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Abstract 8 

Solar energy being intermittent in nature, can provide a sustainable, steady and high density energy 9 

source when converted into electrolytic hydrogen. However, in current photovoltaic market trend 10 

with 99% conventional single junction PV panels, this cannot be achieved efficiently and 11 

economically. The advent of the multi-junction solar cells (MJCs), with cell-efficiency exceeding 12 

46%, has yet to receive wide spread acceptance in the current PV market in form of concentrated 13 

photovoltaic (CPV) system, because of its system design complexity, limiting its application scope 14 

and customers. The objective of this paper is to develop a low cost compact CPV system that will 15 

not only eliminate its application and installation related restrictions but it is also introducing a 16 

highly efficient and sustainable photovoltaic system for common consumer, to convert intermittent 17 

sunlight into green hydrogen. The developed CPV system negates the common conviction by 18 

showing two times more power output than the flat plate PV, in tropical region. In addition, 19 

sunlight to hydrogen conversion efficiency of 18% is recorded for CPV, which is two times higher 20 

than alone electricity production efficiency of flat plate PV. 21 

Keywords: Hydrogen, CPV, Solar, Concentrated Photovoltaic, Energy Storage 22 

1. Introduction 23 

In order to fulfill the global energy needs, if the current trend of relying on the fossil fuels persists 24 

then the global warming situation will put environment sustainability in great risk [1-5]. Although, 25 

the measures have been taken to reduce the carbon content in the atmosphere [6-8], but not enough 26 

to mitigate the risk unless a shift towards sustainable energy sources occurs [9]. For sustainable 27 

energy source, it must be readily available all the time [10]. However, renewable energy sources 28 

like solar and wind are not suitable to be used as primary energy supply, due to their intermittent 29 

nature [11-13]. Hydrogen is considered as a sustainable energy carrier to meet the future global 30 

energy needs, due to its higher energy density and portability like fossil fuels [14-16], only if it is 31 

produced by renewable energy means. In addition, the emission in case of hydrogen utilization is 32 

water [17]. 33 
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Solar energy has the highest energy potential among all of the energy resources [18, 19]. However, 34 

due to its intermittent nature and low energy density, there is a need to convert it into high grade 35 

energy, to be used as primary energy source [20, 21]. The conventional electrochemical energy 36 

storage method i.e. battery, is the solution for solar intermittency only for small scale and short 37 

term applications [22-24]. Sunlight to hydrogen conversion provides a sustainable primary energy 38 

option if achieved efficiently and economically [25, 26]. 39 

Currently, almost entire photovoltaic marker is dominated by conventional single junction 40 

photovoltaic (PV) panels i.e. monocrystalline, polycrystalline and thin film based solar cells 41 

offering lower efficiency [27-30]. Although such cells have a theoretical efficiency limit of 31%, 42 

the actual long term power output rating is merely less than 8% [31]. Therefore, for a typical 68-43 

70% [32] efficient electrolyser, the less efficient single junction PV does not provide a sustainable 44 

solution for hydrogen production. However, third generation multi-junction solar cells (MJCs), 45 

with cell efficiency exceeding 46% [33] and system efficiency 25-29% [34] as concentrated 46 

photovoltaic (CPV) [35], have yet to receive wide spread acceptance in the current PV market 47 

because of their system design complexity and application constraints [36]. The conventional 48 

gigantic design of CPV systems limits their application scope for only open desert regions [37], 49 

with less customers and market share, despite highest efficiency. The potential of small scale 50 

photovoltaic system for rooftop application can be estimated as 40-50% of total PV installations 51 

[38] and many rebate schemes were given in US and Japan for rooftop PV installation due to its 52 

importance, but no such compact system design is offered yet for CPV technology [39]. However, 53 

it is not that simple to have compact CPV system design as it requires more number of tracking 54 

units for the same capacity of the CPV field, thereby increasing overall cost and control hardware 55 

requirement of the entire CPV field. In addition, CPV system requires very high solar tracking 56 

accuracy of 0.1-0.3 degree, unlike PV [40]. In literature, many studies are available which discuss 57 

the tracking requirement of conventional PV, which varies from single axis to two axis control 58 

with feedback [41-44]. But such PV tracking methodologies cannot be adopted for CPV due to 59 

their poor tracking accuracy. Therefore, such high accuracy can be achieved through hybrid 60 

tracking technique with both optical and astronomical tracking methods. The astronomical 61 

tracking is a well-established technique based upon the solar geometry. However, alone, it cannot 62 

ensure high tracking accuracy due to its open loop operation which is susceptible to errors under 63 

wind turbulence and mechanical backlash. Therefore, real-time feedback about actual solar 64 

position is very important to ensure tracking accuracy, and it is obtained from optically designed 65 

solar tracking sensors. The solar tracking sensor developed for PV, based upon tilted wedge, rod 66 

and collimator based shadow concepts [45], does not offer high accuracy which is in the range of 67 

