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Abstract. This paper presents the development of a model based on efficiency equations to 
evaluate the performance of an HCPV/T system and compares its outputs with data of an 
operational case-study system installed in Palermo, Italy.  The model is validated with data of the 
operational system to show real performance. The model can evaluate (a) the electric efficiency of 
the InGaP/InGaAs/Ge TJ solar cell and (b) electrical and thermal power/energy production 
potential of one module. The model predictions are compared with experimental electric and 
thermal data by obtaining linear regression plots of experimental results vs. analytical results; the 
R2 for experimental electrical and thermal results are 0.91 and 0.87 respectively. Using the model, 
the evaluated average daily analytical and experimental InGaP/InGaAs/Ge TJ solar cell 
efficiencies are 33 % and 25 % respectively; with a maximum daily experimental value of 30 %. It 
was found that the annual analytical and potential (based on derived equations from experimental 
data) electric energy produced by one module are 158 kWh/m2/year and 144 kWh/m2/year 
respectively, while the annual analytical and potential thermal energy are 375 kWh/m2/year and 
390 kWh/m2/year respectively. 

1 Introduction  
Concentrator Photovoltaic (CPV) is an innovative solar 
technology that is available commercially, and 
continuously being researched and developed for 
application in regions of high Direct Normal Irradiance 
(DNI). This interest is due to the continuous increase in 
CPV efficiencies, potential increase in power density 
with the reduction in the land area required to install 
CPV systems [1]. CPV system makes use of 
Photovoltaic (PV) cell and optical technologies to 
produce electric energy, while Concentrator Photovoltaic 
Thermal (CPV/T) system integrates thermal technology 
to produce electric and thermal energy. CPV system 
works by concentrating DNI via optical devices on a 
very small area of the solar cell. The optical technology 
usually consists of the reflector and a receiver located at 
the focal point of the reflector. The DNI concentration is 
achieved by a sun-tracking system. The PV cell and the 
thermal energy capture technologies consist of Multi-
Junction Solar Cell (MJSC) and heat dissipation system.  
The main advantages of CPV systems are a reduction in 
the solar cell area, and reduction in land use area, while 
the main disadvantage is that its use is limited to regions 
of high DNI, and requires very accurate tracking system 
[2]–[5]. 

This paper is a contribution to the application of the 
CPV/T system with Indium-Gallium-Phosphide/Indium-

Gallium-Arsenide/Germanium (InGaP/InGaAs/Ge) TJ 
solar cell, and continuation of previous work on 
HCPV/T system with InGaP/InGaAs/Ge TJ solar cell, 
tested at 2000 suns in the lab by [6]–[9]. [7], [8] 
presented a study on the development of HCPV/T 2000x 
system using experimental lab data to evaluate the 
electrical and thermal efficiencies. [6], [9] presented a 
study on electrical characterisation of InGaP/InGaAs/Ge 
TJ solar cell and optical characteristics of the reflective 
concentrator and BK7 glass frustum (refractive 
concentrator) at 2000 suns. This paper presents the 
development of a model based on efficiency equations 
validated with field-based data of the operational 
HCPV/T 2000x system to evaluate the electric efficiency 
of InGaP/InGaAs/Ge TJ solar cell, and electrical and 
thermal power/energy production potential one HCPV/T 
2000x module. 

2 Description of the operational high 
concentrator photovoltaic thermal 
2000x system  
Fig. 1 shows the operational cogeneration system that 
uses solar energy to produce electrical and thermal 
power, operating at 2000x concentrations factor. The 
analysed module 2 is one of the four modules linked 
together via a reverse return hydraulic layout of the 
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active cooling system that uses demineralised water. The 
active cooling system contains active heatsink integrated 
with each InGaP/InGaAs/Ge TJ solar cell with the 
design to simultaneously keep the InGaP/InGaAs/Ge TJ 
solar cell at the operating temperature of 20 oC to 90 oC 
(with a maximum temperature of 110 oC) and extract 
thermal energy by means of the flowing demineralised 
water. The active heat sink is designed with one inlet and 
one outlet entry point, and a heat exchanger between the 
InGaP/InGaAs/Ge TJ solar cell and the flowing 
demineralised water. The analysed HCPV/T 2000x 
module is divided into two semi-modules (North-side 
(N-side) and South-side (S-side)). The main components 
of the analysed module essential to its operation are: 
• 20 InGaP/InGaAs/Ge TJ solar cells each integrated 
with an active heat sink, 
• 20 reflective ultraclean off-axis parabolic mirror,  
• 20 tapered-rectangular BK7 frustum optical receiver at 
the focal point of the reflective mirror, 
• 2-axis tracking system based on alt-azimuth angles,  
Steel A286 iron base superalloy frame structural support,  
• Complementary Metal Oxide Semiconductor (CMOS) 
webcam.  

