Eefiis, computed without the electricity consumption of the PV/T
fans);
e net produced electricity (Eefiidnt, computed by subtracting to Eafed the electricity
consumption of the PV/T fans);
o electricity purchased from the grid (Eefom gris, computed without net metering)
e electricity sold to the grid (Eetgris, computed without net metering).
Regarding the building electricity demands, only the electricity required by the commercial space
HP varies by shifting from the reference case to the innovative one. Note that the monthly results are
obtained by activating the fans of the PV/T collectors just in case of HP use. In Fig. 4.24. this is clearly
visible during the winter months with Eeifits higher than Eeifiid,net. Such an operating strategy, adopted
for maximizing the yearly overall energy efficiency of the coupled PV/T-HP system, is not considered
in the above discussed hourly analysis (where the fans are continuously activated in sunny hours for
cooling purposes). By such a low-consumption strategy, a very small amount of electricity is required
by the fans (about 95.3 kWh/year), corresponding to 0.6% of the gross electricity production (Eefi is
equal to 16.2 MWh/year). During the winter season the electricity production of the PV/T field
balances the building demand (Ee;«r) from 32.9% in January to 55.1% in March; the remaining demand
is balanced with electricity delivered from the grid (Ee. from grid). Note that, Ee, from grid is rather low in the
summer period, since the PV/T field produces a significant amount of building electricity needs.
Nevertheless, a relevant amount of the electricity from PV/T collectors is sold to the grid (Ec, togri¢), due

to the mismatch between production and demand.
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Fig. 4.24. Monthly electricity fluxes of the innovative system (no net metering).
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4.3.4. Yearly analysis
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The discussion of the yearly results is relative to all the 8 investigated weather zones, reported in

Table 4.4. To this aim, Table 4.9 shows the electricity needs of the reference case building, due to space

heating (Eel, heuting), Space COOhl’lg (Ecl, cuoling), and appliances (Eel, applitznces).

Table 4.9. Reference case: electricity demand for the entire building.

W h Eel, heating Eel, cooling Eel, appliances
eather zone
[kWhe/y] [kWhe/y] [MWhe/y]
Prague 4578 44
Freiburg 3319 158
Milan 3105 598
Bolzano 2904 611
Nice 734 750 11.43
Naples 829 1000
Athens 503 1364
Limassol 460 1406

Table 4.10 shows the electricity production from the PV/T collectors (Ee, i), the net one (Ee, field (net)

obtained by deducting the fans electricity needs (Ee, fns), and the savings of electricity for space heating

(AEe, heating), also reported as percentage difference. The higher the solar radiation, the higher the

electricity production by the PV/T field. Increasing the solar radiation, a non-linear growth of the

electricity production is detected (because of the PV electrical efficiency decrease due to overheating).

The percentage of the yearly electricity consumption related to the PV/T collectors fans, Eeifun,

calculated with respect to E, fiets ranges from 0.31% in Limassol to 1.76% in Prague. Note that also the

yearly results are obtained by activating the fans of the PV/T collectors just in case of HP use.

Table 4.10. Innovative system layout: electricity production and whole building saving.

Eel, field Eel, field (net) Eel, fan Eel, neating AEel, heating
Weatherzone |\ rivhesy] [MWhe/y] [KWhe/y] [%] [KkWhefy]  [KWhe/y] [%]
Prague 11.04 10.84 195 1.76 4467 112 7.04
Freiburg 12.12 11.94 185 1.53 3224 95 8.05
Milan 12.70 12.52 174 137 2997 107 9.89
Bolzano 14.00 13.84 157 112 2804 100 10.2
Nice 16.45 16.34 106 0.64 695 39 16.6
Naples 16.20 16.10 95 0.59 795 34 12.9
Athens 16.46 16.40 69 0.42 479 24 16.9
Limassol 19.78 19.72 61 031 430 30 27.9

Since in Limassol the yearly heating demand is lower than that one calculated in Prague, a

corresponding lower electricity consumption of these fans is detected. The energy saving due to the

solar assisted HP, ranging from 7.04% in Prague to 27.9% in Limassol, clearly depends on the climate

zone latitude.
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In Table 4.11, the PES of the innovative system layout is reported for all the considered weather

zones.

Table 4.11. Energy, economic and environmental analysis results.

APE PES ACE SPB ACE’ SPB’ ACO:
Weather zone [MWh/y] (%] [k€/year] [year] [k€/year] [year] [tcor/year]
Prague 11.0 52 152 481 2.06 7.09 104
Freiburg 12.0 59 2.09 3.50 2.88 5.08 7.51
Milan 12,6 61 1.55 473 2.39 6.12 6.10
Bolzano 139 64 1.62 451 2.64 5.54 6.74
Nice 16.4 75 1.52 4.80 2.75 531 4.64
Naples 16.1 74 1.78 4.12 3.05 4.79 7.79
Athens 16.4 75 1.69 431 2.23 6.54 18.9
Limassol 19.7 80 227 322 2.69 5.44 8.06

The higher the HDD of the considered weather zone, the lower the corresponding PES. The maximum
PES is obtained in Limassol (80%). The table also includes the results of two economic analyses
relative to a very low-capital cost of the developed PV/T collector prototype (250 €/m?, corresponding
to a global investment of almost 14.6 k€) and to the electricity purchase and feed-in tariffs reported in
Table 4.5.

The first analysis refers to the standard electricity purchase/selling scenario (see Section 2.2.2). In
this case, the yearly ACE are rather low and a financial contribution on the capital costs of about 50%
is taken into account for the SPB calculation (only assessed for the innovative system layout). The
shortest SPBs are obtained for low HDD weather zones. The best result is achieved in Limassol with
3.22 years, whilst the worst in Prague with 4.81 years (Table 4.11). The second economic analysis refers
to an ideal electricity net metering scenario (see Section 2.2.2). In this case the yearly (ACE’) are rather
high and no grant on the capital costs are considered for the calculation of the SPB’ of the proposed
system. In this case, the best result is achieved in Naples with 4.79 years and the worst in Prague with
7.09 years (Table 4.11). InTable 4.11, the ACO: are calculated as a function of the current national
efficiencies for conventional electricity production and the standard CO2 conversion factors (Table

4.5). The obtained values of ACO: range from 4.64 to 18.9 tcoz/year.

4.4. Conclusions

In this work, an innovative low-cost flat-plate and air-based PV/T collector prototype is presented.
Details regarding the system design as well as the construction and experimental setup are provided.
The prototype is experimentally tested for various operating parameters (air flow rate, tilt angle and

weather conditions).
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In order to assess the energy, economic and environmental performance of the PV/T prototype, a
suitable dynamic simulation model is developed in-house and successfully validated against
measurements obtained during the experimental investigation conducted in Patras (Greece). The
model, based on modified Hottel-Whillier-Bliss equations, is implemented in a MatLab tool. The
performance of a combined system consisting of the PV/T prototype coupled with an air-to-air heat
pump for space heating is also assessed. With this tool, complete energy and economic analyses of the
building-HVAC system can be carried out.

In order to show the potential energy savings, economic benefits of the innovative system, and
the features of the dynamic simulation code, a suitable case study analysis is conducted. An array of
PV/T collectors is mounted on the tilted roof of a two-floor building, including a commercial open-
space and a single-family house.

The air heated by the solar collectors is used to supply an air-to-water heat pump for the
commercial space heating, whereas the produced electricity is partially self-consumed by the
building. Different economic scenarios are investigated for the produced electricity surplus, such as:
i) a standard electricity purchase/selling strategy, where the electricity exported to the grid is sold at
the unitary national price; and ii) an ideal net metering, where the surplus of produced electricity
exported to the grid can be delivered back to the building when needed. The simulation analysis is
conducted for 8 different weather zones where different shares of self-consumed electricity and
electricity sold to the grid are obtained. By activating the fans of the PV/T collectors just in case of heat
pump use, the following main results are achieved:

e electricity production ranges from about 11.0 to 19.8 MWh/year (for the weather zone of
Prague and Limassol, respectively);

o electricity demand of the heat extraction fans ranges from 195 to 61.0 kWh/year (for the
weather zone of Limassol and Prague, respectively), corresponding to 1.76% and 0.31% of the
system electricity production;

e PES ranges from 52 to 80% (for the weather zone of Prague and Limassol, respectively);

e avoided CO: emissions ranges from 4.6 to 10.4 tcoz/year (for the weather zone of Nice and
Prague, respectively);

e SPB period ranges from 3.2 to 4.8 years for the standard electricity purchase/selling scenario,
and from 5.4 to 7.1 years for the ideal net metering scenario.

Further analyses will be carried out by taking into account whole year weather data for further

enhancing the accuracy of the presented simulation tool. A suitable subroutine will be added to assess
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the building passive effects. A design optimization of the presented prototype will be also carried out

by considering as objective functions both energy saving and SPB.
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CHAPTER
5

5. Building energy performance simulation tool: DETECt

This chapter aims to respond to the twofold need of the research focused on BEPS tools, i.e. to
develop:

e a reliable dynamic simulation tool for the building energy performance analysis capable to
reliably predicting the related energy demands and the indoor environmental conditions [233-
235];

o aflexible tool to be used for the implementation of new add-on models able in suitably assessing
the energy performance of future building research challenges (e.g. innovative envelope
integrated technologies and strategies, new energy efficiency construction materials, real users’
interaction with the building indoor environmental control systems, innovative building plants,

etc.) [106, 236, 237].

5.1. Aim of the work and content of the chapter

In this framework, this chapter presents the results of an empirical validation of an in-house
developed building simulation model, implemented in a computer tool written in MatLab and called
DETECt [231]. The presented simulation model has been used by researchers of different backgrounds
in order to investigate the energy performance of novel building envelope measures and energy
saving technologies, as well as innovative strategies for the hygrothermal indoor conditions control
[58, 238-242]. The tool was previously and successfully verified through the results obtained by other

similar models as well as the above mentioned BESTEST standard procedure, showing low or very
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low deviations between the obtained simulation results and those provided by test suites [58, 238-
242]. The validation procedure is now completed by following the experimental approach.
Specifically, in this chapter the DETECt simulation results are compared to measurements obtained
through a real test-room located in Naples (South-Italy). The overall validation procedure here
presented resulted more costly (in terms of required time and effort) than the comparative ones
detailed in references [58, 238-242]. From this point of view this chapter and the included results can
be considered as the continuation and conclusion of the starting research work reported in reference
[231].

The empirical validation test of DETECt has been also conceived in order to assess the influence
of building thermal properties and weather parameters on the tool reliability. The chapter includes
many details and results of the experimental validation process, also describing the experimental
setup design, the measured boundary conditions and the applied metrics for the empirical validation.
Note that, DETECt can be coupled to additional simulation tools purposely developed for
dynamically analysing traditional and innovative building systems and plants (e.g. different
renewable energy technologies, HVAC systems, adaptive indoor air conditions controls, etc.).
Therefore, by such complete tool, energy and economic performance analyses of whole building-plant
systems can be carried out.

One of the novelties of this research consists in the development and use of a new dynamic
simulation tool for assessing the energy performance of new building technologies that are not
implemented yet or cannot be precisely modelled in the available simulation codes. The use of
simulation tools is always required to investigate in advance the energy performance of forthcoming
themes and applications, as well as future building materials and/or innovative techniques. From this
point of view, in the recent years DETECt was uninterruptedly refined and updated by the authors
with new functions and subroutines, and the related experimental validation has to be considered as

a crucial step of the carried-out research work on developing this tool.

5.2. Model description

5.2.1. Description of the framework and general consideration

The selection of a BEPS tool highly depends on the trade-off between the accuracy of the
implemented models and the computing time, whereas the reliability of simulation results + depends
on the mathematical models and assumptions made to describe the occurring building physical
phenomena [122]. Simulation models based on steady state methods neglect the transient effect of

variables (e.g. thermal inertia) and other sensible assumptions; thus, they are not suitable for the
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optimal design of the building and its HVAC systems. Conversely, dynamic simulation models are
capable to track peak loads and are useful to capture thermal effects, providing accurate details on
how to reduce the energy demand and to improve the thermal comfort of occupants. Computational
time is largely dependent on the numerical treatment of the considered structural components. In this
regard, among physics-based models dealing with the spatial dependency of the thermal behaviour
of buildings, different modelling approaches can be used, such as: i) zonal method, ii) thermal
network, iii) nodal method, iv) Computational Fluid Dynamics (CFD).

By the zonal approach, a building is split into different thermal zones [243], where thermal and
mass balances are used to determine the occurring temperature distribution.

Thermal network models are, instead, frequently used because of the related simple and efficient
approach, wherein the spatial dependency is accounted by distributing resistors and capacitors in
different spatial directions. Thus, as the method aims to capture the dominant building physics
behaviours while ignoring nonlinearities (also necessary for the development of building control
strategies [244, 245]), there is no need to solve partial differential equations, simplifying the
mathematical model formulation. For example, in some building simulation tools the conduction heat
transfer is solved by lumping all the building thermal masses in a single node of the considered
thermal network, avoiding the adoption and the resolution of many partial differential equations
[246]. Nevertheless, despite of their simplicity, lumped model approaches do not allow one to obtain
details about the building surfaces temperatures, necessary for simulating the frequent rapid
variation of the thermal conditions occurring in buildings as well as for indoor comfort analyses [247].
If the flow field and the spatial domain to be discretized are a priori known, thermal network-based
models could be preferable than more computationally expensive and complex building thermal ones
[248]. For this reason, suitable detailed mathematical algorithms / models based on the thermal
network approach are more and more developed and used to predict the whole building
thermodynamic behaviour and for analysing the energy performance of building-plant systems [86,
249-251]. Typically, in order to develop straightforward tools through such approach, only few
system phenomena are modelled and only the most significant physical aspects occurring in the
dynamic building thermal behaviour are considered. In order to simulate the building dynamic
interactions within a reasonable computing time, one-dimensional modelling approaches of heat
transfer phenomena within the building envelope are often employed [106, 252]. A summary about
assumptions, features and limitations of such models is reported in [74, 95, 253]. The nodal method,
derived from the thermal network one, considers each building zone element (i.e. indoor air, wall,

etc.) as a homogeneous volume. Here, uniform state variables and appropriate heat transfer equations
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are applied to each node and solved by using transfer functions or finite difference methods [254].
Nodal approaches are employed by numerous BEPS tools, widely used in the research community.
EnergyPlus [69] and TRNSYS [62] are two popular examples.

Tools based on the CFD approach are characterized by the highest accuracy and by long
computing time, rather unsuitable to perform yearly simulations at a whole building level [83].

The thermal model implemented in DETECt is based on a nodal description of the building
elements with a one-dimensional modelling of the thermal conduction phenomena (the transverse
heat transfer is disregarded [255]). With the aim to analyse the effect of the spatial distribution of the
heat capacity on the heat flux through the building envelope elements, the developed thermal
network includes a high number of thermal capacitances, following a distributed parameters
approach [256]. Specifically, in DETECt a transient distributed parameters heat transfer model is
implemented for allowing accurate simulations of dynamic effects driven by the thermal mass. Such
method allows one to dynamically calculate the temperature of indoor air and building surfaces,
necessary for indoor comfort analyses and for simulating the temperature and flux fields of a mono-
zone, multi-zone and multi-story building.

The developed simulation model is implemented in MatLab environment [257], which includes
built in solvers for differential equations systems and mathematical functions. DETECt is subdivided
in several sub-models, dedicated to the calculation of different phenomena. All sub-models are
grouped in a single calculation tool, described in [258], whose simulator scheme is shown in Fig. 5.1.
A description of the thermal model is provided hereinafter with the aim of showing the mathematical
approach and algorithms included in DETECt, as well as the model assumptions that primarily

influence the fidelity and accuracy of the simulation results.
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Fig. 5.1. Simulator scheme and concept.

5.2.2. Heat flow calculation procedure

The transient heat transfer through building elements is simulated by taking into account the finite

difference method based on the thermal Resistance Capacitance (RC) network approach. Each thermal

zone of the simulated building is modelled by lumping the indoor air mass in a single uniform

temperature node, whereas each envelope elements (wall, roof, ceiling, floor, interior wall, window)

is split into uniform multi-layers, where thermal masses are lumped. For homogeneous layers of

different thicknesses, isotropic and time-invariant thermo-physical properties (density, specific heat
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and conductivity) are assumed. By following such assumptions, each n-th sub-layer (1 <n < N) of each
m-th building element (1 < m < M) is modelled by a single uniform temperature node including two
conductive resistances and a single lumped capacitance, as shown in Fig. 5.2. Each m-th building
element includes two additional surface non-capacitive thermal nodes (n = 0 and n = N+1), considered

as boundary nodes linked to the outdoor and indoor air temperatures (not shown in Fig. 5.2).

n (EEhT) n+1
NA—0—AANAMNA—
Q : VWV
L E L
Cm,n E Cm,n+1

Fig. 5.2. RC thermal network: n and n+1-th nodes of the m-th building element.

Building internal and external solicitations are taken into account to assess the dynamics of the
whole set of nodal temperatures of the RC network, described by a number of algebraic and
differential equations (according to the discretization level, automatically selected to obtain an
acceptable simulation results accuracy as well as a sufficiently short computational time [256]). A
built-in ODE solver, provided by MatLab and based on variable step size Runge-Kutta and
trapezoidal rule integration methods, is considered to solve the system equations [257].

The differential equation describing the heat transfer of each capacitive n-th node of the m-th

building element is calculated in each t-th time step as:

dTon kst T —T

m,n d
Cmn P Z RCTWLJ"Q%% (6.1)

where T and C are the temperature and thermal capacitance, R®" is the conductive thermal resistance
between two nodes, Q" is the radiative forcing function acting on non-capacitive nodes (y #0 if =0
or n = N + 1, being y = 0 elsewhere). Note that, Q™ depends on the typology and geometry of the
considered building element (assumed as either separating two indoor zones or an indoor zone from
the outdoor environment). On external opaque and glazed surfaces (1 = 0), Q™ includes both the
solar and long wave radiations, while on inner opaque and glazed surfaces (n = N+1), Q"1 account
for the incident solar radiation entering through windows and the net long wave radiation load
exchanged with the remaining internal surfaces of the considered thermal zone. Such terms, for each
m-th building element of the heat exchange surface area, Am, are calculated as:

yrad ext 4 4 ext ext
m,0 _I:gm 'o-’f’(Tsky “Th)+an -In :IAm

Jrad int 3 4 4 intpint (5-2)
N+l =| Em 'U‘szm‘(Ti,N ~Tan) + am In | Ay
i=1
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where f is the external surface view factor, Ty is the sky temperature, ¢ is the emissivity of the surface,
a is the average spectral absorption factor (calculated through spectral reflectance curves integrated
across the whole solar range), Gom accounts for the long-wave radiation exchange on the internal
surface of the considered thermal zone, | is the total solar radiation flux (depending on geometrical
relationships implemented in a specific subroutine [259]). Note that further details about the solar
radiation subroutine, not reported for the sake of brevity, are available in [232].

The calculation of the solar radiation entering through transparent elements and distributed
within the internal space is carried out by means of the selected absorption, reflection and view
factors. In particular, the total solar radiation flux striking an internal m-th surface, I"x, includes the
solar irradiance reflected by other interior surfaces and it is calculated as:

-1

pint (1' Fllpls ) 'Flzpzs Tees -Fim p'\sﬂ 10

i 1

| Fap (1-Fepd) - -Fawew |12 (5:3)
int N

Im -FMlpls 'szpzs T (1'F'V”V'p'\s") M

where ps are the internal surfaces solar reflectivity coefficients, F are the internal surfaces view factors,
automatically calculated for parallelepipedal structures [260], I’ is the vector of the solar radiation

directly received by the interior surfaces. It is worth noting that the coefficients of the (I -F- P;)

matrix shown in eq. (5.3) are calculated at the beginning of the simulation, remaining constant at each
simulation time-step. The long-wave radiation exchange on the internal surfaces of the considered
thermal zone is assessed through the Gebhart's absorption method [261, 262], and the Gmp generic
coefficient of the Gebhart's matrix (namely G and consisting of several vectors) is calculated as:

-1

LW Lw i
G, (1 Frio ) Fio0; Fim Am Fimém
LW LW Lw
Gom |_| -Faa (1-Foops™) = -Fouol | Femém” 5-4)
o Lw
Mm -Fy 1P1LW -Fum 2P£_W T (l_ Frm p'\L"W ) Fham

where each Gy is the fraction of the radiation emitted from the interior surface and absorbed by the
remaining ones, oV and &V are long-wave reflectivity and emissivity coefficients. Note that, G is
calculated at the beginning of the simulation, remaining constant at each time-step, as it depends on
surfaces geometry and constant materials thermal properties.

Note that, in case of outer (n = 0) and inner (n = N + 1) surface non-capacitive nodes, the algebraic
equation describing the heat transfer is obtained by eq. (5.1) setting the thermal capacitance, Cmp, to

zero. In this case, convective resistances can be either set as constant (based on the surface type) or
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calculated as a function of the surface unitary convection heat transfer coefficients (calculated by
empirical relationships [231, 239]). Note that, convection heat transfer coefficients can be assumed as
time variant when the wind velocity is available as input data (from measurements or weather data
tiles); otherwise, constant coefficients are considered, by assuming a wind velocity equal to 5 m/s.

Finally, the equation describing the heat transfer of the indoor air node is calculated as:

dTiy < Tmon — T
Cin = m,conv - +anin +Qvent ithe\c (55)
dt m=1 Rm,int

where Ciy is the thermal capacitance of the zone indoor air, and R®" is the internal convective
resistance, assessed as a function of the surfaces inclination and flow condition, Qgain, Quent and Qnvac
are sensible heat gains, considered as purely convective and, respectively, due to: i) occupants, lights
and equipment, ii) infiltration and ventilation, and iii) sensible heat to be supplied to or to be removed
from the building space (by an ideal heating and cooling system). Qnvac is required to maintain the
indoor air at the considered set point temperatures and it is calculated according to a Proportional

Integral (PI) controller, whose gains vary as a function of the operating conditions [161].

Further details of the developed mathematical model and concerning the related capabilities are

available in [231, 232].

5.3. Model validation

In the following, the results of a suitable empirical validation procedure conducted for assessing
the DETECt reliability are detailly discussed.

It is worth noting that DETECt successfully surpassed a previous comparative validation process
performed by means of the BESTEST standard procedure [101, 102, 123]. This approach includes
several test cases, organized in diagnostic and qualification (mandatory) series, which allow one to
analyse the influence of different physical phenomena on the numerical results provided by BEPS
tools and building energy models under examination. Such test cases cover a high number of physical
occurrences and model features (i.e. thermal mass, solar and internal heat gains, window-shading
devices, infiltration, setback thermostat control, etc.). The BESTEST procedure has been widely
adopted for assessing the accuracy of a number of building simulation tools capable to perform energy
analyses [100, 120-122]. Such iterative diagnostic procedure allow codes to be examined over a broad
range of parametric interactions that cannot be easily considered through experimental analyses [123].

For both the winter and summer reference days considered in the BESTEST procedure, dynamic

results achieved by DETECt for the free-floating indoor air temperature and the corresponding
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heating and cooling requirements are always included within the BESTEST confidence intervals,
confirming an initial reliability of developed code. More details about the code-to-code validation of
DETECt are reported in [232].

Furthermore, an additional comparison with two commercial tools (TRNSYS and Energy-Plus)
was also conducted in order to check the code reliability with respect to different building geometries
and uses, HVAC activation scheduling, and weather conditions. The deviation detected between the

results obtained with DETECt and with these standard tools were almost always lower than 10% [231].

5.3.1. Empirical validation procedure
In this section, details about the design of the experimental setup and the developed analyses are
reported. Then, a discussion of the results obtained through the carried out empirical validation

process of DETECt is provided.

Experimental set-up

The testing facility employed for the validation process of DETECt consists of a real test room
located in the main building of the cluster hosting the School of Polytechnic and Basic Sciences of the
University of Naples Federico II, situated in the neighbourhood of Fuorigrotta, Naples (South-Italy,
40.83999°N, 14.25176°E). Note that, a temperate climate is observed in this location, featured by rather
long winters and rather hot and humid summers. Such building cluster was built in multiple phases
between 1955 and 1980, and it consists of lower bodies and a main block of twelve floors (60 m height).
The real test room is located at the twelfth floor of the main high-rise building, and it corresponds to
a typical test cell, for its shape and features.

It is worth noting that a test-box typically consists of a single room, well insulated from its
surroundings on all the related walls except one exposed to the outdoor climate conditions to allow
the investigation of solar gain and temperature effects on its energy behaviour (also through the use
of different windows and materials on the exposed walls) [100]. Sensors are placed throughout the
room and outside to allow the data collection of temperatures, humidity, and solar radiation. The
considered room is operated under free-floating temperature conditions; thus heating, cooling, and
lighting system schedules are not considered.

The test room used for the presented analysis has a parallelepipedal shape (2.60 m height, 3.39 m
length and 2.26 m width) and only two external walls, the South-West one including one window,
and the North-West one, as shown in Fig. 5.3. The window (0.87 m length and 1.18 m height) is made

of two single (8 mm thickness) glass panels (0.30 m length and 1.18 m height, for 0.6 m? area and
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SHGC =0.78), and the frame (for 0.43 m? area) is made of a traditional aluminium profile; the average

-

A0l Al

U-value =5.2 W/m2K.

s

v,

Fig. 5.3. Test-cell sketch: a) plant and orientation; b) North-West view; c) South-West view.

The South-East wall, including a wood door (2.10 m height, 0.99 m width, 0.04 m thick), is an
interior wall, adjacent to a corridor of the above mentioned twelfth floor, whereas the North-East one
separates the test room from another indoor space in which several machineries are continuously
switched on (thus a rather high indoor temperature is observed all over the year). A 1.2 m depth
horizontal overhang is located on the South-West wall. The ceiling is made for 3/5 of its surface of
concrete and for the remaining part of thermally insulated aluminium sheet, and a similar thermal
transmittance of such two roofs is observed.

In order to verify the layer layout of walls, ceiling and floor layers, an investigation of the available
technical documentation as well as suitable low-invasive endoscopic analyses were carried out. For
achieving the endoscopic investigation, several 1.5 cm diameter holes were made through the walls
and the ceiling, as shown in Fig. 5.4. Here, a picture of the adopted endoscope probe (Fig. 5.4, a), the
autoclaved concrete layer of the South-West and North-West walls (Fig. 5.4, b), the thermal insulation
material surrounded by steel sheets of the South-West and North-West walls (Fig. 5.4, c), and the air-
gap between the two semi-hollow brick layers of the South-West wall (Fig. 5.4, d), are reported. As a
result of this analysis, a complete assessment of the test room envelope layout was carried out.

Specifically, details about the related layers and thermophysical properties were detected.
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Fig. 5.4. a) Endoscope probe; b) autoclaved concrete layer; c) thermal insulation panel; d) wall air-gap.

The thermophysical properties and thicknesses of the considered test-room walls are reported in

Table 5.1, whereas for the ceiling and floor they are shown in Table 5.2.

Table 5.1. Walls layers thickness and thermophysical properties (from outdoor to indoor).

South-West, . pe
North-West and Liye.r 1 Thickness Tgeﬂtl,la!t Density S};leaflc
North-East Walls materia conductivity ea

Wall thickness 0.19 m, U-value = 0.54 W/m2K [m] [W/(m-K)] [kg/m3] [J/(kg-K)]
Bitumen 0.004 0.2 1075 1000
Steel 0.0025 36 7700 500
Thermal insulation 0.05 0.065 44 1458
Steel 0.0025 36 7700 500
Thermal insulation 0.05 0.065 44 1458
Autoclaved cellular 0.05 0.25 800 1000
concrete
Plaster 0.015 0.2 1075 1000
South-East Wall Material Thickness Thernra% Density Specific
layer conductivity Heat
Wall thickness 0.47 m, U-value = 0.57 W/m2K [m] [W/(m-K)] [kg/m3] [J/(kg'K)]
- Plaster 0.015 0.35 750 1000
Semi-hollow brick 0.20 0.32 1200 840
Air 0.04 0.27 1.3 1008
Semi-hollow brick 0.20 0.32 1200 840
Plaster 0.015 0.35 750 1000

The long-wave emissivity and reflectivity (£ and p*") of the interior surfaces are set to 0.9 and
0.1, respectively. The solar absorptance coefficients of the interior surfaces (aint) are set to 0.25, whereas
for the exterior ones (vest) are set to 0.3 (walls) and 0.6 (roof).