25oC [46]. However, the only commercially available solar tracking sensor is based upon high cost 68 

position sensitive diode (PSD) [47, 48]. Such high cost unit does not appear to be economical 69 

choice for compact CPV design due to increased number of units. 70 

The objective of this paper is to introduce a compact but low cost CPV system to be available 71 

commonly in photovoltaic market as a highly efficient photovoltaic technology with highest power 72 
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density and smaller footprint. The compact CPV design will boost its market share and customers 73 

by eliminating its installation related restrictions, through proposed master-slave configuration and 74 

twin lens collimator based solar tracking sensor. In addition, as sustainable and steady power 75 

source, a compact CPV-Hydrogen system will be developed, which will not only eliminate its 76 

operational limitation of intermittency but it will further increase its application scope and market 77 

potential by offering Green Hydrogen and byproduct Oxygen; one of the biggest industrial need. 78 

From system performance evaluation, sunlight to hydrogen production efficiency of 18% was 79 

recorded which is 2 times the electrical efficiency of flat plate PV. The study also highlights the 80 

two times higher performance potential of CPV than flat plate PV, in tropical and urban region as 81 

CPV is considered only suitable to be operated in desert regions with clear sky conditions. For the 82 

first time, in this paper, CPV system has been presented as a feasible and sustainable solar energy 83 

system, by not only providing its competitive design against conventional PV systems but its 84 

detailed performance analysis is provided for hydrogen production as solar energy storage or fuel 85 

production, especially in the tropical region which is falsely considered as non-feasible for CPV 86 

operation. 87 

2. Compact CPV Field Configuration 88 

Figure 1 shows the simple schematic of master-slave field configuration for compact CPV system 89 

field, to reduce the overall control hardware requirement and associated cost despite increased 90 

number of tracking units needed for such approach. In the proposed master-slave configuration, 91 

one master tracker is equipped with all of the expensive and sophisticated tracking modules, 92 

needed to get required solar tracking data. Such data, after sorting and filtering, is then sent to rest 93 

of the slave trackers in the CPV field, using wireless Zigbee transceivers with radio signal 94 

communication. Rest all of the slave trackers are only equipped with controller and motor drivers, 95 

which is the minimum control hardware requirement for solar tracking unit. However, remaining 96 

required tracking modules, supplied to master tacker, are replace with single Zigbee transceiver, 97 

resulting in simple configuration of slave trackers with reduced system cost. The main importance 98 

of such wireless communication is that CPV field of slave trackers can be designed at the rooftop 99 

of multiple building, irrespective of their height. 100 

Zigbee network utilizes low communication protocol using radio frequency, in which the center 101 

device (master) creates a network and rest of the zigbee devices (slaves) join the same network for 102 

communicating with central device. The central zigbee device is called as coordinator and 103 

represented by ‘C’. However, rest of the slave zigbee devices are called as router or end device 104 

and represented by ‘R’ or ‘ED’ respectively. The router or end devices are named based upon their 105 

communication patterns as router can have a two way communication while end devices can only 106 

accept the instruction, without any feedback. In any zigbee network, the slave units in the outer 107 

most ring acts as ‘ED’ while remaining slave zigbee devices act as ‘R’. Following equations (1) 108 

and (2) are used to map the slave tracker positions, as explained in [49], and controlled through 109 

Zigbee communication and modules. 110 
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3. Twin Lens Collimator based Solar Tracking Sensor 113 

A simple schematic of low cost but highly accurate solar tracking sensor is proposed in Fig. 2. It 114 

is based upon twin lens collimator and the photo-sensors array. The collimator concentrates and 115 

collimates the incoming solar radiations into a bright spot at the center of the photo-sensor array. 116 

