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Abstract 

This study aims to investigate the thermal behaviour of innovative solar technologies and energy 

storage systems. It focuses on solar systems able to produce thermal and/or electric energy to cover 

energy needs in the 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 high-vacuum space (i.e. 10-8 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 DETECt, 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 façade 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 DETECt. In addition, 

with the aim of analysing the potentiality of electricity storage system, a novel energy management 

system for buildings connected in a micro -grid, by considering electric vehicles as active components of 

such energy scheme is also investigated. 
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1. Introduction  

As commonly known, thermal energy and electricity are conventiona lly 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 developmen t 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 (STCs), and photovoltaic thermal collectors (PV/T), can be easily 

integrated into the shell of a new building, by substituting conventional  building materials with no 

additional surface area. Also, as an on-site energy production  option, it is to be highly preferred, 

among others, and particularly effective in the case of building renovations [5]. Their utilization 

provides the ability to reduce significantly or nullify  the share of non-renewable energy sources 

consumed in buildings, as long as sufficient surfaces for integration are available [6]. 

In this regard, the adoption of these technologies facilitates the achievement of net/nearly zero 

energy building (NZEB/nZEB) goals . This concept has attracted the interest of the research 

community, building stakeholders, and policymakers supporting the shift 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 on-site 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 energy performance assessment of innovative solar technologies 

and energy storage systems. This research is conducted with the twofold aim to investigate innovative 

technologies by adopting a dynamic simulation approach and provide useful design criteria . As 

previously discussed, solar-based technologies are suitable for matching energy demands of 

buildings , however, different problems occur in the design and application  of these technologies. 

Furthermore, despite several approaches adopted by many researchers in order to understand the 

physical effects and mechanisms of these systems, deep investigations need to be carried out and 

different solutions must be provided for some specific issues.  

In this thesis, the most promising innovative technologies and energy e fficiency 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 

assessing the system performance under different operating conditions, suitable dynamic simulation 

models are purposely developed. By means of the gathered data during the experimental campaigns, 

the developed mathematical models are validated. 

Initially, s tand-alone devices (i.e. solar thermal collector and photovoltaic thermal collector ) are 

analysed. Then, with the aim of assessing the passive effect of the integration of these technologies 

into the building envelope, a previously developed building energy performance simulation tool, 

called DETECt, is adopted. Specifically, its reliability is investigated by means of a suitable 

experimental campaign carried  out on a real test cell. Finally, the integration of an air -based PV/T 

system into the building envelope of a high -rise building is investigated. In addition, the exploitation 

of electricity production is optimized by means of the vehicle to building strategy and electric 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: 

¶ develop new mathematical models able to assess the energy performance of innovative 

solar-based devices and new energy efficiency strategies; 

¶ experimentally validate the developed mathematical models by means of real data 

gathered during suitable experimental test s; 

¶ investigate heat and electricity performance offered by the integration of these technologies 

into the building envelope;  

¶ optimize  the design of the developed prototype s by utilizing  the developed mathematical 

models; 

¶ provide punctual design guidelines and criteria for the exploitation  of these technologies. 
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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 highlight ing 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 worÒÐÕÎɯÍÓÜÐËɀÚɯÖÜÛÓÌÛɯ

ÛÌÔ×ÌÙÈÛÜÙÌɯÈÕËɯÚàÚÛÌÔɀÚɯÛÏÌÙÔÈÓɯÌÍÍÐÊÐÌÕÊàȭ 

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 mos t critical parameters that affect the 

performance of the FPCs are referring mostly to the thickness of the various materials as the glass 

cover, the absorber plate, the riser pipes and the gap spacing between the absorber plate and 

insulation.  

In addition,  other important parameters are the optical properties of the materials [9] that 

characterize the heat exchange between the above-listed components and the ambient. Several ways 

to enhance the thermal efficiency of FPCs are described in literature as well and different glass cover 
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thicknesses are adopted. Ramadhani et al. [10] investigated the effect of the thickness of the glass cover 

on the performance of FPCs. They have tested experimentally the thermal efficiency of the FPC with 

glasses with low-iron oxide content and thickness of 4, 5 and 6 mm. It is concluded that, the adoption 

of a thickness of 4 mm can improve the thermal efficiency about 7.6% compared to the thickness of 5 

and 6 mm. However, if the 4 mm glass cover is used, the risk of breaking the glass is higher than the 

one with 5 and 6 mm. Another critical feature of the glass cover is its emissivity, typical values range 

from 0.79 to 0.89 [11]. Giovannetti et al.  [12] improved the optical properties of the glass cover by 

applying highly transmitting and spectrally selective coatings. They analysed two different FPCs 

(single and double glass cover). Such a solution can provide a significant increase of the performance 

of FPCs (i.e. 60% higher than that of a typical FPC single-glazed available on the market). Boudaden 

et al. [13] investigated the optical characteristics of titanium dioxide and silicon dioxide dielectric 

materials in order to create a non-reflective coatings for solar thermal applications. Based on the 

spectroscopic results, it is shown that the non-reflective coatings could be successfully used in solar 

thermal applications as they can offer low absorbance, low reflectivity, and high solar transmittance 

(about 87% for double coating, and 70 % for triple coat). 

The absorption of the absorber plate is also a critical parameter. Kalogirou et al. [14] evaluated the 

application and performance of various colour dyes in the absorber plate of FPC. From both the 

theoretical and the experimental analysis, the coloured collectors (85% absorbance and 10% 

emissivity) showed l 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 solar water heater. Such a collector is composed by two concentric cylinders and, between 

them, an anulus in which the vacuum is made. Several experimental tests were carried out considering 

different pressure levels into the anulus and various experimental correlations were obtained for 

thermal loss coefficients as function of the vacuum pressure. Moss et al. [19, 20] developed and 

presented two water -based evacuated FPCs characterized by a significant low internal pressure (0.5 

Pa). By means of a deep experimental investigation, remarkable results in terms of heat loss coefficient 

reduction (i.e. from 7.4 to 3.6 W/(m2·K)) and a corresponding improved efficiency (i.e. from 36 to 56%) 

were achieved. Juanicó [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 ta king into account the dynamical response of the system. 

In this regard, Saleh [22] developed a dynamic simulation model capable to simulate a whole solar 

thermal system. Such approach was needed for taking into account the thermal behaviour of the hot 

water storage tank. The model is based on one-dimensional thermal network and it is able to evaluate 

the transient processes occurring. A similar approach was considered by Zhou et. al. [23] who have 

developed a transient model in order to assess the enhancement provided by the adoption of PCM 

between the absorber plate and the back-insulation layer. In fact, if the authors had adopted a quasi -

steady state approach, the advantages offered by PCM layer into the FPC (i.e. heat released and stored 

by PCM during time) would not have been considered. Therefore, from the works  [22, 23] it seems 

clearly that the adoption of transient dynamic simulation model is required in case of systems with 

components with a thermal mass which is not negligible.  

A different approach was considered by Dara et al. [24], since they have developed a quasi-steady 

state model for assessing the performance of FPC collector. By means of such a code, they investigated 

the top loss heat transfer coefficient by varying the absorber plate emittance and air gap spacing 

between the absorber plate and the cover plate, separately. They considered a gap spacing variation 
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ranging from 9.0 to 50 mm and an emissivity of the absorber plate ranging from 0.5 to 0.95. Finally, 

they assessed an increase of the efficiency from 0.646 to 0.680 by increasing the gap spacing (with a 

consequential decrease of the top heat loss heat transfer from 8.2 to 6.3 W/(m2·K), equal to -23%). In 

addition, by decreasing the emissivity of the absorber plate, an increase on the thermal efficiency is 

achievable (from 0.65 to 0.69). Such results are obtained by adopting a parametric analysis in which 

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

 

2.2. Photovoltaics/thermal collector  

Another promising solar -based technology is the photovoltaic solar thermal collector system 

(PV/T system). Despite space constraints for the installation of these devices, considerable effects of 

temperature on the PV efficiency opened up a new front of research, where both technologies (i.e. 

photovoltaic cells and thermal absorbers) are combined into a single hybrid device. This device is able 

to harness thermal energy, simultaneously increasing the PV electrical efficiency. 

This hybrid technology, which converts solar energy to electricity and heat, is known as  

photovoltaic/thermal (PV/T) collector and has been studied extensively since the 1970s. Research led 

to the development of a wide range of PV/T technologies starting from the first PV/T prototype, 

conceived by Wolf and proposed as economic and space saving technique of energy production [25]. 

Both electrical and thermal energy production can be harvested from a single PV/T device. In 

particular, PV cells convert photon energy to electricity whereas solar  thermal energy is recovered 

through a heat extraction system and transferred to the user through a suitable working fluid  [26]. 

Wolf examined the possibility to replace the absorber of a traditional  solar thermal collector with a 

PV panel for electricity production [25]. Balancing the energy demands of a single-family house was 

considered as a suitable application for the PV/T colleÊÛÖÙÚȮɯÞÏÐÊÏɯÊÈÜÚÌËɯÈɯËÌÊÙÌÈÚÌɯÖÍɯÛÏÌɯÚàÚÛÌÔɀÚɯ

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 Al-Waeli 
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et al. [28]. A comprehensive review written by Babu et. al  [29] highlighted the slight decrease of the 

electrical efficiency of glazed PV/T collectors (around 10.6%) with respect to unglazed systems (about 

11.0%). On the other hand, as reported by Slimani et al. [30], the glass cover increases the PV/T 

collector overall energy performance at the expense of the capital cost increase, as discussed by Kabir 

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 

ÐÕɯÛÏÌɯÊÖÖÓÐÕÎɯÌÍÍÌÊÛɯÈÕËɯÐÕɯÛÏÌɯÚàÚÛÌÔɀÚɯÛÏÌÙÔÈÓɯÌÍÍÐÊÐÌÕÊàɯȹÈÓÔÖÚÛɯƗƔǔɯÞÐÛÏɯÙÌÚ×ÌÊÛɯÛÖɯÛÏÌɯÙÌÍÌÙÌÕÊÌɯ

system). Franklin and Chandrasekar [34] studied the effects of adding staves (vertical thin metal 

sheets) in the trailing portion of the air channe l of a PV/T system. A prototype was experimentally 

tested in Tamilnadu (India) and compared to two reference systems (a standard PV and a PV/T 

without staves). An increase of 5 and 2.5 °C was observed on the outlet air temperature under high 

and low speed conditions, respectively, while a reduction of the PV operating temperature was 

recorded. The use of longitudinal fins inside the air channel of an air -cooled PV/T was recently 

investigated by Fan et al. [35], achieving a significant increase of the air outlet temperature (with 

respect to the channel without fins). Ali et al.  [36] added staggered plate segments inside a parallel 

plate heat exchanger of a PV/T collector to enhance the heat transfer, whereas Hussain et al. [37] 

proposed the installation of a hexagonal honeycomb heat exchanger into the air passage located under 

the PV module, which increased the recovered thermal energy up to 60%. An experimental study was 

conducted on water-cooled PV/T collectors by Yuan et al. [38] in order to compare the energy 

performance of a simple PV panel, a commercial water-based PV/T system and a PV/T collector 

equipped with a micro -channel heat pipe array. The micro-channels increased the electrical efficiency 

between 10 and 11.2%, being much lower in case of the PV panel (ranging between 7.0 and 8.6%) and 

of the commercial PV/T device (ranging between 7.7 and 9.6%).  

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

collectors, presented a water-cooled prototype with the heat exchanger placed above the PV panel. 
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This arrangement was designed for increasing thermal efficiency by sacrificing the electrical one. 

Results showed that by considering a water flowrate of 0.003 kg/s, a 4% increase of thermal efficiency 

(with respect to a standard PV/T system) was achieved. Conversely, a 0.8% decrease of the electrical 

efficiency was detected due to the heat exchanger shielding effect on the PV cells. 

Concerning the system materials, a novelty is represented by the use of a phase change material 

(PCM) layer placed on the back of a PV/T collector. Such an option was investigated by Chauhan et 

al. [40], which compared a water -cooled PCM-based PV/T system to a standard one. A 33% growth of 

thermal energy storage capacity and an increase of the useful time period from 75 to 100% was 

detected for the PCM-based PV/T collector with respect to the traditional one. The possibility of 

replacing the standard thermal insulation panel on the back of a PV/T system with a PCM layer was 

also investigated by Yang et al. [41]. They compared the PCM-PV/T system with a traditional PV/T 

collector, observing a decrease of the PV back temperature with a consequent increase of the electrical 

efficiency from 6.98% (for the standard configuration) to 8.16% (for the proposed one). 

Air and water are typically adopted as working fluids into PV/T collectors  for their wide 

availability and naught cost. As an alternative to these conventional working fluids, other promising 

ones have been recently investigated. Al-Shamani et. al [42] compared two PV/T collectors cooled 

with water and a nanofluid (based on silicon dioxide, SiO2), observing an 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 

PV/T collectors made by polycrystalline and amorphous silicon PV cells. A better performance was 

achieved by using water, obtaining an increase of the electrical efficiency of about 3% with respect to 

the air cooling option.  

The use and spread of PV/T systems are also linked to the prediction of their energy and economic 

performance on a yearly basis. To this aim, simulation tools are nowadays crucial as they are able to 

provide reliable prediction of the energy performance and 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 quasi-steady state approach 

was adopted by Herrando et al.  [47], that modelled the performance of an energy system based on 

novel water -cooled PV/T collectors. The model, developed in EES environment, was used to conduct 

an economic analysis for assessing the feasibility of the PV/T prototype to balance the energy needs 

of a single-family house located in three different weather zones. Finally, concerning the calculation 

of the PV cells operating temperature to be used in the Hottel-Whillier -Bliss approach, several novel 

equations for the calculation of the effective PV temperature (which in a PV/T system also depends 

on the operating conditions) were proposed by Tripanagnostopoulos  [48]. Recently, a modification of 

the formula for the temperature of the PV module for a water -based PV/T systems has been proposed 

by Bigorajski and Chwieduk  [49]. 

It is noteworthy to obser ve that steady state and quasi-steady state approaches appears today 

rather unsuitable for accurately assessing the energy performance of PV/T collectors. In fact, the 

operation of these solar devices is intrinsically dynamic and the above mentioned 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 resistance-capacitance 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 m2 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/faç 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 active effects due to the integration of air -based BIPV/T collectors into 

the vertical façade of a high-rise building. Recently, Tomar et al. [59] developed a detailed analytical 

model with the aim of estimating the electrical and thermal efficiency of four BIPV/T systems and of 

understanding their implications on the building energy behaviour. To this purpose, four different 

PV/T configurations integrated on four prototype test cells were tested and their overall performance 

was compared for identifying the most suitable PV/T configuration for the climatic condition of the 

Northern of India.  

Innovative applications of this 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 assessing the 

environmental and energy -related impacts, the adoption of a suitable building energy performance 

simulation (BEPS) tool is more and more crucial. 

The sustainable energy transition of the building sector is driven by the proper implementation 

of energy efficiency actions. In this regard, the use of BEPS tools is essential for predicting all the 

possible benefits achievable through innovative solutions and techniques conceived for energy saving 

purposes [62, 63]. Given the growing concern about the energy efficiency in buildings, several tools 

have been developed with the aim of assessing the energy performance of single buildings as well as 

of providing global and city -scale planning and setting guidance for the use of policy-makers and 

stakeholders [64]. Concerning the individual building analysis, the  available tools have been mostly 

developed and used with the aim to:  

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

operation [65-67]; 

¶ deal with all the most important phenomena occurring in the building [68-70]; 

¶ address the effectiveness of applied energy efficiency techniques or renewable energy sources [5, 

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

Building 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, 

ÉÈÚÌËɯÖÕɯÌÕÌÙÎàɀÚɯÜÚÌÙɯÕÌÌËÚȮɯÈÙÌɯËÐÚÊÜssed in reference [76]. Reviews of BEPS tools are proposed by 

several authors, concerning the analysis of the integration of renewable energy [77, 78], the simulation 

of district -level energy systems [79, 80], and the performance of low-energy buildings [76, 81]. 

Although BEPS tools have been in use throughout the building energy community since decades, 

their adoption has been boosted by the recent advances in computational methods and computer 

calculation power [82], which provide opportunities for the enhancement of simulation tools and for 

the development of new ones, especially developed for simulating innovative building energy 
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efficient technologies [83]. In fact, despite of the availability of commercial BEPS codes (often 

characterized by high level of flexibility and complete user interfaces/data libraries), the development 

of up to date tools and novel in -house simulation models have become more and more common for 

research aims and, more in general, for aiding the implementation of new unreleased energy 

efficiency measures (e.g. [84-88]). In this regard, the use of BEPS codes in the building design process 

is highly recommended especially for the design of the next generation of buildings requiring 

different innovative features/materials and 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 analyses [71, 90-92]. New BEPS tools are also developed with 

ÛÏÌɯ×ÜÙ×ÖÚÌɯÛÖɯÌÝÈÓÜÈÛÌɯÛÏÌɯÖÊÊÜ×ÈÕÛÚɀɯÊÖÔÍÖÙÛȮɯÈÕËɯÛÖɯÚÛÐÔÜÓÈÛÌɯÔÖËÌÓÚɯÙÖÉÜÚÛÕÌÚÚɯÈÕËɯÍÐËÌÓÐÛàɯÈÓÚÖɯ

toward the implementation of innovative control strategies [74, 89]. 

