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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 energyto cover
energy needs in the buildin g sector (i.e. heating, cooling, dwelling hot water, electricity, etc.). The thesis
includes the experimental and numerical investigation of s everal 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 in troduced. The first solar thermal collector is characterized
by a very low initial cost , whereas the second one is characterized by highvacuum space (i.e. 16 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 DETECH, 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 co oling demands and electrical production are
assessed through a dynamic simulation model suitably modified and linked into DETECH. 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 conventiona Ily 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 o f new
and retrofit ted 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 (S Cs), and photovoltaic thermal collectors (PV/T), can be easly
integrated into the shell of a new building, by substituting conventional building materials with no
additional surface area. Also, as an onsite 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 nonrenewable 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 toward s a low-carbon
economy [4]. An nZEB is considered as a building with very high energy performance which requires
a very low amount of ener gy, to be covered to a very significant extent, or even completely, using
RES, produced onsite or nearby [4]. Therefore, appropriate nZEB designs or renovations must
combine high efficiency active and passive technologies (e.g. natural ventilation, daylightin g) 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 energyperformance 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 approachesadopted by many researchersin 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 optim ization 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
assessingthe 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, s tand-alone devices (i.e. solar thermal collector and photovoltaic thermal collector) are
analysed. Then, with the aim of assessingthe 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 ell. 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 sto rage
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:

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

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

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

1 optimize the design of the developed prototype s by utilizing the developed mathematical
models;

91 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 worOBD O1T wi OUPEz Uw O
Ul Ox1 UEUUUI wEOEwWUaUUI O0zUwUT 1 UOEOwI i i PEPI OEad

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 abowdisted components and the ambient. Several ways

to enhance the thermd 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 expernentally 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 significart increase of the performance
of FPCs (i.e. 60% higher than that of a typical FPC singleglazed 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. Kalogrou 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 | ower 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 he at 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 twi sting 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 cloud y 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 sdar 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. Juanic6[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 onedimensional 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 backinsulation 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 quasisteady
state model for assessing the performance ofFPC 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 trasfer 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
(PVIT system). Despite space constraints for theinstallation 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 singlefamily house was
considered as a suitable application for the PV/T colletE 0 OUUQuwPkT PET WwEEUUI EwWEWET EUI
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 impro ve the system energy performance, as reviewed by AFWaeli
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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 incease, as discussed by Kabir
et al. [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. R esults showed an increase
POwWUT 1 WEOOOPOT wi i i1 EOWEOGEWPOWUT 1T wUavuuUil 60z 0wOT I
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 paralel
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 unde
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%, bing 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 watercooled 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 he 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 g/stem 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. AkShamani et. al[42] compared two PV/T collectors cooled
with water and a nanofluid (based on silicon dioxide, SiO2), observing an enha ncement 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. Th e analysis was conducted on
PVIT 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 e conomic 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 opt ical 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 quasisteady 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 need
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 obser ve that steady state and quaststeady 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 method s 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 resistancecapacitance thermal network
composed of seven nodes (one for each system component) and solved with the finite difference
method. A similar approach was adopte d 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 perform ance: 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 i ntegrated system (featured by 7.76 n¥ 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/fa¢c ades
[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 modifie d 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 activesffects 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
PVIT 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 technolog y 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 f or 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 introductio n 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 assessingthe
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 predictag 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 developeal 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:

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

operation [65-67];

9 deal with all the most important phenomena occurring in the building [68-70];
1 address the effectiveness of applied energy efficiency techniques or renewable energy source$b,

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

Building si mulation 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,
EEUI EwOOwIl O1 UT az U wsedinh rdferénte]7d. Revienss 0fl BEFSBOOIE e 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 en ergy 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 of ten 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 analyseg71, 9692]. New BEPS tools are also developed with
O 1T wxUUxOUI wOOwl YEOQUEUT wOT T wOEEUXxEOUUZ wEOOI OUUOWE OF
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 simulon 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 used89]
to validate new models, examples are reported in references [91, 9597]. The use of validation
procedures has been recently emphasized by the EnergyPerformance 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 empiric al, analytical, and comparative

14



Chapter 2- Literaturereview

approaches [100-102]. Here, the differences deperd 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, obtaned 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 condit ions), 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
OEUT 1 OEUPEEOQWOOE] OVUwi OUwUTT wUPOUOGEUPOOWOIT wlOT 1T wi Ol
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
BEPStools [89] for conducting whole building energy simulation anal yses. 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 procedur es 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
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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, 120122]. 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 1970saims 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 coll ectors. 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 BuildingIntegration 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 utilizatio n, 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 mke 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 follow ing 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. | nterested readers are highly
encouraged to refer to the available reviews before presented about PV/T[28, 125, 127, 129, 13@nd
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 effi ciency.
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

17



Chapter 2- Literature review

particul ar, 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 vert ical 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 natur al 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 openloop 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 semiransparent 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 semitransparent 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 colector 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 int eresting concept of modular
PVIT 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 lay out 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 effidency (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 facade, 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 lution for helping to prevent excessive
heat, as demonstrated for example by the SolarwWall® technology (Conserval Engineering Inc.). Such
concept, known as multiple inlet approach, aims to enhance the performance of air based BIPV/T
collectors, and has ganed 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 concep t, 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 R/ efficiency), whereas a
temperature decrease from 5 to 10 °C is expected in case of larger installations (% 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 opague and semitransparent
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
opaqgue 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 facade and roof applications, were also compa red 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 d etailed 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 syste m, 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 cav ity. 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 t hrough 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
PVIT, 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 co nditions. 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 ESPRr [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 reportedn [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 ventilabbr 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, theavailable 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 TRNSY S[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 effect s, 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 systenj132]. 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 radi ation 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 passi ve 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 dy namic analysis of air based openloop 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 facade, 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 apromising approach to
minimize the building sector energy consumptions ( about 30t40% 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 buildingg4]. 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, 164166], 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, aZEB 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 larg er 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 da ily 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]6 w3 1T I WEEDOaAawOOEPOPUA WUl xUI
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 fo r 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 (EVSs) 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 powe red by
renewable energy sources installed onsite 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 scalg/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 | eads 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, 21Q]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 buildi ng 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
OT 1 w$s5whbOwlT 1T wi 61 UT AawEUPOEDPOT Uz wi O UT awEEOEOEIT dw2x
electric vehicles and solar energy sources as potential featured in anet 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 n ecessary, 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 gri d, powered by RES are analysed with an integrated approach[212].
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2.6. Conclusions

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 mainsubjects 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 an alysis, significant lacks of knowledge were detected
and they can be summarised as follow:

1 there are no available studies involving the simultaneous optimization of the main
parameters affecting the performance of flat plate solar thermal collector systems,

1 there are no flat plate vacuum solar thermal collector systems able to store thermal energy
without the adoption of suitable hot water storage tank;

9 there are no studies focusng 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 int egration 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 collector s

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
charaderizing 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 inproved. A structural analysis is also considered for the
design of both glass cover and absorber plate thicknessesin addition, two novel evacuated flat -plate
solar thermal collector prototype are introduced. The first solar thermal collector is character ized by
a very low initial cost whereas the second one (called Tank v.2) is characterized by high-vacuum

space (i.e. 18 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 perfo rmance 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 quasieady 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. Findy, 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 des cription
For this work, a typical FPC available on the market is investigated. A schematic representation

of the collector can be seen in the sketch depictedn 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 lengthl(c) of 2.0 m,
a width (W) of 1.1 m, a thickness fg) of 8.0 mm, and a gross area fAc) of 2.2 n2. The copper absorber
plate has the same dimension of the glass cover except from the thicknessip) that is 0.5 mm. A number
of (Npipeg 8 copper riser pipes, with an inner diameter (Di) of 13.4 mm, an outer diameter ©) of 15 mm
and a thickness @pipeg of 0.8 mm, are welded on the absorber plate. An air gap spacing Lg-p) of 50 mm
is made between the glass cover and the absorber plate, as it is clearly visible irFig. 3.1b. A glass wool
insulation layer with a thickness ( #e.in9 0of 30 mm wrapped the edges whereas the same material with
a different thickness (#p.ins), of 50 mm, is adopted to insulate the bottom of the collector as well. A sheet
metal (¥p) of 0.5 mm is composing the edge cover.The main geometrical and thermophysical features

of the system arereported in Table 31.

Table 31. 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

Ug 8.0 mm Thickness of the glass cover

Ac 2.2 m? Gross area of solar thermal collector

] 16 - Glass extinction coefficient

G 0.84 - Emissivity of the glass cover

G 0.062 - Absorbance of the glass cover

] 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

Wo 1.1 m Width of the absorber plate

Ap 2.2 m?2 Area of the absorber plate

Up 0.5 mm Thickness of the absorber plate

G 0.84 - Emissivity of the absorber plate

G 0.90 - Absorbance of the absorber plate

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

Di 134 mm Inner diameter of riser pipes

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

Ub 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:

1.
2
3
4.
5
6
7.

