KGg=0.7 - 1.4 (% MW/0.1 Hz)
KL =02 - 0.6 (% MW/0.1 Hz)

K is within the range 0.9 - 2.0 (% MW/0.1 Hz).

As there is litile data from Oman on measured values for system
characteristic constants, we will use the widely-used system constant of 1.0
(% MW /0.1 I—Iz)

8.3.2  Frequency Fluctuations and System Operation during Power Source Tripping
(1) Frequency fluctuations during power source tripping

When the power source (generator) trips because of an accident or other factor,
the system frequency drops in accordance with the p0wer - frequency
characteristics. Figure 8.3.6 indicates the frequency fluctuation Af when the
MiCro power source APGO trips from the system under the operating condition
that the power source and foad are well balanced at frequency f, as follows:

Af = - APGO/K

K = KG + KL is the system frequency characieristic constant.

Bus .
o Pco PGo + APG
Power PLO ) @ PLO + APL
source —* Load Point of  [-——»
APGO : accident
-— ] @_A%
f . f+Af _
PGo + APGO = PLO PGo + APG = PLO + APL
(a) Befpre Power Source Tripping (b) Adfter Power Source Tripping
Figure 8.3.6 Frequency Fluctuations during Power Source Tripping

We examined the frequency characteristics for the Muscat System {current
system capacity of 815 MW). If a generator of 83 MW (maximum single unit
capacity of the Muscat System) trips, the frequency drop is about 1 Hz if our
calculations assume K = 1.0 (% MW/O 1 Hz) or K =815 (MW/HZ) We
will estimate K, based on data obtairied from the _Ru_sal_I Power Plant operating
records. A malfunction of the fire detection circuit on July 12, 1993 tripped the
No. 2 -gas turbine, resulting in a System frequency drop to 49.28 Hz.
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Although the system capacity at that time is unknown, the peak load on that day
was 786 MW. Using these data, K = 1.1 (% MW/0.1 Hz); very close to the
assumed K value of 1.0 (% MW/0.1 Hz), and supporting our adoption of this
vatue for practical use.

Problems when the flf':que_:'ncy'drops

Frequency drops cause turbine blade resonance and reduce auxiliaries capacity,

creating an operational continuity problem.

Turbine blade resonance occurs when there is a maich between the moving
blade’s natural vibration and the vibration power of the working fluid which
works from the turbine's nozzle to the moving blade. These resonances cause
excessive stress on moving blades, resulting in fatigue-related cracking.
Resonance targets the blades located in the low pressure final stage and its prior
stage, where the blades are fong, the inherent vibration frequency is low and
low component vibrations are received. Although this point of resonance
occurs at turbine start up and shut down, the exposure time is short and the
turbine is not subject to load at this time, resulting in little stress and no impact

on the turbine's service life.

There are no serious generator problems which directly affect unit operations.
Possible generator problems include deteriorating cooling capacity as a result of
auxiliaries capacity reduction, and increased excitation current for maintaining

- constant voltage.

Operations during frequency drop

Staﬁing up the generator which has reserve operating capacity is a strategy to
regain frequency in response to system frequency drops. The operational
tOleraﬁcé limit is about 2.5 Hz below the rated frequency (47.5 Hz against
50 Hz). A system frequency drop during a governor-free operation requires
confirmation of the load position set'by the load limiter, to prevent excessive
load. If set at rated load or below, operations to recover the system frequency
commence when the output increase reaches the rhaximum, while confirming

the operation status of auxiliaries.

- If the system fr'equency drops below the turbine's allowable limit, the systein is

separated and switched to an independent operation. Operations must be
monitored for drastic frequency and load fluctuations.
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8.3.3

Fhase Angle Stability

(1

@)

3)

Degree of phasé angle stability

The degree of phase angle stability is an index of whether paralle! operations
can continue without out-of-step when all the system’s connected generators are
rotating at the synchronous speed. The generator is operated while maintaining
a phase angle between the generator and the load under a steady-state operation.
A disconnected power transmission lines or a rapid fluctuation in load or
generator output will resuit in imbalance between mechanical input from the
prime mover to the generator and the generator output, causing the generator o
accelerate. The phase angle increases in response to the acceleration. When
this angle exceeds the limit, the generator is forced to obviate parallel operations

“and trip from the system.

