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ABSTRACT

Still there are unanswered guestions
related to the croblem of integrating PVES with
UG. This interconnection becomes the most promising
future application for photovaltaic (PV) energy
production if these questions are researched
deeply and answered .

The mast significant guestions are those
related to the photovaltaic - Utility grid power
system aggregation (PVPS - UG) reliability as
well as its economics. This paper presents a
Computeraided approach by the aid of which the
reljiability of components , PVPS, and PVPES-UG
aggregation is estimated and analyzed for
practical failure rates of each component as
well as alternative probabilities of insolation-
On other hand , the impact of the reliability
of UG Subsystems : transmission, switching and
transformation with various ratings of hypothetical
PVPS is demcnstrated .~

In addition, the economics of this
integration are evaluated for the present and
hopeful PV array prices. Complete numerical
application with an argument is introduced for
a PVYPS , hypothetically sited at kafr - EL -
Sheikh region, EGYPT .
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I INTRODUCTION

The developing countries of the world, especially the ones
that are resource-poor and population - rich, are confronted
with a multitude of complex problems involving population growtkh,
economics, energy, and development. Unfortunately, all these
problems are closely interrelated and they have been seriously
aggravated by the strong fluctuations in the oil prices of the
past and present time £13 . W®With the continuous rises in oil
prices and capital costs of conventienzl power plants in the
last several years, increased for development of electric supplies
utilizing renewable energy resources. Photoveltaic (PV) generation
represents one of the method that comverting directly the sunlight
into electricity and is applicable to most geographical regions.

The early stage of phatovoltaic power systems (PVPS) applic-
ations had been concentrated on the residential ones with secon-
dary emphasis on intermediate lcad applications. Integrating such
systems into electric utility grid i1s a new concept and has
received an increasing interest. Thus, the key issue in utility-
interactive PVPS 15 that they put electricity back into the
utility system. Since the utility is ultimately responsible for
the power system, request for interconnecting such systems raises
severa]l technical and economic questions and operational concerns
safety, power guality, reliability, power system protection and
metering. Thereby, intensive efforts shculd be carried out and
continued to tackle such l1ssues

This paper deals with the effect of such 1nterconrection on
the reliability and eccnomics of the PVPS - UG aggregation.
Computer programs are prepared to estimate the PVPS capacity
factor, components, PVPS and PVPS - UG aggregat.on reliability
and the energy cost figure .

The impact of insclation reliability, PVPS ratings and the
components failure rates is found and analyzed, The cost/relia-
bility tradeoff is alsc investigated to determine the sensitivity
of the energy cost figure to any incremental change in the reliab-
11lity of PVPS and PVPS - UG aggregation.

Ix PVPS -UG INTERCONNECTION RELATED ISSUES

The 1njection of a bulk amount of power 1into the utility
grid from dispersed generation {(DG) is a new concept. It becomes
2 hopeful goal in view of the possibility of mass - producing and
improving the technology of the fabrication and performance of its
heart device and components. Photovoltaics has endured as the
leading high technology solar option that promises to supplement
the world's declining long term stocks of fossil - fuels for
generating electricity. From the UG perspective, there are many
requirements and issues related to PVPS must be achieved and
analyzed

A complete listing and description of all the issues relating
tc DG was reported by Jet. Propulsion Laboratories [2 , 3 ).
Voltage regulation with the reactive compensation, harmonic distor-
tion, power conditioner power factors, reliability of PVPS -~ UG
aggregation and finally the economlcs of this integration constitute
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the principle interconnecting issues

This paper will emphasize on the latter two issues to demons-
trate firstly the cempatibility and competency of PVPS to the
conventional systems despite of its uncertainty. Secondly it is
aimed at exploring the econaomics of such exgensive s3ystems 1in
view of the present cells price and the expected mide - application
if a step cost reduction will be achieved in the near future

III CAPACITY EACTOR

The block diagram of PVPS - UG aggregation taken for this
research is shown in Fig. 1. For the PVPS peak ratings, its desic:
parameters are determined using an especially prepared computer
program. It enables also the assessment of the PVPS and PVPS - Lo
capacity factors. Hourly irridiance data are taken [4]1 . The used
module characteristics are summarized in Table (l). It 15 assumed
to ingtal this PVPS at Kafr-El-Sheakh site, EGYPT of a latitude;
31.07'N and longitude; 30.57°E. It is intened teo interconnect
this system with the h.V. transmissicn system fed by TALKHA Power
Station. It has a total installed generation power of 327.5 MW.
Table (1) a2lso illustrates the design parameters for the prementi-
oned PVPS ratings ¢f 5, 10 and 15 MW. .