The surface area of each InGaP/InGaAs/Ge TJ solar 
cell (Ac) is 107.90 mm2 (10.3875 mm x 10.3875 mm), 
the surface area of the reflective mirror (Ar) is 2025 cm2 
(45 cm x 45 cm), the surface area of the BK7 frustum at 
the focus point of the reflective mirror is 256 mm2 (16 
mm x 16 mm), while the tapered surface area of the BK7 
frustum at the point of contact with the 
InGaP/InGaAs/Ge TJ solar cell is 107.90 mm2. The 
2000x operating condition is achieved by the 2-axis 
tracking system aligned in the North-South (N-S) 
configuration, in order to effectively track the sun via 
simultaneous rotational motion of the N-S longitudinal 
axle, and tilting motion of the East-West (E-W) 
transverse axle. The rotational motion of the N-S 
longitudinal axle and tilting motion of the E-W 
transverse axle are provided by the installed Bernio MR 
615 30Q 1/1024 coaxial gear rotational motor and 
actuator Linak LA25 linear motor respectively, with 
each motor connected to an AN8 magnetic encoder 
position sensor. The Solar Position Algorithm (SPA) of 
National Renewable Energy Laboratory’s (NREL) is an 
astronomical tracking algorithm used to track the suns 
position. The tracking accuracy for a visible clear sky 
sunny day is increased with the CMOS webcam installed 
in the N-side of the module configuration.   

The HCPV/T 2000x module electric circuit is 
connected to a 1000 W smart grid tie variable load 
micro-inverter. A control panel manages the 2-axis 
tracking system and acquires operative parameters (such 
as current, voltage, flow rates, demineralised water 
temperature, solar position angles etc.). The electric 
layout of one module consists of a parallel circuit 
arrangement of the two semi-modules (N-side and S-
side); each semi-module consists of 10 series of 
InGaP/InGaAs/Ge TJ solar cells. Similarly, to the 
electrical system, the hydraulic/thermal system is 
connected to the control panel. Two YF-S401 volumetric 
flow-meters; that measures flow rate between 0.3 L/min 
(5x10-6 kg/s) to 6 L/min (1x10-4 kg/s) at water pressure 

0.8 MPa gauge with an accuracy of ±5 %, are installed in 
the East-side (E-side) and West-side (W-side) of each 
semi-module. Each semi-module has one inlet and one 
outlet PT100 platinum thermometer sensor with an 
accuracy of ±0.05%. The values of the electrical and 
thermal operating parameters are measured and recorded 
in a MySQL database.  
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Fig. 1. HCPV/T 2000x module system. The numbers indicate 
the position of the four modules; this work focusses on module 
2. 

 
The thermal system consists of 20 active heat sinks (a 

sink for each solar cell) cooling system that uses 
demineralised water as a Heat Transfer Fluid (HTF). The 
cooling system is designed to keep the 20 
InGaP/InGaAs/Ge TJ solar cells operating at the 
designed temperature range of 20 °C to 90 °C (with a 
maximum temperature of 110 °C). Each active heatsink 
is equipped with a 100 mm2 Aluminium (Al) heat 
exchanger plate to extract the thermal energy. A Priux 
master 25 – 90 circulating pump and a 0.2 m3 
demineralised water storage tank are integrated in the 
closed-loop hydraulic system.  

 

 

Fig. 2. HCPV/T Module 2; footprint area is equal to 11 m2 

3 Model development for the high 
concentrator photovoltaic thermal 
2000x system 
The HCPV/T 2000x module was analysed in terms of: 
• InGaP/InGaAs/Ge TJ solar cell efficiency, 
• Electric and thermal power/energy outputs (for yearly, 
monthly, daily and hourly time levels). 
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3.1 Triple junction cell efficiency 

The operating cell temperature is an important parameter 
required to calculate cell efficiency. The actual operating 
temperature of the InGaP/InGaAs/Ge TJ solar cell was 
not considered in the calculation of the cell efficiency 
because the assembled active heatsink does not have 
temperature sensor amongst its components due to its 
complexity. Instead, an effective cell efficiency equation 
as a function DNI (Gi) was applied. 

