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Abstract

:

Featured Application


The developed En-ActivETICS responds to the growing interest in Building Integrated Photovoltaics. Even for certain limitations, results may have practical applications and effects on the safety and durability of the installation. The proposal to improve the solution through the PCM application is one of the ways to solve the overheating problem in extreme temperatures.




Abstract


The main goal of the paper was to numerically analyse the risk of overheating of the Energy Activated External Thermal Insulation Composite System (En-ActivETICS) as an example of Building Integrated Photovoltaics (BIPV). The analyses were conducted with the coupled power flow method (thermal and electrical) for 20 European cities. All locations were analysed considering the local climate in the context of building performance simulation as well as electricity production. The obtained results allowed for the determination of the risk of overheating, which can influence system durability, accelerated thermal ageing, and overall performance. It was revealed that the risk of overheating above 80 °C is possible in almost all locations; however, the intensity considerably differs between southern and northern Europe. The effect of latent heat storage for better thermal stabilization and overall performance was determined numerically for all locations. Finally, the improved solution with a phase change material (PCM) layer beside the PV panel was proposed individually for specific climatic zones, considering the required heat capacity. The maximum panel temperature for improved En-ActivETICS does not exceed 85 °C for any location.
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1. Introduction


Today, a Building Integrated Photovoltaic (BIPV) installation, mounted on roofs and facades, can be considered as one of the most justified on-site renewable electricity generation technologies. Typical systems of photovoltaics integrated with or applied to building materials were widely analysed and described in the context of simulation and monitoring [1]. Most of the currently used BIPV facade systems are an alteration of various rain screen cladding façades [2], curtain walls [3], spandrel panels [4] or shading systems [5]. Such systems are applied mainly in non-residential and public buildings, playing a representative role. In the case of residential buildings, BIPV mainly takes the form of shingles, slate, tiles or standard modules mounted on the roof [6]. For specific geographical localizations and weather conditions, it was proven that electricity from roof-integrated PV can significantly contribute to the improvement of the overall energy performance by reduction of the annual energy consumption in new [7] and retrofitted houses [8]. Nevertheless, the development of economically viable technology for photovoltaics integrated with external walls is still a challenge [9]. The newly developed PV system integrated with a wall [10] as described and analysed in this article can be considered as a technology for future use in the residential sector, facing the challenges mentioned above.



Energy Activated External Thermal Insulation Composite System (En-ActivETIS) is an easy-to-apply, wall-integrated structure based on the well-known ETICS system used for new buildings and building renovations [11]. Unlike typical ETICS, a flexible photovoltaic is applied instead of the existing cement plaster. Single panels can be combined into sections in different arrangements. The proposed technology is an original solution that combines the benefits of a typical well-insulated wall with a photovoltaic built into the building. The limitations in the design of the system include the total area of the walls as well as the size and configuration of the windows. Corresponding to [12], the problem of overheating has been identified as the cause of the decline in energy conversion efficiency [13], mechanical stresses [14], electrical damage [15] and general degradation of the system [16]. The influence of temperature on the production of electricity from photovoltaics was investigated in different applications. As determined by [17], for a multicrystalline silicon photovoltaic module, 1000 h exposure at 85 °C and 85% relative humidity reduces the average normalized maximum power by 10%. In the case of open-rack panels, such exposure means > 100 years in Munich, 25–50 years in Miami and 6–11 years in Riyadh [18]. Nevertheless, for a poorly ventilated BIPV, the risk of panel overheating is supposed to be significantly higher than in the case of free-standing installations. A subsequent challenge for the insulation layer is the thermal degradation of expanded polystyrene, which is widely used in ETICS. Mehta et al. [19] examined various types of expanded polystyrene and noticed that the polymer spheres collapse when exposed to elevated temperatures around 110–120 °C. Subsequent studies were carried out for expanded graphite polystyrene [20], which is now commonly used in new buildings. It was found that in direct sunlight and temperatures higher than 85 °C, grey polystyrene is destroyed.



