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Abstract 

Solar-driven organic Rankine cycle (s-ORC) power generation is a promising technology 

with thermal storage for flexible operation to meet domestic variable electricity demand. A 

satisfactory efficiency of this technology can be obtained only at medium-to-high 

temperature, for which conventional flat plate and evacuated tube solar collectors are not 

suitable while solar concentrators cannot efficiently utilize diffuse solar radiation. Evacuated 

flat plate (EFP) collectors have recently been developed for efficient solar heat collection in 

the temperature range from 100 to 200 , suitable for the ORC system. At present, the cost of 

EFP collectors is relatively high and will lead to a long payback period of the s-ORC system. 

To increase the annual power yield and reduce the payback time, inexpensive amorphous 

silicon (a-Si) solar cells are proposed to be integrated into the EFP collectors. It is the first 

time to put forward such photovoltaics/thermal (PV/T) design combining a-Si cells and EFP 

collectors. Compared with polycrystalline silicon cells (poly-Si), a-Si cells may have a higher 

electrical efficiency at a higher operating temperature due to the thermal annealing effect and 

are expected to have a long lifetime without encapsulation in the vacuum environment 

provided by the EFP collectors. In this study, the a-Si PV/T-ORC system using EFP 

collectors is investigated. Transient performance analysis of a-Si PV/T-ORC is given for the 

weather data of two selected days. A comparison is also made with a stand-alone poly-Si PV 

system, poly-Si PV/T-ORC system and s-ORC system with EFP collectors alone, 

respectively. The results indicate that for a typical day in July, the a-Si PV/T-ORC system 

has the highest daily power output of 0.822 kWh/m
2
, 102.3% more than the s-ORC system, 

23.8% more than the stand-alone poly-Si PV system and 12% more than the poly-Si PV/T-

ORC system, respectively. 
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1. Introduction 

The solar-driven organic Rankine cycle (s-ORC) has a great potential for meeting the 

domestic electricity demand. When it is combined with thermal storage, power generation of 

the s-ORC can be not intermitted by fluctuation of solar radiation and even during night time. 

Additionally, the s-ORC allows adjustment to outputs according to the variation in domestic 

electricity demand [1]. A summary of work on s-ORC is shown in Table 1.  

Table 1. Summary of some studies on s-ORC 

Type of collector 
Heat transfer 

fluid 

temperature 

Evaporation 

temperature 

Overall 

Efficiency Reference Notes 

Parabolic trough 

collectors 

- 85-190   3.6-7.9 % [2] 
Indirect steam 

generation 

135-230   - 6-12 % [3] 
Combined with 

geothermal 

 80-200   3-11 % [4] 
Indirect steam 

generation 

- - 12-13.5 % [5] Evacuated 

Concentrating 

photovoltaics 

- 90-150   6.35-10 % [6] 
Direct steam 

generation 

- 80-130   10-15 % [7] 
Direct steam 

generation 

Evacuated flat 

plate 

collectors 

180   -  9-10 % [8] 
Indirect steam 

generation 

- 95-145   4.4-7.4 % [9] 
Indirect steam 

generation 

Evacuated tube 

collectors 

- 95-145   2.5-4 % [9] Using heat-pipe 

- 85-120   3.47 % [10] 
Indirect steam 

generation 

- 180-200   5.5 % [11] 
Indirect steam 

generation 

 

The development of s-ORC systems is restricted by its efficiency, which is significantly 

lower than PV efficiency. The efficiency of solar ORC can be raised only with high 

temperature heat. Flat plate collectors (FPCs) and evacuated tube collectors (ETCs) are 

suitable for solar heat collection at temperature below 100  . Concentrating collectors can 

reach higher operating temperatures, however, concentrators such as compound parabolic 

concentrators (CPCs) and parabolic trough collectors (PTCs) can hardly use diffuse radiation 

and potentially have high costs for the tracking system. To overcome the challenges, 

evacuated flat plate (EFP) collectors have recently been used for s-ORC applications. It’s a 
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relatively new and promising technology with high thermal efficiency even under low 

ambient temperatures and solar radiation levels.  Studies on the EFP collectors in district 

heating and s-ORC applications have been reported. Calise et al. [8] designed and simulated a 

CHP system by using EFP collectors. They reported that EFP collectors can operate with 

over 50% thermal efficiency in summer, and around 20% in winter. These efficiencies are 

attractive values considering high operating temperatures (up to 212  ). Freeman et al. 

[9],[12] simulated this type of collectors for solar ORC applications and concluded that their 

CHP unit can considerably provide power to meet electricity demand of a UK home. Kutlu et 

al. [13] built an annual simulation model and presented that the EFP collectors can be 

successfully implemented in ORC system even for low solar radiation periods. Finally, Gao 

et al. [14] reported that the average efficiency of practical EFP collectors is higher than 

50.8% even at an operation temperature of above 100 °C. 