The analytical cell efficiency was derived as a 
function of Gi, referring to cell efficiency vs. CR (up to 
1500) characteristic obtained from two experimental 
tests performed using the same type of 
InGaP/InGaAs/Ge TJ solar cell installed in HCPV/T 
2000x module. The experimental tests were performed 
on 30.25 mm2 (5.5 mm x 5.5 mm) and 100 mm2 (10 mm 
x 10 mm) at Test Conditions (TC) of 25 °C, 1000 W/m2 
and 500 W/m2 [10], [11]. The cell efficiency vs. CR 
characteristic obtained from both tests was extrapolated 
for CR up to 2000 to match the CR of the analysed 
HCPV/T 2000x system. Thus, the analytical cell 
efficiency equation was derived as a function of Gi. 
Therefore, the derived analytical InGaP/InGaAs/Ge TJ 
solar cell efficiency is:  

                                  ηc,thr = a · Gi + b  (1) 

where a = 0.00003 m2/W and b = 0.3102. 

Due to current mismatch loss caused by different 
operating conditions (such as shading) experienced by 
the InGaP/InGaAs/Ge TJ solar cells connected in series, 
the HCPV/T 2000x electric circuit efficiency is assumed 
to be 90 % (i.e. ηs = 0.9) of the solar cell efficiency [2], 
[12]–[14]. Therefore, analytical electric HCPV/T 2000x 
circuit efficiency is: 

                                  ηcirc,thr = ηs · ηc,thr  (2) 

The experimental HCPV/T 2000x electric circuit 
efficiency is: 

               ηcirc,exp = Pel,p,exp  / (ηopt · ft  · Gi · Ar  · N)  (3) 

where Pel,p,exp, ηopt, Ar, ft, and N are experimental 
produced electric power, combined optical efficiency of 
the reflective mirror and BK7 frustum receiver, surface 
area of the reflective mirror, non-ideal tracking factor of 
the 2-axis tracking system, and the number of cells 
respectively. ηopt and ft are equal to 0.85 and 0.9 
respectively [2], [12], [15]. 

The experimental InGaP/InGaAs/Ge TJ solar cell 
efficiency is: 

                                 ηc,exp = ηcirc,exp / ηs  (4) 

3.2 Analytical analysis of electric and thermal 
power 

The analytical electric power produced by one 107.90 
mm2 InGaP/InGaAs/Ge TJ solar cell at 2000 CR is [14], 
[15]: 

                 Pc,p,thr = ηc,thr · ηopt · CF · ft  · Ac  · Gi  (5) 

The analytical electric power produced by the 
module with N number of InGaP/InGaAs/Ge TJ solar 
cells is [14], [15]: 

                            Pel,p,thr = Pc,p,thr · N · ηs  (6) 

The analytical thermal power produced by the 
module is [2], [12]–[14]: 

         Qth,p,thr = (1- ηcirc,thr) · ηopt · CF · ft · Ac  · Gi · N  (7) 

3.3 Experimental monitoring analysis of electric 
and thermal power 

The experimental electric power produced by the module 
is: 

                                  Pel,p,exp = I · V  (8) 

where Pel,p,exp is the product of experimental 
measured HCPV/T 2000x electric circuit variable 
voltage (V) and current (I); the HCPV/T 2000x electric 
circuit is connected to 1000 W smart grid tie variable 
load micro-inverter in order to achieve instantaneous 
maximum power. 

The potential electric power produced by one 
HCPV/T 2000x module at any given time in a typical 
year can be calculated by using the derived potential 
produced electric power (Pel,p,der) as a function of Gi 
described in equation (9); this was obtained from the plot 
(Fig. 3) of Pel,p,exp against Gi,exp (with Coefficient of 
Determinant (R2) =0.91) for experimental results 
between 1st March 2018 and the 22rd May 2018. The 
derived potential produced electric power equation was 
then used to calculate the monthly/annual potential 
electric energy produced by one module, using 
Meteonorm DNI (Gi,met) data obtained from Meteonorm 
weather file for Palermo, Sicily [16]. The derived 
potential produced electric power is: 

                 Pel,p,der = c · Gi + d, for Gi ≥ 60 W/m2  (9) 

where c = 0.5 m2 and d = 71.1 W. 

