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Abstract

High concentrated PV multi-junction solar cells (HCPV) likely present a fa-
vorable alternative to achieve low cost of energy. However, multi-junction
solar cell has different characteristics which should be settled before they can
be adapted for large scale energy generation. Peak energy consumption in
Kuwait usually occurs in periods of utilizing air conditioning systems which
are essentially used in almost all year around in harsh climate like Kuwait.
Power consumed at peak times is more costly than power needed to satisfy
loads at regular consumption times. The main goal of the present research is
to increase HCPV solar cells’ efficiency, to decrease maximum power cost in
Kuwait. Multi-junction solar cells performance in weather conditions of Ku-
wait is investigated employing a single diode equivalent circuit model. The
model developed considers the impacts of concentration ratio as well as tem-
perature. Most research in literature review usually neglects shunt resistance
of the diode, however this resistance is taken into consideration in current
developed theoretical model. To calibrate the present model, current predic-
tions are compared with corresponding measured data provided by mul-
ti-junction solar cell manufacturer. The total root mean square errors in the
present model predictions are about 1.8%. This means that current developed
model of single diode model which takes into account shunt resistance im-
pacts gives precise and reliable data. HCP electrical efficiency is noticed to
rise as concentration increases but to a certain concentration value, then it
begins to decrease. In addition, utilizing HCPV linked to grid satisfies great
decrease in maximum load. Power produced from HCPV modules is utilized
to provide energy needs to a family in normal Kuwaiti family home to eva-
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luate HCPV environmental effects. HCPV modules slopes and areas are
changed to accomplish peak energy production all over the year. Present re-
sults reveal that optimum power production corresponds to HCPV modules
directed to south and having latitude of 25°. In addition, employing HCPV
modules can avoid approximately 1.55 ton of emitted CO, per year. In con-
clusion, current work reveals the advantage impacts of grid connected HCPV

in Kuwait weather.

Keywords

High Concentrated Photovoltaic Systems, Avoided CO, Emission, Maximum
Load

1. Introduction

Solar energy is a risk-free option to conventional fossil fuel that generates air
pollution to our surroundings. Dangerous impacts of worldwide warming gen-
erated from traditional energy sources are 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 densi-
ties compared to conventional PV cells. These cells have higher conversion effi-
ciencies 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 de-
veloped 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. Up-
grading expensive PV solar cells by lower price optical materials results in a rea-
listic cost saving [1] [2]. Focusing sunlight concentrated on the aperture of high
efficiency, multi-junction PV solar cell can generate much higher power densi-
ties than traditional PV cells. This concept can be achieved by utilizing concen-
trating solar rays into small cell area through optical systems. This approach is
commonly introduced as concentrator photovoltaic technology (CPV). It mini-
mizes 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
about 25% [3] [4]. In various sunshine areas, annually available power for track-
ing concentrator with two-axis is higher than total solar intensity supplied to

systems utilizing flat plate collector [5].
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Concentrating photovoltaic systems can be categorized in variety of ways:
geometric, optic, tracking, etc. [6] that are usually depending on the concentra-
tion ratio or factor “X”. Concentration factor (X) is defined geometrically as the
ratio of primary optical area (receiver) to the active cell area and optically as the
intensity ratio or Suns. Suns are the ratio between the concentrated light that at-
tains the cells and the available maximum solar radiation (1000 W/m?). De-
pending on concentration factor X, the system can be classified as low concen-
tration (X < 10 Suns), medium (10 < X < 100 Suns), high (100 < X < 2000 Suns)
and ultrahigh (X > 2000 Suns). 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 [7] [8] are introduced in li-
terature 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] [10] [11] and the
double diode model [12] [13]. Nevertheless, such techniques identify the para-
meters at specific running conditions and not for the entire range of practical
conditions restricting using these models. The techniques addressed above de-
pend 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 pa-
rameters allow investigating HCPV at remote areas [14]. Complex artificial in-
telligent techniques are recommended to examine cells temperature from direct
radiation, wind speed and air temperature. However, these imply 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 ener-
gy; as they overestimate cell temperature. In spite of the earlier published re-
search, the combined effects of high incident radiation and temperature on
HCPYV 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 em-
ployed 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 lo-
cations 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] [16]