8.
9.

The collector is in a steady state.

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

. The headers cover only a small area ofthe collector and can be neglected.

Heaters provide uniform flow to the riser tubes.

. Flow through the back insulation is one dimensional.

. The sky is considered as a blackbody for the longwavelength radiation at an equivalent sky

temperature.
Temperature gradients around tubes are neglected.
Properties of materials are independent of temperature.

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 suface.

A ¢ G,mg('f()!) Q.fa.s‘.v, f. J
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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,

= Ab Fr éG{ot (f % _UL ( wa,in :ramb) (31)
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where Acis the collector area, F; is the heat removal factor, Gyt is the incident solar radiation per
collector area, (U)Js the transmittance-absorptance product, Uy is the overall heat loss coefficient
based on the collector area, Tusin is the inlet working fluid temperature, and Tamb is the ambient
temperature.

The calculation of thermal efficiency ( din) is based on the ratio between the useful energy collected

and the incident energy on the solar collector surface.

wa jin ~ Tamb)

hy, = = =+ G
ot

e U,
GuA 1864 (

(3.2)

where {§ is the transmittance of the glass cover and, Vs is the absorbance of the absorber plate. Note

that, the transmittance of the glass cover is calculated by means of the following equations:

t =t_a (1_ r") _._(1- rH) (33)

¢o2 gl (rro) 1- (r”ra)

D

where = exp[-2 §(ck)], ais the extinction coefficient of the glass cover, d the angle refracted beam,
r and ry are the perpendicular and parallel components of the incident solar radiation, derived by
%UIl UOI Oz U] UEUDOOU

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

calculated asfollowing:

- & & :
Fr = me =l ex M
AU, & & mg

(3.4)

J0m:

where @ is the mass flow rate of the working fluid flowing along the riser pipes, ¢ is the specific
heat of the working fluid, and F &s 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:

e v,
wqu, (D+(w -D) F)" (G)" (#Dh)

- (3.5)

where Wis 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, D; 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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W,
Cb - k‘oond bond (36)
ijond

where Kkyondis thermal conductivity of the welded bond, Wionais the width of the welded bond, and
Uoond is the thickness of the welded bond.

In addition, by referring to eq. (3.5)the collector efficiency factor can be calculated as following

B tanh(mC'QW -D)/a
T mdgw D)2 37

where k; is the thermal conductivity of the absorber plate and, Uy 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:
1 Qusstheat loss through the glass cover
Qusscheat loss through the edge.
1  Qusspheat loss through the bottom.

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

where U_is the overall heat loss coefficient based on collector area and.T, is the temperature of

the absorber plate. The overall heat loss coefficient can beexpressed as:
U =uU, Y, 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 abovedefined heat loss coefficients, thedeveloped model considers different
calculation procedure based on the thermal network depicted in Fig. 3.3.

The heat loss coefficient of the topsurface of the collector, is calculated as following:
U =uU, Y, U, (3.10
where hcamsg is the convective heat transfer coefficient between the ambient and the glass cover,
hr skyg is the linearized radiative heat transfer coefficient between the sky and the glass cover, hegp is

the convective heat transfer coefficient between the glass cover and the absorber plate andkby gp is the

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

As mentioned before, the radiative heat transfer coefficients (hrskyg and hygp) are linearized and

can be calculated by means of eq¢3.11)(3.12)

N sky- g = €9 5(Tsky +Tg)(T23ky q:zg (311
s(T,+T)(T2 +T12
hog-p= S jo( g_lp) (3.12)
Veg+V g

where (§ is the emissivity of the glass cover, his the StefanBoltzmann constant, Tskyis temperature of
the sky, Ty is the temperature of the glass cover and,( 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 0.0552Tamg>for clear sky condition [215]or

equal to Tampfor cloudy sky [216].

Regarding the convective heat transfer coefficient between the glass cover and the ambient, the
, DUET 1 00z U1’ takeh ididdddoudt®
8.600;:2

he g ambT (3.13

where Wwing 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:

hc’p_g :% (314)

Lg' P

where Kkgasis the conductance of the air inside the air-gap spacing considered at a medium temperature
between the glass cover and the absorber plateLgy., is the distance between absorber plate and the
glass cover andNuDUw 0T T w- UUUI OUzUwOUOETI UWEEOEUOE[PIBIEas Ea w Ol |

follows:
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& ‘#  17083sin( 1.9) § PERad G e
Nu=1 4.4481 _ 1708 &, Sesin( 1.9) ¢ b aRa®os(b) 67 & (3.15)
g Rakos(b) & Ra ¢ 2 ug 5830 b

where Rais the Rayleigh number, and b 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 hc4pis void and replaced

with the following:
I’\/acuum: h gas +h pillar: (3-16)

where hgasis the heat transfer coefficient due to the residual gas into the gap spacing andhgijars is
the conductive heat transfer coefficient through the pilla rs. 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:

h=6 208 fHod T8 G Rew g (3.17)
g+t Y1 - @ %1 04T, T
20k, .. r¢
hpillars = % (318)

where g, and gy are the accommodation coefficients for the absorber plate and the glass coverpyas
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, pgasis the pressure inside the gap spacing.

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

a_ . 1
Ub = g Q),ins Fl:-—
(; ,edge amb

-CD: OF:

(3.19

where Ry insis the conductive resistance of the bottom edge,h¢ edgeambiS the convective heat transfer

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

follow ing:

a.
L= 3.20
Roms = e (320

where U ns is the thickness of the insulation wrapped the bottom edge and ki 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 negleted.

The heat loss coefficient of the side edge is calculated as following:
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a K}
U.=a2 R SN 8 (3.21)
c

hc,edge amb =+

where Re,insis the conductive resistance of the side edge. Such a resistance is calculated as:

a. .
. — €,Ins 322
R = 5 (322

where Ue,insis 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 parameter s 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. 34.

< Sensitivity analysis>

v

Parameter
Selection(n)

Set of optimized
parameters l

£=x B E o ’
4B £1] e L o DA o |

A 4
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parameters Model <\ Pafameteéos\/?r)lilg\g}
Ob _ f o~ Ob] = f(Xl , X2 y éi y én)( r)ﬂ.Obj =+
J = max (E) . S& O%bj

)

Main parameter | Xg, Xy é<; (, Parameter
selection ] j<n t rank

Fig. 34. Sensitivity analysis: methodology .

This is based on the abovedescribed mathematical model suitable implemented in a tool in MatLab
2DOUODPOOWEEOOI Ew?21 OUPUPYPUaw OECaAaUPUwW3OO0026w3T 1 w
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

39



Chapter 3 Solar thermal collectors

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 32. In addition, the variables assumed to be constant are shown in Table 33 according to the
ISO 9806:2017219]. By adopting the valu es shown in Table 32, the sensitivity analysis continues with
the definition of samples. The sampling procedure is based on the Sobol sequencelt 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 =[% %00 X5) (323

where X is a generic set of parameters, andx, X,  ép,are the single parameters composing the

generic sample.

Table 32. Sensitivity analysis: investigated parameters and initial values.

Parameter Symbol  Minimum Maximum Initial Unit Step size
back insulation thickness Ub,ins 2.0 6.0 5.0 cm D
edge insulation thickness Ue,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 Ug 4.0 8.0 4.0 mm D
glass extinction coefficient ] 4.0 32 16 m- D
mass flow a 0.010 0.090 0.033 kals 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 G 0.50 0.99 0.90 - C
plate emissivity G 0.06 0.98 0.84 - c
plate thermal conductivity ) 60 385 385 W/(m-K) D
D = discretized C = continuous

Table 33. Input variables.
Parameter Symbol Value Unit
fluid input temperature Twt,in 45 °C
ambient air temperature Tamb 20 °C
incident solar radiation Grot 1000 W/m?2
wind velocity Wiwind 3.0 m/s
collector slope b 45 °
radiation incident angle d 0 °
sky condition Clear sky
insulation thermal conductivity Kins 0.035 Wi(m?® A
glass refractive index i 1.526 ¢
bond thermal conductivity ko 195 W/(m* A
bond with back bb 1 mm
bond thickness S 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 (4) indicates the linear correlation between each parameter (1, x:O w &DandBthe objective

function and it is calculated as following:

cov( x ,Obj
Iy o0 = —()ﬂ ) (3.29)
s, Ogy,

where Objis the objective function, covis the covariance, 0y is the standard deviation of the i-th x
variable, and Uop is the standard deviation of the objective function. Note that, dis an adimensional
number that ranges between-1 and +1. It represents how strong the correlation between thex; variable
and Obj is: when } 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 (E) with the strongest correlations to the considered Obj. At this

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

Obj =max f (&) (3.29

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 isassessed

In Fig. 35, the considered mesh grid for the entire solar thermal collector is depicted.