At present, the capital cost of EFP collectors is higher than that of conventional FPCs, ETCs, 

CPCs and PTCs. The payback period of s-ORC using EFP collectors is expected to be fairly 

long. In contrast, PV cells convert solar energy into electricity with an efficiency of about 8 

to 25 % and have reached a high degree of maturity [15]. PV technology requires very little 

maintenance and has low repair expenses, making this technology operationally one of the 

cheapest options [16]. Heat can be also supplied in the form of PV/T system, which 

comprises a solar collector and PV module as major components [17]. Therefore, adding 

solar cells to EFP collectors has the potential to reduce the payback period of the s-ORC 

system. 

Selection of solar cells for the EFP collectors is crucial. Given the higher conversion 

efficiency and low cost, crystalline silicon (c-Si) cells have become the most preferred cell 

material in the world market. Mono-Si and poly-Si cells have 15.1 and 43.9 percent of the 

total solar cell production [18]. Their efficiencies vary between 15-20%. However, crystalline 

cells have some drawbacks in the PV/T application. Common c-Si cells have large negative 

power temperature coefficients, which lie around -0.41 to -0.50 %   at maximum power 

point under standard test conditions. With an efficiency of 18 % at 25  , the absolute 

efficiency drop can be 5% when temperature is increased to 75  [19]. This reduction is 

expected to be sharper at higher operating temperatures [20]. Also, these cells are only 

suitable for operating at low temperatures, for example, producing domestic hot water [21]. 

Otherwise, the PV/T system will not be advantageous over side-by-side PV and solar water 

systems. Another drawback of the c-Si cells is that they can be easily broken in long term 

usage as a result of temperature fluctuation and gradient. A PV cell has a lower thermal 

expansion coefficient compared to aluminium and copper, which are used as absorber and 

substrate materials in the PV/T collectors. Since the operating temperature may vary from 0 

to 80   during the yearly operation [22], it is possible for c-Si cells to experience a large 

thermal stress and lesser PV lifetime. 

Amorphous silicon (a-Si) cells, on the other hand, are ideal in the s-ORC applications. Firstly, 

they are widely used and are also the most developed of thin film cells.  In China, more than 

2.0 GW of a-Si cells can be produced annually [23], and the global market is likely to reach 

USD 5310.2 million by 2025 [24]. Secondly, a-Si cells are flexible. The flexibility can 

prevent fractions (breakup) of cells when they are coupled with aluminium, copper or other 

metals in a PV/T panel. Temperature fluctuations cause the metal to expand and shrink, 

which results in the production of tension stress on the cells. Crystalline silicon cells are weak 
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in their ability to carry thermal stress resulting in their shortened lifespan, but a-Si cells may 

be more reliable to alleviate this issue. This flexibility facilitates its ease of integration into 

solar collectors. Thirdly, a-Si cells can use metals as substrate, so the thermal resistance of 

the PV/T module is reduced. Feasibility of PV/T with a-Si cells deposited on stainless steel 

has been demonstrated for medium temperature applications by more than 15 month 

continuous operations [25]. Finally, a-Si cells benefit from thermal annealing at high 

operation temperature. They have a lower conversion efficiency compared to other silicon 

based cells [26], which is partially caused by the Staebler-Wronski effect [27]. The photons 

with the photoelectron energy below the band gap of a-Si cells directly pass through the a-Si 

layer and cannot be absorbed by the intrinsic layer, thus contributing essentially 

no photocurrent and limiting the conversion efficiency of the a-Si cells [28],[29]. However, 

the Staebler-Wronski effect can be reversed. At a high temperature, the performance of a-Si 

cells is degraded fast but reaches a higher efficiency at the degraded steady state [30]. It is 

reported that a positive power temperature coefficient is obtained in the long term 

operation. For example, at the degraded steady state, the a-Si cell efficiency ratio at 90  , 50 

  and 25   is about 0.8, 0.73, 0.64 [31]. Notably, the positive power temperature coefficient 

is desirable in the medium-to-high temperature applications.  

In this paper, an innovative PV/T-ORC system is proposed, in which it is the first time to 

combine EFP collectors with a-Si cells in a PV/T panel. The advantages of the PV/T-ORC 

system using a-Si cells and EFP collectors can be summarized below: 

 Encapsulation for the PV cells can be avoided. Operating at medium-to-high 

temperature is challenging to solar cells, however, it is the encapsulation rather than 

the solar cell that suffers from medium-to-high temperature operation. In the vacuum 

chamber, there is no need for encapsulation and a long lifetime of a-Si cells is 

expected.  

 a-Si cells will benefit from thermal annealing at medium-to-high temperatures. In 

fact, when being heated above 150 °C, a-Si cells could reverse the Staebler-Wronski 

effect [27]. 

 Thermal storage using water is adopted for flexible power generation. The storage 

cost is relatively low when compared with batteries. 

 Combining the EFP collectors with a-Si cells can result in an increment of annual 

electricity yields and a significant decrement in the payback period. So, the 

integration is also beneficial for the s-ORC. 

To prove this statement, a performance comparison is made between four different systems in 

this study. The models are built, and investigation of the systems has been conducted from 

the viewpoints of electricity output and its profile. The first one is the proposed a-Si PV/T-

ORC system, in which the EFP collectors are covered with a-Si cells with a 0.85 cover area 

ratio. The second one is the s-ORC with EFP collectors alone. The third is the PV/T-ORC 

system using poly-Si cells. The last one is a stand-alone poly-Si PV system. These systems 

will be compared according to their thermal and electrical efficiencies and power outputs 

considering thermocline behaviour of the water tank in transient state. 