The experimental thermal power produced by the 
module is: 

                   Qth,p,exp = ρw · Vol · cw · (Tout-Tin)  (10) 

where the demineralised water volumetric flow rate 
(Vol), outlet temperature (Tout) and inlet temperature (Tin) 
for the single module were measured by the installed 
YF-S401 volumetric flowmeter and PT100 platinum 
thermometers temperature sensors respectively. The 
water density (ρw) was calculated as a function of water 
temperature according to the following equation with R2 

= 0.99 [17]: 

       ρw=-0.0035·{[(Tout+Tin)/2]2}–0.0842·[(Tout+Tin)/2]+ρ   (11) 
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where ρ = 1000.8 kg/m3 at water temperature equal to 
0 oC. 

The plot (Fig. 4) of (Tout-Tin) and [(Tout+Tin)/2] 
against Gi,exp (for experimental results between 1st March 
2018 and the 22rd May 2018) shows a linear relation; 
(Tout-Tin) and [(Tout+Tin)/2] increases as Gi,exp increases. 
A linear equation of (Tout-Tin) as a function of Gi (with R2 

= 0.93) was derived from the plot. Also, a linear 
equation of [(Tout+Tin)/2] as a function of Gi (with R2 = 
0.60) was derived from the plot. Equation of (Tout-Tin) 
and [(Tout+Tin)/2] are: 

                            (Tout-Tin) = e · Gi + f  (12) 

                        [(Tout+Tin)/2] = g · Gi + h  (13) 

where e = 0.0056 K m2/W, f = 273.69 K, g = 0.0134 
K m2/W, h = 297.33 K. 

Therefore, the potential thermal power produced by 
one HCPV/T 2000x module at any given time in a 
typical year can be calculated by using equation (10), 
and the derived equations (11) to (13). These equations 
were then used to calculate the monthly/annual potential 
thermal energy produced by one module, using 
Meteonorm DNI (Gi,met) data obtained from Meteonorm 
weather file for Palermo, Sicily [16]. 

3.4 Experimental data 

The experimental monitoring analysis of the HCPV/T 
2000x module was conducted for 78 days (1st March 
2018 and 25th June 2018). The system did not operate or 
produce electric and thermal power for 39 days within 
this period either due to needed technical modifications 
or bad weather conditions. 

Experimental measured DNI (Gi,exp) data (measured 
and recorded in a MySQL database) used to analyse the 
module production from 1st March 2018 to 25th June 
2018 was obtained from 2-axis alt-azimuth STR-22G 
sun tracker installed on-site, while the Meteonorm DNI 
(Gi,met) used to calculate the monthly/annual potential 
electric and thermal energy produced by one module was 
obtained from Meteonorm weather file for Palermo, 
Sicily [16]. 

The presented experimental analysed results 
considered 25 days (16 days (between 1st March 2018 
and 22nd May 2018) for when the circulating active 
cooling demineralised water was not bypassed from the 
0.2 m3 demineralised water storage tank, and 9 days 
(between 23rd May 2018 and 25th June 2018) for when it 
was bypassed) with 5 to 10 hours of electrical and 
thermal production between 6 am to 3 pm. However, for 
derived equations (9), (12) and (13), experimentally 
measured data considered 42 days for when the 
circulating active cooling demineralised water was not 
bypassed from the 0.2 m3 demineralised water storage 
tank, between 6 am and 7 pm. The current, voltage, 
temperature, volumetric flow rate, and DNI were 
recorded on average six times per minute. The obtained 
experimental measured data were used to evaluate the 
InGaP/InGaAs/Ge TJ solar cell efficiency, and electric 

and thermal power/energy. Finally, using the derived 
electric power (Fig. 3), the demineralised water 
temperature expressions (Fig. 4) from the analysed 
experimentally measured data and the DNI input data 
from Meteonorm [16], the monthly and hence annual 
potential electric and thermal energy were evaluated. 
Fig. 3 and Fig. 4 shows that the electric and thermal 
power increases with increasing DNI. 