A

Fig. 35. Mesh for structural analysis: EEEx 0BDY1T wUPal wbbhOT wEwHinhUEEUTI UPUUPE WU
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Suchsize is selected as tradeoff between the required computational time for a single simulation and
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results reliability. In the following figures (Fig. 36 - 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. 3.7. Total deformation for the glass cover(for low, medium, and high -vacuum).

In Table 34, for each vacuum level, the mechanical stress bmay and the corresponding
deformation (Ghay) 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 sekected design structure, it is possible to stand a medium vacuum (103 mbar) by admitting

a deformation of 1.1 103 mm.
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Table 34. Mechanical stress and deformation for each vacuum level.

Vacuum quality Pressure bmax Ghax
[mbar] [MPa] [mm]
Low 12 t (f) Aog huy UJ(f) t-5¢ h
10 | 615 huy | 6 hog hu'
10 Wwo |4 huy k 6 A% h
. 10t k 0 K¢ huy Ko t3 h
Medium 102 K812 hy b Upg h'
103 I 6 Ug huy hud hi¢g h
104 Y 6 W¢ huy Y 6 to¢ hu
High 105 hud k2¢g huy hud Al¢ hu
10° A0 13¢ huy hud Y2¢ hu

“Boundary conditions Tamb= 20°C,Giwt= 800 W/M? TmaxabsoreceW | K'Y S "

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 32) 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 di fferent 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 init ial values the ones summarized in Table 32. A
number of 577 samples are taken into account, and for each set of parametersx, the thermal
efficiency and the working fluid outlet temperature are assessed.

In Fig. 38, 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 (Gn
= 0.70¥p ¢ 0.11, depicted inthe Fig. 38) 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, G(Yp, Gn), equal to 0.87.

In Fig. 39 the correlation between the emissivity of the glass cover and the thermal efficiency is
shown. By comparing Fig. 3.8 and Fig. 39, 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.
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Fig. 3.9. Correlation between the emissivity of the glass cover and the thermal efficiency.
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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
(Twrout = 34.45y 0129 with a coefficient of determination equal to 0.77. By means of the sensitivity
analysis, the mass flow rate has a Pearson correlatn coefficient, J (&, Twrou), €qual to -0.76. By
referring to Fig. 38, Fig. 39, and Fig. 310, same analyses could be conducted for the remaining
parameters (listed in Table 32), 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 byneans ofFig. 3.11and Fig. 312

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

objective function are shown.

Plate absorbance

Glass cover emissivity, -0.29
Glass extinction coefficient -0.21
Gas used

Plate thermal conductivity
Plate emissivity

Number of riser pipes
Back insulation thickness
Glass cover thickness
Edge insulation thickness
Mass flow

Plate - glasscovergap , |, |, |, . P

zzzzzzzzzz

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, respectiv ely. 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, J (kp, di), 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 inFig. 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. 312, it can be seenthat 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. 311 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 35.
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Table 35. Parameters selected for the optimization process.

Parameter Symbol Minimum Maximum Unit
Gas used - atmospheric air, vacuum -
Glass extinction coefficient ] 4 32 m-1
Glass cover emissivity G 0.06 0.98 -
Mass flow rate a 0.010 0.090 kals
Plate absorbance O 0.50 0.99 -
Plate emissivity G 0.06 0.98 -

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

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

i) maximize the working fluid outlet temperature, maxXTws, ou) = f( E") (Optimized (2)).

In order to evaluate the sets of parameters that maximize the thermal efficiency (ffh) and the
working fluid outlet temperature (E), many attempts were considered during the optimization
procedure. Such attempts are shown inFig. 3.13and 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. 3.13is 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 process es: 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 36, the calculated sets of variables are shown.

Table 36. Features of traditional vs. optimized FPCs.

Parameter (symbol) Unit Typical Optimized (1)  Optimized (2) 1 (%, dn) (%, dn)
(%) (&)
gas used €) - atmospheric air Vacuum 0.19 0.08
glass extinction coefficient (f) m-1 16.0 4.0 4.0 -0.21 -0.11
glass coveremissivity ( Q) - 0.8400 0.0607 0.0602 -0.29 -0.08
mass flow rate (y ) ka/s 0.0330 0.0897 0.0100 0.03 -0.76
plate absorbance ;) - 0.9000 0.9494 0.9499 0.87 0.35
plate emissivity (Q) - 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 nore 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 accordanceto Fig. 3.11and Fig. 3.12. In fact, the mass flow rate is the only parameter
that has a positive correlation for thermal efficiency (} (&, dn) equal to 0.03) and negative one for the
working fluid outlet temperature( } (&, Twiou) €qual 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 36).

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 37. Suchresults 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 37. Optical features traditional vs. optimized STC .

Parameter Unit Typical Optimized (1) -(2)
v - 0.859 0.902
O - 0.062 0.016
Ig - 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 38.

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/(n%-K) for the typical FPC to 0.227 and 0.243

W/(m2-K) for the first and second optimized FPC (around 96.16 and 95.9%

i) overall heat loss coefficient from 7.678 W/(n?-K) for the typical FPC to 1.958 and 1.974 W/(ré-K)

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

Table 38. Thermal features of traditional vs. optimized STC .

Parameter Unit Typical Optimized (1) Optimized (2)
Twi, out °C 52.4 49.4 82.6
Tglass °C 28.6 20.3 20.7
Fr - 0.829 0.959 0.918
UL W/(m 2-K) 7.678 1.958 1.974
Ut W/(m 2-K) 5.947 0.227 0.243
Ub W/(m2-K) 0.663 0.663 0.663
Ue W/(m 2-K) 1.068 1.068 1.068
d - 0.463 0.749 0.718
do=Fr(U)d - 0.622 0.797 0.763
a1 =FUL W/(m2-K) 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 to 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 ofthe 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 theéhermal 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 inFig. 3.15.

O 1.0 — Typical
= 1 inopis = 0.797-1.878G7/G,,, | — Optimized (1)
0.6 T
04 +
0.2 1 qlh.typicaI: 0.622-6.367 ol /Gy,
0 0.02 0.04 0.06 0.08 0.1

T/ Gyor ((K-1MP)/W)

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 FPCsThe three
FPCs show substantial differences in terms of optical and thermal losses. The optical losses can be
assessed by considerding theF(U }d parameter: the higher F(U)Jthe lower the optical losses. As
expected, the highest optical losses are detected for the typical (noroptimized) FPC whereas the
lowest are observed for the first optimized FPC. Furthermore, the same happens for the thermal
losses: the higrest thermal losses (as already seerin Table 38) 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 the ir
absorbance. These pipes aresuitably welded in order to shape a serpentine working as absorber. A
volume of 130 | is available for storing hot water. A vacuum space of 110mm between the glass cover
and the absorber plate is considered. Here, a high vacuum (almost 13 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 coveron the absorber plate, 189pillars (e.g. 9 rows of 21 pillars)of 110mm length
and 5.2 mm diameter are welded on the edge. The crosssection of the solar thermal collector is shown

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

- Glasscover
| - |
w* w* al
Pillars
Edge Absorbepipers

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

;

s

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 resistancecapacitance (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. 318 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 eachabsorber pipe is affected by the adjacentones, which is considered in the developed

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

Tgascavity

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 arediscretized 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 C4 is the thermal capacity of the glass cover, Ty is the glass cover temperature, d ds the
infinitesimal delta time, Uy is the absorbance of the glass coverd is the surface of the glass cover Gt
is the global irradiance, H is the emissivity of the glass cover, U is the StefanBoltzmann constant, Tsky,
is the sky temperature, hc agiS the convective heat transfer coefficient between the glass cover and the
ambient air, Tampis 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, Fg.p,iis the
view factor between the glass cover and the i-th absorber pipe node, Ay, is the surface of thei-th
absorber pipe, H is the emissivity of the absorber, T; is the casetemperature, Fg. is the view factor
between the glass cover and thecase H is the emissivity of the case Note that, in eq.(3.26 the
convective heat transfer between the glass cover and the air in thegas cavity is intentionally neglected
because of the highvacuum level (i.e. 108 mbar).