 

2. System Description and Thermodynamic Modelling 

https://www.sciencedirect.com/topics/engineering/photoelectron
https://www.sciencedirect.com/topics/engineering/optical-gap
https://www.sciencedirect.com/topics/engineering/intrinsic-layer
https://www.sciencedirect.com/topics/engineering/photocurrent
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In this section, descriptions of the proposed system and its counterparts will be given. The 

schematic of a s-ORC with EFP collectors alone is shown in Fig. 1, which is composed of a 

collector system, a heat storage unit and an ORC unit. A water tank is used as a heat storage 

unit to provide heat in a controllable way for the ORC unit. The EFP collectors are used for 

heating water, which is circulated from the bottom of the tank and then discharged into the 

top of the tank. The water tank allows the ORC unit to be driven when solar radiation is 

insufficient or unavailable. In the ORC unit, there are four main components namely pump, 

evaporator, expander and condenser. 

 

Fig. 1. Schematic view of the system 

For PV/T-ORC systems, a-Si or poly-Si is integrated into the EFP collectors to form PV/T 

collectors. For the purpose of comparison, a stand-alone poly-Si PV system with an area 

same as EFP collectors is also considered. 

 

2.1.PV model 

In the stand-alone PV system, commonly preferred poly-Si type modules have been chosen. 

Electrical characteristics of the modules are taken from the manufacturer’s data and presented 

in Table 2. The most common equation to determine the cell temperature is referring to 

Normal Operating Cell Temperature (NOCT). This value is given by the manufacturer and 

Eq. (1) is used for calculating the cell temperature [32]. 

                   
 

   
 (1) 

Photovoltaic module electrical efficiency is calculated by the most known model: 

                        (2) 

The parameters are given by manufacturers and    indicates an efficiency at the reference 

temperature. Global electrical efficiency of the PV system can be calculated as Eq. (3): 

                (3) 

where        is conversion efficiency of DC to AC and is reported as between 80-95% 

depending on solar irradiance [33], [34]. For           ,        is 80%.  For 300      

            ,        is 85%.  For 500                  ,        is 90%.  
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For           ,        is 95%.  This conversion efficiency will be used in calculation of 

electricity output. 

 

 

 

Table 2. Main technical specifications of a PV module [35] 

PV Specifications 

Model Atersa A-214P 

Type Polycrystalline Silicon 

Module efficiency,    12.64 % 

Power temperature coefficient, 

      

-(0.46)%K 

NOCT 47   

 

Regarding the a-Si cell performance, experimentally obtained results have been used [36]. 

Fig. 2 gives electrical efficiencies of a-Si and poly-Si cells, where the efficiency of the poly-

Si cell is calculated from Eqs. (1)-(2) and Table 2. Fig. 2 presents that two electrical 

efficiency lines intercept at 98    this means that using the a-Si cells in PV/T at an operation 

temperature of over 98   has a better electrical efficiency than using poly-Si cells. This 

figure supports the aim of the study.  

 

Fig. 2. Electrical efficiency of poly-Si and a-Si cells [36] 

 

2.2. PV/T model 

PV/T collectors are obtained by incorporating PV cells into the EFP collectors. TVP SOLAR 

HT-Power EFP collectors [37] are used in the s-ORC system while the PV/T collectors 

modified from EFP collectors are used in two PV/T-ORC systems. EFP collector structure is 

shown in Fig. 3. 

40 60 80 100 120 140
6

7

8

9

10

11

12

Operating temperature [°C]

E
le

c
tr

ic
a
l 

e
ff

ic
ie

n
c
y
 [

%
]

a-Sia-Si

poly-Sipoly-Si



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

7 
 

 

Fig. 3. Structure of EFP collector [37] 

The general form thermal efficiency equation of a solar collector is given in Eq. (4): 

        
    

 
   

       

 
 

(4) 

where   is the mean water temperature in the collector,   is solar irradiance,   and   are heat 

loss coefficients. For the used EFP collectors,    is 74.62,   and   are 39.9 and 0.67, 

respectively [12]. 

The power output of PV cell is calculated by Eq. (5): 

                 (5) 

where   indicates the cover area ratio and is taken as 0.85. The heat collection efficiency of a 

PV/T collector can be deduced [36] as : 

              (6) 

where     is assumed as a second order equation and can be expressed by 

                     (7) 

Three constants in Eq. (7) can be obtained by data fitting from Fig. 2. 

For PV/T collector thermal efficiency the equation can be written as 

         
     

    

 
    

       

 
 

(8) 

where     
 ,    and    are the modified coefficients of the collector and can be given as 

below. 

    
                      

  (9) 

 

                  (10) 
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         (11) 

By applying deductions, thermal efficiency equations for a-Si and poly-Si PV/T collectors 

can be obtained. It is necessary to analyse the system according to operating parameters. For 

this issue, conventional EFP collectors are covered with a-Si and poly-Si cells to form a-Si 

PV/T, poly-Si PV/T collectors, respectively, and their thermal efficiencies are determined by 

using Eqs. (4-11). Fig. 4 compares the thermal efficiencies according to various solar 

irradiance values and two operating temperatures. It is evident that the poly-Si PV/T has a 

higher thermal efficiency at higher operation temperatures because its reduced electrical 

efficiency, whereas the a-Si PV/T has less thermal efficiency due to its higher electrical 

efficiency at higher temperature.  