DOI: 10.4236/sgre.2018.911015

239 Smart Grid and Renewable Energy


https://doi.org/10.4236/sgre.2018.911015

T. H. Alzanki et al.

[17] [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 ef 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 mari-
time weather conditions was inspected by Mondol et al. [22] using simulations.
The monthly optimum collection angle that optimizes solar radiation deviates
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 con-
trol performance of grid connected PV system in both situations. The four pa-
rameter 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 pos-
sibility 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 all [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 leve-
lized cost of energy (LCOE) of a hybrid wind farm and concentrated photovol-
taic 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 de-
creasing 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. Ex-
perimental and numerical studies are presented by Stathopoulos et al. [28] to re-
view the impact of phase change materials. 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 rec-
ommended a preliminary control strategy demonstrating the capabilities of this
system in peak load control. There is a significant increase in energy consump-
tion in Kuwait particularly for air conditioning systems in summer time. To sa-
tisfy 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
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times less than 1 h. On the other hand for prolonged durations, the traditional
power plants are more feasible. Gu et a/ [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 estab-
lished to inspect the economic feasibility of such technique. The results revealed
that system functions professionally for minimal pressure conditions. The sug-
gested system saves about 53.9% yearly. Nazi ef al. [33] developed a model for
peak load decrease based on building’s thermal analysis. Outcomes demonstrat-
ed 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 con-
sumption by about 47%.

In current research, single diode equivalent circuit model is developed to ana-
lyze 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 im-
pacts of high incident radiation and temperature on HCPYV efficiency in hot and
extreme climate similar to Kuwait climate are 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. Various solar modules area and orienta-
tion are studied to accomplish maximum energy generation from grid connected
HCPYV system. Restored power from HCPV is adapted to supply the energy
consumption of people in standard Kuwaiti house. Different PV slopes and areas
are assessed to maximize yearly energy outcomes from HCPV system. Finally,
the CO, emission conserved is determined to examine environmental impacts of
high concentrated photovoltaic in Kuwait climate. To our knowledge this is the
first study assessing grid connected high concentrated photovoltaic systems for

peak load reduction in Kuwait climate.

2. Numerical Modeling

The numerical model outlining the solar modules efficiency must properly de-
termine the change of solar module power with surrounding radiation and tem-
perature. This model is previously discussed in detail [35]. In Solar cell produc-

tion power is function of radiation intensity and temperature since it is a nonlinear
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power supply. Figure 1 represents single diode model circuit for triple-junction
solar cells.
An increase in solar cell power under concentration is primarily attributed to

an increase in the open circuit voltage (V) which is given by:

V. =nk—T1n[£]+lnX (1)
q 0
where 7. is the short circuit current, n is the diode ideality factor, (22), I, is the
diode reverse saturation current, g is the electron charge, & the Boltzmann con-
stant.
Cell output power reaches peak at maximum power point (MPP). Fill factor

(FF) measures square similarity of /1 characteristics output and is defined as:

P I
FF — m — V)n m (2)
v, V.

where 7, and V,, are maximum voltage and maximum current at maximum
power P,. Proportion of solar cell output energy to energy input from sunlight is
the most important criteria adapted to assess solar cell efficiency, 7, and it is
given by:

V1, FFV, I

— — oc” Sc 3
7 AG AG )

The functioning under focused sunlight enhances the efficiency of the solar

cell. For concentration factor X, the short circuit current 7. (Xsun):

I (Xsun)=XI_(lsun) (4)
J—
VWV 4
Rsl
D1 Rshl 1
10 VAR
v
VW A
RsZ
DZ RshZ VZ
Iscz I C) SZ %
v
VW A
R53
D3 Rsh3 3
lsc} I C) SZ
v
Figure 1. Single diode model circuit for triple-junction solar cells.
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where 7, (1sun) the short circuit current at 1 sun and 1 sun equals to1000 W/m?.

Absolute temperature coefficient of 7. is function of concentration factor (X):

df,, (Xsun) ¥ d7_ (1sun) %)
ar dr

The triple junction solar cell is composed of three junction linked in series.
Every junction expressed by the single diode model. 7~ V relation for cell junc-
tion considering the shunt resistance:

a(Vi+1iRy ;)

V.+1R_.
Ii:[sc,i_[a,i e nikgT 1= il

2 (6)

sh,i

Each sub cell specified using set of 5 factors: short circuit current (7)), diode
ideality factor (n,), diode reverse saturation current (7,,), series resistance (R,,),
and shunt resistance (R,,,). The terminal voltage is V; g electron charge of the,
Boltzmann constant, &, /;is load current; 7'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 V,, so I, 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 in-
terconnections and resistance contacting metal contact and the semiconductor.
The most significant factor in obtaining high efficiency concentrated solar cells
is R. Shunt resistance is caused by the leakage current across the p — 1 junction,
either at cell perimeter or in the crystal close to the junction due to defects or
deposition of impurities. Open circuit voltage (V) is attained by setting /= 0 in
Equation (6).