The capacity factor varies with the time of year. Thereby,
the heourly, menthly and annual capacity factors are calcularted.
It 15 defined as

- p (hr), MW
CFPv(hrl = Py

PVPS rating MW

'

Poy (hr}, MW

CFUG(hr}
hourly UG load demand, Mw

Where:

CFgy (hr) is the hourly capacity factor of PVPS as a ratio of its
rating.

CFUG {hr) is the hourly capacity factor of PVPS related to the
corresponding hourly UG load demand.

PPU {(hr} is the hourly output of PVPS.

Shown in Fig. 2.a. are these hourly capacity factors for
summer and winter seasons with a PVPS rating, of 10 MW. It 1is
noticeable that the highest CF occurs at 1 o'cleck instant in
June while 1n December, 1t happens at 11 o'clock, at the morning.
Also, the peak load demand during these seasons occurs at these
instants. Pig.2.b. illustrates the monthly capacicty factor for
the same rating. It can be seen that during June and Septehber,
the respective capaclty factors have the highest value, This
means that the peak PV output matches with the peak demand for
cur case study,

The annual CFP has been found for the PVPS considered
which has a ratio o¥ 53.425% for its ratings. If i1t is compared
wWwith that obtained for the system prementiconed in Ref. (7] and
installed at California site, USA of 1.0 MW peak rating, having
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Fig.l. The Block Diagram of PVPS -~ UG .

Table (1) Design Parameters of PV Array of Flat Plate

Type For Different Peak Ratings

Cells : Dendritlc web, Slijicon. HOCT
¥odule gize : 1.32 m x 1.32 m, Nodula

440
congtruction

Extruded 4) Tram, EVA Fottant, 0.32 cm full-tempered zlaaa,

0.1) mm oranegleazs, mylar backing.

y 2890 Cell :

¥adule Aperture : 1.486 o2, g{pass dicda : 1} par meodule
Wime,

Yodule performenca at 1000 AM 1.5
Me = »142 , Mg = 0322 . ¥, = 24.5

"rdu " Iao

= .52

Vop = 19.91 7y, , L, +8.98 A4 B = 176.8 We

m

A,

Taoverter used : 4,95 EX golid-state, statle, self-commutated

Uaing Fulse-width-llodulated Switcaing,

Full lvad, Input voltage = 1600 ‘Idc to 2400 V¥

o = 96.5% at
dor 8% 5

ml
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Wavetorm [5] .

EamEErESSSSaTsSEESawEE

-
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CEpy of 24.9%, then one can conclude that is possible to install
such systems in EGYPT because of its attractiveness and superio-

rity from the utility perspective.

IV RELTABILITY ESTIMATION

It is intended, here, to find the PVPS - UG aggregation
reliability and how it is affected. Thus, an approcach has heen
followed which is an agcurate execution of the known methodoclogy
applied for a large system composed of series - parallel components.
A comparative study is also carried out to explain the change
that may be happened 1n the UG reliability on intreoducing the
PVPS output.

Thereby, the reliability block diagram should be designed
for the whole system incorporating all its components . Filg.3.
reveals this diagram from which the UG reliability {RUGJ before
interconnecting PVPS can , then , be found by ,

Rug = Ry - Ry
Where Rl = RQ . Rx . RS . RT . RU
R2 = RJ . RK . RL . RM . RN . RO . RP

The reliability function is taken, here, to follow an exponentral
{ Poilsson ) law given as £ 87

o E/MTBE _ - 3.t

R (t =
where R (t) = reliability of the item for a given period of
time, t
t = Calendar time in units of hours, days, months,
etc., as applicable.
MTBF Mean time between fallure for the item.

i

item fallure rate. in fallures per unit of
time; = 1 / MTBF .