 

Fig. 4. Thermal efficiency comparisons for two operating temperatures 

 

2.3.Water tank model 

The transient performance of the heat storage unit is modelled by considering the thermocline 

behaviour. It is analysed using a one-dimensional temperature distribution model [38], [39], 

[40]. The cylinder volume has been divided into equal nodes to obtain the temperature 

distribution in the storage tank. An energy balance equation can be written considering the 

heat loss to the environment for the control volume of each node. Eqs. (12)-(14) are given for 

the energy balance equations of the nodes: 

 

          
     

  
                                                       

            

(12) 

 

           
      

  
                                                       

                  

(13) 

200 400 600 800 1000

30

40

50

60

70

Solar Irradiance [W/m
2
]

T
h

e
rm

a
l 

e
ff

ic
ie

n
c
y
 [

%
]

a-Si PVTa-Si PVT

EFPEFP

poly-Si PVTpoly-Si PVT

T=80 °C

200 400 600 800 1000

30

40

50

60

70

T
h

e
rm

a
l 

e
ff

ic
ie

n
c
y
 [

%
]

a-Si PVTa-Si PVT

EFPEFP

poly-Si PVTpoly-Si PVT

Solar Irradiance [W/m
2
]

T=110 °C



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

9 
 

 

         
      

  
                                                    

            

(14) 

 

where       and     indicate water mass flowrate coming from the collector and the 

evaporator respectively,     is the water temperature coming from the evaporator to the tank 

bottom node,    indicates the thermal loss coefficient of the thermally-insulated tank. 

 

2.4.ORC model 

The ORC unit consists of four components and the key component is the expander as it 

produces electrical power for users. It was decided that a scroll type expander would be used 

in the analysis, because this was particularly well-adapted to small-scale Rankine cycle 

applications. Since the heat source temperature is not constant during operation, the system 

operates at off-design conditions. A semi-empirical model is put forward in a study by 

Lemort et al. [41]. As reported, this expander model is good for analysing the variation of the 

expander performance over changing conditions [42]. Expander modelling follows the same 

stages as in [41] and [43], i.e., 1) adiabatic supply pressure drop, 2) isobaric supply cooling 

down, 3) internal leakage, 4) adiabatic and reversible expansion to the adapted pressure, 5) 

adiabatic expansion at constant machine volume, 6) adiabatic fluid mixing and 7) isobaric 

exhaust heating-up or cooling down. These hypothetic stages are shown in Fig. 5 where 

subscript    denotes supply,     is ambient and    indicates exhaust. Similar to a study in 

[43], most of those empirical parameters in [41] are adopted in this study, while the swept 

volume is adjusted for different capacities of expander. 

 

 

Fig. 5. Schematic view of stages of expander model proposed by [41] 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

10 
 

 

When refrigerant enters the expander, its pressure slightly reduces and mass flow rate can be 

given by Eq.(15) 

                             (15) 

where       is refrigerant mass flow rate at the inlet port in the scroll expander. This mass 

flow rate also includes leakage flows. Next step is isobaric cooling down of the refrigerant 

due to heat loss the shell of the expander. After that point, leakage flow rate can be 

determined by Eq.(16) and Eq.(17): 

                
 

  
        

(16) 

                                    
(17) 

where     and   indicate the swept volume of the expander and rotation speed, respectively. 

After leakage flow leaves from the main flow, internal flow expands to the adapted pressure, 

which is related to built-in volume ratio (   ) of the positive replacement expanders. This is 

followed by a pressure drop or increase from the adapted pressure to the exit discharge 

pressure. This usually happens under off-design condition when the exit pressure is different 

from the adapted pressure. It can be either under- or over-expansion as shown in Fig. 6. 

 

 

Fig. 6. Schematic of under and over expansion adapted from [43] 

 

When those thermodynamic states are determined, internal expansion power can be found 

from Eq. (18): 

                                                 (18) 

  

Shaft power can be found from Eq. (19): 
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(19) 

This semi-empirical model contains empirically obtained parameters such as    ,       and 

more. These parameters can be found in the reference paper [41]. In this study, the swept 

volume of expander was increased to match requirement of the design and rotational speed 

was assumed as constant. The ORC efficiency is given in Eq. (20), where          can be 

found considering pump work, and subscripts “3” and “2” indicate evaporator outlet and 

inlet, respectively. 

     
        

             
 

(20) 

 

The ORC evaporator is modelled according to the effectiveness-NTU method. As the 

temperature of the water varies with time due to solar energy supply and heat consumption by 

the ORC unit, a sliding pressure operation [44], [45] is implemented in the modelling, which 

means that the evaporation pressure is determined from the water inlet temperature. Related 

equations and a detailed investigation of the effects of circulation water mass flow rate on 

system performance is given in our previous study [1].  