Stability, systemn planning and operation

The degree of stability is classified into 's.teady—s‘tate stability and transient
stability, depeﬁdi_ng on the size of the external disturbance. Steady-state
stability refers to the level of stable power transmission when the system is
subjected to a mild load fluctuation, such as a minor disturbance. Transient
stability refers to stability and power transmission during a major disturbance
such as a line—to—grbund fault, short circuit, disconnection, or circuit shut off.

The degree of stability is generally expressed as the upper limit of power under
steady-state stability, This increases in proportion to voltage squared. Af an
identical voltage, the degree of stability decreases in an inverse relationship with
transmission distance. The transmission capacity of power lines is often
determined by stability rather than the allowable current of the electrical wires.
The degree of stabilitj; is therefore a vital matter in system planning and
opetation.

Steady—state stability and power-phase angle curve -

Figure 8.3.7 (a) shows a model system in Which a generator with synchronous
reactance Xd is connected to an infinite bus (with constant vOitage and constant
phase angle), through a transmission line with reactance Xe. The power P
which flows through the system is calc_ﬂlated with the following formula:

EiEB .
P =<4 KXoz sin 8
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Power-phase angle curve (b) (P-3 curve) shows the relationship between P and
3. When & = 90° in the preceding formula, power reaches maximum, resulting

in P-max. = Ei EB/(Xd + Xe/2), and:

dP _ EiEB_ 5
is | Xd ¥ Xef2 v

This is the synchronization capacity calculated by differentiating power .P from
phase angle 8. The system is stable when dP/dd > 0 (8 < 90°), while unstable
in case of dP/dd < 0 (8 > 90°). Figure 8.3.7(b) shows the area of stability

(unbroken line} and instability (broken line).

Et £0 . ERZOR

EiZ® 'vd jXe P+iQ 2 Ei—~0i : Internal voltage of generator
@_'VV"'\’— Et-0 : Terminal voltage of generator
Generator \ : EB-OB : Infinite bus voltage
. .. P+jQ ": Power and reactive power of
Fault Point  Infinite Bus system
& : Phascangled=0i-0B

(a) Model System

90° & —»
(b) Power-Phase Angle Curve (PQ d curve)
' Figﬁre 8.3.7 Phase Angle Stability
(4) Transient stability |

Transient stability refers to the level of stability when a generator exceeds the
synchronization limit for a few seconds, after an accident such as a power
transmission line-io-ground fault. We assume that the fine-to-ground fault has
occurred at the transmission line at the point marked x on the model in
Figure 8.3.7(a). We will examine the transient stability from Figure 8.3.8's
P-§ curve, using the equivalent area method.
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1) Pre-accident power

The P-3 curve is expressed using (1) in the Figure 8.3.8. Stable operations
occur at point A, where the mechanical input and electrical output are well
balanced. The pre-accident power P1 is calculated with the following
formula:

Ei EB .
PU="Xd + Xerz 809

2) Power after accident impacis are corrected

Aithough the posl—accident,' corrected operation point shifts to E on the P-3

curve (2) to resume stable operations, power.drops to P2:

3) Power during accidents

The P-8 curve becomes (3) soon after the accident. Power P3 at that time is
determined by the accident location and type. The operation point shifts to
B, and as the generator is éccelerated, the phase angle increases causing the
operation point to shift to C.