Considering the i-th absorber pipe node, its temperature is calculated as:
cpi‘;ﬂ—p" g(tg 3) ApiGor UnwAni(Twi Tpi) =+ S(T;_ Tg'i)

’gdq 2 ' ' 1—@p+ l1-¢ +1 -g€
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where C,, is the thermal capacity of the i-th absorber pipe node, {§ is the transmittance coefficient of
the glass cover,}, is the absorbance of the absorbempipes, 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, Fpi.gis the view
factor between the glass cover and the absorber pipe node ;. is the view factor between the case
and the absorber pipe node, j is the j-th adjacentabsorber 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 U is the absorbance of thecase A is the surface of the
case hc, ae is the convective heat transfer coefficient between thecaseand the ambient air, and Fc.g, is
the view factor between the glass cover and thecase

Considering the i-th water volume node, its temperature is calculated as:
~ i+1
i Q9 T
Cw%_ © UwAp(Tpi 'Tw i) a my cg w( Tw j -5\( i) (3-29)
where Cyis the thermal capacity of the water volume, 0w is the water mass flow rate, ¢, wis the specific

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

3.63. 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 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 theeffectiveness of the vacuum insulation and the relative water drop

temperature. In Fig. 320the test bench is shown

t ”E"—-vrw

— ﬁ lﬂmlﬂmmmmr

Fig. 320. 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

i) a pyranometer (Kipp and Zonen CM11) for assessing the incident solor radiation;
iii) a termoygrometer for evaluating both the temperature and relative humidity of the
ambient air.

In Fig. 321 the placement of the adopted instruments for testing the high -vacuum solar thermal
collector is reported. Specifically, four PT100thermocouples, two T-Type thermocouples, one flow
transmitter , and one manometer are connected through a compact Rio. With reference to Fig. 321, the
following measurements are obtained:
)] water flow temperature at the outlet (Twater outle) @and inlet (Twater inle) OF the high-vacuum
solar thermal collector, points aand b;
i) water flow temperature in the middle of the first ( Tt ign)) and last (Tt ier)) pipe of the high-

vacuum solar thermal collector, points ¢ and d;

iii) glass cover temperature (Tgias9, point e;

iv) case temperature (Tcasg, point f;

V) mass flow rate (flow transmittej at the inlet of the hig-vacuum solar thermal collector;
Vi) water pressure (P) at the outlet of the hig h-vacuum solar thermal collector.
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Fig. 321 Experimental setup: instruments arrangement.

3.64. 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 thei) water flow temperature at the
middle of the first absorber pipe ( Tsrigny); ii) water flow temperature at the middle of the last absorber
pipe (Tsrigny; iil) glass cover temperature (Tgasy; iv) case tempeature (Tcasd. In order to assess these
parameters, the simulation model requires as input data the: i) ambient air temperature ( Tamy); ii)
incident solar radiation ( Giot); and iii ) wind velocity ( Wwing). During the experiments, in order to assess
the insulation magnitu de provided by the high vacuum, the solar thermal collector was
experimentally assessed with a volume full of water (i.e. 130 |) and no mass flow rate from and to the
outside was adopted. Such a circumstance was selected for assessing the temperature droguring 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 reporte d in

Fig. 323,
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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 12" hour with maximum solar radiation of 951W/m?). This
occurs because of the highvacuum system and the capability of storing hot water by strongly limiting
the convective heat lossesFurthermore, the trend of the temperature changes around 16" hour. Here,
the heat losses are higher than the collected heatBy analysing Fig. 322, 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 betveen 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 (Tt ight) and last (Tt iert) pipe are shown.
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Fig. 3.24. Working fluid temperatures comparisons (right and left): experimental vs. simulated.
Here, a very good match between simulated and experimentally measured is achieved for both
the working fluid temperature s. Specifically, Tt right exp IS Well fitted by T rignt exp Whereas a higher
discrepancy for the T et is Observed. This circumstance is due to the different location between the

test bench {.e. the place in which the boundary conditions are recorded, see Fig. 320) and the

experimental setup (i.e. located in the opposite side of the building, see Fig. 321).
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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. 3.21is 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. 325, the comparison between the simulated and the experimental data of both the case
(Tcasd and the glass cover(Tgas9 temperatures are shown.
A very good agreement is observed between simulated and measured results forboth the case and
glass cover temperatures. Specifically, acceptable errors are achieved for all the investigated
parameters.

In Fig. 326the comparison between all the experimental and simulated temperatures is reported.
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Fig. 326. Experimental (left) and simulated (right) temperatures comparisons.

By analysing the experimental working fluid temperature trends ( Tright exo@Nd Tiet exp), &N intersection
of the two temperatures is detected around 19" hour. Such circumstance is due toa 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 Tt exp OCcurs. In fact, by comparing the simulated
working fluid temperature trends ( Tright sim @nd Tiert sim), With the experimental ones (Tright exp@Nnd Tiett
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. 327 the validation results for the entire experimental period are reported.
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Fig. 327. Water air temperature: simulated vs. experimental re sults (for the entire experimental period) .

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

following equations:

1 ..
ME = — T -T
7 Qi. sim,z mea,l
3.30
MPE _ 1 @_ Tsim,z-Tmea,l mc ( )
- Z z Tsim,z

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

error of 5.67%.

3.7. Conclusions

As it is 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 oftandard 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 assessedTwo 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 assessedand 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:

1 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.

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

1 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 sysem 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 sy stems 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 theclimate, 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:

T
T

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

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

experimental analysis of the new PV/T collector prototype under different boundary
conditions (hourly weather data, wa ter 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;

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

Lixperimental Mathematical
analysis model
Experimental
e (low ratc validalion 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 PVIT 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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b) Stagnant air

"~ Thermal insulation

Fig. 4.2. a) PV panel top view b) PV/T collector cross-sectional view.

Table 41. Main features of PV/T prototype.

Symbol Value Unit Description
[y 1.64 m PV module length
Wy, 0.99 m PV module width
toy 40.0 mm PV module thickness
Asy 1.62 m? PV module gross area
Q, 0.87 - emissivity of PV module
10 0.905 - absorption coefficient of prototype
ts 90.0 mm insulation thickness
'~°,Jns 0.23 - emissivity of insulation panel
Cins 1340 J(kg-K) specific heat capacity of insulation
Ko 0.035 W/(m-K) thermal conductivity of insulation
et 1.28 m duct length
Wiuct 67.0 mm duct width (horizontal)
3 uct 0.05 mm duct roughness
Suct 46.0 mm duct width (oblique)
tuct 22.0 mm duct thickness
At 65.7 cm? Cross-section area
Ayuer 80.0 mm distance between ducts
Cauct 470 J(kg-K) specific heat capacity steel sheet
Ayuer 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 41.

The back surface of theheat 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. 43d). 31T UUOWEOwWEOUOPOP AT E w,

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 onHottel -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:

i steady state conditions;

negligible temp erature gradients around ducts;
thermal and radiative properties of materials invariable with temperature;

negligible entry regions effects (X;,/D. e W &9 aghd fully developed turbulent flow;

negligible temperature drops through the cover;

= =2 =4 -4 -

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

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

1 negligible dust and shading effects on the panel;

1 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 flaplate 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:

PV

Gtot ([ apv houtTamb+ hradeky (F)el + Qu _Qoss) (41)
(hout, PV- out+ hrad PV - ou) ( h oyt PV -out + rad PV -o)t A P(/ h Qut PWto ﬂd PV out)

TPV =

where G, is the total incident solar radiation, U );Jvis the product between the solar transmittance
and the absorbance of the PV panelh_, ......iS the convective heat transfer coefficient between the PV
cells and the outdoor air, h_, ... iS the linearized radiative heat transfer coefficient between the PV

panel and the sky (hradypv_ ot = Epy ;fTPV +TSQ(T2PV :FZS,)V) , T.mpiS 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 Qiossis 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]:
Qu = APVFRgG{OI gt apv - F/@ gak' Uk(Tk Tam*) (42

where F_ is the heat removal factor representing the ratio between the actual and the useful energy
gain of the collector [221], d,, 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, 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

o 'J.
a 0
= 1 1 3 h,
& o
Uey =8 0.43 t— o * = (4.3)
N .43(( 1+ 100Tpy ) o = .. - - |
woC €T - Tup 9 P 5 o § g+59160°hQ" 1+f -0.96%,, i
é}%rpv g 1+ f H 9 e Epy |
U — étins Itair __._l_ é (44)
pack (; ns kalr I’l)ut 9
where f and C are two mathematical operator functions of hOut Pvout hra d Pvout q,v 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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(4.5)

>
1<
;| C
g
I
lO:n

where @ 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 as the fin

efficiency factor defined as:

-1
Fi= - (UL) — ~ — (4.6)
dductg"L(Deq out+(d duct -D eq os.) F) 8 (-lC ): (ﬁ'D eq in a)r

The electrical (d,, ), thermal efficiency (d,), and the global efficiency are calculated as[224]:

S u (T, -T
ho = ol £y 2T o) (47
é Gtot
th = /Jg]- - @—PV TNOCT) (4'8)
Q +P
A, ==u__< (4.9
b Gtot ADV
where d, is the nominal electrical efficiency at the nominal operating cell temperature ( T, ., bis a

temperature coefficient, and P is the gross electricity production . Once the thermal and electrical
efficiencies are assessed, in order to compute the thermahnd electricity gain of the PV/T system, the

outlet air temperature of the PV/T system (T_ ) is calculated as:

Tow = Tin +.Q—“ (4.10)
mg,

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. T he gross electricity production (P_) of the

prototype is obtained by:
F?al = heIGtot, in ADV (4.11)

where G, . is the netincident solar radiation converted into electricity. In the case of a PV/T collectors

tot,in

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

Faseds = A Fuj (412
j=1

where g 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 compressa 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 alculated as:

_VOP (4.13

el fans h

fans

where V is the volumetric air flow rate, gops the pressure drop along the ducts and d,_is the fan

efficiency. For the sake of clarity, the sketch of the considered innovative system layout is deftiged i

The amount of the air flow rate circulating into the PV/T solar field is calculated as:
. N
Mieg = A My, (4.149
j=1

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 (Tup/pyr) are:
Mp = M, HMgq (4.19

mfield Tm field ¥ ( h‘l—cp - mield) -I;mb (4.16)
My

T =

HP/PVT

where G, is the mass air flow rate from the solar field, &, is the air flow rate requir ed by the

HP evaporator, G, is the ambient air flow rate, T_ ... is the outlet air temperature from the solar

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

HP/PVT

Mair compressor

Mlair evaporator

condenser
Mair

mexl . .
lamination valve

Hiair |m
gt Solar field Heat Pump

Fig. 44. 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). TheCOP,,,, Of the innovative system configuration is evaluated by

varying T, and it is calculated as[228]:

COR & Jo+ Dl A er %1-0.25( 1@ fe)C (4.17)

COFI)—|P/PVT = COF'}naX (‘JJC_'_ DJC) (_THF’ VT - “P O\i 3.6- fPLR

where COP and COP,__ are the coefficients of performance at nominal and maximum conditions, dc
is the heat source temperature,d: is the gradient temperature between the heat source and the fluid
refrigerator in the HP condenser, dis the gradient temperature between the cold source and the fluid
refrigerator in the HP evaporator, and fpris the part load ratio (PLR, ratio between the actual power

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

air heated by the PV/T collectors iscalculated as:

. a1 1
== Py (4.18)
DEel N Qh éﬁjoe—iP,ref CO'ID—lF’/ PVT

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

savings (PES), calculated as:

DPE (Eel,requirement+ E gl to grid) '( E el from grig
PES= = ret pro (4.19)

PEref ( Eel,requirement+ Eel to gri()

ref

where gPEis the yearly PES PEetis the primary energy required by the reference system, E

el,requirement

is the electricity demand for the whole building (heating, cooling and appliances), =S grid 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, gCE; and ii)
ideal electricity net metering ( all the monthly produced electricity supplied to the grid is delivered to

the building when required, giC E.dhese economic outcomes are assessed as:

DCE :( Eel, from grid Jgay k\’Vgref
DCE;j :( B, &I, field) jkWQ

( E el from grid J buQ(We E el -t.(-) grid jsell .kWeRrO (420)

is the electricity unitary selling price.

where j buy welS the electricity unitary cost and j_, .d

According to the investigated economic scenarios, the simple payback period (SPB and the

avoided CO:2 (qCO,) emissions are calculated by:

spe=evievit  ng gpp Aevdevr (4.21)
DCE CE'
DCG, =( Bt fieta "'Eé@ fco, (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/rty. The monthly distribution of
solar irradiance on the horizontal surface for the city of Patras is reported in Table 42 [230]. The
highest irradiance occurs in June (about 7.2 kWh/mtday), 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 42. 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/ (m2-day) 214 275 393 492 59 721 710 627 483 338 211 1.71

In order to test the prototype performance, different experimental analyses are carried out and
several parameters are experimentally assessed. Specifically, 11 -Type thermocouples connected
through a selector to a thermometer (model Mastech ms8229; rangeof utilization: -270 - 370°C;
accuracy +1.0°C or +0.75%) are used. With referencéo Fig. 45 (showing the placement of the
thermocouples), several temperature measurements are obtained at the

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

i) top of the PV module front face (T ) and back face [, top,bcﬂ;

PV top,fron:

iii) bottom of PV module front face (T, and back face [T, bot,bcﬂ’ points d and €

PV bot,fron)

iv) top of the air duct interior face: up -side (T,

sheetl,from) and down-side (Tsheet l,bc)d points a, b;

v) bottom of the air duct interior face: up -side (T, .., Z’frog and down-side (T, .., 2’bC)K, points f, h;
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 @ ) in the PV/T system and the wind speed are measured. The
incident solar radiation (G, ) is measured using aKipp and Zonen CM11 pyranometer (sensitivity: 10
oW/(W/m 2)), 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 assessthe 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, |-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 (d, - T /c@ves) performances are shown for several operating conditions .

Qutlet air

/
L./

e ///

L/ |

@=

' Insulation

Inlet air

Bottom

Wuer

Fig. 45. 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 perfoned to obtain the 1-V and P-V curves,
which are necessary to assess the PV module performance. Considering the PV panel without the heat
extraction system, the |-V and P-V curves are obtained for different PV temperatures and incident
solar radiation valu es and are shown in Fig. 46. The electrical efficiency as a function of the PV
temperature is also assessed from the same dataset, as shown iRig. 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 d,
=-0.00057,,, + 0.1765; R2 = 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. 46. 1-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:

9 two air flow rates: 153.7 and 368.9 fith (corresponding to 0.0523 and 0.123 kg/s);

1 three prototype tilt angles: 30, 45 and 60°;

1 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 m3h. 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 m3h.

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 n¥/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 nowind condition an increase of the prototype operating tempera ture, with a consequent

higher dn (Fig. 4.8d) and lower dei, are achieved.

0,40

B [']

0,00

i/ [_]

0,10

0,00
¢)

— 040
flow rate 153.7 m*/h ®30° "=
®45° T 0,30
® 60°
0,20
,,,,,,,,, 0,10
| ; P -, 0,00
0 0,02 0,04 0,06
AT/G [°C m¥/W] b)
040
| tilted angle 30° || ©368.9m¥h E
I ©153.7 m’h 0,30
- 0,20
- 0,10
‘ dame: 0,00
0 0,02 0,04 006 gy
AT/G [°CmY/W]

flow rate 368.9 m3/h @ 3(°
@ 45°
@ H0°

0 0,02 0,04 0,06

AT/G [°C m*/W]

tilted angle 30° ®no wind

@ wind

0 0,02 0,04 0,06
AT/G [°Cm* W]

Fig. 48. PVIT 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 exp erimental 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
PV) P

(Tohee)- I Order to assess thes parameters, the simulation model requires as input data the: i) air flow

rate (@, ); ii) inlet air temperature ( T, ); iii) ambient air temperature (T, _); iv) incident solar radiation

(G,p; and v) wind velocity (w,, ). The validation procedure is carried out for all the investigated tilt

76



Chapter 4 Photovoltaics/thermal collectors

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 wor king

conditions). The reported validation results are summarised in Fig. 49 for different air flow rates,

tited angles and weather conditions. Here, during the experimental tests, wavy trends for the

investigated temperature were detected. Such trend

s can be explained because of the high variability

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

— 56
S S B m- Experimental ~ —a— Simulated |
3 52+ oz ReeI E el L
I T - Sy S S =
= 48 Flow: 153.7 m¥h
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40 1 1 1 1 1 1
Q Q Q Q Q Q Q Q Q Q
S v X N v X S v X N
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Fig. 49. 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

T

PV topbek from 1.9 to 3.5% forTout, and from 0.22 to 4.2% forT

sheet 2,bck
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4.25. 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 n? 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 m. The cost ofthe single hybrid PV/T system (jpvr)
has been estimated equal t0230z 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.

PV/T solar

Fig. 4.10. Simulated building.

The building heating and cooling loads and the electricity needs for each floor are calculated by
means of an inrhouse 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 rep orted in Table 43.

Table 43. Main features of the building envelope.

Parameter Value Unit Description

o 30.0 cm thicknesses of building external walls
Loei 25.0 cm thicknesses of floor/ceiling

U 1.32 W/(m2.K) U-value of the building external walls
Ui 1.10 W/(m2K) U-value of the floor/ceiling

W ricks 0.33 W/(m-K) thermal conductivity of the hollow bricks
W, 0.05 W/(m-K) thermal conductivity of thermal insulation
D icks 1600 kg/m?3 density of the hollow bricks

D s v 13.0 kg/m?3 density of thermal insulation

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

Cinswall 1100 J/(kg-K) specific heat of the thermal insulation
Yextwa” 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?2 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 Wp at 25°C. The users electricity needs for appliances (including equipment
and lighting) follow the schedules reported in Fig. 411

_ 2500 _ 2500
z | =
£ 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 configuratiofHP/PVT). The outlet air from PV/T collectors (Fig. 4.10) is
supplied to the evaporator of the air -to-water HP serving th e commercial space,with the aim of
increasing its COP (calculated as a function of the occurring temperature and load conditions);

i) a reference case layo(iP). Two conventional air-to-water HPs/chillers provide heating and
cooling to the commercial and the residential spaces. The building roof depicted in Fig. 4.10is 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 Janugirlstand 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 clim ates.Table
4.4 shows the calculated heating degree days HDD), tilted incident solar radiation ( ISRited3s), and the

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

Table 44. Simulated weather zones and related climatic indexes.