2.5. Modelling of different configurations 

A simulation was conducted to compare four different systems, i.e., s-ORC, a-Si PV/T-ORC, 

poly-Si PV/T-ORC and stand-alone poly-Si PV. EFP collectors are employed in the s-ORC 

system, while for two PV/T-ORC systems, their PV/T collectors are converted from EFP 

collectors. Fig. 7 shows the flow chart of simulation procedure in this study, including step-

by-step use of relevant equations. Firstly, a comparison of steady state performance is made 

between three systems containing an ORC unit. Afterwards, the transient performance of all 

four different systems including the stand-alone PV system are simulated and compared for 

weather conditions of two selected days. 

For the s-ORC system, the steady-state overall efficiency is given as a ratio of electricity 

output relative to the received solar radiation: 

 

                           (21) 

For PV/T-ORC systems, the steady-state overall efficiency can be given from the PV 

efficiency and the ORC efficiency: 

                                    (22) 

It is the first time that highly efficient EFP solar collectors have been proposed to couple with 

a-Si PV cells to produce electricity in addition to heat collection at a higher temperature. 

Further incorporation with a heat storage unit and an ORC unit can offer a flexibility in 

power generation. It is of great necessity to evaluate the system performance before 

constructing an expensive test rig for a whole system. It is not possible at this stage to 

compare the whole system simulation results with a corresponding experimental system. 

However, we believe the mathematical model of the whole system shall have a good level of 

reliability and accuracy because the key components of the modelled whole system have been 
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well studied numerically or experimentally in literature, for example, as a commercial 

product, the efficiency formula of EFP collectors has been empirically determined according 

to the relevant European Standards. For poly-Si and a-Si PV cells, the well-known cell 

temperature-dependent electrical efficiency approach has been used. The models for heat 

storage tank and ORC unit have referred to several previous studies. 

  

Fig. 7. Flow chart of simulation procedure 
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3. Results and discussions 

3.1.Comparison of steady state performance 

As seen in Fig.2 and Fig.4, PV electrical performance and collector thermal performance 

depend on the operating conditions. In this sub-section, s-ORC and PV/T-ORC systems are 

compared according to their operating temperatures. To conduct this, some assumptions have 

been made for this sub-section only. Normally s-ORC and PV/T-ORC systems have a water 

tank as a heat storage to produce electricity during night, however, in this steady analysis, it 

is not necessary to consider the heat storage unit. Circulated water from the collector 

evaporates the ORC working fluid via a heat exchanger. The working fluid is heated up from 

a subcooled liquid to a saturated liquid which then is vaporized to a saturated vapour. This 

process is achieved with an optimum way by using a counter flow heat exchanger. This 

indirect system is analysed by the pinch temperature difference method [46]. For different 

collector operating temperatures, this analysis considers that the ORC evaporation 

temperature can be found by keeping a constant pinch temperature difference. The working 

fluid T-s diagram in Fig. 8 shows the pinch temperature difference between the ORC working 

fluid and the collector heat transfer fluid. By doing this analysis, the collector efficiency and 

ORC efficiency can be obtained according to operating temperatures to calculate the overall 

efficiency of system. 

 

Fig. 8. Pinch temperature difference for steady state analysis 

 

Fig. 9 shows variation of the overall efficiency of system with respect to collector operating 

temperature for three types of system under low, medium and high solar radiation levels. 

Fig.9a shows the results for s-ORC. The overall efficiency of s-ORC depends on the collector 

and ORC efficiency values as calculated from Eq. (20). A higher collector temperature yields 

a higher evaporation temperature and thus a higher ORC efficiency. However, the overall 

efficiency does not increase continuously because the collector thermal efficiency reduces at 

higher temperature. It is more obvious under low solar radiations, for example, the overall 

efficiency starts to decrease above 115   for 400 W/m
2
 solar radiation. For the PV/T-ORC 

system, the overall efficiency is additionally affected by PV efficiency, aside from the 
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collector efficiency and the ORC efficiency. Fig.9b. shows the overall efficiency of a-Si 

PV/T-ORC system, which increases with temperature until a certain point, for example, the 

peak efficiency is obtained around 125  under 800 W/m
2
 solar radiation. Compared to the a-

Si PV/T-ORC system, the poly-Si PV/T-ORC reaches the peak efficiency at lower 

temperature. As seen in Fig.9c, the overall efficiency starts to reduce by 80   for 400 W/m
2
 

and by 100  for 800W/m
2
 solar radiation. This trend is owing to the fact that a poly-Si PV 

efficiency always decreases at higher temperature. We can conclude that the a-Si PV/T-ORC 

system is more applicable for high temperature applications.  

 

Fig. 9. Overall efficiency variation by the collector operating temperature under different 

solar radiations.     a) s-ORC, b) a-Si PV/T-ORC, c) poly-Si PV/T-ORC 

 

3.2.Comparison of transient performance 

After analysing steady operation and noting key observations, this sub-section presents 

transient simulations of four different systems. In order to carry out transient performance 

analysis, the components’ dimensions must be chosen because the transient performance of 

system depends on them such as evaporator length, water tank capacity and other 

specifications. In this study, the system power capacity is chosen to supply sufficient 

electricity to a small community. As an example, the design power output of the s-ORC 

system is chosen to be 9.5 kW assumed as the peak demand for ten houses. Required 

collector area is calculated according to the steady performance of s-ORC system as 

discussed earlier. Afterwards, the same specifications of ORC unit and collector area will 

used in modelling of the a-Si PV/T-ORC and poly-Si PV/T-ORC systems for a fair 

comparison. The same collector area is also used for the stand-alone poly-si PV system. 