Sensors and instrumentations applied into the test room are:

e  Six thermocouples for measuring the internal surfaces temperature of the North-West, North-
East, South-East, South-West walls, ceiling and floor (K-type, model TC Direct 402-805.
Measuring range: from -250 to 150°C. Accuracy: +1.0°C or £0.75%). See Fig. 5.5a. Note that, the
temperature homogeneity on the surfaces of such test room elements was repeatedly verified by

means of an infrared thermo-camera (FLIR, model T335. Measuring range: from —20 to 650°C; in
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3 ranges: -20 to 120°C or 0 to 350°C or 200 to 650°C. Accuracy: #2°C or 2%. Thermal
sensitivity/NETD 50 mK at 30°C. IR resolution: 320x240 pixels).

Table 5.2. Ceiling and floor layers thickness and thermophysical properties (from outdoor to indoor).

Floor Material Thickness Thern'la% Density Specific
layer conductivity heat
Wall thickness 0.48 m, U-value = 1.40 W/m?2K [m] [W/(m-K)] [kg/m3] [J/(kg-K)]
Plaster 0.015 0.35 750 1000
Hollow block 0.18 0.6 1400 840
Concrete slab 0.20 1.6 2200 1000
Mortar bed 0.05 0.9 1800 1000
Marble 0.03 1.3 2300 840
e Material . Thermal ) Specific
Ceiling layer Thickness conductivity Density I;eat
Average U-value = 0.16 W/m?K [m] [W/(m-K)] [kg/md] [/(kgK)]
Bitumen 0.02 0.20 1075 1000
Horizontal attic side Mortar bed 0.05 0.9 1800 1000
Concrete slab 0.20 1.6 2200 1000
Hollow block 0.18 0.6 1400 840
Aluminium 0.002 190 2700 900
. . . Polyurethane foam 0.05 0.028 44 1458
Tilted aluminium sheet side PN 000 190 5700 500
Air 0.1-0.3 0.27 1.3 1008
Bitumen 0.004 0.20 1075 1000
Steel 0.0025 36 7700 500
O.St)m g?? ?,, ?? . Thermasl insulation 0.06 0.028 44 1458
OS] e teel 0.0025 36 7700 500
Thermal insulation 0.06 0.028 44 1458
l Air 0.04 0.27 1.3 1008
Plasterboard 0.015 0.21 900 840

Three thermoresistances for measuring the temperature of internal surfaces of the door and of
window glass and frame (PT 100, model TC Direct 515-680. Measuring range: from -50 to 150°C.
Accuracy: +0.3°C at 0°C). See Fig. 5.5b.

One hygro-thermometer for measuring the indoor air temperature and humidity (HD 9008 TRR.
Platinum resistance thermometer, 100Q). 4-20 mA output, and 10-30 VDC power supply.
Temperature measuring range: -40 to 80°C. Accuracy: +0.15°C or +0.1%. Hygroscopic polymer
humidity sensor. 4-20 mA output. Relative humidity measuring range: from 0 to 100%. Accuracy:
+1.5% in the range 0-90% and +2.0% elsewhere. See Fig. 5.5¢, right.

One globe-thermometer for measuring the mean radiant temperature of the test room indoor
surfaces, with an inside thermocouple (K-type, model TC Direct 402-805. Measuring range: from

-250 to 150°C. Accuracy: +1.0°C or +0.75%). See Fig. 5.5¢, left.

Note that, to avoid the window solar radiation effect on all such sensors, suitable shields were used

during the experimental analysis (not shown on the reported pictures for the sake of clarity)
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a)

Fig. 5.5. a) Thermocouple K-type; b) thermoresistance; c) globe-thermometer and hygrothermometer. All such

devices are here shown without the reflecting shielding elements used during the experimental analysis.

Sensors and instrumentations, applied to the measurements of boundary conditions, are:

One hygro-thermometer for measuring the outdoor air temperature and humidity (HD 9008 TRR,
above described), protected by a multi-plate radiation shield. See Fig. 5.6a.

One pyranometer for measuring the horizontal global incident solar radiation (Delta Ohm, LP
Pyra 02 AC. First Class pyranometer based on a thermopile sensor. 4-20 mA output. Measuring
range: 0-2000 W/m?2. Operating temperature range: -40-80°C. Sensitivity: 10 uV/W/m?2
Impedance: 33-45 Q). Device protected by two concentric domes. See Fig. 5.6b and Fig. 5.6¢;
One pyranometer for measuring the vertical South-West global incident solar radiation (Delta
Ohm, LP Pyra 08 BL. Second Class pyranometer. 4-20 mA output. Measuring range: 0-2000 W/m?2.
Operating temperature range: -40-80°C. Sensitivity: 15 mV/kW/m?2 Impedance: 5 Q. Device
protected by two concentric domes. Fig. 5.6b and Fig. 5.6c.

Two hygro-thermometers for measuring the temperature and humidity boundary conditions
external to the test cell. One placed in the corridor of the twelfth floor (linked to the South-West
tests room wall), and the other one at the eleventh floor of the building, in the floor adjacent space
to the test room (Testo 174H. 2-channel temperature and humidity mini data logger for
continuous building climate monitoring. Temperature measuring range: from -20 to +70°C.
Accuracy: +0.5°C. Resolution: 0.1°C. Relative humidity measuring range: from 2 to 98%. Accuracy

+3%. Resolution: 0.1%).

Fig. 5.6. a) Thermohygrometer in a solar radiation shield. Pyranometers: b) side and c) bottom views.
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All the above described sensors (except Testo 174H devices) were connected to a Compact Rio NI
9146 data logger (Fig. 5.7), linked through an Ethernet cable to a suitable dedicated PC. Note that the
Testo 174 H data loggers were synchronized to the Compact Rio in order to obtain simultaneous
measurement data acquisition. In order to process and convert the logged signals a suitable LabView
tool was purposely developed. Such computer code was also used for real-time monitoring all the
measurements of solar radiation, temperature and humidity in and out the test room. In Fig. 5.8 the
front panel of such LabView tool is depicted.

The empirical analysis, conducted through the described experimental setup, was run from
February to October 2018 in order to collect data in all the possible weather conditions (winter, spring,
summer and autumn climates). Several logged parameters were used as input data to the DETECt
simulation model, whereas other measurements were compared for validating purposes to the
obtained simulation results. In the following, procedure details are provided. In addition, simulations
were conducted by setting indoor gains equal at about 50W (sensible constant value due to measuring

equipment), the air exchange rate at 0.2 ACH.

Fig. 5.7. Compact Rio sensors connections.

Experimental analysis

With the aim to consider dynamic weather conditions (featured by high meteorological
variabilities), continuous experimental measurements were conducted between February and
October 2018. For the sake of brevity, several significant days, well representing of the winter and
summer climates of the considered weather zone on Naples (South-Italy), are considered in the
succeeding discussion. Note that cold and temperature sunny winter days and hot sunny summer
days are selected with the aim to test the code capability in simulating the solar radiation effect on the

thermal behaviour of the test cell. Specifically, they refer to the following sample weeks:

110



Chapter 5 - Building energy performance simulation tool: DETECt

e from March 23 at 12:00 am to March 29t at 11:59 pm (winter climate time);
e from July 1%t at 12:00 am to July 7th at 11:59 pm (summer climate time);
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Fig. 5.8. Front panel of the developed LABVIEW tool.

During the carried-out measurements the HVAC system was switched off (free floating
temperature regime). The experimental data logging time step was set at 360 seconds (i.e. records
were collected each 6 minutes).

Fig. 5.9 shows, for both the selected winter and summer reference weeks, the time histories of the
measured indoor and outdoor air temperatures (Tinexp and Toutexp, respectively) and the solar
radiation on the outdoor vertical South-West fagade and on the outdoor horizontal roof surface (ItoTver
and ltothor, respectively). In Fig. 5.9, it is possible to observe that the dynamic profile of outdoor air
temperature (Toutexp) coherently varies (throughout the days) according to the solar radiation trends.
Note also that, the measured indoor air temperatures (Tinexp) peaks are time shifted with respect to
the outdoor ones (Toutexp). This is due to the thermal inertia phenomena of the whole test room
envelope, as well as to the occurring solar radiation effect through the window, located on the room
vertical South-West wall (Fig. 5.9, green line). The thermal capacitance effect of the test room envelope

also softens the Tinexp fluctuation in both the winter and summer weeks.
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Fig. 5.9. Time histories of indoor and outdoor air temperatures and solar radiations incident on the vertical South-
West facade and on the horizontal roof — Sample winter week: March 23t - 29% (top) and sample summer one: July 1

- 7t (bottom).

Note that, the occurring indoor conditions dynamically vary according to the climate of the
considered weather zone. Such result is also visible in Fig. 5.10 which shows, for the same sample
weeks, the measured time histories of the indoor and outdoor relative humidity (@inexp and dour,exp,
respectively), together with those of Tinexp and Toutexp. It is noteworthy to observe that the trend of
pout exp highlights the presence of significant rainfall occurrences during the considered winter week
(Fig. 5.10, top) and high outdoor humidity hours in summer (Fig. 5.10, bottom), as expected in a

Mediterranean temperate climate.
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Fig. 5.10. Time histories of indoor and outdoor air temperatures and relative humidity — Sample winter week: March

231 - 29% (top) and sample summer one: July 1st - 7t (bottom).

Fig. 5.11 shows the time histories of the internal surface temperatures of the test room walls,
measured during the selected sample winter and summer weeks (Fig. 5.11, top and bottom,
respectively). Since the North-East (NE) wall is adjacent to a control room in which high continuous
internal thermal loads are implemented, the related surface temperature, Tneexp, is always the highest
one during the winter time (Fig. 5.11, top) and averagely the highest one along the summer period
(respect to the other measured surface temperatures). This result is clearly visible especially during
night times. An exception is observed during some sunny days where Tneexp is surpassed by the
South-West (SW) wall temperature, Tswexp (Fig. 5.11, bottom). Note that, in the carried out validation
procedure, the dynamically measured Tneexp temperatures are inputted in the DETECt simulation
code as boundary conditions. It is noteworthy to observe that the measured surface temperatures of
the South-West (SW) and North-West (NW) walls (Tnw,exp and Tswexp, respectively) are remarkably
variable during the daily hours (Fig. 5.11), accordingly to the relevant variations of the outdoor
thermal solicitations and the low thermal capacitance of such walls. Conversely, the measured surface
temperatures of the South-East (SE) wall (Tseexp) are weakly variable, accordingly to the related high
thermal mass of such wall with respect to the other ones. Note that, the twelfth-floor corridor is

confined on the SW and NE sides by a large glazed surface (Fig. 5.3). Therefore, the Tsg exp time profile
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is influenced by the correspondent solar radiation (especially during the afternoon), in both winter
and summer seasons. Specifically, although Tsgexp shows slight fluctuations, a recurring growth is
observed in afternoon times, especially in case of serene sky conditions. Note that, in the performed
validation procedure, also the dynamically measured Tsgexp temperatures are inputted in the

simulation code as boundary conditions.
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Fig. 5.11. Time histories of the internal surface temperatures of the South-West, North-West, South-East, North-East
walls and of the solar radiation incident on the vertical facade and on the horizontal roof — Sample winter week:

March 2314 - 29t (top) and sample summer one: July 1st - 7th (bottom).

In Fig. 5.12, a rather different behaviour is observed for the temperature of wooden door, Tdoorexp,
included in the SE wall (Fig. 5.3). Because of its lower thermal capacitance respect to the correspondent
wall and due to highly variable thermal solicitations of the adjacent corridor, for such door a
significant temperature fluctuation is observed in all the days of the summer sample week (Fig. 5.12,
bottom) and in the third, fifth and sixth day of the winter one (Fig. 5.12, top). For both such weeks,
Fig. 5.12 also shows the measured temperatures of the floor and ceiling surfaces (Ttioor,exp and Teeiling exp,
respectively) together with the occurring incident solar radiations.

It is worth noting that higher (lower) floor temperatures are always detected with respect to the

ceiling ones in winter (summer). Such outcome is due to the adjacency of the room floor and ceiling

114



Chapter 5 - Building energy performance simulation tool: DETECt

to an indoor space of the building and to the outdoor environment (ceiling-roof), respectively. Note
that, due to the high thermal mass of the floor and to the lower one of the ceiling, the fluctuation of
Thoorexp is always weak whilst the swing of Teeilingexp is significant. This result is mostly evident in

summer time, when the solar radiation is the highest temperature variation driving force, Fig. 5.12.
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Fig. 5.12. Time histories of the internal surface of the of the ceiling, floor, South-East wall and door and of the solar
radiation incident on the vertical facade and on the horizontal roof — Sample winter week: March 23 - 29th (top) and

sample summer one: July 1% - 7" (bottom)

5.3.2. Experimental vs. simulated results

In order to validate DETECt by means of measurements data, the free-floating temperatures
regime of walls, floor, ceiling, and indoor air obtained by means of dynamic simulations were
compared to the empirical ones achieved through the described experimental setup. To this aim, test
room was suitably modelled in DETECt by implementing within the code all the related geometrical
features and thermophysical properties. In addition, several measured indoor and outdoor
environmental variables were assumed as dynamic input data and boundary conditions, such as the:
e global radiation on the outdoor horizontal roof surface, Itothor, and vertical South-West facade,

Itotver. Note that, the global radiation on the vertical North-West facade are calculated starting
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from the measured global radiation on the outdoor horizontal surface;
. outdoor air temperature, TouTexp;
e indoor air temperature of the corridor at the twelfth building floor limiting the SE wall (Fig. 5.3).

Such temperature was implemented as boundary condition of the room SE wall;

e indoor air temperature of the building space at the eleventh floor. Such temperature was
implemented as boundary condition of the floor partition;
e internal surface temperature of the North-East wall, Tngexp.

By dynamically logging such parameters a suitable data file to be inputted to DETECt, concerning
all the thermal solicitations received by the test room, was obtained. As above mentioned, the test
room was monitored for a long period with the aim to collect a high number of measurements
(considering the different occurring meteorological conditions). The simulation time step was set,
according to measurements, at 360 seconds. The initial conditions relative to all the modelled
temperature were set at the starting measured temperatures collected on February 2.

The comparison between measured data and DETECt simulation outcomes are reported by
several graphs depicted from Fig. 5.13 to Fig. 5.19. Here, for both the considered sample winter and
summer weeks (March 23 - 29" and July 1% - 7th) the time histories of the simulated indoor air and
internal surfaces temperatures (red lines) are compared to the corresponding measured data (black
lines). To this aim, additional lines (red dash and dot ones) are reported in these figures. They are
obtained by adding and subtracting + 1.0°C (i.e. the instrument error of the considered thermocouples)
to the experimental data. Furthermore, a narrower temperature interval given by + 0.5°C is also
included (grey band) with the aim to enhance the evaluation of each simulated variable under exam.

Results for the indoor air temperature (Tinsim) are reported in Fig. 5.13 whereas those related to
all the internal surface temperatures of the room walls, i.e. South-West (Tswsim), North-West (Tnw sim),
South-East (Tsgsim), ceiling (Tceilingsim), and floor (Ttiorsim), are reported in Fig. 5.14, Fig. 5.15, Fig. 5.16,
Fig. 5.17 and Fig. 5.18, respectively. The comparison between the simulated and empirical mean
radiant temperatures is carried out too, the obtained results are depicted in Fig. 5.19.

For both the selected winter and summer periods, simulated and measured temperatures
resulted very close (for the indoor air and all the considered surfaces temperatures). It is noteworthy
to observe that the simulated temperatures are almost always included between the band-range of +
0.5°C. It is noteworthy to highlight that for each investigated temperature, with respect to the accuracy
required by the previously mentioned code-to-code validation procedure (i.e. BESTEST), a much
higher accuracy of the simulated results is now obtained. In fact, the BESTEST validation process takes

into account a + 5°C range of variation for the obtained simulation results with respect to the reference
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one. Conversely, in the conducted experimental validation procedure, a definitely lower range of

variation is observed, highlighting a very high accuracy of the results achieved through the DETECt

dynamic simulation model.
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Fig. 5.14. South-West wall temperature: simulated vs. experimental results (two sample weeks)
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Fig. 5.15. North-West wall temperature: simulated vs. experimental results (two sample weeks)
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Fig. 5.16. South-East wall temperature: simulated vs. experimental results (two sample weeks).
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Fig. 5.17. Ceiling temperature: simulated vs. experimental results (two sample weeks).

|
|
- 1

Time [h]

27

33

A NPORINS
Time [h]

Q
N

27

Time [h]

Fig. 5.18. Floor temperature: simulated vs. experimental results (two sample weeks).
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Fig. 5.19. Mean radiant temperature: simulated vs. experimental results (two sample weeks).

By such figures it can be detected that the highest differences between simulation and
experimental results are obtained for the temperatures of the ceiling (Tceiling) and of the South-East
internal surface (Tsg), which shows the highest differences, especially during winter. On the other
hand, very low variances are found out for the remaining internal surface temperatures. The lowest
ones are observed for the indoor air temperature, Tin, and for the mean radiant temperature, Tur.

Referring to the winter season, from Fig. 5.13 to Fig. 5.18 it can be observed that the minimum
temperatures are rather high respect to the expected ones. As an example, the indoor air temperature
never falls under 16.8°C (Fig. 5.13). This result is due to the North-East (NE) wall that, as above
mentioned, is adjacent to another room in which machineries are continuously switched on (Tngexp is
never lower than 18.5°C, even during winter time, see Fig. 5.11, top). Therefore, the behaviour of such
element could be considered as continuous indoor thermal load acting in the test room.

The simulated and experimental indoor air and surfaces temperatures are further compared with
the aim to better assess the reliability of DETECt. Specifically, for all the investigated parameters the
comparison analysis is carried out for the whole period in which the investigation was conducted
(from February to November 2018). From this point of view all the obtained simulation results are
plotted against the corresponding measured ones. For the indoor air temperature (Ti), the result of

this analysis is reported in Fig. 5.20, whereas those of all the considered internal surface temperatures
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(i.e. Tsw, Tnw, Tsg, Teeiling, and Troor) and of the Mean Radiant one (Twr) are shown in Fig. 5.21, Fig. 5.22,
Fig. 5.23, Fig. 5.24, Fig. 5.25 and Fig. 5.26, respectively. Such figures allow one to easily detect the
overall distance between simulation results (i.e. plotted points) and the bisector (corresponding
measured temperatures): the lower the detected deviations, the higher the simulation reliability. Also,
in this case, all these figures include the confidence instrument interval, i.e. the error band range
(internal to the red dash and dot lines), obtained by shifting the bisector toward + 1.0°C. Moreover, a
narrower interval given by + 0.5°C is included too (grey band) with the aim to enhance the reliability
evaluation of the simulation results.

By such analysis it can be observed that, for almost all the simulated indoor air and surfaces
temperatures, good agreements between numerical and experimental results are achieved. Almost all
the simulation results are included into the band range of + 1.0°C. Note that similar results were
obtained by comparing the simulated and experimental temperatures of the window glass and frame
and of the door of the considered test room (not reported for sake of brevity).

By observing Fig. 5.20 - Fig. 5.26 it can be noticed that during winter hours, temperatures are
always higher than 16°C (despite of the measured much lower outdoor air temperatures). These rather
high room temperatures are a consequence of the continuous (above mentioned) room thermal load
due to the North-East wall. The lowest measured winter temperatures are detected on the ceiling (Fig.
5.24). During summer hours all the examined temperatures never exceed 35°C. For the South-East
wall and floor, a lower number of temperature points seemingly appear in the reported plots with
respect to those of the remaining building elements. In reality, the plotted points are throughout the
same but those of such two elements often overlap because of the related slight time variations of
temperature. This effect is due to the higher thermal inertia of South-East wall and floor versus that

of the other room elements.

121



Chapter 5 - Building energy performance simulation tool: DETECt

3 5 T T T T

ME 0.39 °C
MPE 1.47 %

TlN (simulated) [°C]

1 1 L

31 35

TIN (measured) [°C]

Fig. 5.20. Indoor air temperature: simulated vs. experimental results (from February to November).
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Fig. 5.21. South-West wall temperature: simulated vs. experimental results (from February to November).
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Fig. 5.22. North-West wall temperature: simulated vs. experimental results (from February to November).
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Fig. 5.23. South-East wall temperature: simulated vs. experimental results (from February to November).
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Fig. 5.24. Ceiling temperature: simulated vs. experimental results (from February to November).
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Fig. 5.25. Floor temperature: simulated vs. experimental results (from February to November).
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Fig. 5.26. Mean radiant temperature: simulated vs. experimental results (from February to November).

Error analysis

In order to better assess the reliability of the obtained simulation results respect to the measured
ones, the related Mean Error (ME) and Mean Percentage Error (MPE), calculated on the total number

of measurements (Z = 38764), are considered:

1

ME = E . g Tsim,z _Texp,z (56)
T -T

MPE = i.zu.loo (.7)
Z z Texp,z

By computing ME and MPE for all the investigated parameters from February to October 2018,
very low errors are detected. Specifically, the following MEs and MPEs are obtained:

e Indoor air temperature (Tin): 0.39°C and 1.47%;

e South-West wall temperature (Tsw): 0.45°C and 1.79%;

e North-West wall temperature (Tnw): 0.36°C and 1.40%;

e South-East wall temperature (Tsg): 0.42°C and 1.57%;

o Ceiling temperature (Tceiling): 0.48°C and 1.92%;
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e Floor temperature (Tioor): 0.61°C and 2.30%;

e Mean radiant temperature (Tmr): 0.38°C and 1.48%.

It is noteworthy to observe that MEs and MPEs are always lower than 0.5°C and 2%, respectively.
An exception is obtained for Trieor for which the slightly higher ME and MPE values (0.61% and 2.3%)

are probably due to uncertainty about the floor slab materials thermophysical properties.

5.4. Conclusions

This chapter regards the experimental validation of an in-house developed dynamic simulation
model for the building energy performance analysis. This model, implemented in a MatLab tool
called DETECY, is conceived for research purposes with the aim to assess the energy performance of
innovative building technologies. DETECt has been uninterruptedly refined and updated by authors
with new functions and subroutines, and the presented experimental validation has to be considered
as one step of the conducted research work on developing this tool. DETECt can be coupled to
additional tools purposely developed for simulating innovative building plants (renewable energy
systems, novel HVAC system, etc.).

The reliability of the presented model to simulate the building heat transfer and thermodynamic
behaviour was investigated through a suitable procedure performed by means of a purposely
developed real test room located at the University of Naples Federico II, Naples, South Italy (the
architectural and material features of such test room correspond to those of many Italian buildings).
In the chapter, details regarding the design of the developed experimental set-up, the carried out
empirical analysis, and the results of the experimental validation process are discussed.

DETECt was successfully experimentally validated. Simulated indoor air and surfaces
temperatures resulted in very good agreement with the corresponding experimental data (differences
between simulated and measured temperatures are often lower than 0.5°C and almost always lower
than 1°C). Furthermore, very low mean absolute and percentage errors are detected (e.g. for the

indoor air temperature, 0.4°C and 1.4% are achieved, respectively).
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CHAPTER
6

6. Building integrated photovoltaic/thermal system (BIPV/T system)

The modelled BIPV/T system consists of a continuous air channel, obtained by BIPV/T modules
connected in series in the vertical direction. A mathematical model of such system is developed with
the aim to study the vertical stratification of PV and air temperatures, and to study their effects on the
thermal behaviour of the adjacent indoor thermal zones and on the system electrical and thermal
performances. Ultimate goal of the code is to provide a tool for the swift optimization of the BIPV/T
configuration, to enhance the overall system performance as a function of the climate and building

use.

6.1 Aim of the work and content of the chapter

The developed model of the BIPV/T system is based on a finite volume method for the numerical
solution of the two-dimensional steady heat conduction. A resistance capacitance thermal network is
modelled with the aim to describe the phenomena taking place within the PV/T system and between
it and the indoor/outdoor environments. Such detailed model, also validated against experimental
data published in [263], was implemented in a computer tool for the building thermal analysis (called
DETECt 2.3 [231]), written in MatLab and suitably modified to allow modelling the thermal behaviour
of the proposed system as a whole (i.e. coupled approach). The obtained simulation model allows
assessing the BIPV/T energy performance of multi-floor buildings, by accurately calculating the
thermal gradient inside the PV/T channel and the temperature stratification of the interior wall

surface. This novel feature is particularly useful to assess the impact of the BIPV/T system on the

129



Chapter 6 - Building integrated photovoltaic/thermal system (BIPV/T system)

building loads and occupants’ comfort and to find out the BIPV/T facade inversion point. Such
concept, analysed in this chapter represents the building height (i.e. channel length) at which
corresponds: i) advantageous passive effects on the energy and comfort performance (i.e. heat gains
in winter, cooling effect in summer); ii) the maximization of the active effects in terms of electricity
production and thermal energy exploitation. All the above discussed features are new and not yet

published in the available literature.

Zone N

Zone N-1

Zone N-2

Fig. 6.1. Modelled innovative and reference building facade.

By means of the developed code, it is possible to investigate the performance of BIPV/T connected
in series and mounted onto or integrated into the envelope of high-rise buildings (multi-zone and
multi-floor), as sketched for a conventional and innovative facade in Fig. 6.1. In addition, differently
from the majority of the commonly used commercial software, fagades and roofs of a building thermal
zone can be partially integrated with PV/T systems.

The developed in-house numerical model is capable to assess:

e energy fluxes, temperatures and airflow distribution within the BIPV/T system;

e active and passive effects due to the BIPV/T system on the energy performance and on the indoor

thermal comfort of high-rise buildings.

In addition, a suitable tool for parametric and sensitivity analyses is implemented in the simulation
code. This tool allows one to easily find out the optimal design (e.g. aspect ratio, inlet positions, etc.)
and operating (e.g. air mass flow rate) parameters that minimize the overall building energy demand.
Within the code, a suitable tool for the calculation of economic and environmental performance
indexes is also implemented. As a result, comparative energy - as well as economic and environmental
- analyses can be carried out with the aim to evaluate the overall performance of traditional and

innovative building facades.
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Differently from most of the papers available in literature, which focus on single aspects of BIPV/T
systems without studying the system as a whole, in this chapter a comprehensive case study and a
parametric analysis are presented. Such investigations also aim to show the potentiality of the model
and the feasibility of facade integrated air BIPV/T system to counterbalance or overtake the building
energy consumptions. The proposed air open loop BIPV/T system is applied to the perimeter zone of
a high-rise office building located in several representative European weather zones, Prague (Czech
Republic), Freiburg (Germany), Bolzano and Naples (Italy), Madrid (Spain), Athens (Greece), and
Almeria (Spain).

The analysis of the results obtained from the case study and parametric investigation aims to
provide helpful design and operating guidelines, useful for designers and practitioners working at
the early design stage of innovative BIPV/T facades, also toward the achievement of the NZEB goal
[238]. In fact, ultimate goal of the proposed work is to show a methodology for evaluating the
magnitude of passive and active effects, as a function of the system design and operating conditions,

on the indoor thermal comfort and overall energy requirements.

6.2. Simulation model

The modelled multi-floor BIPV/T facade consists of PV panels attached to a metal wall layer
underneath air is drawn by mean of a mechanical fan. This ventilated air channel is created between

the metal wall layer and the insulation back layer attached to the wall, as sketched in Fig. 6.2.

PV back layer
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BIPV/T air channel  external wall

4

Fig. 6.2. Sketch of the modelled BIPV/T fagade relative to the first floor. Sections of the two parts of wall integrating

the PV/T system (left) and the opaque/glazing/opaque system (right).

