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Abstract

Air conditioning devices are substantially utilized in the summer months, as a result maximum loads in Kuwait take place in these intervals.  Peak energy consumption are usually more expensive to satisfy compared to other standard power sources. The primary objective of the current work is to enhance the performance of high concentrated photovoltaic (HCPV) systems in an attempt to minimize peak power usage in Kuwait using HCPV modules. High concentrated PV multi-junction solar cells provide a promising method towards accomplishing lowest pricing per kilo watt-hour. Nevertheless, these cells have various features that should be resolved to be feasible for extensive power production. A single diode equivalent circuit model is formulated to analyze multi-junction solar cells efficiency in Kuwait weather circumstances taking into account  the effects of both the temperature and the concentration ratio. The diode shunt resistance that is commonly ignored in the established models is considered in the present numerical model. The current model results are successfully validated versus measurements from published data to within 1.7% accuracy. Present calculations reveal that the single diode model considering the shunt resistance provides accurate and dependable results. The electrical efficiency (η) is observed to increase with concentration to a specific concentration level after which it reduces. Implementing grid systems is noticed to increase with concentration to a certain concentration degree after which it decreases. Employing grid connected HCPV systems results in significant peak load reduction.
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Introduction

Solar energy is a risk-free option to conventional fossil fuel that generates air pollution to our surroundings. Dangerous impacts of worldwide warming generated from traditional energy sources is also a significant issue in that matter. Solar energy is an important renewable energy resource because of its  several benefits to human and environment. Multi-junction concentrator solar cells are a promising technology as they can satisfy the growing energy requirements with renewable resources. Concentrating sunlight on the aperture of multi-junction photovoltaic (PV) cells with high efficiency can produce a  higher power densities compared to conventional PV cells. These cells have higher conversion efficiencies and decreased price because of employing smaller cell areas. Due to the fact of the growing need for sustainable energy, generation of solar cells has developed considerably in most recent years. Compound semiconductor cells are the overwhelming choice for space energy because of enhanced efficiency in comparison to other established solar cell techniques. However, Si cells continue to dominating the PV market due to their reduced cost. Direct integration of III-V compound semiconductors on larger diameter, less costly and already available Si substrate is highly required for much less costly photovoltaic. Upgrading expensive PV solar cells by lower price optical materials results in a realistic cost savings  [1,2]. Focusing sunlight concentrated on the aperture of high efficiency multi-junction PV solar cell can generate much higher power densities than traditional PV cells. This concept can be achieved by utilizing concentrating solar rays into small cell area through optical systems. This approach is commonly introduced as concentrator photovoltaic technology (CPV). It minimizes PV cell area while device light intensity improves by equivalent factor. This approach is generally presented as concentrator photovoltaic technology (CPV).lent factor. A number of CPV providers have got working efficiencies of about25% [3,4]. In various sunshine areas, available annually power for tracking concentrator with two-axis is higher than total solar intensity supplied to systems utilizing flat plate collector [5].
CPV techniques are classified to three categories with respect to concentration factor. Concentration factor (X) is the proportion of primary optical area and active cell area. The principal CPV systems classifications are high concentration photovoltaic (HCPV) for X>400; medium concentration photovoltaic (MCPV) for 3<X<100 and low concentration photovoltaic (LCPV) for X<3. Intensity concentration, or “suns” is often used as a measure of concentration. Suns are the ratio between the concentrated light that attains the cells and the available maximum solar radiation (1000 W/m2). Modeling multi-junction solar cells efficiency is a crucial process for energy calculation of large concentration photovoltaic (HCPV) modules. Cells perform throughout diverse range of incident radiation and working temperature. Various solar cell models [6-8] are introduced in literature review to identify cell efficiency correlated to temperature and incident radiation. 
Many authors have suggested techniques for extracting the subcells variables by implementing a variety of simplifications and assumptions. Generally there are several methods based on both the single diode model [9-11] and the double diode model [12,13]. Nevertheless, such techniques identify the parameters at specific running conditions and not for the entire range of practical conditions restricting using these models. The techniques addressed above depend on direct measurement on HCPV cells. This suggests that one should measure electrical variables of the module to determine temperature. Due to this particular situation, these types of strategies are more appropriate for practical analysis of HCPV systems. Conversely, utilizing introduced atmospherical parameters allow investigating HCPV at remote areas [14]. Complex artificial intelligent techniques are recommended to examine cells temperature from direct radiation, wind speed and air temperature. However, these implies neglecting the part of the irradiance not transformed to heat. Therefore, they are not acceptable to assess cell temperature when HCPV modules performing at maximum energy; as they overestimate cell temperature. In spite of the earlier published research, the combined effects of high incident radiation and temperature on HCPV performance in hot and severe weather like Kuwait climate have not been analyzed yet. 
