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ABSTRACT
Application of enhanced phase change materials with metal insertion for the thermal control of photovoltaic solar cells and heat storage was investigated numerically for various parameters e.g. metal mass ratio,  solar insolation, enhanced PCM thickness. A one-dimensional numerical investigation was carried out and the results were compared with other enhancement configurations. It is observed that using RT25 as a PCM with metal insertion reduces significantly the solar cell surface temperature to the level of the PV cell reference point. The photovoltaic thermal (PV/T) system with RT25 of thickness 4 cm and metal mass ratio from 30% to 40%  maintains the PV solar cell  at 27 oC for 300 min in the case of aluminum insertion and 720 min  for copper and steel insertions at solar insolation 750 W/m2 and ambient temperature of 23 oC. The thermal performance of  PV/T system with RT25 of 10cm thickness and aluminum mass ratio from 30% to 40% using a typical ambient temperature and solar insolation distributions in summer and winter for 300 north latitude was predicted. The PV solar cell was maintained within the melting range of the PCM through the winter daytime and the first  ten hours in summer daytime. Also, the drop in the electrical conversion efficiency does not exceed 0.6% for  summer daytime with maximum 800 W/m2 solar insolation. The heat stored ratios are  1056  and 734 through a summer and winter daytime, respectively. 
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ملخص البحث:   
من المعروف أن كفاءة الخلايا الشمسية الكهروضوئية والتى هى فى حدود من 11%  إلى 15%  فى ظروف التصميم (25 oC) تتأثر تأثرا كبيرا بتغير درجة حرارة سطح الخلايا الشمسية  خاصة مع تقدم ساعات النهار، في هذا البحث أجريت دراسة عددية للتنبؤ بالاستجابة الزمنية لمنظومة خلية شمسية كهروضوئية ذات خزن حرارى كامن محسن عبارة عن مادة شمعية  بها إضافات معدنية على مدار ساعات النهار ومدى الاستفادة من وجود الخزان الحرارى الكامن المحسن الملاصق لسطح الخلية فى التحكم فى درجة حرارة سطحها بالإضافة الى حساب كمية الحرارة المخزنة فى الوسط الشمعى المحسن  مع مقارنة ما تم التوصل اليه مع نتائج بعض الطرق المستخدمة فى التحكم الحرارى للخلايا الشمسية ، تم محاكاة الخلية الشمسية بشريحة من الألمونيوم ثخانتها 4 مم مع اضافة طبقة شمعية (RT25) ملاصقة لسطح الخلية ، وقد أجريت الدراسة على ثلاث أنواع من الإضافات المعدنية (الألمونيوم،الحديد، النحاس الأحمر) وبنسب مختلفة مع تغير سمك الطبقة الشمعية مع المقارنة بنتائج دراسة الخلية فى حالة عدم وجود مادة شمعية ونتائج بعض الطرق المستخدمة للتحكم فى درجة حرارتها سابقا ، وتم نمذجة الحالة عن طريق دمج معادلات بقاء الطاقة التفاضلية الجزئية أحادية البعد والمعتمدة على الزمن لكل من سطح الخلية والمادة الشمعية المحسنة والسطح الخلفى، تم تحويل المعادلة التفاضلية  إلى معادلات فروق حيث أمكن وضعها فى صورة         Tri-diagonal Matrix وحلها للتنبؤ بتوزيع درجات الحرارة لسطح الخلية والوسط التخزينى الكامن(المادة الشمعية المحسنة) والسطح الخلفى لقيم مختلفة من الإشعاع الشمسى الساقط.
بداية قورنت نتائج محاكاة الخلية كشريحة معدنية من الألمونيوم بسمك 4 مم بنتائج معملية لبحوث سابقة (عند نفس الظروف والخصائص) للوقوف على مصداقية الحل النظرى  حيث وصل سطح الخلية الى حالة الاستقرار الحرارى عند 62.8 oC  بعد  80 min وقد أظهرت المقارنة تطابقا جيدا بين النتائج الحالية والسابقة، أوضحت النتائج بشكل عام أن استخدام  المادة الشمعية RT25 المحسن من خلال الاضافات المعدنية يقلل من درجة حرارة سطح الخلية، وفى حالة استخدام طبقة شمعية بسمك 4 سم مع اضافة معدن الألمونيوم بنسبة من 30%  إلى 40% يحافظ على درجة حرارة سطحها عند 27 oC (أى قرب نقطة التصميم) لفترة 5 ساعات فين حين أن اضافة الحديد أو النحاس الاحمر(بنفس النسب) يخفض درجة الحرارة الى 23 oC  ولفترة تصل الى 12 ساعة وذلك لاشعاع شمسى ثابت 750 W/m2 ودرجة حرارة المحيط 23 oC وسرعة رياح 1m/s  وα=0.91 ، كما أثبتت الدراسة أن أفضل نسبة لاضافة المعدن سواء الألمونيوم أوالحديد أو النحاس الأحمر هى من 30%  إلى 40% من ناحية جودة التحكم فى درجة حرارة الخلية أو كمية الحرارة المخزنة فى الوسط الشمعى المحسن، وأوضحت الدراسة أن تحسين خصائص الشمع RT25 بأضافة الألمونيوم أوالحديد أو النحاس الأحمربالنسبة المذكورة يحافظ على درجة حرارة الخلية قرب نقطة تصميمها مقارنتا بالطرق المعهودة وهى استخدام الزعانف أو الشمع أو كليهما معا، كما تناولت الدراسة تأثير كل من السمك وقيمة الاشعاع الساقط على سطح الخلية وتوزيعات درجة الحرارة خلال المادة الشمعية المحسنة والذى كان منعدما نتيجة إضافة تلك المعادن ذات الموصلية الحرارية العالية والذى خفض من درجة حرارة سطح الخلية قرب نقطة انصهارالشمع  ( 27-26 oC )  وقلل أيضا من الفقد الحرارى من الوسط الشمعى والذى يمكن الاستفادة منه فى عمليات التدفئة،   ثم تناول البحث دراسة أداء خليه مساحتها 1 m2 ذات طبقة شمعية سمكها 10 سم  مع اضافة الألمونيوم بنسبة 40% عند خط عرض   30oشمالا على مدار ساعات النهار حيث كانت اقصى قيمة الاشعاع الشمسى الساقط    800W/m2ودرجة حرارة الجو الابتدائية  24 oC وسرعة الرياح 1 m/s أمكن التحكم فى درجة حرارتها  دون 28 oC على مدار ساعات نهار الشتاء فى حين أمكن التحكم فى درجة الحرارة دون  28 oC لمدة 10 ساعات فى نهار الصيف وبالتالى كان الانخفاض فى كفاءة التحويل الطاقة الشمسية الى طاقة كهربية غير ملحوظ فى نهار الشتاء و0.6% فى ساعات نهار الصيف وكانت نسبة كمية الحرارة المخزنة (كمية الحرارة المخزنة مقسوما على حاصل ضرب كتلة الشمع الصافى فى الطاقة الكامنة للانصهار) هى 1056 فى نهار الصيف و 734 فى نهار الشتاء.
1. INTRODUCTION 