Despite of such progress and effort, building energy simulation is still nowadays a complicated 

process that requires and involves modelling and analytical skills [93]. The use and development of 

BEPS tools and the analysis of the obtained results can be considered as a challenge for building 

designers and practitioners, sometimes undecided about the choice of the BEPS tool to be adopted as 

well as by the reliability of the related calculation results [89]. In this regard, since these tools are 

developed to predict the thermal performance of new buildings or to recommend energy retrofit 

packages for refurbishment, validation procedures (sometimes improperly substituted by calibration 

ones) are necessary to reduce simulation uncertainties [94, 95]. In fact, the validation of a novel in -

house developed BEPS tool is mandatory to ensure unfailing and accurate energy analyses and to 

prevent untrustworthy results.  

To ensure the reliability of a BEPS code, standard validation processes are frequently used [89] 

to validate new models, examples are reported in references [91, 95-97]. The use of validation 

procedures has been recently emphasized by the Energy Performance Building Directive (EPBD) 

issued by the European Union, which also underlines the need of new certified tools for decision -

makers and practitioners to be developed with the aim to support integrated building design 

applications while ensuring the compliance with higher energy efficiency standards.  

The available literature includes several general criteria and standard procedures for the 

validation of novel BEPS tools [98, 99]. These procedures consist of comprehensive and integrated 

suites of building energy analysis tool tests, involving empiric al, analytical, and comparative 
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approaches [100-102]. Here, the differences depend on the method in which the calculated outputs 

(i.e. by a subroutine, algorithm, software, etc.) are compared to the data considered as reference ones 

[98, 103]. Specifically, simulation results relative to a building tool or component to be validated can 

be compared to i) measured data, obtained by a real building, a test cell, or laboratory experiments, 

in case of the empirical validation, ii) results from accepted numerical methods or standard analytical 

solutions (i.e. simulation of the heat transfer mechanisms under certain boundary 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 

ÔÈÛÏÌÔÈÛÐÊÈÓɯÔÖËÌÓÚɯÍÖÙɯÛÏÌɯÚÐÔÜÓÈÛÐÖÕɯÖÍɯÛÏÌɯÌÕÌÙÎàɯ×ÌÙÍÖÙÔÈÕÊÌɯÖÍɯÈɯÚ×ÌÊÐÍÐÊɯÕÌÞɯÉÜÐÓËÐÕÎɀÚɯ

technology, component or material, can be often easily carried out, the experimental validation of 

whole BEPS tools is mostly unfeasible. This is the case of dynamic building simulation tools including 

innovative and integrated energy and building envelope solutions which would require extensive 

testing procedures, costly and time consuming [71, 116]. For this reason, very often new and validated 

subroutines (developed for simulating specific innovative technologies) are added to commercial 

BEPS tools [89] for conducting whole building energy simulation 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, 120-122]. Among these, the Building Energy Simulation Test (BESTEST) [101, 102, 

123] and the ANSI/ASHRAE Standard 140 [124] suites aim of increasing confidence in the use of BEPS 

tools, by producing standardized test procedures for validating, diagnosing, and improving the 

current generation of software.  

 

2.4. Building integrated photovoltaic thermal system 

Among the above-mentioned devices, the hybrid solution, i.e. PV/T, is a promising technology for 

the simultaneous generation of electricity and useful heat. As already mentioned in section 2.2, this 

arrangement, that has attracted an increasing attention since 1970s, aims at increasing the electrical 

efficiency by extracting waste heat during photovoltaic operation [125]. Depending on the operating 

fluid, PV/T systems are divided in two types: air -based and liquid -based. Liquid based devices are 

more efficient than air cooled PV/T ones and their efficiencies are often comparable to those of 

conventional solar thermal 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 Building Integration PV/T (BIPV/T) systems, 

where solar modules are suitably connected and mounted on or into the building envelope to serve 

as a material (cover or structure), to produce useful electrical and thermal energy, and to increase 

aesthetic [128]. These systems may become a standard building component, to be taken into 

consideration during the design stage of new buildings or in case of building renovations, where the 

implementation of energy efficient measures and renewable technologies is crucial to reach the 

current building energy efficiency standards adopted worldwide. Currently, BIPV/T systems are 

considered as a promising and effective measure to promote net and nearly ZEBs through enhanced 

on-site solar energy 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 make PV/T collectors more viable for the 

building heating load are analysed in [129]. Here, a particular attention is paid on the examination of 

theoretical and experimental analyses on BIPV/T systems for heating applications. A review on 

electrical performance (e.g. energy generation amounts, nominal power, efficiency, etc.) and on 

simulation and numerical studies relative to BIPV/T systems is reported in [130]. A comprehensive 

survey about advantages and limitations of air and water based BIPV/T systems, with a special focus 

on the installation methods , applications, and system performance as well as economic and social 

aspects, is reported in [131]. Another interesting comprehensive review article of BIPV/T including 

research and development issues, application, and current status of BIPV/T technologies is presented 

in [132]. Here, author also discuss the recent experimental and numerical methods developed for 

studying BIPV/T systems and their impact of BIPV/T on the building performance [132].  

In the 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. I nterested readers are highly 

encouraged to refer to the available reviews before presented about PV/T [28, 125, 127, 129, 130] and 

BIPV/T [131, 132] systems. 

The air based BIPV/T technology, despite its poor thermo-physical properties,  is generally 

preferred for building applications due to its cost -effectiveness if compared to the liquid based 

technology, i.e. lower installation and maintenance costs [131]. In air BIPV/T systems, an air cavity is 

created between the upper PV modules and the lower insulation layer, mounted on the building roof 

/ façade, 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 
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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 open-loop air BIPV/T roof system layouts for heating purposes, 

consisting of an unglazed roof BIPV/T system, also connected to vertical glazed solar air collectors, 

and of a glazed roof BIPV/T system, were theoretical and experimental analysed in [137]. Authors 

found out that through the unglazed BIPV/T system configuration with extra short string of vertical 

solar air heater showed the best electrical and thermal performance, also for sloped roofs in cold 

climates [137]. The performance of a roof mounted BIPV/T system with four different configurations 

consisting of series and parallel combinations are proposed in [138]. In the investigated cold climates, 

the combination of all rows connected in series, with constant air mass flow rate, resulted to be the 

best configuration among the proposed (reaching an overall thermal efficiency of more than 50%), 

with a sensible reduction of the heating peak demand [138]. A comparative analysis of roof mounted 

air BIPV/T system, based on an opaque solar cell tile array and on a semi-transparent PV/T array, was 

conducted with the aim to calculate the indoor air temperature [139]. Simulation results showed that 

a higher extraction of heat from PV cells (i.e. the outlet air temperature was about 24% higher) is 
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obtained in case of semi-transparent PV/T collectors (mostly due to their lower packing factor), with 

a consequent lower internal room temperature compared to the opaque tile array roof system. 

Another comparative study carried out to assess how an air BIPV/T system influences the building 

energy profile and load is reported in [140]. Here, three different BIPV and BIPV/T applications, 

consisting of a wall BIPV with no ventilation, an air gap BIPV/T system, and an air gap BIPV/T with 

indoor air flow operation, were compared. The last configuration, due to the outdoor air circulated to 

the indoor, resul ted 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 façade for space heating purposes was presented 

in [141]. The proposed configuration resulted to be more efficient than conventional opaque PV 

double pass systems, resulting in higher thermal and electrical productions. Its energy performance 

was evaluated through a numerical model suitably developed by the authors, predicting an increase 

of the indoor air temperature by 5 -6 °C in winter days.  

The influence of the channel depth, length, air distribution duct diameter, and air mass flow rate 

per unit collector area on the whole system performance has been investigated by different authors, 

as discussed in [129]. For instance, an PV/T air collector linked to the air distribution system of a 

residential building and the air mass flow rate was tested by varying the required temperature 

increase [142]. The smaller collector depth resulted to be more efficient in terms of good performance 

for large temperature difference. On the other hand, in such study it was also noted that the design is 

also very sensitive to the ratio of mass flow rate and collector area. An int eresting concept of modular 

PV/T system is presented in [143]. Here, PV/T modules were integrated onto the vertical exterio r 

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 efficiency (about 11-12%) was not affected by the typology of protective material 

[143]. Marginal differences on the PV efficiency of a novel configuration of multi -functional roof -

integrated PV/T system were obtained by analysing the air gap ventilation mode [144]. In particular, 

no significant differences were detected between the electrical yields of the two operating modes [144]. 

A study on the energy performance assessment of a photovoltaic solar wall, with different  operating 

conditions for the ventilated PV façade, is presented in [145]. 
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Recently, the strategic placement of PV/T modules has been proven to be crucial to enhance the 

heat extraction from PV modules. To this aim, the use of modular solar walls with broken lines (i.e. 

openings) among PV/T modules is a feasible and interesting solution for helping to prevent excessive 

heat, as demonstrated for example by the SolarWall® technology (Conserval Engineering Inc.). Such 

concept, known as multiple inlet approach, aims to enhance the performance of air based BIPV/T 

collectors, and has gained much attention in the last years [146]. In particular, the optimization of a 

single inlet prototype of an open loop air based BIPV/T system is proposed in [57]. Here, the design 

of the BIPV/T system was improved with the multiple inlets 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 PV efficiency), whereas a 

temperature decrease from 5 to 10 °C is expected in case of larger installations (5-6 meter) [57]. The 

developed and experimented model related to four inlets was also applied to a BIPV/T roof of an 

existing solar house, showing an increase of thermal efficiency of about 7% [57]. Different 

configurations of such BIPV/T system were investigated in case of opaque and semi-transparent 

mono-crystalline silicon PV panels [147]. Here, experimental results demonstrated that the semi-

transparent configuration with two inlets enhances the thermal efficiency by 7.6% if compared to the 

opaque system. Authors also found out that no significant costs are added in case of the two-inlet 

BIPV/T design. These air based glazed BIPV/T systems with multiple inlets, obtained through a 

modular plug and play solution for building façade 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 

PV/T, has been recently adopted by several authors, focusing on the assessment of the system 

performance (e.g. [137, 151]) and on the flow and heat transfer [152, 153], calculated under variable 

working and design 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 ESP-r [154]. The use of whole building simulation analyses is also used for the 

assessment of the economic feasibility of the BIPV/T system, examples are recently reported in [155, 

156]. By means of such tools, to the best knowledge of the authors, several studies concerning the 

analysis of the air based BIPV/T system integrated with other energy systems (such as heat pumps, 

heat storage, heat recovery ventilator and absorption and adsorption chillers) are available in 

literature (e.g.[157, 158]). Nevertheless, although the incredible research effort on the analysis of 

BIPV/T systems, the available literature still found that the behaviour of the coupled system needs to 

be further investigated, being crucial for the promotion of this technology [154]. An example of a novel 

analysis developed for a non-cold climate is reported in [158]. Here, a typical air open loop façade 

BIPV/T system for the Mediterranean climate (i.e. Greece) and its energy saving potentials were 

investigated by means of TRNSYS [158], showing that diverse BIPV/T (e.g. aspect ratio, flow rate, etc.) 

design versions must be adapted to different climatic conditions and building orientations.  

Although the BIPV/T technology has been largely investigated, there is still a lack of analysis 

concerning the impact of the building integration on both the active and passive 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 system [132]. In fact, in most 
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of the numerical investigations available in literature, many important aspects linked to the 

integration of PV/T devices into or onto building envelope (e.g. variation of the visible and light 

transmittance, thermal transmittance, impact of the solar 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 m odels 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 

bui lding 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 façade 

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 open-loop BIPV/T systems, with a 

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

investigated. 

 

2.5. Building to vehicle to building  

The concept of net or Nearly Zero Energy Buildings (ZEB) has brought to the forefront by the 

EPBD (Energy Performance of Buildings Directive) [161], considered as a promising approach t o 

minimize the building sector energy consumptions ( about 30ɬ40% of the world primary energy 

consumptions in regions belonging to the Organisation for Economic Co -operation and Development 

(OECD) [162]) and carbon dioxide emissions, while increasing the penetration of technologies based 

on Renewable Energy Sources (RES) in buildings [4]. A net or nearly zero energy building is a high 

energy performance building [163] that requires a very low amount of energy, obtained through the 

efficient design [5, 164-166], to be covered to a very significant extent, or even completely, through 

RES [167]. 

The common basic design rule of ZEBs is to address demand first, and then supply [168]. Despite 

of the available energy carriers (electricity, natural gas, hot/cold fluids by thermal networks for district 

heating/cooling, biomass and other fuels), a key-feature of a ZEB is the ability to locally produce on-

site energy vectors. In fact, a ZEB should be designed to match its own load by on -site generation 

(exploiting local RES on-site) and exporting or importing energy with utility grids, working in 

synergy with them. In this regard, the two -way grid concept is crucial to increase the share of electrical 

renewable energy within the grids [169]. 

In this regard, a wide dissemination of distributed generation may compromise power stability 

and quality in grid structures, mainly at local distribution grid level [169]. Nowadays, developing 

novel methodologies to minimize the energy consumption of a building, while suitably integrating 

RES into the power grid (main electricity source) seems to be a crucial issue which will greatly 

contribute to a more sustainable community [170]. For this reason, shifting the building energy 

sources away from the electricity grid toward on -site RES is a key concept for a sustainable building 

sector and ZEBs. In this regard, among available RES (solar panels, wind turbines, etc.), the use of 

solar based technologies, e.g. solar photovoltaics (PV), to supply the energy demand of buildings is 

crucial, as investigated by many authors [171, 172]. 

In the available literature, the ZEB target is mostly considered at the building scale, so the effort 

toward its definition [163], the development of standards and calculation methods [71, 173], together 

with the development of tools for the early design of ZEB [174] and of relevant case studies [175] are 

basically focused on single buildings considered as independent energy users. On the contrary, by 



Chapter 2 - Literature review 

 

24 

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]ȭɯ3ÏÌɯËÈÐÓàɯÔÖÉÐÓÐÛàɯÙÌ×ÙÌÚÌÕÛÚɯÈɯÚÐÎÕÐŗÊÈÕÛɯ

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 (EVs) is the simultaneous charge 

due to a high number of vehicles, which can lead to a considerable increase of the peak load of the 

electricity demand [184]. This issue highlights the need of suitable energy policies to improve grid 

stability [185]. 

Nowadays, the car industry is allocating remarkable investments in the development of EVs, and 

their energy demands will be increasingly covered by distributed energy resources (DER) located in 

our cit ies [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 on-site and may be a viable energy source to supply the power 

demand of a building [195], in addition to RES. EVs may potentially become one of the main energy 

contributors of buildings to the achievement  of the NZEB goal at a large scale [178, 196]. This concept, 

known as Vehicle-To-Home (bidirectional V2H technology), allows one to achieve the integration of 

EVs with RES (e.g. PV, wind turbines), toward a more efficient and sustainable energy paradigm [197]. 

A V2H system allows the EV battery to store eventual excess of energy generation from renewables, 

to be subsequently used when the main source of power generation system is not capable to meet the 

building energy demand. This l 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, 210]. The design of an energy management system to enhance the integration of EVs 

into  building is presented in reference [209]. Here, authors formulated an objective function for 

minimizing the total power demanded by the system and the total power injected back to the grid, by 

modelling the scheduling of the EV with a stochastic method (to simulate trips, charging and 

discharging phases) [209]. An operation decision model for electric vehicle to 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 

ÛÏÌɯ$5ɯÐÕɯÛÏÌɯÌÕÌÙÎàɯÉÜÐÓËÐÕÎÚɀɯÌÕÌÙÎàɯÉÈÓÈÕÊÌȭɯ2×ÌÊÐÍÐÊÈÓÓàȮɯÛÏÌɯÍÐÙÚÛɯÚÛÜËàɯÐÕÝÌÚÛÐÎÈÛÌÚɯÛÏÌɯÙÖÓÌɯÖÍɯ

electric vehicles and solar energy sources as potential featured in a net zero energy building ( NZEB), 

by means of dynamic simulations [195]. Results show that the V2H system is capable to reduce the 

electricity required from the grid by up to 68% [195]. A second study, based on the development of a 

mixed-integer linear optimization model, addresses the energy management problem of housing and 

personal mobility with EV [196]. Here, the optimization model  is applied to a novel house concept 

integrating photovoltaic panels and district heating/ground source heat pump. Simulations results 

demonstrate that the V2H technology is capable to enhance the annual imported/exported energy, as 

well as energy matching indexes [196]. Finally, the investigation of strategies aimed at limiting the 

impact of both heat pumps and EVs on the electrical demand of future dwellings integrating PV is 

presented in [211]. 