To calculate the BIPV/T system energy performance, by taking into account the active and passive

effects on the consumptions and of the indoor thermal comfort of the adjacent thermal zones, a
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suitable simulation model is developed. To this aim, the PV/T panels and the building envelope
elements (e.g. wall, roof) integrating them are modelled as a whole system, whose mathematical
equations (describing the thermal and electrical behaviour) are solved simultaneously. To obtain such
comprehensive tool, a numerical model for calculating the energy fluxes, temperatures and airflow
distribution within the BIPV/T is developed and properly implemented in a mathematical model for
building energy performance analyses [231]. This building thermal model, called DETECt 2.3 and
written in MatLab by following a parametric modelling approach, was validated through the
BESTEST procedure [232, 238]. Its mathematical description of the heat transfer phenomena is based
on a nodal description of the building elements (by using a finite difference approach based on an
implicit solution scheme [231]). Thus, in this chapter the numerical building model is suitably
modified with the aim to integrate the PV/T model and carry out comprehensive energy and thermal
analysis of BIPV/T systems. Besides its complexness, such modelling approach, coupling both detailed
models of BIPV/T systems and building envelopes, is particularly suitable in case of heavy structure
building, typical in hot climates for thermal cooling, and when low or null insulation between the PV
and the building element is considered (e.g. for exploiting the winter heating BIPV/T passive effects).

The simulation model developed in this work allows one to dynamically predict the thermal
behaviour of mono and multi-zone buildings, as well as multi-story buildings, integrating air based
open loop PV/T panels. The temperature field of a building element, integrating or not a PV/T system,
can be calculated as a function of the building features (i.e. building shape and geometry, envelope
materials, etc.) and weather conditions (i.e. assessing the solar radiation incident on any tilted surface
by means of geometric relationships). The simulation code also includes an energy and economic
assessment tool, which allows defining and simulating different operating conditions. Among others,
by the presented simulation model it is possible to take into the account the heat recovered through
the PV/T channel on the heating energy consumptions. Specifically, such thermal energy can be
directly supplied, as free heating, to the air thermal zone or to the evaporator of a heat pump with the
aim to increase its performance.

In this section, the BIPV/T model and the modification applied to the building thermal model are
described. A brief description of the considered thermal comfort indexes and of the energy and

economic model, implemented to assess the system energy and economic feasibility, is reported.

6.2.1. BIPV/T model
The mathematical model of the BIPV/T system is based on a finite volume approach for the

numerical solution of the two-dimensional steady heat conduction. A set of equations is obtained for
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each node of the adopted thermal resistance capacitance (RC) network, including conductive,
radiative and convective heat transfer occurring within and through the BIPV/T system. A sketch of
the considered BIPV/T system thermal network used to model the system behaviour is shown in Fig.

6.3.

laver ar
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Reviair Rbekiair
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T

Reviair |

Fig. 6.3. BIPV/T system RC thermal network.

Here, a 2-D transient heat transfer is simultaneously considered for all the components of the South-
fagade integrating the BIPV/T system, as well as for the portion of the facade without them. A 1-D
transient heat transfer is taken into account between the South-facade and the outdoor and the indoor
environments. The description of the mathematical model relative to the system consisting of the
external wall integrating the PV/T system is here reported. To calculate the air temperature gradient
within the BIPV/T cavity, the South-facade integrating PV/T panels is discretized in a two-
dimensional Cartesian coordinate system. Each element of the system (i.e. PV, air gap channel, back
layer, wall) is subdivided along the vertical direction (y) in N equal resistive nodes. Differently from
the PV, air channel, and back layer, the wall integrating the PV/T is discretized in N capacitive nodes
to model its thermal inertia. Note that building indoor / outdoor air temperature gradients are
neglected.

In each time step interval, f, the heat balance equation on the n-th PV node is:

EL (TPV,i _TPV,nJ Tout _TPV,n Tsky _TPV,n Tair,n _TPV,n Tbck,n _TPV,n +1 -0 (6 1)
sol,PV — .

cond conv cond rad cond conv cond rad cond
i=n—1 Revs Rout + Rpy Ry + Rpy Reavity + Rpv Reavity + Rey

where T refers to the nodes of the PV, the air cavity and outdoor air temperatures; R refers to

conductive, convective and radiative thermal resistances (reported in Table 6.1) between the n-th node
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and neighbours ones (Fig. 6.3), lsopv is the net (incident minus the electricity production) incident
solar radiation on the n-th node. The differential equation describing the energy rate of change of each

control volume linked to the n-th air cavity temperature node is calculated as in [137]:

dT,

L- hcavity,n (TPV,n _Tair,n ) +L- hcavity,n (Tbck,n _Tair,n ) = maircp,air % (6.2)

According to previous studies [137, 264], in the developed model an exponential profile is taken into

account for simulating the air temperature, Tair, in the BIPV/T cavity:

_z‘hcavity'L'y _Z'hcavity'Ly
Meir Cpair 4 { hcavity Ty n + hcavity “Tock,n J 1—e MairCp air

Tair,n = Tair,n—l -e 2.h (6.3)
* Heavity
where hcaity is the heat transfer coefficient within the cavity.
Table 6.1. Resistances [K/W].
Symbol Expression Symbol  Expression Symbol Expression Symbol Expression
Rcond o & Rcond % Rccony ; Rrad_ %
PV + 2- kPV . 5PV .WPV Pv 2- kPV . AS'[I’ip avity hcavity(n) . Astrip cavity hrad,cavlty : &lrlp
Rcond o % Rt():ol?d ¢ R(():olnv # Rsrl?;/d %
bek + 2. kbck . ‘Sbck 'Wbck cl 2. kbck . Astrip u hout(n) . Astrip Nrag sy * Astrip
R?ond 6fac Rconfd 5r00f R_conv ;
ac roo
2. kfac . A%trip 2. kroof : A%trip " hin : &trip
R?lond 5f|00r
2- I(floor ) Astrip

“linearized radiative heat transfer referring to the exchanged heat flow in previous the time-step n_, = g/AT®?

" the symbol + refers to bottom and top neighbour nodes. See Fig. 6.3, y-coordinate.

The local heat transfer coefficient, heavity(y), is calculated at each time step t as:

k-Nu(y) (6.4)

D4

hcavity (y) =

For comparative purposes, an average heat transfer coefficient, /caiy, is estimated; its value is
approximated by an experimental linear correlation function of the air velocity, Var. For design

purposes, the following correlation is recommended [137, 264]:

A

hcavity =3.94-v,; +5.45 (6.5)

Vair = Cd v Ap/A:D (6~6)
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where Cy depends on the channel aspect ratio, 4p, is the pressure drop along the channel and 4p is the
density gradient between the inlet ad outlet channel sections. For fully developed laminar flow, the
local Nusselt number is calculated accordingly to [264], whereas for fully developed turbulent flow,

the following relationship is taken into account:

0.14
Nu(y) = 0.027 -Re(y)° - Pr(y)’* -(—”m (y)] ©7)
#s(Y)

For each layer, the local Reynolds number is calculated as:

Vair * Deq (68)

O

The Reynolds number is compared to the critical one to estimate the flow regime. Note that it
varies layer by layer due to the different temperature of the air flow and the resulting different
kinematic viscosity, Vm(y).

Finally, in each time step interval ¢, the heat balance equation on the n-th back layer node is

calculated as:

i=n-1 bek + out fac

1 _ _
ni: Tbck,i _Tbck,n L. Tout _Tbck,n 4 Tsky Tbck,n " Tfac,n Tbck,n +Q 4
Rcond Rconv + Rcond Rrad + Rcond Rcond + Rcond sol, fag
bck sky bck bck
(6.9)

0

...+(1—7)'( Tair,n _Tbck,n 4 TPV,n _Tbck,n 4 Tfac,n _Tbck,n J:

conv cond rad cond cond cond
Rcavity + Rbck Rcavity + Rbck Rfac + Rbck

where Qsolfag is the solar radiation incident on each node of the back layer; v is equal to 0 for the portion
of the facade where the BIPV/T is integrated, whereas it is equal to 1 otherwise (e.g. if the back layer
is external, as in case of opaque / transparent portion of the facade).

The gross electricity power production (P.) of the BIPV/T systems is obtained by:
Fa =776y - Qsor.pv - A (6.10)

where Qsoipv is the net incident solar radiation converted into electricity; #pv = 7o - 0.005:(Tpy - 25), is
the PV efficiency, assumed linearly decreasing with the increasing operating temperature, as reported
in [137], no is the PV efficiency in standard conditions and Tey is the operating temperature. Note that
the solar radiation incident on the PV modules, operating at their maximum power point condition,

is assumed as uniform.

6.2.2. Modified building thermal model
The assessment of the impact of the PV/T system on the heating and cooling loads, and vice versa,

is carried out by calculating the temperature of the interior wall comprising the thermal zone,
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including the one integrating the PV/T, and of the indoor air temperature, Tin. Such analysis is
performed by means of the simulation model embedded in DETECt [232, 238]. Here, the discretized
differential equations related to the wall integrating the PV/T devices are suitably modified. Note that,
the temperature of the back layers of the PV/T (i.e. or the back layer average temperature) is
considered as the boundary node for the capacitive wall integrating the PV/T. A first attempt to model
and simulate, through DETECt, building roofs integrating solar thermal systems is reported in [232].

In DETECY, a nodal description of a building with a 1-D transient conduction model is assumed.
Each building element material is discretized into a number, L, of thin sub-layers of different
thicknesses (considered as uniform). In addition, in the modified version here presented, with respect
to the portion of the wall integrating the PV/T, each I-th sub-layer is discretized along the vertical
direction (y) in N equal resistive nodes (as those of the PV/T system). Each node of the considered
building RC thermal network has a uniform temperature. The building is also subdivided in different
thermal zones where the indoor air is considered as uniform and modelled through a single indoor
air temperature node, whereas the envelope of each thermal zone is split into multi-layer elements
(walls, floor, roof, horizontal and vertical internal partitions and windows).

For each building element integrating the PV/T system, the energy rate of change of each
capacitive I-th node (1 </<L) of the n-th layer (1 <n <N) is calculated as:

Cln dTl,n _ Tfac,n _Tl,n 4 nZ-HL Tl,j _Tl,n +T2,n _Tl,n

cond _ x cond _y cond _ x
dt Rfac j=n-1 Rj | Rz,n

forl=1

(6.11)
dTI,n S Tj,n _Tl,n <3 Tl,j _Tl,n

dtzz v 2

j=1-1 j=n-1

Cin +y7-Q, for2< 1 < L+1

cond _ x cond_y
le le

where C and T are the thermal capacitance and the temperature of the generic node, R®™ is the sum
of the halves sub-layers thermal resistances coupling the I-th node to their neighbour ones. The first
capacitive node (I = 1) is coupled to the resistive fagade temperature node, T in Fig. 6.3. For outer
and inner surface non-capacitive nodes (see Fig. 6.3), the algebraic equation describing the related
heat transfer is obtained through eq. (6.10) by setting the thermal capacitance Ci to zero.

Qm.1 is the radiative forcing function, only acting on the inner non-capacitive nodes (y # 0if | = L + 1,
being y = 0 elsewhere), including incident solar and long-wave radiation exchange acting on outer
and inner surfaces of thermal zone, assessed through the Gebhart’s approach, as done in [232]. Note
that further details about the assessment and handling of the solar radiation within the zone, and on
calculation of the long-wave radiation exchange on the internal surfaces are available in [232]. For [ =
L + 1, R®"-X becomes an equivalent (conductive plus convective) thermal resistance connecting the

boundary non capacitive L node to that one related to the indoor air temperature node of the adjacent
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thermal zone. Note that for assessing the internal convective thermal resistance, the unitary
convection heat transfer coefficient depends on the slope of the surfaces and the heat flux direction.
Note also that the portion of the wall non integrating PV/T panels is only discretized along the x
direction (i.e. only into L thin sub-layers); more details are reported in [232].

Finally, the differential equation on the thermal network node of the indoor air, Tin, is calculated as:

N — — —
|n _ z L+1 i Tin + TL+1 op Tin + TL+1 tr Tin 4
|n - Rcond Rconv Rcond Rconv Rcond Rconv
j= i fac op in,op fac,tr in,tr (6 12)
m N T i
-+ Z Rconv Q +Qu £ Quvac

mm

where Ciy is the thermal capacitance of the zone indoor air, whose temperature, Ti, is assumed as
homogeneous in the space. The indoor air node exchanges heat with: i) the N internal surfaces nodes
of the portion of wall integrating the PV/T, ii) the internal surfaces nodes of the opaque and
transparent facade portion (see Fig. 6.2), iii) the M internal surfaces nodes or the considered thermal

OV are calculated as a function of the surfaces

zone. Note that the internal convective resistances, Rin
condition (e.g. ascendant or descendant flow, wall inclination). In addition, with the exception of the
radiative thermal load, all sensible heat gains are considered as purely convective and networked to
the indoor air node only. Such sensible heat gains are: Qg, the internal gains due the occupants, lighting
and electrical appliances; Q,, the ventilation thermal load (including both the infiltration and
ventilation terms); Quvac, the sensible heat to be supplied to (Qn) or to be removed from (Qc) the

building space by an ideal heating and cooling system (necessary to maintain the indoor air at the

desired set point temperatures). Further details on the building thermal model are available in [232].

6.2.3. Thermal comfort model
The dynamic calculation of comfort indexes is carried out to assess the thermal comfort of

occupants. To this purpose, the hygrothermal conditions inside the occupied spaces are calculated

through DETECt by following the approach reported in [231, 238]. The thermal comfort model
consists of several comfort indexes calculated as:

i) Predicted Mean Vote (PVM). This index represents the mean thermal sensation vote on a standard
scale for a group of building occupants, exposed to a certain environment. The comfort perception,
based on steady-state heat transfer between the body and the environment, is obtained for any
given combination of environmental variables, prevailing activity levels and clothing. The PMV is

a function of the air temperature (Tin), the mean radiant temperature (Tmr), relative air velocity (V)
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and air humidity (in terms of vapour pressure, pa), as well as the activity level (i.e. metabolic rate,

M and the clothing insulation (lc), as:
PMV =f (Tiy T Vs Pau M, 1) (6.13)

ii) Predicted Percentage of Dissatisfied (PPD). This index represents the predicted percentage of
dissatisfied people at each PMV. The relationship between PPD shows that the PPD value
decreases when PMV converges to zero, contrarily it increases in either the positive or negative
direction. Note that the PPD also indicates that even at thermal neutrality (i.e. PMV = 0), about 5%

of the people may be dissatisfied. The PPD index is calculated as:

PPD =100-95-exp(-0.03353- PMV * -0.219-PMV?) (6.14)

iif) Mean radiant temperature (Tmr) of the indoor building space. It is defined as the uniform
temperature of an ideal enclosure (where occupants stay) in which the radiant heat transfer from
the human body is equal to the radiant heat transfer occurring in the real non-uniform enclosure.
In DETECt, by assuming a simplified approach, Tnr is calculated as a function of the temperature
of each surface (Tm) of the considered thermal zone (indicated with m), the view factor between,

(Fp-m) a person (considered as a sphere in the middle of the zone) and the m-th surface, as:

Tor = ;(Tm : I:p—m) (6.15)

Further details on comfort indexes calculation are available in [265]. Finally, note that the comfort
analysis is carried out by taking into account both indoor air temperature and humidity, which are
controlled at a desired set point. From this point of view, in each simulation time step interval the
space moisture balance on the indoor space air is calculated by following a decoupled approach.

Further details are as reported in [231, 238].

6.2.4. Energy and economic model

The energy and economic feasibility of the investigated BIPV/T system is carried out by means
of a thermo-economic model, here described. For comparison purposes, a conventional building
system (without PV/T) is simulated and considered as Reference System (REF). Here, space heating
and cooling is provided by the electric heat pump/chiller powered by the national grid, whereas in
case of the investigated BIPV/T system a share of electricity is also covered by the PV electricity
production. Energy indexes are calculated, for both the BIPV/T system and the REF one, assuming the
same building occupancy, indoor gains, infiltration rates, and indoor air set points. The yearly

Primary Energy Saving (PES) of the BIPV/T system with respect to the REF one is calculated as:
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Y
PES :iz Py v — Eot aux + Qh.rer N Qerer Qnarvr Qv ‘3(?(;0 (6.16)
el t=1 COPhyREF COPC,REF C:C)Ph,BIPTV/T C:(DPC,BIF’V/T

where Pepy is the PV electricity produced by the BIPV/T system before described; Eejaux is the
electricity supplied to the auxiliary devices (e.g. fans); Qnrer and Qcrer are the heating and cooling
loads of the REF system, whereas Qngipvir and Q¢ ipv/r are those of the BIPV/T system; 1. is the national
thermoelectric efficiency; COPrand COP: are the coefficient of performance of the considered heat
pump/chiller.

In the simulation model, the heat pump / chiller is modelled as black-box, therefore COPy and
COP¢ can be calculated by means of two different approaches: i) manufacturers’ data, ii)
recommended analytical equations. By the first method, COP values, condenser/evaporator and
electrical outputs are obtained as a function of the occurring operating conditions (evaporator inlet
and condenser outlet temperatures) and the part-load ratio (frLr), by means of data (e.g. characteristic
curves) provided by manufacturers. Starting from manufacturers’ data, the heat pumps/chillers
performance is then easily obtained, for all the simulated operating conditions. By the second
approach, the analytical equations recommended by the UNI/TS 11300 (Italian release of ISO EN
13790) are taken into account. As a result, starting by the nominal coefficient of performance (COPy)
and energy efficiency ratio (EERN), obtained by the constructors for a device with a specific power, the

system heating and cooling performance are calculated as:

com, — CoPR, G +AG, . 4. fPl_Rf [1_0_25.(1_4‘ foLr ):'
COR, ('90 +A‘9c)_(Tout —AG; ) 0.1+3.6- fp 1
(6.17)
COR, = EERy - P~ T 5% '(a' folr +b- fog +C- forg +d)

2'(‘9c_‘9e)

where fpr is the part-load ratio, Tout the outdoor air temperature, 8: and 6; the condenser/evaporator
temperatures, respectively. Further details are available in [238].

To assess the economic feasibility of the system, the investigated system capital costs are taken
into account. The extra capital cost of the BIPV/T system (with respect to the REF one), Caipvr tot,
includes the capital costs of PV/T collectors, fans, and auxiliaries, and it is calculated as a function of

the solar field surface area, as:

(6.18)

CoipviT ot = Jpvim Pevir

where jpyir is the BIPV/T capital cost per square meter.
The BIPV/T system yearly economic savings are reported in terms of operating costs with respect

to those of the reference system, REF. The PV electricity production is used to balance the building
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final energy use, whereas the surplus is delivered to the national grid, sold at the feed-in tariff, Ceif.
The avoided cost due to the electricity self-consume is calculated at the purchase tariff, Ceipur. The
difference between the BIPV/T system operating costs and those of the REF system, AC, is calculated
by taking into account the net electricity consumptions. Note that in the REF system, only the heat
pump/chiller electricity consumptions are taken into account, whereas electricity consumptions due
to fans and PV production are also considered for the BIPV/T case. Thus, the yearly economic savings

are calculated as:

AC:i Pel'pV—Ee|‘aux+ Qh’B'PV/T + QC'B'pV/T — Qh'REF — QC'REF - Cg LAt (6.19)
t=1 COR, gpv/r COR. gpv/r COBR ger COR, rer 3600

where Ce is equal to Ce if in the considered time interval, t, there is surplus of PV electricity
production, otherwise Cel is equal to Ceipur.
To assess the economic profitability, the main economic indexes are calculated, such as the Simple

and Discounted Pay Back period (SPB and DPB):

SPB = CBIPV /T ,tot

AC
(6.20)
log(1-SPB-a)
DPB = —
log(1+a)

where a is the interest rate. At last, Net Present Value (NPV) and Profit Index (PI) are also evaluated

as:
1 1
NPV =AC '][g'|:l_—N:|}_CBIPV/T,tOt
(1+a) 6.21)
oy — NPV
|CBIPV/T,t0t|

6.3. Experimental verification

To verify the reliability of the simulation model, the obtained simulation results are compared
with experimental data previously obtained at the Solar Simulator Laboratory at Concordia
University, and published in [263]. The model inputs are set accordingly to the experimental tests. In
particular, the tested BIPV/T system consists of two mono-crystalline PV panels with a transparent
backing, 4 mm thick, connected in series and mounted above a layer of insulation and plywood
separated by an air channel. The BIPV/T system has the following dimensions: length of 2.039 m (i.e.

each panel is 1.0 m length), width of 0.529 m, air channel depth of 45 mm for a total thickness of 87
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mm. Measurements are gathered by taking into account the air channel mass flow rate equal to 232

kg/h and by assuming, as boundary conditions, the outside air temperature set at 20°C and the solar

radiation set at 1030 W/m?2. Additional details are reported in Table 6.2.

Table 6.2. Experimental conditions.

Parameter Unit Value
BIPV/T width m 0.529
BIPV/T height m 2.039
PV thickness mm 4.0
Emissivity - 0.89
Air channel depth mm 45
Mass flow rate kg/h 237
Outside air temperature °C 20.0
Sky temperature °C 14.3
Solar irradiation W/m? 1030
Wind speed m/s 2.2

In Fig. 6.4 the temperature trends for the PV panel and the air flowing through the channel are

shown. Here, a good agreement between the measured data (obtained from the experimental set up

[263], relative to blue diamond markers for the PV temperature and orange diamond markers for the

air temperature) and simulated ones (red line for PV temperature and black line for air temperature)

can be observed. Note that simulations are obtained by discretizing each BIPV/T element in 300 nodes,

to get a continuous trend. An average good agreement between simulated and measured is achieved

for both the PV and the air channel temperature. A higher discrepancy is observed at the inlet section

(i.e. at height 0 m) and at the joint section among the two panels (i.e. at height 1.0 m), highlighted with

the coloured blue regions in Fig. 6.4.
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Fig. 6.4. Comparison between measured and calculated temperatures.

Here, the temperature drops at the centre of the BIPV/T system (at height = 1.0 m) relative to the

experimental data trend is due to the gap in the PV cells between the two connected PV panels, as
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discussed in [263]. In fact, at the junction between the two PV panels, such gap (due to the packing
factor of the PV cells between the two PV panels) did not prevent the solar radiation to transmit
through the PV layer, causing an increase of the measured air channel temperature and a drop in the
PV one, with respect to the simulated ones.

By comparing the simulated and experimental data, measured with T-type thermocouples (12 for
the PV panel and 13 for the air channel, uniformly distributed along the PV panel), with an accuracy
of #1°C [263], an acceptable average error of 2.4 and 1.9% for Trv and Tur is achieved, calculated as:

DIEER

€y = -100 (6.22)
X exp

The main cause of discrepancy between simulated and experimental data, observed for the PV
panels, was estimated to be the heat transfer coefficient. Therefore, an additional comparison between
experimental data and simulation results, relative to the calculated heat transfer coefficients within
the air channel (¢ cavity(y)), is carried out. Simulated and experimental results are reported in Table 6.3.
Here, the estimation of the air channel heat transfer coefficient is done through measures obtained
during experimental tests carried out on the same BIPV/T system and reported in [266]. Here, the used
outside average heat transfer coefficients (h), for the PV and the back (insulation) layers of the BIPV/T
system, are calculated by the knowledge of the temperature of each BIPV/T element and their heat

transfer.

Table 6.3. Experimental verification assumptions. Numerical (sim) and experimental (exp) parameters.

P t
Parameter Symbol Unit Value ercentage error

[%]
Mass flow rate 1 kg/h 232
. . Vexp m/s 2.3
Average air velocity Veim m/s 204 2.6
Reexp - 12365
Reynolds Number Resin i 12087 0.6
Heat transfer coefficient of Rexp W/(m?K) 15.55 14
PV hisim W/(m2K) 15.34" :
Heat transfer coefficient of Fexp W/(m?K) 5.67 42
back layer Fisim W/(m2K) 5.43 )

‘average value (300 nodes)

In the developed simulation model, differently from these measured average heat transfer
coefficients, local absolute heat transfer coefficients are calculated. Although this difference, a good
agreement is observed, with encouraging low discharges of the percentage error, as shown in Table
6.3. Nevertheless, further investigation will be carried out from both numerical and experimental

points of view.
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6.4. Case study

The developed case study analysis refers to a ten-floor building with its longitudinal axis-
oriented East-West. Simulations are carried out for the South facing perimeter thermal zones,
consisting of thermal spaces adjacent to the investigated South-fagade. Here, the modelled fagade is
split in two parts, one integrating the BIPV/T system and the other one consisting of an

opaque/glazing/opaque wall structure, as shown in Fig. 6.5.

| N—

Fig. 6.5. Perimeter zone of one sample building floor.

For comparison purposes, both the proposed innovative building, i.e. BIPV/T, and the reference
one, REF, are modelled and simulated. The sketch of the simulated BIPV/T and REF buildings are
shown in Fig. 6.1. Note that the simulated modular BIPV/T system is based on mono-crystalline silicon
cells (156 x 156 mm) PV solar panels, whose features are reported in Table 6.4. Each panel of the

BIPV/T system is approximately 1.0 m length, with a width of 0.53 m, and an air cavity depth of 45

mm.
Table 6.4. BIPV/T features.

Parameter Symbol Unit Value
Gross area Apv m? 99.0
Thickness trv mm 5.0
Nominal efficiency” nev - 0.147
Cell peak power” Prv,nom W 205
Absorbance arv - 0.92
Tilted angle 0 ° 90
Temperature coefficient Bref °C1 0.0045

*STC conditions: temperature at 25°C and solar radiation flux 1000 W/m?.

The thicknesses of building walls (U-value = 1.32 W/m?K) and floor/ceiling (U-value = 1.10
W/m?K) are 30 and 25 cm, respectively. The wall layers include hollow bricks (A = 0.33 W/m'K, o =
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1600 kg/m?, c = 1200 J/kg-K) and thermal insulation (A = 0.05 W/m'K, o = 13.0 kg/m?, ¢ = 1100 J/kg-K).
The absorptance of the opaque external surfaces is 0.3. The direct solar radiation is transferred through
the windows to the inside zones, assuming an absorbing coefficient for the floor and the interior walls
equal to 0.35 and 0.18, respectively. The glazing surface consists of a 4-6-4 air filled double-glazed
system, with U-value = 2.8 W/m?K and SHGC equal to 0.5 (simulating a translucent surface, to
prevent glare discomfort by diffusing the transmitted light). Interior walls are modelled as adiabatic.
For such thermal zones, considered as office spaces, a ventilation rate equal to 1.0 Vol/h and a
crowding index of 0.12 person/m? are considered. The interior thermal loads include people (95 W/p
at 26°C, varying with Tin), lighting, and equipment (for a total 9.0 W/m?). The heating and cooling set
points are 20 and 26°C, whereas the heating and cooling system is switched on from 09:00 to 19:00
(week days only). Both the simulated innovative and reference buildings are heated through air-to-
water electric heat pumps and chillers, sized on the maximum load, supplying hot and cold water to
a fan-coils system. For the proposed innovative building, outlet air from the BIPV/T system is
exploited to supply the evaporator of the heat pump for space heating (the potential direct free
heating, for Touter > 20°C, is neglected). Note that, the air mass flow rate flowing through the BIPV/T
cavity is considered as driven by natural or mechanical ventilation. If the stack effect is not sufficient
to ensure the air channel velocity set point, the fan is activated to boost the air flow through the
channel; vice versa it is switched off. A minimum air channel speed of 0.5 m/s is taken into account in
the simulations. Note also that for the assessment of heat pumps and chillers performance, the
manufacturer data look up approach is used; the main system features are shown in Table 6.5. Further
and detailed features of heat pumps/chiller are available in the manufacturer's data sheet (i.e. Clivet

Spa — ELFOEnergy Extended Inverter series).

Table 6.5. Main features of heat pump/chiller (Clivet® Series WSAN-XIN).

| Power COPN' EERN" Nominal Air flow
Heating Cooling
[kW] [kW] [] [] [1/s]
Mod 41 9.0 12.0 6.12 6.27 1389
Mod 51 12.0 15.0 5.53 531 1389
Mod 61 15.0 21.0 5.80 6.19 2778
Mod 71 18.0 23.0 5.71 5.85 2778

“evaluated at Tevapomtur =7°C ﬂ}’ldfPLR =100%
“evaluated at Teondenser = 20°C and feir = 100%

Yearly simulations (from 0:00 of January 1% to 24:00 of December 31%) are carried out by taking
into account Meteonorm data files. The modelled buildings are simulated as located in seven different

weather zones, shown in Fig. 6.6, featuring cold, temperate, and hot climates.
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Fig. 6.6. Investigated climatic zones.

Through such weather data files, calculated heating and cooling degree days (HDD and CDD),

incident solar radiation (ISR), and heating and cooling periods are reported in Table 6.6.