As En-ActivETICS is designed as a technological solution without ventilation of the internal surface, there is a high risk of overheating, thermal stresses and mechanical damage in the interstitial joints. One of the main challenges is protection from the possibility of overheating of the external layers (PV panel, adhesive and reinforcing mesh) and the decrease of a large temperature difference between the area covered with standard and activated ETICS. Due to differences in colour and structure of the outer layer, the surfaces may differ significantly in solar absorptivity. One of the ideas of how to stabilize the temperature of a PV panel is to increase the thermal inertia of the layer between it and the thermal insulation [21]. A high latent heat capacity layer consisting of phase change material (PCM) is a promising solution if it is properly sized [22]. The construction of the external PCM layer is a further development of the composite investigated experimentally in the structure of a ventilated façade [23]. Comparison of a cooled and uncooled PV system resulted in the improvement of electrical efficiency obtained experimentally by active cooling up to 12–14% [24]. Therefore, the reason for using PCM integrated with PV is increasing the efficiency of energy conversion [25]. In the case studied here, the PCM layer is devoted to protecting against overheating above extreme temperatures, above 80 °C, which can cause permanent damage to the PV panel. The main challenge was to determine the layer capacity for a daily cycle of energy storage from solar radiation and then check the effectiveness of the proposed solution during the whole year.



In order to consider all physical processes, the proposed model used in the simulation study takes into account the combined heat and power flow on a building element scale. The simulation model of En-ActivETICS was developed using ESP-r software, applying a special material method [26]. The approach to power flow modelling was based on [27], using the WATSUN-PV model to convert solar radiation into electricity [28]. The analysis was performed for 20 designated locations in Europe (five northern, ten central and five southern). Such analysis under different weather conditions allowed for the investigation of the impact of overheating on the overall system performance and underlined the need for protection of the system in extreme weather conditions. The analysis was carried out for a test room with an outer wall partially covered with En-ActivETICS and partially with typical ETICS.




2. En-ActivETICS as a Proposed Solution for Active External Walls


2.1. Construction


While the final En-ActivETICS concept is still under development, three cases were investigated. Compared with the traditional ETICS wall (Figure 1a), in PV-ETICS, the outer part is covered with a flexible photovoltaic module glued directly to the polystyrene (Figure 1b). In En-ActivETICS, an additional layer of PCM is applied under the PV. The internal structure of the wall, the insulation and construction layer are the same in both cases.




2.2. Computational Model


The thermal performance of the three considered wall cases is mainly influenced by the physical processes taking place on the outer surface of the wall. The difference in the thermal behaviour mainly comes from the varied absorptivity of solar radiation, its photoelectric conversion and the ability for thermal energy storage. It can be assumed that external convection and long-wave radiation as well as the processes of heat conduction are the same. The key parameters of the three considered walls are presented in Table 1.



Photovoltaic conversion of solar irradiance incident on the surface of PV cells in ESP-r can be modelled using one of three models: a simple model with constant PV cell efficiency or one-diode circuit models—Kelly’s model and WATSUN-PV model. The last one is characterized by the most comprehensive consideration of cell temperature impact on the energy performance of PV panels. Therefore, the WATSUN-PV model is predominantly used to calculate the PV energy performance [8]. In the presented paper, the WATSUN-PV model was also chosen to model the PV panel performance.



The WATSUN-PV model was implemented into ESP-r and validated in accordance with Mottillo et al. [28] as a consequence of the recommendations of Thevenard [29]. The model considers the impact of PV cell temperature (Tcell) on the main PV panel electrical characteristics—the short-circuit current (Isc) and the open-circuit voltage (Voc)—as is presented in Equations (1) and (2).