Since, the actual operating temperature of the 
InGaP/InGaAs/Ge TJ solar cell was not measured, the 
measured temperature of the cooling demineralised 
water was used as a reference parameter (because the 
cell temperature will always be greater) to characterise 
the behaviour of the InGaP/InGaAs/Ge TJ solar cell with 
change in temperature. As shown in Fig. 5 and Fig. 6 
(the experimental results plots for when the circulation 
active cooling demineralised water was bypassed from 
the 0.2 m3 demineralised water storage tank), the cell 
efficiency increases with increase in the demineralised 
water temperature (hence the InGaP/InGaAs/Ge TJ solar 
cell temperature), before showing a gradual decrease 
from the operating optimum demineralised water 
temperature of approximately 30 oC, to the maximum 
demineralised water temperature of approximately 53 
oC.  
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Fig. 3. HCPV/T 2000x system; instantaneous produced electric 
power, current, and voltage vs. instantaneous DNI (the DNI 
values are multiple of 10); 42 days between the 1st March 2018 
and the 22nd May 2018). 
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Fig. 4. HCPV 2000x system; instantaneous demineralised 
water temperature vs. instantaneous DNI; (the DNI values are 
multiple of 10); 42 days between the 1st March 2018 and the 
22nd May 2018). 
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Fig. 5. HCPV/T 2000x system; instantaneous electric 
InGaP/InGaAs/Ge TJ solar cell efficiency and demineralised 
water temperature vs. instantaneous DNI (the DNI values are 
multiple of 10); 9 days (24th, 25th, and 30th May, and 2nd, 3rd, 
10th, 11th, 12th and 22nd June 2018) between 6 am and 3 pm. 
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Fig. 6. HCPV/T 2000x system; instantaneous electric 
InGaP/InGaAs/Ge TJ solar cell efficiency and DNI (the DNI 
values are multiple of 10) vs. instantaneous demineralised 
water temperature; 3 days (24th, 25th, and 30th, May) between 6 
am and 3 pm. 

4 Model development for a fixed angle 
monocrystalline silicon photovoltaic 
system 
The objective of developing this model is to carry out a 
performance comparison between a fixed angle PV and 
HCPV/T 2000x system. This comparison will be based 
on PV cell efficiency and electric energy production 
capability. The PV system model was developed based 
on the commercially available state of the art 
monocrystalline silicon PV technology, for Palermo 
case-study location. Specifications for the analysed 1.66 
m2 (1.63 m x 1.02 m) state of the art monocrystalline PV 
panel was taken from [18]. Footprint area of 11 m2 (7.4 
m x 1.5 m) as the HCPV/T 2000x system was used; this 
equates to approximately 5 PV panel array. The tilt angle 
of the array was assumed to be 30o [19]. 
 

The analytical monocrystalline silicon PV array 
produced electric energy is [20]: 
 

            Eel,p,thr = ηc,thr · GHIi,met · fa  · Apv  · Npv · ηs  (14) 

 

where ηc,thr, GHIi,met, fa, Apv, and Npv are analytical PV 
cell efficiency, Meteonorm Global Horizontal Irradiance 
(obtained from Meteonorm weather file for Palermo, 
Sicily [16]), fraction of PV panel surface area with active 
solar cells, Surface area of a PV panel, and number of 
PV panel respectively. 
 

The analytical monocrystalline silicon PV cell 
efficiency is [21]: 
 

                   ηc,si,thr = Pel,p,exp  / [1 - σt(Tc -Tref)]  (15) 

where ηref, σt, Tc, and Tref, are reference cell efficiency 
at Standard Test Conditions (STC), PV temperature 
coefficient, operating cell temperature, and reference cell 
temperature respectively. The STC are Tref = 25 °C, and 
solar irradiance of 1000 W/m2 [18], [21]. The ηref and σt 
are constant experimentally derived values equal to 16.9 
% and 0.44 %/oC respectively [18]. 
 

Therefore, analytical monocrystalline silicon PV 
electric circuit efficiency is: 
 
                             ηcirc,si,thr = ηs · ηc,si,thr                      (16) 
 

The analytical operating monocrystalline silicon cell 
temperature is [21]: 
 

    Tc,si,thr = Ti,a,met +[ (TNOCT – 20 oC)/800 W/m2] · GHIi,met  (17) 

where Ti,a,met and TNOCT, are Meteonorm air 
temperature (obtained from Meteonorm weather file for 
Palermo, Sicily [16]) and Nominal Operating Cell 
Temperature (NOCT) respectively. NOCT is an 
experimentally derived constant value equal to 46.5 oC 
[18]. 