Table 6.6. Climatic zones and indexes, and system schedules.

Climatic zones HDD CDD ISR Heating Cooling
[Kd] [Kd] [kWh/(m?y)]

Prague (C2) 3853 149 998 No limitations
Freiburg (DE) 3110 253 1114 No limitations
Bolzano IT) 2641 475 1251 10/15 - 4/15 6/01 -9/30
Madrid (ES) 2174 687 1659 10/15 - 4/15 6/01 - 9/30
Naples IT) 1479 727 1529 11/15 - 3/31 6/01 -9/30
Athens (GR) 1060 1201 1561 11/15 - 3/31 6/01 -9/30
Almeria (ES) 783 961 1724 12/01 - 3/31 6/01 - 9/30

Moreover, note that national primary energy and carbon oxide (CO2) emission conversion factors,
as well as energy tariffs are taking into account, as reported in Table 6.7. Note also that the BIPV/T

capital cost per square meter (jpvr in eq. (6.18)) is considered equal to 250 €/m?.

Table 6.7. National primary energy and carbon oxide conversion factors, and energy tariffs.

Parameter Unit Cz DE ES GR IT
PE conversion factor [kWhe/kWhp] 0.324 0.389 0.395 0.368 0.460
CO:2 conversion factor [gco2/kWhe] 0.950 0.624 0.440 1.149 0.483
Feed-in tariff [€/kWhe] 0.079 0.100 0.079 0.073 0.039
Purchase tariff [€/kWhe] 0.188 0.239 0.187 0.136 0.189

Finally, to show the potentiality of the developed simulation model and the feasibility of the
proposed BIPV/T system configuration, including an air to water heat pump supplied by war
exhausted air by the PV/T channel, a parametric analysis on the BIPV/T system performance is carried
out. Such analysis aims at maximizing the overall primary energy savings, by optimizing the BIPV/T
system design based on both its active and passive effects. To this purpose a thirty-floor building is

modelled and simulated. The obtained results could be useful for designers and stakeholders of
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innovative BIPV/T fagades, which may take into consideration the proposed approach during the

design stage of such innovative fagades.

6.5. Results and discussion

The analysis of the active and passive effect due to the building integration of PV/T panels into
the facade of a high-rise building is carried out by means of dynamic simulations. Through the
developed simulation model, hourly and cumulative (e.g. monthly, yearly) heating and cooling
requirements and demands can be calculated for both the innovative and reference buildings, as a
function of the building feature, BIPV/T geometry, and weather conditions.

Energy, comfort, and economic results are obtained for an air open loop BIPV/T system with a
single opening integrated on the South fagade of a ten-floor building. In addition, a parametric
analysis is carried out to evaluate the influence of the BIPV/T design on the overall energy
performance. For both the investigations, yearly thermo-economic results are obtained for the
European climatic zones reported in Table 6.6.; whereas, thermal and comfort hourly, daily and

monthly results are only provided for the weather zone of Naples, for the sake of brevity.

6.5.1. Analysis of passive effects

Temperatures analysis

To evaluate the impact due to the building integration of PV/T panels on the thermal behaviour
of the whole building and of each thermal zone, it is of interest the study of the vertical temperature
gradient of the PV panels and of the air flowing along the channel. Fig. 6.7 shows the temperature
profiles of the PV panels (Fig. 6.7,a) and of the air channel (Fig. 6.7,b) vs. the channel length (building

height) and vs. the time, for a winter sample day (January 10t).

5 1
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Fig. 6.7. Temperatures of PV panels (a) and channel air (b). January 10* - Naples.

As expected, the air channel temperatures follow and approach the PV panels ones (ranging between
15 and 21°C, Fig. 6.7, a). In this sample day, due to the air velocity minimum level (set at 0.50 m/s) and
the occurring weather conditions, the maximum temperature growth, i.e. calculated difference
between the inlet and outlet channel sections, is about 17°C, corresponding to an average temperature
increase of 0.9°C per building floor. Although slight, the increase of the air channel temperature occurs
even in cold winter days, as that one of Fig. 6.7. In fact, in this selected sample winter day, the
maximum incident solar radiation on the South facade is 187 W/m?, whereas the minimum and the
maximum outdoor air temperatures are 5.1 and 10.8°C, respectively. In this figure, it is also possible
to note that during the night, when the channel is closed, the PV temperature is lower than the outdoor
air one (i.e. reported in night hours as air channel temperature only for graphical purposes). This is
due to the long-wave infrared radiative heat exchange between the building external surfaces and the
sky. Because of this phenomenon, the calculated night-time temperature of the PV panels could be
lower than that one of the portions of the corresponding opaque envelope of the reference building.
For two sample winter and summer hours, January 13% at 13:00 and June 29% at 10:00, Fig. 6.8
shows the temperature profiles of BIPV/T panels, air channel and outdoor air versus the length of the
BIPV/T system (i.e. building height). Note that in such sample hours, the incident solar radiation on
the South facade is 506 (winter day) and 415 (summer day) W/m? whereas the outdoor air
temperature is 12.2°C (winter day) and 32.4°C (summer day). This figure displays the increase of the

air temperature inside the channel, with a great potential in assisting space heating (in winter).
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Fig. 6.8. Temperatures of the PV panels, channel and outdoor air for a sample winter (left, January 13th at 13:00) and

summer (right, June 29th at 10:00) hour - Naples.

At the same time, the air flowing through the channel cools the PV panels by extracting heat from
them and resulting in the increase of the PV electrical efficiency (with respect to the BIPV case). In this
figure it can be also observed that during winter (Fig. 6.8, left), where space heating potentials can be
exploited, the air channel temperature reaches the selected indoor air set point (20°C) at a building
height equal to 6 m, corresponding to the end of the 2" floor (note that the height of each floor is 3 m,
Fig. 6.5). Note that such result depends on the occurring weather conditions, such as the inlet outdoor
air temperature (12°C in Fig. 6.8, left) and the incident solar radiation. The outdoor air is gradually
heated along the BIPV/T channel length, and the produced thermal energy is usefully recovered by
supplying such air to the heat pump evaporator, increasing its COP. Note that in this case study the
winter BIPV/T system active effect consists of the enhanced heat pump efficiency obtained by
exploiting the recovered heat, as discussed in the next subsections.

The PV panels and air channel temperatures influence the thermal behaviour of the building
envelope. To evaluate the magnitude of this passive effect, the following figures display the sketched
visual and calculated thermal images of the external and internal South building fagade, including the
PV/T panels and the alternating opaque / transparent sections. Note that for comparison purposes,

the thermal images refer to the same temperature distribution (i.e. colormap set from 10 to 15°C).
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Fig. 6.9 shows, for the same sample winter hour of a cold day (January 10t at 13:00, i.e. the incident
solar radiation on the South fagade is 153 W/m? and the outdoor air temperature is 8.8°C), the visual

and thermal images of the external South building facade.
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Fig. 6.9. Thermal map of the South building fagade for BIPV/T configuration (January 10* at 13:00) - Naples.

The PV temperature increases from 10.5°C (at the channel inlet section, y = 0 m) to 13.5°C (at the
channel outlet section, y =30 m), Fig. 6.9 right. For the same cold sample hour, the visual and thermal
images of the internal surface of the South-facade are shown Fig. 6.10. Here, the temperature vertical
gradients of the internal surface with (Fig. 6.10, top) and without (Fig. 6.10, bottom) BIPV/T systems
are compared (to estimate the passive effect due to the presence of the BIPV/T system on the external
surface). At the inlet section of the BIPV/T channel (at y = 0 m), the internal surface air temperature is
14.2°C, about 1.9°C higher than that one calculated on the internal surface relative to the opaque
portion of the wall without BIPV/T (as well as on the reference building opaque facade). In addition,
the internal surface relative to the portion of the facade integrated with BIPV/T panels shows a
temperature stratification along the building height, i.e. from 14.0°C (at y = 0 m) to 14.9°C (at y = 30
m). Consequentially, although slight, such increase of the average temperature of the internal surface
of the South-facade causes a reduction of the thermal load and an increase of the thermal comfort of
occupants. Obviously, the higher is the incident solar radiation the higher is the expected temperature
rise. Similarly to Fig. 6.9, Fig. 6.11 shows the visual and thermal images of the external South building
fagade for a sample summer hour (July 29t at 10:00, i.e. the incident solar radiation on the South fagade
is 293 W/m? and the outdoor air temperature is 21.4°C). The PV temperature ranges between 37°C (at

y =0m) to 44 °C (at y =30 m).
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Fig. 6.10. Thermal map of the interior south building facade for BIPV/T configuration (top) and reference ones
(bottom). Sketch of the external fagade (left) and interior wall surface (right) temperature map (January 10* at 13:00) -

Naples.
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Fig. 6.11. Thermal map of the South building fagade for BIPV/T configuration (July 29" at 10:00) - Naples.
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Likewise to Fig. 6.10, the passive effect due to the BIPV/T panels the internal surface air temperature

is shown in Fig. 6.12.
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Fig. 6.12. Thermal map of the interior south building facade for BIPV/T configuration (top) and the reference ones
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(bottom). Sketch of the external fagade (left) and interior wall surface (right) temperature map (July 29 at 10:00) —

Naples

Here, the temperature of internal surface of the wall integrating the PV/T panels ranges between
25.2°C (at y =0 m) to 27.2°C (at y = 30 m), reaching 26.5°C at y = 9 m. Such intermediate value is the
average temperature of the internal surface of the opaque facade (without BIPV/T) of the reference
building. Therefore, for the first three building floors, the average radiant temperature of internal
surface of the wall integrating the PV/T panels decreases, and the cooling loads too, as expected. In
case of high-rise buildings, the use of modular BIPV/T systems connected in series with a single inlet
channel may cause an overheating effect at building heights higher than the height linked to this
intermediate value. Such height is here called inversion point, and its influence on the building
thermal and energy performance is discussed in the following paragraphs.

The increase of the average temperature of the internal surface of the South-fagade has a
significant impact on the indoor air temperature, as well as on the thermal loads. Given the thermal

space dimensions, the larger is the portion of the wall integrating PV/T panels, the higher is their
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passive effect impact. This behaviour can be observed in Fig. 6.13, where for the simulated 9 building
floor and for five winter and summer sample days (i.e. January 10% - 14% (top) and June 26% - 30t
(bottom)), the time history of the indoor air temperature is shown (for both innovative and reference
buildings). Note that at the top label of Fig. 6.13, the indoor air temperature of the 9* floor thermal
zone (innovative building), calculated on the whole year, is also shown. By comparing the innovative
building with the reference one, an increase of the free-floating indoor air temperature is obtained
during switched off HVAC system hours. In fact, thanks to the thermal inertia of the wall integrating
the PV/T panels, the daily stored heat gains are shifted in time toward the interior thermal zone.
Therefore, lower heating loads are obtained in the early morning when the HVAC system is switched
on. Such effect becomes negative during summer, when higher (free floating) temperatures cause

higher cooling requirements and loads.

Heating and cooling loads

The variation of the indoor air temperature, as shown in Fig. 6.13, implies the variation of the
heating and cooling loads.

Fig. 6.14 shows the sensible thermal loads (Qnvac) trends relative to the innovative and reference
building configurations, calculated for the same sample winter and summer days of Fig. 6.13, (i.e.
January 10% - 14% (top) and June 26 - 30t (bottom)). During the heating season, a reduction of the
thermal loads (comparing the innovative building with the reference one) is obtained thanks to the
positive BIPV/T system passive effects (Fig. 6.14, top). Conversely, during the summer hours in which
the HVAC is running, the passive effect due to the BIPV/T system causes space overheating and, thus,

a slight increase of the cooling loads (Fig. 6.14, bottom).
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Fig. 6.13. Indoor air temperatures (9" floor). January 10t - 14 (top) and June 22t - 26t (bottom) - Naples.

Dynamic yearly heating and cooling requirements of such thermal zone (innovative building) are
shown at the top label of Fig. 6.14, top. For the weather zone of Naples, Fig. 6.15 shows the monthly
heating and cooling requirements for both building configurations. In this figure, the passive effects
due to the BIPV/T systems can be analysed.

Positive passive effects due the BIPV/T system on the monthly heating requirements are obtained
during the winter season. This is particularly evident in the coldest months, where the innovative
building configuration shows the lower energy requirements versus those calculated for the reference
building. On the contrary, the use of the BIPV/T system always produces an overall overheating
summer effect, resulting in slightly higher monthly cooling requirements. On the yearly time basis, in
case of the BIPV/T building configuration, the reference building heating and cooling requirements,

about 4.3 MWh/y and 10.5 MWh/y, respectively decreases and increases of about 25.6 and 0.95%.
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Fig. 6.14. Sensible thermal loads (9* floor). January 10t - 14 (top) and June 22t - 26t (bottom) - Naples.
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Fig. 6.15. Monthly heating and cooling requirements of the whole building — Naples.

It is worth noting that this result seems unexpected; in fact, the use of open loop air BIPV/T
systems generally produces passive cooling to the adjacent thermal zones [132], mainly due to the

lower solar energy input (i.e. due to the conversion of part of the solar radiation in electricity) and to
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the removed heat with the cooling medium. Nevertheless, in case of high-rise buildings (i.e. a ten-
floor perimeter zone building is here taken into account), simulation results show a different influence
of the BIPV/T system on the cooling loads, as expected and discussed hereinafter. Finally, the total
and specific (i.e. per unitary surface area) yearly heating and cooling requirements, calculated for each
floor and for both the innovative and reference buildings, are shown in Table 6.8.

Table 6.8. Yearly total and per unitary surface area heating and cooling requirements - Innovative and reference

building — Naples.

Prague Freiburg Bolzano Madrid Naples Athens Almeria
H C H C H C H C H C H C |H C
Innovative [kWh/(m?y)]

Floor1s |742 -1.8 |527 -5.8 |427 -16.2 312 -20.1 9.6 -28.1 |56 -414 |02 -33.6
Floor2rd (740 -19 |525 -59 (425 -16.5 31.0 -204 9.5 -28.5 |55 -41.8 |02 -34.
Floor3® |736 -20 |521 -6.1 (421 -16.7 30.8  -20.6 9.3 -28.8 | 53 -420 |0.2 -34.3
Floor4® |733 -20 |518 -62 (418 -169 305 -20.8 9.1 -292 |52 -423 |02 -34.6
Floor5® |730 -21 |51.6 -63 |[4l6 -17.1 303  -21.0 9.0 -295 |51 -425 |02 -349
Floor6® |728 -22 |514 -64 (413 -173 302 -21.2 8.8 -29.8 | 5.0 -428 |02 -351
Floor 7% |726 -22 |512 -65 (411 -175 300 -214 8.7 -30.0 | 49 -43.0 |02 -354
Floor8® |724 -23 |51.0 -6.6 (409 -17.6 299 215 8.6 -30.3 | 48 -432 |02 -35.6
Floor9t® |722 -23 |509 -6.7 (407 -17.8 298 217 | 85 -30.5 |48 -433 |0.1 -35.8
-30.6 -35.9

Floor10® |721 24 [508 -68 [406 -179 | 297 -218 | 84 47 -435 |01

Reference [kWh/(m?y)]

Floorn® (814 -17 |587 -56 |471 -164 | 369 -197 | 118 291 |71 -417 |03 -347
[MWh/y]

Innovative | 263 -0.8 | 186 -2.3 |150 -6.2 10.9 -7.6 3.2 -106 | 1.8 -153 | 0.1 -12.6
Reference | 293 -0.6 |21.1 -2.0 |17.0 -5.9 13.3 -7.1 4.3 -105 | 26 -15.0 | 0.1 -125

[%]
AQuvac | 102 -333 |11.8 -150 |11.8  -51 180 70 | 256 -10 |[308 -20 (0.0 -0.8

* italic and underlined values refer to floors of the innovative building with cooling requirements lower than those of the

average reference building floor

The obtained results vary as a function of the building floor height, due to the different
temperatures of the portion of the internal surface of the South fagade integrating the BIPV/T system
calculated along the height channel (as discussed in Fig. 6.10 and Fig. 6.12, i.e. inversion point).
According to Fig. 6.10, the heating requirements of the innovative building are always lower than
those of the reference one (positive AQwvac), for each floor and for the whole building. Conversely,
according to Fig. 6.12, the cooling requirements of the innovative building are generally higher than
those of the reference building (negative AQwvac); the only exceptions regard the first floors (i.e.
underlined values) of the innovative buildings located in Almeria, Athens, Naples, and Bolzano. Note
that in case of the BIPV/T system, the reduction of the building heating requirements is higher than

the increase of the cooling ones.
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Passive effect inversion point

The concept of the inversion point is here described. To this purpose, Fig. 6.16 shows the cooling
load (Qrvac) trends versus the building floor, calculated for the reference (without BIPV/T) and the
innovative one (with BIPV/T) building, for a sample summer hour (July 29t at 10:00). In this figure, it
is possible to note that for the first four (almost five) floors, the cooling load of the BIPV/T
configuration is lower than the cooling load of the reference one. The opposite behaviour occurs after

the 5% floor, where passive effects become negative (i.e. overheating).
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Fig. 6.16. Cooling load vs. building floor. Sample summer hour (July 29% at 10:00) - Naples.

At higher floors, i.e. along the flow path of the air channel, the increase of the air channel and PV
temperatures produces an increase of the cooling load of the innovative building versus the reference
one. The inversion of the trend of the passive effects on the cooling loads (i.e. from positive to
negative) is observed at a specific height of the BIPV/T channel, i.e. close to the 5" floor for the
considered case study. Such height corresponds to the here called inversion point.

This result suggests an interesting approach that could optimize the passive and active effects due
to the thermal stratification of the BIPV/T components. In fact, thanks to the use of a modular BIPV/T
system, due to its broken lines among PV/T panels, it is possible to take into account different
openings on the PV/T system along the flow path of the air channel, as recently proposed in [149].
Such method, being a feasible and interesting solution for helping to prevent excessive heat, could
yield to lower internal radiant and lower PV temperature, resulting in higher PV efficiencies, and
optimized space heating potentials. In this regard, by taking into account Fig. 6.16, to obtain a cooling
effect of the BIPV/T system on the cooling thermal loads of all the building floors, it could be advisable
to consider at least an additional inlet at the 5t floor (i.e. obtaining a two inlet system configuration

for the investigated ten-floor building located in Naples). During summer, for the climate of Naples,
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the use of a multiple openings, used as air inlets, could result in increased electrical and thermal
performances (i.e. fresh air cools the PV panels and reduces the average radiant temperature of the
wall internal surface). It is worth noting that without a suitable control strategy, the inversion point
must be calculated by means of a yearly analysis, taking into account both the heating and cooling

loads. Such analysis carried out for the weather of Naples is shown in Fig. 6.17.

Floor [-]
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Fig. 6.17. Yearly difference of heating (AQp, left) and cooling (AQ, right) requirements for each floor - Naples.

Here, for each building floor, the difference between the yearly heating and cooling requirements of
the innovative building versus those of the reference one (i.e. heating: AQn = |QngipviT - Qnrer |- Fig.
6.17, left) and (cooling: AQc= | QcgipviT— Qcrer |- Fig. 6.17, right) are shown. In this figure, the inversion
trend of AQ. (Fig. 6.17, right), calculated on a yearly basis, is detected between the third and fourth
floor. Obviously, the inversion point height calculated on the yearly basis is different from that one
observed for a sample hour (e.g. Fig. 6.16), which is influenced by the boundary conditions of the
specific simulated hour (i.e. solar radiation, wind velocity, outside air temperature). During winter
(Fig. 6.17, left), by taking into account a single inlet, a positive heating effect (heating gain) is achieved
for all the building floors. On the contrary, during summer a positive effect (cooling) can be obtained
only for the first, second, and third floors, a progressive negative effect (overheating) occurs from
floor 4% to floor 10%. Given the potentials of such approach for BIPV/T system applications, the
multiple inlet method needs to be further investigated [57, 149]. Nevertheless, its importance on the
passive effects of BIPV/T systems on the heating and cooling loads is of interest, as discussed in this
chapter. In addition, it is worth noting that, besides an accurate air flow and wind analysis (e.g. in

[149]), a complete investigation of the multiple inlet strategy must include the capital and operating
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cost and energy consumptions of the multiple fans, necessary to address the optimal configuration,
as discussed in the following sections.

The same analysis reported in Fig. 6.17 for the weather zone of Naples is carried out for several
European weather zones, which are shown in Fig. 6.6 and climatically characterized in Table 6.6. For
each building floor and corresponding height, the trends of AQc, calculated for all the investigated

weather zones, are shown in Fig. 6.18.
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Fig. 6.18. BIPV/T cooling effect on cooling requirements for each climatic zone.

Here, the inversion points relative to the cooling loads vary as a function of the climate, being
generally higher at warmer weather zones. Such analysis shows how the concept of the inversion
point is of particular interest for hot and temperate climates, and how the use of dynamic simulations

is crucial for its assessment, which is to be based on yearly energy performance.

Indoor thermal comfort

The temperature stratification of the internal surface of the wall integrating PV/T panels has a
significant influence on the thermal comfort of occupants as well. For a sample winter and summer
day, the PMV and PPD for the 1%, 5% and 10t floors, for both the investigated buildings, are shown in
Fig. 6.19. Note that PMV and PPD are calculated by assuming the metabolic rate (M) equal to 70 W/m?,
the air velocity (vair) equal to 0.16 m/s in winter and to 0.23 m/s in summer, and the clothing insulation
(Cl) equal to 0.155 clo in winter and to 0.110 clo in summer (according to the EN ISO 7730:2005
standard on ergonomics of the thermal environment). In Fig. 6.19, the light blue area represents the

range of PMV to which corresponds the comfort zone, i.e. PMV € [-0.5; +0.5] and PPD < 15%. During
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the winter season, due to the BIPV/T panels, the increased average radiant temperature produces for

all floors a PMV higher than that one obtained for the reference building.
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Fig. 6.19. PMV and PPD. 1st, 5th and 10th floors (reference system - solid line, BIPV/T system - dashed line). Sample

winter and summer days (January 10th and in July 29th) - Naples.

As a result, in all the thermal zones (i.e. ten floors) a higher winter thermal comfort is achieved.
Conversely, during summer, according to the trend of the cooling loads shown in Fig. 6.16, at the 1st
floor a better PMV of the BIPV/T configuration versus that one achieved in case of the reference
building is achieved. The opposite occurs for the 5% and 10t floors.

Similarly, the calculated PVM values for the 5t floor are similar for both buildings, whereas for
the 10t floor the BIPV/T building configuration worse PMV values are achieved. For each floor, Fig.
6.20 and Table 6.9 show the seasonal and yearly comparison among discomfort hours calculated for
the reference and BIPV/T configuration. During the winter season, the use of BIPV/T panels provides
a gradual reduction of the number of discomfort hours, i.e. an average reduction of about 58% is
obtained. During the summer season, according to the results shown in Fig. 6.19, the trend of
discomfort hours is rather different. For the first three floors, thanks to the cooling effects of the BIPV/T
systems (the average radiant temperature decreases), a reduction of discomforts hours is calculated
(i.e. ranging between -42 and -4%), whereas from the remaining floors an increase of discomfort hours

occurs (i.e. ranging between 1.5 and 12%). On the other hand, by considering the comfort performance
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on the entire year, i.e. cumulating winter and summer season performance, an overall reduction of

discomfort hours is observed at each floor (i.e. ranging between -48 and -11%).
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Fig. 6.20. Discomfort hours per year calculated for the winter (top) and summer (bottom) seasons - Naples.

Table 6.9. Discomfort hours per year per floor — Naples.

Winter season |Floorlst | Floor2" | Floor3* |Floor4t |Floor5% |Floor6t |Floor7t |Floor8™ |Floor9t Figt(})‘r
REF 2516 2389 2282 2106 1943 1762 1614 1486 1371 1261
h,
BIPV/T [h/y] 1210 1068 941 839 768 707 653 587 548 523
A [%] -52 -55 -59 -60 -61 -60 -59 -60 -60 -60
Summer Floor1st |Floor2™ |Floor3d |Floordt |Floor5t% |Flooré6t |Floor7t |Floor8™ |Floor9th Floor
season 10t
REF (h/y] 1184 1441 1667 2000 2357 2428 2467 2497 2537 2569
BIPV/T y 687 1199 1606 2032 2298 2539 2657 2760 2827 2879
A [%] -42 -17 -4 +1.5 +2.5 +5 +7 +10 +11 +12
F1
Entire year Floor1* |Floor2" |Floor3 |Floor4* |Floor5" |Floor6® |Floor7" |Floor8™ |Floor9t lgn?.r
REF 3700 3830 3949 4106 4300 4190 4081 3983 3908 3830
BIPV/T [b/y] 1897 2267 2547 2871 3066 3246 3310 3347 3375 3402
A [%] -48 -41 -35 -30 -28 -22 -19 -16 -13 -11
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6.5.2. Analysis of active effects

Thermal and electrical efficiency and production

For the two sample winter and summer hours of Fig. 6.8 (i.e. January 13t at 13:00 and June 29* at
10:00), the electrical efficiency profiles of the PV panels versus the length of the BIPV/T system (i.e.

building height) is shown in Fig. 6.21.
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Fig. 6.21. Electrical efficiency of the PV panels for a sample winter (left, January 13th at 13:00) and summer (right,
June 29th at 10:00) hour - Naples.

This figure shows the reduction of the electrical efficiency along the channel height, due to the
increase of the temperature of the air flowing through the channel (while extracting heat from the PV
panels), as shown in Fig. 6.8. Note that for the winter and summer hours, the incident solar radiation
is equal to 526 and 415 W/m?, resulting in electricity production (electrical efficiency) equal to 7.3 kW
(14.0%) and 5.3 kW (12.3 %), respectively.

For the same sample hours, by taking into account the temperature difference between the air
channel temperature at the outlet (at y = 30 m) and at the inlet (at y = 0 m) sections it is possible to
calculate the thermal energy extracted from the PV (i.e. transferred to the air flowing through the
channel). The calculated heat extractions (thermal efficiency) are equal to 3.2 kW (6.2%) and 1.5 kW
(3.7%), respectively for the winter (i.e. thermal energy production) and the summer (i.e. exhausted
thermal energy) hour. Note that for the winter and summer sample hours, the air channel mass flow

rate is about 440 and 521 kg/h, and the air channel temperature difference is equal to 26.3 and 10.6 °C.
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On the yearly basis, the calculated electrical and thermal efficiencies of the investigated BIPV/T
system configuration are equal to 13.9 and 30.1 %. It is worth noting that such low values are
influenced by the vertical inclination of the PV/T panels (i.e. integrated in the building facade), and
by the latitude of the investigated location (i.e. 40.8 °N, Naples). Higher results can be obtained with
lower tilt angles or higher latitudes.

The yearly PV electricity productions, calculated for all the considered European weather zones

(see Fig. 6.6 and Table 6.6.), are reported in Table 6.10.

Table 6.10. BIPV/T system: electricity production.

Prague | Freiburg | Bolzano | Madrid | Naples | Athens | Almeria
Floor 1+ 26.9 29.0 34.8 31.6 37.5 35.7 41.2
2.
Floor 10t (kWhe/(m?y)] 26.6 28.7 34.3 313 36.9 352 40.7
Whole building [MWhe/y] 9.6 10.4 12.4 11.3 13.4 12.8 14.7

This table also includes the yearly production per unitary PV area obtained at the 1%t and 10t
floors. As expected, the lowest electricity production is obtained at the last floor (due to the decreased
PV efficiency along the flow path of the BIPV/T air channel, e.g. Fig. 6.21) for all the weather zones,
whereas at higher ISR, higher electricity productions are achieved (i.e. the highest value is calculated

for Almeria — 14.7 MWh/y).

6.5.3. Energy, economic and environmental performance

Combined passive and active effects

By taking into account the electrical energy needs for heating and cooling, calculated for all the
investigated weather zones, the assessment of the passive and active effects due to the BIPV/T system
is carried out. To this aim, Table 6.11 shows the yearly heating and cooling electricity needs of the
reference case (E«) and the percentage difference between the yearly heating and cooling electricity
needs calculated for the reference and the BIPV/T building system configurations (AE.). Positive
(negative) AE. values refer to the percentage increase (decrease) of electricity needs.