There are two types of PV systems; grid-connected or stand-alone. The PV is not linked to the grid in stand-alone system. In this case, batteries should be employed to supply electricity at night and when solar panels don't produce the necessary energy. On the other hand, grid-connected system is designed for locations with utility service.  No need for battery storage in grid-connected system since the lack in PV energy generation can be delivered by the utility grid. Grid connected PV systems usually incorporate solar modules, inverters and wiring. Advanced technology significantly enhanced solar cells efficiencies and at the same time greatly decreased solar cells price. All over the world,  various grid-connected PV systems have been established and running well [15-18]. These kinds of techniques can significantly improve the efficiency of distribution system as well as minimizing transmission lines losses [19]. Mondol et al [20] evaluated optimum inverter sizes in certain European areas based on system generation. Jung So et al [21] compared the simulated efficiency of PV systems to the monitored PV performance. Outcomes revealed that it is essential to improve the currently established technology. 
The impact of surface slope on performance of grid connected PV for maritime weather conditions was inspected by Mondol et al [22] using simulations. The monthly optimum collection angle that optimizes solar radiation deviate from 10° up to 70.  Hamrouni  et al [23] examined PV system in both regular and disturbed systems. The plant examined comprises of solar modules and a three-phase inverter. The theoretical and experimental data suggested the control performance of grid connected PV system in both situations. The four parameter model [24] is generally employed for studying solar cells characteristics. Two diode characteristics, the series resistance and the light current are the four parameters necessary for  the IV equation. Dussault et al. [25] explored the possibility of decreasing the load exhausted by standard office building with low thermal mass in Quebec city, Canada for lighting, heating and cooling using smart windows. Vick et al. [26] demonstrated that there is a difference amongst the energy provided and the wind energy output in the Texas Panhandle. An economic evaluation carried out on the solar systems studied. Estimated levelized cost of energy (LCOE) of a hybrid wind farm and concentrated photovoltaic plant was in the range of $108/MW h to $129/MW h. They reported that their evaluation can be adapted for other countries.
Passos et al [27] analyzed the visibility of solar hot water systems in Brazilian climate. In addition, they evaluated the influence of solar water heating in decreasing the peak load requirements in Brazil. They decided that implementing solar energy for domestic water heating is feasible in Brazil. In addition, they stated that the peak demand is constant even in extreme climate conditions. An experimental and numerical studies are presented by Stathopoulos et al [28] to review the impact of PCM. The heat storage system is composed of paraffin plates  fixed at heat exchanger.  Furthermore, a numerical model was introduced implementing finite differences technique. Additionally, they recommended a preliminary control strategy demonstrating the capabilities of this system in peak load control. There is a significant increase in energy consumption in Kuwait particularly for air conditioning systems in summer time. To satisfy the ever-growing load demand, extra power plants are set up continuously in Kuwait. This obviously indicates the imperative requirements for renewable energy systems to provide most of the power consumption especially in peak load times. This clearly demonstrates the potential need of HCPV systems to displace significant portions of conventional energy resources.  
Zhuk [29] et al analyzed the price of controlling a variety of power plants. Their study revealed that utilizing battery is feasible for small peak demand times less than 1 h. On the other hand for prolonged durations, the traditional power plants are more feasible. Gu et al. [30]  analyzed China׳s coal-fired power units׳ peak management with a comprehensive setup capacity and peak shaving process. They reported rules guidelines to manage the peak shaving problem and to guarantee sustainable enhancement of power system. Decrease of peak load in the Polish electrical power system is demonstrated by Werminski et al  [31]. They applied a decentralized active demand response system to decrease peak loads. The simulation outcomes revealed that adapting a decentralized active demand response system results in a considerable reduction in peak load. A novel system for heating, electricity generation and cooling using energy peak load shifting is recommended by Lv et al [32]. A brand new strategy is established  to inspect the  economic feasibility of such technique. The results revealed that system functions professionally for minimal pressure conditions. The suggested system saves about 53.9% yearly. Nazi et al [33] developed a model for peak load decrease based on building’s thermal analysis. Outcomes demonstrated that lighting system and windows heat gain account for 71% of the building’s heat gain and 40.2% reduction in cooling load can decrease total power consumption by about 47%. 
In current research, single diode equivalent circuit model is developed to analyze multi-junction cells efficiency in Kuwait weather conditions considering the impacts of both temperature and concentration ratio. Furthermore, the shunt resistance of the diode that is normally ignored in the existing models is taken into consideration in the present developed numerical model. Model results are compared to reported measured data to assess its accuracy and durability. The model predictions agree well with reported measured data. The combined impacts of high incident radiation and temperature on HCPV efficiency in hot and extreme climate similar to Kuwait climate is analyzed. Grid connected high concentrated PV is recommended to decrease the peak demand in Kuwait. Transient simulation program [34] implemented to examine the performance of HCPV in Kuwait weather conditions. In addition, grid connected high concentrated PV are suggested to minimize peak load. Various solar modules area and orientation are studied to accomplish maximum energy generation from grid connected HCPV system. 