   I  s c   =  I  s c ,   r e f      E  T ,   e f f      E  T ,   r e f      [  1 + α  (   T  c e l l   −  T  c e l l , r e f    )   ]   



(1)






   V  o c   =  V  o c ,   r e f    [  1 − γ    (   T  c e l l   −  T  c e l l ,   r e f    )   ]    m a x  {     0      1 + β   l n  (     E  T , e f f      E  T , r e f      )       }   



(2)




where




	
Isc,ref—short-circuit current in reference conditions [A]



	
Voc,ref—open-circuit voltage in reference conditions [V]



	
ET,eff—effective irradiance incident on the surface of PV cells [W/m2]



	
ET,ref—irradiance incident on the surface of PV cells in reference conditions, ET,ref = 1000 W/m2



	
Tcell—PV cell temperature [°C]



	
Tcell,ref—PV cell temperature in reference conditions, Tcell,ref = 25 °C



	
α—temperature coefficient of Isc [1/°C]



	
γ—temperature coefficient of Voc [1/°C]



	
β—irradiance coefficient of Voc [-]








In the WATSUN-PV model, the maximum power of the PV panel, Pmp, depends on the short-circuit current and open-circuit voltage, as given by Equation (3):


   P  m p   =  I  m p ,   r e f      V  m p . r e f      (     I  s c      V  o c      I  s c , r e f      V  o c , r e f      )   



(3)




where



	
Imp,ref—maximum power point current in reference conditions [A]



	
Vmp,ref—maximum power point voltage in reference conditions [V]






The model of heat transfer with latent heat storage adopted for this study was previously validated [30]. The investigated case was very similar when the PCM layer was semi-exposed to the external environment. Through the definition of the special material properties, latent heat storage is estimated based on the effective heat capacity method [31]. The apparent heat capacity method using the Crank–Nicolson explicit scheme was applied (i.e., the heat capacity was calculated from the node temperature at the previous time step). Despite the highly non-linear dependence of heat capacity and temperature, this function can be substituted by a linear one:


   C  e f f    ( T )  = a T + b         f o r      T M  < T <  T S   



(4)




where



	
Ceff—effective heat capacity [J/kg K]



	
TM—melting temperature [°C]



	
TS—solidification temperature [°C]






All three considered cases (ETICS, PV-ETICS and En-ActivETICS; see Figure 1) were modelled in ESP-r [32] as multilayer constructions. The latter two cases of the external surface represent the PV modules. In all cases, the southern orientation of the wall was considered with a ground albedo of 0.2. Calculations were carried out for the whole year using a 5 min time step.




2.3. Climate


The analyses were carried out for 20 selected locations in Europe (5 in the north, 10 in the centre and 5 in the south). The 12 cities on the list were chosen as cities in the countries that revealed the highest share of the ETICS market. Moreover, due to the high accessibility of solar energy and its conversion, En-ActivETICS is also popular in 3 southern countries (Spain, Italy, Portugal), where typical ETICS is not useful. In addition, to enable the introduction of En-ActivETICS to new markets, 5 more locations in northern and central Europe were tested. All selected locations are listed alphabetically in Table 2. Locations not selected based on the ETICS market potential were additionally marked with the ne symbol. Two Köppen-Geiger climate classes are given for each location. The first one represents the classification of the photovoltaic climate, K-G-P [33], while the second one corresponds to the climates developed for simulation analysis of buildings, K-G-S [34].



Most cities selected for the analysis were classified as Dfb—a cold climate without a dry season and with a warm summer, based on the K-G-S classification. Other identified classes for the analysed locations are Dfc (cold climate without a dry season and with a cold summer), Cfb (temperate climate without a dry season and with a warm summer), Csa (temperate climate with a dry and hot summer) and Bsk (dry and cold steppe climate).



Taking into account the indicators for the K-G-P photovoltaic climate, most locations were classified as DM—temperate with medium irradiation. Scandinavian locations were classified as EL—cold with low irradiation—except for Stockholm, which was classified as DL—temperate with low irradiation. Cities on the Iberian Peninsula were classified as DH—temperate with high irradiation—while Geneva was on the border with EM—cold with moderate radiation.



Figure 2 shows the locations of 20 cities in Europe. For the numerical simulation, hourly data according to the TMY standard [35] (EnergyPlus Weather Data) was used. The statistical analysis of the ambient temperature and solar irradiation for all 20 locations was performed. Comprehensive data is shown in Figure 3 and Figure 4.



The analysis of the ambient temperature is shown in Figure 3. The minimum (Tmin) and maximum (Tmax) temperatures were determined for each location. Additionally, the minimum (TminDA) and maximum (TmaxDA) average daily temperatures are presented. Moreover, the average daily difference of ambient temperature (TADD) is given.