To evaluate the passive and active effects, outlet air from the PV/T channel is alternatively
considered as:

exhausted toward the outdoor environment. This mode, namely BIPV/T exhausted, is taken into
account during the heating and cooling seasons. Heating and cooling, and total (passive), percentage
differences, AEe, allow one to assess the impact due to the BIPV/T passive effect on the energy needs;
i) supplied to the evaporator of the heat pump (mixed to outdoor air to fulfil the required flow rate).

This mode, namely BIPV/T with heat recovery, is taken into account during the winter season

only. Heating and cooling percentage differences, AE. (calculated between the BIPV/T with heat
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recovery mode performance and the BIPV/T exhausted mode ones), allow assessing the impact
due to the BIPV/T active effect only on the energy needs. Total (passive + active) AE« combine

both the BIPV/T passive and active effects on the energy needs.

Table 6.11. Electrical energy demands for heating, cooling and total (heat + cool). Comparison among reference and

innovative building facades with and without heat recovery.

Reference BIPV/T exhausted Total BIPV/T with heat Tot.al
(passive) recovery ( pass.zve +
Heating  Cooling  Total | Heating  Cooling Heating  Cooling active)
Ea [MWh/y] AE.1 [%]

Prague 12.70 0.12 12.82 -12.6 22.7 -12.3 -3.1 - -15.0
Freiburg 8.39 0.40 8.80 -11.8 13.3 -10.7 -3.8 - -13.8
Bolzano 6.71 1.29 8.00 -8.1 3.5 -6.2 -6.8 - -114
Madrid 5.01 1.99 7.00 -21.6 5.5 -13.9 -4.1 - -16.2

Naples 1.35 2.65 4.01 -25.6 0.1 -8.6 -6.6 - -10.2

Athens 0.77 3.67 4.44 -17.6 1.5 -1.8 -8.0 - -2.9
Almeria 0.03 2.74 2.77 -46.8 -0.4 -0.9 -4.2 - -0.9

— 150
e Reference
- BIPV/T exhausted
= BIPV/T with heat recovery
FI? 10,0 NN
510 I NN, SOSc T N Ny I L O
0.,0 T T T T T

Prague Freiburg Bolzano Madrid Naples  Athens Almeria

Fig. 6.22. Heating electrical energy needs for the reference and innovative building facades with and without heat

recovery.

The obtained results show that for the exhaust mode, the percentage difference of electricity needs
for heating range between -8.1% (Bolzano) and -25.6% (Naples), resulting in energy savings only due
to the passive effect offered by the BIPV/T system (reduction of thermal loads). When the outlet air
from the BIPV/T channel is supplied to the heat pump evaporator to offset the heating load, an
additional advantage, i.e. active effect, can be achieved. In fact, the recovered thermal energy produces
a further decrease of heating electricity needs (with respect to the BIPV/T exhausted mode), ranging
between -3.1% (Prague) and -8.0% (Athens). For sake of completeness, the yearly heating electrical
needs calculated for the reference case and BIPV/T one in exhausted and heat recovery modes (relative
to the passive and active effects due to the PV/T building integration) are shown in Fig. 6.22. Here, it

is clearly shown that the higher is the HDD, the higher is the energy saving, whereas the lower is the
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influence of the active effects (lower effective recovered heat). In fact, the lower the heating energy
requirements are, the higher are the energy savings or energy recovery potentials. Similarly, during
summer (Table 6.11), a very slight reduction of cooling electrical needs is obtained in case of Almeria
(-0.4%). In all the investigated weather zones, an increase of electricity is achieved, up to +22.7%
(Prague). As expected, the lower the cooling energy requirements are, the higher is the impact of the
BIPV/T passive effects on the energy needs. Note that the combined heating and cooling percentage
AEa values (i.e. total (passive + active), Table 6.11), are encouraging, ranging between -0.9 in Almeria
and -16.2% in Madrid.

It is also worth noting that the influence of the building floors height on the overall final energy
needs is very weak. This can be observed by taking into account the yearly net final electricity uses

reported in Table 6.12 for all the investigated weather zones.

Table 6.12. Final electricity use.

Prague Freiburg Bolzano Madrid Naples Athens Almeria

REF BIPV/T |[REF BIPV/T |REF BIPV/T |REF BIPV/T |REF BIPV/T |REF BIPV/T |REF BIPV/T

[kWhe/(m2y)]
Floor 1st 544 23.6 (445 139 (429 6.9 434 103 (362 -2.1 |434 7.2 389 -25
Floor 2nd 545 23.6 |446 139 (430 70 |434 104 (363 -19 |435 73 (389 -22
Floor 31 544 23,6 |446 139 (429 7.0 (434 105 (362 -1.8 |435 75 (389 -21
Floor 4t 544 23,6 |446 139 (429 70 (434 106 (362 -1.7 |435 7.6 (389 -19
Floor 5t 544 235 (446 139 (429 7.1 434 106 (362 -15 |435 77 (389 -17
Floor 6t 544 235 (446 139 (429 7.1 434 107 (362 -14 |435 7.8 389 -1.6
Floor 7t 544 235 (446 139 (429 7.1 434 107 (362 -14 |435 7.9 389 -14
Floor 8t 544 235 (446 139 (429 72 (434 108 [36.2 -1.3 |435 8.0 389 -1.3
Floor 9t 544 234 (446 140 (429 72 (434 108 [36.2 -12 |435 8.1 389 -1.2
Floor 10t 544 234 (446 140 (429 72 (434 109 (362 -1.1 |435 8.1 389 -1.1

[MWhe/y]
Whole building 196 85 [160 50 [155 25 [156 38 [130 -06 [156 28 [140 -06
AE:  [%] 56.8 68.8 835 755 104.2 82.2 104.4

The calculated results include the PV electricity production and consumptions due to the electric
heat pump/chiller (for heating and cooling), channel air fans, building lighting and equipment. It is
worth noting to observe that, for all the investigated weather zones, the use of the BIPV/T systems
helps reaching the nearly or net zero energy building (ZEB) target. Moreover, in Naples and Almeria,
the PV electricity production is higher than the building overall electricity demands (reaching the net
positive ZEB target): electricity surplus of 0.5 MWhe/y (Naples) and 0.6 MWhe/y (Almeria) are
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achieved. In Naples, as an example, the PV electricity production is about 13.4 MWhe/y, whereas the
final electricity use of the reference building is about 13.0 MWhe/y, resulting in a negative final
electricity use (including passive and active effects). The use of the BIPV/T system causes a decrease

of the share of electricity due to heating and cooling, as shown in Fig. 6.23.

Reference BIPV/T

8% : 7%

Lighting: 22% Lighting: 22%

Value Unit Value Unit
Total energy 13.0 [MWhe/y] Total energy 12.8
PV production 13.4 [MWh/y]

Fig. 6.23. Final electricity use for the weather zone of Naples.

Here, the share and total final electricity use of both the BIPV/T and reference building
configurations are reported. In case of the reference building, the heating and cooling electricity needs
are respectively 1.1 MWhe/y and 2.6 MWhe/y, decreasing to 0.9 MWhe/y and 2.6 MWhe/y in case of the
BIPV/T configuration, which shows a reduction of both the heating and cooling needs (up to 14.0%
and 1.8%). Finally, a swift and simplified economic analysis is carried out by taking into account
national electricity fees and feed-in tariffs, as reported in Table 6.7, and the capital cost of the BIPV/T
system equal to 25 k€. Satisfactory paybacks (simple — SPB, discounted — DPB), net present values

(NPV), and internal rates of return (IRR) are achieved, as reported in Table 6.13.

Table 6.13. Economic indexes.

Prague Freiburg Bolzano Madrid Naples Athens Almeria
SPB [y] 3.9 3.1 34 3.7 3.3 4.7 3.1
DPB [y] 4.5 3.5 3.8 4.2 3.7 55 3.4
NPV*  [k€] 7.9 12.1 10.6 8.8 11.0 5.3 12.4
IRR [%] 21.8 29.6 26.9 235 27.6 16.7 30.0
PI [%] 95.7 146.8 129.0 106.7 133.4 64.1 150.0

* discount rate = 5%, time of the cash flow = 10 years

As an example, the SPB varies from 3.1 (in Freiburg and Almeria) to 4.7 (in Naples) years. Table
6.14 include the yearly primary energy savings and avoided overall CO2 emissions for all the
investigated weather zones. Remarkable primary energy savings and encouraging results in terms of
avoided CO:2 are obtained, confirming the overall feasibility of the proposed technology. Note that

conventional national electricity production efficiencies and emissions factors for electricity
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generation, reported in Table 6.7, are taken into account (according to EU Eurostat - energy price

statistics).

Table 6.14. Primary energy savings and avoided CO2 emissions.

Prague Freiburg Bolzano Madrid Naples Athens Almeria

[kWhy/y] REF BIPV/T | REF BIPV/T |REF BIPV/T | REF BIPV/T |REF BIPV/T | REF BIPV/T |REF BIPV/T
Floor 1st 167.8 729 1024 319 |933 149 |109.8 26.1 |788 -45 |1180 195 |985 -6.3
Floor 2nd 168.1 73.0 (1025 32.0 |934 151 |110.0 264 |788 -42 |1182 20.0 |986 -5.7
Floor 31 1679 728 (1025 32.0 |934 152 |1099 26,6 |788 -39 |1181 203 |985 -5.2
Floor 4t 1679 727 1025 320 [934 153 |1099 268 |788 -3.6 |1181 20.7 |985 -47
Floor 5t 1679 726 (1025 32.0 |934 154 (1099 269 |788 -34 |1181 21.0 |985 -43
Floor 6t 1679 725 1025 320 [934 155 |1099 271 |788 -3.1 |1181 213 [985 -4.0
Floor 7t |1679 725 (1025 32.0 |934 155 (1099 272 |788 -29 |[1181 215 |985 -3.6
Floor 8t 1679 724 1025 321 [934 156 |1099 273 |788 -2.8 |1181 21.8 |985 -33
Floor 9t 1679 724 1025 321 [933 157 [1099 274 |788 -2.6 |1181 220 [985 -3.1
Floor 10t |168.0 724 (1025 321 |934 157 |[1099 275 |788 -24 (1181 221 |985 -29
Whole building
[MWhe/y] | 60.5 26.1 36.9 115 |33.6 5.5 39.6 9.7 284 -1.2 42.5 7.6 355 -15
Altcoz/y] 10.6 6.9 6.2 52 6.6 14.8 6.4

Finally, by a simplified green analysis, the environmental impact of the proposed energy
efficiency solution is estimated. Specifically, the average amount of acres necessary to sequestrate the
avoided CO: is calculated by taking into account the carbon dioxide sequestered by average forestry
acres (i.e. 0.947 metric ton CO:2 acre/year, according to the inventory of greenhouse gas emissions
(from 1990 to 2013) of the US Environmental Protection Agency). A swift calculation shows that,
thanks to the BIPV/T systems, the avoided CO2 emissions (Table 6.14) correspond to average annual

sequestrations of carbon ranging from 4.9 (Madrid) to 14.0 (Athens) acres of average forest.

6.5.4 BIPV/T system — parametric analysis

By following the aforementioned discussion about the cooling inversion point (e.g. Fig. 6.16, Fig.
6.17, and Fig. 6.18), a further investigation is carried out. In particular, the possibility of applying the
multiple opening concept, also known as multiple openings system [57, 149, 150], on the modular
BIPV/T facades is analysed. For this purpose, a suitable parametric analysis is carried out by varying
the number of openings, used as inlet sections, with the aim to find out the optimal BIPV/T design
configuration which implies the minimum heating and cooling demands, and overall building

electricity consumptions.

Simulation assumptions

The investigated parameter is the number of the openings on the fagade BIPV/T facade, (£),

assumed as inlet section. The parametric analysis is carried by taking into account the same
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assumptions considered for the ten-floor building and BIPV/T system of the case study reported in
Section 6.4. Nevertheless, to increase the level of detail of the parametric study, a thirty-floor high rise
building (with the South fagade integrating the BIPV/T system) is modelled and simulated. The
simulated layouts, defined as a function of the number of active openings, are calculated by dividing
the floors number of the considered high-rise building for its integer divisors. Thus, eight BIPV/T
system layouts with 1, 2, 3, 5, 6, 10, 15, and 30 openings, (), are obtained. Simulations are carried out
for the weather zones of Naples (featuring mild winters and hot summers) and Freiburg (featuring
mild rainy winters and temperature summers).

Fig. 6.24 shows the sketch of the configuration layout relative to the typical BIPV/T system (with
one opening, Fig. 6.24, left), and the BIPV/T system configuration with multiple openings (Fig. 6.24,

right — showing 1 opening for each building floor, for a total of 30 openings).

Y back layer damper
N T N 4

damper

— ™~ —
N N
. M|

\ \

BIPV/T air channel external wall

Fig. 6.24. Sketch of the modelled BIPV/T fagade relative to the first and second floors. Sections of the wall integrating

the PV/T system with a single opening (left) and multiple openings (right).

The thermal and energy performance of each BIPV/T system layout is compared to that one
obtained for the reference case (without BIPV/T). The obtained results are reported in terms of heating
and cooling requirements, electricity, and primary energy percentage difference. Such index is
calculated by the ratio of the difference between the values of the considered variable, calculated for

the reference (Xrer) and multi-opening (Xpro) layouts, to the reference one (Xrer), as:

Xoer — X
ZREF_7'PRO 100 623)

REF

AX =

The parametric analysis is carried out by taking into account the same heat pumps/chiller
implemented for the reference case. Heat pumps/chiller features are summarized in Table 6.5, whereas

the HVAC layouts for the investigated zones and building are reported in Table 6.15.
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Table 6.15. HVAC system layouts.

Naples Freiburg
Heating [kW] 432 91.4
Peak load
Cooling [kW] 494 29.5
Mod 41 [-] 2 2
Number of selected heat Mod 51 [-] 1 2
pumps/chillers Mod 61 [-] 1 2
Mod 71 [-] 1 2

Heating and cooling requirements

The impact of the number of openings (&) on the heating and cooling requirements is analysed
hereinafter. In particular, Fig. 6.25 shows the heating requirements percentage variation (40n) as a
function of &, calculated by comparing the eight multiple openings BIPV/T layouts versus the

reference (without BIPV/T) one, for both the investigated weather zones.

30,0
3 @ Naples
S B Freiburg
S BO .\'1\'_.\_.\.\.
| R:=0,9811
200
15,0 |
ggw R*=10,9402
’ !
] 0 0 T T T T T T T T T 1

L]

Fig. 6.25. 40n vs. number of openings (&).

As expected, by increasing the number of openings, a remarkable reduction of AQx is obtained, due
to the reduction of the air channel temperature (also due to the reduced stack effect). For both the
investigated weather zones, the higher is &, the lower is the impact of the BIPV/T on the heating loads.
Thus, since passive effects are mitigated, an increase of the heating requirements is achieved. In
Naples, the percentage variation of heating requirements, AQs, ranges from 23.0% (at & = 30) to 25.4%
(at £ =1). In Freiburg, AQ: ranges from 12.3% (at & = 30) to 13.3% (at & = I). Note that, the differences
between the AQn calculated for the investigated zones are ascribed to the higher influence of the
BIPV/T system (i.e. energy savings or energy recovery potentials) in case of lower heating energy

requirements.
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The percentage variation of cooling requirements (AQc) as a function of &, is shown in Fig. 6.26.

3,0
= R?=10,9936
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Fig. 6.26. 4Qc vs. number of openings (&).

Hare, as expected, increasing the number of openings, &, helps preventing the impact of passive
effects (e.g. overheating) at the higher floors (according to the findings about the inversion point
reported in Section 5.1). This leads to the increase of AQ., which ranges from -3.8% (at & =1) to 2.7%
(at & =30) for the weather zone of Naples, and from -7.2% (at £ =1) to 1.2% (at £ =30) in Freiburg.
Note that negative AQc values indicate that the BIPV/T system negative passive effects (i.e.
overheating), occurring at the higher floors, overtake the positive passive effects (i.e. cooling), taking
place at the lower floors. By Fig. 6.26, according to the outcomes of Fig. 6.18, it is possible to note that
the use of multiple openings for the weather zone of Naples produces a reduction of the building
cooling requirements, and that by using six openings (one each five floors) the overheating effects are
counterbalanced by the cooling ones. Increasing the number of openings, an additional slight
advantage in terms of cooling requirement reduction is observed (up to 2.7% at & = 30). In Freiburg,
according to Fig. 6.18, during summer the use of multiple openings only allows reducing the

overheating effects (no cooling effects are observed).

PV Electricity production

The number of openings on the BIPV/T facade also influences the PV electricity production. Fig.
6.27 shows the percentage variation of electricity production (AEerv) versus the number openings, &.
Note that for the calculation of this index, the reference value (Xrer in eq.(6.23)) is the electricity
production obtained in case of the BIPV/T layout with a single opening. By increasing the number of
openings, &, on the BIPV/T system, the PV panels operate at lower temperatures with respect to those

observed in case of the typical BIPV/T system configuration (with single opening).
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Fig. 6.27. AEa,pv vs. number of openings (&).

In fact, by increasing &, the air flowing through the channel has a lower average temperature with
higher heat extraction potentials, leading to higher PV efficiencies as discussed regarding Fig. 6.21. A
percentage increase of PV electricity production ranging from 0.2% (at & = 2) to 1.1% (at & = 30) is
calculated for the weather zone of Naples. In Freiburg, a minor AE. rv increase is observed, reaching

a maximum of 0.6% (at & = 30).

Electrical requirements

By taking into account the electrical needs due to the operation of the HVAC system (for heating
and cooling) and the operation of the air channel fans, the percentage electricity variation AE« versus

& is show in Fig. 6.28.
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Fig. 6.28. AE« vs. number of openings (&).

Here, it is possible to note that the trend of AEa versus & shows a maximum value. This behaviour is
caused by different significant aspects, playing opposite roles on the electrical needs. In particular,

the increase of the number of openings implies:
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i) the variation of the heat pump, COPr, which depends on conditions of the air from the PV/T cavity
channelled to the heat pump evaporator. Such conditions are characterized by the total air channel
mass flor rate and by its average temperature, calculated at the outlet sections of the obtained
parallel air channels. Note that by using multiple openings, the modular PV/T panels can be
considered in parallel and series operation, thus, the total air channel mass flor rate increases as &
increases, whereas the average air channel temperature decreases as £ increases;

ii) the increase of the final electricity use due to fans, caused by the reduced stack effect inside the
channel.

It is worth noting that as the number of £ increases, the air flowing through the BIPV/T cavity is
channelled to the HVAC system (heat recovery mode) with lower temperature and higher flow rate.
Nevertheless, as well known, the contribution of the BIPV/T system to the increase of the heat pumps
COPr (i.e. active effect) is limited to the operating flow rate and to the maximum temperature at the
evaporator (i.e. 20°C as provided by manufacturers). Therefore, by taking into account a multiple
openings strategy, the optimal number of openings depends on the trade-off between the increase of
the COP (achieved with a suitable combination of outlet air temperature and flow rate) and the
increase of electricity needs due to the multiple openings fans. As shown in Fig. 6.28, the maximum

obtained AE. is equal to 6.3% (at & = 15) in Naples and to 14.2% (at £ = 6) in Freiburg.

Primary energy saving

Finally, it is interesting to assess the percentage variation of the primary energy saving (APES) as

a function of the number of multiple openings. The slight trend of APES versus £ is shown in Fig. 6.29.

— 1100
=
- B R*=0,8356
2 o e ¢+
A 100,0 A
® Naples
B Freiburg
90,0
80,0
| R2=10,7189
o fr s

Fig. 6.29. PES vs. number of openings (£).

This minor variation is mainly due to the primary energy linked to the PV electricity production and

electrical loads, which smooth the influence due to the passive and active BIPV/T effects. The APES
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ranges from 100% (at & = 1) to 102.5% (at & = 30) in Naples (where the positive net ZEB goal is
achieved), and from 72.8% (at £ = 1) to 73.7% (at £ = 30) in Freiburg.

Estimated trends of AQ, AE.,pv, AE.;, and APES versus &

The results obtained from the parametric analysis can be useful for designers and benchmark
purposes, in case of the implementation of air open loop BIPV/T systems on the facade of new or
refurbished buildings. To this aim, several equations, defined by the trends of AQ, AE.,rv, AEa, and
APES versus &, are estimated. Despite of the limitation of such approach, restricted to the case study
building use and to the investigated BIPV/T system, such easy to use correlations can be taken into
account as swift tools for the assessment of the percentage variation of heating and cooling
requirements, PV electricity production, electrical needs, and primary energy savings, as a function
of the number of openings on the BIPV/T facade.

In particular, for both the considered weather locations, by taking into account the trends of AQ-
and AQn (see Fig. 6.25 and Fig. 6.26), and the one of AE..rv (see Fig. 6.27) versus &, a logarithmic profile
is detected. In addition, very high root means square errors, R?, are calculated, ranging from 94 to
99%. The obtained trends can be characterized by the logarithmic equation reported in Table 6.16. The
table also provides the values of the coefficients a and b, to be selected as a function of the investigated
parameter.

Similarly, the trends of AE« (see Fig. 6.28) and APES (see Fig. 6.29) as a function of & show a
parabolic profile, also detected with satisfactory R? ranging from 0.71 to 0.88%. The obtained trends
can be estimated through the parabolic equation reported in Table 6.16. Also, in this case, the

coefficients a, b, and ¢, are provided in the table as a function of the investigated parameter.

Table 6.16. Estimated equations and coefficients.

Heating and cooling requirements PV electricity Electrical Primary energy
Equations production needs
logarithmic trend: a-In(&) +b parabolic trend: a-£*+b-E+c
Parameters Heating - A0n Cooling — 40 PV —AEeipv HVAC - A4Eenvac | Building - APES
Naples Freiburg |Naples Freiburg |Naples Freiburg | Naples Freiburg | Naples Freiburg

a -0.67 -0.34 25.2 2.52 0.42 0.24 -0.011 -0.015 -0.005 -0.004

b 1.97 13.3 3.80 9.50 -0.25 -0.04 0.45 0.28 0.22 0.13

c - - - - - - 2.22 12.5 100 72.8

6.6. Conclusions

In this chapter, a dynamic simulation model for the energy performance assessment of an active

open-loop air building integrated photovoltaic/thermal (BIPV/T) system is presented. The developed
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model allows assessing both the active and passive effects due to the integration of BIPV/T systems
in new or renovated buildings. To this aim, the developed model is implemented in a computer tool,
written in MatLab and called DETECt, appositely modified for performing comprehensive building-
plant energy performance analysis. By means of the tool, a particular attention is paid to the analysis
of the BIPV/T system thermal and electrical performance in case of high-rise building facades. The
whole simulation model is capable to provide useful guidelines for preliminary feasibility studies.

To perform a comparative analysis and to show the potentiality of the presented tool, a suitable
and comprehensive case study, relative to a ten floor office building, is carried out. A particular
attention is paid to the analysis of the BIPV/T passive effects on the heating and cooling loads and
requirements (the heat transfer through the integrating fagade produce heat gains in winter and
cooling/overheating in summer) and active ones consisting of PV electricity production and PV panels
heat extraction (exploited by a heat pump). The thermal, electrical, and environmental performance
of the proposed innovative building, integrating BIPV/T systems in the South fagade, are compared
to those achieved by a reference building envelope. With the aim to show the influence of the weather
conditions on the energy and economic performance of the proposed building facade, both reference
and innovative buildings are simulated in seven different European weather zones.

Interesting performance of the proposed innovative building vs. the reference one, in terms of
energy efficiency, thermal comfort, economic indexes and avoided CO: emissions, are obtained.
Simulation results show that the BIPV/T panels integrated on the building South fagade are an
effective solution for the reduction of the final building energy demand. Depending on the weather
conditions, thermal active and passive effects can reduce the final energy demands up to 16%, whereas
the amount of electricity produced by PV panels allows reaching the net and positive zero energy, as
well as zero carbon, building goals.

In the investigated heating dominated weather zone, the BIPV/T passive and active effects have a
similar influence on the reduction of the heating electricity needs. As an example, in Bolzano (cold
winter), the passive effects produce a percentage reduction of the heating electricity needs of about
8%, whereas the active effects produce an extra percentage reduction equal to 6.8%. For all the
investigated weather zones, by combining passive, heating and cooling, and active heating effects, the
investigated total reduction of heating and cooling electricity needs ranges from a minimum of 1 to a
maximum of 16%.

Finally, by means of the developed simulation model, it is possible to calculate the cooling
inversion point, i.e. channel length beyond which the positive passive effects (i.e. cooling) become

negative (i.e. overheating), influencing the indoor thermal comfort and the heating and cooling loads
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of the adjacent thermal zone, and consequently the building energy demands. To investigate the
significance of this concept, a parametric analysis is carried out with the aim to find out the number
of openings along the BIPV/T channel minimizing the heating and cooling demands, and the net
overall building electricity consumptions. Such analysis shows that a slight decrease on the overall
heating and cooling requirements, and a minor increase of the PV electricity production is obtained
by the multiple opening system design. By increasing the number of openings, a maximum percentage
increase of the PV electrical productions of about 1% is obtained, with a maximum percentage
reduction of the overall electrical needs of 2.5%.

In addition, several relationships are identified in order to provide swift tools, useful for designers
and benchmark purposes, for the assessment of the percentage variation of heating and cooling
requirements, PV electricity production, electrical needs, and primary energy savings, as a function
of the number of openings along the BIPV/T fagade.

The proposed methodology can be useful for designers and practitioners in order to evaluate the
magnitude of passive and active effects due to the building integration of air PV/T systems on the
overall energy requirements and indoor thermal comfort, as a function of the system design and

operating conditions.
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CHAPTER
7

7. Building to vehicle to building (V2B?)

As buildings play a crucial role in fossil fuel consumption and carbon dioxide emissions, the
development of integrated sustainable energy strategies, from energy generation to storage and
transportation, has gained a great attention. In this regard, solar houses, sustainable mobility and
electric storage systems are considered as effective strategies toward the goal of a sustainable built
environment and a cleaner mobility.

In net or Nearly Zero Energy Buildings (NZEB), the energy generated by off-site resources should
be matched or even exceeded by on-site renewable generation, designated for the building itself or
exported to the grid. To this aim, NZEBs could effectively take advantages from plug-in electric
vehicles, which can be considered as additional high-power appliances (increasing the residential
electricity consumption) and as house electricity sources (accelerating the development of NZEBs and
promoting the deployment of renewable energy sources).

This chapter focus on the implication of distributed electric storages, building energy use and

power generation, which arise within the general frameworks of Vehicle To Home (V2H) and NZEBs.

7.1. Aim of the work and content of the chapter

In this framework, this chapter aims to extend the existing concepts of V2H and ZEB to a novel
framework by defining a new zero energy paradigm where buildings are not considered as
autonomous entities and the potentiality of EVs are exploited at a micro-grid level. Such new concept

focuses on the impact of the efficiency of renewable energy sources and the energy consumption of
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transportation on the energy performance of a new whole system. Specifically, such whole energy
system is linked to human activities consisting of different users, such as buildings and electric
vehicles. As well known the energy demand of such whole energy system is highly influenced by
occupants” behaviours and by daily mobility patterns, set out by the distance between the buildings
where human activities occur.

Key aspect of this new paradigm is the possibility to transfer electricity within such micro-grid by
means of an EV, optimizing the utilization of power generation at a system level. In particular, the
electricity generated by PV panels located on a building is transferred off-site to other buildings
through the EV electricity storage devices. By such system, alternative to the electricity transfer
through conventional power grids, the reduction of initial and operating costs of electricity can be
obtained in several building combinations such as the classical binomial “house-office”. Here, the
installation of a PV field can be economically optimized by avoiding a double plant construction
(saving the initial costs by selecting and operating just one PV system installation at house or at office).
Other additional different potential benefits that can be obtained by such novel concept are: i) a
reduced stress on the grid (limiting the peak of load especially during hours of high energy use); ii) a
reduced risk of blackout for the involved users (supported by a backup power system in case of power
outage); iii) supplying users in case of peak of electricity power needs (often users have low electricity
power supply contracts whilst sporadic higher power peak are required); iv) supplying users where
the grid is absent or too far (avoiding unsustainable capital costs for grid-user connection); v)
supplying occasional users avoiding the constant and operating costs of grid (holiday houses or
similar buildings occupied and utilised several days per year only).