Clty Country HDD |SRtiIted30° T min T max
[K-d] [kWh/(m 2-y)] [°C]
Prague (C2) 3853 1600 -15.0 30.5
Freiburg (DE) 3110 1724 -10.8 33.3
Milan (Im 2733 1828 -7.40 321
Bolzano (Im) 2641 1871 -8.80 31.8
Nice (FR) 1491 2122 1.30 30.2
Naples (Im) 1479 2139 -1.00 34.3
Athens (GR) 1060 2100 1.80 37.5
Limassol (CY) 840 2108 2.90 35.9

For each weather zone, the size of each HP/chiller (one for each spaceie. residential and
commercial) is calculated as a function of the weather conditions. Energy, economic and
environmental indexes are reported in Table 45. 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 45. Efficiency for conventional electricity production, carbon dioxide conversion factors and energy tariffs.

Parameter Unit cz DE IT FR GR CY

PE conversion factor [kWh e/kWh p] 0.324 0.389 0.460 0.502 0.368 0.389
CO:2 conversion factor [kg coo/kWh €] 0.950 0.624 0.483 0.283 1.149 0.408
Feedin tariff ZzvE61 0.079 0.100 0.039 0.029 0.073 0.100
Purchase tariff Zz¥ @61 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 (Section4.3.4) 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 aray 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. 412b. These results are
achieved for an average solar radiation incident on the PV/T collector array of 705 W/m2 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
PVIT 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 throug h 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
PVIT 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.
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5 z 7 =

~ 40 180 & & 400 i
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30 A 140 200
25 A —o—=p, =T | 120 100
20 e 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. 44) is assessedby varying the related
boundary conditions. From the electricity production point of view, in order to avoid an oversized
solar field, Gies has to be lower than & wp. To meet this requirement and to simultaneously reach the

total air flow rate needed by the HP evaporator, O e is mixed to outdoor air. In this case study, 59%
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of the air flow rate demanded by the HP (& wne = 1.26 kg/9 comes from the PV/T array (Gfieids = 0.738
kg/s). In Table 46, the variation of the outlet air temperature of the PV/T array ( Touw) and the mixed air
temperature to be supplied to the HP evaporator ( Tuervt, Obtained by mixing 59% of the required air
flow rate at Tou and the remaining 41% at Tamp) are assessed by varyingthe outdoor air temperature

(Tamn from O to 18°C) and the solar radiation (G, from 100 to 1000 W/n¥).

Table 46. Air temperature growth for different solar radiation and outdoor air temperatures (4 fiers = 0.738 kg/s and

4 wp=1.26 kg/s).

Tart G =100 W/n¢ G =300 W/rr¢ G = 600 W/n# G =900 W/n® G = 1000 W/n?
Tout THrevT Tout THppvT Tout THePvT Tout THePvT Tout THprPVT
[°C]
0 2.27 1.33 6.80 3.98 13.6 7.95 20.3 11.9 22.6 13.2
1 3.27 2.33 7.79 4.98 14.6 8.95 21.3 12.9 235 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 10.9 23.3 14.9 255 16.2
4 6.26 5.33 10.8 7.97 17.5 11.9 24.3 15.9 26.5 17.2
5 7.26 6.33 11.8 8.97 185 12.9 25.2 16.9 27.5 18.2
6 8.26 7.32 12.8 9.97 19.5 13.9 26.2 17.8 284 19.2
7 9.26 8.32 13.8 11.0 20.5 14.9 27.2 18.8 29.4 20.1
8 10.3 9.32 14.8 12.0 215 15.9 28.2 19.8 30.4 21.1
9 11.3 10.3 15.8 13.0 225 16.9 29.2 20.8 314 221
10 12.3 11.3 16.8 14.0 235 17.9 30.2 21.8 32.4 23.1
11 13.3 12.3 17.7 15.0 245 18.9 31.1 22.8 33.3 24.1
12 14.3 13.3 18.7 16.0 255 19.9 321 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 27.4 21.9 34.1 25.8 36.3 27.1
15 17.2 16.3 21.7 18.9 28.4 22.9 35.1 26.8 37.3 28.0
16 18.2 17.3 22.7 19.9 29.4 23.9 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 24.7 21.9 314 25.8 38.0 29.7 40.2 31.0

The obtained values of the COPsyp/pvtOf the solar assisted HP, calculated by varying Tampand G,
are reported in Fig. 4.13, together with the COPsof a typical HP (COPse, which only depends on the

outdoor temperature).
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4’0 ............................................................
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Tnmh [OC]

Fig. 413 Commercial space HP: COP+eevr and COPret (design conditions)
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This figure shows the increase of the COPswith respect to the reference case as well as to the

incident solar radiation level. Supplying the HP evaporator with air flow rate at the  Tuprevr

temperature (Table 46), the COPscan 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

Thermal load [kW]

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

purp oses 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

PVIT collectors to the HP are also take into account (discusse at Section4.3.1).
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Fig. 4.14. Heating and cooling loads and demands of the considered commercial space.
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In the following Figs. 6.15- 6.23, several results relative to three summer (June the 29 and 30",

and July 1s% and winter (January the 12t, 13" and 14") 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 29 t and

30" and in July 1st.

Concerning the summer analysis, Fig. 4.15shows 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 tenperatures of

the PV panels, Fig. 4.16b.

- 60
< i
~ 50
40
30
20
10 rrrrrr o+ r[rrrrrrrrrr++rfrrrrr&+rrrrr e e e T
5016 5028 5040 5052 5064 5076 5088
a) time [h]
— 70
) ]
&, 60
= i
50 1
40 1
30 A
20
10 rrrrrrrrrrrrrrrrrrorrrr+|rrrrr¢r+rr -+ e e T
5016 5028 5040 5052 5064 5076 5088
b) time [h]

84



Chapter 4 Photovoltaics/thermal collectors

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

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

Fig. 417 shows the time histories of the extracted thermal power from the first, third and sixth

PVIT collectors connected in series.

= 1000
S 800

time [h]

Fig. 4.17. Exhausted heat of the first, third and sixth PV/T collector in June 29t 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 5028our,
the extracted heat from the first PV/T collector is 625 W with respect to 234 W for thelast panel.

In Fig. 418, 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 firstad the sixth PV/T

panels connected in series (inFig. 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 t and 30"

and July 1st,
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 12 -

14,
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Fig. 420. Temperature of the outlet working fluid (a) and PV module (b), at the first, third and sixth in series PV/T

collector in January 12h-14th,

Fig. 421a 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. 421 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 12h-14®h,

The average thermal efficiency range between 20 and 40% sliling 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. 421b, 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. 422, for the same winter sample days, the time histories of the electricity load/need and
COPsare shown for the HP of the commercial space. Here, the reference case HP electricity power
need (Peivp) and COPxr can be compared to the innovative system ones Peinpievt and COPHppvT). A
remarkable decrease is achieved on the electricity demand of the solar assisted HP (red area irFig.
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 Eerp) is 3.92 kWh/day,
whereas for the innovative sy stem layout (Ee,nrevi) it is equal to 2.97 kWh/day, with a saving (| %) of
0.92 kWh/day (24.2%). Heat pump PLR conditions are taken into account in the system energy
performance assessment. Specifically, in case oPLR conditions, lower air flow rates su pplied to the
HP evaporator occur. The lower the PLRthe higher the percentage of air heated by the PV/T collectors
fed to the HP evaporator. Therefore, by decreasing PLR higher temperatures and higher COPsare

detected.
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Fig. 422 Electricity load/need and COP of the commercial space HP in January 12"-14®h,

For the same winter sample days, Table 4.7 shows the whole building electricity demand ( Eel,demand
about 142.2 kWh- including appliances and HPs), the amount of Eegemandoalanced by the grid (Eel.from

grid), the electricity production from the PV/T field ( Eeipvtio), and the amount of Ee pyvriotdelivered to
the bUIldIng ( Eelyfrom Pvﬁ.

Table 47. Whole building e lectricity demand and production in January 12-14h.

Eel,demand Eel,from grid Eel,from PVT EeI,PVTtot

[kwh] | [kwh] |[kwh] [%] |[kwh] [%]
1422 | 959 | 463 32.6] 744 523

For these days, the electricity produced by the PV/T field balance about 32.6% ofEe demana(@bout
46.3 kWh, selfconsumption). 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 7 4.4 kWh, corresponding to 52.3% 0fEe|,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. 423 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 th-14h,

Fig. 423 clearly shows that although remarkable building electricity needs are balanced by the
PVIT 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 48 shows the electricity demands for:
9 space heating of the reference traditional system Eeineatingren);
9 space heating of the innovative proposed system (Eei heating(pro));
91 for space cooling (Eel,cooling-
This table clearly shows that the electricity needs of the solar assisted HP Eel heatingpro)) are always
lower than those of the traditional HP system ( Eeineatingeny). 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 48. Monthly electricity demands and savings of the commercial space HP/chiller.