The continuous increase in the level of energy demand and the climb in fuel prices are the main driving force behind efforts to more effectively utilize various sources of renewable energy. Direct solar radiation is considered to be one of the most prospective sources of energy. Photovoltaic (PV) solar cells  utilize a small fraction of the incident solar radiation to produce electricity. The reminder is turned mainly into waste heat in the cells, the substrate raising temperature and hence the efficiency of the module drops. Since the demands of both solar heat and solar electricity are often supplementary, it seems a logical idea to develop a device that can comply with both demands. Wong et al. [1] applied  semi-transparent PV for residential application using the results of field  measurements. 
With appropriate optimization measures, the semi-transparent PV top light with 50% radiation transmission rate contributes to a maximum of 5.3% reduction in heating and cooling energy consumption compared with a conventional roof building PV  solar cells. In the aspect of total energy consumption, net energy savings in the range of 3.0–8.7% are achieved for the 50% radiation transmission semi-transparent PV cells. Baziliana et al. [2] investigated a residential-scale building integrated photovoltaic (BIPV) cogeneration system. Infield et al. [3] estimated the thermal performance  for ventilated photovoltaic (PV) facades. In particular, an extension of the familiar heat loss and radiation gain factors has been employed to take account of the energy transfer to the facade ventilation air. Mattei et al. [4] studied the performance of a photovoltaic module based on  temperature and electrical conversion efficiency models. This study investigated the  power generated and the cell temperature versus environmental variables such as solar irradiance, ambient temperature and wind speed.