It must also be noted that the purpose of using concentrated beam is to operate photo-sensors in 117 

binary operation and to eliminate their non-linear response against illumination, as the intensity of 118 

incident beam is higher than their saturation limit.  119 

For operation, this solar tracking sensor is aligned with the tracker such that when the tracker is 120 

accurately facing the sun, the concentrated bright spot is in the center of photo-sensor array. During 121 

tracking error, the incoming solar radiations do not remain aligned with the collimator axis and as 122 

a result, the concentrated bright spot translates from the center of photo-sensor array. When the 123 

tracking error exceeds from its acceptable limit, the bright spot hits any of the photo-sensor in the 124 

array, giving high output signal. Based upon the position of activated photo-sensor and the tracking 125 

algorithm programmed, the solar tracker is adjusted such that to bring concentrated bright spot 126 

back in the center of photo-sensor array. The distance between lenses ‘S’ and the collimated beam 127 

thickness are the two design factors of twin lens collimator, given by equations (3) and (4), 128 

respectively. The parameters 'fcn' and 'fcx' represents the focal lengths of the concave and convex 129 

lenses, respectively. 130 

)( cncx ffS 
 (3) 131 

cn

cx

cx

t f
f

D
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  (4) 132 

The point of interest, regarding performance of solar tracking sensor for CPV, is its sensitivity i.e. 133 

shift in the linear position of concentrated bright spot for per degree angular deviation in the 134 

incoming rays. High sensitivity reflects detection capability of sensor for even smaller errors, 135 

which is essential for CPV solar tracking. The optical performance of designed solar tracking 136 

sensor was analyzed in Tracepro software with parameters fcx=80mm, Dcx=20mm and fcn=-12mm. 137 

The resultant performance graphs from ray tracing simulations are shown in Fig. 2. It can be seen 138 

that the sensor has sensitivity of 7.45, given by the slope of the graph. It depicts that with 1o 139 

deviation in the incident radiations, there is 7.45o deviation in the collimated beam. The other graph 140 

shows the linear translation of bright spot against the incident ray deviation, for different gaps 141 
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between photo-sensor array and concave lens. Although, the bigger gap reflects higher sensitivity 142 

but it increases the overall size of the sensor. 143 

4. Prototype of Compact CPV with Hydrogen system 144 

Based upon the proposed master-slave configuration and the twin lens collimator centered solar 145 

tracking sensor design, a prototype of the CPV field with compact CPV system, hydrogen 146 

production/compression and storage unit, is developed to analyze system performance and 147 

operation for rooftop application, as shown in Fig. 3. One of the unit acts as master and the 148 

remaining three units act as slaves, using Zigbee transceivers. All of the solar tracking units are 149 

loaded with hybrid tracking algorithm which is explained at the end of this section in Fig. 4. The 150 

developed hybrid algorithm employs both astronomical/passive and active/optical tracking 151 

methods. The passive/astronomical tracking methods is based upon the solar geometry model that 152 

defines the solar position coordinates based upon the information of latitude, longitude, date and 153 

time of current location. Such information required for the astronomical tracking methods, is 154 

obtained from sophisticated electronic modules i.e. GPS and RTC (real time clock). However, in 155 

proposed master salve configuration of compact CPV system, only master tracker is equipped with 156 

such modules, and sending the required information to the slave trackers. The control box of master 157 

solar tracker is based upon microcontroller, loaded with hybrid tracking algorithm, with required 158 

modules, Zigbee transceivers and the motor drivers. However, the control box of tracking unit only 159 

consists of microcontroller, Zigbee transceivers and the motor drivers. Such passive tracking 160 

method works as open loop technique without any feedback. However, the mechanical drive 161 

assembly of the solar tracker in prone to backlash as it consists of two worm wheel and gear 162 

assemblies. Therefore, to ensure tracking accuracy, all of the CPV units are equipped with 163 

developed twin lens collimator centered solar tracking sensor that provides real time feedback 164 

regarding solar position. Based upon the master slave configuration and low cost solar feedback 165 

sensor, the overall cost of the compact CPV system can be reduced. The mechanical supporting 166 

structure of these solar trackers supports the CPV module, to track the solar position during its 167 

operation in horizontal (azimuth) and vertical (zenith) directions. The CPV module is based upon 168 

solar concentrating assembly and the triple junction InGaP/InGaAs/Ge solar cell. The 169 

concentrating assembly is based upon solar concentrator and the secondary optics as homogenizer. 170 