No rules are available at this moment on this topic by national governments and authorities. In
the next future, from one hand they should stimulate and facilitate users to develop the above
described concept in order to decongest the national grids and to stimulate the use of EVs by giving
them an additional role (electricity vector). On the other hand, a potential concurrent energy market
can be foreseen against the present energy players that could restrain and counteract such new idea.
A possible solution could be a novel regimentation of such new way to transfer the electricity, mostly
if the economic convenience of the related technology will be reached in the next years by the cost
decrease of PV panels, batteries and electric vehicles.

In order to show the potentiality of the proposed concept by taking into account an accurate
prediction of the profiles of building electric loads, EV consumption and PV generation (filling the
gap of the available literature), a dynamic simulation model is developed. The model, implemented

in MatLab, allows one to study the role of EVs as electricity vector among buildings integrating PV
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panels and electrical storages. Therefore, a novel relevant case study analysis, based on three different
management systems, is carried out aiming to analyse the energy and economic performance of the
proposed novel vehicle to building (or home) concept.

The analysed new zero energy scheme includes three main electrical users, such as a residential
building, an office building, and an electric vehicle. The selected users can be considered as the basic
nucleus of human-linked energy systems connected in a micro-grid. A dynamic vehicle commute
distance profile is simulated in order to assess the effect of vehicles use on the proposed novel vehicle
to building operation. Three different scenarios, relative to location of PV and energy storage
strategies, are simulated and compared to a reference conventional case by taking into account energy
and economic indexes. The case study analysis aims to show the potentiality of the proposed energy
scheme, namely Building To Vehicle To Building strategies (V2B2), to provide swift design guidelines
and to assess how it allows the fully utilization of the electricity generation, maximizing the self-

production of building integrated RES toward the ZEB goal evaluated at a micro-grid level.

7.2. System description

The classical Vehicle To Building (V2B) idea introduces significant contributions to
simultaneously enhance the power system and support the buildings integration of renewable
technologies. Nevertheless, it is not yet clear how the Electric Vehicle (EV), acting as energy user,
storage point and energy vector, may contribute to the zero energy concept, specifically to the
achievement of the net or nearly zero energy building target. In this regard, by considering the EV not
only as a storage system but also as a transfer device capable to use, store and transport electricity
from a building to another, a novel dynamic model for energy and economic simulation analyses is
here presented. It aims to investigate the implication of a new concept in reaching the net-zero energy
balance, by matching as much as possible the energy demand of a whole energy system linked to
human activities consisting of three main users: the house, the electric vehicle, and the office. By
exploiting the concept of net or nearly zero energy building, authors aim to complete it by defining a
new zero energy paradigm (focused on such whole system) where buildings are not considered as
autonomous entities. This suggest to take into account the efficiency of renewable energy sources as
well as the energy consumption of transportation, which is highly influenced by daily mobility
patterns due to the distance between residential and work place buildings.

From this point of view, a new acronym can be conceived by taking into account that the energy
exchange can be among the EV and two buildings (V2B?, that means Building To Vehicle To Building).

The proposed simulation model is capable to investigate the best configuration of this micro-grid,
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considered as a crucial solution for supporting the high EV penetration toward the establishment of
the new V2B? concept, through which optimizes the integration of the EV into the power system as

well as into the net or Nearly ZEB balance at a micro-grid scale.

7.2.1. EVs for the NZEB goal at micro-grid level

To provide insight of the energy performance of these typical future micro-grids, including PV
panels and electrical storage systems, suitable numerical assessments are carried out and discussed.
To this aim, different sample system layouts are modelled and dynamically simulated through the
developed model. In general, the investigated micro-grid consists of:

e two different building users: a single-family house (namely House) and an office space (namely

Office), where HVAC system and appliances are supplied by electricity;

e PhotoVoltaic (PV) panels, integrated either in the house roof or in the office facade;
o electricity storage devices. Specifically, a main House System Battery (HSB) and an Electric

Vehicle Battery (EVB);
¢ an Electric Vehicle (EV).

Fig. 7.1 shows the schematic diagram of the general energy management system of the proposed
V2B? scheme, showing how electrical renewable generation (from PV), demands (of both the buildings
within the micro-grid) and supply (from the grid and/or the stationary and mobile storage devices)
are managed toward the maximum exploitation of renewable energy and the self-consumption of
RES. In particular, the system control logic acts on the energy storage systems in order to reduce the
energy provided from and delivered to the main power grid at a micro-grid level (minimizing the
impact of intermittent RES [267]), while reducing the overall buildings energy consumptions
(achieving the NZEB goal at the micro-grid level). According to the storage devices capacities (State
Of Charge, SOC), and to the maximum power constraints, the instantaneous power demand of the
two buildings (i.e. House and Office), is satisfied by the distributed generation within the microgrid
(i.e. PV generation produced on site at the main building), the power drawn by the batteries (both the
stationary, HSB, and the mobile one, EVB), and the power provided by the grid. It is worth noting
that the bidirectional operation of the batteries allows the balance condition of the microgrid to be
satisfied at the best. In fact, by taking advantage of the bidirectional operation of the batteries, it is
possible to minimize or nullify the energy from the power grid. In addition, by using the energy stored
within the EVB, both buildings can effectively take advantage by the renewable energy provided by
the renewable energy system (i.e. PV field installed at the main building, e.g. either on the roof of the

house or on the fagade of the office). The general microgrid system control logic proposed in this
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chapter is described in Fig. 7.1, which shows how all the electrical flows interact among the delivery

and consumptions points.
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Fig. 7.1. Flow chart of the general energy management system of the proposed V2B2 scheme.
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In particular, if the instantaneous PV generation is higher than the main building needs (i.e. sum

of all electricity demands), they are fully covered by renewable energy, while the surplus of PV

generation is stored within the EVB (if connected to the Building Management System (BMS) of the

building itself) until the minimum storage capacity is reached (SOCEtvs min); the remaining PV electrical

surplus is stored within the HSB unless its capacity is lower than the maximum constraint level

(SOCliss,max), while further PV generation is stored in the EVB (surpassing its minimum level, limited

by driving needs). Energy stored within both the batteries is used in different times of the day as a

function of the buildings requests and the EV location. When the SOCss,nax is reached, the surplus of
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renewable energy is either continuously stored within the EVB (if connected to the BMS system) or
fed into the national power grid. Conversely, when no PV generation (at the main building power
station) or HSB (at the secondary building) are available, if the EV is connected to the BMS of a
building (either the house or the office, depending on the occurring condition) and its capacity is
higher than the minimum constraint value (SOCkvsnin), the EVB acts as a source of electricity used to
cover the electrical building needs. Finally, the power grid acts as auxiliary system, supplying

electricity to both the buildings and the EV for its own motion.

7.2.2. System layout
With the aim to study the role of electric vehicles as alternative electricity vector among buildings

integrating PV panels, a suitable analysis is carried out. It refers to three different cases studies

(hereinafter referred to as Case 1, Case 2 and Case 3) to be compared to a reference traditional one

without PV panels (referred to as Case 0), sketched in Fig. 7.2. Such analysed system layouts differ

from each other in:

e the EVB operation (i.e. charging and discharging process). Note that, the EVB is alternatively
considered as additional storage point for the two investigated building users, in this case House
and Office. The EVB can receive electricity from the HSB, acting as a load point while in charging
mode, or provide electricity to buildings and EV, as active sources, in discharging mode;

e the site in which the renewable generation system is placed. The PV system, located on the House
roof or on the Office facade, provides electricity to all the building users (i.e. heating, cooling,
equipment, lights) and to the EV, whereas its surplus is fed to the power grid (namely Grid), which
transfers power back to the users when needed.

By considering the EV as only conceived for transportation from/to House to/from Office and by
varying the PV panels site and the batteries features, the obtained system layouts are:

e Cuase 0, considered as the reference layout, represents the conventional unidirectional Vehicle to
Building (V2B) system operation (Fig. 7.2, Case 0). Here, the plug-in EV is linked with the power
grid by acting as a power load. The EV is charged through a home charger and no renewable
energy systems and batteries are installed on-site (neither on the House or Office buildings).
House and Office electricity loads are balanced by the grid;

e Cuase 1 represents a novel concept of bidirectional Building To Vehicle To Building (V2B?2) system
operation (Fig. 7.2, Case 1). The plug-in EV is linked with the power grid acting as a power load
as well as a source for the House building, and as a source only for the Office space. A renewable

energy system, consisting of PV panels, is on-site installed on the tilted roof of the House building.
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The House is also equipped with an HSB, which can also feed the EVB (in case of available stored
energy, otherwise the EVB is conventionally supplied by the grid). An additional novelty is here
represented by the transfer to Office through EVB of the electricity potentially produced by the
House PV panels. The EVB can be also charged at Office, if necessary. Auxiliary electricity for
House and Office loads is balanced by the power grid.

A priority sequence “House — HSB — EVB — power grid” is assumed to dispatch PV generation. In
particular, when the EV is disconnected from House, PV, HSB and power grid are considered as the
only available House energy sources. The amount of generated PV electricity is self-consumed by the
House (for its energy needs), whereas electricity surplus from the PV field (PV production minus total
House electricity need) if fed to and stored within the HSB. If a surplus of power generation occurs
when the HSB is fully charged, it is exported to the grid. Conversely, in case of no PV production (i.e.
no solar radiation availability), the House is powered by the HSB until its complete discharge (then,
the grid supplies the remaining electricity for the House demand). When the EV is connected to the
House, the surplus of generated electricity (i.e. PV production is higher than House needs and the
HSB, preferentially charged, is full) is delivered to the EVB. Such stored energy is used for the EV
motion and, if sufficient, transferred to the Office load, which can benefit of the solar energy collected
at House. In other words, by this strategy, the electricity generated off-site to the Office is here
exploited by transferring it through the EV, to be considered as an electricity network alternative to
the grid. When the EV returns back to the House, if the EVB state of charge is higher than the minimum
threshold, the EVB acts a source of electricity for the House, and its residual electricity needs (not
balanced by the HSB) can be balanced by the EVB until it reaches the minimum state of charge, after
that any residual energy need is provided by the power grid.

Note that, electricity stored within the batteries can be supplied to the considered users down to
their minimum SOC level which, for the EV battery, depends on the daily amount of electricity
necessary to drive the vehicle (plus an additional amount of electricity, referred to as safe level —
batteries are never fully discharged). The minimum electricity charge level necessary for the EV trips
is guaranteed by the grid (the EV battery are possibly supplied in specific time intervals depending
on the amount of electricity need and charger power). Note that during night hours, if the HSB SOC
is higher than the EVB one, electricity from HSB is supplied to the EVB (if the vehicle is connected to
the House).

e Cuase 2 represents a novel concept as well of bidirectional Building To Vehicle To Building (V2B?)
system operation, based on swappable batteries (Fig. 7.2, Case 2). The system operation follows

that of Case 1, thus the plug-in EV is connected to the power grid acting as a power load as well
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as a source for the House building, and as a source only for the Office space. PV panels are
installed on the House tilted roof. The difference with Case 1 relies on the batteries, specifically,
in Case 2 the House is equipped with a battery identical to the EV one and a quick swap of batteries
is allowed between EV and House. The swapping option prevents the need of energy transfer
from the HSB to the EVB (when EVB charge is required), and thus the related losses. As for Case
1, the electricity potentially produced by the House PV panels is transferred to Office through the
EVB. The EV can be charged both at the House and Office buildings (the charge at Office is also
here required just for car-moving purposes).

Note that, the SOCs of the two above mentioned identical batteries are compared before the EV

motion at the morning of each day. Here, the battery featured by the highest SOC level is assumed to

be placed on the EV (the other one, is left at House, acting as a HSB, also for charging purposes) and

vice versa.

Case 3 represents a different novel concept of bidirectional V2B? system operation (Fig. 7.2, Case
3). The main difference with the previous Cases regards the site of the PV panels, which are
installed on the fagade of the Office space, where no dedicated battery (i.e. HSB) is considered
(solar energy is stored directly into the EVB). The plug-in EV communicates with the power grid
acting in this case as a power load as well as a source for the Office space, and as a source only for
the House building. In Case 3, the novelty is represented by the possible transfer to House through
EVB of electricity produced by the Office PV panels (the EVB energy, that is potentially produced
by the Office PV panels, is here used primarily for Office needs and for EV motion and then for
House needs). The EV can be charged both at the House and Office buildings (the grid charge at
House is here considered just for car-moving purposes). Note that, the EVB is fed by DC electricity
surplus from the Office PV field. In particular, the available surplus (PV production minus total
Office electricity need) supplies the EVB as a function of the related SOC.

In all the Cases 1, 2 and 3 the final remaining PV energy production surplus is exported to the grid

(by selling it at the current hourly price). These scenarios can also be considered as a reliable energy

source in case of emergency, such as a power outage. In general, HSB and/or EVB power to buildings

is provided by reducing the stress on the grid. Note that, the DC current produced by the PV panels

or supplied by the HSB and EVB is converted into AC current by an inverter. Such device also works

as a suitable regulator conceived to: i) maximize the current (produced by the PV field) provided to

the users or delivered to the grid; ii) prevent an early degradation of batteries.
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Fig. 7.2. Investigated micro-grid system layouts.
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7.3. Dynamic simulation model

The simulation model of the investigated V2B? system layouts is implemented in a previously
developed simulation model, developed for performing building-system dynamic simulations.
Details about capabilities and validation procedures are reported in [268, 269].

Through the simulation model, the energy and economic performance of the investigated V2B2
layouts, i.e. Case 1, Case 2, and Case 3, and of the reference one, Case 0, are suitably assessed.

Specifically, through energy balances the electrical demands of the investigated buildings, House
and Office, and of the electric vehicle, EV, are calculated in order to identify the energy exchanges
(produced, delivered, exported, and consumed energy) between PV system, buildings, HSB, EVB and
grid.

This section describes the mathematical models and operating logic of the main components of

the investigated layouts, i.e. buildings, batteries, and vehicle operation.

7.3.1 Building load calculation model

The prediction of dynamic energy demand of the two buildings, House and Office, where PV
panels are integrated, is performed by a computer simulation code, called DETECt 2.3, previously
developed to carry out dynamic building energy performance analyses [231, 270]. The simulation
model, implemented in MatLab environment, has been conceived for research purposes to investigate
novel building envelope integrated technologies [58, 166], operating energy saving strategies [238,
271], operating energy saving strategies [240, 242, 268] toward the NZEB target. The simulation model
has been validated by following the BESTEST procedure [123, 231, 232, 270], showing also a very good
agreement with measured data. Subsequently, DETECt was also experimentally validated.

DETECt has been modified in order to allow the simulation of multiple buildings, independent or
mutually interacting. The temperature field of each multi-zone and multi-floor building is calculated
as a function of its features, occupancy schedules, weather conditions and location data. The influence
of a building on the others in terms of cast shadows is also calculated. The mathematical model is
based on a nodal description of the buildings, modelled through resistive-capacitive (RC) thermal
networks obtained by discretizing the heat transfer equation and considering distributed parameters
(thermal masses and conductivities are uniformly discretised) [256]. The adopted scheme allows
subdividing each building into several thermal zones (assuming perfect indoor air mixing), delimited
by different multi-layer building elements (walls, roof, windows, etc.) consisting of numerous sub-
layers which constitute the nodes of the RC thermal network.

For each simulated building, the system of equations describing the heat transfer (discretized by
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means of the finite difference method) of each n-th node (1 < n < N) of the m-th building element (1 <

m < M) of each thermal zone, modelled with a single indoor air temperature node, is written as:

dTmn nz+l Tm,j _Tm,n

Con (capacitive nodes)
at j=n-1 Rr?ﬁj
n+l T -7
m’J _m’n .-
Z Reond +7-Qun=0 (non capacitive nodes) (7.1)
j=n-1 m, j
ATy Ty =T (Tow =T, _ _
Cin d*;n - Z nlz;:onv : "'( OUtR i )+Qpp +Qapp|iances inic (indoor air node)

m=1 m,N +1 \

where C, T, and R are thermal capacitances, temperatures, and resistances; Q is a forcing function
including the incident solar and long-wave radiation exchange; Qpp and Qappiiances are the sensible heat

gains due to people, and appliances (lighting and equipment), networked to the indoor air node only;

Qﬂc is the sensible heat to be supplied to (or removed from) the thermal zone by an ideal heating and
cooling system, aiming at maintaining the indoor air at the desired set point temperature [231].
Further details about the thermal network describing the thermal behaviour of a single thermal zone
and details about the numerical integration methods implemented in DETECt, are extensively
reported in [166, 238, 270].

As the simulated building are assumed as heated and cooled by electrical devices (i.e. heat
pumps/chillers), in each time step, the calculation of the heating and cooling electrical needs, Pneating
and Pcooling, Of each building (B) is obtained as a function of Q%c (given for each thermal zone of the

simulated buildings) and of the HVAC conversion efficiency (i.e. COP), such as:

D5 Max(0.Qc)

I:)Heating = COP
heat (7.2)
D, min(0,Q%¢)
PCooling - COPcooI

Similarly, the electrical power due to appliances, Pappliances, is obtained by the knowledge of the

electrical power of Qapp.

7.3.2 PV production

Due to the RC thermal networks scheme, the implementation of building integrated solar systems
(PV panels) modelled as non-capacitive external building envelope layers can be suitably carried out.
In particular, a Building Integrated PhotoVoltaic (BIPV) system [1] is modelled by taking into account
the following assumptions: i) one dimensional heat transfer, ii) isothermal surfaces of the PV module,

iii) neglected system edge heat losses [272, 273]. It is worth noting that the PV module temperature
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strongly affects its electrical efficiency [274, 275], thus it is assessed by taking into account the system
conductive, convective and radiative thermal exchanges accounted within the thermal networks
terms.

The interaction between the electrical and thermal efficiencies is properly modelled by taking into
account the thermal and optical properties of the PV modules and the incident solar radiation. The
thermal behaviour can be assessed by accurately modifying the second equation of the system
reported in eq. (7.1), by considering the PV node as resistive only. The operating cell temperature (Tpv)
is calculated in each time step by solving the heat balance equation:

Tout —Tpv n Tsky —Tpy Tm,l —Tpy

conv cond rad cond cond
Rout + Rey Rgy *+Rpv Rpv

+lpy Ay = 0 (7.3)

where R are conductive, convective and radiative thermal resistances, and lpy is the effective

absorbed solar radiation per unit of PV cell gross area, Apy, calculated as:

Iy = (K- apy 11y )- It (7.4)

where arv is the PV cell absorptance, ypy is the PV module efficiency, Irv** is the global incident
solar radiation (calculated for any tilted surface by means of geometric relationships [259]), and Ky is
the Incident Angle Modifier (IAM), defined as the ratio between the radiation absorbed by the cell
divided at the occurring incident angle and the radiation absorbed by the cell at normal incidence (
Ky = r(&)/7(0)) [276].

Given the cell temperature, a linear expression of photovoltaic cell efficiency, 7, is taken into

account, such as [274]:
Me = Tlret ':l_ﬂref '(TPV _Tref ):| (75)

where #ref is the cell electrical efficiency, provided by manufacturers, calculated at the reference
temperature (Trerat 25°C) and solar radiation flux (1000 W/m?), Sret is the temperature coefficient which
depends on the temperature at which the PV efficiency drops to zero [276].

The module efficiency is calculated as: #pv = 7c #imod, Where #mod, is the module conversion
efficiency. Finally, the net power (Ppy,) produced by the system is obtained by the gross electrical
power produced by the PV module minus the electricity loss due to the inverter efficiency, and it is

calculated as:

Pov = (77Pv : I;Xt ) iy * Pey (7.6)
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7.3.3 Electrical vehicle model

The key component of an electric vehicle EV is the battery (EVB), impacting on the grid as well as
on the building energy management. The higher the EVB capacity and the charging demand, the
severely higher is its impact on the grid (due to the higher drawing of current). Within the simulation
model, the bidirectional EVB operations, charging and discharging modes [277], are modelled by
taking into account their characteristic curves. In charging mode, the battery stores energy drawn
from the charging station, i.e. storing power output either from PV or grid acting as an electricity load.
Conversely, in discharging mode the battery acts as an electricity source, releasing its stored energy
to supply energy either to the vehicle electric engine or to the building to partially or fully balance its
load.

In this chapter, the EVB (e.g. a Li-ion battery) is modelled by using the modified Shepherd model
proposed in [278] and also considered in [208]. Therefore, according to [278], the behaviour of a battery
cell is modelled with respect to the terminal voltage, discharge/charge current and state of charge. In
particular, the charging mode is simulated by taking into account the power demand of the EVB
charger, i.e. home station, modelled considering the EV charger characteristic reported, as an example,
in Fig. 7.3. The EV charger is modelled as operating on a constant current (e.g. 16.75 A) and constant
voltage (e.g. 415.28 V) charging cycle, with a nominal charge power AC of 7.5 kW, an overall efficiency
factor 0.94, Fig. 7.3. Note that the AC charger power profile provides the indication of the amount of

time necessary to the EV battery to be fully charged at its maximum capacity.
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Fig. 7.3. Power demand of the EV charger vs. time [208].

In discharging mode, a constant current is also assumed [278]. When the EVB acts as a source for

fulfilling the buildings load, the discharge characteristics of the battery pack for discharge rates of 0.2
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C (30.36 A) is assumed, as modelled in [208]. When the EVB provides energy to the vehicle motion,
the power consumption is a function of the driving speed. According to the approach proposed in
[279], the energy losses for a EVs are considered as a function of the driving velocity, being distributed

in different categories, such as aerodynamic, tire, drivetrain, and ancillary losses, as reported in Fig.
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Fig. 7.4. EV power consumption vs. driving speed (Tesla Motors).

7.3.4 Electrical home battery model

The home battery, HSB, is modelled by means of an equivalent circuit of a Li-ion battery, by taking
into account a scaled model directly linking the internal charge curve of the battery with the operating
power [280]. According to [281], the implemented characteristic curve of the battery charge power is

shown in Fig. 7.5.

600

300 |

0 L

-300 ¢

el,int [kW]

A -600 ¢

-900 |

-1200 P —
600 -300 0 300 600 900 1200

Pel (kW]

190



Chapter 7 - Building to vehicle to building (V2B?)

Fig. 7.5. Main battery characteristic HSB charge.

7.4. Case study scenarios
In order to study the role of electric vehicles as electricity vector among buildings integrating PV

panels, a suitable comprehensive case study analysis is carried out. Such case study analysis also aims
to analyse the energy and economic performance of the proposed V2B?systems, consisting of the main
energy users linked to the human activities, such as a house, an office and an electric vehicle. By means
of the developed case study, the energy consumptions due to the operation of the house and office
buildings, and due to the daily mobility patterns (linked to the distance between residential and work
places) are investigated toward a new zero energy paradigm including the whole system and its
energy storage technologies, considered as crucial to reach sustainability at a micro-grid level.

To this aim, the above presented V2B? scenarios, sketched in Fig. 7.2, Case 1, Case 2 and Case 3
are compared to the reference one, Case 0 (i.e., a standard scenario with an unidirectional electric
vehicle charged at home only by the power grid as no renewable energy sources considered).

For all the investigated scenarios, simulation assumptions regard design and operating
parameters, linked to the two investigated buildings, a residential single-family house (hereinafter
referred to as the House) and an office space (namely Office), and an electric vehicle (namely EV). The
main simulation assumptions are given in the following:

e House: two-floor single family residential building with its longitudinal axis East-West oriented.
The building has a pitched building roof (Fig. 7.2) where, only in the scenarios Case 1 and Case 2,
Building Integrated PV panels (BIPV) are installed (no PV are considered in Case 0 and Case 3).
The House building is occupied by a typical family with 5 members spending daytime hours
outside; a family member leaves the House in the morning to reach his office (i.e. Office,
afterwards described) by EV, coming back home after work late in the afternoon (one hour later
the other members). The main features of the considered House are reported in Table 7.1, whereas
the related operating assumptions are depicted in Table 7.2.

e Office: a single intermediate floor office space of a multi-floor building with its longitudinal axis
East-West oriented. The Office space is simulated as a South facing perimeter thermal zone, with
internal walls considered as adiabatic (adjacent to thermal zones with the same indoor air
temperature). The modelled fagcade consists of an opaque/glazing/opaque wall structure (split in
three horizontal strings, Fig. 7.2). The opaque strings, only in the scenario Case 3 scenario,
integrate BIPV panels (no PV are considered in Case 0, Case 2 and Case 3). The Office space is

occupied during daytime hours by 6 people. The family member leaving the House building
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reaches the Office work place where the car remains parked until the end of the business day. The
main features of the considered Office are reported in Table 7.1 whilst the related operating
assumptions are depicted in Table 7.2.

EV: The electric vehicle is only used for home-work commuting, between the House and the
Office. This assumption allows focusing on the behaviour of the system consisting of House-EV-
Office and on its energy consumptions, disregarding the random use of the vehicle for personal
mobility. The EV driving distance, from House to Office, is 13 km per trip (26 km/day, Table 7.3),
considered as an average distance, also according to the distribution of daily driven distance [279].
The EV leaves the House and the Office at 8:00 a.m. and 17:00 p.m., respectively. The EV is parked
at the House garage (or similar) from 17:30 p.m. to 8:00 a.m. and at the Office place from 8:30 a.m.
to 17:00 p.m. (plugged to their building management systems in Case 1, Case 2 and Case 3).

PV panels: the BIPV field is made of mono-crystalline silicon panels including cells of 156 x 156
mm. The main features of the BIPV system are reported in Table 7.2. BIPV panels are installed on
the pitched roof of the House (tilt angle 30°) in Case 1 and Case 2, and on the vertical fagade of the
Office in Case 3. Note that for both integration cases (on the roof and on the facade), BIPV panels
are South oriented. Finally, the sizing of the PV field is based on the available surface area of the
house roof and of the single office facade, Table 7.3. The resulting PV peak power is lower than a
typical solar roof mounted system for a two-floor single family house, and it allows the PV field
to provide sufficient electricity for the house, office, and electric vehicle needs. It is worth noting
that both active and thermal passive effects are taking into account in the simulations.

On-site battery: this on-site House System Battery (HSB) is a Li-ion battery with a
charging/discharging characteristic curve, developed according to [281], shown in Fig. 7.5.
Depending on the simulated scenarios, HSB has different maximum capacities, as reported in
Table 7.3, whereas a 5.0 kW home/office charger is taken into account. HSB features are reported
in Table 7.3. Note that the minimum and maximum state of charge of the HSB correspond to the
5% and 95% of its nominal capacity.

EV battery: the EV battery of Case 1, Case 2 and Case 3 simulates a battery pack of 6831 cells, 18650
form factor Li-Ion battery, following an 11S 9S 69P configuration [282] with a capacity of about 50
kWh. For Case 0, a similar car with a smaller capacity battery, 30 kWh, is taken into account. The
EV charging and discharging behaviour is modelled according to [208]. The EV battery is in
discharge mode as a function of the driving path features, shown in Fig. 7.6 (EV motion power
peak is equal to 6.2 kW). Note that the charger nominal power is 7.5 kW and the minimum and

maximum state of charge of the EVB (also namely safe level) correspond to the 5% and 95% of its
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nominal capacity. Details about EV operations are reported in Table 7.3

Table 7.1. Buildings envelope features.