The analysis of the literature highlights a great research effort toward the study of the EV 

operation within the grid, whereas only few studies focus on the V2H concept, such as on the EVs 

integration within the energy balance of the building integrating  RES. Since the share of electric, and 

autonomous, vehicles is expected to increase in the near future along with the level of automatization 

of buildings [211], the need of intelligent energy management schemes to control the energy exchange 

between all the key users (i.e. EVs, buildings, RES), will be crucial. Consequently, an accurate 

prediction of building electric loads, EV consumption and PV generation is 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 main subjects treated in recent scientific literature 

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

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

 

 

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: 

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

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

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

without the adoption of suitable hot water storage tank;  

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

for be integrated into the building envelope;  
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¶ there are no criteria and guidelines involving the coupling of photovoltaic/thermal collector 

with air -to-air heat pump;  

¶ a lack of knowledge regarding the assessment of both active and passive effects provided 

by building 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 . 
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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 

characterizing the performance of the collector. For such a reason, a sensitivity analysis is needed. The 

sensitivity analysis can be adopted for determining the effect of the parameters on results [213]. With 

this kind of investigation, it is possible to obtain a rank of the most influencing parameters and decide 

which of the selected parameters need to be improved.  A structural analysis is also considered for the 

design of both glass cover and absorber plate thicknesses. In addition, two novel evacuated flat -plate 

solar thermal collector prototype are introduced. The first solar thermal collector is character ized by 

a very low initial cost whereas the second one (called Tank_v.2) is characterized by high-vacuum 

space (i.e. 10-8 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 quasi-steady approach and it is 

based on Hottel-Whillier -Bliss equations adjusted for assessing the features of the FPC collector 

technology. Then, in order to optimize a typical FPC, a sensitivity analysis on the main effective 

parameters is also presented. This analysis is based on the developed code that is implemented in a 

suitable tool available in MatLab Simulink. Such sensitivity analysis is conducted with the twofold 

aim to identify the main parameters and to find out which of them have the greatest influence on two 

considered objective functions (i.e. maximize the work ing fluid outlet temperature, maximize the 

thermal efficiency). Finally, a comparison between the optimized FPCs against a typical one is also 

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

 

3.2. Method and model description  

In this section, the considered method is described in detail. Firstly, the investigated solar thermal 

collector with the main features is described, and secondly the developed mathematical model for 

assessing the performance of the investigated FPC is presented. Finally , at the last part of this section, 

a sensitivity analysis is presented, which is carried out based on the described code, in order to 

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

 

3.2.1. Solar thermal collector 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 depicted in Fig. 3.1. 

 

Fig. 3.1. Solar thermal collector details: a) top view b) side view c) cross-section view. 
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The device consists of a glass cover, a copper absorber plate, a set of copper riser pipes, a glass 

wool insulation layer, and steel sheet edge cover (Fig. 3.1a). The glass cover has a length (Lc) of 2.0 m, 

a width ( Wc) of 1.1 m, a thickness (ϗg) of 8.0 mm, and a gross area (Ac) of 2.2 m2. The copper absorber 

plate has the same dimension of the glass cover except from the thickness (ϗp) that is 0.5 mm. A number 

of (Npipes) 8 copper riser pipes, with an inner diameter ( D i) of 13.4 mm, an outer diameter (D) of 15 mm 

and a thickness (ϗpipes) 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 in Fig. 3.1b. A glass wool 

insulation layer with a thickness (ϗe,ins) of 30 mm wrapped the edges whereas the same material with 

a different thickness (ϗb,ins), of 50 mm, is adopted to insulate the bottom of the collector as well. A sheet 

metal (ϗb) of 0.5 mm is composing the edge cover. The main geometrical and thermophysical features 

of the system are reported in  Table 3.1. 

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

Symbol  Value  Unit  Design parameter  

Lc 2.0 m Length of the glass cover 

Wc 1.1 m Width of the glass cover 

ŭg 8.0 mm Thickness of the glass cover 

Ac 2.2 m2 Gross area of solar thermal collector 

ə 16 - Glass extinction coefficient 

Ůg 0.84 - Emissivity of the glass cover 

Ŭg 0.062 - Absorbance of the glass cover 

Űg 0.859 - Transmittance of the glass cover 

kg 0.80 W/(m·K)  Thermal conductivity of the glass cover  

Lp 2.0 m Length of the absorber plate 

Wp 1.1 m Width of the absorber plate  

Ap 2.2 m2 Area of the absorber plate 

ŭp 0.5 mm Thickness of the absorber plate 

Ůp 0.84 - Emissivity of the absorber plate 

Ŭp 0.90 - Absorbance of the absorber plate 

kp 385 W/(m·K)  Thermal conductivity of the absorber plate  

Npipes 8 - Number of riser pipes  

Di 13.4 mm Inner diameter of riser pipes  

D 15.0 mm Outer diameter of riser pipes  

ŭpipes 0.8 mm Thickness of riser pipes 

kpipes 385 W/(m·K)  Thermal conductivity of the absorber plate  

Lg-p 50 mm Air gap spacing between the glass cover and absorber plate 

ŭe,ins 30 mm Thickness of the insulation wrapped the edge 

ŭb,ins 50 mm Thickness of the insulation wrapped the bottom 

kins 0.035 W/(m·K)  Thermal conductivity of the insulation  

ŭb 0.5 mm Thickness of the bottom 

kb 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. The collector is in a steady state. 

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

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

4. Heaters provide uniform flow to the riser tubes.  

5. Flow through the back insulation is one dimensional.  

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

temperature. 

7. Temperature gradients around tubes are neglected. 

8. Properties of materials are independent of temperature. 

9. No solar energy is absorbed by the cover. 

10. Heat flow through the cover is one dimensional.  

11. Temperature drop through the cover is negligible.  

12. Cover is opaque to infrared radiation.  

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

14. Dust effects on the cover are negligible. 

15. There is no shading of the absorber plate. 

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

 

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:  

( ) ( ),u c r tot L wf in ambQ A F G U T Ttaè ø= - -
ê ú (3.1) 
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where Ac is the collector area, Fr is the heat removal factor, Gtot is the incident solar radiation per 

collector area, (ŰŬ) is the transmittance-absorptance product, UL is the overall heat loss coefficient 

based on the collector area, Twf,in is the inlet working fluid temperature, and Tamb is the ambient 

temperature.  

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

and the incident energy on the solar collector surface. 

( )
( ),L wf in ambu

th r g p

tot c tot

U T TQ
F

G A G
h t a

è ø-
é ù= = -
é ùê ú

 (3.2) 

where Űg is the transmittance of the glass cover and, ϔp is the absorbance of the absorber plate. Note 

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

( )

( )

( )
( )

11

2 1 1
g

rr

r r r r

a

a a

t
t ^

^

è ø--
= +é ù

- -é ùê ú

 (3.3) 

where ŰŬ = exp[-əŭg/(ɗ2)], ə is the extinction coefficient of the glass cover, ɗ2 the angle refracted beam, 

r  and r// are the perpendicular and parallel components of the incident solar radiation, derived by 

%ÙÌÚÕÌÓɀÚɯÌØÜÈÛÐÖÕÚ [1]. 

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

calculated as following:  

1 exp
p L c

r

c L p

mc U F A
F

A U mc

è øå õ¡
= = - -é ùæ ö

æ öé ùç ÷ê ú

 (3.4) 

where ἂ is the mass flow rate of the working fluid flowing along the riser pipes, cp is the specific 

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

The fin efficiency factor is a characteristic parameter of a solar thermal collector and it is function 

of the geometry of the collector, the thermophysical properties of the material composing the collector 

(e.g. thermal conductance of the welded bond) and the working fluid. It is calculated by eq. (3.5) as 

following:  

( )( )( ) ( ) ( )
1 11

1
' L

L b i wf

U
F

W U D W D F C D hp
- --

=
è ø+ - + +
é ùê ú

 (3.5) 

where W is the distance between the riser pipes, D is the outer diameter of the riser pipes, F is the 

collector efficiency factor, Cb is the bond conductance, Di is the inner diameter of the riser pipes, and 

hwf 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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bond bond

b

bond

k W
C

d
=  (3.6) 

where kbond is thermal conductivity of the welded bond, Wbond is the width of the welded bond, and 

ŭbond is the thickness of the welded bond. 

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

( )( )
( )

tanh 2

2

m W D
F

m W D

Ö -
=

Ö -
 (3.7) 

where kp is the thermal conductivity of the absorber plate and, ŭp 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: 

¶ Qloss,t heat loss through the glass cover. 

¶ Qloss,e heat loss through the edge. 

¶ Qloss,b heat loss through the bottom. 

The model calculates these thermal losses, by means of the following equation: 

( )loss c L p ambQ A U T T= -  (3.8) 

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

the absorber plate. The overall heat loss coefficient can be expressed as: 

L t b eU U U U= + + (3.9) 

where Ut is the heat loss coefficient of the top surface of the collector, Ub is the heat loss coefficient 

of the bottom surface of the collector and, Ue is the heat loss coefficient of edge surface. 

In order to assess the above-defined heat loss coefficients, the developed model considers different 

calculation procedure based on the thermal network depicted in Fig. 3.3. 

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

L t b eU U U U= + + (3.10) 

where hc,amb-g is the convective heat transfer coefficient between the ambient and the glass cover, 

hr,sky-g is the linearized radiative heat transfer coefficient between the sky and the glass cover, hc,g-p is 

the convective heat transfer coefficient between the glass cover and the absorber plate and, hr,g-p 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 (hr,sky-g and hr,g-p) are linearized and 

can be calculated by means of eqs.(3.11)-(3.12): 

( )( )2 2
,r sky g g sky g sky gh T T T Te s- = + +  (3.11) 

( )( )2 2

,
1 1 1

g p g p

r g p
g p

T T T T
h

s

e e
-

+ +
=

+ -
 (3.12) 

where Ůg is the emissivity of the glass cover, Ϧ is the Stefan-Boltzmann constant, Tsky is temperature of 

the sky, Tg is the temperature of the glass cover and, Ůp is the emissivity of the absorber plate. Note 

that, in the developed model the emissivity of the glass cover is considered the same for both the faces. 

Note also that, the sky temperature is considered equal to 0.0552·Tamb1.5 for clear sky condition  [215] or 

equal to Tamb for cloudy sky  [216]. 

Regarding the convective heat transfer coefficient between the glass cover and the ambient, the 

,ÐÛÊÏÌÓÓɀÚɯÊÖÙÙÌÓÈÛÐÖÕ [217] is taken into account: 

0.6

, 0.4

8.6 wind
c g amb

c

w
h

L
-

Ö
 (3.13) 

where wwind is the wind speed and, Lc is the length of the collector. 

The natural convection between the glass cover and the absorber plate is assessed as following: 

,

gas

c p g

g p

Nu k
h

L
-

-

Ö
=  (3.14) 

where kgas is the conductance of the air inside the air-gap spacing considered at a medium temperature 

between the glass cover and the absorber plate, Lg-p is the distance between absorber plate and the 

glass cover and Nu ÐÚɯÛÏÌɯ-ÜÚÚÌÓÛɀÚɯÕÜÔÉÌÙɯÊÈÓÊÜÓÈÛÌËɯÉàɯÔÌÈÕÚɯÖÍɯ'ÖÓÓÈÕËɀÚɯÌØÜÈÛÐÖÕ [218], as 

follows:  
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 (3.15) 

where Ra is the Rayleigh number, and ɓ 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 hc,g-p is void and replaced 

with the following:  

vacuum gas pillarsh h h= +  (3.16) 

where hgas is the heat transfer coefficient due to the residual gas into the gap spacing and hpillars 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: 

( ) ( )

1

21

11 4

p g gas gas

gas gas

gasp g g p g

R
h p

M T T

u u g

gu u u p

è ø è øè øÖ +
é ù é ù= Ö Ö Öé ù

-+ - +é ù é ùé ùê úê ú ê ú

 (3.17) 

2

2 glass

pillars

k r
h

d

Ö Ö
=  (3.18) 

where ɡp and ɡg are the accommodation coefficients for the absorber plate and the glass cover, ɔgas 

is the heat capacity ratio of the residual gas into the gap spacing, R is the gas constant, M is the 

molecular weight of the residual gas and, pgas is the pressure inside the gap spacing. 

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

1

,

1
b b,ins

c edge amb

U 2 R
h

-

-

å õ
= Ö +æ ö
æ ö
ç ÷

 (3.19) 

where Rb,ins is the conductive resistance of the bottom edge, hc,edge-amb is the convective heat transfer 

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

follow ing: 

,

2

b ins

b,ins

ins

R
k

d
=  (3.20) 

where ŭb,ins is the thickness of the insulation wrapped the bottom edge and kins is the thermal 

conductivity of the insulation. Note that, in eq. (5-19), due to the small thickness and the high thermal 

conductivity of the edge, the resistance of the steel edge is neglected. 

The heat loss coefficient of the side edge is calculated as following: 
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 (3.21) 

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

,

2

e ins

e,ins

ins

R
k

d
=  (3.22) 

where ŭe,ins is the thickness of the insulation wrapped the side edge. 

 

3.3. Sensitivity analysis  methodology  

The main issue during the optimization of a typical FPC are due to several factors that need to be 

considered, such as the number of parameters to be estimated, the solution method or to the 

optimization method to find the parameter values. To assure that the feature 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. 3.4. 

 

Fig. 3.4. Sensitivity analysis:  methodology . 

This is based on the above-described mathematical model suitable implemented in a tool in MatLab 
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sensitivity analysis in which a significant representative set of samples is used with the aim of 

explor ing the whole of the design space. 

Two different objective functions are taken into account: i) maximizing the thermal efficiency; ii) 

maximizing the working fluid outlet temperature. During the sensitivity analysis, all the considered 

parameters are altered simultaneously, allowing for the  simultaneous assessment of the relative 
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contribution of each individual parameter on the two considered objective function, as well as the 

interactions between the parameters. The first step is the initialization of parameters because the 

optimal solution  depends mostly on initial guesses of parameters. Among all the features 

characterizing the FPC performance, twelve effective parameters are selected and summarized in 

Table 3.2. In addition, the variables assumed to be constant are shown in Table 3.3 according to the 

ISO 9806:2017 [219]. By adopting the valu es shown in Table 3.2, the sensitivity analysis continues with 

the definition of samples. The sampling procedure is based on the Sobol sequence. It is a quasi-random 

sequence that is able of producing multiple set of parameters that cover the considered 

multidimensional space. Each sample can be expressed as following: 

[ ]1 2 12, ,...,x x x x=  (3.23) 

where x  is a generic set of parameters, and x1, x2, é, x12 are the single parameters composing the 

generic sample. 

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

Parameter Symbol  Minimum  Maximum  Initial  Un it  Step size 

back insulation thickness ŭb,ins 2.0 6.0 5.0 cm D  

edge insulation thickness ŭe,ins 2.0 6.0 3.0 cm D   

gas used - atm. air, vacuum atm. air - D  

glass cover emissivity Ůg 0.06 0.98 0.84 - C 

glass cover thickness ŭg 4.0 8.0 4.0 mm D   

glass extinction coefficient ə 4.0 32 16 m-1 D   

mass flow ἂ 0.010 0.090 0.033 kg/s D   

number of riser pipes Npipes 7 11 8 - C 

plate - glass cover gap Lg-p 4.0 8.0 5.0 cm D   

plate absorbance Ŭp 0.50 0.99 0.90 - C 

plate emissivity  Ůp 0.06 0.98 0.84 - C 

plate thermal conductivity  kp 60 385 385 W/(m·K)  D   

D = discretized C = continuous 

Table 3.3. Input variables.  

Parameter  Symbol  Value  Unit  

fluid input temperature  Twf,in 45 °C 

ambient air temperature  Tamb 20 °C 

incident solar radiation  Gtot 1000 W/m 2 

wind velocity  wwind 3.0 m/s 

collector slope ɓ 45 ° 

radiation incident angle  ɗ 0 ° 

sky condition  Clear sky 

insulation thermal conductivity  kins 0.035 W/(m·͋Ⱥ 

glass refractive index ï 1.526  ɬ 

bond thermal conductivity  kb 195 W/(m·͋Ⱥ 

bond with back bb 1 mm 

bond thickness sb 1 mm 

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

function, a statistical analysis based on Pearson correlation coefficient [220] is considered. Such 



Chapter 3 - Solar thermal collectors 

 

 

41 

correlation (Ϥ) indicates the linear correlation between each parameter (x1, x2ȮɯȱȮɯß12) and the objective 

function and it is calculated as following:  

( )
,

cov ,

i

i

i

x Obj

x Obj

x Obj
r

s s
=

Ö
 (3.24) 

where Obj is the objective function, cov is the covariance, ůxi is the standard deviation of the i -th x 

variable, and ůObj is the standard deviation of the objective function. Note that, Ϥ is an a-dimensional 

number that ranges between -1 and +1. It represents how strong the correlation between the xi variable 

and Obj is: when ɟ 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 ca rry out the optimization by 

selecting the main effective variables (Ĕx ) with the strongest correlations to the considered Obj. At this 

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

Ĕmax ( )Obj f x=  (3.25) 

 

3.4. Structural analysis  results  

Thus, with the aim of assessing the vacuum level that the solar thermal collector is able to stand, 

a structural analysis is conducted. By adopting Ansys R18.1 software, the optimum thickness of both 

glass cover and absorber plat is assessed. 

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

 

Fig. 3.5. Mesh for structural analysis: ÈËÈ×ÛÐÝÌɯÚÐáÌɯÞÐÛÏɯÈɯÊÏÈÙÈÊÛÌÙÐÚÛÐÊɯÚÐáÌɯÖÍɯƕȭƛƚƘɇ10-4 mm. 

2×ÌÊÐÍÐÊÈÓÓàȮɯÈÕɯÈËÈ×ÛÐÝÌɯÎÌÖÔÌÛÙàɯÞÐÛÏɯÈɯÔÈßÐÔÜÔɯÊÏÈÙÈÊÛÌÙÐÚÛÐÊɯÚÐáÌɯÖÍɯƕȭƛƚƘɇƕƔ-4 mm is considered. 

Such size is selected as trade-off between the required computational time for a single simulation and 



Chapter 3 - Solar thermal collectors 

 

42 

results reliability.  In the following figures (Fig. 3.6 - Fig. 3.7) the main findings of the structural 

analysis for both the absorber plate and the glass cover, are shown. These results are referring to a 

glass thickness of 8.0 mm and an absorber plate thickness of 0.5 mm. 

 

 

 

Fig. 3.6. Total deformation for the absorber plate and the edge (for low , medium, and high -vacuum). 
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Fig. 3.7. Total deformation for the glass cover (for low , medium, and high -vacuum). 