The last term in Equation (6) makes the equation, nonlinear and implicit
needing outstanding computational attempts to be solved. That is the reason
why the last term in Equation (6) 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 [36], Equation (6) can be transformed from im-
plicit nonlinear equation to explicit nonlinear equation. Applying Lambert

W-function, Jain and Kapoor [37] expressed Equation (6) as:

Rxh’,(R A, . +R 1 .+V,.) nk

Lambert W nks,x se,i 5,07 0,0
(R, +R,,) 1
g o s R, (I .+1_.
Ii —_ V; _ q + sh,i ( 0,i sc,z) (7)
Rs,i + Rsh,i Rs,i Rs,i + Rsh,i

Because of its explicit nature, Equation (7) has recently been adapted to ana-

lyze PV systems [38] [39]. Lambert W-function is solved using already mathe-
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matical software packages. In present study, Maple software is employed to
conduct the calculations of the developed numerical model. To numerically
solve Equation (7), five parameters should evaluated; n, I, [, R, and R These
factors have a significant role in the behavior of PV devices. The method carried
out by Ghani et al [40] is followed to determine these five parameters.
Summing the voltages of each subcell, multi-junction total voltage (V) is:
V= iV[ (8)
i=1
For single diode model of multi-junction cell, 10 empirical factors are eva-
luated by calibration versus measurements. Dark saturation current density (Z,,),
current per unit cell area, is strongly temperature dependent and can be ex-

pressed as:

I, = kl-T(BJZiJe[”’ii; ) (9)

where E;is energy and k and yare constants. Recombination in both quasi state
neutral and depletion region is utilized to model . Energy band gap decreases
with temperature; so [ increases with temperature. In spite of that, this change
is usually ignored in reported models as the band gap is usually considered con-
stant. 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 considera-
tions. The band gap energy of semiconductors decreases with increasing tem-

perature as expressed by the empirical expression introduced by Grey et al. [41]:

E, (T)=E,(0)-< (10)

T+,

where E, (0) band gap energy of 7sub cell at zero Kelvin and a,  are material
constants. As a result, 7, of solar cells increases slightly with temperature, while
V,. 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.

The above equations are formulated in a FORTRRAN code to develop a mod-
el to analyze the performance of multi-junction solar cells. The model developed
considers the impacts of concentration ratio as well as temperature. The models
is calibrated against published experimental data by AZURSPACE manufactur-
er. The developed model is found to agree well with published experimental data
by AZURSPACE manufacturer. The total root mean square errors in the present

model predictions are about 1.8%.

3. System Data

3.1. Electricity Consumption in Kuwait

Energy consumption in Kuwait is increasing very rapidly at a rate of about 7%
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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 12,410 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 18,259 MW in 2015. Consequently, energy produced has de-
veloped from 1000 Million kWh in 1960 to 68,288 Million kWh in 2015 [42].
Additionally, the peak demand has considerably increased from 2100 MW in
1980 to 12,810 MW in 2015. Nearly about 50% of energy produced in Kuwait is
consumed in domestic applications as the government and people construct ad-
ditional 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 1960-2015.

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.

3.2. Load Data Analysis

The load each hour is calculated at 30 minutes steps throughout the period from
1960 to 2016. The load for each 30 minutes is recorded and analyzed by a pro-
gram 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
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Figure 2. Evolution of the capacity of power stations in Kuwait.
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Figure 3. Electrical load variation for the day of peak load (30™ August, 2015).

variation of load with time at peak load day (30™ August, 2015) in the year 2015
[42].

The peak load of March 2015 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 indi-
cated that peak power generally occurs between 14:00-16:00 hour in summer

days, and between 19:00-21:00 hour in winter days.

3.3. System Components

In addition to HCPV modules, PV systems need batteries, system wiring, inver-
ters, support structures, over current protection and disconnects switches. In-
verter and protection devices are the main link amongst utility grid and PV sys-
tem. 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
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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 re-
quired power is greater than the power produced by PV system. In addition, PV
system generally necessitate maximum power point tracker [43] to control PV
outputs so it continuously runs close to maximum power point. Figure 4 illu-

strates the proposed system adapted for the present study.