After eliminating the effects of the accident, the point will shift along P-8
curve (2) to E. The generator's inertia makes the point move toward F.
Operation will not become asynchronous and are judged stable when the
area Si (représenting acceleration energy) is smaller than or equivalent to S2
(representing deceleration energy). This is the equivalent area method of
judging operational stability. |

Pm :  Mechanical input

+ . : Electrical outpui
P : @ P-5 pre-accident curve g : Phase angle g

@ P-8 curve after
E / ) eliminating accident effects
P A el Iy

@P-8 curve during the accident
¢ {P3 = 6 when a three line-to-ground
B S fault occurs qiose to generator)

P
-

&t B2 o &3 s

Figure 8.3.8 Determining Transient Stability using Equivalent.Area Method
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Figure 8.3.8 indicates that the transient stability becomes worse during
accidents when there is an increase in acceleration energy or when a greater
power drop in Ps occurs. The following formula is used as an index to express
the transient stability, indicating the duration of unstable operations when more
time is spent on eliminating accident effects. tc represents the stability limit
failure clearing time, and 8¢ is the phase angle.

3 ,\/ 2Mo (8¢ - 60)
te=" nfoPo

P2max » cos & m + PO (8m - d0)
Pamax

}

ac = cos! §

Where, Mo:  Unit inertia constant
fo:  Pre-accident frequency
Po:  Pre-accident output
Pamax: Maximum post-accident power

"80: ~ Pre-accident phase angle
6m:  Maximum phase angle

(5) Measures (0 improve stability

Mai_ntaining an appropriate degree of stability is vital fo system planning,
Stability study is an important part of system analysis. We will produce
measures to improve stability, based on our analysis and evaluation,

We will list widely-used stability improvement measures in Table 8.3.2 for

reference purposes.

Table 8.3.2 Stability Improvement Measures
- Classification of Measures . Specific Measures _
Reinforcing power transmission Increasing the number of parallel circuits
and transformation facilities Establishing intermediate switch yards
' IR Introducing high voltage system
Reinforcing generator control Quick response excitation system
system o Power system stabilizer(PSS)
Installing special equipment Turbine high-speed valve
Serial capacitor
Static var compensator (SVC)
‘Damping resistance
Response using relay system Adopting high-speed circuit breaker
QOut-of-step prevention system
Others Equipment specifications -
(Impedance resiriction and inertia constant increase)
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8.3.4  Voltage Stability
1) Voitagé instability phenomenon

System voltage during the normal operation is maintained within predetermined
values by the generator, transformer 'tap_and phase modifying equipment,
Abnormal voltage drops or increases occur when the reactive power balance
cannot be maintained because of rapid load fluctvations. This is called the
voltage instability phenomenon. This phenomenon is widely reported around
the world, causing power failures over large areas. This Section explains the
processes of this phenomenon, and suggests suitable counter measures. We
would like to apply these measures as a guideline for system operations.

(2) Voltage stability (P-V curve)

For a model in Figure 8.3.9 (a), the relationship between power and voltage at
the receiving end is calculated with the' following formuia:

' Vs Vr .
Py = TSIH 5
Vs Vr 1
QL = ——. X, Cos 5 - (Tfe -Yo)vi?

If we nominate S == V PLZ + QL2 as the apparent power, and Pf = PL/S as the
power factor;

225 T~ P2 ) (- YOV + (G- YoVt - (V5 )2 = 0

Xe

The P-V curve (b) in the figure uses S as the horizontal axis and Vr as the
vertical axis, based on _this formula. This creates an inclined oval in contact
with the horizontal axis at the point of origin, |



Vs @ Sending end voltage

Vse-i0 j Xe V TC 8 Vr : Receiving end voltage

Power

Source

(3)

’ ' _PLoad & : Phase angle between
PL+jQL . o
i sending and receiving ends

PL : Power supply to the load

— QL : Reactive power supply
(a)

Model System to the load
' Xe 1 Line impedance

Ve : Admittance of capacitor

Vr
vl
M
, A : Point of stable operation
Vo= 7B B : Point of unstable operation
T PLPM—% § M : Limit point

(b) P-VCurve
Figure 8.3.9 Voltage Stability

PL and QL can be used to replace S in the P-V curve. Vr has two values, Va
and Vb, for any given PL. Va is the stable route, while Vb is the unstable route.
Stable operations cannot occur in the range of the unstable route (indicated by
dotted lines in the Figure 8.3.9 (b)).