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

[kWh ¢/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 - - -
[se] 150 103 2.9 - - - - - - - 0.30 6.1
Pk (%) 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:

9 total electricity demand ( Eelo);
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9 gross produced electricity (Eelfielq computed without the electricity consumption of the PV/T
fans);
1 net produced electricity (Eelieane; computed by subtracting to Eeised the electricity
consumption of the PV/T fans);
9 electricity purchased from the grid ( Eelrom gric cOmputed without net metering)
9 electricity sold to the grid ( Eeiw0 orig 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 theinnovative one. Note that the monthly results are
obtained by activating the fans of the PV/T collectors just in case of HP use. InFig. 4.24. this is clearly
visible during the winter months with  Eelfieishigher than Eelfieldnet 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 electricityproduction ( Eelieldis
equal to 16.2 MWhlyear). During the winter season the electricity production of the PV/T field
balances the building demand (Eeiwt) from 32.9% in January to 55.1% in March; the remaining demand
is balanced with electricity delive red from the grid ( Eel from gri. Note that, Eel, from griais 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 ( Eel, o grid, due

to the mismatch between production and demand .
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Fig. 424. Monthly electricity fluxes of the innovative system (no net metering) .
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The discussion of the yearly results is relative to all the 8 investigated weather zones,reported in

Table 44. To this aim, Table 49 shows the electricity needs of the reference case building, due to space

heating (Eei, heaing, Space cooling Ee, cooling, and appliances (Eel, appliances

Table 49. Reference case: electricity demand for the entire building.

Eel, heating Eel, cooling Eel, appliances
Weather zone [KWh oy] [KWh ofy] [MWh /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 410shows the electricity production from the PV/T collectors ( Eel,ield, the net one Eel, field (net)

obtained by deducting the fans electricity needs (Eefand, and the savings ofelectricity for space heating

( Eel neatng, 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 productio n 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, Eelfan

calculated with respect to Eel, fieisranges from 0.31% in Limassol to 176% 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 410. Innovative system layout: electricity production and whole building saving

Eel, field Eel, field (net) Eel, fan Eel, heating %I, heating

Weatherzone |\ [MWh o/y] [KWh oy] [%] [KWh ofy] [KWh ofy] [%]

Prague 11.04 10.84 195 1.76 4467 112 7.04
Freiburg 12.12 11.94 185 153 3224 95 8.05
Milan 12.70 1252 174 1.37 2997 107 9.89
Bolzano 14.00 13.84 157 1.12 2804 100 102
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 0.31 430 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 Limasol, clearly depends on the climate

zone latitude.
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In Table 411, the PESof the innovative system layout is reported for all the considered weather

zZones.

Table 411 Energy, economic and environmental analysis results.

AR PES "% SPB "%z 2/ 1z St
Weather zone [MWh ply] [%] 0z ra [year] 0z ra [year] [tcozlyear]
Prague 11.0 52 1.52 4.81 2.06 7.09 10.4
Freiburg 12.0 59 2.09 3.50 2.88 5.08 7.51
Milan 12.6 61 1.55 4.73 2.39 6.12 6.10
Bolzano 13.9 64 1.62 4.51 2.64 5.54 6.74
Nice 16.4 75 1.52 4.80 2.75 5.31 4.64
Naples 16.1 74 1.78 4.12 3.05 4.79 7.79
Athens 16.4 75 1.69 4.31 2.23 6.54 18.9
Limassol 19.7 80 2.27 3.22 2.69 5.44 8.06

The higher the HDD of the considered weather zone, the lower the corresponding PES The maximum
PES s obtained in Limassol (80%). The table also includes the results of two economic analyses
relative to averylow-EEx DUEOQWE QU U wWOT wlOT 1T wET YI OO x | 2arfegpan8ingE OO OI1 E
UOwWEwWl OOGEEOwWHOYI UUOI OUwOI wity puicteged
Table 45.
The first analysis refers to the standard electricity purchase/selling scenario (seeSection 2.2.2) In
this case, the yearly " %re 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 411). The second economg¢ analysis refers
to an ideal electricity net metering scenario (see Section 2.2.2). In this case the yearly (" 9 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 411). InTable 411, the " 2 are calculated as a function of the current national
efficiencies for conventional electricity production and the standard CO 2conversion factors (Table

45). The obtained values of 2range from 4.64 to 18.9 toz/year.
4.4. Conclusions

In this work, an innovative low -cost flat-plate and air-based PV/T collectorprototype is presented.
Details regarding the system design as well as the construction and experimental setup are provided.
The prototype is experimentally tested for various ope rating 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 innovativ e system, and
the features of the dynamic simulation code, a suitable case study analysis is conducted. Anarray of
PVIT collectors is mounted on the tilted roof of a two -floor building, including a commercial open -
space and a singlefamily house.

The air heated by the solar collectors is used to supply an airto-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 electr icity 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 collect ors just in case of heat
pump use, the following main results are achieved:

9 electricity production ranges from about 11.0 to 19.8 MWh/year (for the weather zone of

Prague and Limassol, respectively);

1 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;

1 PESranges from 52 to 80% (for the weather zone of Prague and Limassol, respectively);

1 avoided CO:2 emissions ranges from 4.6 t0 10.4 tozlyear (for the weather zone of Nice and
Prague, respectively);

9 SPBperiod ranges from 3.2 to 4.8 years for thestandard electricity purchase/selling scenario,
and from 5.4 to 7.1 years for the ideal net metering scenaro.

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:

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

1 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
interaction with the building indoor environmental contro | 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
DETECLt[231]. The presented simulation model has been used by researchers of different bacgrounds
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, 238242]. 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 a nd 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-ltaly). The overall validation procedure here
presented resulted more costly (in terms of required time and effort) than the comparative ones
detailed in references[58, 238242]. 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 therm al 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, adapive 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 dyamic
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 t he reliability of simulation results + depends
on the mathematical models and assumptions made to describe the occuring 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,
249251] 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 build ing 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 usng transfer functions or finite difference methods [254].
Nodal approaches are employed by numerous BEPS tools, widely usedin 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 mode | 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.

100



Chapter 5 Building energy performance simulation tool: DETECt

~

Static

Building

- Shape

Surrounding environment
- Other buildings

- Trees

Input

Dynamic

Weather conditions
- Hourly data file
Schedules

- Occupancy

- Ventilation rate

- Artificial lights

Script

- Solar radiation model
- View [factors model

- Shading model

- Daylighting model

~ )

n* element

»
»

d

Building envelope properties
- Element 1

- Layer I (d. cp. k. p)

- Layer 2 (d. ¢, k. p)

- Low-e plaster model
- PCM model
- Building integrated PV model

Main seript ODE
- Envelope energy balance
- Air energy balance

- Elenféﬁl 2

N\

- Cool paint model

- Ground energy balance -

- Layer I (d. cp. k. p)
Layer 2 (d. ¢p. k. p)

/

N\

Data sheets

Fig. 5.1. Simulator scheme and concept.

5.22. 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 (v wA w)®ieactu -
m-th building element (hluw A w @ isihadelled by a single uniform temperat ure node including two
conductive resistances and a single lumped capacitance, as shown inFig. 5.2. Each m-th building
element includes two additional surface non-capacitive thermal nodes (nh = 0Oand n = N+1), considered

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

n m,n n+1
A= —AAAANN—
Q : VWV
L E L
c i 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, autom atically 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 t he heat transfer of eachcapacitive n-th node of the m-th

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

dTn _ B Ti- T

Cnng = A T 9 A Y

j=n-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 actingonnon -EEx EEDUDP Y1 wOHHET Uwpw
orn=N+DOwE] DPOT wowi wy wi OQF depehds dnAh@ typolbgy hna GebretiyCotithe

considered building element (assumed as either separating two indoor zones or an indoor zone from

the outdoor environment). On external opaque and glazed surfaces (n = 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 sur faces of the considered thermal zone. Such terms, for each

m-th building element of the heat exchange surface area,Am, are calculated as:

orad =gen' & f QTLH Th)- & wn oAQ, )
Srad e int & M 4 - i int g . (5'2)
m, N+ 1 :gem Csacx;bm(TjQ T4m|\)' %1 +m S@|

i=1
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where fis the external surface view factor, Tskyis the sky temperature, Uis the emissivity of the surface,
Uis 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""n, includes the

solar irradiance reflected by other interior surfaces and it is calculated as:

o 1

éllint 5a1- Fllfls) -Fis ’g - “Fum '\? 8 Iji

@ O Four?  (L-Fn ) - Fau 5 4F (5.3)

