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APPLICATION OF RENEWABLE ENERGY CCURMEZC 7
CATHODIC PROTECTION AMND THEIR ECOMONTICAL ASCLECTS

M.G. Osman
College of Engineering, El-lMansoura University,
El-Mansoura, Egypt.

ABSTRACT ;

As cathodlic protection systems are fed from D.C. sources,
a difficulty will be faced to find a suitable D.C. source if
such aystems are used to protect petroleum tanks or pipe lin-
es which lie in isolated areas far away from the existing
transmission lines, Usually 3 methods could be adopted here:

1) Installing a transmission link with a rectifier sub-
station between the nearest convenient existing transmission
line and the D.C. cathodic protection source.

i1i) Using private motor-generator sets; where the motor
as a prime mover works by convenient fossil fuel.

1i1i1) Using storage battery systems, the capacity of which
must be large enough to supply the required protective cur-
rent during a period necessary for charging a second battery
at the nearest charging station and replacing the one in use.
In this case the charging battery system may be fed from rec-
tifier substations, or privata D.C. generating sets whose
prime movers operate with conventional or non-conventional
energy sources.

This paper presents the limitations and conditions required
for the conveniency of applying the non-conventional energy
sources {(photovoltaic) and their economical aspects in char-
ging such batteries; together with examples of rcalculations
clarifying the analytical steps and assumptions adopted in
this study by means of which the final conclusions and res-
ults presented here were deduced. A simplified approach for
the soler specific annual energy cost calculations using
nomogram analysis and performance charts zpplied to locol
conditions in this respect 1s presentod also in this paper.

INTRODUCTION::

Figure (1) represents the wiring diagram, and the main
components of a cathodic protection system fed from an exis-
ting 11 K,V. transmission linc 1; which is connected to the
transformer 2, stepping down the voltage so as to be suit-
ably connected to the rectifier 3. The output of the
rectifier is the D.C. source for the cathodic protection
system, the positive terminal "X" of the D.C. source 1is
connected through the distribution line 4, and the anode
electrode group 6 through the regulating resistence 5;
while the negative terminal “y* of the D.C. source 18 con-
nected to the pipe line required to be proctected. 1In
isolated areas; where the metallic installations roquired
to be protected are far away from the existing transmission
1ines: the cost of installing a transmission link betwern
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source of the protective system together with the cost of
the trensformer 2 and the rectifier 3 will be some what
expensive. In order to overcome this difficulty, the
following solutions have been suggested (1), (2

i) The cathodic protection installation could be powe-
red by an internal combustion engine which drives a D.C,.
generator as shown in Fig. 2,

11) Using storege battery systems especlally when the
required power rating is relativeli small; the capacity of
which muet be lerge enough to supply the required protec-
tive current during a perliocd necessary for charging a
second battery at the nearest charging station, and repl-
acing the one in use. Examples for such case are shown in
Fig. 3-a,b which represents the layout of a battery system
charged from a mounted pole rectifier unit, so as to eli-
minate by this way the electrical transmission line between
the existing transmission line and the main D.C. source of
the cathodic protection system, and Fiqg. 4. Which shows
a cathodic protection installation with a D.C. supply fed
from a wind electric set combined with a storage battery
system., According to the favourable atmospheric conditions,
a photovoltaic system could substitute the wind electric
set in Flg. 4 when used ae a battery charging system in
such application. The economical aspects and analytical
studies in this respect for the proper selection of the
type of the bettery charging system concerning the P.V.
sets are illustrated in the following items.

Power Extracted From Photovoltalc Cells:

Many studliss have discussed theories and msthods of
relating solar cell output to paremeters connectsd with
sun'’s intensity. The sun'e anguler position w.r.t. a
panel and the length of the so?sr day are simple functions
to calculate. The sclar intensity 1s much more difficult,
requiring specifications of atmospheric aerosols, their
distribution and index of refraction and also the speci-
fications of varilous absorbing gases in the atmosphere.

To predict the direct and diffuee solar intensity at a
panel 1s extremely complicated. The solar plant output
energy E 1s predicted by

E=T.5.6.  ..... (1)

where;

Selar cell output energy
Panel sensitivity factor.
Tilt factor.

Global energy.