Detailed information regarding to selection of design parameters for the s-ORC system can 

be found in our previous study [1]. As water temperature in the tank varies during the day, 

the evaporation temperature and mass flow rate of working fluid change with time. Saturated 

vapour is assumed at the evaporator outlet and the rotational speed of expander is kept 

constant in the simulation. The s-ORC design parameters are given in Table 3.  

 

a) c) b) 
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Table 3. Design parameters of the s-ORC system 

Collector area 550 m
2
 Tank volume 87 m

3
 

Collector flow rate 0.02 kg/s Water flow rate 2 kg/s 

Evaporator tube length 51 m Condensing temperature 30   

Evaporator water side 

tube diameter 

0.3 m Evaporating 

temperature 

96   

Evaporator refrigerant 

side tube diameter 

0.012 m Power output 9.5 kW 

Expander rotational 

speed 

3000 rpm Mechanical-to-electrical 

efficiency 

0.95 

 

To make this comparison more realistic, statistical weather data have been used. These 

weather data relate to the climate conditions of Istanbul, Turkey. Relevant parameters such as 

solar irradiance and ambient temperature are obtained from EnergyPlus [47]. In this study, 

the weather data of two selected days are used to evaluate the proposed system’s 

performance. One selected day has very good solar radiation, while the other is chosen with 

moderate solar radiation along with relatively low ambient temperature. Fig. 10 shows the 

used weather data for two chosen days on 14
th

 April and 26
th

 July in Istanbul. 

  

 

Fig. 10. EnergyPlus weather data for 14
th

 April and 26
th

 July in Istanbul 

As the simulation results are given for selected weather data, the initial tank temperature 

needs to be determined by repeating simulation several times to establish an initial 

temperature gradient in the tank. To ensure a transient operation not too far from the design 

conditions, a stop criterion is also defined. The temperature of the fifth element of the tank is 

the selected parameter in the stop criterion. The setting temperature for stop activation is 

chosen as 80   and 100  for April and July, respectively. When the stop is activated, the 

working fluid pump is shut off and the tank is only exposed to heat loss to the environment 

for the particular simulation. Simulations have been conducted for four different systems, that 

is, s-ORC, a-Si PV/T-ORC, poly-Si PV/T-ORC and stand-alone poly-Si PV. EFP collectors 

are used in the first three systems. For the s-ORC system, electricity is only produced by the 

expander thus system operation is continued throughout the day. While, for the a-Si PV/T-

ORC and poly-Si PV/T-ORC systems, electricity is produced by PV cells during day time 

and by the ORC using heat from the water tank in the evening and at night. 
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Fig.11 shows a comparison of the four different systems according to collector operating 

temperatures, collector thermal efficiencies and PV electrical efficiencies on 26
th

 July. 

Collector operating temperature which is the mean temperature of the collector inlet and 

outlet has an influence on collector performances such as thermal and electrical efficiencies. 

Therefore, Fig.11a is plotted to compare the collector operating temperatures of the s-ORC, 

a-Si PV/T-ORC and poly-Si PV/T-ORC systems. Since only the s-ORC consumes stored heat 

during the daytime, the tank temperature of this system stands lower than others. Thus, its 

collector operating temperature is lower, which is associated with a better thermal efficiency. 

It increases from 95  to 105 . The poly-Si PV/T collector operating temperature is slightly 

higher than a-Si PV/T. This is caused by a lower electrical efficiency and thus a better 

thermal efficiency at a higher operating temperature. 

Thermal efficiencies of the collectors are given in Fig. 11b. PV electric efficiencies make the 

difference for both PV/T systems, as PV conversion reduces thermal efficiency. Therefore, 

thermal efficiency of the collectors of the s-ORC system is higher than that of PV/T 

collectors, while due to its lower electrical efficiency at a higher operating temperature the 

poly-Si PV/T system has a slightly higher thermal efficiency than the a-Si PV/T system. 

Fig. 11c shows electrical efficiencies of cells for the a-Si PV/T, poly-Si PV/T and stand-alone 

PV systems during the day. It is evident that the electrical performance of stand-alone PV is 

better than PV/T-ORC systems. The electrical efficiency depends on cell temperature; the PV 

cell temperature is lower in stand-alone PV as the heat generated in the PV cells is dissipated 

to the ambient via convection. However, in the PV/T-ORC systems, cell temperature is 

totally dependent on collector operating temperature. Thus, stand-alone PV performance is 

only affected by ambient conditions. According to Fig. 2, poly-Si cells have lower 

performance compared to a-Si cells when operating above 98  . Since collector operating 

temperature increases from 110  to 140   in the simulation for the chosen day, the poly-Si 

cell efficiency decreases to below 6%. In contrast, a-Si cell performance is quite stable and 

higher around 8% even at higher operating temperature. 