5 Comparison of modelled high 
concentrator photovoltaic thermal 
2000x system 

The inputs used for the analytical calculations of the 
electric cell and circuit efficiencies, and electric and 
thermal power productions are DNI values and HCPV/T 
2000x system component characteristics. The inputs 
used for the experimental calculations of the electric cell 
and circuit efficiencies, and electric and thermal power 
productions are DNI, HCPV/T 2000x component 
characteristics, measured HCPV/T 2000x electric circuit 
voltage and current, measured volumetric flow rates and 
demineralised water temperature.  

5.1 Cell and circuit efficiencies 

The analytical and experimental electric 
InGaP/InGaAs/Ge TJ solar cell efficiencies were 
calculated using equations (1) and (4) respectively. The 
analytical and experimental HCPV/T 2000x electric 
circuit efficiencies were calculated using equations (2) 
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and (3) respectively. As shown in Fig. 7, the average 
daily analytical electric InGaP/InGaAs/Ge TJ solar cell 
efficiency follows the pattern of the average daily DNI, 
however, this is not the case for the average daily 
experimental electric InGaP/InGaAs/Ge TJ solar cell 
efficiency. This is because the average daily 
experimental electric InGaP/InGaAs/Ge TJ solar cell 
efficiency is influenced by several factors; mainly the 
DNI, InGaP/InGaAs/Ge TJ solar cell temperature, and 
demineralised water temperature. The increase in DNI 
values increases the demineralised water temperature 
(hence InGaP/InGaAs/Ge TJ solar cell temperature), 
leading to a minor reduction in electric 
InGaP/InGaAs/Ge TJ solar cell efficiency; from the 
operating optimum demineralised water temperature of 
approximately 30 oC, to the maximum demineralised 
water temperature of approximately 53 oC. This is 
described in Fig. 5. HCPV/T 2000x system; 
instantaneous electric InGaP/InGaAs/Ge TJ solar cell 
efficiency and demineralised water temperature vs. 
instantaneous DNI (the DNI values are multiple of 10); 9 days 
(24th, 25th, and 30th May, and 2nd, 3rd, 10th, 11th, 12th and 
22nd June 2018) between 6 am and 3 pm. and Fig. 6. These 
figures characterise the behaviour of the 
InGaP/InGaAs/Ge TJ solar cell with a change in 
demineralised water temperature (hence 
InGaP/InGaAs/Ge TJ solar cell temperature). This 
phenomenon is further buttressed by the behaviour 
shown in Fig. 7. HCPV/T 2000x system; average daily 
electric InGaP/InGaAs/Ge TJ solar cell and HCPV/T 2000x 
circuit efficiencies, average daily DNI (the DNI values are 
multiple of 10) and average daily demineralised water 
temperature; 25 days between 9 am and 3 pm.; days with 
lower average daily DNI have higher average daily 
experimental InGaP/InGaAs/Ge TJ solar cell efficiency 
and vice versa. 
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Fig. 7. HCPV/T 2000x system; average daily electric 
InGaP/InGaAs/Ge TJ solar cell and HCPV/T 2000x circuit 
efficiencies, average daily DNI (the DNI values are multiple of 
10) and average daily demineralised water temperature; 25 
days between 9 am and 3 pm.   
 
5.2 Electric and thermal power 
 
The produced electric and thermal power was calculated 
using the electric InGaP/InGaAs/Ge TJ solar cell and 
HCPV/T 2000x electric circuit efficiencies as inputs in 
addition to the DNI. The produced average daily 
analytical electric and thermal power were evaluated 
using equations (5) and (6) and (7) respectively. The 

produced average daily experimental electric and 
thermal power were evaluated using equations (8) and 
(10) respectively. As shown in Fig. 8, the average daily 
analytical and experimental produced electric and 
thermal power follow the pattern of the average daily 
DNI, which is the main parameter affecting these 
quantities.  
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Fig. 8. HCPV/T 2000x system; average daily electric and 
thermal power, and average daily DNI (the DNI values are 
multiple of 10) and average daily demineralised water 
temperature; 25 days between 9 am and 3 pm.  
 
5.3 Monthly and annual production 
 
The monthly and annual production was evaluated using 
DNI input data from Meteonorm [16]. The potential 
produced electric and thermal energy by the HCPV/T 
2000x module were evaluated using equations (9) and 
(10) to (13) respectively. As shown in Fig. 9, the 
monthly sum of analytical and experimental produced 
electric and thermal power follows the pattern of the 
average monthly DNI; with July and February 
experiencing, respectively, the highest and lowest 
electric and thermal power production. 
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Fig. 9. HCPV/T 2000x system; the monthly sum of electric and 
thermal energy, and monthly average DNI; for a typical year. 