GO=tmm
nuupmn
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I ’

gnergy halance of the P.V. plont arnd {attery ctcr-.~: 3

The energy boalanca of the IM,Y, plrnt i eenil
obtained with the help of Fig.( 5 .
The total daily enorsy halanne
1
I . I i Y ey
EA = En o =c/ L et

vhere Eg is daily doad denond, BA correspsnding enc oy

entering the kattery. Battery state of charge chang s Py /N0

( . ) :
> Cop = CA ?ﬂ if Ey, ~ o {charcing) R
FAN Can = EA/fTP if EA ~Z 0o (diechergin:) D
NDurinc micht the hettery disch rooc ond conplic
thenichtly los&d demand In.
. o X !
cACy, = - B Y, . (5)
new battery state of eharge = 0 4 N T L, L 08
where Y '
: L1 e :
(min = e {pq,. (limits of chanzo)
A- If Cmir is renched 7. deficit i rocordndd
GO = Cg + En R S

.« load supplied >y conventdonal courer, o' PV o
supplied to bhattery.,

{‘{ 1!{

N Cp, = Ep T D e (0D

Ac. = o
[ ‘
The situation remains unchenced until the pre-

scibed stote of charge C has Lecn restornd. {ﬁ.“’
Then the plant is swi.tchEl a qgain to the nornal opore il
rado.

o

B- If the battery recaches the raxinun chroroe,

surplus is recorded. b
l'
- = [z - - 0 . I
E; = Ep ipT Co/ O .t

LY

~
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This enargy balance can be performed day-by-day with
the help of computer, to calculate number of days the battery
takee to go from one state of charge to the other.

Micro Computer Aided Solution For Energy Balance: f4)

1- Read input data; solar radiation Aunit ares
H(M)y day and night loed demand for each month- E4(M),
E, (M}, given for each month M. '

2- Set surplus and deficit energies E5; and E4 to
zero, define i{pc' WLB' Q_I, and supply A, and C

3~ Set the battery C and C_ o and the battery
charge C., to a suitable iﬁigal vallid (C, =C___) for
example.%nd supply Ajand Cmaxthe P.V. 61ant @hponents,

max.

4- Point 1 in the flow chart,energy balance is
started in the first month of the year (M = 1) by
calculating seperately A and B (day and total balance).

5- Negative balance leeds to calculate M, the number
of days to get the condition Cgy = Cmin.(Point 2).

6- If Ny exceeds days in a month .°. result is only
ip dating. Cg (charge Value), deficit 1s not reached{Point

b
—r

Other wise the number of days Np, in which a deficit will

be recorded is celculated, and the sum Ng = N + N tested

(point 6), agsinst the number of days in the montE.

Two situations cen occur,

a) Ng>30.4 resulting in updating the Cp value to the last
day of the month,

b) Ng € 30.4 resulting in restoring the battery charge to
the velue prescribed to switch again the PV plant to

Then the routine cycles agein to point 2, within the same
month, In both cases the deficit in energy is calculated,

If overall energy belence hee been found Eositive, point 3,
a surplus energy is recorded only if the battery gets the
full charge within a eingle month {paint 4), Other wise,
the battery etete of charge is just up deted.

At the end of each month soms relevant quantities such as
the energy belance, the battery state of charge, surplus

and deficit sre printed and caelculation repeated starting
from point 1, with the appropriate date to the naxt month.
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Factors aAffecting the mcenomicul Study of the PoaV. systew: -

The different solutions obtaincd &y perfermin. the
encrgy balance of the plant for diiferent cizes cf rhe
PV field and battery, can Eec displaved inta n coopo
similar to that of Fig.{( 7 ) by plottins the mnercy
deficit as function of normclized 'V, finld cire, with
the battery storage capability, ¢gpn o9 a parcreter, {er
certgin tilt angle and constont load demoned, The =or-
molizing units ore as follows: For the bkattery it is
the mex daily load demand divided by inverter effici-
ency times the maximum battery discharge., For the Y
field it is the moximum load power divided Uy i=vnrtaor
efficiency (if any). As for the deficit norrolized
unit it is the yecarly leoad demand diviced " Invertar
efficiency (if any),.

Tae cost of each plant confiqureotion can ‘o ootor-
mincd as feollows:

l- The cost of the PV field is Jdetercined - -
fuction of its sire (peak power}.