 

a) 
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b) 

 c) 

Fig. 11. Comparison of four different systems on 26
th

 July  a) Collector operating 

temperatures, b) Collector thermal efficiencies, c) Collector electrical efficiencies 

Fig. 12 shows the comparison of the instant electricity outputs for the four examined systems. 

As solar radiation is high in July, s-ORC and hybrid systems can produce electricity for 24 

hours. A DC-AC conversion efficiency for PV cells was used in calculation of electricity 

output and a mechanical-to-electrical conversion efficiency for the ORC unit was also 

considered. The stand-alone poly-Si PV and s-ORC systems have the highest and lowest 

instant electricity outputs, respectively. Although the stand-alone poly-Si PV system and 

poly-Si PV/T have the same collector area and same PV cell size, the higher operating 

temperature of PV/T-ORC causes lower PV electricity output as the collector working fluid is 

circulated from the water tank. The a-Si PV/T-ORC system produces higher output than the 

poly-Si PV/T-ORC because a-Si cells have better efficiency at higher operating temperature. 

Since the s-ORC system only produces electricity via its expander, its performance is lower 

than others in daytime. After sunset, two PV/T-ORC systems generate higher electricity than 

the s-ORC because their water tank temperatures can reach a higher level. The reason is that 

the s-ORC system consumes the solar heat throughout the day, whereas two PV/T-ORC 

systems charge the water tank during the daytime and start to consume this stored heat after 

sunset.  
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Fig. 12. Comparison of transient electricity outputs of four different systems on 26
th

 July 

In order to present a further comparison, Fig.13 is given for four different systems when they 

are operated on 14
th

 April according to collector operating temperatures, collector thermal 

efficiencies and PV electrical efficiencies. Fig. 13a shows collector operating temperatures. 

As expected, the operating temperatures of four different systems are all lower than those in 

July as the lower solar irradiance does not cause an increase in the tank temperature as high 

as that in July. It is also seen from the figure that the collector operating temperature of s-

ORC is still lower compared to two PV/T-ORC systems, which have a temperature variation 

from 85  to 100 . 

Fig. 13b shows collector thermal efficiencies. Although the collector operating temperatures 

are lower in April, the performances of four different systems are all worse than those in July 

because of lower irradiance and lower ambient temperature. Fig. 13c shows electrical 

efficiencies. The stand-alone poly-Si PV system has a higher performance as a result of lower 

ambient temperature in April. Referring back to Fig. 2, the poly-Si cells have better 

performance when operating below 98  , which is why the poly-Si PV/T has a higher 

electrical efficiency until noon when the operating temperature increases from 87  to 100 . 
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a) 

b) 

c) 

Fig. 13. Comparison of four different systems on 14
th

 April  a) Collector operating 

temperatures, b)Collector thermal efficiencies, c)PV electrical efficiencies 
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Fig. 14 shows the comparison of the instant electricity outputs for the four examined systems 

on 14
th

 April. Since the daily average solar irradiance is weaker and solar time is shorter in 

April, electricity production is lower for all four different systems compared to July. 

Moreover, none of the systems can produce electricity for 24 hours. Similar to the results for 

July, the stand-alone poly-Si PV and s-ORC systems have the highest and lowest electricity 

outputs, respectively. In Fig. 14, the poly-Si PV/T-ORC system generates slightly higher 

electricity than the a-Si PV/T-ORC during the daytime due to better electrical efficiency; in 

comparison, the results for July show that the a-Si PV/T-ORC system produces considerably 

more. As their collectors have very close operating conditions, the ORC performances of two 

PV/T-ORC systems are quite close. The PV outputs of two PV/T-ORC systems are also close 

because both operating temperatures and electrical efficiencies are very close in the achieved 

temperature range during the daytime. Since the s-ORC system consumes heat continuously, 

its electricity production ends around 23:00 but two PV/T-ORC systems can continue to 

produce until 5:00.  

 

 

Fig. 14. Comparison of transient electricity outputs of four different systems on 14
th

 April 

Cumulative daily performances of four different systems are given in Table 4. Compared to 

the results for April, the daily produced electricity values are significantly higher in July. The 

s-ORC system has the worst daily performance for both months. The a-Si PV/T-ORC, poly-

Si PV/T-ORC and stand-alone poly-Si PV systems produce almost same electricity in April. 

However, the a-Si PV/T-ORC system produces more power in July. As the power output in 

summer will account for a large proportion of annual electricity yield for these systems, it can 

be concluded that the PV/T-ORC systems have an advantage over the typical s-ORC and PV 

systems. For a typical weather condition in July, the a-Si PV/T-ORC system would produce 

102.3% more electricity than the s-ORC system, 23.8% more than the stand-alone poly-Si PV 

system and 12% more than the poly-Si PV/T-ORC system, respectively. 
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Table 4. Daily Produced electricity 

 s-ORC a-Si PV/T-ORC poly-Si PV/T-ORC poly-Si PV 

Daily Output [kWh] in 

April 

87.27 201.74 205 204.62 

Daily Output [kWh] in 

July 

223.6 452.35 403.9 365.15 

Aside from power generation, a comparison on the thermo-economic performance between 

the a-Si PV/T-ORC and the other three systems can be made using the data in Tables 2,3 and 