Now, on injecting the expected PVPS output into the utility
grid, the reliability of the conbination will be defined by the
following expression ' :

Rygpy = L 1-€1 - Ry ) (1 - Ry, . R,
where
Rey = Rp - Ry - Ry - Re o Ry o Ry w Rp . Re. Ry
RI = Prob., { T = min )
L -m. £t.n
R, (t) = m
A > © (m.y b .0
X =0 FO
where
m = number of modules in one string
}:n module failure rate

Il

n number of straings in the array
r number of allowable string failures.

Table (2) summarizes the results illustrating the components,
utility, photovoltaic system and PVPS - UG aggregation reliability
For different compeonent fairlure rates and a peak rating cf PV of 5 Mu
of a penetration level of 1.52% .Tnsolation reliabilaty of 0.9 is
taken in this case. The influence of other 1nsolation probapilities

o0 Rpyug 1S explained in Fig.d. The results , clearly

H
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Monthly Capacity Factor of PVES
Table {2) Components , PVPS, UG and PVPS - UG Aggregation,

Rellability For Different Failure Rates,

(5 MW, R_. = 0.9 )

T y -
¢ R Component Relimbility
omp - e

/ j:;sm}i@;. Yav ,106 s ')‘msx- /105 hrs
R, 99667 { .1 }° 81931 ( 5 )** 51232 { .9t
Ry 99497 (T .98570 {(20) .93053 (100)
Re .59928 (1) .58570 (20) .86588 (20C)
Bp .99528 (1) .99784 (3) .99283 (5 )
Ry 99964 {.5) .999z2e (1) 99641 ( 5 )
Ry V99964 (.5) 99928 {1} : 99641 (5 )
Re .99928 (1) .98570  {(20) LB658S (200}
Ry ,99986 (.2) 99641 (5) 99283 {10}
Ry 29990 (.15) .99960 {.5} .99860 ( 2 )
Re .99960 {(.B) .99930 {1) L99640 (10)
Ry, 99942 (,15) 89928 (1.1) 99283 { 6 )
Ry 99928 { 1 ) .99784 (20) .99283 (200)
Ry «99942 (L15) .99528  (1,1) 99283 { 6 )
Ry .99928 (1) .99784 ( 3) 99283 ( 5 )
Ry .99928 ( 1) 299856 (2) .99283 (10)
RQ .96464 (50) .93053 (100} .T4976 (400)
L .99928 ( 1) 99784 ( 3 ) 99283 (5 )
Rg L9994 (.5) .99928 (1) .99641 (5 )
R .99928 { 1)} .99764 ( 3 ) .99283 (5 )
Ry 99964 (.5} 99928 (1) .99641 ( 5 )
Rpy 86980 .701138 11482
By .95893 . 91756 70423
LI .99212 +96958 .T8469

—

7, ()* & { )" The figures between bracketa illustrate
rogpectively the min., average and max. failure rate of aach
componeat,
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display the improvement of ‘UG ~ reliability.that is obtained con
interconnecting the hypothetical PVPS installed at the egyptian
site under study. These results are predictable for similar sites
which offers a strong recommendation of constructing such systems
at EGYPT from the feliability point of view

On other hand, the reliability figures of the aggregation
has been derived at various levels of PV penetration..Three
levels are taken for investigation. They correspond to peak
ratings of 5 , 10 and 15 MW. Table (3} tabulates the results for

these penetration levels with various component failure rates.

Thus, it can be ceoncluded that the addition of more PV units
enhances, but slightly, the PVPS - UG reliability in the order
of 0.4%.This is an attractive result which means that in spite of
the additional uncertainties obtained on adding more PV sgystems,
the reliability of the aggregation has‘t been decreased and
have practically constant figure .

Now, what is the position if a forced outage of certain
number of parallel strings has been expected ? Kith the aim of
keeping the reliability of aggregation to have the original level,
it 18 substatlal to add¢ an equal number of these string compensat-
ing the expected shortage in PV ocutput. Also, one can expect
that the addition of more strings may enhance the relizbility.
This guestion c¢an be answered by assuming alternative number of
strings and estimating the new reliability levels. Table (4!
explains the results which have been drawn in fig. 5 . The be
havior of the PVPS -UG reliability and its incremental change on
increasing the PV parallel strings is depicted. The addition
of more than 10 PV - parallel strings has't increase the aggregation
reliability level. Thas is the most economic one reguired to
improve the PVPS ~ UG reliabilitys This results in an important
conclusion which states that the addition of more parallel strings
deoesn't affect or improve the basic reliabiliry