2~ The cost of varions items thot! arn propor:ioan’

to the PV fileld size are cdaeed cuch as (Y penelco cooporer
structures, land cost and elcocctrical connectiong.
3- The cost of storage Dbotterics inclucdin~ thair

building and maintenaonce cost and ccst of hnitarios
times number of hattery replacements within the nl-nt
life tire. '

4- The coct of non IV systers (raxicon pover Troe-
?er. inverter), that car be relsted te the poavicog, ruar
oad. |

Fignre (8 ) shows the cost of tha pler
function of IV field size with constant o idicit. el
curve display a mininum value corresponding to the oo,
balance (from an economic point of view) botween latiory
size and PV plant size., Tokle (1 ) repecrts sone of (
inforrations that can be used to detarmine the -bown
mentioned cost factors, Cf course the cininur coo! ~on-
dition has to be Lalanced with other concideration o6
reliability of the plant that oy sugoast to 2hooon o
plant configuration different from that snticline the
nurcly oconomic point of view. o

Table 1: Some uscful data for cost analysic of TV ploern,

Item Unit co-r
Fhotovoltaic Panels rcoe
Purchase and preparation of site & Sme
Storage batteries ce ﬁkhui
Electrical wirine CC E/Ewﬁ
Support structures TCoe/nl
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Performance of the P.V. Cell:

The current-voltage (I-V) characteristic for the 1llu-
minated junction 1s plotted in Fig.( 9 ) for aeveral different
light intensities. Vg, (Open circuit voltage) varies only
elightly with light in?eneity. It has been shown that the
cheracterietic equation for an 1deal P.V, cell may be exp-
ressed as:

- _ qv/kT - 1)
I Iac Isd (e ..‘l.(ll)
kT

where Vi e (V) 18 the thermal voltage,

k = Boltzmann conetant 1.38 x 10:%3 2/°K

q = electronic charge 1,6 x 10 C

T = Cell absolute temperature

= Tg + 273 (*K)
I = Sﬁort circuit current density at 25°C and

¢ 1 xWw/m2 solar radiation.
Isd = The dark saturation current.

and auch a cell could be represented by tho simple equi-~
valent circuit in Fig.(10 ), It consists of a constant
current generator (for fixed light intensity) with current
output equal to the optically gensrated carrent I,. in
parallel with the i1deal darlk diode which by passes some
of the optically generated current to give s reduced
current at the terminals. In uss the cell is connected

to a load which 1s represented by the resistance R(-

Open circuét voltage, Vg.c.T and short circuit cur-~
rent (at 1 KW/m= radiation) Ig,c at the temperature T.(°C)
ara linear functione of temparature:

Voot ® Voco[_l + h, (T, - 25) J .o (12)
I o1 = IBCO[—I + hy (TC - 25) ] veae{13)
-3 1/°C ~4 1/°C

whare hv m =-3,7 x 10 Q} hI = 6.4 X 10

Fig,.(11 ) ehows the variation of efficiancy with tempera-
ture,

The output power from tha cell is the product of
terminal voltage and output currant, or

/K
P=VIeyV i-Iac - I 4 (eN/KT 1, % cere(l4)
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The maeximum power Pp 1s determined by calculating the
correeponding voltage Vp, which maximizes P from the con-
dition dp/dv = O,

-] .
this lsads to Pa = Impvmp = (q Vmp/l(T)(l+q Vmp/KT) Vop 1,015

The maximum powsr point is shown as

point A 1in Fig(1l2

§2d1§mtﬁs {he area of tﬂe rectangle within the dashed %§nes?
e largest rectangular area that can be 1

the cheracteristic curve?(?) netuded under

It could be seen from equations, 1,2....5 that the I-v
characteristic and P, velue of the photovoltaic cell is
effected by the intensity of light felling on the cell, the
temperature end the energy gap of ths material of the E-N
Junction of the cell. The effect of these factors are
shown in Fig.(13 ); from which it could be deduced that the
specific capital end opereting costs of the P.V. arrays
will vary according to the construction and the environmentsl
opereting conditions of euch celle. From this point of view
Sggzazie:tsgomgggimdanalyaiehie preeented here so as to be

mp ed approec or t
onergs coss calculatioﬁg. for the soler specific annual

Ae example of which may be 1llustrat .
Refering to Fig.(14 ). Y ustrated as follows:

N.B. As the total specific annual cost with contain both
local end hard currencles, and in order to unify the
total epecific coet in dollars for our example here
it hee been considsred that 1 $ = 1.3 L.E. '

Electricity Unit Price:

The key parameter when comparing alternative neans of
generating electricity for any specific application is the
unit energy coet, the cost per kilowatt-hour. Assuming the
full ennual electricel output of the system is used, the
unit energy cost 1s given gy the following relationship.

unit energy coet a (annual capitsl charges + annual
operating costs)/total energy output.