The second parameter that significantly affects the surface temperature is solar radiation. The climatic data were processed to calculate the maximum daily sum (Emax), and the daily sum of the total solar irradiance on the horizontal surface (EDA) was averaged.



Comparison of the temperatures shown in Figure 3 revealed that the maximum ambient temperatures occur in Madrid (above 40 °C). Madrid has the largest daily difference in ambient temperatures (over 12 K). In 5 cities in Scandinavia and Eastern Europe (Minsk, Tallinn, Helsinki, Bergen and Stockholm), the maximum temperature does not reach 30 °C. Cities with the highest extreme temperatures also have maximum daily average temperatures. Minimum temperatures were recorded for Scandinavian cities but also for central Europe (Debrecen, Bucharest and Bratislava). For passive cooling systems working on a 24 h cycle, the key parameter is the temperature difference between daytime and nighttime (TAAD). The highest values of TAAD were noted in Madrid and Bucharest (above 10 K). The minimum value was registered in Bergen (below 5 K).



In locations with the highest values of maximum ambient temperature, solar radiation is also very high, giving the highest values of the average daily sum of solar energy available on a horizontal surface (Figure 4). Southern locations in Europe are characterized by the maximum sum of solar radiation on the horizontal plane. The lowest values were recorded for Scandinavian cities.



The highest values of EDA index were observed for the cities characterized by the highest values of maximum ambient temperature and high solar radiation (Figure 4). The lowest values were observed for Nordic cities, while the highest were for southern cities.





3. Initial Investigations and Problem Definition


This study is devoted to identifying the overheating problem of PV-ETICS during use in different climatic conditions across Europe. The study described in Section 2 (see Figure 3) shows the differences in weather parameters, mainly in the intensity of solar radiation. The initial thermal analyses show that, for selected locations, the thermal behaviour of ETICS and PV-ETICS was determined using a simulation technique. The results of extreme temperatures for both systems are presented in Figure 5. It can be noted that the temperature of traditional ETICS does not exceed 60 °C. On the other hand, the peak temperature of PV-ETICS, which is covered on the outside by a dark PV layer, is over 80 °C for all locations. For some specific cities like Rome, Bucharest and Madrid, the value is well above 90 °C. It can be concluded that there is a risk of overheating, causing possible destruction of PV panels and limits to service life. Therefore, eliminating this risk is crucial to the proper design of En-ActivETICS, which is the modification of PV-ETICS by PCM application. One of the justified solutions is the implementation of a PCM layer on the inner side of PV panel. The size and material properties of this layer should be initially determined based on the results from, e.g., numerical simulation. The following three-step approach is proposed:



Step 1—Determination of the daily average and maximum amount of absorbed solar energy to be stored in the PCM layer:




	
determination of the amount of solar energy received by the panel when the temperature is above 80 °C;



	
determination of the amount of energy converted into electricity;



	
determination of the daily sum of solar energy converted into heat.








Step 2—Determination of required the amount of phase change material as well as the total weight and thickness of the layer.



Step 3—Investigation of the effect of latent heat storage on the temperature of the PV panel through calculation the values of t80 (number of overheating hours when temperature is above 80 °C) and DH80 (degree hours of overheating above 80 °C) for ETICS and En-ActivETICS.




4. Results and Discussion


The first step in the PCM layer design was calculation of the amount of solar energy that needs to be stored. For this purpose, the solar energy incident on the façade was calculated during the time when the PV panel temperature exceeds 80 °C. Using a temperature-dependent model of electricity generation, the values of energy production were calculated. The obtained results were also correlated with the instantaneous values of PV panel temperature, and the values representative of temperatures above 80 °C were used for further analysis. It was assumed that part of the solar energy incident on the façade will be transferred into electricity, while the rest will be transferred into thermal energy, causing the PV temperature rise. Since the overheating of the panels above 80 °C is destructive, it was assumed that the PCM layer should be designed to store this excess energy. Calculation of the average annual productivity of the flexible PV panels used with ETICS revealed that this productivity is at the level of approximately 5%, which means that 95% of the solar energy affecting the façade should be stored (Figure 6). The values of the amount of energy that should be stored in the PCM layer significantly varied for the selected locations. For 13 locations, the values of energy did not exceed 20 kW h/m2/a, while four of them had values above 50 kW h/m2/a. The highest need for solar energy storage was registered in Madrid, Lisbon, Rome and Bucharest, which were also characterized by the highest solar irradiance availability at the horizontal surface.