Numerical Modeling
The numerical model outlining the solar modules efficiency must properly determine the change of solar module power with surrounding radiation and temperature. Solar cell production power is function of radiation intensity and temperature since it is a nonlinear power supply. Figure 1 represents single diode model circuit for triple-junction solar cells.
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Figure 1.     Single diode model circuit for triple-junction solar cells

Cell output power reaches peak at maximum power point (MPP). Fill factor (FF) measures square similarity of IV characteristics output and is defined as:



Where Im and Vm are maximum voltage and maximum current at maximum power Pm. Proportion of solar cell output energy to energy input from sunlight is the most important criteria adapted to assess solar cell efficiency, η, and it is given by:



The functioning under focused sunlight enhances the efficiency of the solar cell. For concentration factor X, the short circuit current Isc (Xsun):



Where Isc (1sun) the short circuit current at 1 sun and 1 sun equals to1000W/m2.

Absolute temperature coefficient of Isc is function of concentration factor (X):



The triple junction solar cell is composed of three junction linked in series. Every junction expressed by the single diode model. I-V relation for cell junction considering the shunt resistance:



Each sub cell specified using set of 5 factors: short circuit current (Isc), diode ideality factor (ni), diode reverse saturation current (Io,i), series resistance (Rs,,i), and shunt resistance (Rsh,i).  The terminal voltage is V, q electron charge of the, Boltzmann constant, kB, Ji is load current; T is cell temperature and represent cell junction (1 for top cell, 2 for medium cell and 3 for top cell). Reverse saturation current is the main factor influencing Voc, so I0, is a measure of minority carriers loss throughout p–n junction in reverse bias. Diode ideality factor, n, accounts for diffusion diode non-idealities. Based on Shockley theory of diodes, n should equal unity, but a value of n> 1 is more appropriate to include imperfections produced through manufacturing process. The series resistance is the sum of the bulk resistance of semiconductor materials, metal grids bulk resistance and interconnections and resistance contacting metal contact and the semiconductor. The most significant factor in obtaining high efficiency concentrated solar cells is Rs. Shunt resistance is caused by the leakage current across the p-n junction, either at cell perimeter or in the crystal close to the junction due to defects or deposition of impurities. Open circuit voltage (Voc) is attained  by setting I=0 in Equation (5).
The last term in Equation (5) makes the equation, nonlinear and implicit needing outstanding computational attempts to be solved. That is the reason why the last term in Equation (5) is ignored in the published models considering the shunt resistance is infinity. This estimate can greatly impact the precision of the model predictions.  So, shunt resistance is considered in the present work. Using the Lambert W-function [35], Equation (5) can be transformed from implicit nonlinear equation to explicit nonlinear equation. Applying Lambert W-function, Jain and Kapoor [36] expressed Equation (5) as:




Because of its explicit nature, Equation (6) has recently been adapted to analyze PV systems [37,38]. Lambert W-function is solved using already mathematical software packages. In present study, Maple software is employed to conduct the calculations of the developed numerical model. To numerically solve Equation (6), 5 factors should evaluated; n, Isc, I0, Rs, and Rsh. These factors have a significant role in the behavior of PV devices. The method carried out by Ghani et al. [39] is followed to determine these five parameters.
Summing the voltages of each subcell, multi-junction total voltage (V) is: 


For single diode model of multi-junction cell, 10 empirical factors are evaluated by calibration versus measurements. Dark saturation current density (Jo,i), current per unit cell area,  is strongly temperature dependent and can be expressed as:



Where Eg,I is energy and k and  are constants. Recombination in both quasi state neutral and depletion region is utilized to model Io. Energy band gap decreases with temperature; so Isc increases with temperature. In spite of that, this change is usually ignored in reported models as the band gap is usually considered constant. This effect must be considered if high accuracy of cell performance over a broad range of temperatures is required. Solar cells working temperature in CPV system is much higher than surrounding temperature. So, temperature impact on cell performance is extremely significant for CPV system design considerations. The band gap energy of semiconductors decreases with increasing temperature as expressed by the empirical expression introduced by Grey et al. [40]:  



Where Eg,i(0) band gap energy of i sub cell at zero Kelvin and ,  are material constants. As a result, Isc of solar cells increases slightly with temperature, while Voc and FF both decrease. So, efficiency of cell also drops in linear trend with temperature for certain intensity. Considering the effect of material composition allows the model to handle various cells types. 

Electricity Consumption in Kuwait

Energy consumption in Kuwait is increasing very rapidly at a rate of about 7% annually. This is completely due to the building of new residential places, fast economic and development growth as well as the harsh climatic conditions. The peak load achieved 12410 MW in summer 2014. So, the Kuwaiti government continuously set up brand new power production plants to fulfill the demand increase in energy consumption. Power plants size has expanded sharply  from 70 MW in 1960 to 15719 MW in 2014. Consequently, energy produced has developed from 1000 Million kWh in 1960 to 65140 Million kWh in 2014 [41]. Additionally, the peak demand has considerably increased from 2100 MW in 1980 to 12410 MW in 2014. Nearly about 50% of energy produced in Kuwait is consumed in domestic applications as the government and people construct additional urban areas. Also, air conditioning (AC) load represents significant  part of the energy consumption in Kuwait. Figure 2 presents development of power stations capacity in Kuwait for the period 1960-2014.



       Figure 2.  Evolution of the capacity of power stations in Kuwait

The installed power capacity and peak power is evaluated for all years. Results indicate that peak power every time is smaller than the power generated by available power plants implying the capability of power plants to generate peak power required.

Load Data Analysis 

The load each hour is calculated at 30 minutes steps throughout the period from 1960 to 2014. The load for each 30 minutes is recorded and analyzed by a program model. In hot months (June-September), a significant increase in energy consumption is noticed. This is due to  the increase in AC load through summer months. It is worthy to point out that in summer, hourly load follow same order and at 15:00 hour the power reaches its maximum value. Figure 3 shows the variation of load with time at peak load day in the year 2014 (16th June, 2014).



              
Figure 3. Electrical load variation for the day of peak load (16th June, 2014)

The peak load of March 2014 is the minimum peak load during the duration of the year . This is due to the fact that in March residents usually stop using power for heating or cooling. So, loads higher than the load of March and in the period April to November is employed for air conditioning. On the contrary, the load from December to February is utilized in heating applications since extra apparatus are standard for each month. So, peak power at March is almost the load for appliances other than air conditioning (AC) systems. Therefore, the air conditioning power are those larger than peak power of March through April-November (hot months of the year). On the other hand, heating loads are those larger than the peak load of March through December-February (cool months of the year). Analysis of load data revealed that air conditioning loads in hot months represents about 68% of the peak loads. In addition, load data indicated that peak power generally occurs between 14:00-16:00 hour in summer days, and between 19:00-21:00 hour in winter days.
System Components 