This cen be expreseed es:
r'ccap + m.Wp
A > = &0 \(16)

P = 5
l'Zen.ra T in
where:

p = unit cost per kWh;
r = interest plue emortization factor (depends on
diecount frate and amortizetion periocd);

Ccap = total capltal cost of system;

m = specific operation cost, axpressed as cost per
peak watt ilnstelled;
w, o total instelled pesk power in watts;

avz = annual eaverage conversion afficlency of systen;
P,.® total annuel solar energy incident on the a:: /.
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As an eoxample, let us consider a 10KVp remotc stand-
alone system built in Northern cost of Egypt in the late
1980s when photovoltaic module costs are expectad to have
fallen to about § 2.00/W, and total instzlled costs for o
complete generator systeﬁ including battery storage, to be
about § 5,00/W,. The total capital cost would thus be §
50,0C0, AssumEnn a 20 year amortization period and 5%
rate of return, the factor r would be 0.0802 and thus the
annual capital charges would bo $ 4017, Tho annual oper-
ating cost, including maintenance and insurance, cicnt bc
of the order of § 0.06AV, and thus the total annual opera-
ting cost would be § 600, Taking the total area of a 10
kWp array to be 100 square metres, and assuming the inst-
allation was at a place where the total annunl solar energy
incident on the plane of the array was 17506 kWh/n , Fip would
thus be 175,000 kWh. Based on an annual average conversion
ef ficlency of 7.5, the total annual enercgy output wnuld kg
15,125 kWh, The unit energy cost would thuc "o

4012 + GOO
13,125

n

= § 0.35/kVih. NS b
0.46 1,/ kWh

It should be noted that the interest rate used in the above
exemple is the real rate of return given by the difference
between the cost of money and the inflation rate,

To compare the effect of climatic region date on the
cost of the kWh, the same calculations has beeon ILyLutLL
for another site in upper irgypt (Last oveinat), ouw 1900 no
south west of Cairo, 450 hkm west of aswan. asossuming tho
same: plant size, P.V. cells cost, system coot, lifc viwe,
annual operating cost, conversion efficiency ana Iwal
rate of return; as this site annual energy input reaches
about 3000 kWh/me the inil energy cost woulc be § Lacsl/
kWh, this gives very CGmgctlt;VL prices weTr.t, corventionnl
s}stems. snother point in fovour ol the remcte sites in
Upper Lgypt in addition to high solar liuso.otion val..c
and longer duration hours is the rewotoaess tucton viiiceh
adds aditional iteuw to the unit cnergy cost iu Live ciooe of
Togsil fired penerators due to Ifuel transper Wivis 1len
of operationzl ccst incresses tne fuel cost GOOUCT LG
pany folds which again adds to the merits of solur r.V.
systems,

1t could be seen from the above example thut toc
results obtained for the SybleiC annual co,t/th It
subjected to variations according to the siite solur in-
tensity systei cfficiency, rate of return, ouotoveiiuic
system cost 3¢vp, annual operuting cuot YRS JE N ST S
of the nomogram wnalysis shown in Fig,. (14), Lol e Lz,x,
4,5,6,7) present the specific annual cost $/KVH Tor - iff-
erent sites in Lgypt, if the followiry purainctric Vol bLlons
are changed from:
i) 1750 KWH/u2 year (alX.) to 3000 wiiy/nf (C.owl) fux
s50lar totul annual energy incicent on nlusn.e ol -riw
KV H/ﬂla Jeal's
i1) O¢ to 20% interest rate (20U yours whortisetiol porivije.
iii) 0.00 to 0.012 annuual operating cost # V.
iv) § 10~ $ 2, Totul capital cost of raVe o stoer w .
v) 10% to 5% annuul average conversion cfficione..

J— - n - P
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Annual

o Capital
Charge
$/WP year
nicregl i

(A
(0 Frar
Smnriila R4

Operatin
Coat $/Wp

<

Qe 5-

Total annual cogts Total qasital coot

(Capital & Operating) i Start ﬁf syt on S/HG.
$/Wp YEaT. Y SﬁE:mﬂ 10 :
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1233/ kWh/m? year. \\\\\

Fige 14 ¢ Simplified approcch for crleuwlndl v~ i
energy coste.
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This simplified approach to photovoltaic system econo-
mic analysis is represented graphically in Fig.!4, which
can be used to derive unit energy cost for different values
of cepital cost, interest rate, specific oporatino cost,
total incident solar energy and average systca conversion
efficiency.