4: 

(1) Compared with the poly-Si PV/T-ORC, the a-Si PV/T-ORC has a lower capital cost. The 

costs of a-Si and poly-Si PV panels are about 0.45-0.53 USD/Watt and 0.8-0.9 USD/Watt, 

respectively [48]. Given an aperture area of 550 m
2
, a-Si module efficiency of 6.5% 

@25  , poly-Si module efficiency of 13% @25   and solar irradiance of 1000W/m
2
, the 

costs of a-Si and poly-Si panels are about 18,000 and 55,000 USD. Owing to its higher 

yearly output and lower capital cost, the a-Si PV/T-ORC would have a shorter payback 

time. 

(2) Compared with s-ORC, the a-Si PV/T-ORC has a higher capital cost due to the 

employment of a-Si cells. However, an additional cost of about 18, 000 USD for the cells 

is relatively low in consideration of the costs of EFP collectors (>137,500 USD for 550 

m
2
, i.e., >250 USD/m

2
) and ORC module (>1500 USD/kW). Because its power output is 

2-3 times higher, the a-Si PV/T-ORC will be more cost-effective. 

(3) Compared with the stand-alone PV system, the a-Si PV/T-ORC uses water storage for 

flexible power generation. If lithium-ion battery of a 6-hour storage capacity is included, 

the cost of the PV system will be increased by around 45,000 USD according to the 

market average battery price of 156 USD/kWh in 2019 [49]. Moreover, the lifetime of 

battery is about 3-5 years (or 1000 - 1500 cycles). Due to its higher power output and 

ability to meet the domestic heat demand, the a-Si PV/T-ORC can be more economic. 

 

4. Conclusion 

In this study, an innovative a-Si PV/T-ORC system has been compared by simulation with 

the solar ORC, poly-Si PV/T-ORC, stand-alone PV systems, in order to show the merits of 

the proposed system. Evacuated flat plate (EFP) collectors with good efficiency at medium-

to-high temperature are used to provide solar heat to the ORC. Their performance parameters 

have been compared under steady and transient state conditions. Although the solar ORC 

system with thermal storage has advantages such as flexible operation and continuous 

production even at night, its electricity output has been found to be much lower than stand-

alone PV system of the same collection area. Coupling of these two technologies has given 

promising results as their advantages can be combined, especially with the use of thermal 

annealing effect and positive temperature coefficient of a-Si PV cells. The following 

conclusions can be drawn: 
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 Under low solar radiation and ambient temperature conditions by using 550 m
2
 

collector area, the poly-Si PV/T-ORC system has a daily electricity output of 205 

kWh, followed by stand-alone poly-Si PV (204.62 kWh), a-Si PV/T-ORC (201.74 

kWh) and s-ORC (87.27 kWh). 

 Two PV/T-ORC systems’ daily outputs are almost same as the stand-alone PV 

system under low solar radiation, however, their electricity production at night via an 

ORC unit makes them a better option over stand-alone PV systems because a heat 

storage can be used instead of an electrical battery. 

 Under high solar radiation and ambient temperature conditions, the a-Si PV/T-ORC 

system has a daily power output of 452.35 kWh, followed by the poly-Si PV/T-ORC 

(403.9 kWh), stand-alone poly-Si PV (365.15 kWh) and s-ORC (223.6 kWh). 

 Using a-Si cells in the PV/T-ORC system shows favourable results in summer 

applications, since it can tolerate excessive temperatures with a stable electrical 

efficiency. Moreover, the a-Si PV/T-ORC system has not only the advantage of 

power outputs, but it is also expected that the a-Si PV/T-ORC system would reduce 

the payback time against the s-ORC system. The unique thermal annealing effect of 

a-Si cells also makes their usage more promising over poly-Si cells in PV/T-ORC 

applications in terms of their lifetime.  

 The proposed a-Si PV/T-ORC has better thermo-economic performance than the 

poly-Si PV/T-ORC, stand-alone PV and s-ORC systems, especially under the 

conditions of stronger solar radiation and higher ambient temperature. 
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Nomenclature 

     Collector area, m
2
 Subscripts 

  Heat loss term, W m
-2

K
-1

    Adapted 

  Heat loss term, W m
-2

K
-2

   Ambient 

   Specific heat, J kg
-1

K
-1 

  Collector 

  Solar irradiance, W m
-2

 col Collector out 

  Specific enthalpy, J/kg    Water flow through the 

collector 

   Mass flow rate, kg s
-1

   Isentropic 

  Mass, kg    Internal expansion 

NOCT Normal operating cell temperature        Leakage 

   Heat rate, W    Mechanical to electricity 

  Temperature,       Refrigerant 

  Overall heat transfer coefficient, W m
-2

K
-1

    Supply 

  Specific volume, m
3
/kg    Swept volume 

   Power, W    Storage  

  Cover area ratio      i
th

 node of storage tank 
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28 
29 
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    Vapour 

Greek letters   Water flow through the 

evaporator 

  Efficiency    Water outlet of the 

evaporator 

  Density, kg m
-3

   Tank 
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