In addition to HCPV modules, PV systems need batteries, system wiring, inverters, support structures, over current protection and disconnects switches. Inverter and protection devices are the main link amongst utility grid and PV system.  Most PV systems utilize system control besides DC to AC converters. To ensure power aspect and fast separation of grid from PV system in accidents, PV systems include precise control circuit. Disconnect switches are necessary for safety and they typically utilize  over current protection as circuit breakers or fuses. Grid connected system is suggested for the present work. In this situation, batteries are not necessary as power from grid utilized to supply power if required power is greater than the power produced by PV system. In addition, PV system generally necessitate  maximum power point tracker [42] to control PV outputs so it continuously runs close to maximum power point. Figure 4 illustrates the proposed system adapted for the present study.
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Figure 4.    Diagram of grid connected  HCPV

Methodology 
The goal of present study is to examine the capability of high concentrated PV modules to minimize total and peak power in Kuwait. The targeted load decrease is affected by HCPV performance in addition to the instantaneous occurrence of both HCPV output and peak load. The HCPV power is evaluated utilizing recorded hourly electrical loads and weather data for Kuwait. The single diode equivalent circuit model developed for this work is employed to calculate multi-junction cells performance in Kuwait climate taking into account the impacts of both temperature and concentration ratio. Transient simulation program [34] is adapted to evaluate HCPV system hourly energy output utilizing both ambient temperature and radiation incident on array surface. The HCPV system is assumed to be due south and inclined at a 31 (Kuwait latitude). TYPE 16 (solar radiation subroutine) built in TRNSYS is utilized to evaluate angle of incident. Duffie and Beckman [43] suggested correlations are utilized to evaluate effective angle of incident. Each simulation has a one year period and utilize gallium indium phosphide/gallium indium arsenide/germanium (GaInP/GaInAs/Ge) triple junction Azurspace cells [44]. Grid connected HCPV energy output greatly ruled by the location weather data. A FORTRAN code is introduced to create hourly weather data from available monthly data for surrounding temperature and horizontal radiation. Weather data employed in this work have been monitored and recorded for five years in the College of Technological Studies, Kuwait. A specific model is developed to calculate hourly loads then address the load style to a data file. 

Results and Discussions

The data used for the present study is measured and recorded by the outdoor test facility set up at College of Technological Studies, Kuwait (Latitude 31). The weather data include continuous measurements of hourly surrounding temperature, solar global radiation and solar direct radiation on horizontal surface at Kuwait for five years in the period from 1st October 2011 till 31stSeptmber 2016.  The HCPV module adapted to conduct current work and to calibrate predictions of present developed model is: gallium indium phosphide/ gallium indium arsenide /germanium (GaInP/GaInAs/Ge) triple-junction data of Azurspace  2016. Predicted parameters for Azurspace cells using present single diode model is presented in Tables 1. 

Table1. Predicted Azurspace cell parameters using single diode model 

	Subcell
	1
	2
	3

	n
	1.93
	1.88
	1.91

	
	1.89
	1.72
	1.69

	k (A/m2K4)
	1.76810-5
	1.45910-4
	1.97110-2

	Rs
	0.032
	0.039
	0.036

	Rsh
	388
	509
	441


Figures 5 demonstrates the variation of the predicted cell efficiency () versus concentration factor at two different temperatures along the experimental data for the HCPV module studied. As seen, η increases with concentration until concentration factor equal to 400  approximately for Azurspace cells. This increase is controlled by Voc logarithmic increase with intensity. However, as concentration goes up, this effect is compromised by cell fill factor reduction because of losses in series resistance. Consequently, efficiency decreases over a specific concentration degree. The efficiency behavior follows the same trend in Voc, which agrees well with earlier results [45]. The root mean square error in efficiency calculation is found to be 1.4%.These results clearly indicate that the present model predictions for both cells agree well with the corresponding experimental data. So, present predictions, let us conclude that the present developed model accurately determines HCPV cells performance over a wide range of operating conditions.