3.4. 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 de-
crease is affected by HCPV performance in addition to the instantaneous occur-
rence of both HCPV output and peak load. The HCPV power is evaluated uti-
lizing 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 im-
pacts of both temperature and concentration ratio. Transient simulation pro-
gram [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 [44] suggested correlations are utilized to evaluate
effective angle of incident. Each simulation has a one year period and utilize gal-
lium indium phosphide/gallium indium arsenide/germanium (GalnP/GalnAs/Ge)
triple junction Azurspace cells [45]. Grid connected HCPV energy output great-
ly 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 moni-
tored and recorded for five years in the College of Technological Studies, Ku-

wait. A specific model is developed to calculate hourly loads then address the

\ Utility grid
Utility interactive
| inverter / MPPT

HCPV Array

load style to a data file.

Electrical Load

Figure 4. Diagram of grid connected HCPV.
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4. Environmental Life Cycle Assessment

If a PV power facility (low or non CO, emitting plant) is established as an alter-
native to conventional power plant (higher CO, emitting plant), this will defi-
nitely results in a reduction of CO, emission. Avoided CO, emission is the dif-
ference between emissions generated by conventional energy sources and the
ones generated throughout the manufacture of PV through entire system dura-
tion (25 years). Spiegel et al [46] examined offset potential of the pollutant
emission for distributed photovoltaic plant. Power generated used to determine
offset emissions of SO,, CO,, and NO,. The emission decrease of greenhouse
gases are evaluated by Delarue et al [47] at different European regions. They
mentioned that greenhouse gases emission reduction in power generated may
accomplish a value of 19%.

In current study, a numerical model is introduced to determine avoided CO,
emission achieved due to the utilization of grid-connected HCPV system. Grid
connected HCPV system is suggested to provide electricity consumption de-
mands (lighting and household appliances) for people in an standard Kuwaiti
house. The emissions produced in the fabrication procedures of PV systems can
be disregarded [48] since they are substantially lower than the emissions pro-
duced by conventional sources. Avoided CO, emission is primary the CO, emis-
sions that generated by traditional sources. To carry out CO, emission reduction
computations for PV, the reference case of the electricity system must be speci-
fied. This of course will require identifying the conventional source and asso-
ciated fuel (oil, natural gas, coal). The standard emission parameters as well as
conversion efficiencies of a variety of fuel types [49] are input to the model.

5. 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 sur-
face at Kuwait for five years in the period from 1* October 2011 till 31* Septmb-
er 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 (GalnP/GalnAs/Ge) triple-junction data of Azur-
space 2016. Predicted parameters for Azurspace cells using present single diode
model is presented in Table 1.

Table 1. Predicted Azurspace cell parameters using single diode model.

Subcell 1 2 3
n 1.95 1.86 1.93
V4 1.92 1.74 1.68
k(A/m>KY) 1.772 x 107 1.463 x 10~ 1.972 x 1072
R 0.031 0.042 0.037
R, 386 506 438
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Figures 5 demonstrates the variation of the predicted cell efficiency (7) versus
concentration factor at two different temperatures along the experimental data
for the HCPV module studied. As seen, 1 increases with concentration until
concentration factor equal to 400 approximately for Azurspace cells. This in-
crease is controlled by V. logarithmic increase with intensity. However, as con-
centration goes up, this effect is compromised by cell fill factor reduction be-
cause of losses in series resistance. Consequently, efficiency decreases over a spe-
cific concentration degree. The efficiency behavior follows the same trend in V,,
which agrees well with earlier results [50]. The root mean square error in effi-
ciency calculation is found to be 1.8%. These results clearly indicate that the
present model predictions for Azurspace cellagree well with the corresponding
experimental data. So, present predictions, let us conclude that the present de-
veloped model accurately determines HCPV cells performance over the temper-
ature range studied.

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 si-
mulated HCPV energy is correlated with hourly load data. The HCPV factors
were changed till achieving the equality among HCPV output and correspond-
ing hourly and annual energy.

An illustration for the output of this process is presented in Figure 6 for the
day of maximum load (30™ August, 2015) for HCPV of 1000 MW. As the figure
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Figure 5. Variation of efficiency versus concentration factor for Azurspace cell.
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Figure 6. HCPV energy shaves electrical load on 30t August, 2015.

shows, for 1000 MW HCPV output shaves the peak load by about 32%. Conse-
quently this obviously illustrates the excellent match among the HCPV output
and the hourly electrical load. This figure indicates that the HCPV system pro-
duces energy at peak load, ie. the HCPV can definitely decrease peak load all
over day while HCPV power not ever surpass the load.

Maximum monthly electrical energy load for the year 2015 is shown in Figure
7 for capacities of 0 MW, 1000 MW, and 2000 MW respectively. As figure illu-
strates, 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.