Analysis of the daily values of the amount of solar energy to be absorbed in the PCM layer revealed that for most locations the problem of PV panel overheating lasts for less than 20 days during the year, and despite high maximum values for most of the time, calculated values oscillate on the lower levels (Figure 7). Because of this, it was assumed that the thickness of the PCM layer should be designed for the amount of material needed to absorb the average value of solar energy. The daily values were used in the further analysis to ensure the daily cycle of energy absorption and release (active thermal capacity).



Due to the stated goal of the PCM layer design, which was protection from overheating over 80 °C, suitable paraffin wax was selected. Based on the properties of the selected material (RT80HC)—density of 880 kg/m3, and latent heat of 220 kJ/kg, and a phase change temperature range between 70 °C and 85 °C— the average daily value of the solar energy that should be stored in the material as well as its weight and thickness was calculated (Figure 8). The obtained values of the layer thickness varied from 1.2 cm for Minsk up to 4.4 cm for Madrid. All values were assumed as possible to be applied from a technological point of view and were used in further calculations. It was assumed that PCM will be applied in a shape stabilized layer. In the case of the En-ActivETICS model, the conductivity of PCM was assumed to be constant in both solid and liquid states. The conductivity of the material was 0.14 W/m K, and the material was in a direct thermal contact with the PV panel. The PCM can be used in the form of a metal container, which was proposed by the authors of [10]. The apparent heat capacity was estimated based on the data provided by Rubitherm® (Berlin, Germany) and is described by Equation (5):


   C  e f f    ( T )  = 17 , 600   T − 1 , 302 , 400         f o r      T M  < T <  T S   



(5)







In order to quantitatively assess the effect of the additional layer of PCM, a simulation study was performed for each location, with a designated value of the PCM layer thickness. Two parameters representing the intensity of the PV panel overheating were calculated: the time during which the panel was heated over 80 °C and the degree-hours of overheating above 80 °C (DH80), which reflects how often the temperature was exceeded (Figure 9). Comparison of these values, calculated for the case of PV-ETICS and En-ActivETICS, showed that for almost all locations the problem of overheating above 80 °C was eliminated by the additional layer of PCM, and its thickness was well suited for the climatic conditions. The highest values of t80 and DH80 parameters for En-ActivETICS were obtained for Madrid. Nevertheless, even in this case, the time of overheating was decreased by 85%. For 13 locations, overheating was eliminated, while for the remaining seven locations, the t80 parameter was lower than 5 h.



The final confirmation of the proper design of the PCM layer was done through the comparison of the values of the maximum temperature of the PV panel in the case of PV-ETICS and En-ActivETICS (Figure 10). For all locations, the temperature was significantly decreased (for 15 locations, by more than 9 °C), and for all locations the maximum value did not exceed 85 °C, which proved that the application of the PCM layer was a good solution for the protection of the PV panel from degradation due to overheating.




5. Conclusions


The results of numerical analyses presented in the paper confirmed the risk of destructive overheating, which can appear on PV panels combined with external thermal insulation (PV-ETICS). Regardless of the location within Europe, the potential for electricity generation in the vertical configuration of PV panels is similar. Based on the initial analyses, it was revealed that, regardless of the building location, the temperature of PV elements exceeded 80 °C. Moreover, for some specific locations in the south of Europe, the overheating is much more serious, with temperature above 85 °C, which can cause faster degradation and decrease the overall performance of electricity production over time.