Figure 5. Variation of efficiency versus concentration factor for Azurspace cell


The recommended PV system does not provide power to utility grid but it is expected to generate the load requirements. So, the energy produced is lost when the output of HCPV is larger than the load demand. The HCPV output and the load demand should be equal at each run hour. To confirm that concept, the simulated HCPV energy is correlated with hourly load data. The HCPV factors were changed till achieving the equality among HCPV output and corresponding hourly and annual energy.
An illustration for the output of this process is presented in Figure 6 for the day of maximum load (June 16) in 2014 for HCPV of 1000 MW.  As the figure shows, for 1000 MW HCPV output shaves the peak load by about 31%. Consequently this obviously illustrates the excellent match among the HCPV output and the hourly electrical load. This figure indicates that the HCPV system produces energy at peak load, i.e. the HCPV can definitely decrease peak load all over day while HCPV power not ever surpass the load.





                   Figure 6.    HCPV energy shaves electrical load on June 16, 2014

Maximum monthly electrical energy load for the year 2014 is shown in Figure 7 for  capacities of 0 MW, 1000 MW, and 2000 MW respectively. As figure illustrates, increasing HCPV system size results in significant decrease in peak load. Also, peak load during the whole year, can be reduced by utilizing HCPV system with capacity of 1000 MW. 
 


Figure 7.     Monthly peak load for various HCPV capacity

Calculation of the individual impact on load reduction is an alternative strategy to examine the capability of  the HCPV system. That can be carried out by assessing total decrease in load demand by including all effects. Load requirements reduction is defined as monthly average load reduction at all day times during complete months. Figure 8 presents the change of the ratio of monthly average load reduction against HCPV size.
[image: ]
       Figure 8.   Ratio of  load reduction against HCPV capacity

The ratio of average monthly demand reduction is defined as the average monthly demand reduction in MW for each 1 MW PV output. The relationship among HCPV size and average monthly load reduction is straight till  HCPV size of 1000 MW. So, this ratio is constant and equal to about 0.69 till 1000 MWs.  Increasing HCPV capacity above 1000 MW results in  a decrease in this ratio. The reduction is mainly attributed to energy loss as HCPV energy starts to be larger than the required load. Consequently, the effect of HCPV on load reduction becomes  insignificant specifically for HCPV sizes larger than 6000 MW. This results reveals that utilizing HCPV systems can significantly improve the efficiency of conventional utility sources.
Finally, it is worth to point out that economic analysis of HCPV grid connected system is not taken into account in this study. However, it is necessary to continue this research by investigating the feasibility of HCPV systems. These results can assist Kuwaiti government in considering the application of renewable energy resources in Kuwait.

Conclusions

The present study has assessed the ability of HCPV to minimize peak load in addition to the environmental analysis of these systems in Kuwait weather conditions. The following conclusions can be stated out depending on the present outcomes:
· Single diode model is satisfactory for practical applications rather than using the complex two diodes model. The total root mean square errors in the present model predictions are lower than 2% compared with published experimental data.
· The electrical efficiency (η) of HCPV module is noticed to increase with concentration to a certain concentration level after which it decreases.
· Employing grid connected HCPV system significantly decrease  the peak load.
· The peak load can be reduced by about 31% by using 1000 MW HCPV capacity.
· For HCPV capacity up to 1000 MW, the average peak demand is reduced to 0.69 MW for each 1 MW HCPV capacity.
· Energy generated from grid connected HCPV system is maximum for arrays due south and with inclination to the horizontal of 25 (Kuwait latitude-5).
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Nomenclature	
A							area (m2)
Eg							energy band gap (eV)
FF							fill factor (FF)
G							global radiation(W/m2)
I							current (A)
Io							dark saturation current (A)
Im							maximum power point current (A)
Isc							short-circuit current (A)
J current density					 (A/m2)
Jsc							density of short-circuit current (A/m2)
Jo							density of dark saturation current (A/m2)
kB							Boltzmann constant (1.381 x l0-23J/K)
n							diode ideality factor (–)
Pin							incident power (W)
Pm							maximum power output (W)
q							electron charge (C)
Rs							series resistance ()
Rsh							shunt resistance ()
T							temperature (C)
Tamb							ambient temperature (C)
Tc							solar cell temperature (C)
V 							voltage (V)
Vm							maximum power voltage (V)
Voc							open-circuit voltage (V)
X 							concentration factor  (–)
Greek letters
							solar cell latitude (-)
							constant (–)
T 							temperature change (C)
							efficiency of the cell (–)
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