The photovoltaic/thermal  (PV/T) technology is not only producing electricity but also serves as a thermal system. Prakash [5] presented a transient analysis  for PVT/AIR and PVT/WATER  systems.  However, PVT/AIR systems are utilized in many practical applications due to low construction (minimal use of material) and operating cost among others. This study showed that PVT/WATER systems are efficient due to the high thermo-physical properties of water compared to those of air. Raghuraman [6] and  Sopian et al. [7] presented thermal analysis of single and double passes PVT/AIR systems and showed that the double pass configuration has better performance than the single-pass. Garg and Adhikari [8] carried out a steady-state simulation model for PVT/AIR collectors and gave extensive analytical results regarding the effect of various designs and operating parameters on the performance of the typical PVT/AIR systems for both single and double glazed configurations. They concluded that the need for glazing depends on the operating temperature required for  given design systems. Hegazy [9] also developed an extensive computational analysis on four common designs of PVT/AIR collector and compared their analytical results regarding the thermal, electrical, hydraulic and overall performance and suggested a suitable configuration for PVT/AIR system. Othman et al. [10] studied the performance of a prototype double pass photovoltaic solar air collector with compound parabolic concentrator (CPC) and fins. 
The simultaneous use of hybrid PV, CPC and fins significantly increase the power production and reduce the cost of photovoltaic electricity. Energy and exergy  efficiencies of a hybrid photovoltaic/thermal (PVT) parallel plate air collector for cold climatic condition in India were evaluated by Joshi and Tiwari [11]. It is observed that instantaneous energy and exergy efficiencies of PV/T air heater vary between 55–65 and 12–15%, respectively. Tripanagnostopoulos [12] presented modifications on hybrid photovoltaic/thermal solar systems consist of PV modules coupled to water or air heat extraction devices that convert the absorbed solar radiation into electricity and heat. These modifications include a thin metallic sheet placed in the middle of the air channel, mounting of fins on the opposite wall to PV rear surface of the air channel and placement of the sheet combined with small ribs on the opposite air channel wall. The modified dual PV/T collectors were combined with booster diffuse reflectors achieving a significant increase in system thermal and electrical energy output. Tonui and Tripanagnostopoulos [13] suggested the use of thin flat metal sheet suspended at the middle or finned back wall of an air channel in the PVT/AIR configuration. Both experimental and theoretical results showed that the suggested modifications improve the performance of the PVT/AIR system.

Phase change materials (PCMs) absorb a large amount of energy as a latent heat in a small mass at a constant phase transition temperature and thus used for temperature control of electronics packages [14-18]. Huang et al. [19] developed a numerical model to simulate a small scale model  of a phase change material (RT25) linked to a photovoltaic (PV)  system to control the temperature rise of the PV cells. Using PCM of type RT25 with internal fins, the temperature rise of the PV/PCM system can be reduced by 30 oC when compared with the datum of a single flat aluminum plate during phase change [20,21].  To overcome the low thermal diffusivity of the PCMs, many studies were performed to investigate the enhancement of thermal performance of  latent heat thermal storage systems using metal rings or metal matrix. [22-26].
The objective of present work is to investigate the possibility of applying the enhanced PCM with metal insertion for passive thermal control of PV solar cell temperature. By a numerical investigation using control volume technique under the assumption of neglecting natural convection within the enhanced PCM, the energy equations for the PV solar cell and the enhanced PCM were solved. The numerical results such as the PV solar  cell temperature,  the thermal storage characteristics and the optimum metal mass ratio for various power input levels are reported. 

2. Mathematical Model
The mathematical model will be developed in transient mode for thermal control of photovoltaic solar cell temperature using the enhanced phase change thermal storage system. A schematic diagram for the model is shown in Fig. (1a). In order to apply the energy balance for PV/PCM thermal storage system, the following assumptions have been made:

1. the initial temperature of the PV solar cell is the same as that of the PCM.
2. heat transfer coefficients from the front and rear surfaces have  fixed values              ( hc=hb=7 W/m2K).
3. the heat loss  from  top and bottom surfaces  is negligible.

4. the temperature variation along the thickness of the PV solar cell and the back cover is negligible.

5. the inserted metal was uniformly distributed within the PCM and all thermophysical properties of the PCM are constant for the same phase.   
6. heat transfer by conduction is the dominate inside the enhanced PCM  and natural convection is neglected. . 