When the load drops by AP or AQ, point A registers a load increase as a result
of voltage increase, and returns to the original point A. The voltage drops
further at point B, causing the load to drop and voltage instability phenomenon
to occur. If left uncorrected, this will finally lead to voltage collapse.
Determining stability

The unbroken lines bn the P-V curve in Figure 8.3.9 indicate the area of

stability. The area of instability is bounded by dotted lines. Negative dV/dP or

dV/dQ values at a particular operating pomt indicate stable operations, while

positive ﬁgures suggest unstable operations.

Voltage stabxhty during system operatlon can be assessed by expressmg the
relationship between total power demand and system voltage with a P-V curve
based on the power flow ‘calculations, and by calculatmg excess voliage
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capacity and excess power capacity. Excess voltage capacity is the voltage
difference (Va - Vb) between A - B of Vr, which corresponds to Pr.. Excess
power capacity is the difference (PMm - PL) between Pr and the limit power Pm,

Maintaining voltage stability

When voltage instability phenomenon is anticipated because of insufficient
excess volf_age capacity or excess power capacity, the reactive power must be
adjusted quickly using the generator, transformer tap and phase modifying
equipment (static capacitor and shunt reactor). An effective approach is a static
var compensator (SVC) which offers excellent response characteristics.

Caution must be taken during the use of static capacitor to carefully adjust the
limit point as the capacitors are added, one after another, to maintain the
receiving end voltage in response to increasing demand. Voliage fluctuations
become sngmflcam when the capacuor s capamty increases, approaching the
system voltage limit point and makmg it impossible to continue system
operations. It is vital to monitor power flow and voltage stability of the power
plant and primary substations to ensure sound system operation,

System Analysis

We will conduct a system analysis of the following matters, with a focus on the

power flow calculations, in order to analyze various characteristics of the power

system (power generation, transmission and transformation facilities) for this project

and incorporate the results in the design. This system analysis is intended to

incorporate technological examinations in the conceptual design stage. The main

purpose will be to use simplified calculation methods to determine the basic

characteristics and aspects of the system.

1)

2
3)
“)

(5

(6)

Power flow and bus voltage for power (ransmission and transformatlon
facilities '

Higher transmission voltage
Capacity.of interconnected transformers
Degree of system stability, targeting Barka Power Plant

Short circuit capacity of power transmlssmn system

Frequency drop and syste:n operatlon



8.4.1

Power Flow Calculation

(1)

(2)

Purpose of calculation

The power gencrated at the power plant travels to the load point via power
transmission lines and substations, This flow is called power flow. The power
flow calculation determines how much power flows into the power
transmission lines and transformers, and constitutes the core of power system
analysis. This calculation is vital for other applications, namely:

1) When examining the system operation method for current system
fluctuations in load and power generation capacity, as well as shutting down

power transmission lines; and

~ 2) When preban'ing future construction and extension plans for power plants,

power transmission lines and substations.

~ This project’s power flow calculations will address the existing and future
. Muscat System. We will examine the capacity of static capacitor required to

maintain system voltage, as well as mitigation of power transmission line load

following system operations and power transmission loss.
Calculation procedures

The power flow calculation is designed to determine voltage, phase angle,
power and reactive power, by solving the power system equation. As shown in

‘Figure 8.4.1, the equation is solved by repeated calculation of many non-

linear, complex equations.



8.4.2

Flow Chart Explanations

(1) Display connection status (generator, iransformer,

Input Data transmission lines and load) in the system chart, and
' develop it into branches (such as transmission lines)
(1) System Configuration and nodes (such as buses which serve as branch
{2} Facility Constants connection points)
(3) Operation Conditions

(2) Produce impedance map from the system chart, and
record impedance and admittance using the per unit
method.