6 Discussion 
The experimental monitoring and analytical analysis of 
the HCPV/T 2000x system were performed in order to 
evaluate the InGaP/InGaAs/Ge TJ solar cell efficiency, 
and electrical and thermal power/energy production 
capability.  
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According to the results presented in Fig. 7, the 
calculated average daily analytical and experimental 
InGaP/InGaAs/Ge TJ solar cell efficiencies are 33 % and 
25 % respectively; a maximum daily experimental 
InGaP/InGaAs/Ge TJ solar cell efficiency of 30 % was 
achieved on the 20th of March. 

The results presented in Fig. 9 show that, the annual 
analytical produced electric and thermal energy by the 
HCPV/T 2000x module are 158 kWh/m2/year and 375 
kWh/m2/year respectively, while the annual potential 
(based on derived equations from experimental analysed 
results) produced electric energy and thermal energy are 
144 kWh/m2/year and 390 kWh/m2/year respectively.  

Finally, the analysed HCPV/T 2000x system 
characterised with InGaP/InGaAs/Ge TJ cell has higher 
electrical efficiency and electric power/energy 
production capability than the analysed commercially 
available fixed angle monocrystalline silicon PV system. 
As shown in Fig. 10 and Fig. 11, the analytically 
calculated average/maximum daily monocrystalline 
silicon cell efficiency and annual produced electric 
energy by the module are 17 %/18 % and 117 
kWh/m2/year, respectively. The analytically calculated 
monocrystalline silicon cell efficiency shows good 
correlation with the monocrystalline silicon cell 
efficiency data published in [22]; the commercially 
available monocrystalline silicon PV technology has 
electrical PV cell efficiency between 15 % and 19 %. 
Similarly, the HCPV/T 2000x system has higher 
electrical efficiency than the PVT technology as 
published in [22]; the commercially available PV/T 
technology has electrical PV cell efficiency between 13 
and 16 %. The amortised cost of the HCPV/T 2000x 
system over its lifetime isn’t included in this paper 
because the system has not yet been commercialised. 
 

   

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

Mar Apr May

Av
er

ag
e 

da
ily

 g
lo

ba
l h

or
izo

nt
al 

irr
ad

ian
ce

(*
10

), 
(W

/m
2 /d

ay
)

Av
er

ag
e 

da
ily

 e
lec

tri
c 

an
d

ci
rc

ui
t e

ffi
ci

en
ci

es

Date

ηc,thr ηcirc,thr GHIi,met (*10)

 
 

Fig. 10. Monocrystalline silicon PV system; average daily 
electric and circuit efficiencies, average daily DNI (the DNI 
values are multiple of 10); 16 days between 9 am and 3 pm. 
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Fig. 11. Monocrystalline silicon PV system; the monthly sum 
of produced analytical electric energy and monthly average 
DNI (the DNI values are multiple of 10); for a typical year. 
 
The accuracy of experimental electric and thermal 
measurements was validated by obtaining linear 
regression plot (Fig. 12) of experimental results vs. 
analytical results. The R2 for experimental electrical and 
thermal results are 0.91 and 0.87 respectively. 
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Fig. 12. HCPV/T 2000x system; experimental vs. theoretical 
values of produced electrical and thermal power; 16 days 
(between 1st March 2018 and 22nd May 2018) between 9 am 
and 3 pm. 

6 Conclusion 
This study evaluated the operational performance of the 
HCPV/T 2000x system and developed an analytical 
model.  The analytical model shows good agreement 
with the operational data.  The developed model can be 
used to calculate the required capacities for a variety of 
building applications and climatic conditions.   

The HCPV/T 2000x system is suitable to meet 
all/most of the electrical demand for domestic residential 
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application and all/most of the hot water demand 
because the system has the capacity to heat the 
demineralised water temperature to above 50 oC. This 
system is also suitable for commercial 
buildings/facilities that require onsite electrical and 
thermal power to supplement the electrical and thermal 
power supply from the grid. The HCPV/T 2000x system 
is designed with the capacity to produce up to 1 kW of 
electric power and 2.0 kW of thermal power.  

This work is part of the SMART GEMS project funded by 
H2020-MSCA-RISE-2014 (GA No 645677) and FAE project, 
PO FESR Sicilia 2007/2013 4.1.1.1. 
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