7.  the thermal resistance at the interfaces between any two phases is neglected .
8. the PCM melts over a  range of  temperature around the melting point (±1 oC )
The transient one dimensional energy equations for PV cell, enhanced PCM and the back cover were written   using control volume technique for the grid shown in Fig. (1b). 
1. For  the nodes ( 1≤  i ≤  m ) within enhanced PCM with metal insertion;
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2. At  PV solar cell (i  = 0), some of the absorbed  energy (
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) is transformed into electrical power  ( 
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) and the reminder is conducted to the PCM.   
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Fig. (1)  Schematic diagram for the physical model and grid notation
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3. At the back cover ( i  = m+1)
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The  PV solar cell, enhanced PCM and the back cover are assumed at the same initial temperature as;
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RT25 paraffin wax (saturated hydrocarbons with a general chemical formula of CnH2n+2) is selected as a phase change material in the present work. RT26 and RT27  are available  and have similar properties. The thermophysical properties of the PCM [19] and the inserted metals [27] are  presented in Table (1). An additional equations  can be applied to obtain the  thermophysical properties of the enhanced PCM with metal insertion at  specific metal mass ratio (MR) as  described by  Royon et al. [28]. 
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Where MR is the metal mass ratio 

 The temperature model for phase change problems described  by Cao and  Faghri [29] is applied in the present investigation. The melting of the PCM occurs in a range of temperature from -
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 to 
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  around the melting point and the specific heat is a function of the temperature.  The specific heat of the PCM at the melting interface  is expressed in terms of the  sensible heat in addition to  the  specific latent heat as:
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Table (1) Thermophysical properties   RT25 Huang et al. [19] and for  aluminum, steel and copper[30]

[image: image14.emf]Property RT25 aluminum  steel cupper

Densty, kg/m

3

solid 785 2707 7897 8954

liquid 749

… … …

specific heat capacity, J / kg K

solid 1800 896 452 383

liquid 2400

… … …

thermal conductivity,W / m K

solid 0.19 204 60 386

liquid 0.18

… … …

Melting  temperature ( 

o

C)

26.6

… … …

Latent heat of fusion, J/kg 232000

… … …

Kinematic viscosity (m

2

/s)

0.0000024

… … …

Flash point (

o

C)

164

… … …

volime expansion (1/K) 0.001

… … …


The other properties at the melting interface (the coefficient of the thermal conductivity and  density) are the arithmetic mean of the values of  liquid and  solid phases. 
The thermal conductivities at interfaces of dissimilar materials (PV solar cell / PCM and back cover / PCM) are implicitly effected through the harmonic mean formulation of the interfaces thermal conductivities described by Patankar [31]. The set of implicit energy equations for  the PV solar cell, enhanced PCM and the back cover can be written as;        
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 Where 
[image: image16.wmf]l

, 
[image: image17.wmf]b

, 
[image: image18.wmf]g

 and 
[image: image19.wmf]c

 are presented in Table (2).  The set of implicit energy equations for  all nodes forms a tri-diagonal matrix. Thomas algorithm explained by  Steven et. al. [32] was utilized to solve such matrices.        

           Table (2)  Coefficients 
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 and 
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 used in Eq. (9)
	i = 0 for PV cell 
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	1≤  i ≤  m

Within the enhanced PCM
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for the back cover
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3. RESULTS AND DISCUSSIONS
In the present work, the application of enhanced PCM with metal insertion as a thermal storage medium is investigated to provide a thermal control for the PV solar cell temperature. Firstly, model validation is performed by comparing the predicted temperature for the PV solar cell without PCM with the reported results of Huang et al. [19]. The PV solar cell is simulated as a simple aluminum  plate of thickness 4.5 mm  covered by selective solar film with optical efficiency (
[image: image36.wmf]ta

) of 0.9 according to the  reported data of  Sandnes and Rekstad [33]. The electrical conversion efficiency (
[image: image37.wmf]c

h

) for  photovoltaic module used by Sandnes and Rekstad [33] is applied in the present work where
[image: image38.wmf]c

h

 is related linearly with  the PV solar cell  temperature (TC) as;  
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The reference module efficiency (
[image: image40.wmf]r

h

) is measured at the  PV cell reference       temperature (
[image: image41.wmf]r

T

) of 25 oC. The temperature coefficients (
[image: image42.wmf]m

) are  0.07 and 0.1% oC-1 for serial and parallel connected panels, respectively.
The expression given by McAdams [30] was used for calculating  convection heat transfer coefficient over  flat plates exposed to outside winds;  
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Where V is the velocity in m/s and h is convection heat transfer coefficient in W/m2K