The same concept can he applicd for vind cncrgy syes~
tems taking diffrent average annual wind gspeeds forr diffroent
wind machines with diffrent efficiencics and ccstse

The next step is to consider the electricity unit cost
given by alternative sources for comparison with the photo-
voltelc system, to see when the break-even points occur.
For exemple, a typicel price in Egypt for orid real price
of electricity supplied to domestic consumers is § 0.CC/kVh.,
A typical price for electricity generated by large (i.e.
2-10 MV) diesel or gas turbine generators (GTs) in remote
areas 1s about § 0.20/kWh. These unit prices may be expec-
ted to rise at a rate higher then the general inflation
rate. In recent years, the differential inflation rate for
commercial energy in most countries has been over 10% per
annum, but it is generally considered unlikely that such
a high rate will persist for much longer. The probable
range for the differantial inflation rate for electricity
supplied from the three sources referred to above (grid,
large diesels or GTs, small dieseis) is between 5 and 10%.

Thus, whereas the price of photovoltaic systems, and
hence the cost of the egectricity generated by such systenms,
is expected to fall in real terms over the next 10-20 years,
the cost of electricity from conventional generators is
almost certain to rise in real terms over that period. The
consequences are iliustrated in general terms in Fig.l5,
which shows that photovolteic systems in regions with high
solar insolation (e.g. southern Egypt) could be competitive
with small diesels in remote areas by the late-1900U5, with
larger diesels and GTs in remote areas by the mid-10%Cs and
with grid supplies by the late-1990s. For places with less
solar insoletion (e.g. central and northern Egypt), the
corresponding break-even dates would be later by sone 3-5
vears.

Clearly, for specific systems and locations consider-
ably more detailed economic analyses need to be made, but
the above simplified approach provides a pood indicotion oi
the potential for photovoltaics to be competitive with con-
ventional generating systems, including, in time, r ¢ic-
supplied slectricity.
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CONCLUSIONS

- P.V. systems have good potential to be competitive in the
near future with conventional generating systers includinn
grid supplied electricity.

- Photovoltaic systems in the southern parts of TZgypt could
be competitive with small diesel 1n remotc oreas by the
late 1980's, with larger diesel and G.T.'s in rerote areas
by the mid 1990's and with grid supplies i:v the lote 192C‘'c

- The corresponding hreak even dates for northern Cgypt
would be later by some 2-5 vears.

- Gtorage batteries are expensive 1item in the ['.V. systen,
and to secure 100% autonomus system at reasonable price,
conventional-back up fossil fired gecnerntor or hvbrid
wind solar systems might be economical solutions ccecord-
ing to site characteristics,
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HOVEMCLATURE

A : Daily Balonce
Al : P.Y, collector arca tinecs ~ffisdien.o 3o v
C : Total daily balance
Cp : Actunl Dattery ctate of choree,
Con : Gtate of charge of the battnery 27lowed.
Crax : Nominal battery size eapacity {(Iu!!)
Cﬁ;n' : Minimum state of charce ollowed te snoery
* long life of botterv,
Crﬁ : prescribed state of charge (oo .0 RPN
" En ot Znergy entering the hattory, h
“h : Energy deficit supplied 'y convontzons? on-ro
source,
C,, : NDaily load denand.
G : llight load demand.
LI : Electrical enorcy outpur fear 0000 prey
' max. power point (H Ay),
E,. : Cneray surplus,
G~ : Day ancrgy Decand
Ir : Bettery ctorage capacity in dove,
H : Solar radiation funit nrer,
¥ : Nonth index.
Mua : Might energy deonand O Tluring of Oy
S : Solar radiation on the rolls 30 500 0,
‘G : officicnecy of povicr batteory,.
g : efficicncy eof power inverter,
LP ~ : efficiancy of powor condirarer,
R : cfficiceney of povwer trochkor.
R : nunber of rlavs nendad te et the Co7dicd
. diticn 07 = 754,
N{ : nunber eof dnys ceficit will "o racorood,
MR SR
& ¢, 3 Change of state  of charoe {day)
fa Cppy ¢ Chonge of state of chargn fus ™03,
A1p ¢ norpalizing unit = ﬂpily gvoropn pener rm oo
v - "[ b g ; .-
{! \"L[T o /
(“pax = Cmind lz e
» . B [0 X B
e . - .
[;r'r + |:FF

Number of days, the battery can feed lend
without the support of the PV oneroy .

Al/ﬁlp ¢+ size of P,V. plant in nornalizaed forr.
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