The solar concentrator concentrates solar radiations onto the homogenizer which further guides 171 

and uniformly distributes it over the cell area, which is placed at the outlet aperture of the 172 

homogenizer. Four different concentrating assemblies based upon Fresnel lens and the parabolic 173 

reflector, were designed and fabricated to study their performance, which not under scope of this 174 

study. However, the electricity output from the MJC solar cells is supplied to hydrogen system. It 175 

is important to mention here that although, the solar tracker is based upon hybrid tracking which 176 

can correct the small tracking errors which can rise due to mechanical backlash. However, there is 177 

a chance of big disturbance in the tracker position in case of heavy winds and such error cannot be 178 

corrected due to limited view angle of solar feedback sensor.  179 
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The hydrogen system consists of hydrogen production and compression/storage units. The power 180 

output from all of the CPV units is supplied to the Hydrogen production unit, based upon a stack 181 

of PEM electrolyser, through MPPT (maximum power point tracking) device or DC/DC converter. 182 

The solar cell has its own maximum power point at certain conditions while electrolyser has its 183 

own current-voltage (I-V) characteristics. Therefore, for optimum performance, they cannot be 184 

connected directly but through intermediate power balancing device i.e. MPPT or DC/DC 185 

converter. The flow schematic of developed compact CPV field, with hydrogen system is shown 186 

in Fig 3(b). The hydrogen/oxygen gases produced by the electrolyzer are temporarily stored over 187 

water to measure their quantity, in terms of change in the water level as measured through level 188 

sensor which is measured with ±1.5% accuracy. When the water level reaches to minimum, the 189 

hydrogen/oxygen compressor then sucks the stored gases from these water tanks, restoring the 190 

water level. The comoressed gases are then stored separately in the gas cylinders. The performance 191 

parameters from every component of the system are recorded through central data logging unit. 192 

The central data logging and control system manages the overall operation of the whole system 193 

through LabVIEW programming. The solar input data is recorded through pyranometer and 194 

Pyrheliometer with calibration accuracy of ±1%. 195 

4.1 Hybrid Tracking Algorithm 196 

For operation and control of the two axis solar tracker, the hybrid tracking algorithm is developed 197 

using C-programming through CodevisionAVR compiler and implemented through Atmega2560 198 

based microcontroller. The overall structure and implementation of hybrid tracking algorithm is 199 

shown in Fig. 4. The astronomical tracking algorithm acts as a primary tracking method, which is 200 

implemented through already developed solar geometry model [50]. Azimuth and Zenith are two 201 

solar tracking angles which define the solar position in horizontal and vertical plane, with reference 202 

to south plane and horizontal plane respectively. These two angle i.e. Azimuth θa and Zenith θz, 203 

are calculated by using equation (5) and (6). 204 

If ω>0, 205 
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Where ø, ω and δ are latitude, hour and declination angles respectively. When the difference 211 

between the calculated solar position and the actual position of tracker is within the required 212 

tracking accuracy, the tracker stops otherwise it is moved accordingly. In order to ensure the solar 213 

tracking accuracy, after completion of primary method of astronomical tracking, the realtime 214 

feedback regarding actual position of sun is received from developed solar tracking sensor and 215 

analyzed through Atmega2560 microcontroller. If all of the feedback signals give low values then 216 

it depicts accurate solar tracking within required error limit, otherwise the tracker is moved in 217 

accordance with the high feedback signal from certain photo-sensor. This overall loop is then 218 

repeated during whole day operation till sunset, when tracker come to its initial position and again 219 

resumes its operation after sunrise.  220 

5. Testing Methodology 221 

In order to analyze the performance of the hydrogen with concentrated photovoltaic (CPV) system 222 

and its potential comparison with conventional PV, it is important to understand the energy 223 

potential of hydrogen. Eq. (7) shows the simple chemical reaction of hydrogen and oxygen in fuel 224 

cell. For such exothermic reaction, 237.2 KJ mol-1 of energy is released as electricity and 48.6KJ 225 

mol-1 of energy is released as heat. The sum of these two energies is equivalent to HHV of 226 

hydrogen i.e. 285.8KJ mol-1. This is the maximum energy output per mol of hydrogen.  227 

H2 + 1/2 O2      =      H2O(liquid) + 237.2 kJ mol-1 (Electricity) + 48.6 kJ mol-1 (Heat) (7) 228 

From electrolytic point of view, the energy is needed to be supplied to split the water molecule 229 

into its constituents of hydrogen and oxygen, but such energy is in the form of electricity. The 230 

supplied energy at least must be same as the total energy released during formation of water 231 

molecule [51] i.e. 285.8KJ mol-1. The Gibbs free energy of such reaction is 237.2 kJ mol-1 which 232 

is equivalent to 1.23V; the minimum voltage needed to split a water molecule [52], which is 233 

considered as the standard anode potential. But such energy is not accounting the remaining 48.6 234 

kJ mol-1 which was released as heat. Therefore, such remaining energy is also needed to be 235 

considered and supplied in form of electricity if water molecule undergoes electrolysis reaction. 236 

By considering the Gibbs free energy, the efficiency of electrolysis (output over input) is only 237 

depending upon the voltage of water splitting i.e. the operating voltage of electrolyser, Eq. (8).  238 

E

ECEF

EE

HE

EL
U

N

UI

n 23.1

.