Good agreement between the present prediction and the published results of Huang et al. [19] for the PV solar cell temperature can be observed in Fig. (2). An evaluation of the  steady state PV solar cell temperature  was presented by  Mattei et al. [4] as; 
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The reference module efficiency (
[image: image45.wmf]r

h

) is considered as 13% at PV cell reference temperature 
[image: image46.wmf]r

T

of 25 oC and temperature coefficient (
[image: image47.wmf]m

) of  0.5%. The applied optical efficiency of the selective solar film (
[image: image48.wmf]ta

) is 0.91. The overall heat transfer coefficient is    28.8 W/m2K. According to Eq. (12), the steady state temperature of  the PV solar cell is 62.8 oC at solar insolation of 750 W/m2 and ambient temperature of 23 oC. From Fig. (2), it is shown that the temperature of the PV solar cell increases rapidly until reaches a steady state value of 64.8 oC which is in a good agreement with the reported results of Mattei et al. [4]. 
The effect of incorporating enhanced PCM (RT25 ) with metal insertion on the PV solar cell temperature is shown in Fig. (3). It can be seen that applying pure PCM  in the thermal control of the solar cell decreases the cell temperature, however, the temperature still greater than  the PV  cell reference temperature (25 oC) as illustrated from the experimental data of Huang et al. [19]. In PCM system, the  conductive resistance is the dominant and inserting  aluminum  matrix into the PCM  enhances PCM  thermal diffusivity. From      Fig. (3), enhanced PCM with aluminum insertion reduces significantly the temperature to the level of the PV cell reference point. The cell  temperature increases rapidly for the first 12.5 min then remains constant at a level of the cell reference point during the melting period of the PCM and then increases rapidly after complete melting.  PCM with aluminum insertion ratio from 30% to 40%  keeps lower  PV solar  cell temperature due to the higher thermal capacity (
[image: image49.wmf]C

r

) in mushy phase as illustrated in Fig. (4). In solid and liquid phases of the enhanced PCM, a rapid increase for the solar  cell temperature compared with the mushy phase because the thermal capacity,(
[image: image50.wmf]C

r

), in transition phase (~ 105 kJ/m3K)  is greater than that for solid and liquid phases ( ~ 103 kJ/m3K) as shown in Fig. (4).                 

Figure (5) presents the thermal heat stored in the enhanced PCM and the heat lost from the front (PV cell )  and  back  covers  for different  metal  mass  ratios. It is obtained that the 
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enhanced PCM with MR of 30% to 40% has the maximum  stored heat and minimum heat loss. This can be returned to the exhibited lower PV solar cell and PCM temperatures as a  result of higher thermal capacity in the range of  metal mass ratio from  30% to 40%. Effect of different configurations on the PV cell temperature can be predicted from        Fig. (6). It is clear that applying the enhanced PCM especially with copper and steel insertion is attractive compared with the other configurations reported by Huang et al. [19].  It is shown that the enhanced PCM with MR=40%, the temperature of the PV solar cell is maintained at 27 oC for 300 min in the case of aluminum insertion and 720 min  for copper and steel insertion at  I=750 W/m2 and T∞= 23 oC. It can be concluded that the  enhanced  PCM  with copper and steel insertion enables more uniform temperature distribution near the PCM melting temperature and the solar cell reference point (Tr) during the daytime (720 min). Figure (7) shows the effect of PCM  thickness with aluminum matrix on the front surface temperature of the PV solar cell. It is clear that the enhanced PCM with aluminum matrix of MR=40% and 10 cm  thickness keeps the PV cell at the reference point during the daytime. Practically, it is preferred to use  aluminum matrix within the PCM since it enables uniform distribution (due to lower density) and consequentially enhancing the thermal conductivity of the enhanced PCM. The effect of solar insolation on the PV cell temperature for the enhanced PCM with aluminum matrix  is presented in     Fig. (8). 
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Fig. ( 3)  Effect of enhanced PCM  with aluminum  insertion on the PV solar cell temperature
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Fig. (6)  A comparison for the effect of different configurations on the PV cell temperature
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Fig. (7)  Effect of thickness of the enhanced PCM   with aluminum matrix on the PV solar cell  
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The  PV solar cell temperature increases  with the increase in the solar insolation. It is shown that the melting time is reduced  to 500 min when exposed to solar insolation of 1000 W/m2. Due to the augmentation in the thermal diffusivity of the enhanced PCM with aluminum matrix, a uniform transverse temperature distribution is obtained within the enhanced PCM  for different solar insolations  as shown in Fig. (9).
The thermal performance of a photovoltaic solar cell  with aluminum enhanced PCM (MR=40%) using a typical ambient temperature and solar insolation distributions in summer and winter conditions for 30 0 north latitude is illustrated in Fig. (10).   Based on heat extraction during discharge mode through night hours, initial system temperature was assumed 24 oC at 07:00 am at the starting of charging mode. The surface temperature of the PV cell was predicted for the daytime in winter and summer seasons with maximum solar radiation 800 W/m2.  It is illustrated that the surface of the PV cell is maintained below 27.5 oC  in winter and  28 oC  for the first ten hours of the daytime in summer season. The predicted PV cell temperature reaches 32 oC at the end of the summer daytime Generally,  applying RT25 as a PCM with aluminum matrix insertion of 40% can provide a thermal control for the PV solar cell temperature  within the melting range of the PCM and in the vicinity of the cell reference temperature. Figure (11) shows the heat stored ratio (the stored heat / latent heat multiplied by the mass of pure PCM) and the electrical conversion efficiency for a PV/T system with the enhanced PCM of 30% and 40% aluminum matrix insertion through the daytime of summer and winter seasons.  The decrease in heat stored ratio in winter is referred to the low ambient temperature which causes the heat loss to the ambient. A 10 cm thickness of enhanced PCM with a 30% to 40% aluminum mass ratio provides a heat stored ratios of 1056  and 734 through a summer and winter daytime, respectively. Also, it can be seen that the drop in the electrical conversion efficiency  based on  the Eq. (10) of Sandnes and Rekstad [32] exceed 0.6% in daytime of the summer.                                       
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4. CONCLUSTIONS
The following conclusions can be drawn based on the present prediction:

1. The thermal performance of the PV solar cell is greatly affected by incorporating enhanced PCM with melting point in the vicinity of the solar cell reference point.

2. Using RT25 (melting point 26.6 oC)  of thickness 4 cm  with metal mass ratio from 30% to 40%  maintains  the PV solar cell  at 27 oC for 300 min in the case of aluminum insertion and for 720 min  for the case of copper and steel insertions at solar insolation of  750 W/m2 and ambient temperature of 23 oC. Also, for the same range of metal mass ratio, a PV thermal system with RT25 provides maximum heat stored and minimum heat loss. 

3. Applying PCM with metal insertion in PV thermal system enhances the thermal diffusivity and consequently displays a uniform transverse temperature distribution. 

4. For a typical ambient temperature and solar insolation distributions in summer and winter  for 30 0 north latitude,  results showed that using RT25 of thickness 10 cm with aluminum mass ratio from 30% to  40% can be used to provide a thermal control for the PV solar cell  within the melting range of the PCM during  winter daytime and the first  ten hours in summer daytime .The heat stored ratios are  1056  and 734 through a summer and winter daytime, respectively. The drop in the electrical conversion efficiency does not exceed 0.6% for  summer daytime.                                       
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NOMENCLATURE
 SI system of units is used for parameters within the present paper.

	Symbols:

C       specific heat J/kg K

h        heat transfer coefficient, W/m2K    

K       thermal conductivity , W/mK

L       total thickness of solar cell, ePCM   

         and back cover

i        node number

I       solar insolation, W/m2 
MR   metal mass ratio (metal mass/ total         

         mass of enhanced phase change material 

t        time, s   

T       temperature, K                     

U      overall heat transfer coefficient, W/m2K    

V      flow velocity, m/s 

x       co-ordinate 

Superscripts

t         the value at  end of the time step

old     the value at the beginning time step 

 Greek letters:
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      difference  operator

(       density, kg/m3
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   effective transmittance-absorptance of 

         solar cell (optical efficiency)


[image: image59.wmf]h

      electrical conversion efficiency

∞      subscript refers ambient temperature  
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    temperature coefficient used in 

        electrical conversion efficiency model
	Subscripts:        

b         back surface

c         solar cell plate

ce        the thermal conductivity at the 

            interface between the solar cell and  

            ePCM 

e          enhanced phase change material 

            ( ePCM)

eb        the thermal conductivity at the  

            interface between the back surface 

            and  the ePCM

i            initial   

l           liquid phase

m         melting point

m         the last node in the ePCM

m+1     the node at the back surface 

metal    refers to the added metal  

r           solar cell reference point 

s           solid phase  

0          the  node at solar cell plate 

1          the first  node in the ePCM
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