Parameter House Office
Number of floors 2 1
Height of each floor [m] 35 4.0
Useful surface area of each floor [m?] (length x width [m]) 64 (8 x 8) 90 (15 x 6)
Total useful surface area [m?] 128
Window U-value (4-6-4 air filled double-glazing) [W/(m?K)] 2.1
Window to vertical Wall Ratio, WWR [-] 0.23 0.55
Wall U-value [W/m?K] and (thickness [cm]) 0.34 (30)
Wall hollow bricks conductivity [W/(m-K)] 0.33
Wall hollow bricks density [kg/m?] 1600
Wall hollow bricks specific heat []/(kg-K)] 1200
Wall insulation conductivity [W/(m-K)] 0.05
Wall insulation density [kg/m?] 13.0
Wall insulation specific heat [J/(kg-K)] 1100
Wall absorptance (to solar radiation through windows) [-] 0.2
Floor/ceiling U-value [W/(m?-K)] and (thickness [cm]) 0.68 (25)
Floor absorptance (to solar radiation through windows) [-] 0.4
Table 7.2. Buildings operating assumptions.
Parameter House Office
Ventilation rate [Vol/h] 0.5 0.7
Crowding index [person/m?] 0.04 0.06
Occupancy and appliances schedule [hours] 18-8 9-18
T.hermal load due to people (variable as a function of the indoor 95 (at 26 °C)
air temperature) [W/person]
Thermal load due to lighting and equipment [W/m?] (scheduled as 10 9 (9-13)
a function of the occupancy [hours]) 15 (14-18)
Heating set-point [°C] 20
Cooling set-point [°C] 26
Heating period [month/day] 11/15% - 3/31+
Cooling period [month/day] 6/01st - 9/30th
7-8,18-22
HVAC system schedule [hours] 8-10, 17-20 9-12,13-18
(weekend)

HVAC system capacity (air-to-air electric heat pump/chiller) [kW]
HVAC system COP

South-oriented BIPV surface area (Case Study 1, 2 and 3), Arv [m?]
BIPV panels peak power [kW]

BIPV panels nominal efficiency (mono-crystalline silicon cells of
156 x 156 mm @ STC conditions: temperature at 25°C and solar
radiation flux 1000 W/m?), nev [-]

BIPV panels thickness [mm]

BIPV panels slope [°]

BIPV panels absorptance, arv[-]

BIPV temperature coefficient, Br [°C7]

12
Variable COP (provided by manufacturers)
as a function of the occurring operating
conditions, and the part-load ratio feir [46].
28
5.5

0.195

5.0
30 90
0.92
0.0045
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Table 7.3. Batteries and electric vehicle operations.

Parameter House Office EV

EV trip from/to House to/from Office (from

Monday to Friday at an average speed of 50 - - 26
km/h) [km]
Case study 0 battery [kWh] - - 30
Case study 1 battery [kWh] 2x13.5 - 50
Case study 2 battery [kWh] 50 - 50
Case study 3 battery [kWh] - - 50
EV battery charge schedule [hours] From2to 7 When necessary -
7.5
50¢
=,
<
=%
2.5
0

0 24 48 72 96 120 144 168
Time [/]

Fig. 7.6. EV power consumption.

Finally, each simulation starts on 0:00 of January 1% and ends at 24:00 of December 315t. Dynamic
simulations are carried out through DETECt 2.3 (a 7.5 minutes time step is assumed) by taking into
account hourly Meteonorm data files. In particular, simulations refer to the weather zone of Naples
(Italy), being the heating and cooling degree days (HDD and CDD) equal to 1479 and 727 Kd, and the
incident solar radiation equal to 1529 kWh/m?y.

It is worth noting that the office and house buildings selected for the case study are typical
buildings for the considered country (Italy). In particular, their thermophysical properties are selected
according to the EU requirements concerning energy performance of buildings toward the NZEB
target [161]. In this regard, the house typology represents the largest number of significant experience
of NZEB designs and constructions, especially in case of new houses, in the Mediterranean climate.
In addition, new houses are expected to be construct in residential neighborhoods (far from the city
center), while office buildings (mainly represented by high-rise buildings, especially if new) are and

will be mostly located in the city center or in business neighborhoods [163]. Thus, current parking and
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daily driving patterns of Italian (and European) car drivers seem to be consistent with current models
of electric vehicles, whose uptake appears to be promising for the coming years [283]. Finally, both
buildings operating parameters are consistent with their usage, while their features are suitable for
PV installation and for the access to a charging station for their own parking lots (particularly

necessary at home for every electric driver).

7.4.1. Energy and economic performance indexes of the proposed V2B? systems

With the aim to compare the performance of the proposed layouts, Case 1, Case 2 and Case 3, to
the reference Case 0 one, from the energy and economic point of views, several parameters / indexes
are calculated.

As all energy users of the considered system layouts are supplied with electricity, the yearly

Energy Consumption (EC) is easily calculated as:

Y
EC = Z(PGridaHouse + l:)Grid—>0ffi<:e + PGrid—>EV ) (77)
t=1

where Pygrig is the electricity required from the power grid by the House, Office, and EV loads, i.e.
Pgrid>house, Pgrig>office, and Pgrig>ev. EC represents the electricity delivered from the grid to the main users
of the investigated V2B?systems.

Given EC, the yearly Self-Electricity Consumption (SEC) is the net energy between PV system
electricity production, due to the PV panels (Epv), and the energy delivered from the grid (EC). As a
result, the Energy Saving (ES) and the Relative Energy Saving (RES) of each proposed layout (Case 1,

Case 2, Case 3, namely Case X) with respect to Case 0 are calculated as:

ES = ECCase 0~ ECCase X

RES =1— ECCaSE X (78)

Case 0

To evaluate the economic profitability of the investigated V2B2system layouts, a detailed economic
analysis is included in the simulation model. With respect to the reference system, (V2B, Case 0),
which only includes the electric vehicle, the V2B? systems (Case 1, Case 2 and Case 3) include the
electric vehicle and combine technologies for power production (PV field) and electric storage (HSB).
It also worth noting that with respect to Case 0, for V2B? cases a higher capacity EV battery is taken
into account, being the systems conceived to transport electricity by the vehicle from a building to
another. Therefore, the capital costs of the V2B? layouts include the costs of PV field and HSB, as well

as the additional cost of the EVB calculated with the respect to the one of the reference system Case 0.

195



Chapter 7 - Building to vehicle to building (V2B?)

Therefore, to calculate the total investment cost (IC) of the V2B? system layouts, the cost of PV
solar field, HSB / EVB batteries, and inverter / regulator are taken into account by means of capital
cost functions, as detailed hereinafter.

The PV panels and inverted capital cost is calculated as a function of their specific cost (ICpyv,sp) per

rated power (Ppv), as:

IC,, =IC - B (79)

PV PV.sp PV

The capital cost of the batteries (HSB and EVB, Chsg evs) is calculated as a function of the specific

cost (ICgart,sp) per kWh of energy capacity (Caphss evs), as:
ICHSB,EVB = ICBAT,sp 'CapHSB,EVB (710)

The capital cost of the inverter (ICin), is calculated as a function of its specific cost (ICinv,sp) per peak

power (Ppy, kW) of PV panels [284], as:

IC,, =I1C,

inv inv,sp ~

Po (7.11)

The economic yearly saving of the V2B? system takes into account the economic gains and
operating costs calculated with respect to those of V2B reference system (Case 0), by considering time-
dependent tariffs applied to the electricity exchanged with the national grid.

The net operating costs depends on the amount of electricity purchased from and sold to the
national grid. The electricity purchased from the national grid (Egrig>house, Egria>office and Egrig>ev) is
calculated by considering the hourly purchase price, jeigris, namely Purchase Grid Electricity, PGE.
Similarly, the economic incomes due to the Feed to Grid Electricity, FGEpy, due to the energy exported
to the national grid, Epv>grig, are calculated by taking into account a time-dependent tariffs, the hourly
National Single Price, jense (NSP, the feed in tariff per electricity). It is worth noting that the amount
of electricity sold to the grid represents an avoided cost due to the generated PV Electricity Self-
Consumed (Epv - Epygrid), ESCpv.

The system Operating Costs, OC, are due to the amount of electricity purchased by (Egria->house +
Egrig>office + Egria>ev) and sold (Epv-gria) to the grid, plus a yearly Maintenance cost, M, for the PV field.

OC is calculated as:
OC = PGE -FGE;, +M = I:(EHouse + Eofice + By ) - jel,grid — ESC,,, :I — FGE,, +M (712)

The yearly Economic Savings (EcS) and the Relative Economic Saving (REcS) achieved by the V2B2

system with respect to the reference V2B one, are calculated as:
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EcS = OCCase 0 _OCCase X
OCepe (7.13)

Case 0

REcS =1-

The economic analysis is performed through the calculation of several indexes. The first one is the
Simple PayBack (SPB) index, which represents the length of time required to recover the cost of the

investment, calculated as:

IC

SPB =
(OCCase 0 OCCase X ) (714)

year

where IC is the investment capital costs of the V2B? layouts (Case 1, Case 2 and Case 3).
The second one is the Net Present Value (NPV) index, useful to assess the profitability of the
investment. The NPV is calculated as the difference between the present value of cash inflows and the

present value of cash outflows over a period of time (~20 years), as:

NPy =S ES o (7.15)
t=1 (l+ r)l

Where 7 is the discount rate (equal to 5%). Note that given the NPV it is possible to assess the
Internal Rate of Return (IRR), being the discount rate that makes the NPV equal to zero.

Finally, the Profitability Index (Pl), useful to assess the profitability of the investment, as well as
to rank the proposed layouts by quantifying the amount of value created per unit of investment, is
calculated as:

& EcS
L&

= (7.16)

The Pl is assessed by considering a discount rate equal to 5% and a time horizon of 20 years.

For the proposed case study scenarios, the economic analysis is performed by taking into account
a specific cost per kWh of energy capacity, Plgarsp, of the batteries (HSB and EVB) equal to 260 €/kWh
[284], whereas the specific costs per rated power of PV panels and the inverter, ICpysp, are set to 1000
€/kW (500 €/kW considering a 50% reduction of capital investment for PV panels, according to the
Italian regulation in case of building renovations), respectively. Moreover, a hourly purchase price,
Jelgria, for the purchase of electricity from national grid (averagely equal to 0.20 €/kWh for the House
and 0.18 €/kWh for the Office) and a time-dependent tariff for the feed in tariff per electricity, je,nsp

(known as hourly National Single Price, NSP, shown in Fig. 7.7) are taken into account.
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Fig. 7.7. National Single Price (NSP) of electricity — July 1st -7th.

7.4.2. Load and grid matching indexes

In order to analyse the matching electricity performance of the whole system, V2B?, consisting of
House + EV + Office, as a general zero energy balance, two relevant indexes are calculated with the
aim to evaluate the self-consumption of the on-site renewable energy production and the on-site
matching capability [169]. Such indexes describe the temporal matching between the building (or the
whole V2B? system) electrical load and the PV generation, and between the fluctuation of the energy
exchange of the system with the grid. Such indexes provide an insight on the ability of the building
to work in synergy with the grid [169]. The use of the electric vehicle battery (EVB), together with the
one installed at home (HSB), aims to enhance the matching between load and generation, reducing
the necessity of the House and Office buildings to rely on the grid, increasing the overall self-
consumption.

Such indexes are commonly used in the NZEB evaluation and comparison. The first index
measures the degree of the utilisation of on-site energy generation related to the energy demand, and
it is known as load matching index, ficad, varying between 0 and 1 (or 100%). The surplus of energy
production (neither consumed on-site or stored in the batteries), exceeding the load, is considered as
part of the grid electricity, thus the maximum ficas becomes 1 (or 100%). Obviously, the value of the
index highly depends on the evaluation period. The higher ficag Over the considered time interval, the
better is the coincidence between load and on-site generation.

For the investigated system, fioad is calculated as respect to the whole system V2B? (House + EV +

Office), fioad,v28% as well as only to the House, fioad,House, and Office, fioad office, buildings, such as:
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1 Zmin . Epv (t) + Ensas House () + Ensaeve (1) + Eeve s House (1) + Evaofice (t)
2 ~ d
load V2H Enouse (t) + Eoffice (t) +Egy (t)

1 | Epy()+E (t)+E ()

fload,House = ﬁ.zmln|:1’ PV HSB»El—i:z:e (t) EVB—House (7.17)
1 | Epyv () + Eev_soffice (1)

fload,Ofﬁce - ﬁ . z mm{]ﬂ Eoffice (t)

Where N is the number of time intervals, ¢, in the evaluation period (i.e. day, hour), Epy is the
energy produced by the PV systems, EnsgsHouse is the energy transferred from the house battery HSB
to the House to balance its demand, Ensg »evs is the energy transferred from HSB to the electric vehicle
battery EVB, EeveHouse and Egveofiice are energy transferred from the EVB to the House and Office
demands, Enouse, Eoffice and Egv are the energy demands of House, Office and EV, respectively.

The second index measures the exchange of energy between the whole system and the grid,
calculated by knowing the import/export building profile, and it is called grid interaction index, fgrid.
It represents the variability of the normalized net export energy flow, and it is calculated as the ratio
between net export from a building compared to the maximum/minimum within an annual cycle. The
net export from the whole system (or a building) is defined as the difference between exported and
delivered energy within a given time interval (e.g. monthly). A positive value of fgig describes a net
exporting system, whereas low values implies almost constant export or import.

For the investigated system, fgrig is calculated with respect to the whole system V2B? (House + EV

+ Office), ¢ o uags 7 38 well as only to the, House, fgria House, and Office, fyrigoffice, buildings, such as:
grid,

_ Epv rid (1)~ Ecrid >House (t) = Earid office (t) — Ecriasev (t)
fgrid,vzH2 STD ¥ ; . ,
‘maX|:EPV4)Grid (t )— EGridﬁHOUSe (t >_ EGridHOfﬁCe (t )— EGI‘idA)EV (t ):H
fgrid,House -STD Epv 6rid (t) — Egrid - House (t) (718)
‘max[EPV —Grid (ty ) - EGridaHouse (ty ):H
E id (t)—Egyi (t
fgrid,Office =STD PV —Grid ( ) GrldaOfflce( )

‘max [ Epv crid (t Y ) ~ Egrig>ofice (t ’ )]‘

Where t' refers to the yearly interval, and, in the considered time interval (t or t¥), Epvcrid is the
exported energy from PV to the grid (electricity produced in excess with respect to the users demands

and battery capacities), Ecrid>House, Ecridoffice, Ecria»ev are the energies delivered from the grid to the

House, Office, and EV to balance their demands.
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7.5. Result and discussion

7.5.1. Generation and loads

Simulation results, related to the weather zone of Naples (South-Italy), are here presented and
discussed in order to evaluate the performance of the proposed V2B?2 concept, by taking into account
the energy demands of both the buildings (House and Office), the electric vehicle (EV) and the
renewable energy availability (PV installed on the roof of the house building and on the South facing
facade of the office space).

The dynamic yearly profiles of electric needs for equipment, heating, and cooling for the House

and Office buildings are shown in Fig. 7.8.
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Fig. 7.8. House (top) and Office (bottom) building electrical yearly demand.

Such figure clearly shows that the House and Office peak heating and cooling loads are almost
similar, whereas a higher demand for appliances is obtained by the office space. For both the

buildings, the simulated electric heating peak loads are higher than the cooling ones. Note that
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during the weekend no loads are observed in the Office case. Yearly electrical heating, cooling and
appliance peak loads and demands for each user are reported in Table 7.4. House heating and
cooling electrical needs are about 5.0 and 3.4 kWhe./m? whereas Office heating and cooling electrical

needs are equal to 2.4 and 4.3 kWhe/m?2.

Table 7.4. Yearly electrical heating, cooling and appliance peak loads and demands.

User Pheaﬁng,max Pcooling,max Pappliances,max iz:akl Ehealing Ecooling Eappliances e’-f:;:.agly
kW kW kW MWh/ MWh/ MWHh/
(kW] [lkW] W1y IMWhy] MWL MWhy] GO
House 3.67 248 0.90 4.56 0.64 0.44 2.00 3.08
Office 3.56 2.06 1.35 4.37 0.30 0.55 2.73 3.58
EV - - - 6.70 - - - 6.99

Yearly total electricity needs (due to heating, cooling, and household appliances) are equal to
3.08 and 3.58 MWh/y, respectively for the House and the Office. The third key user of the proposed
systems is the EV, with a peak demand of 6.7 kWe, Fig.7.6 (@ an average speed of about 50 km/h,
Fig. 7.4) and an yearly energy consumption of 6.99 MWh/y, corresponding to about 51.2% of the
whole system energy demand (equal to about 13.65 MWh/y). Fig. 7.9 shows, for a sample winter
week-day, the typical profile of the total electrical demands due to the three users of the V2B2 system
(i.e. PHouse, Poffice and Pev). Here, an almost continuous electrical load required by the buildings can
be noted, whereas the electricity from grid to the EVB occurs, as scheduled, in the early morning
(Parid—ev); it is worth noting that Peria—~ev corresponds to the EV electricity from power grid of the
reference Case 0.

Depending on the considered case study, PV panels are installed on the roof (30° tilted) of the
House building (Case 1 and Case 2) and on the South facade of the Office building (Case 3).
Although both the solar fields consist of the same number of solar panels (same caption area, 28
m?), the amount of incident global solar radiation over the whole year considerably changes due to

the different PV tilts, as clearly reported in Fig. 7.10.
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Fig. 7.9. Electrical daily demands of House, Office, EV and power grid supply to EV— winter sample day (November
25t),
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Fig. 7.10. PV yearly power production — PV integrated on the tilted roof of the House (Cases 1 and 2) and PV

integrated on the vertical wall of the Office (Case 3).

The solar exploitation is maximized when the PV panels are on the tilted roof, at the latitude of
Naples (40.85°), especially during the summer season, when the PV power production surpasses

the House and Office loads.

Table 7.5. Monthly electrical energy needs and PV productions.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
[kWh]

EHouse 366.4 2912 2313 1646 1701 2488 3203 3116 2243 1701 2286 3515

Eoffice 356.9 2683 2402 2194 2402 3062 3905 4262 3231 2402 2534 3128

Eev 771 67.0 73.7 70.4 77.1 70.4 73.7 77.1 67.0 77.1 73.7 70.4
Total 8004 6264 5452 4543 4874 6253 7845 8148 6144 4874 555.6 734.6
Epvroof 3535 4277 6705 7910 890.7 9465 9835 9270 761.0 6758 3902  359.2
Epvwar 3389 3632 4960 459.8 4357 406.7 443.0 5003 5167 576.6 358.0 363.4
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The monthly matching of overall electricity demands of each user (House, Office and EV) and
on-site generation for the PV fields (PV installed on the roof and on the facade) under investigation

is reported in Table 7.5 and Fig. 7.11.
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Fig. 7.11. House and office buildings electrical monthly energy consumptions and PV production of roof and wall

mounted fields.

It is interesting to analyse the cumulative annual PV electricity generation and system load
profiles, as reported in Fig. 7.12. The electricity generation is always lower than the total load in case
of solar field installed on the wall (Case 3), whereas for the roof installation (Case 1 and Case 2), the
cumulate generation surpasses the load after April. Note that the calculated yearly PV electricity
production of the solar field installed on the roof, Epv,rof, is equal to 5.18 MWh/y (peak load = 5.10
kW), whilst for the solar field installed on the fagade, Epv,wai it is equal to 5.26 MWh/y (peak load =
4.5 kW).
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Fig. 7.12. Cumulative annual electricity generation and loads profiles of simulated cases.

7.5.2. Energy analysis
Given the electricity loads and generations of the proposed system, it is of high interest to

investigate the possibility to store as much energy as possible, in order to better match renewable

production with demand and to reduce the need of electricity from the national power grid. To this
aim, the presented case studies include different storage and delivery strategies. To better
understand the electrical behaviour of the investigated system layouts, the time histories of the main
electricity flows are reported for four summer sample days in Fig. 7.13 for Case 1, in Fig. 7.14 for Case

2 and in Fig. 7.16 for Case 3. The selected sample days (Friday July 27% — Monday 30%) include

weekdays and weekend days.

The top graphs of Fig. 7.13, Fig. 7.14 and Fig. 7.16 shows the time histories of:

i) PV power production (Prv) together with the surplus of PV electricity (equal to max[0, (Prv —
Phouse)] for Case 1 and 2, and to max[0, (Pev — Poffice)] for Case 3), delivered to the house battery
(Pev—nsg), the EV battery (Pev—Ev), the power grid (Pev—crid);

i) the electrical flows required to balance the EV demand by the power grid (charged at the house,

Perid—Ev,House, and charged at the office, Parid—Ev.office), and the electrical flow to the HSB from the
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EVB (Puss—eve). Note that Paria—Ev is considered as the power production delivered to the EV,

which is previously provided by the grid and stored in a dedicated battery;

iii) the state of charge of the HSB (SOCusg) and the EVB one (SOCevs), together with the safety level
(minimum SOC) of EV charge (SOCisafe levet).

The middle graphs of Fig. 7.13, Fig. 7.14 and Fig. 7.16 shows the time histories of:

i) PV power production (Prv) and House demand (PHouse), together with the electrical flows required
to balance the House demand by PV (Pev—House), by EV battery (Peve—touse), by HSB (PHsg—House),
and by Grid (Pcrid—House).

The bottom graphs of Fig. 7.13, Fig. 7.14 and Fig. 7.16 shows the time histories of:

i) PV power production (Prv) and Office demand (Porfice), together with the electrical flows required
to balance the Office demand by PV (Pev—orice), by EV battery (Peve—orrice), and by the Grid
(Parid—office)-

For the simulated Case 1, see Fig. 7.13 top, at the beginning of the first weekday, when the sun
rises and the solar radiation reaches the PV panels, the buildings loads is still null and PV production
is delivered to the House battery (Pev—uss) with a consequent increase of the SOChss. When the
building load becomes positive (Phouse at 7:00 a.m., Fig. 7.13 middle) the PV generation of electricity is
firstly delivered to the house load (Ppv—ouse), as shown in Fig. 7.13 middle. As the PV generation is
not sufficient to balance the House load, electricity from the HSB is delivered to the House (PHsg—House),
causing a slight decrease of the SOChss. At the same time, the EV battery is charged by the Grid
(Ppv—ev, Fig. 7.13 top), increasing the SOCeve to the charge level necessary for the EV motion, as shown
in Fig. 7.13 top. In fact, when Pev is required and provided by the Grid (both in the early morning at
the House, Parid—Ev house, and in the afternoon at the Office, Parid—Ev office), the SOCevs returns to the level
of charge occurring before the charge. Just after the EV leaves, the House load becomes zero (PHouse,
Fig. 7.13 middle) as all occupants leave it. Thus, all the PV panels generation is supplied to the HSB,
until its state of charge level, SOChsg reaches the maximum value (i.e. 1 or 100%), as shown in Fig.
7.13 top. Afterward, PV panels power production is fed to the Grid (Ppv-crid). With the House load
(PHouse) occurring in the afternoon, when occupants and the EV comes back home, the House load is
tirstly balanced by the PV panels generation (Ppv—house), then by the HSB (PHs—House), and at last by
the Grid (Perid—House), as shown in Fig. 7.13 middle. The Office is totally balanced by the Grid
(Parigc—ofiice), since the EVB is not sufficiently charged (no renewable energy is stored).

As the weekend starts, referring to the second day reported in these graphs, the EV is stationary
at the House and connected to the building management system, therefore the surplus of PV panels

generation is firstly delivered to the HSB (Ppv—hsg), and when the SOChsg reaches the maximum level,
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it is supplied to the EVB (Ppv—evs), increasing the SOCevs, Fig. 7.13 top, to a level sufficient to avoid

the need of the Grid on Monday morning (the last plotted day), when Parid—gv House and Perid—Ev.office

are null. The same before discussed behaviour occurs in both the weekend days, where thanks to the

possibility to charge the EVB by PV panels generation, the Grid is never used to balance the House
load. In fact, as shown in Fig. 7.13 middle, the House load (PHouse) is firstly balanced by the PV

generation (Ppv—Hous), then by the HSB (PHse—House, causing its discharging), then by the EVB

(PevB—House, causing its discharging) and at last by the Grid (Parid—House).
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Fig. 7.13. Case 1 - Daily dynamic profiles of system electrical flows and battery state of charge (top of the figure only)
— July 27t -30t,

As the SOCkgvsg reaches a high level, the EVB is capable to provide electricity to the Office load (on
Monday), thus the electricity produced by PV panels located on the House roof is transferred to the
Office (Pev-office), see Fig. 7.13 bottom.

Similar behaviours can be observed for Case 2 and Case 3, Fig. 7.14 and Fig. 7.16, respectively. The
main differences with Case 1 consists of the diverse electrical storage strategies. In particular, for Case
2 (i.e. battery swap option), see Fig. 7.14 top, two batteries, namely EBV1 and EVB2, with the same
capacity of the EVB of Case 1 are taken into account. Therefore, when the House is unoccupied, all PV
generation is delivered to the currently on-site battery (acting as HSB, Prv—hss, being the battery
double in capacity with respect to the HSB considered in Case 1), there is no electricity exported to
the Grid. During the second weekend day (Sunday), when the EVB2 (the on-site battery) is full
(SOCev2 equal to 1 or 100%), PV generation is delivered to the battery located on the EV, EVBI1 (acting
as EVB of Case 1, Prv—Evs).

In addition, as the electricity exported to the Grid considerably decreases in Case 2 with respect
to Case 1, the EV is mostly carrying a battery sufficiently charged to provide electricity to the Office.
In fact, in Fig. 7.14 top, the EVB delivers electricity to the Office (Pevs—ostice) to balance its load (Pottice)
also on the first day (i.e. Friday) of plotted ones, reducing the Grid supply (Pcrid—ofice) with respect to
Case 1 (Fig. 7.13 bottom).
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Fig. 7.14. Case 2 - daily dynamic profiles of system electrical flows and battery state of charge (top of the figure only)
- July 27t -30th.

It is interesting to note how the swap of the two batteries (Case 2) occurs, as shown in Fig. 7.15.

Specifically, before the EV motion, the battery currently on-site, referred to EVBI (initially on-site
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located, Fig. 7.14 top), has a SOC level higher than the battery on the EV (i.e. EVB2); thus, the EV
position is equal to 1 in Fig. 7.15 (i.e. the EVB2 is on the EV). Therefore, just before the EV motion, the
batteries are swapped, the EV position becomes equal to 0 in Fig. 7.15, meaning that the EVB1 becomes
the EV battery (acting as EVB) and the EVB2 becomes the on-site battery (acting as a HSB). According
to Fig. 7.14 top, EVB2 (still on-site) increases its SOC level through weekend days, whereas SOCevs:
(i.e. EVBI1) starts increasing only on Sunday afternoon when the SOCevs: reaches 1 (or 100%, i.e. EVB2
is full). A second swap of batteries occurs on Monday morning, when the batteries SOC levels are

compared again before the morning EV motion, Fig. 7.15.
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Fig. 7.15. Case 2 — Position of batteries (i.e. 1 means EVB1 on vehicle and vice versa), EV motion, and daily profiles of

batteries state of charge — July 27 -30t.

Concerning Case 3 (i.e. no on-site batteries and PV located on the Office South-facade are
considered), see Fig. 7.16, in weekdays the PV power production is delivered to the Office to balance

its load (Ppv—ofiice), whereas its surplus is delivered to the EVB (Ppv_vs) and then to the Grid (Ppv—.Grid).
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On a weekly basis, the distribution of delivered electricity from all the considered sources (i.e. PV,
Grid, EVB and HSB), necessary to balance Eouse, Eoffice, and Eev demands are shown in Fig. 7.17, Fig.
7.18, and Fig. 7.19, respectively. Fig. 7.17 clearly shows that to balance the House demand (Enouse), in
Case 1 and Case 2 the PV panels generation (Epv—House) is significantly exploited, particularly during
the summer weeks, when the solar availability increases. For such case studies (Case 1 and Case 2),
the HSB also plays a crucial role in balancing the House demand (Enss—House) throughout the whole
year, whereas a small amount of electricity is provided by the Grid (Ecrid—House) and by the EVB
(Eeve—House). Differently from Case 1 and Case 2 (i.e. PV panels integrated on the House tilted roof),
for Case 3 (i.e. PV panels integrated on the Office facade) the major provider is the Grid, which covers
the House demand almost completely during the summer weeks. It is worth noting that the tilt angle
of solar panels (90°) disadvantaging the summer solar production (i.e. low sun height on south-
vertical fagades). On the other hand, such tilt angle maximizes the solar exploitation during winter
weeks, therefore a significant contribution by the EV to the House demand (Eevs—House) is achieved.
The EVB stores PV generation when plugged at the Office BMS and transfer it (by the EV) to the

House.
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Fig.7.16. Case 3 - daily dynamic profiles of system electrical flows and battery state of charge (top of the figure only)
— July 27t - 30t
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Fig. 7.17. House demand balance: weekly electricity flows — Case 1 (top), Case 2 (middle), Case 3 (bottom).