2372002,

.


    (8) 239 

Therefore, the overall solar to hydrogen efficiency for CPV systems, based upon the input energy 240 

in form of CPV electricity, from solar energy, and output energy in form of hydrogen, is given by 241 

Eq. (9). 242 
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It must be noted that the power produced by the CPV is same as the power consumed by the 244 

electrolyser i.e. PCPV = PE.  245 

In order to theoretically analyze and simulate the power output of CPV, the performance model is 246 

based upon the single diode model for solar cell under concentration, Eq. (10). By invoking247 

0/ CC dVdP  for maximum power point of solar cell, the power output from single CPV cell is 248 

given by Eq. (11), if the temperature characteristics of triple junction InGaP/InGaAs/Ge solar cell, 249 

as given in table 1, and the area concentration ratio are known. 250 
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  (11) 252 

In order to demonstrate the long term performance potential of any photovoltaic technology, 253 

irrespective of its operating conditions and working environment, the power output of the CPV 254 

and PV system is given as Electrical Rating in kWh m-2 year-1. Electrical rating gives the total 255 

energy output of a system for a particular period of testing. Based upon the long term electrical 256 

rating, the average efficiency of CPV system for total received DNI is given by equation (12). 257 
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Where m is the no. of days for the testing period and S is the scanning internal, which is set as 1-259 

second for current analysis. 260 
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6. Results and Discussion 261 

To theoretically analyze the performance of multi-junction solar cell (MJC), the variation of cell 262 

efficiency against concentration at cell area, at different cell temperatures, is given in Fig. 5. The 263 

simulated data is obtained from the performance characteristics model of InGaP/InGaAs/Ge MJC, 264 

as given by equations (10) and (11). On the other hand, the experimental data was recorded with 265 

confidence level of 96% and uncertainty value of ±0.8% and the single point of experimental data 266 

is the average value of five different experiments repeated under similar conditions. However, the 267 

simulated performance data is within ±2% range of the experimental data, showing perfect 268 

agreement for the complete range of operation parameters. The presented data shows that there is 269 

almost a steady decreasing effect of temperature on the cell efficiency. On the other hand, the cell 270 

efficiency is almost steady for higher concentrations, but has an increasing trend at the lower cell 271 

concentrations. In the real field conditions, both cell temperature and concentration change 272 

throughout the day. Although higher concentration can lead to higher cell efficiency, however, it 273 

can also increase the cell temperature due to increased amount of radiations and heat loss at the 274 

cell area. Such trend will be explained in the CPV-Hydrogen full day performance curves, shown 275 

in Fig. 6. 276 

In order to analyze the developed CPV-hydrogen system, the performance curves of each of the 277 

component for whole day field operation, are shown in Fig. 6. The CPV system showed maximum 278 

efficiency of 28% for sunlight to electricity production only. On the other hand, maximum 279 

efficiency of 18% was recorded for sunlight to hydrogen conversion, around 9:15am, which is 280 

even higher than the electricity production efficiency of conventional PV systems. At that moment, 281 

it can be seen that the electrolyser efficiency is around 68% as per Eq. (8), as explained in the 282 

testing methodology section. On the other hand, the CPV is operating with efficiency of 27% 283 

which gives overall STH efficiency around 18%, as per Eq. (9) which is based upon multiplication 284 

of CPV and electrolyser efficiencies. From the performance graph, it can also be seen that there is 285 

a slight drop in the efficiency of the CPV system, despite increase in the direct normal irradiance 286 

(DNI). This drop is due to increase in the heat sink temperature and consequently increase in the 287 

cell temperature at higher irradiance. As presented in Fig. 5 that the cell efficiency is increasing 288 

with increase in the concentration at the cell area. Therefore, the CPV efficiency must increase 289 

with DNI, but in actual, the trend is opposite. On the other hand, we can see in Fig. 5 that the cell 290 

efficiency is decreasing with increase in the cell temperature. Such temperature and efficiency 291 

trend can explain the behavior of decreasing CPV efficiency with increase in DNI, as the heat sink 292 

temperature is also increasing. With increase in DNI, the amount of solar radiation at the cell area 293 

also increase. As there is no significant improvement in the cell efficiency at higher efficiency, 294 