In Table 3.4, for each vacuum level, the mechanical stress (Ϧmax) and the corresponding 

deformation (Ϙmax) are reported. Here, it is possible to evaluate the vacuum quality level allowed by 

the selected thickness (i.e. 8.00 mm for the glass cover and 0.50 mm for the absorber plate). 

For the selected design structure, it is possible to stand a medium vacuum (10-3 mbar) by admitting 

a deformation of 1.1 10-3 mm.  
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Table 3.4. Mechanical stress and deformation for each vacuum level. 

Vacuum quality  Pressure Ϧmax Ϙmax 
 [mbar]  [MPa] [mm]  

Low  
102 ƚȭƛɇƕƔ-6 ƜȭƗɇƕƔ-6 

101 ƖȭƗɇƕƔ-5 ƖȭƕɇƕƔ-5 

Medium  

100 ƜȭƖɇƕƔ-4 ƙȭƛɇƕƔ-4 

10-1 ƙȭƘɇƕƔ-3 ƘȭƗɇƕƔ-3 

10-2 ƘȭƖɇƕƔ-2 ƕȭƜɇƕƔ-2 

10-3 ƚȭƜɇƕƔ-1 ƕȭƕɇƕƔ-1 

High  

10-4 ƔȭƜɇƕƔ0 ƔȭƗɇƕƔ0 

10-5 ƕȭƙɇƕƔ2 ƕȭƛɇƕƔ1 

10-6 ƛȭƖɇƕƔ3 ƕȭƔɇƕƔ2 
*Boundary conditions Tamb = 20°C, Gtot = 800 W/m2 Tmax,absorber ǽɯƖƘƔȘ" 

 

3.5. Sensitivity and optimization results  

In order to show the potential of the developed model, a typical FPC is considered as a reference 

case. The model will be first applied on the typical FPC described previously in Section 2.1. By 

considering the initial values characterizing the reference FPC, a sensitivity analysis on the twelve 

selected parameters (list in Table 3.2) will be presented. The effectiveness of each parameter on the 

two considered objective functions will be described. This will be followed by an optimization on the 

main six parameters (detected at the end of the sensitivity analysis) that show the stronger correlation 

with the considered objective functions. Next, two 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 3.2. A 

number of 577 samples are taken into account, and for each set of parameters, x , the thermal 

efficiency and the working fluid outlet temperature are assessed.  

In Fig. 3.8, the correlation between the absorbance of the absorber plate and the thermal efficiency 

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

As can be seen, the higher the absorbance of the absorber plate, the higher the thermal efficiency 

of the FPC. This result is not obvious without the sensitivity analysis, because the considered 

sensitivity analysis takes into account the simultaneous variations of all the considered parameters 

allowing the assessment of the relative contribution of each individual parameter on the objective 

functions. Thus, such analysis is able to discover hidden correlations between different parameters. 

In fact, such hidden correlations cannot be assessed with a simple parametric analysis. However, the 

trend of the thermal efficiency with the absorbance plate can be expressed with a linear equation (Ϛth 

= 0.70·ϔp ɬ 0.11, depicted in the Fig. 3.8) with a coefficient of determination equal to 0.76. Note that, 

among all the investigated parameters, the absorbance of the absorber plate is the most effective one 

that affect the thermal efficiency, with a Pearson correlation coefficient, Ϥ(ϔp, Ϛth), equal to 0.87. 

In Fig. 3.9 the correlation between the emissivity of the glass cover and the thermal efficiency is 

shown. By comparing Fig. 3.8 and Fig. 3.9, a different trend for the emissivity of the glass cover is 

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

 

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 temper ature is shown. 

 

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 

(Twf,out = 34.45·ẏ-0.124) with a coefficient of determination equal to 0.77. By means of the sensitivity 

analysis, the mass flow rate has a Pearson correlation coefficient, ɟ(ἂ, Twf,out), equal to -0.76. By 

referring to  Fig. 3.8, Fig. 3.9, and Fig. 3.10, same analyses could be conducted for the remaining 

parameters (listed in Table 3.2), but for sake of brevity only the most representative ones are shown. 

Specifically, for all the considered parameters, the correlation between them and the considered 

objective functions can be assessed by means of Fig. 3.11 and Fig. 3.12. 

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

objective function are shown. 

 

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, ɟ(kp, ɖth), of 0.14. Vice versa, the parameters located to the left of the vertical axis have a 

negative effect on the considered objective function. In this case, the objective function decreases with 

the increase of the value of the parameter. 

As can be observed in Fig. 3.11, the parameters with the higher effect on the efficiency of the solar 

collector are: the absorbance of the absorber plate, glass cover emissivity, glass cover extinction 

coefficient and, gas used into the gap spacing. Specifically, the first and the fourth parameters have a 

strong positive effect on the thermal efficiency whereas the other two mentioned parameters have a 

strong negative one. 

From Fig. 3.12, it can be seen that the parameters with the higher effect on the working fluid  

temperature are: the mass flow rate, the absorbance of the absorber, the emissivity of the absorber 

plate and, the glass cover extinction coefficient. Additionally, it is shown that the first,  third and fourth 

parameters have a strong negative effect on the working fluid temperature whereas the second one 

has a strong positive effect. 

Optimization  analysis  results 

Referring to the tornado plots shown in Fig. 3.11 and Fig. 3.12, six parameters (the first four for 

the efficiency and the other, not in common, two for the working fluid outlet temperature) are selected 

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

Parameter Symbol  Minimum  Maximum  Unit  

Gas used - atmospheric air, vacuum - 

Glass extinction coefficient ə 4 32 m-1 

Glass cover emissivity Ůg 0.06 0.98 - 

Mass flow rate ἂ 0.010 0.090 kg/s 

Plate absorbance Ŭp 0.50 0.99 - 

Plate emissivity Ůp 0.06 0.98 - 

The goal of the optimization analysis is to find out the set of parameters ( Ĕx ), that are able to 

maximize the two considered objective functions, defined as follow:  

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

ii)  maximize the working fluid outlet temperature, max(Twf, out) = f ( ĔTx ) (Optimized (2)).  

In order to evaluate the sets of parameters that maximize the thermal efficiency ( Ĕthx ) and the 

working fluid outlet temperature ( ĔTx ), many attempts were considered during the optimization 

procedure. Such attempts are shown in Fig. 3.13 and Fig. 3.14: fifty -one and fifty -three iterations been 

needed for obtaining the required sets (for thermal efficiency and the working fluid outlet 

temperature, respectively). Note that, between each iteration many sets of variables are evaluated. 

In Fig. 3.13 is clearly visible that after nineteen iterations and four steps, the code is able to detect 

the set of parameters that maximize the thermal efficiency, however the remaining thirty -two 

iterations have been needed in order to check and compare the best set with the other available. More 

complicated has been the detection of the set of variable able to maximize the working fluid outlet 

temperature. As can be observed from Fig. 3.14, thirty -eight iterations and seven steps has been 

needed. The other fifteen iterations have been needed in order to check and compare the best set with 

the other available, as done for the thermal efficiency. 

 

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 3.6, the calculated sets of variables are shown. 

Table 3.6. Features of traditional vs. optimized FPCs. 

Parameter (symbol) Unit  Typical  Optimized (1)  

( Ĕthx ) 

Optimized (2)  

( ĔTx ) 

ɟ(xi, ɖth) ɟ(xi, ɖth) 

gas used (-) - atmospheric air Vacuum 0.19 0.08 

glass extinction coefficient (ϝ) m-1 16.0 4.0 4.0 -0.21 -0.11 

glass cover emissivity (Ϙg) - 0.8400 0.0607 0.0602 -0.29 -0.08 

mass flow rate (ẏ) kg/s 0.0330 0.0897 0.0100 0.03 -0.76 

plate absorbance (ϔp) - 0.9000 0.9494 0.9499 0.87 0.35 

plate emissivity (Ϙp) - 0.850 0.0609 0.0609 -.0.12 -0.13 

As expected, the optimized FPCs are characterized by vacuum with gas used into the gap spacing. 

Note that, the gap spacing for the vacuum solution, is considered at a pressure of 0.01 Pa. In addition, 

it is possible to see that the parameter that changes more from the first to the second optimized FPC 

is the mass flow rate: a mass flow rate of 0.0897 kg/s is required for maximizing the thermal efficiency 

whereas 0.0100 kg/s is needed for maximizing the working fluid outlet temperature. Such a high 

variation  is in accordance to Fig. 3.11 and Fig. 3.12. In fact, the mass flow rate is the only parameter 

that has a positive correlation  for thermal efficiency (ɟ(ἂ, ɖth) equal to 0.03) and negative one for the 

working fluid outlet temperature( ɟ(ἂ, Twf,out) equal to -0.76). The other five parameters considered in 

the optimization have the same effectiveness with different weight on  the two objective functions (see 

last two columns of  Table 3.6).  

The different values of the glass extinction factor, 16.0 m-1 for the typical FPC and 4.0 m-1 led to the 

calculation of different optical features, as reported in  Table 3.7. Such results are calculated by eq.(3.3). 

Due to enhancement of glass cover extinction coefficient (from 16.0 m-1 for the typical collector to 4.0 

m-1 for the optimized  ones) an increase of the transmittance of the glass cover from 0.859 to 0.902, 

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

Parameter Unit  Typical  Optimized (1) - (2) 

Űg - 0.859 0.902 

Ŭg - 0.062 0.016 

ɟg - 0.079 0.082 

Furthermore, another enhancement for the glass cover was achieved by the decrease of the 

emissivity of the glass cover, from 0.850 to 0.0609. Such improvements led to the decrease of the 

thermal loss related to the top and, consequentially, to the overall thermal loss, as shown in Table 3.8.  

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

coefficient are achieved: 

i) heat loss coefficient of the top surface from 5.947 W/(m2·K) for the typical FPC to 0.227 and 0.243 

W/(m 2·K) for the first and second optimized FPC (around 96.16 and 95.9%. 

ii)  overall heat loss coefficient from 7.678 W/(m2·K) for the typical FPC to 1.958 and 1.974 W/(m2·K) 

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

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

Parameter Unit  Typical  Optimized (1)  Optimized (2)  

Twl, out °C 52.4 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/(m 2·K) 0.663 0.663 0.663 

Ue W/(m 2·K) 1.068 1.068 1.068 

ɖ - 0.463 0.749 0.718 

ɖ0 =  Fr(ŰŬ)n - 0.622 0.797 0.763 

a1 = FrUL W/(m 2·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 of the working fluid outlet temperature, from 52.4 to 82.6°C (around 57.6%) is achieved.  
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Note that, due to the quite similar behaviour (in terms of Pearson correlation) of the six optimized 

parameters, the effects of the enhanced parameters, on the thermal efficiency, are quite similar for 

both the optimized FPCs. In fact, for the second optimized FPC, the thermal efficiency is increased 

from 0.463 of the typical FPC to 0.718. Such a thermal efficiency is comparable to that of the first 

optimized FPC (0.749). In fact, they differ only by 0.031 (around 4.1%). By comparing the two 

optimized FPCs, it is clearly visible that their thermal efficiencies are comparable whereas the working 

fluid outlet temperature are considerably different. For such a reason , the best optimized FPC is the 

second one. The characteristic curves of the three investigated FPCs are shown in Fig. 3.15. 

 

Fig. 3.15. Thermal efficiency curves for the traditional vs. optimized FPC . 

Here it is possible to see the trends of the characteristic curves of the investigated FPCs. The three 

FPCs show substantial differences in terms of optical and thermal losses. The optical losses can be 

assessed by considerding the Fr(ŰŬ)n parameter: the higher Fr(ŰŬ)n the lower the optical losses. As 

expected, the highest optical losses are detected for the typical (non-optimized) FPC whereas the 

lowest are observed for the first optimized FPC. Furthermore, the same happens for the thermal 

losses: the highest thermal losses (as already seen in Table 3.8) are detected for the typical collector 

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

 

3.6. High vacuum solar thermal collector: Tank_v.2  

This section focuses on the design of an innovative high-vacuum solar thermal collector  produced 

by TVP solar company, for which a novel dynamic simulation model is suitably developed in order 

to investigate its energy performance under different operating conditions. The main novelty of this 

solar thermal collector is the capability of storing hot water with no need for any additional storage 

tank. In fact, thanks to the high-vacuum space between the glass cover and the absorber plate, the 

convective thermal losses are almost nullified. In this way, it is possible to store hot water into the 
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solar thermal collector without the use of a hot water storage tank. The prototype is tested under 

different operating conditions and the experimental data are used to validate the presented simulation 

model. 

 

3.6.1. Prototype description  

The novel high-vacuum solar thermal collector prototype consists of eight steel pipes of 95.0 mm 

diameter, and 1860 mm length, suitably painted with a solar coating utilized for increasing the ir  

absorbance. These pipes are suitably welded  in order to shape a serpentine working as absorber. A 

volume of 130 l is available for storing hot water. A vacuum space of 110 mm between the glass cover 

and the absorber plate is considered. Here, a high vacuum (almost 10-8 mbar) is made for  insulating 

the absorber and avoiding the convective thermal losses. In order to stand the vacuum and avoid a 

collapse of the glass cover on the absorber plate, 189 pillars  (e.g. 9 rows of 21 pillars) of 110 mm length 

and 5.2 mm diameter are welded on the edge. The cross-section of the solar thermal collector is shown 

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

 

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

 

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

 

3.6.2. Mathematical model  

The dynamic simulation model of the innovative high -vacuum solar thermal collector is based on 

a finite volume approach for the numerical solution of the three -dimensional heat conduction. A set 

of suitable equations is obtained for each node of the adopted thermal resistance-capacitance (RC) 

network, including conductive, radiative and convective heat transfer occurring within and through 
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the high-vacuum solar thermal collector. This set of equations was implemented in a suitable tool 

developed in MatLab environment. A sketch of the considered discretization system and the relative 

RC thermal network are shown in Fig. 3.18 and Fig. 3.19, respectively. Note that, for  the sake of 

brevity, the thermal network is depicted for  only  one absorber pipe. Note also that, the thermal 

behaviour of each absorber pipe is affected by the adjacent ones, which is considered in the developed 

model.  

 

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

 

Fig. 3.19. RC thermal network . 

To calculate the water temperature gradient along the absorber pipes, both the absorber and the 

water volume are discretised in capacitive nodes to model their  thermal inertia . A two -dimensional 

Cartesian coordinate (x-y) system is considered. Differently from the  absorber pipes and water 

volume , the glass cover and the edge are discretized in only one capacitive node (see the two-

dimensional Cartesian coordinate (y-z) in Fig. 3.18). 

The glass cover temperature is calculated as: 
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where Cg is the thermal capacity of the glass cover, Tg is the glass cover temperature, dɗ is the 

infinitesimal delta time, Ŭg is the absorbance of the glass cover, Ag is the surface of the glass cover, Gtot 

is the global irradiance, Ңg is the emissivity of the glass cover, ů is the Stefan-Boltzmann constant, Tsky, 

is the sky temperature, hc, a-g is the convective heat transfer coefficient between the glass cover and the 

ambient air, Tamb is the ambient air temperature, i is the i-th node in which the absorber is discretized, 

N is the number of the absorber pipe nodes, Tp,i  is the i-th absorber pipe node temperature, Fg-p,i is the 

view factor between the glass cover and the i-th absorber pipe node, Ap,i is the surface of the i-th 

absorber pipe, Ңp is the emissivity of the absorber, Tc is the case temperature, Fg-e is the view factor 

between the glass cover and the case, Ңc is the emissivity of the case. Note that, in eq.(3.26) the 

convective heat transfer between the glass cover and the air in the gas cavity is intentionally neglected 

because of the high-vacuum level (i.e. 10-8 mbar). 

Considering the i-th absorber pipe node, its temperature is calculated as: 
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where Cp,i is the thermal capacity of the i-th absorber pipe node, Űg is the transmittance coefficient of 

the glass cover, Ŭp is the absorbance of the absorber pipes, Uw is the global transmittance between the 

i-th water volume and the i -th pipe node, Tw,i is the i-th water volume temperature,  Fp,i -g is the view 

factor between the glass cover and the absorber pipe node, Fp,i-c is the view factor between the case 

and the absorber pipe node, j is the j-th adjacent absorber pipe node, and K is the number of adjacent 

absorber pipe nodes. 

Regarding the edge, the temperature is assessed as follows: 
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where Cc is the thermal capacity of the case, Ŭc is the absorbance of the case, Ac is the surface of the 

case, hc, a-e is the convective heat transfer coefficient between the case and the ambient air, and Fc-g, is 

the view factor between the glass cover and the case. 

Considering the i-th water volume node, its temperature is calculated as: 
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where Cw is the thermal capacity of the water volume, ἂw is the water mass flow rate, cp,w is the specific 

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

 

3.6.3. Experimental analysis 

A suitable experimental setup is built and tested  in A ugust 2019 in the weather zone of Avellino 

(Italy ). This period of the year has been selected as a suitable one for testing this technology. In fact, 

in August, the weather zone of Avellino is characterized by high solar irradiation (e.g. with a peak 

valeu about 900 W/m2) and quite low  ambient air temperature during the night  time. This occurrence 

is needed for assessing the effectiveness of the vacuum insulation and the relative  water drop 

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

 

Fig. 3.20. Test bench. 
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Here, with the aim of measuring the boundary conditions that affect the performance  of the high-

vacuum solar thermal collector, the following instruments are  utilized : 

i) an anemometer (AM -4222; speed range: 0.4 - 30.0 m/s; temperature range: 0 - 50°C; 

accuracy: ± 1%) for measuring the wind speed; 

ii)  a pyranometer (Kipp and Zonen CM11) for assessing the incident solor radiation ; 

iii)  a termoygrometer for evaluating both the temperature and relative humidity  of the 

ambient air. 