v ECONOMIC ANALYSIS

The primary objectivesof this sectien are confined in

(1) Making an economic comparison on feeding part of the lcad
demand either by the PVPS or by the conventional system,
This part isvaried and determined by the PVPS ratings. Several
cells and power conditioner prices are introduced involving
the present and expected figures till 2000's year .The results
are summarized in Table (5) which display competitive figures
with those of the conventiconal one even the 1986's prices
being taken. With the hopeful prices, the PV energy cost
figures are less than that on using the conventional - burning
system. The savangs in the kwh cost figure on displacing
conventional System range between 42% and 94%

with Co = $ 2/W, , Cp = $ 0.2/W and Cg = § 0.2/W,,C,=50.01/W

respectively. Thereby, it i1s recommended today Lo start with
the integration of PVPS with the egyptian UG because of its
appropriateness economically as the time proceeds.

{2) Making a cost/reliability tradecff analysis.
Table (6) tabulates the elements of this analysis. The PVPS
reliability can be improved considerably but with a slight
increase of the kWh cost figure. For example, this reliability
can be increased from 0.7011388 to 0.8409536 i.e. by an amount



Mansoura Engineering Journal (MEJ) Vol. 12, No. 1, June 1987 E. 21

Table (3) Reliability of PVPS - UG Aggregation With

PVPS Peak Ratings (R = 0.9 )

—_}:___-_1 :A oin. . k AY. e )A T
'EEEEEEEliﬂf_ S My 10 M 15 0w Suw  10HW 5 uN 5 uw 10 MW 15 W
R, 99657 99905 59999 82971 82917 .B6530  .51232 .52496 61024
Roy .58980 -u9244 891615 70114 .T6958  .B2607  .J1462 34455 -37499
LT <9583 <95693 95843 L91756 91756 .91756  .TD423 LT0424 .T0424
Revag 99212 49222 99618 -96959 99021 .97885%  .TBABY .TBBT] .BOODT

o R R T e N e R N e P ey

Table (4) additional PVPS Parallel Strings necessitated

to improve PVPS - UG Aggregerion Reliability,

( At-(\ av : -’ RI - 0-9 ) ’ = = CET T TR Ay
. of Stringa 405% 409 413 415 417
(o) (o1 (B )t U (a2
R‘ .81931)8 . 9BZ6936 9999742 . 99999987 999999999
Rpy 011386 .B409536 . 5057416 905764967 905764968
fpgus 9645791 .9799530 . 9810508 .9826521 .98298715

P e P L L LY TV RS L]
1 Hmpe Stringa‘s number
£x Addltional Stringa) 409 - 409 = {4}.

Table (3) Economic Results of PVPS and Conventional
Fuel - burning system { CFBS ).

Teking 1 BEngineering, I[zatallation and Mansgewment
coat = 0.14 of totel firat cost. (PVPS)
discount Rate = 0,1 { PVPS & CPBS )
Ok M = 0,02 { PYPS ), .05 { CPBS } of
the Total Pirat Cost nevded per year.
C, =% .5651/M3T0 { CPBS ) & O.& ( PVPS )
ko= 0.742 ( CPHS ), 0.323 ( PVPZ ), CFBS * G.95,
Total 1ife cyole = )0 years { VI3 & CPBS Y.
Lang area cost = $ .5/m> { PVFS & CPBS Y5648 -

e e N L L LT L e Y L T T L T T e

Fyetonj yoar Cs Cp  maee Eae:sr_!es1-!152:&-%.5_532___j
. Ve, s/ ¥ 5 Mw © 10 uw 15 un

PVPS 1986 3.5 .50 L2367 .2387 2307
1986 2.0 .20 1329 1329 1329
1930 1.0 £5 Ry L0645 0645
2000 U.2 W01 0132 L0132 L0132
Capital

CFBS ooat - U, 22914 22914 22914
$625/kw

I eremeemenins
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1.0 I' 1 0.030
#,—,r*(”*ﬂﬁﬂﬁ——__?_—hj%vuc
.95 | : _ {1 0.025
1
|
0.90 | : 0.020
[
3 } 2
- 0.85 . I 1 0.015%
= [
i
I
0.80 | t { 9.010
|
!
0.75 | pvua = Rpyyg (Any No.of Scrings) - 0.005
;RPUUG““ 403 Strings )
413 1 47
0.?0 1 1 l A 1 i
400 405 410 415 420 425 430

¥o. of Jtrings
Fi1g.5. Effect of no. of Strings on the Relirability of

PYPS - UG with A =1 av

Table (6} Changes of kWh cost Figure with PVPS - UG
Reliability For Present and hopeful cells
and Power conditioner Prices.