Fig. 5. Therefore, with increase in amount of solar radiation, the loss of radiations in form of heat, 295 

also increase. This loss of heat increases the cell temperature and as a result, the heat sink 296 

temperature also increase, which can be seen in Fig. 6. This increase in cell temperature lowers 297 

the efficiency of the cell and so as the CPV. That is why, we can see a decreasing trend with 298 

increase in DNI, which is due to increase in heat sink or cell temperature. The solar to hydrogen 299 
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(STH) efficiency is also following similar decreasing trend. However, the main reason for STH 300 

efficiency drop is due to drop in the electrolyser efficiency. It must be noted that, as explained by 301 

equation (8), the efficiency of the electrolyser is only depending upon its operating voltage as its 302 

Faraday efficiency is recorded as 100%. Therefore, with increase in the DNI, the power output 303 

from the CPV system increases and so as the power supplied to the electrolyser. Consequently, it’s 304 

operating voltage also increase, causing decrease in the electrolyser efficiency. However, at the 305 

end of the day, the electrolyser efficiency is increasing again when DNI start to decrease. It is 306 

important to mention here the uncertainty of the reported experiment data for CPV-Hydrogen 307 

system. The current and voltage output from the CPV system, were measured with confidence 308 

level of 96% and 97%, respectively, with corresponding uncertainty of ±0.49% and ±0.46%, 309 

respectively. In addition, the measurements for direct normal irradiance (DNI) value have 310 

uncertainty of ±1% with 96% confidence level. As a result of such measurement, the overall STH 311 

have uncertainty of ±3.49% and the electrolyser and CPV efficiencies have ±1.82% and ±1.67% 312 

uncertainties, respectively. 313 

It can be seen that the overall system efficiency is not steady during the whole day operation as it 314 

is affected by various performance parameters and operating factors. On the other hand, as a 315 

hydrogen production system, the main parameter point of interest is the amount of the hydrogen 316 

produced by the system at the end of the day. This production depends upon the amount of solar 317 

radiations received for that particular. However, the amount of solar radiations received is of 318 

serious concern in the tropical region where the test is being carried out. Therefore, the maximum 319 

efficiency is not an only and suitable parameter to present the actual performance of the solar 320 

energy system. In order to analyze the performance of the developed CPV-Hydrogen system under 321 

different weather conditions i.e. clear sky, partial cloudy and cloudy, the system performance was 322 

investigated for different days, with whole day operation. The long term performance of CPV-323 

Hydrogen system is shown in Fig. 7. 324 

From Fig. 7. It can be seen that the average solar to hydrogen efficiency of 14.5-16% was recorded 325 

for the whole day operation, which is decreasing with increase in the total amount of radiations 326 

received. Similar trend can be seen for the electrolyser efficiency which is the main reason for this 327 

overall decreasing efficiency trend, as explained and linked to its operating voltage, in the previous 328 

paragraph. However, the hydrogen production rating for electrolyser was recorded in the range 329 

47.5-50 kWh kg-1, which is increasing with decrease in the electrolyser efficiency. The 330 

significance of these average performance parameter is in the system design to accurately predict 331 

its capacity according to the hydrogen production demand, instead of deciding upon the maximum 332 

efficiency of the system. It must be noted that the measurement for hydrogen gas flow were taken 333 

with confidence level of 96% and uncertainty of ±0.97%. Hence, an uncertainty of ±1.39% is 334 

recorded in the Faraday efficiency measurements. 335 

As mentioned in the introduction section that the main application scope for the CPV system is 336 

considered to be the desert region, due to their clear sky conditions and high beam radiations 337 

availability as concentrators can only respond to the beam radiations. Therefore, despite higher 338 
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efficiency, the main requirement from energy production system is the total amount of energy 339 

produced. Therefore, in order to analyze the production potential of CPV system for tropical and 340 

urban region, the developed CPV system was operated for one year operation in Singapore. The 341 