In Fig. 3.21 the placement of the adopted instruments for testing the high -vacuum solar thermal 

collector is reported. Specifically, four  PT100 thermocouples, two  T-Type thermocouples, one flow 

transmitter , and one manometer are connected through a compact Rio. With reference to Fig. 3.21, the 

following  measurements are obtained: 

i) water flow temperature at the outlet (Twater outlet) and inlet (Twater inlet) of the high-vacuum 

solar thermal collector , points a and b; 

ii)  water flow temperature in the middle of the first ( Tf right) and last (Tf left) pipe of the high -

vacuum solar thermal collector, points c and d; 

iii)  glass cover temperature (Tglass), point e; 

iv)  case temperature (Tcase), point f;  

v) mass flow rate (flow transmitter) at the inlet of the hig-vacuum solar thermal collector ;  

vi)  water pressure (P) at the outlet of the hig h-vacuum solar thermal collector . 
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Fig. 3.21. Experimental setup: instruments arrangement. 

 

3.6.4. Experimental validation  

The results of the conducted experimental analyses and the relative experimental validation, for 

the aforementioned configurations, are reported in this section. The developed dynamic simulation 

model is validated against the experimental data. The validat ion process consists of comparing the 

measured parameters against the calculated ones, relative to the: i) water flow temperature at the 

middle of the first absorber pipe ( Tf right); ii) water flow temperature at the middle of the last absorber 

pipe (Tf right); iii) glass cover temperature (Tglass); iv) case temperature (Tcase). In order to assess these 

parameters, the simulation model requires as input data the: i) ambient air temperature ( Tamb); ii) 

incident solar radiation ( Gtot); and iii ) wind velocity ( wwind). 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 l) and no mass flow rate from and to the 

outside was adopted. Such a circumstance was selected for assessing the temperature drop during the 

night.  The validation procedure is carried out for  a week. Nevertheless, for the sake of brevity, one 

significant day is here discussed and shown hereinafter. The experimental measurements with the 

relative gathered data are summarised in Fig. 3.22. In addition, boundary conditions are reporte d in 

Fig. 3.23. 
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Fig. 3.22. Experimental data. 

 

Fig. 3.23. Boundary conditions.  

Here it is possible to detect a maximum water temperature around 74°C (15th 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 12th hour  with maximum solar radiation of 951 W/m 2). This 

occurs because of the high-vacuum system and the capability of storing hot water by strongly limiting 

the convective heat losses. Furthermore, the trend of the temperature changes around 16th hour.  Here, 

the heat losses are higher than the collected heat. By analysing Fig. 3.22, a temperature drops around 

1.6°C/h (from 64°C recorded at 20th hour to 48°C detected at 30th hour) is achieved. Such a result is 

achieved by combining  two technologies: i) high-vacuum level ; ii) solar coating. In fact, as above 

described, thanks to the high-vacuum adoption, during the night the only thermal losses are the one 

due to the radiative heat exchange between the absorber pipes and the sky. These thermal losses are 

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

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

temperature at the middle of the first (Tf right) and last (Tf left) pipe are shown. 

 

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, Tf right exp is well fitted by Tf right exp whereas a higher 

discrepancy for the Tf left is observed. This circumstance is due to the different location between the 

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

experimental setup (i.e. located in the opposite side of the building, see Fig. 3.21).  

 

Fig. 3.25. Case (left) and glass cover (right) temperature comparisons: experimental vs. simulated. 

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

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

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

solar thermal collector so the simulated temperature are quite higher than the measured one.  
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In Fig. 3.25, the comparison between the simulated and the experimental data of both the case 

(Tcase) and the glass cover (Tglass) temperatures are shown. 

A very good agreement is observed between simulated and measured results for both the case and 

glass cover temperatures. Specifically, acceptable errors are achieved for all the investigated 

parameters.  

In Fig. 3.26 the comparison between all the experimental and simulated temperatures is reported.  

 

Fig. 3.26. Experimental (left) and simulated (right) temperatures comparisons. 

By analysing the experimental working fluid temperature trends ( Tright exp and Tleft exp), an intersection 

of the two temperatures is detected around 19th hour. Such circumstance is due to a malfunction of 

the pressure valve at the outlet of the high-vacuum thermal collector. Here, a mixing between the cold 

water (coming from the outer pipes) and the water inside the left side of the solar thermal collector 

occurs. In this way, a sensible reduction of the Tleft exp occurs. In fact, by comparing the simulated 

working fluid temperature trends ( Tright sim and Tleft sim), with the experimental ones (Tright exp and Tleft 

exp), it is possible to assert that if the pressure valve works without any malfunction, the two 

considered tempeartures drop with the same gradient (without any intersection, as reported in Fig. 

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

 

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

following equations:  

sim,z mea,z

sim,z mea,z

sim,z

1
ME = T -T

Z

T -T1
MPE = 100

T

z

zZ

Ö

Ö Ö

ä

ä

 (3.30) 

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

error of 5.67%. 

 

3.7. Conclusions  

As 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 of standard flat -plate solar thermal collector technology. A sensitivity analysis 

is also carried out with the twofold aim of identifying the main parameters and to find out which of 

them have the greatest influence on the performance of the investigated technology. The sensitivity 

analysis is based on twelve parameters and 577 samples were generated with the Sobol sequence. 

Based on the results provided by the sensitivity analysis, an optimization was conducted. The aim of 

the presented optimization was to maximize two objective functions: i) thermal efficiency, ii) working 

 

-5.0% 

+5.0% 



Chapter 3 - Solar thermal collectors 

 

62 

fluid outlet temperature.  Two optimized flat -plate solar thermal collectors characterized by a high 

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

parameters on thermal efficiency and working fluid outlet temperature are presented. Characteristic 

curves for the three investigated flat -plate solar thermal collector were assessed and shown as well. 

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

and absorber plate thicknesses.  

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

¶ 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.  

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

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

The second part of the chapter is dedicated to an innovative high-vacuum solar thermal collector. 

Such a system is adopted for both collect and store thermal energy. In fact, by means of suitable 

vacuum space, the convective thermal losses are avoided. In this way, it is possible to store thermal 

energy without the adoption of a hot water storage tank. In this chapter, a 3 -D dynamic simulation 

model able to assess the energy performance of such a system is introduced. Here, the model is 

validated by comparing the experimental data with the simulated one. A very good agreement 

between the simulated and experimental data is achieved. 

  



Chapter 3 - Solar thermal collectors 

 

 

63 

  



Chapter 3 - Solar thermal collectors 

 

64 

 



 

65 

 

 

 

 

CHAPTER  4 

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 the climate, simulations are performed for different weather zones.  

 

4.1. Aim of the work and content of the chapter  

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

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

¶ 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. 

 

Fig. 4.1. Synoptic block diagram . 

4.2.1. Prototype features 

The novel PV/T prototype consists of a commercial polycrystalline silicon PV module coupled to 

a low-cost air-based heat extraction system. Seven hexagonal air ducts are built with two overlapped 

galvanized corrugated steel sheets typically used for roofing  (Fig. 4.2). 
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Fig. 4.2. a) PV panel top view b) PV/T collector cross-sectional view. 

Table 4.1. Main features of PV/T prototype.  

Symbol  Value  Unit  Description  

l
PV

 1.64 m PV module length  

w
PV

 0.99 m PV module width  

t
PV

 40.0 mm PV module thickness 

A
PV

 1.62 m2 PV module gross area 

Ů
PV

 0.87 - emissivity of PV module  

Ŭ 0.905 - absorption coefficient of prototype  
t
ins

 90.0 mm insulation thickness  

Ů
ins

 0.23 - emissivity of insulation panel  

c
ins

 1340 J/(kg·K) specific heat capacity of insulation 

k
ins

 0.035 W/(m·K) thermal conductivity of insulation  

t
duct

 1.28 m duct length  

w
duct

 67.0 mm duct width (horizontal)  

ɝ
duct

 0.05 mm duct roughness 

s
duct

 46.0 mm duct width (oblique)  

t
duct

 22.0 mm duct thickness 

A
duct

 65.7 cm2 Cross-section area 

d
duct

 80.0 mm distance between ducts 

c
duct

 470 J/(kg·K) specific heat capacity steel sheet 

d
duct

 52.0 W/(m·K) thermal conductivity of steel sheet  

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

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

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

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

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

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

in order to reduce radiation losses to the environment  (Fig. 4.3d). 3ÏÜÚȮɯÈÕɯÈÓÜÔÐÕÐáÌËɯ,àÓÈÙɚɯÚÏÌÌÛɯ

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

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

Reflective coating of the back of the panel. 

 

4.2.2. Mathematical modelling  

The performance of the novel PV/T prototype is investigated both numerically and 

experimentally and the numerical solution results are compared with experimental data for validation 

purposes. The developed mathematical model is based on Hottel -Whillier -Bliss equations, used to 

calculate temperatures of the PV cells and the outlet air of the heat extraction system [45]. The main 

assumptions of the developed mathematical model are: 

¶ steady state conditions; 

¶ negligible temp erature gradients around ducts; 

¶ thermal and radiative properties of materials invariable with temperature;  

¶ negligible entry regions effects (xduct/Deq ǽɯƘȭƘɇRe1/6) and fully developed turbulent flow;  

¶ negligible temperature drops through the cover;  

¶ the sky is considered as a blackbody for the long-wavelength radiation and an equivalent sky 

temperature is modelled;  

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

¶ negligible dust and shading effects on the panel; 

¶ constant air speed into the ducts. 

Photovoltaic/thermal model  

The thermal performance of the PV/T collector is affected by different system design parameters 

ba

dc
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and operating conditions. The PV/T prototype  is assumed to be represented as a flat-plate collector 

with a single unglazed sheet composed of the PV panel working as an absorber. In terms of energy 

balance on the PV module node, the PV operating temperature (T
PV

) is calculated as: 

( )

( ) ( )
( )

( ), , , , , ,

tot out amb rad sky el u lossPV

PV

out PV out rad PV out out PV out rad PV out PV out PV out rad PV out

G h T h T P Q Q
T

h h h h A h h

ta

- - - - - -

+ + +
= - -

+ + +
 (4.1) 

where G
tot

 is the total incident solar radiation,  (ŰŬ)
PV

 is the product between the solar transmittance 

and the absorbance of the PV panel, h
out,PV-out

 is the convective heat transfer coefficient between the PV 

cells and the outdoor air, h
rad,PV-out

 is the linearized radiative heat transfer coefficient between the PV 

panel and the sky ( )( )( )2 2

,rad PV out PV PV sky PV Skyh T T T Te s- = + + , T
amb

 is the ambient temperature, T
Sky

 is the 

effective sky temperature, P
el
 is the gross electrical power production of the PV/T collector, Qu is the 

useful collected heat, and Qloss is the heat loss from the PV/T system to the ambient. 

The useful heat Qu absorbed by the PV/T panel and transferred to the heat transfer fluid is 

calculated as [45]: 

( ) ( )totu PV R PV k k ambPV
k

Q A F G U T Tta hè øè ø= - - -ê ú
é ùê ú

ä  (4.2) 

where F
R
 is the heat removal factor representing the ratio between the actual and the useful energy 

gain of the collector [221], ɖ
PV

 is the electrical efficiency of the PV panel, U
k
 is the heat loss coefficient 

between the k-th PV/T component (front of the PV panel and the back of the system) and the ambient 

(the heat loss related to the edge surface is neglected due to its small surface), and T
k
 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 

( )

( )
0.430 1  100/

1

1
3

1 1

1 0.967
5.91 10

1

PV

rad

PV

PVout
PV amb

PV PV out

PV
PV

T

h
U

fhT TC h
T f

e
e e

e

-

-
-

+

å õ
æ ö
æ ö
= + +æ ö + -è ø-è øæ ö + Ö Ö +é ùé ùæ ö ê ú+ê úç ÷

 (4.3) 

1
1ins air

back

ins air out

t t
U

k k h

-

å õ
= + +æ ö
ç ÷

 (4.4) 

where f and C are two mathematical operator functions of h
out,PV-out

, h
rad, PV-out

, Ů
PV

 and the tilt angle of 

the PV/T collector [222], k
air

 and t
air

 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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1 exp
p PV L

R

PV L p

m c A U F
F

A U m c

Ö ¡è øå õ
= - -é ùæ ö

Öé ùç ÷ê ú

 (4.5) 

where ἂ is the mass air flow rate, c
p
 is the specific heat of the flowing air, D

eq,out
 and D

eq,in 
are the 

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

efficiency factor defined as: 

( )

( )( ) ( ) ( )

1

1 11

, , ,

L

duct L eq out duct eq out b eq in air

U
F

d U D d D F C D hp

-

- --

¡=
è ø+ - + +
ê ú

 (4.6) 

The electrical (ɖ
PV

), thermal efficiency (ɖ
th
), and the global efficiency are calculated as [224]: 

( )
( )

/

L in amb

th R PV T

tot

U T T
F

G
h ta

è ø-
= -é ù
ê ú

 (4.7) 

( )0 1PV PV NOCTT Th h bè ø= - -ê ú (4.8) 

u el

tot

tot PV

Q P

G A
h

+
=  (4.9) 

where ɖ
0
 is the nominal electrical efficiency at the nominal operating cell temperature ( T

NOCT
), ɓ is a 

temperature coefficient , and Pel is the gross electricity production . Once the thermal and electrical 

efficiencies are assessed, in order to compute the thermal and electricity gain of the PV/T system, the 

outlet air temperature of the PV/T system (T
out

) is calculated as: 

u

out in

p

Q
T T

m c
= +  (4.10) 

 

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
el
) of the 

prototype is obtained by:  

,el el tot in PVP G Ah=  (4.11) 

where G
tot,in

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

field, the amount of produced electricity is calculated as:  

, ,

1

el field el j

j

P P
W

=

=ä  (4.12) 

where ɋ is the number of the PV/T collectors composing the solar field. The electricity production 



Chapter 4 - Photovoltaics/thermal collectors 

 

 

71 

of the PV/T system can be directly used to supply the compressor electric motor of a heat pump (HP) 

for building space heating, whereas the air heated by the PV/T collectors can be used to supply the 

HP evaporator (increasing its performance) [58, 225, 226]. This way, the electricity powering the fans 

of the heat extraction system is provided from the PV  [92]. The electric power necessary for the fans 

can be calculated as: 

 

V
el fans

fans

p
P

h

ÖD
=  (4.13) 

where V is the volumetric air flow rate, ȹp is the pressure drop along the ducts and ɖ
fans

 is the fan 

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

The amount of the air flow rate circulating into the PV/T solar field is calculated as: 

,

1

N

field air j

j

m m
=

=ä  (4.14) 

where N is the number of collectors connected in parallel. 

The mass and energy balance necessary to assess the temperature of the supplied air to the HP 

evaporator (THP/PVT) are: 

HP ext fieldm m m= +  (4.15) 

( ) 

/

field out field HP field amb

HP PVT

HP

m T m m T
T

m

+ -
=  (4.16) 

where ἂ
field

 is the mass air flow rate from the solar field, ἂ
HP

 is the air flow rate requir ed by the 

HP evaporator, ἂ
ext

 is the ambient air flow rate, T
out field

 is the outlet air temperature from the solar 

field, and T
HP/PVT

 is the temperature of the mixed air (due to heated (ἂ
field

) and outdoor (ἂ
ext

) air). 

 

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

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

coefficient of performance (COP), analytically calculated, considering the UNI/TS 11300 [227] (Italian 
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release of ISO EN 13790). The COPHP/PVT of the innovative system configuration is evaluated by 

varying THP/PVT and it is calculated as [228]: 

( )( )
( )/

/

N c c PLR
HP PVT PLR

max c c HP PVT f PLR

COP 4 f
COP 1-0.25 1- 4 f

COP T 0.1 3.6 f

J J

J J J

+D Ö
è ø= Ö Ö Ö Öê ú+D - -D + Ö

 (4.17) 

where COP
N
 and COP

max
 are the coefficients of performance at nominal and maximum conditions, ɗc 

is the heat source temperature, ɗc is the gradient temperature between the heat source and the fluid 

refrigerator in the HP condenser, ɗf is the gradient temperature between the cold source and the fluid 

refrigerator in the HP evaporator, and fPLR is the part load ratio (PLR, ratio between the actual power 

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

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

, /

1 1
el h

N HP ref HP PVT

E Q
COP COP

å õ
D = -æ ö

æ ö
ç ÷

ä  (4.18) 

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

savings (PES), calculated as: 

( ) ( )

( )

, ,  ,  

, ,  

el requirement el to grid el from grid
ref pro

ref el requirement el to grid
ref

E E E
PE

PES
PE E E

+ -
D

= =
+

 (4.19) 

where ȹPE is the yearly PES, PEref is the primary energy required by the reference system, E
el,requirement

 

is the electricity demand for the whole building (heating, cooling and appliances), E
el, to grid

 is the 

electricity sold to the national grid and E
el, from grid

 is the electricity purchased from the grid. In order to 

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, ȹCE; and ii) 

ideal electricity net metering ( all the monthly produced electricity supplied to the grid is delivered to 

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

( ) ( )

( )

,  . ,  . ,  .

, e

el from grid buy kWe el from grid buy kWe el to grid sell kWe
ref pro

el el field kWh

CE E j E j E j

CE E E j

D = Ö - Ö + Ö

¡D = D +

 (4.20) 

where j
buy,kWe

 is the electricity unitary cost and j
sell,kWe 

is the electricity unitary selling price.  