Concerning the Office demand (Eofrice), see Fig. 7.18, in Case 1 and Case 2, electricity is greatly
provided by the EV, which effectively acts as energy vector. A more significant contribution of the
EVB to the Office demand (Eevs—ofiice) can be noted for Case 2 where the use of two high capacity
batteries, suitably swappable, increases the electrical storage capability, and consequently the
possibility to better match the House and Office demands. EVB also contributes to power the Office
in Case 3, although the major energy provider is the PV field (Epv—office), which constantly (according

to the PV power production, see Table 7.5) contributes to balance the Office demand.
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Finally, Fig. 7.19, relative to the EV demand (Eev), shows that Case 2 represents the better strategy
for storing and transporting electricity, being the EV always equipped with the battery with the
highest capacity. As a result, the major part of Eev is balanced by PV panels generation (Epv—tvs),
whereas the contributions to the Grid (Ecrid—EvB.house and Ecrid—EvB,ofiice) Occurs only in winter weeks.
Differently from Case 2, Case 1 and Case3 show a significant contribution of the Grid to the EV

demand during the year.
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Fig. 7.18. Office demand balance: weekly electricity flows — Case 1 (top), Case 2 (middle), Case 3 (bottom)
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Case 2 storage strategy results the optimal one for reducing the Grid supply for the whole system,
not only for the EV. This can be observed by analysing the demand of electricity from the Grid

delivered to the three users, House, Office and EV, as shown in Fig. 7.20.
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Fig.7.19. EV demand balance: weekly electricity flows — Case 1 (top), Case 2 (middle), Case 3 (bottom)
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Fig. 7.20. Monthly electrical energy from the Grid

Specifically, with respect to the reference Case 0, the lowest electricity demand from the Grid

occurs for Case 2. Here, with the exception of the winter months (January, February, November and

December), Grid energy is weakly required. Case 1 and Case 3, besides the significant difference in

the monthly PV generation, almost require the same amount of electricity from the Grid, meaning that

a better management of electrical flows is achieved in Case 3. Case 1 also shows that the Office demand

is matched by the electrical energy stored into the EVB, and transported by the EV from the House,
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mostly during spring and autumn months, due to the reduction of House demand (no heating and
cooling is required), which increase the chances of the EV to power the Office.

Although the achieved reduction of electricity from the Grid (for all investigated V2B? scenarios)
and the enhancement of the matching between generation and load due to the proper management
of storage batteries, a significant amount of PV production is exported to the Grid. In this regard,
electricity produced by PV panels is partially self-consumed by the users (House, Office, and EV)
while the rest is exported to the Grid. In this regard, Fig. 7.21 shows the monthly and yearly produced,
self-consumed and exported amounts of PV panels generation for all investigated cases. By comparing
Case 1 and Case 2, it is clear that the amount of exported energy significantly decreases, due to the
higher storage capability of Case 2 with respect to Case 1, as well as to the EV battery swap option
which increases the amount of electricity transported by the EV and delivered to the Office. During
winter months, there is no exported electricity by Case 2. Case 3 shows, as expected, the lowest
amount of PV production and self-consumed energy with respect to Case 1 and Case 2. In addition,
the yearly exported energy of Case 3 is comparable to Case 2 one, although the related lowest PV
panels generation. This is due to the better winter exploitation of solar energy (according to the PV
panels tilt angle) as well as to the occupancy schedule of the Office, which is not occupied during

weekends when the produced electricity is directly exported to the Grid (not self-consumed neither

stored in the EVB).
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Fig. 7.21. Monthly and yearly renewable energy produced by PV, consumed on sites (by House, Office and EV) and

exported to Grid.

Yearly results (see Fig. 7.21, the bottom right) clearly show that the best energy matching between
generation and loads is achieved in the Case 2 scenario. However, an interesting performance can be
observed for Case 3, where the amount of self-consumed electricity is comparable to the one calculated
for Case 1 (which has a much higher PV panels production), suggesting a high matching between
generation and loads (pursued with the installation of PV panels at the Office where the EV is parked
for most of the time). Moreover, Case 3 exported energy is slightly higher than the one calculated for
Case 2 (though the significant Case 3 weekend days exports), resulting in a similar economic income
due to the selling electricity to the grid, as better discussed in the next paragraph.

Yearly results related to all the discussed electricity flows are reported in Table 7.6 for the
reference Case 0 and the proposed V2B? layouts. The table also includes the PV panels production
(Erv) and the users demand (Ewouse, Eoffices Eev). By analysing the yearly overall results, it is
interesting to note that the House total electrical consumption (Earid—House), originally equal to 24.1
kWhei/m? (typical value of net or nearly zero energy buildings [163, 166]) is now very close to zero
for the simulated Cases 1 and 2, being equal to 2.1 and 2.9 kWhe/m?, and equal to 21.2 kWhe/m? for
Case 3. Concerning the Office total electricity consumption (Earid—ofiice), originally equal to 39.7
kWhe/m?, is equal to 31.0 kWhe/m? for Case 1, to 13.2 kWhe/m? for Case 2, and to 11.8 kWhel/m? for
Case 3. By considering both buildings, House and Office, as one single building user, the final

electricity consumption (Egrid—House + Ecrid—office), €qual to 30.6 kWhel/m? for the reference Case 0,
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becomes equal to 14.0 kWhe/m? for Case 1, 7.2 kWhe/m? for Case 2, and 17.3 kWhe/m? for Case 3.
These very low values of electricity consumption per square meters suggests that the solar fields,
regardless of the power production, are capable to significantly balance the electrical energy needs
of the considered single user (House + Office) to values typical for net or nearly zero energy
buildings [163].

The overall electricity from Grid for each investigated V2B? scenarios and for each user, reported

in Table 7.6, also shown in Fig. 7.22, is considerably reduced with respect to Case 0.

Table 7.6. Yearly energy results.

Case 0 Casel Case 2 Case 3
Parameter
[MWhy]

Erv (PV prod) - 8.18 8.18 5.26
EHouse (House demand) 3.08 3.08 3.08 3.08
Eottice (Office demand) 3.58 3.58 3.58 3.58
Eev (EV demand) 0.87 0.87 0.87 0.87
Erv_House (from PV to House) - 0.65 0.65 -
Erv_oftice (from PV to Office) - - - 2.28
Erv_muss (from PV to House battery) - 2.30 4.84 -
Epv_evs (from PV to EV battery) - 1.19 0.66 1.13
Erv_crid (from PV to Grid) - 3.77 1.61 1.76
EevB—House (from EV battery to House) - 0.03 0.08 0.37
Eevs_ottice (from EV battery to Office) - 0.79 2.37 0.24
Eevs_nss (from EV battery to House battery) - - - -
EnsB—.House (from House battery to House) - 2.12 1.98 -
Enss-office (from House battery to Office) - - - -
Enss—.evs (from House battery to EV battery) - - - -
EGrid—House (from Grid to House) 3.08 0.27 0.37 2.71
Ecrid-office (from Grid to Office) 3.58 2.79 1.19 1.06
Ecrida—EVB house (from Grid to EV battery — at house) 0.88 0.28 0.12 0.31
Ecrid-EvB,office (from Grid to EV battery — at office) - 0.29 0.04 0.10

The overall electricity from Grid is decreased by 47.9% for Case 1 (3.92 MWh/y), by 77.0% for
Case 2 (1.73 MWh/y) and by 44.5 % for Case 3 (4.18 MWh/y) with respect to the reference Case 0
(requiring 7.53 MWh/y). Specifically, by considering a single user, the electricity from Grid
decreased as reported:

e  Ecrid—House (3.08 MWh/y, Case 0) is decreased by 91.2 % in Case 1 (0.27 MWh/y), by 85.8% in Case

2 (0.37 MWh/y), and by 12.1% in Case 3 (2.71 MWh/y);

e Ecrid—oriice (3.58 MWh/y, Case 0), is decreased by 22.0% in Case 1 (2.79 MWh/y), by 66.5% in Case

2 (1.19 MWh/y), and by 70.3% in Case 3 (1.06 MWh/y);
¢  Ecrid-ev (0.88 MWh/y, Case 0) is decreased by 35.2% in Case 1 (0.57 MWh/y), by 81.8% in Case 2

(0.16 MWh/y), and by 53.4% in Case 3 (0.41 MWh/y).
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I Grid—House
I Grid— Office
[ IGrid—EV

Case 0 Casel Case2 Case3

Fig.7.22. Yearly electricity energy from Grid (see Table 7.6).

For each investigated case, the shares of yearly electricity delivered to each user, House, Office
and EV, by PV panels, HSB, EVB and Grid are reported in Fig. 7.23, Fig. 7.24, and Fig. 7.25,
respectively. The House demand (3.08 MWh/y, Etouse), see Fig. 7.23, is balanced by 8% and 12% by the
Grid in Case 1 and 2, and by 88% in Case 3.

Case 1 Grid 8% PV

Fig. 7.23. Share of yearly electricity delivered to House (yearly electricity demand equal to 3.08 MWh/y -Table 7.6) by
PV panels, HSB, EVB and Grid.

The PV panels generation directly covers the House demand by 21% in Case 1 and Case 2 (PV
panels installed on the House roof). The EVB provides the 1, 3 and 12% of Enouse for Case 1, Case 2 and
Case 3, respectively. Conversely, the EVB provides about 22, 66 and 6% of the Office demand (3.58
MWh/y, Eosice) for Case 1, Case 2 and Case 3, respectively, see Fig. 7.24 (significantly reducing the
power grid integration). PV panels production covers about 64% of Eoffice in Case 3. The EV demand
(0.88 MWh/y, Eev), see Fig. 7.25, is balanced by PV electricity stored within the EVB by 35% in Casel,
82% in Case 2, and 54% in Case 3, with a remarkable reduction of electricity from Grid on which the

EV relies when connected to the BMS of both House and Office buildings.
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EVB  Casel Grid Case 2 Grid Case 3
22% 34% 30%

EVB PV
6% 64%

Fig. 7.24. Share of yearly electricity delivered to Office (yearly electricity demand equal to 3.58 MWh/y --Table 7.6) by

PV panels, EVB and Grid.
Case 1 Grid to Case 2 pepato Grid to Case3
Grid to Grid to EVB, office 35% EVB, office
EVE, office EVB, house 5% 1%

PV to EVB

33% 13%

N\

PV toEVB
82%

PV 1o EVB
54%

32%

Fig. 7.25. Share of yearly electricity delivered to EV (yearly electricity demand equal to 0.88 MWh/y - -Table 7.6) by
PV panels and Grid.

The share of yearly electricity delivered to the whole system from each energy source, i.e. PV
panels and Grid, is reported in Fig. 7.26 for the investigated layouts, such as Case 0 and V2B? scenarios
(Case 1, Case 2 and Case 3). Here, electricity by each source is split according to the selected user. The
main electricity consumer of the considered system, reference Case 0, is the Office, requiring about 47
% of the total energy supplied by the grid; the second consumer is the House, requiring 41% of
electricity, and then the last one is the EV, with 12% of the consumed electricity. Fig. 7.26 clearly shows
how the weight of the Office demand delivered by the Grid decreases i) to 36% and 15% in Case 1 and
Case 2, respectively, thanks to the electricity transferred and delivered by the EVB, and ii) to 14% in
Case 3 thanks to the PV panels production. Similarly, the House demand delivered by the grid
decreases to i) 4% and 5% in Case 1 and Case 2, respectively, thanks to the PV panels production,
which is directly delivered to the House load and stored into the HSB, supplied back to the House
and, in Case 1, to the EVB; ii) to 36% in Case 3 thanks to the electricity transferred and delivered by
the EVB. The EV demand decreases from 12% to 7%, 2% and 4%, respectively in Case 1, Case 2 and
Case 3.
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Fig. 7.26. System balance - House (3.08 MWh) + Office (3.08MWh) + EV (0.22 MWh), equal to 6.87 MWh: shares of

electricity by source.

It is of interest to see how the two batteries of Case 2, EVB1 and EVB2, because of the swap option,

are almost equally used, as reported in Fig. 7.27. Such figure shows the outlet electricity flows

(EV—House, EV—Office, EV—-EVB) and percentage of inlet electricity by PV panels (PV—EV), by

grid (Grid—EVB,house and Grid—EVB,office), and by the battery acting, time by time, as on-site house

(HSB—EVB). The major outlet electrical flow for EV1 and EV2 is the energy delivered to the Office,

EV—Office (equal to 1.32MWh/y for EV1 and to 1.23 MWh/y for EV2), followed by EV—House and

to the energy required for the EV motion, EV—EVB. Outlet electricity flows are balanced by the

inlet ones. Specifically, electricity from PV panels accounts for about 97% of the total inlet flows,

whereas the remaining amount of electricity (about 3%) is delivered by the Grid mostly when the

EV is connected to the House BMS.
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< S *EV - Office [10-kWh] = EV — House [10 - kWh]
| EVB - EV[I0-kWh] PV —EVB [%]
0 8 Grid — EVB,house [%)] Grid — EVB,office [%]
b4 ~ HSB — EVB [%]

§,s  ®WEV - Office [10 - kWh] = EV — House [10 - KWh]
g, EVB — EV [10 - kWh] /PV — EVB [%]

& Grid — EVB,house [%] Grid — EVB,office [%] |
“ HSB — EVB [%]

Fig. 7.27. Energy balance on batteries of Case 2: outlet electricity flows and shares of inlet electricity by PV panels,
HSB and Grid.

Finally, in order to analyse the matching between the load and the generation, by means of the
load matching and grid interaction indexes (see eqgs. 7.7 and 7.8), presented in the previous section,
the amount of exported and imported (or delivered) energy must be analysed. To this aim, Fig. 7.28
shows the cumulative delivered and exported electricity profiles for all the investigated systems.
According to the results reported in Fig. 7.21, Case 2 shows the best exploitation of the renewable

source (lowest delivered energy from Grid), thanks to the batteries swap option, leading to a
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remarkable reduction of the electricity exported to the Grid. In this regard, the worst performance is
achieved by Case 1, which shows the highest exported energy to the Grid. In addition, a remarkable
increase of the exported electricity is observed during spring and summer months, when heating and
cooling loads are null, and the PV panels generation highly surpasses the system demand. Similarly,
the increase of delivered electricity occurs mainly during summer and winter, when there are heating
and cooling demands in both House and Office. A constant delivery is observed in Case 2, being the
high capacity of EVB1 and EVB2 swappable batteries capable to enhance the matching between PV
generation and loads. Case 3 outperforms Case 1 in terms of exported electricity, while its requires
more electricity from the Grid with respect to Case 1 during the summer season (due to the lowest
vertical PV panels production and to the unexploited use of electricity produced by the solar field in

the weekend days).
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Fig. 7.28. Cumulative delivered and exported electricity to and from the investigated system.

The value of fiad and fgrig, calculated on annul resolutions for the whole system as well as for the

House and Office buildings of the V2B? scenarios (Case 1, Case 2 and Case 3) are reported in Table

7.7. In addition, Fig. 7.29 shows the profile of fixad and fgrig, calculated on hourly and daily basis.

The values of fioas, measuring the amount of electricity load balanced through PV panels

generation (also known as solar fraction [168]), calculated on hourly basis (Fig. 7.29), show a high

utilization of electricity production, being often reached the 1 (or 100%). On the annual basis, the

maximum fiead values are largely obtained by Case 2, whereas values lower than 50% are obtained by

Case 3 and for the Office.

Table 7.7. Load matching (fioad) and grid interaction (fgrid) indexes.

Case 0 Case 1 Case 2 Case 3

Parameter
[%]

V2H?
foadvoge (@NNUAl basis) - 57.83 59.45 40.43
foridvae? (annual basis) _ 10.50 8.00 936
House
fload, House (aNNual basis) - 63.23 62.82 46.31
fgrid, House (annual basis) - 21.39 14.69 17.85
Office
fload office (@nnual basis) - 44.18 46.05 4273
fgrid,Office (annual basis) - 19.94 16.24 15.90
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For all the proposed scenarios, fgria calculated on the annual basis (annual standard deviation),
describes the V2B? scenarios as net exporting systems (positive values). Nevertheless, increasing the
assessment time resolution, it is possible to note the occurrence of electricity export and import, with
a higher fluctuation on the hourly basis with respect to the daily one (Fig. 7.29). A lower fluctuation
is observed for Case 2, as expected, being its storage capability the most effective one to reduce the
Grid interaction (matching the loads with the PV panels generation). Note that the differences among
the storage scenarios seem to not result in remarkable differences of export/import, when fyria is

evaluated on the annual basis (a higher resolution is desirable).

Case 2

f[-]

) fload fgricl

1 1 1
0 2160 4344 6552 8760 0 2160 4344 6552 8760 0 2160 4344 6552 8760

Time [/1] Time [/] Time [/]

_'_fload _fgrid _'_fload _fgrid - fload _fgrid
-1 -1 -1
0 90 181 273 365 0 90 181 273 365 0 90 181 273 365
Time [d] Time [d] Time [d]

Fig. 7.29. Load matching (ficad) and grid interaction (fgrig) indexes for Case 1, Case 2 and Case 3.

7.5.3. Economic analysis

The positive energy findings obtained by the V2B? scenarios do not necessarily imply the
economic profitability of the proposed systems. These include the capital costs of a bidirectional
converter, an energy storage system, and a solar field (with respect to the standard V2B reference Case
0). In addition, V2B? also requires an advanced management system capable to track all energy
transfers (between the House, HSB, EVB, Office and Grid). Therefore, the economic analysis is
mandatory required to assess the feasibility of the proposed V2B? scenarios with respect to the
conventional one.

Table 7.8 summarizes the main annual energy and economic indexes calculated for all scenarios.

The analysis shows that all the proposed V2B? are high efficient, with the best outcome achieved by
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Case 2 scenario (RES =77%). Thus, the lowest operating costs are calculated for Case 2, which shows
the highest ESCrv (i.e. economic value of self-consumed PV panels generation, considered as avoided
cost). Nevertheless, all cases show small economic revenues due to the electricity sold to the Grid. As
an example, FGErv reaches the maximum value in Case 1, about 180 k€/y, which does not
counterbalance the higher operating cost (e.g. with respect to Case 2). In general, the economic
analysis shows that, although the use of batteries leads to a very high self-consumed electricity,
reducing the dependence on the Grid, the high investment costs, IC, make the SPB very remarkable
for all scenarios, ranging between 10.9 and 15.2 years. IC are significant, especially for Case 1 and Case
2, about 14.5 k€ and 20.2 k€, respectively. Lower IC values are calculated for Case 3 (about 7.9 k€),
where the on-site battery is not considered, whereas the highest IC is that one of Case 2 (with the
highest storage capacity). The high capital cost of batteries, nowadays about 260 €/kWh, leads to not
very profitable systems, though the significant economic savings (EcS), leading to negative (for Case
1 and Case 2) of very low positive (Case 3) Net Present Values, NPV, calculated by considering a

discount rate equal to 5% and a time horizon of 20 years.

Table 7.8. Yearly energy results.

Parameter Case 0 Case 1 Case 2 Case 3
EC (EGrid—House,0ffice, V) [MWh/y] 7.53 3.92 1.73 4.18
SEC (EHouse,0ffice EV) [MWh/y] - 4.06 6.56 3.49
ES [MWHh/y] - 3.61 5.80 3.36
RES [%] - 51.8 77.00 44.56
OC [kély] 1.44 0.66 0.32 0.81
FGErv [€/y] - 182.2 64.51 92.48
ESCrv [€/y] - 770.5 1111.5 623.0
EcS [€/y] - 952.8 11795 715.5
RECS [%] - 66.4 82.2 499
IC [K€] - 1452 20.20 7.85
SPB [y] - 15.2 17.1 10.9

Therefore, in order to evaluate the economic profitability as a function of the future cost of the
storage system, a sensitivity analysis is carried out. In particular, by varying the capital cost of the
electric storage capacities (ICrss/evs or BCI), from 80 €/kWh (target cost) to 260 €/kWh (actual cost), the
variation of the SPB is shown in Table 7.9. The SPB decreases to values lower than 7 years at the target
price of the batteries. It is worth noting that future lower costs of PV panels, inverter and BMS could
be taken into account, further reducing the SPB of the proposed system.

Similarly, Fig. 7.30 shows the variation of the NPV versus the discount rate (NPV vs. r) as a
function of the Battery Capital Cost (BCI). Here, it is clear that with the reduction of BCI an increase
of the NPV is expected. For the target price of the batteries (i.e. 80 €kWh), the NPV becomes positive

for discount rates lower than 9.5%, coincident with IRR. By considering the actual r equal to 5%, for a
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BCIlower than 125 €/kWh, positive NPV are obtained for Case 1 and Case 2 scenarios. For the scenario
with the lowest investment, Case 3 (scenario without on-site battery), the NPV is positive for all the
considered battery costs for discount rates higher than 5%. Fig. 7.30 also shows how the profitability
index, PI, varies as a function of ICrssevs, and it is always positive. Its slope is constant for Case 3,

while it increases at lower ICnuss/cvs for Case 1 and Case 2 (scenarios with on-site battery).

Table 7.9. SPB calculated for different price of electric storage (ICatsp).

Parameter Case 1 Case 2 Case 3
ICearsp [€ /kWH] [v]
80 6.61 6.83 5.94
125 8.77 9.40 7.20
170 10.93 11.98 8.46
215 13.08 14.55 9.71
260 15.24 17.13 10.97
15 ' Case 1 ‘ ‘ 15 ‘ Case 2 ‘ ‘
— ~BCI =80 €/kWh ——BCI =215 €/kih = -BCI=80 €/kih ——BCI =215 €/kWh
10 L. —-=BCI = 125 €/kIh ——BCl = 260 €/kh|] 10~ _ —-=BCI = 125 €/kIWh ——BCl = 260 €/kh|]
T~ BCI = 170 €/kh Nemel T~ o BCI = 170 €/kh

r [%]
Case 3
= =BCI =80 ¢/kWh ===BCI=215€/kWh —Casel
10 [ ===BCI =125 €/kWh=—=BCI =260 €/kWh||
E.= BCI =170 €/kWh

125 170 215 260
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Fig. 7.30. Economic sensitivity analysis: NPV vs. IRR and PI as a function of the battery capital investment (BCI,
target price 80 €/kWh).

Finally, it is worth noting that the economic analysis is carried out by assuming the Italian rules
regarding the electricity exchange with the national grid. The Italian regulation does not support the
positive balance between electricity exported to and delivered from the Grid, being low the economic
compensation of electricity exported to the Grid. As the electricity price highly affects the refund from
the exported energy and the viability of the system, different national regulations and electricity prices
might lead to much encouraging economic results. In addition, with the penetration of renewable
energies, energy prices are expected to be revisited in order to encourage the transition toward
sustainable energy systems. Finally, a further optimization of the system could also enhance the
energy and economic performance of the proposed V2B? concept. Such analysis, necessary to assess
the optimal energy management system strategy will be developed as further investigation, with the
aim to find out the optimal design and operating parameters which simultaneously minimize the

energy and economic cost function.

7.6. Conclusions

Novel energy management schemes for grid-connected buildings and electric vehicles are
presented with the aim to promote the net or nearly zero energy building goal at micro-grid scale
level. This novel energy efficiency paradigm, in which electric vehicles are considered as key

components for improving the buildings energy performance, is evaluated by means of a suitable
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dynamic simulator for energy and economic analyses. This scope is reached by the development of a
new in-house simulation model, implemented in a computer code written in MatLab. By such tool the
role of electric vehicles as energy vector among multiple buildings, integrating PV panels and
electrical storages, is investigated.

In order to show the potentiality of the presented concept and of the related simulation model,
three different scenarios, obtained by modelling the building integration of photovoltaic panels and
the management of energy storages (including a suitable batteries swap option) are modelled and
simulated. The obtained results are compared to those of a reference conventional system. Specifically,
the simulated buildings are a single-family house and an office space, considered as the classic basic
cluster of buildings linked to human activities. An electric vehicle, used for house-to-office trips,
completes the considered examined system. Simulation results show that the electric vehicle can
effectively benefit the novel concept of bidirectional Building To Vehicle To Building (V2B?) system
operation, where renewable energy transfer among buildings, energy storages, electric vehicle and
grid use are optimized. Note that, in the proposed concept, the key factor is the use of electric vehicles
as energy vectors. By such vehicles, working in synergy with the national power grid, the utilization
of on-site energy generation devices at system level is enhanced. The annual -electricity
exported/imported to/from the grid can be optimized with a consequent improvement of the energy
matching indexes, which show an encouraging performance of the investigated systems. Specifically,
the proposed V2B? system, reached interesting results from the energy point of view (energy savings
ranges between 45 to 77%). Regarding the economic convenience, the proposed scheme is highly
influenced by initial costs and national electricity prices, showing that suitable energy policies and
suitable capital costs reductions are still necessary to promote the diffusion of such kind of systems.

Future analyses, including sensitivity and parametric investigations, will be carried out by means
of the developed model, also aiming to investigate the potentiality of the V2B? strategy at larger micro-

grid levels and by utilising innovative electric vehicles.
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CHAPTER
8

8. Conclusions

In this thesis, the energy performance assessment of innovative solar technologies and energy

storage systems is conducted by means of suitably developed dynamic simulation models. Different

approaches, depending on the investigated technology, were adopted:

1D models are developed for analysing stand-alone systems. These models are based on
Hottel-Whillier-Bliss equations suitably modified for assessing the features of the analysed
collectors. Specifically, for the vacuum solar thermal collector, the novelty is to couple a 1D
mathematical model to a suitable optimization tool. Furthermore, regarding the hybrid
photovoltaic/thermal prototype, special attention is paid for modelling the PV panel as an
absorber plate. In fact, Hottel-Whillier-Bliss equations are conceived for assessing solar
thermal collectors. Thus, with the aim of analysing the hybrid PV/T system performance, the
PV panel was schematized as a metal sheet absorber plate.

2D models are developed and used for assessing the thermal behaviour of specific
technologies integrated into the building envelope. Specifically, a two-dimensional approach
is needed for assessing the spatial temperature distribution along the south fagade of a high-
rise building in which photovoltaics/thermal panels are integrated into the building envelope,
and passive and active effects on the energy and thermal performance must be assessed.

3D model for assessing the energy performance of the novel high-vacuum flat-plate solar
thermal collector designed by TVP solar company. The model is based on transient finite heat

transfer thermal network. This approach is required for calculating the spatial temperature
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field through different elements. In addition, an RC thermal model is developed with the aim
of assessing the thermal capacity and the capability of storing hot water into the high-vacuum
solar thermal collector.

For all the developed numerical models, experimental tests were conducted for various operating
parameters (e.g. mass flow rate, tilt angle, weather conditions etc.) with the aim of experimentally
validate them. Results on experimental validation are described in detail and the reliability of the
developed models is established though the mean errors and mean percentage errors values. In
addition, the effectiveness of the modelled devices and prototypes, in terms of energy, economic and
environmental performance, has been analysed through suitable case studies. These analyses are
conceived for showing how the proposed methodologies allow estimating the design and the
feasibility of the proposed systems. The main findings of the thesis are summarised as follow:

e Referring to flat plate solar thermal collector, the main effects parameters are found out and
ranked by means of Sobol parameter. Specifically, two different objective function were
investigated (i.e. thermal efficiency and outlet fluid temperature). In case of thermal efficiency
maximization, the first four parameters in the ranking are: 1) plate absorbance, 2) glass cover
emissivity, 3) glass extinction coefficient, 4) gas used. In case of outlet fluid temperature, the
first four parameters in the ranking are: 1) mass flow rate, 2) plate absorbance, 3) plate
emissivity, 4) glass extinction coefficient two optimize solar thermal collector are detected and
define through the characteristic curves.

e Interesting criteria and guidelines involving a combined system consisting of the PV/T
prototype coupled with an air-to-air heat pump for space heating is also assessed. Specifically,
by means of the developed tool, new performance maps are provided and interesting results
in term of energy savings are achievable.

e Active and passive effects of building integration photovoltaic/thermal system into the south
facade of a high-rise building were analysed. A special focus on the heating and cooling loads
as well as thermal comfort was paid. In this framework, a novel parameter called “cooling
inversion point” was defined. The proposed methodology can be useful for designers and
practitioners in order to evaluate the magnitude of passive and active effects due to the
building integration of air PV/T systems on the overall energy requirements and indoor
thermal comfort, as a function of the system design and operating conditions;

¢ Anovel energy management schemes for optimize the electricity exploitation from renewable

energy devices is developed. The role of electric vehicles as energy vector among multiple
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buildings, integrating PV panels and electrical storages, is investigated. Energy savings ranges

between 45 to 77% are offered by the implementation of such management scheme.
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