CPV system output in terms of kWh m-2 of energy produced per year is shown in Fig. 8, and 342 

compared with the output of other conventional PV systems, installed in Singapore [31]. It can be 343 

seen that the CPV system offered 2-3 times higher output (240.2 kWh m-2 year-1) than the 344 

conventional PV systems, even under the tropical weather conditions of Singapore with 66% beam 345 

radiations availability. In addition, system also showed annual average efficiency of 22% based 346 

upon the total DNI received during one year operation. As the efficiency of PV system depends 347 

upon the global horizontal irradiance (GHI), instead of DNI due to their capability to accept both 348 

beam and diffuse radiations, therefore, the annual efficiency comparison of CPV and PV systems 349 

based upon the received GHI, also shown in Fig. 8. It can be seen that the CPV still can operate 350 

with two time higher efficiency than the conventional PV, in the tropical and the urban region. 351 

Based upon the annual average performances of CPV, PV and the daily average performance of 352 

the electrolyser, the annual average performance of solar to hydrogen production is predicted in 353 

Fig. 8. It can be seen that there is a potential of 5.11 kg m-2 year-1 hydrogen production by the 354 

compact CPV system, making it a potential and sustainable solar energy system to operate in urban 355 

region for rooftop applications. In addition to the reported uncertainties in the DNI data and 356 

current/voltage measurements of CPV, it is also important to mention the uncertainty of GHI 357 

measurement i.e.  ±0.91% with confidence level of 95%. Therefore, the uncertainties of ±1.15%, 358 

±0.88% and ±1.26% can be reported in the data values of DNI efficiency, Electrical rating and 359 

GHI efficiency, respectively. 360 

By considering the annual solar energy potential of 2400 kWh m-2 year-1 for desert region of Saudi 361 

Arabia [53], with 80% beam radiations availability, the average annual performance of CPV/PV 362 

and CPV/PV-Hydrogen systems for such region is also given in Fig. 8. It can be seen that with 363 

average efficiency of 22%, the power production potential of CPV system can be predicted as 364 

422.4 kWh m-2 year-1 for desert region. On the other hand, PV system showed maximum 365 

production potential of 180.3 kWh m-2 year-1, which is still about 30% less than the CPV 366 

production in tropical region. Similarly, the overall hydrogen production potential of CPV-367 

hydrogen system operated in tropical region is also higher than that of PV operated in desert region. 368 

The CPV-Hydrogen system can offer hydrogen production potential as high as 9.0 kg m-2 year-1 369 

with 15% average system efficiency under desert condition. Therefore, with such high potential of 370 

CPV at all levels of operating conditions, it can be a sustainable and game changer solar energy 371 

system in form of compact CPV-hydrogen system, in current photovoltaic market of conventional 372 

PV, which has the capability to be a primary and steady energy source by replacing conventional 373 

power plants. 374 

7. Conclusion 375 

A compact and cost effective design of CPV system, has been proposed to eradicate the limitations 376 

associated with the conventional gigantic CPV system design. The proposed system is successfully 377 
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developed and tested for rooftop application in the tropical region of Singapore. The master slave 378 

configuration proposes a cost effective control for solar trackers of compact CPV field, with 379 

reduced hardware requirement than the conventional CPV field design. In addition, a low cost but 380 

highly accurate and sensitive solar tracking sensor design is proposed, developed and tested for 381 

CPV application with tracking accuracy as high as 0.1o.  382 

As a sustainable power source with steady power supply, the compact CPV-hydrogen system is 383 

developed and tested for rooftop application in tropical weather conditions of Singapore. The 384 

system showed electrical efficiency as high as 28% and STH efficiency of 18%. The CPV and 385 

CPV-hydrogen systems showed long term performance of 240.2 kWh m-2 year-1 and 5.11 kg m-2 386 

year-1, for tropical regions and 422.4 kWh m-2 year-1 and 9.0 kg m-2 year-1 for desert regions 387 

respectively. In addition, the CPV system showed 2-3 times higher energy output than the 388 

conventional PV, even in tropical region. On the other hand, CPV and CPV-hydrogen system both, 389 

operated under tropical conditions, showed 30-40% better performance even when compared with 390 

the performance of conventional PV operated in desert conditions. Such a compact CPV system 391 

approach, with superior performance at all levels as compared to conventional PV, will increase 392 

the market trend of CPV system which will be available to each level of customers. In addition, 393 

such photovoltaic system with pave the way for high efficiency solar to hydrogen production, for 394 

a sustainable and potential solar energy system with high energy density, zero intermittency and 395 

smaller footprint, irrespective of operating and environmental conditions. 396 
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Nomenclature 401 

IE Electrolyser Current (A) CPV Concentrated Photovoltaic 

ω Hour angle (degree) GHI Global horizontal irradiance 

d Distance between photo-sensors 

(mm) 

h Distance between collimator and 

photo-sensor array (mm) 