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

avoided CO2 (ȹCO2) emissions are calculated by: 

/ /   and    '
'

PV PV T PV PV TA j A j
SPB SPB

CE CE
= =
D D

 (4.21) 

( )2 , 2el field el COCO E E fD = +D  (4.22) 
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where j
PV/T is the capital cost per square meter of the innovative prototype, and f

CO2
 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/m2y. The monthly distribution of 

solar irradiance on the horizontal  surface for the city of Patras is reported in  Table 4.2 [230]. The 

highest irradiance occurs in June (about 7.2 kWh/m2day), whereas the average of the hot season 

corresponds to the month of May (about 6.0 kWh/m 2day). Therefore, these two months, in which the 

experimental tests are conducted, can be considered as well representative of the summer climate 

conditions of the considered weather zone. 

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

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

kWh/ (m2·day) 2.14 2.75 3.93 4.92 5.99 7.21 7.10 6.27 4.83 3.38 2.11 1.71 

In order to test the prototype performance, different experimental analyses are carried out and 

several parameters are experimentally assessed. Specifically, 11 T-Type thermocouples connected 

through a selector to a thermometer (model Mastech ms8229; range of utilization: -270 - 370°C; 

accuracy ±1.0°C or ±0.75%) are used. With reference to Fig. 4.5 (showing the placement of the 

thermocouples), several temperature measurements are obtained at the: 

i) outlet (T
out

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

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

) and back face (T
PV top,bck

); 

iii)  bottom of PV module front face ( T
PV bot,front

) and back face (T
PV bot,bck

), points d and e; 

iv)  top of the air duct interior face: up -side (T
sheet 1,front

) and down -side (T
sheet 1,bck

), points a, b;  

v) bottom of the air duct interior face: up -side (T
sheet 2,front

) and down -side (T
sheet 2,bck

), points f, h; 

vi)  back of the insulation layer (T
ins

), 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 (ἂ
air

) in the PV/T system and the wind speed are measured. The 

incident solar radiation ( G
tot

) is measured using a Kipp and Zonen CM11 pyranometer (sensitivity: 10 

W/(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 assess the PV panel electricity 
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output, four rheostats with a maximum dissipation of 0.25 W at 70°C are connected to two 

multimeters used for voltage and current measurement. Using these instruments, I -V curves are 

obtained for different outdoor conditions.  

The results of the conducted experimental analyses, for the aforementioned configurations, are 

presented below. Specifically, the prototype characteristic curves relative to electrical (I-V and P-V 

curves) and thermal (ɖ
th
 - ȹT/G curves) performances are shown for several operating conditions . 

 

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

 

Electricity energy performance analysis  

Since the PV module in the tested PV/T prototype is a commercial panel, the electrical efficiency 

is affected by the PV cells operating temperature. In order to assess the PV maximum power point 

(MPP), four rheostats have been used. Several tests are performed to obtain the I -V and P-V curves, 

which are necessary to assess the PV module performance. Considering the PV panel without the heat 

extraction system, the I-V and P-V curves are obtained for different PV temperatures and incident 

solar radiation valu es and are shown in Fig. 4.6. The electrical efficiency as a function of the PV 

temperature is also assessed from the same dataset, as shown in Fig. 4.7. 

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

agreement between the trend line related to the experimental measurements (featured by equation ɖ
el
 

= - 0.0005·T
PV

 + 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. 4.6. I-V and P-V curves for PV/T prototype . 

 

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:  

¶ two air flow rates: 153.7 and 368.9 m3/h (corresponding to 0.0523 and 0.123 kg/s); 

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

¶ different weather conditions: sunny/cloudy and windy/no -windy days.  

For each tilt angle, the stagnation conditions (with no air flow in the ducts) are also investigated. 

All measurements are made while the prototype is tracking the sun. A first analysis is performed by 

varying the  collector tilt angle and the air flow rate . Fig. 4.8a shows the measured thermal efficiencies 

for a flow rate of 153.7 m3/h. The best result is achieved for a tilt angle of 30°, whilst the worst one for 

60° (according to solar path in the investigated latitude and for the considered season of the year). Fig. 

4.8b shows the results relative to the air flow rate of 368.9 m3/h. 

A similar experimental analysis is performed to assess the thermal efficiency of the PV/T 

prototype for the same air flow rates and fixed tilt angle at the optimal value (30°). The obtained 
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results are depicted in Fig. 4.8c. In this case, the best thermal energy efficiency is achieved for a flow 

rate of 368.9 m3/h ranging from 25.8 to 31.5%. In Fig. 4.8d, the influence of the wind on the PV/T 

thermal efficiency is also investigated: no-wind and windy day (average wind speed of 2.57 m/s). In 

case of no-wind condition an increase of the prototype operating tempera ture, with a consequent 

higher ɖth (Fig. 4.8d) and lower ɖel, are achieved. 

 

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

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

 

4.2.4. Experimental validation  

The developed dynamic simulation model is validated against the exp erimental data. The 

validation process consists of comparing the measured parameters against the calculated ones, 

relative to the: i) outlet air temperature ( T
out

); ii) PV panel temperature (T
PV

); and iii) duct temperature 

(T
sheet

). In order to assess these parameters, the simulation model requires as input data the: i) air flow 

rate (ἂ
air

); ii) inlet air temperature ( T
in
); iii) ambient air temperature ( T

amb
); iv) incident solar radiation 

(G
tot

); and v) wind velocity ( w
wind

). The validation procedure is carried out for all the investigated tilt 
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angles and air flow rates. Nevertheless, for the sake of brevity, only few significant results are 

discussed and shown hereinafter (similar outcomes are obtained for the remaining wor king 

conditions). The reported validation results are summarised  in Fig. 4.9 for different air flow rates, 

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

investigated temperature were detected. Such trends can be explained because of the high variability 

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

 

Fig. 4.9. Experimental and simulated, for: a) PV panel temperature  b) outlet air temperature c) duct temperature.  

An agreement is observed between simulated and measured results for the PV front face average 

temperature, the outlet air temperature and the duct interior face temperature. Acceptable errors are 

achieved for all the investigated parameters. The mean percentage errors range from 0.57 to 2.7% for 

T
PV,top,bck

, from 1.9 to 3.5% for T
out

, and from 0.22 to 4.2% for T
sheet 2,bck

. 
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4.2.5. Case study 

A case study analysis has been conducted in order to show the potential of the proposed system 

and of the developed simulation tool. The proposed case study analysis refers to an array of PV/T 

collectors mounted on the tilted roof of a two -floor building, in which a commercial open -space is 

located on the first floor and a single-family house on the second floor (each of 100 m2 of floor area). 

The longitudinal building axis is East ɬWest oriented. The PV/T array consists of 36 PV/T modules (6 

rows × 6 columns), with a total gross area of 58.4 m2. The cost of the single hybrid PV/T system  (jPV/T) 

has been estimated equal to 230 ȥ 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. 

 

Fig. 4.10. Simulated building.  

The building heating and cooling loads and the electricity needs for each floor are calculated by 

means of an in-house dynamic simulation code called DETECt [231, 232]. The heating and cooling set 

points are 20 and 25°C, respectively. A single thermal zone is considered for each building floor. Here, 

internal walls are considered as capacitive and perimeter wall layers include hollow bricks and 

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

Table 4.3. Main features of the building envelope.  

Parameter Value  Unit  Description  

t
wall

 30.0 cm thicknesses of building external walls  

t
ceil

 25.0 cm thicknesses of floor/ceiling 

U
wall

 1.32 W/(m 2·K) U-value of the building external walls  

U
ceil

 1.10 W/(m 2·K) U-value of the floor/ceiling  

Ϟ
bricks

 0.33 W/(m·K)  thermal conductivity of the hollow bricks  

Ϟ
ins,wall

 0.05 W/(m·K)  thermal conductivity of thermal insulation  

Ϥ
bricks

 1600 kg/m 3 density of the hollow bricks  

Ϥ
ins,wall

 13.0 kg/m 3 density of thermal insulation  

c
bricks

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

c
ins,wall

 1100 J/(kg·K) specific heat of the thermal insulation  

ϔ
ext wall

 0.3 - absorbance of the external wall 

 

PV/T solar 

collectors 
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A ventilation rate equal to 1.0 Vol/h and a crowding index of 0.12 person/m2 are considered for 

the commercial space, whereas a ventilation rate equal to 0.5 Vol/h and a crowding index of 0.03 

person/m2 are taken into account for the house space. The considered interior thermal load for people 

is 115 W/p at 20°C and 90 W/p at 25°C. The users electricity needs for appliances (including equipment 

and lighting) follow the schedules reported in  Fig. 4.11. 

 

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

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

simulated: 

i) an innovative system configuration (HP/PVT). The outlet air from PV/T collectors (Fig. 4.10) is 

supplied to the evaporator of the air -to-water HP serving th e commercial space, with the aim of 

increasing its COP (calculated as a function of the occurring temperature and load conditions);  

ii)  a reference case layout (HP). Two conventional air -to-water HPs/chillers provide heating and 

cooling to the commercial and the residential spaces. The building roof depicted in Fig. 4.10 is to 

be considered without PV/T collectors. 

During the summer months for both the commercial space and house, the same chillers are taken 

into account for both the traditional and innovative system layouts. In addition, the considered HP 

for the house heating is supplied by outdoor air in case of both reference and innovative system 

layouts. The HVAC system is switched on from 9:00 to 18:00 for the commercial space, whereas from 

16.00 to 22.00 for the house. Yearly simulations start at 0:00 of January 1st and end at 24:00 of December 

31st. 

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 ( ISRtilted30°), and the 

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

Table 4.4. Simulated weather zones and related climatic indexes. 

City  Country  
HDD  ISR tilted30°  Tmin  Tmax 

[K·d]  [kWh/(m 2·y)] [°C] 

Prague (CZ) 3853 1600 -15.0 30.5 

Freiburg (DE) 3110 1724 -10.8 33.3 

Milan  (IT) 2733 1828 -7.40 32.1 

Bolzano (IT) 2641 1871 -8.80 31.8 

Nice (FR) 1491 2122 1.30 30.2 

Naples (IT) 1479 2139 -1.00 34.3 

Athens (GR) 1060 2100 1.80 37.5 

Limassol (CY) 840 2108 2.90 35.9 

For each weather zone, the size of each HP/chiller (one for each space, i.e. residential and 

commercial) is calculated as a function of the weather conditions. Energy, economic and 

environmental indexes are reported in Table 4.5. Note that for the calculation of the SPB, for the first 

investigated scenario (i.e. standard electricity purchase/selling condition, see Section 2.2.2) a 50% 

capital investment incentive is applied.  

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

Parameter Unit  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 

CO2 conversion factor [kg CO2/kWh e] 0.950 0.624 0.483 0.283 1.149 0.408 

Feed-in tariff  ȻȥɤÒ6Ïe] 0.079 0.100 0.039 0.029 0.073 0.100 

Purchase tariff ȻȥɤÒ6Ïe] 0.188 0.239 0.189 0.168 0.136 0.136 

 

4.3. Results and discussion  

This section includes the description of the solar field and HP design. In addition, details about 

the obtained hourly, monthly and yearly simulation results are provided. For the sake of brevity, 

discussed hourly and monthly results (Sections 4.3.2 and 4.3.3) are relative to the weather zone of 

Naples only, whereas the yearly analysis (Section 4.3.4) includes the discussion of the results obtained 

for all the 8 investigated weather zones. 

 

4.3.1. Solar field and heat pump design  

In order to assess the optimal layout of the PV/T array to be coupled to the air-to-water HP for 

the space heating of the commercial zone, the analysis of the temperature gradient affecting the PV 

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

that of a singular PV/T module).  

Considering PV/T panels connected in series, the electricity produced by each panel and the 

corresponding temperature is shown in  Fig. 4.12a, whereas the thermal power production and the 

temperature of the air flowing into each PV /T module is shown in Fig. 4.12b. These results are 

achieved for an average solar radiation incident on the PV/T collector array of 705 W/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 

PV/T panels in series. In fact, by further increasing the panels in series, the PV and flowing air 

temperatures tend asymptotically to about 41 and 36°C, respectively. As a result, the cooling effect 

obtained 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 

PV/T collectors to an air-to-water HP consists of suppling both the obtained thermal energy and 

electricity to the HP. Therefore, to balance almost all the building electricity demand (HPs/chillers, 

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

account. 

 

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

The performance of the innovative system layout (Fig. 4.4) is assessed by varying the related 

boundary conditions. From the electricity production point of view, in order to avoid an oversized 

solar field, ἂfield has to be lower than ἂHP. To meet this requirement and to simultaneously reach the 

total air flow rate needed by the HP evaporator,  ἂfield is mixed to  outdoor air.  In this case study, 59% 
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of the air flow rate demanded by the HP (ἂHP = 1.26 kg/s) comes from the PV/T array (ἂfield = 0.738 

kg/s). In Table 4.6, the variation of the  outlet air temperature of the PV/T array ( Tout) and the mixed air 

temperature to be supplied to the HP evaporator ( THP/PVT, obtained by mixing 59% of the required air 

flow rate at Tout and the remaining 41% at Tamb) are assessed by varying the outdoor air temperature 

(Tamb, from 0 to 18°C) and the solar radiation (G, from 100 to 1000 W/m2). 

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

HP = 1.26 kg/s). 

Tamb 
G = 100 W/m2 G = 300 W/m2 G = 600 W/m2 G = 900 W/m2 G = 1000 W/m2 

Tout  THP/PVT Tout  THP/PVT Tout  THP/PVT Tout  THP/PVT Tout  THP/PVT 

[°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 23.5 14.2 

2 4.27 3.33 8.79 5.98 15.6 9.94 22.3 13.9 24.5 15.2 

3 5.26 4.33 9.79 6.98 16.5 10.9 23.3 14.9 25.5 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 18.5 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 28.4 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 21.5 15.9 28.2 19.8 30.4 21.1 

9 11.3 10.3 15.8 13.0 22.5 16.9 29.2 20.8 31.4 22.1 

10 12.3 11.3 16.8 14.0 23.5 17.9 30.2 21.8 32.4 23.1 

11 13.3 12.3 17.7 15.0 24.5 18.9 31.1 22.8 33.3 24.1 

12 14.3 13.3 18.7 16.0 25.5 19.9 32.1 23.8 34.3 25.1 

13 15.2 14.3 19.7 16.9 26.4 20.9 33.1 24.8 35.3 26.1 

14 16.2 15.3 20.7 17.9 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 31.4 25.8 38.0 29.7 40.2 31.0 

The obtained values of the COPs HP/PVT of the solar assisted HP, calculated by varying Tamb and G, 

are reported in Fig. 4.13, together with the COPs of a typical HP (COPs ref, which only depends on the 

outdoor temperature).  

 

Fig. 4.13. Commercial space HP: COPHP/PVT and COPref (design conditions)  
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This figure shows the increase of the COPs with respect to the reference case as well as to the 

incident solar radiation level. Supplying the HP evaporator with air flow rate at the THP/PVT 

temperature (Table 4.6), the COPs can even double the reference value. This clearly shows how 

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

 

4.3.2. Hourly analysis  

The calculated hourly heating and cooling loads of the commercial space of the examined building 

are depicted in 

 

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 

PV/T collectors to the HP are also take into account (discussed at Section 4.3.1). 

 

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 29th and 30th, 

and July 1st) and winter (January the 12th, 13th and 14th) sample days are reported.  

 

Fig. 4.15. Outdoor air and incident solar radiation at the first, third and sixth in series PV/T collector in June 29 th and 

30th and in July 1st. 

Concerning the summer analysis, Fig. 4.15 shows the time histories of the outdoor air temperature 

and solar radiation incident on the panels, whereas Fig. 4.16 shows the obtained PV/T collectors outlet 

air and surface temperatures. 

Regarding Fig. 4.16a, the reported temperature profiles are relative to the outlet air from the first, 

third and sixth PV/T collectors connected in series. The maximum temperature is achieved around 

noon (when the highest solar incident radiation occurs), while the maximum working fluid 

temperature (about 20.3°C on June 29th) is achieved at the outlet of the sixth PV/T panel (the last one 

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

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

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

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

PV/T collectors connected in series. 

 

Fig. 4.17. Exhausted heat of the first, third and sixth PV/T collector in June 29th and 30th 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 5028th hour, 

the extracted heat from the first PV/T collector is 625 W with respect to 234 W for the last panel. 

In Fig. 4.18, the electrical efficiency of the system and the electricity production of the first, third 

and sixth PV/T collectors are reported for the same summer sample days. The lower the PV panel 

temperature, the higher the related electrical efficiencies and produced electricity. For the considered 

case study, a slight decrease in the electrical efficiency is detected between the first and the sixth PV/T 

panels connected in series (in Fig. 4.18 a maximum loss of about 5% is observed at the 5028th hour). 

 

Fig. 4.18. Electrical efficiency and produced electricity of the first, third and sixth PV/T collector in June 29 th and 30th 

and July 1st. 

Shifting to the winter days, the time series of outdoor air temperatures and incident solar 

radiat ions 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 th-

14th. 

 

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

collector in January 12th-14th. 

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

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

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

The average thermal efficiency range between 20 and 40% shifting from the sixth to the first 

collector. The thermal power obtained from each collector in winter, is significantly lower than the 

corresponding thermal power obtained in summer. In Fig. 4.21b, for the same winter hours, the 

system electrical efficiency and the electricity production of the third and sixth PV/T collectors are 

reported. With respect to the summer results (Fig. 4.18), higher electrical efficiency and lower 

electricity production are obtained.  