®" Bap 5 O :
int O ®Ee

‘?M +€:£'FM1rJ_S -Fmz ’ﬁg T (1'FMM l\?) g 'ne

where } 9are 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_-FC'PS)

matrix shown in eq. (5.3) are calculated at the begnning 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
4Gy, 611' Fllr:IL_W) -Fo 1" - Fu " 8 gaFlmerl%W
0 )
a2 gae -Fopr W (1' Faz ’Iiw) e Fao s g:zmeknw G4
e, Oe=® 5 = |
E%Mm Q% LW sV g GFmem"
& Fmils Fuz 2 T (LFMM '\kw) s e

where each Gmyis the fraction of the radiation emitted from the interior surface and absorbe d by the
remaining ones, -V and & 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 (h = 0 and inner (n = N + J surface non-capacitive nodes, the algebraic
equation describing the heat transfer is obtained by eq. (5.1) setting the thermal capacitance Cm,n, t0

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
files); 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:

dT, N Ton-T
in dltn :a_ m,l;lonv = anin @vent tha( (55)

m=1 int

C

where Ci, 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, Qventand Qhvac
are sensible heat gains, considered as purely convective and, respectively, due toi) 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). Qnvacis 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 co ncerning 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 DETEC! 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 u nder examination. Such test cases cover a high number of physical
occurrences and model features (i.e. thermal mass, solar and internal heat gains, windowshading
devices, infiltration, setback thermostat control, etc.). The BESTEST procedure has been widly
adopted for assessing the accuracy of a number of building simulation tools capable to perform energy
analyses[100, 120122] 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, gnamic

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
DETECE! 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 I, situated in the neighbourh ood 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 1955and 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 wort h 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 schedul es 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 inFig. 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 rharea and
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SHGC = 0.78), and the frame (for 0.43 rharea) is made of a traditional aluminium profile; the average

U-value = 5.2 W/meK.

Fig. 5.3. Testcell 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 ofthe 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 d etected.
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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 testroom walls are reported in

Table 51, whereas for the ceiling and floor they are shown in Table 52.

Table 51. Walls layers thickness and thermophysical properties (from outdoor to indoor).

South-West, Layer Thermal Specific
North -West and matZriaI Thickness conductivi Density ieat
North -East Walls Y

Wall thickness 0.19 m, U-value = 0.54 W/n¥K [m] [W/ (m-K)] [kg/m 3] [I(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 Thernl1all Density Specific
layer conductivity Heat
Wall thickness 0.47 m, U-value = 0.57 W/nm?K [m] W/ (m-K)] [kg/m 3] [I(kg-K)]
- Plaster 0.015 0.35 750 1000
Semt-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 r*V) of the interior surfaces are set t00.9 and
0.1, respectively. The solar absorptance coefficients of the interior surfaces\{) are set to 0.25, whereas
for the exterior ones (ULs) are set to 0.3 (walls) and 0.6 (roof).

Sensors and instrumentations applied into the test room are:

1  Six thermocouples for measuring the internal surfaces temperature of the North -West, North -
East, SouthEast, SouthWest 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%). Séég. 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 65@ Accuracy: #2°C or 2%. Thermal
sensitivity/NETD 50 mK at 30°C. IR resolution: 320x240 pixels).

Table 52. Ceiling and floor layers thickness and thermophysical properties (from outdoor to indoor).

Floor Material Thickness Therma_l Density Specific
layer conductivity heat
Wall thickness 0.48 m, U-value = 1.40 W/neK [m] W/ (m-K)] [kg/m 3] [J(kg-K)]
Plaster 0.015 0.35 750 1000
I— 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
Ceiling Material Thickness Thern?a_l Density Specific
layer conductivity heat
Average U-value = 0.16 W/ntK [m] W/ (m-K)] [kg/m 3] [J(kg-K)]
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
Tilted aluminium sheet side Polyurethane foam 0.05 0.028 44 1458
Aluminium 0.002 190 2700 900
Air 0.1-0.3 0.27 1.3 1008
Bitumen 0.004 0.20 1075 1000
Steel 0.0025 36 7700 500
Thermal insulation 0.06 0.028 44 1458
Steel 0.0025 36 7700 500
Thermal insulation 0.06 0.028 44 1458
Air 0.04 0.27 1.3 1008
Plasterboard 0.015 0.21 900 840

1  Three thermoresistances for measuring the temperature of internal surfaces of the door and of
window glass and frame (PT 100, model TC Direct 515680. Measuring range: from -50 to 150°C.
Accuracy: + 0.3°C at 0°C). Se€ig. 5.5b.

1  One hygro-thermometer for measuring the indoor air temperature and humidity (HD 9008 TRR.

/| OEUPOUOwWUI UPUUEOEIT w20 mA bupdtO &nd 110330 wDCY ppwed sugply.
Temperature measuring range: -40 to 80°C. Accuracy: £0.15°C or +0.1%. Hygroscopic glymer
humidity sensor. 4-20 mA output. Relative humidity measuring range: from 0 to 100%. Accuracy:
+1.5% in the range 090% and +2.0% elsewhere. Seig. 5.5¢, right.

1  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%). S&dy. 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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Fig. 5.5. a) Thermocouple K-type; b) thermoresistance; c) globethermometer 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. 20 mA output. Measuring

range: 02000 W/m?. Operating temperature range: -40-80°C. Sensitivity: 10 pV/W/m2

Impedance: 33K k wi d w# 1 YPET wx UOUI EUI E wERguBBkradufgdsBE |l OUUDE wE
One pyranometer for measuring the vertical South -West global incident solar radiation (Delta

Ohm, LP Pyra 08 BL. Second Class pyranometer. €20 mA output. Measuring range: 0-2000 W/n®.

Operating temperature range: -40-80°C. Sensitivity: 15 mV/kW/m25 w ( Ox 1 EEOQOET o wk wi &
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. 2channel temperature and humidity mini data logger for

continuous building climate monitor ing. 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 shiel d. 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 reattime monitoring all the
measurements of solar radiation, temperature and humidity in and out the test roo m. 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 (Southltaly), 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:
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I from March 23 at 12:00 am to March 29 at 11:59 pm (winter climate time);

1 from July 1stat 12:00 am to July ™ 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 facade 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 (Tout,exp COherently varies (throughout the days) according to the solar radiation trends.
Note also that, the measured indoor air temperatures (Tivexp) peaks are time shifted with respect to
the outdoor ones (Toutexy. 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 theTn.exp 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 fagade and on the horizontal roof + Sample winter week: March 23 - 29" (top) and sample summer one: July 1st

- 7" (bottom).

Note that, the occurring indoor conditions dynamically vary according to the climate of the
considered weather zone. Such result is also visible inFig. 5.10 which shows, for the same sample
weeks, the measured time histories of the indoor and outdoor relative humidity ( t inexp @nd ' ouT,exp
respectively), together with those of Tinexp and Toutex. It is Noteworthy to observe that the trend of
L ouT,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

239 - 29" (top) and sample summer one: July It - 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, Tne,exp 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 TneexpiS surpassed by the
South-West (SW) wall temperature, Tsw exp(Fig. 5.11, bottom). Note that, in the carried out validation
procedure, the dynamically measured Tne,exp 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 ( Taw,exp @nd 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 (Tse.ex) 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 surfaceKig. 5.3). Therefore, the Tsg exptime profile
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is influenced by the correspondent solar radiation (especially during the afternoon), in both winter

and summer seasons. Specifically, although Tsg expShows slight fluctuations, a recurring growth is
observed in afternoon times, especially in case of ser@e 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 23 - 290 (top) and sample summer one: July 1st- 7t (bottom).

In Fig. 5.12, a rather different behaviour is observed for the temperature of wooden door, T door,exp,
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 showsthe measured temperatures of the floor and ceiling surfaces (Toor.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
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to an indoor space of the building and to the outdoor envi ronment (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 T ceiing.exp 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 - 29" (top) and

sample summer one: July Bt- 7" (bottom)

5.3.2. Experimental vs. simulated results

In order to validate DETECt by means of measurements data, the freefloating 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:
1 global radiation on the outdoor horizontal roof surface, lrotho, and vertical South-West facade,

IToTtver NoOte 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;
1  outdoor air temperature, TouT,exp
91 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;

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

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 occurri ng 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 29,

The comparison between measured data and DETECt simulation outcomes are reported by
several graphs depicted from Fig. 5.13to Fig. 5.19. Here, for both the considered sample winter and
summer weeks (March 239 - 29" and July 15t - 7) 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 (Tsw.sim), North -West (Tnw.sim),
South-East (Tsgsin), ceiling (Tceiling,sim), and floor (Troor,sim), 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. 5.13. Indoor air temperature: simulated vs. experimental results (two sample weeks)
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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).

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