PEM Proton Exchange Membrane δ Declination angle (degree) 

ADC Analogue to Digital Converter θz Zenith angle  (degree) 

DNI Direct Normal Irradiance, (W/m2) Acon Area of Solar Concentrator (m2) 

PSD Position Sensitive Diode bt Collimated beam thickness (mm) 

STH Sunlight to Hydrogen θa Azimuth angle (degree) 

Ir Irradiance, (W/m2)  RTC Real Time Clock 

PV Photovoltaic S Distance between collimating 

lenses (mm) 

fcx Focal length of convex lens (mm) fcn Focal length of concave lens (mm) 

Dcx Convex lens diameter (mm) VCPV CPV Voltage (V) 
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ø Latitude (degree) CTS Colour Tracking Sensor 

NEC Number of Cells of Electrolyser F Faraday Constant (A.s/mol) 

ηEF Faraday Efficiency of Electrolyser 

(%) 

ηEL Electrolyser Efficiency (%) 

ηavg Long Term average solar 

efficiency (%) 

IE Electrolyser Current (A) 

ηCPV CPV Efficiency (%) PCPV CPV Power Output (W) 

UE Electrolyser Cell Voltage (V) nE Electrons Requirement for Water 

Splitting 

2,HEn


 
Hydrogen Production Flow Rate 

from Electrolyser (mol/s) 

VOC Solar Cell Open Circuit Voltage 

(V) 

ICPV CPV Current (A) MJC Multi-junction solar cell 

MPPT Maximum Power Point Tracking GPS Global positioning system 

Dcx Convex lens diameter (mm) Lm Maximum Depth of ZigBee 

Network 

Rm Maximum number of routing 

cable children 

Cm Maximum number of non-routing 

cable children  

IC Solar Cell Current (A) C Coordinator 

ED End Device R Router 

q Elementary charge (Coulomb) k Boltzman's Constant (m2kgs-2K-1) 

nC Diode ideality factor for 

concentrated solar cell 

DNI Direct Normal Irradiance 

ηF Optical Efficiency of Fresnel Lens 

(%) 

ηMR Reflectance Efficiency of optical 

material (%) 

ηH Optical Efficiency of 

Homogeniser (%) 

a Fitting parameter 

ηMT Transmission Efficiency of optical 

material (%) 

ηAL Optical Efficiency related to 

Aperture Loss of Fresnel Lens (%) 

ηCT Transmission Efficiency of optical 

material of glass cover plate (%) 

ηac Optical Efficiency related to 

acceptance angle and tracking error 

θte Tracking error of Solar Tracker 

(degree) 

θac Acceptance angle of concentrating 

assembly (degree) 

θac,max Maximum Acceptance angle of 

concentrating assembly (degree) 

b Fitting parameter 

Ib Direct Normal Irradiance (DNI), 

(W/m2) 

Acon Area of Solar Concentrator (m2) 

TC Solar Cell Temperature (oC) PC Solar Cell Power (W) 

Pmppt Solar Cell Maximum Power Point 

Power (W) 

ηOP Optical Efficiency of Concentrating 

Assembly (%) 

AC Solar cell Area (m2) CC Solar Concentration at Solar Cell 

Area (Suns) 

VC Solar Cell Voltage (V) ISC Solar Cell Short Circuit Current 

(A) 

 402 
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Table 1: Temperature characteristics of triple junction InGaP/InGaAs/Ge solar cell 545 

Parameter x500 x300 x150 x100 x50 

dISC/dTC 3.9644 2.3756 1.1889 0.7756 0.3867 

dVOC/dTC -0.00424 -0.00432 -0.00456 -0.00462 -0.00481 

 546 
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 547 

Figure 1: Master Slave Configuration for Cost Effective CPV Field Control548 
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 549 

Figure 2: Proposed design of Double Lens Collimator Solar Tracking Sensor550 
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(a) 552 
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(b) 554 

Figure 3: (a) Prototype and (b) Flow Schematic of Compact CPV-Hydrogen System555 
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Figure 4: Proposed hybrid Tracking Algorithm for Compact CPV557 
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Figure 5: experimental and simulated data of InGaP/InGaAs/Ge based MJC559 
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Figure 6: Field Performance Curves of CPV Hydrogen System561 
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Figure 7: Average Daily Performance for CPV Hydrogen System in Tropical Region563 
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Figure 8: Annual Average Output of CPV and CPV-Hydrogen System in Tropical Region 565 
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