In Fig. 4.22, for the same winter sample days, the time histories of the electricity load/need and 

COPs are shown for the HP of the commercial space. Here, the reference case HP electricity power 

need (Pel HP) and COPHP can be compared to the innovative system ones (Pel HP/PVT and COPHP/PVT). A 

remarkable decrease is achieved on the electricity demand of the solar assisted HP (red area in Fig. 

4.22) due to the growth of the related COP compared to the reference system ones. As an example, for 

the coldest winter day (January 14th), the reference case electricity need (Eel,HP) is 3.92 kWh/day, 

whereas for the innovative system layout (Eel,HP/PVT) it is equal to 2.97 kWh/day, with a saving (ͅ$e) of 

0.92 kWh/day (24.2%). Heat pump PLR conditions are taken into account in the system energy 

performance assessment. Specifically, in case of PLR conditions, lower air flow rates su pplied to the 

HP evaporator occur. The lower the PLR the higher the percentage of air heated by the PV/T collectors 

fed to the HP evaporator. Therefore, by decreasing PLR higher temperatures and higher COPs are 

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

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 Eel,demand balanced by the grid (Eel,from 

grid), the electricity production from the PV/T field ( Eel,PVTtot), and the amount of Eel,PVTtot delivered to 

the building ( Eel,from PVT). 

Table 4.7. Whole building e lectricity demand and production in January 12-14th. 

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

[kWh]  [kWh]  [kWh]  [%] [kWh]  [%] 

142.2 95.9 46.3 32.6 74.4 52.3 

For these days, the electricity produced by the PV/T field balance about 32.6% of Eel,demand (about 

46.3 kWh, self-consumption). The remaining amount of electricity is supplied to the building from the 

grid (about 59.9 kWh). It is noteworthy that although the solar collectors produce a significant amount 

of the building electrical demand (about 7 4.4 kWh, corresponding to 52.3% of Eel,demand), because of the 

mismatch between production and demand, a significant amount of PV electricity production is 

exported and sold to the grid (28.1 kWh). 

To better understand the existence of renewable electricity surplus (despite the considerable 

building demand), a daily graph is presented. Specifically, for January 12 -14th, Fig. 4.23 depicts the 

electricity PV/T system production and the electricity demand of the whole building (dark yellow 

area), as well as the electricity needs due to the solar assisted HPs of the commercial space and the 

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

Fig. 4.23 clearly shows that although remarkable building electricity needs are balanced by the 

PV/T collectors production, a significant surplus (exported to the grid) is observed in the central hours 

of the day. 

 

4.3.3. Monthly analysis  

Concerning the building commercial space, Table 4.8 shows the electricity demands for: 

¶ space heating of the reference traditional system (Eel,heating (ref)); 

¶ space heating of the innovative proposed system (Eel,heating (pro)); 

¶ for space cooling (Eel,cooling). 

This table clearly shows that the electricity needs of the solar assisted HP (Eel,heating (pro)) are always 

lower than those of the traditional HP system ( Eel,heating (ref)). Monthly electricity savings range from 

0.30 kWh/month in November to 15.0 kWh/month in January (between 10% in November and 18% in 

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

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

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

[kWh e/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 - - - 

ȹEel 15.0 10.3 2.9 - - - - - - - 0.30 6.1 

ȹEel (%) 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:  

¶ total electricity demand ( Eel,tot); 
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¶ gross produced electricity (Eel,field, computed without the electricity consumption of the PV/T 

fans); 

¶ net produced electricity ( Eel,field,net, computed by subtracting to Eel,field the electricity 

consumption of the PV/T fans); 

¶ electricity purchased from the grid ( Eel,from grid, computed without net metering)  

¶ electricity sold to the grid ( Eel,to grid, computed without net metering).  

Regarding the building electricity demands, only the electricity required by the commercial space 

HP varies by shifting from the reference case to the innovative one. Note that the monthly results are 

obtained by activating the fans of the PV/T collectors just in case of HP use. In Fig. 4.24. this is clearly 

visible during the winter months with Eel,field higher than Eel,field,net. Such an operating strategy, adopted 

for maximizing the yearly overall energy efficiency of the coupled PV/T -HP system, is not considered 

in the above discussed hourly analysis (where the fans are continuously activated in sunny hours for 

cooling purposes). By such a low-consumption strategy, a very small  amount of electricity is required 

by the fans (about 95.3 kWh/year), corresponding to 0.6% of the gross electricity production ( Eel,field is 

equal to 16.2 MWh/year). During the winter season the electricity production of the PV/T field 

balances the building demand (Eel,tot) from 32.9% in January to 55.1% in March; the remaining demand 

is balanced with electricity delive red from the grid ( Eel, from grid). Note that, Eel, from grid is rather low in the 

summer period, since the PV/T field produces a significant amount of building electricity needs. 

Nevertheless, a relevant amount of the electricity from PV/T collectors is sold to the grid ( Eel, to grid), due 

to the mismatch between production and demand . 

 

Fig. 4.24. Monthly electricity fluxes of the innovative system (no net metering) . 
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4.3.4. Yearly analysis 

The discussion of the yearly results is relative to all the 8 investigated weather zones, reported in 

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

heating (Eel, heating), space cooling (Eel, cooling), and appliances (Eel, appliances). 

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

Weather zone 
Eel, heating Eel, cooling Eel, appliances 

[kWh e/y]  [kWh e/y]  [MWh e/y]  

Prague 4578 44 

11.43 

Freiburg  3319 158 

Milan  3105 598 

Bolzano 2904 611 

Nice 734 750 

Naples 829 1000 

Athens  503 1364 

Limassol  460 1406 

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

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

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

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

electricity 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, Eel,fan, 

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

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

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

Weather zone 
Eel, field Eel, field (net) Eel, fan Eel, heating ͅ$el, heating 

[MWh e/y]  [MWh e/y]  [kWh e/y]  [%] [kWh e/y]  [kWh e/y]  [%] 

Prague 11.04 10.84 195 1.76 4467 112 7.04 

Freiburg  12.12 11.94 185 1.53 3224 95 8.05 

Milan  12.70 12.52 174 1.37 2997 107 9.89 

Bolzano 14.00 13.84 157 1.12 2804 100 10.2 

Nice 16.45 16.34 106 0.64 695 39 16.6 

Naples 16.20 16.10 95 0.59 795 34 12.9 

Athens  16.46 16.40 69 0.42 479 24 16.9 

Limassol  19.78 19.72 61 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 Limassol, clearly depends on the climate 

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

zones. 

Table 4.11. Energy, economic and environmental analysis results. 

The higher the HDD of the considered weather zone, the lower the corresponding PES. The maximum 

PES is obtained in Limassol (80%). The table also includes the results of two economic analyses 

relative to a very low -ÊÈ×ÐÛÈÓɯÊÖÚÛɯÖÍɯÛÏÌɯËÌÝÌÓÖ×ÌËɯ/5ɤ3ɯÊÖÓÓÌÊÛÖÙɯ×ÙÖÛÖÛà×ÌɯȹƖƙƔɯȥɤÔ2, corresponding 

ÛÖɯÈɯÎÓÖÉÈÓɯÐÕÝÌÚÛÔÌÕÛɯÖÍɯÈÓÔÖÚÛɯƕƘȭƚɯÒȥȺɯÈÕËɯÛÖɯÛÏÌɯÌÓÌÊÛÙÐcity purchase and feed-in tariffs reported in 

Table 4.5. 

The first analysis refers to the standard electricity purchase/selling scenario (see Section 2.2.2). In 

this case, the yearly ͅ "$ are rather low and a financial contribution on the capital costs of about 50% 

is taken into account for the SPB calculation (only assessed for the innovative system layout). The 

shortest SPBs are obtained for low HDD weather zones. The best result is achieved in Limassol with 

3.22 years, whilst the worst in Prague with 4.81 years (Table 4.11). The second economic analysis refers 

to an ideal electricity net metering scenario (see Section 2.2.2). In this case the yearly (ͅ"$ɀ) are rather 

high and no grant on the capital costs are considered for the calculation of the SPBɀ of the proposed 

system. In this case, the best result is achieved in Naples with 4.79 years and the worst in Prague with 

7.09 years (Table 4.11). InTable 4.11, the ͅ".2 are calculated as a function of the current national 

efficiencies for conventional electricity production and the standard CO 2 conversion factors (Table 

4.5). The obtained values of ͅ ".2 range from 4.64 to 18.9 tCO2/year. 

 

4.4. Conclusions  

In this work, an innovative low -cost flat-plate and air-based PV/T collector prototype is presented. 

Details regarding the system design as well as the construction and experimental setup are provided. 

The prototype is experimentally tested for various ope rating parameters (air flow rate, tilt angle and 

weather conditions).  

Weather zone 
ͅ/$ PES ͅ"$ SPB ͅ"$ɀ 2/!ɀ ͅ".2 

[MWh p/y]  [%] ȻÒȥɤàÌÈÙȼ [year] ȻÒȥɤàÌÈÙȼ [year] [tCO2/year] 

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 
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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. An array of 

PV/T collectors is mounted on the tilted roof of a two -floor building, including a commercial open -

space and a single-family house.  

The air heated by the solar collectors is used to supply an air-to-water heat pump for the 

commercial space heating, whereas the produced electricity is partially self-consumed by the 

building. Different economic scenarios are investigated for the produced 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:  

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

Prague and Limassol, respectively); 

¶ 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;  

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

¶ avoided CO2 emissions ranges from 4.6 to 10.4 tCO2/year (for the weather zone of Nice and 

Prague, respectively); 

¶ SPB period ranges from 3.2 to 4.8 years for the standard electricity purchase/selling scenario, 

and from 5.4 to 7.1 years for the ideal net metering scenario. 

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

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

by considering as objective functions both energy saving and SPB. 
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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:  

¶ 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]; 

¶ a flexible 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 

ÐÕÛÌÎÙÈÛÌËɯÛÌÊÏÕÖÓÖÎÐÌÚɯÈÕËɯÚÛÙÈÛÌÎÐÌÚȮɯÕÌÞɯÌÕÌÙÎàɯÌÍÍÐÊÐÌÕÊàɯÊÖÕÚÛÙÜÊÛÐÖÕɯÔÈÛÌÙÐÈÓÚȮɯÙÌÈÓɯÜÚÌÙÚɀɯ

interaction with the building indoor environmental contro l systems, innovative building plants, 

etc.) [106, 236, 237]. 

 

5.1. Aim of the work and content of the chapter 

In this framework, this chapter presents the results of an empirical validation of an in -house 

developed building simulation model, implemented in a computer tool written in MatLab and called 

DETECt [231]. The presented simulation model has been used by researchers of different backgrounds 

in order to investigate the energy performance of novel building envelope measures and energy 

saving technologies, as well as innovative strategies for the hygrothermal indoor conditions control 

[58, 238-242]. The tool was previously and successfully verified through the results obtained by other 

similar models as well as the above mentioned BESTEST standard procedure, showing low or very 
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low deviations between the obtained simulation results 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-Italy). The overall validation procedure here 

presented resulted more costly (in terms of required time and effort) than the comparative ones 

detailed in references [58, 238-242]. From this point of view this chapter and the included results can 

be considered as the continuation and conclusion of the starting research work reported in reference 

[231]. 

The empirical validation test of DETECt has been also conceived in order to assess the influence 

of building 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, adaptive indoor air conditions controls, etc.). 

Therefore, by such complete tool, energy and economic performance analyses of whole building-plant 

systems can be carried out. 

One of the novelties of this research consists in the development and use of a new dynamic 

simulation tool for assessing the energy performance of new building technologies that are not 

implemented yet or cannot be precisely modelled in the available simulation codes. The use of 

simulation tools is always required to investigate in advance  the energy performance of forthcoming 

themes and applications, as well as future building materials and/or innovative techniques. From this 

point of view, in the recent years DETECt was uninterruptedly refined and updated by the authors 

with new functions  and subroutines, and the related experimental validation has to be considered as 

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

 

5.2. Model description  

5.2.1. Description of the framework and general consideration  

The selection of a BEPS tool highly depends on the trade -off between the accuracy of the 

implemented models and the computing time, whereas t he reliability of simulation results + depends 

on the mathematical models and assumptions made to describe the occurring building physical 

phenomena [122]. Simulation models based on steady state methods neglect the transient effect of 

variables (e.g. thermal inertia) and other sensible assumptions; thus, they are not suitable for the 
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optimal design of the building and its HVAC systems. Conversely, dynamic simulation models are 

capable to track peak loads and are useful to capture thermal effects, providing accurate details on 

how to reduce the energy demand and to improve the thermal comfort of occupants.  Computational 

time is largely dependent on the numerical treatment of the considered structural components. In this 

regard, among physics-based models dealing with the spatial dependency of the thermal behaviour 

of buildings, different modelling approaches can be used, such as: i) zonal method, ii)  thermal 

network, iii)  nodal method, iv) Computational Fluid Dynamics (CFD).  

By the zonal approach, a building is split into different thermal zones  [243], where thermal and 

mass balances are used to determine the occurring temperature distribution.  

Thermal network models are, instead, frequently used because of the related simple and efficient 

approach, wherein the spatial dependency is accounted by distributing resistors and capacitors in 

different spatial directions. Thus, as the method aims to capture the dominant building physics 

behaviours while ignoring nonlinearities (also necessary for the development of building control 

strategies [244, 245]), there is no need to solve partial differential equations, simplifying the 

mathematical model formulation. For example, in some building simulation tools the conduction heat 

transfer is solved by lumping all the building thermal masses in a single node of the considered 

thermal network, avoiding the adoption and the resolution of many partial differential equations  

[246]. Nevertheless, despite of their simplicity, lumped model approaches do not allow one to obtain 

details about the building surfaces temp eratures, necessary for simulating the frequent rapid 

variation of the thermal conditions occurring in buildings as well as for indoor comfort analyses  [247]. 

If the flow field and the spatial domain to be discretized are a priori known, thermal network -based 

models could be preferable than more computationally expensive and complex building thermal ones  

[248]. For this reason, suitable detailed mathematical algorithms / models based on the thermal 

network approach are more and more developed and used to predict the whole building 

thermodynamic behaviour and for analysing the energy performance of building -plant systems [86, 

249-251]. Typically, in order to develop straightforward tools through such approach, only few 

system phenomena are modelled and only the most significant physical aspects occurring in the 

dynamic building thermal behaviour are considered. In order to simulate the building dynamic 

interactions within a reasonable computing time, one -dimensional modelling approaches of heat 

transfer phenomena within the 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 using transfer functions or finite difference methods  [254]. 

Nodal approaches are employed by numerous BEPS tools, widely used in the research community. 

EnergyPlus [69] and TRNSYS [62] are two popular examples. 

Tools based on the CFD approach are characterized by the highest accuracy and by long 

computing time, rather unsuitable to perform yearly simulations at a whole building level [83]. 

The thermal model implemented in DETECt is based on a nodal description of the building 

elements with a one-dimensional modelling of the thermal conduction phenomena (the transverse 

heat transfer is disregarded [255]). With the aim to analyse the effect of the spatial distribution of the 

heat capacity on the heat flux through the building envelope elements, the developed thermal 

network includes a high number of thermal capacitances, following a distributed parameters 

approach [256]. Specifically, in DETECt a transient distributed parameters heat transfer model is 

implemented for allowing accurate simulations of dynamic effects driven by the thermal mass. Such 

method allows one to dynamically calculate the temperature of indoor air and building surfaces, 

necessary for indoor comfort analyses and for simulating the temperature and flux fields of a mono -

zone, multi -zone and multi -story building.  

The developed simulation mode l is implemented in MatLab environment [257], which includes 

built in solvers for differential equations systems and mathematical functions. DETECt is subdivided 

in several sub-models, dedicated to the calculation of different phenomena. All sub -models are 

grouped in a single calculation tool, described in [258], whose simulator scheme is shown in Fig. 5.1. 

A description of the thermal model is provided hereinafter with the aim of showing the mathematical 

approach and algorithms included in DETECt, as well as the model assumptions that primarily 

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

 

5.2.2. Heat flow calculation procedure  

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

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

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

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

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

different thicknesses, isotropic and time -invariant thermo -physical properties (density, specific heat 
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and conductivity) are assumed. By following such assumptions, each n-th sub-layer (ƕɯȀɯÕɯȀɯ-) of each 

m-th building element (ƕɯȀɯÔɯȀɯ,) is modelled by a single uniform temperat ure node including two 

conductive resistances and a single lumped capacitance, as shown in Fig. 5.2. Each m-th building 

element includes two additional surface non-capacitive thermal nodes (n = 0 and n = N+1), considered 

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

 

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 each capacitive n-th node of the m-th 

building element is calculated in each t-th time step as: 
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where T and C are the temperature and thermal capacitance, Rcond is the conductive thermal resistance 

between two nodes, Qrad is the radiative forcing function acting on non -ÊÈ×ÈÊÐÛÐÝÌɯÕÖËÌÚɯȹϖɯǼɯƔɯÐÍɯn = 0 
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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), Qrad
m,0 includes both the 

solar and long wave radiations, while on inner opaque and glazed surfaces (n = N+1), Qrad
N+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: 
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where f is the external surface view factor, Tsky is the sky temperature, Ů is the emissivity of the surface, 

Ŭ is the average spectral absorption factor (calculated through spectral reflectance curves integrated 

across the whole solar range), Gbm accounts for the long-wave radiation exchange on the internal 

surface of the considered thermal zone, I 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 intm, includes the 

solar irradiance reflected by other interior surfaces and it is calculated as: 
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where ɟɠ are the internal surfaces solar reflectivity coefficients, F are the internal surfaces view factors, 

automatically calculated for parallelepipedal structures  [260], I0 is the vector of the solar radiation 

directly received by the interior surfaces. It is worth noting that the coefficients of the Ö( - )
S

I F P  

matrix shown in eq. (5.3) are calculated at the beginning of the simulation, remaining constant at each 

simulation time -step. The long-wave radiation exchange on the internal surfaces of the considered 

thermal zone is assessed through the Gebhart's absorption method [261, 262], and the Gmb generic 

coefficient of the Gebhart's matrix (namely G and consisting of several vectors) is calculated as: 
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where each Gmb is the fraction of the radiation emitted from the interior surface and absorbe d by the 

remaining ones, rLW and eLW are long-wave reflectivity and emissivity coefficients. Note that, G is 

calculated at the beginning of the simulation, remaining constant at each time-step, as it depends on 

surfaces geometry and constant materials thermal properties. 