{ at 5 Mw and] av 1

Cq Cp Bnergy Coat Plgure $ / k¥h
sy Rpy = .7011368 8409536 . 9057416
Ropyg = -2695793 -9799530 - 9810508
1966 3.5 .50 .2387 .2408 .2430
1968 2.0 .20 .1329 1342 1354
1990 1.0 .05 L0645 .0652 0660
2000 .20 .01 .0132 .0133 .0135
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of 0.1398148 p.u. or 13.98% by increasing the kWh cost with an amount

of § 0.0021. While the PVPS - UG aggregation reliability has been
enhanced by 1% with the same cost increase. This conclusion repres-
ents another phase of. many advantages of the PVPS. Of course

any improvement achieved for PVPS reliability results in respective
increase in the PYPS - UG aggregation reliability

Direct mathematical relationships are developed giving the
PV energy cost figure for any imposed PVPS reliability. The Coef-
ficients of these models depend naturally on the cells and power
conditioner prices. Therefore, the following equations are deduced
having the form of : . ~

{a} With CS = § 3-5/W9and Cp = $ 0.5/w
2
- - 234

CPV 0.0104% R PV 0.00103 RPV + 0.23431
(b) Fer Cq = $ 2 7/ L and C, = $ 0.2/w

CPV = 0.0065 RPV - 0.0005 RPV + 0.1305
(c] If CS = & 0.2 /W and CP = 5§ Q.0L/W

2

CPIIUI = (0.0006 R py 0.00005 RPU + 0.0129¢6

CONCLUSION

Out of this paper, the following conclusions can be drawn
regarding the issues of interconnecting PVPS with a utillity grid:
(l) With an egyptian site located at the Nerth of EGYPT, high

hourly capacity factors of PVPS are attained either as a

ratio of 1ts rating or referred to the corresponding hourly

UG Load demand. It reaches, in this case, ratio of 53.425 %

on the annual base. This figure is superlor than that obtained

for a PVPS of a rating of 1 MW installed at Californla having

a ratio of 24.9% only (7).

(2) & linear behavior, of a positive slope 1s noticeable, expres-
sing the change of the PV-UG aggregatiecn reliability and the
insolation probability.

{3} The PVPS$-UG aggregation has a higher reliability level than
that of the UG alone by a discriminative difference in the
range of 4-8% dependent on the falilure rates of the components
constituting the whole aggregation as demonstrated in Table{2)

{4) The addition of more PV units enhances, but slightly, the
PVPS-UG aggregation reliability in the order of 0.4%., Thus,
in spite of the increasing the uncertainities on adding
more PVPS the aggregation reljiablility has't been decreased
and have, practically, constant figure.

{5) For the problem solved throughout this paper, the addition
of more than 10 PV-parallel strings has't 1ncrease the aggre-
gation reliability. Thus, this number represents the most
economic one required to improve the PVPS-UG reliability.

{6) The PV energy cost figure has been estimated for some alter-
natives of cells and power conditlioner prices. They are
compared with that of the energy produced by the conventional
systems which demonstrate the superliority of PVPS over the
other in 1988's year

GLOSSARY QF TERMS AND UNITS

PV Photovoltaic
BVPS Photovoltaic Power System
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— ¢

BVPS-UG Photovoltaic power system - Utility Grid Aggregation.
CFBS Conventional Fuel - Burning Systems

R Reliability level,sp.u.

A Failure Rate, /10" hrs.
Tmin Minimum Failure Rate, /16, hrs.
Jav. Average Failure Rate, /102 hrs.

Amax Maximum Failure Rate, /10  hrs.

Ve Solar Cells efficiency, % -

hom Module efficiency, % -

NCCT Normal Operating Cell Temperature, °C,

CS Solar cells Array Price. S /Np

CP Inverter Price. § /wp

CPU Photovoltaic Energy Cost figure, § /kwh.
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