For the improvement of system durability and to protect the panels against the ageing effect caused by temperatures above 85 °C, a modification of the system was proposed. The proposed idea was the thermal activation of the adjacent layer by phase change material application. A dynamic simulation with a coupled power and heat flow model, including latent heat storage, was used. The obtained results show that the amount of PCM that should be applied depends on the location and varies between 1.0 and 4.5 cm. These results seem to be reasonable considering the total weight of the system. On the other hand, the proper design of the PCM layer regarding mechanical stability and thermal performance is a key issue for further investigation. Application of the encapsulated technology will increase the total thickness of the layer, resulting in significant overestimation.



The final analyses for the case with the PCM layer applied in direct thermal contact with the PV panel (EN-ActivETICS) confirmed the correctness of the previous assessment. Due to the latent heat storage of solar energy in peak hours, the maximum temperature does not exceed 85 °C. This condition should lead to the safety and long-term usage of the photovoltaic system. On the other hand, it should be noted that the PCM layer can change its chemical properties over time. Moreover, the tightness of the cover layer is the weakest point of the system, and the risk of material leakage exists. Therefore, the overall thermal performance can change in time, and further full-scale and long-term measurements are necessary to confirm the overall performance of En-ActivETICS.
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Figure 1. Cross-section of the wall covered with (a) ETICS (b) PV-ETICS and (c) En-ActivETICS. 
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Figure 2. Locations of the cities selected for the analysis. 
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Figure 3. Ambient temperature statistics for analysed locations (see Table 2). 
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Figure 4. Solar irradiance availability at the horizontal surface for analysed locations. 
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Figure 5. Maximum values of temperature on the external surface of ETICS and PV-ETICS for analysed locations. 
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Figure 6. Solar energy incident on the façade, calculated as the potential to be absorbed in the PCM layer. 
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Figure 7. Daily maximum and average values of the solar energy to be absorbed in the PCM layer and number of overheating days. 
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Figure 8. Calculated values of the weight and thickness of the needed PCM layer. 
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Figure 9. Calculated values of the t80 and degree hours (DH80) parameters for ETICS and PV-ETICS. 
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Figure 10. Comparison of the maximum values of the PV temperature in the case of PV-ETICS and En-ActivETICS. 
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Table 1. Basic parameters of the three considered cases.
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Parameter

	
ETICS

	
PV-ETICS/En-ActivETICS






	
External surface absorptivity α [-]

	
0.22

	
0.84




	
External surface emissivity ε [-]

	
0.90




	
Thermal transmittance of the wall U [W/(m2 K)]

	
0.15
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Table 2. Analysed locations and Köppen-Geiger classifications.
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	No
	Abbreviation
	Country/City
	K-G-P
	K-G-S





	1
	VNA
	Austria, Vienna
	DM
	Dfb



	2
	MSK
	Belarus, Minsk ne
	EL
	Dfb



	3
	PRG
	Czech Republic, Prague
	DM
	Dfb



	4
	TLN
	Estonia, Tallinn ne
	EL *
	Dfb



	5
	HLS
	Finland, Helsinki
	EL
	Dfb



	6
	PRS
	France, Paris
	DM
	Cfb



	7
	BRN
	Germany, Berlin
	DM
	Dfb



	8
	DBC
	Hungary, Debrecen
	DM
	Dfb



	9
	ROM
	Italy, Rome ne
	DM *
	Csa



	10
	AMS
	Netherlands, Amsterdam ne
	DM
	Cfb



	11
	BRG
	Norway, Bergen
	EL *
	Dfc *



	12
	LDZ
	Poland, Lodz
	DM *
	Dfb



	13
	LSB
	Portugal, Lisbon ne
	DH
	Csa



	14
	BCR
	Romania, Bucharest
	DM
	Cfb *



	15
	BRT
	Slovakia, Bratislava
	DM
	Dfb *



	16
	MDR
	Spain, Madrid ne
	DH *
	Bsk *



	17
	STK
	Sweden, Stockholm
	DL *
	Dfb



	18
	GNV
	Switzerland, Geneva ne
	EM
	Dfc *



	19
	KEV
	Ukraine, Kiev ne
	DM *
	Dfb



	20
	LND
	United Kingdom, London
	DM *
	Cfb







ne additional locations without confirmed ETICS potential. * Cities located close to the boundary of zones.
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