Note that, in case of outer (n = 0) and inner (n = N + 1) surface non-capacitive nodes, the algebraic 

equation describing the heat transfer is obtained by eq. (5.1) setting the thermal capacitance, Cm,n, to 

zero. In this case, convective resistances can be either set as constant (based on the surface type) or 
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calculated as a function of the surface unitary convection heat transfer coefficients (calculated by 

empirical relationships [231, 239]). Note that, convection heat transfer coefficients can be assumed as 

time variant when the wind velocity is available as input data (from measurements or weather data 

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: 

,
M

m N inin
in gain vent hvacconv

mm 1

T TdT
C Q Q Q

dt R=

-
= + + °ä

,int

 (5.5) 

where Cin is the thermal capacitance of the zone indoor air, and Rconv is the internal convective 

resistance, assessed as a function of the surfaces inclination and flow condition, Qgain, Qvent and Qhvac 

are sensible heat gains, considered as purely convective and, respectively, due to: i) occupants, lights 

and equipment, ii ) infiltration and ventilation, and iii)  sensible heat to be supplied to or to be removed 

from the building space (by an ideal heating and cooling system). Qhvac is required to maintain the 

indoor air at the considered set point temperatures and it is calculated according to a Proportional 

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

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

available in [231, 232]. 

 

5.3. Model validation  

In the following, the results of a suitable empirical validation procedure conducted for assessing 

the DETECt reliability are detailly discussed.  

It is worth noting that DETECt successfully surpassed a previous comparative validation process 

performed by means of the BESTEST standard procedure [101, 102, 123]. This approach includes 

several test cases, organized in diagnostic and qualification (mandatory) series, which allow one to 

analyse the influence of different physical phenomena on the numerical results provided by BEPS 

tools and building energy models 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, window-shading 

devices, infiltration, setback thermostat control, etc.). The BESTEST procedure has been widely 

adopted for assessing the accuracy of a number of building simulation tools capable to perform energy 

analyses [100, 120-122]. Such iterative diagnostic procedure allow codes to be examined over a broad 

range of parametric interactions that cannot be easily considered through experimental analyses [123]. 

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

results achieved by DETECt for the free-floating indoor air temperature and the corresponding 
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heating and cooling requirements are always included within the BESTEST confidence intervals, 

confirming an initial reliability of developed code. More details about the code-to-code validation o f 

DETECt are reported in [232]. 

Furthermore, an additional comparison with two commercial tools (TRNSYS and Energy -Plus) 

was also conducted in order to check the code reliability with respect to different building geometries 

and uses, HVAC activation scheduling, and weather conditions.  The deviation detected between the 

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

 

5.3.1. Empirical validation procedure  

In th is section, details about the design of the experimental setup and the developed analyses are 

reported. Then, a discussion of the results obtained through the carried out empirical validation 

process of DETECt is provided. 

 

Experimental set-up 

The testing facility employed for the validation process of DETECt consists of a real test room 

located in the main building of the cluster hosting the School of Polytechnic and Basic Sciences of the 

University of Naples Federico II, situated in the 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 1955 and 1980, and it consists of lower bodies and a main block of twelve floors (60 m height). 

The real test room is located at the twelfth floor of the main high -rise building, and it corresponds to 

a typical test cell, for its shape and features. 

It is 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 in Fig. 5.3. The window (0.87 m length and 1.18 m height) is made 

of two single (8 mm thickness) glass panels (0.30 m length and 1.18 m height, for 0.6 m2 area and 
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SHGC = 0.78), and the frame (for 0.43 m2 area) is made of a traditional aluminium profile; the average 

U-value = 5.2 W/m2K. 

 

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

The South-East wall, including a wood door (2.10 m height, 0.99 m width, 0.04 m thick), is an 

interior wall, adjacent to a corridor of the above mentioned twelfth floor, whereas the North -East one 

separates the test room from another indoor space in which several machineries are continuously 

switched on (thus a rather high indoor temperature is observed all over the year). A 1.2 m depth 

horizontal overhang is located on the South-West wall. The ceiling is made for 3/5 of its surface of 

concrete and for the remaining part of thermally insulated aluminium sheet, and a similar thermal 

transmittance of such two roofs is observed. 

In order to verify the layer layout of walls, ceiling and floor layers, an investigation of the available 

technical documentation as well as suitable low-invasive endoscopic analyses were carried out. For 

achieving the endoscopic investigation, several 1.5 cm diameter holes were made through the walls 

and the ceiling, as shown in Fig. 5.4. Here, a picture of the adopted endoscope probe (Fig. 5.4, a), the 

autoclaved concrete layer of the South-West and North -West walls (Fig. 5.4, b), the thermal insulation 

material surrounded by steel sheets of the South-West and North -West walls (Fig. 5.4, c), and the air-

gap between the two semi-hollow brick layers of the South -West wall (Fig. 5.4, d), are reported. As a 

result of this analysis, a complete assessment of the test room envelope layout was carried out. 

Specifically, details about the related layers and thermophysical properties were d etected. 

 

  
 

  

 

a) 

b) c) 
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Fig. 5.4. a) Endoscope probe; b) autoclaved concrete layer; c) thermal insulation panel; d) wall air-gap. 

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

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

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

The long-wave emissivity and reflectivity ( eLW and rLW) of the interior surfaces are set to 0.9 and 

0.1, respectively. The solar absorptance coefficients of the interior surfaces (Ŭint) are set to 0.25, whereas 

for the exterior ones (Ŭest) are set to 0.3 (walls) and 0.6 (roof). 

Sensors and instrumentations applied into the test room are: 

¶ Six thermocouples for measuring the internal surfaces temperature of the North -West, North -

East, South-East, South-West walls, ceiling and floor (K -type, model TC Direct 402-805. 

Measuring range: from -250 to 150°C. Accuracy: ±1.0°C or ±0.75%). See Fig. 5.5a. Note that, the 

temperature homogeneity on the surfaces of such test room elements was repeatedly verified by 

means of an infrared thermo-camera (FLIR, model T335. Measuring range: from ɬ20 to 650°C; in 

 b) c) a) d) 

South-West,  

North -West and  

North -East Walls 

Layer 

material  
Thickness  

Thermal  

conductivity  
Density  

Specific  

heat 

Wall thickness 0.19 m, U-value = 0.54 W/m2K [m]  [W/ (m·K)] [kg/m 3] [J/(kg·K)] 

 

Bitumen 0.004 0.2 1075 1000 

Steel 0.0025 36 7700 500 

Thermal insulation  0.05 0.065 44 1458 

Steel 0.0025 36 7700 500 

Thermal insulation  0.05 0.065 44 1458 

Autoclaved cellular 

concrete 
0.05 0.25 800 1000 

Plaster 0.015 0.2 1075 1000 

South-East Wall 
Material  

layer 
Thickness  

Thermal  

conductivity  
Density  

Specific  

Heat 

Wall thickness 0.47 m, U-value = 0.57 W/m2K [m]  [W/ (m·K)] [kg/m 3] [J/(kg·K)] 

 
Plaster 0.015 0.35 750 1000 

Semi-hollow brick  0.20 0.32 1200 840 

Air  0.04 0.27 1.3 1008 

Semi-hollow brick  0.20 0.32 1200 840 

Plaster 0.015 0.35 750 1000 
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3 ranges: -20 to 120°C or 0 to 350°C or 200 to 650°C. Accuracy: ±2°C or 2%. Thermal 

sensitivity/NETD 50 mK at 30°C. IR resolution: 320×240 pixels).  

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

¶ Three thermoresistances for measuring the temperature of internal surfaces of the door and of 

window glass and frame (PT 100, model TC Direct 515-680. Measuring range: from -50 to 150°C. 

Accuracy: ± 0.3°C at 0°C). See Fig. 5.5b. 

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

/ÓÈÛÐÕÜÔɯ ÙÌÚÐÚÛÈÕÊÌɯ ÛÏÌÙÔÖÔÌÛÌÙȮɯ ƕƔƔ͙ȭɯ Ƙ-20 mA output, and 10-30 VDC power supply. 

Temperature measuring range: -40 to 80°C. Accuracy: ±0.15°C or ±0.1%. Hygroscopic polymer 

humidity sensor. 4 -20 mA output. Relative humidity measuring range: from 0 to 100%. Accuracy: 

±1.5% in the range 0-90% and ±2.0% elsewhere. See Fig. 5.5c, right. 

¶ One globe-thermometer for measuring the mean radiant temperature of the test room indoor 

surfaces, with an inside thermocouple (K -type, model TC Direct 402-805. Measuring range: from 

-250 to 150°C. Accuracy: ±1.0°C or ±0.75%). See Fig. 5.5c, 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)  

Floor 
Material  

layer 
Thickness  

Thermal  

conductivity  
Density  

Specific  

heat 

Wall thickness 0.48 m, U-value = 1.40 W/m2K [m]  [W/ (m·K)] [kg/m 3] [J/(kg·K)] 

 

Plaster 0.015 0.35 750 1000 

Hollow block  0.18 0.6 1400 840 

Concrete slab 0.20 1.6 2200 1000 

Mortar bed  0.05 0.9 1800 1000 

Marble 0.03 1.3 2300 840 

Ceiling  
Material  

layer 
Thickness  

Thermal  

conductivity  
Density  

Specific  

heat 

Average U-value = 0.16 W/m2K [m]  [W/ (m·K)] [kg/m 3] [J/(kg·K)] 

Horizontal attic side  

Bitumen 0.02 0.20 1075 1000 

Mortar bed  0.05 0.9 1800 1000 

Concrete slab 0.20 1.6 2200 1000 

Hollow block  0.18 0.6 1400 840 

Tilted aluminium sheet side  

Aluminium  0.002 190 2700 900 

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

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

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

¶ One hygro-thermometer for measuring the outdoor air temperature and humidity (HD 9008 TRR, 

above described), protected by a multi -plate radiation shield. See Fig. 5.6a. 

¶ One pyranometer for measuring the horizontal global incident solar radiation (Delta Ohm, LP 

Pyra 02 AC. First Class pyranometer based on a thermopile sensor. 4-20 mA output. Measuring 

range: 0-2000 W/m2. Operating temperature range: -40-80°C. Sensitivity: 10 µV/W/m 2. 

Impedance: 33-Ƙƙɯȋȭɯ#ÌÝÐÊÌɯ×ÙÖÛÌÊÛÌËɯÉàɯÛÞÖɯÊÖÕÊÌÕÛÙÐÊɯËÖÔÌÚȭɯ2ÌÌɯ Fig. 5.6b and  Fig. 5.6c; 

¶ One pyranometer for measuring the vertical South -West global incident solar radiation (Delta 

Ohm, LP Pyra 08 BL. Second Class pyranometer. 4-20 mA output. Measuring range: 0-2000 W/m2. 

Operating temperature range: -40-80°C. Sensitivity: 15 mV/kW/m 2ȭɯ(Ô×ÌËÈÕÊÌȯɯƙɯȋȭɯ#ÌÝÐÊÌɯ

protected by two concentric domes. Fig. 5.6b and  Fig. 5.6c. 

¶ Two hygro -thermometers for measuring the temperature and humidity boundary conditions 

external to the test cell. One placed in the corridor of the twelfth floor (linked to the South -West 

tests room wall), and the other one at the eleventh floor of the building, in the floor adjacent space 

to the test room (Testo 174H. 2-channel temperature and humidity mini data logger for 

continuous building climate 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. 

  

 

b) c) a) 

   

 

c) b) 

a) 
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All the above described sensors (except Testo 174H devices) were connected to a Compact Rio NI 

9146 data logger (Fig. 5.7), linked through an Ethernet cable to a suitable dedicated PC. Note that the 

Testo 174 H data loggers were synchronized to the Compact Rio in order to obtain simultaneous 

measurement data acquisition. In order to process and convert the logged signals a suitable LabView 

tool was purposely developed. Such computer code was also used for real-time monitoring all the 

measurements of solar radiation, temperature and humidity in and out the test 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 (South-Italy), are considered in the 

succeeding discussion. Note that cold and temperature sunny winter days and hot sunny summer 

days are selected with the aim to test the code capability in simulating the solar radiation effect on the 

thermal behaviour of the test cell. Specifically, they refer to the following sample weeks:  
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¶ from March 23 rd at 12:00 am to March 29th at 11:59 pm (winter climate time); 

¶ from July 1st at 12:00 am to July 7th at 11:59 pm (summer climate time); 

 

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 ( TIN,exp and TOUT,exp, respectively) and the solar 

radiation on the outdoor vertical South -West façade and on the outdoor horizontal roof surface (ITOTver 

and ITOThor, 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 (TIN,exp) peaks are time shifted with respect to 

the outdoor ones (TOUT,exp). This is due to the thermal inertia phenomena of the whole test room 

envelope, as well as to the occurring solar radiation effect through the window, located on the room 

vertical South-West wall (Fig. 5.9, green line). The thermal capacitance effect of the test room envelope 

also softens the TIN,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 façade and on the horizontal roof ɬ Sample winter week: March 23rd - 29th (top) and sample summer one: July 1st 

- 7th (bottom). 

Note that, the occurring indoor conditions dynamically vary according to the climate of the 

considered weather zone. Such result is also visible in Fig. 5.10 which shows, for the same sample 

weeks, the measured time histories of the indoor and outdoor relative humidity ( IʟN,exp and OʟUT,exp, 

respectively), together with those of TIN,exp and TOUT,exp. It is noteworthy to observe that the trend of 

OʟUT,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 ɬ Sample winter week: March 

23rd - 29th (top) and sample summer one: July 1st - 7th (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 TNE,exp is 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 ( TNW,exp and TSW,exp, 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,exp) are weakly variable, accordingly to the related high 

thermal mass of such wall with respect to the other ones. Note that, the twelfth -floor corridor is 

confined on the SW and NE sides by a large glazed surface (Fig. 5.3). Therefore, the TSE,exp time profile 
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is influenced by the correspondent solar radiation (especially during the afternoon), in both winter 

and summer seasons. Specifically, although TSE,exp shows slight fluctuations, a recurring growth is 

observed in afternoon times, especially in case of serene sky conditions. Note that, in the performed 

validation procedure, also the dynamically measured TSE,exp temperatures are inputted in the 

simulation code as boundary conditions.  

 

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 façade and on the horizontal roof ɬ Sample winter week: 

March 23rd - 29th (top) and sample summer one: July 1st - 7th (bottom). 

In Fig. 5.12, a rather different behaviour is observed for the temperature of wooden door, 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 shows the measured temperatures of the floor and ceiling surfaces (Tfloor,exp and Tceiling,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 

Tfloor,exp is always weak whilst the swing of T ceiling,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. 

 

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 façade and on the horizontal roof ɬ Sample winter week: March 23rd - 29th (top) and 

sample summer one: July 1st - 7th (bottom) 

 

5.3.2. Experimental vs. simulated results  

In order to validate DETECt by means of measurements data, the free-floating temperatures 

regime of walls, floor, ceiling, and indoor air obtained by means of dynamic simulations were 

compared to the empirical ones achieved through the described experimental setup. To this aim, test 

room was suitably modelled in DETECt by implementing within the code all the related geometrical 

features and thermophysical properties. In addition, several measured indoor  and outdoor 

environmental variables were assumed as dynamic input data and boundary conditions, such as the: 

¶ global radiation on the outdoor horizontal roof surface, ITOThor, and vertical South-West façade, 

ITOTver. Note that, the global radiation on the vertical North -West façade are calculated starting 
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from the measured global radiation on the outdoor horizontal surface;  

¶ outdoor air temperature, TOUT,exp; 

¶ 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;  

¶ indoor air temperature of th e building space at the eleventh floor. Such temperature was 

implemented as boundary condition of the floor partition;  

¶ internal surface temperature of the North -East wall, TNE,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 2nd. 

The comparison between measured data and DETECt simulation outcomes are reported by 

several graphs depicted from Fig. 5.13 to Fig. 5.19. Here, for both the considered sample winter and 

summer weeks (March 23rd - 29th and July 1st - 7th) the time histories of the simulated indoor air and 

internal surfaces temperatures (red lines) are compared to the corresponding measured data (black 

lines). To this aim, additional lines (red dash and dot ones) are reported in these figures. They are 

obtained by adding and subtracting ± 1.0°C (i.e. the instrument error of the considered thermocouples) 

to the experimental data. Furthermore, a narrower temperature interval given by ± 0.5°C is also 

included (grey band) with the aim to enhance the evaluation of each simulated variable under exam.  

Results for the indoor air temperature ( TIN,sim) 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 (TSE,sim), ceiling (Tceiling,sim), and floor (Tfloor,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 notewor thy 

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.  

 

Fig. 5.13. Indoor air temperature: simulated vs. experimental results (two sample weeks)  

 

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)  

 

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).  

  




















































































































































































































































