Calculation of the individual impact on load reduction is an alternative strat-
egy 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 require-
ments 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.

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
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larger than the required load. Consequently, the effect of HCPV on load reduc-

tion becomes insignificant specifically for HCPV sizes larger than 6000 MW.

This results reveals that utilizing HCPV systems can significantly improve the
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efficiency of conventional utility sources.

The generated power from HCPV is proposed to supply domestic hot water
load and electricity consumption for citizens in an ordinary Kuwaiti house. The
hot water demand is 280 liter/day presuming a 40 liters/person/day. The com-
puter model is supplied with the ordinary loads consumption. The two-story
house comprised 2 living rooms, dining room, 5 bedroom, 2 kitchen as well as a
set of household apparatus. An hourly load pattern is provided to subroutine to
be utilized during simulation. The model program is also supplied with the
hours in which the load is employed throughout the whole for household ap-
pliances.

Various HCPV array azimuth angle and slopes are examined to achieve
maximum annual HCPV energy generation. The maximum energy generation
from the HCPV system occurs at array inclination of 25° (Kuwait latitude-57)
and due south. Peak energy generation at angles lower than region altitude agree
well with the weather condition in Kuwait since much radiation is available in
summer more in winter.

Emission produced in manufacture process of PV system parts should be con-
sidered to get precise results. However, the CO, emission rate from PV is gener-
ally greatly smaller than the CO, emission rate from fuel sources, so it is ignored
in the present work. The change of CO, emission avoided annually with tilt an-
gle is shown in Figure 9.

As seen from Figure 9, once again the optimum tilt angle corresponding to
maximum avoided CO, emission is 25°. The avoided CO, emission at this opti-
mum angle approximately equals to 1.55 ton/year clearly proofing the important

effects of grid connected HCPV on environment in Kuwait weather conditions.
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Figure 9. Variation of CO, emission avoided with array inclination (azimuth angle = 0).
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Furthermore applying Kyoto Protocol that enforce penalties on greenhouse gas-
es emissions will increase the price of conventional energy resources making
HCPV more feasible. Though, this protocol is not activated currently in Kuwait,
but its activation will endorse the economical and environmental impacts of PV
systems much more. Finally, it is worth to point out that economic analysis of
HCPYV 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 applica-

tion of renewable energy resources in Kuwait.

6. Conclusions

The present study has assessed the ability of HCPV to minimize peak load in ad-

dition to the environmental analysis of these systems in Kuwait weather condi-

tions. 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-diode model. The total root mean square errors in the
present model predictions are lower than 2% compared with published expe-
rimental data.

e The electrical efficiency (5) of HCPV module is noticed to increase with
concentration to a certain concentration level after which it decreases.

e Employing grid connected HCPV system significantly decreases the peak
load.

e The peak load can be reduced by about 32% by using 1000 MW HCPYV ca-
pacity.

e For HCPV capacity up to 1000 MW, the average peak demand is reduced to
0.69 MW for each 1 MW HCPYV capacity.

e Energy generated from grid connected HCPV system is maximum for arrays
due south and with inclination to the horizontal of 25° (Kuwait latitude-5°).

e The avoided CO, emission is approximately 1.55 ton/year at the optimum
conditions.

e The present work clearly proves the environmental effects of the HCPV sys-

tem in Kuwait climate.
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Nomenclature

A:area (m?)

Eg: energy band gap (eV)

FF: fill factor (FF)

G: global radiation(W/m?)

I current (A)

I; dark saturation current (A)

1, maximum power point current (A)

I short-circuit current (A)

J current density (A/m?)

J. density of short-circuit current (A/m?)
J,; density of dark saturation current (A/m?)
k5 Boltzmann constant (1.381 x 10-23]/K)
n: diode ideality factor (-)

P,: incident power (W)

P,: maximum power output (W)

g: electron charge (C)

R series resistance ()

R, shunt resistance ()

T temperature ("C)

T, ambient temperature (°C)

T solar cell temperature (°C)

V: voltage (V)

V,» maximum power voltage (V)

V.. open-circuit voltage (V)

X: concentration factor (—)

DOI: 10.4236/sgre.2018.911015

257 Smart Grid and Renewable Energy


https://doi.org/10.4236/sgre.2018.911015
https://doi.org/10.1016/j.enconman.2007.06.026
https://doi.org/10.1049/ip-a-3.1993.0013
https://doi.org/10.1016/j.solmat.2005.01.011

T. H. Alzanki et al.

Greek letters

£ solar cell latitude (-)

y: constant (—)

A: T temperature change (°C)
1: efficiency of the cell (-)
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