(3) Nominate reactive power or reference voltage of
phase modifying equipment, and power and reactive
power of generators and load..

{1} Solve the power equation established for the

Processing relationship between system voltage and power
(1) Solve the flow: I=¥V,P+jQ=VI
Power Equation ‘Where, I : Current P : Power
' Y : Admittance Q : Reactive power
V : Voltage I : Common value
for current

Solve t_hé equaﬁo_n via the Gauss Seidel Method or
the Newton-Raphson method.

(1) Calculate power, reactive power, voliage and phase

Output Data angle for nodes and power and reactive power for
- branches.
(1) Power Flow, Voltage,
phase angle
Figure 8.4.1 Power Flow Calculation Procedures
Fault Calculations

(1) Ohbjective

The magnitude of fault current resulting from line-to-ground faults, short
circuits or other accidents increases when the system capacity increases or the
system interconnection becomes dense, leading to facility and equipmént
damage. The maximum value of fault currents in each voltage class is
determined by cal_éulating the short circuit capacity when all the system’s
generators are operating in parallel. This calculation enables examination of the
shut-down capacity.



(2) Procedures

The method of symmetrical coordinates and the Hoh-Tevnan Principle are used
to calculate fault currents. The method of symmetrical coordinates classifies
three phase circuits into each symmetrical circuits of zero, positive and negative
phases. Each symmetrical voltage and current is calculated, and synthesized to
calculate three phase voltage and current. The Hoh-Tevnan Prin’ciple expresses
the circuit network as a serial circuit of no-load generator and internal
impedance for any two given terminals. The principal is used to calculate the
current when the impedance is connected between these two terminals.
Figure 8.4.2 shows typical current calculation equations and relevant data to
calculate fault currents. The basic fault current calculation formula is:

1) Three phase short circuit current

1 1000 (MVA)
“ X
Zi(pu) ~ 3 x Vb (KV)

f3Ls (KA) =

Where, Z1: Positive phase impedance from fault point (pu value based
on 1,000 MVA) '
Vb:  Base voltage of the systemn to which fault point belongs

2) Single line-to-ground current

3 . 1000 (MVA)
(2Z1 + Zo) (pu) V3 x Vb (KV)

1L (KA) =

Where, Z0. Zero phase impedance from fault point (pu value based on
1,000 MVA)
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Flow Chart : Explanations
— - b 1)
Input Data - (2) | Use identical data as in the case of power plow
o . calculation
(1) System Configuration 3
(2) Facility Constants &)
ns .
gg gfﬁiagggd%?gﬁl;uo (4) Set the fault points and type
v : (1) Produce zero, positive and negative phase circuits.
Processing _ _
(2) For positive phase circuit, calculate each system
(1) Symmetrical Circuit section's voltage, current and load impedance before
- Configuration the fault, using the normal power flow calculation
(2) Power Flow method.
Calculation before the L
Fault (3) Calculate 7o, Z1, Z2, using Xd", Xd', and Xd for
(3) Calculation of generator impedance, depending on the points of
Symmetrical fault passage.
Impedance from Fault : - _
Point (4) Stracture the symmetrical circuit depending on the
(4) Power Flow type of fault, then calculate the fault point voltage
~ Calculation at the ' and curreni and combine this with the power flow
time of Fault ). .
v (1) Output voltage and current at the time of fault for
Output Data the set fault point and for each system section
(1) Voltage and Current
at the Time of Fault

Figure 8.4.2 Fault Calculation Procedures

8.4.3  Stability Calculation
(1) Objective

Calcuiating the stability determines if the generator voltage can be maintained in
synchronous operation, and the phase angle can be maintained against
disturbances such as system load fluctuations and faults. The results of these
calculations are used to structure a system where generators can continue stable
functioning during steady-state operations and during transient-state.



(2)

Procedures

The stability is classified into steady-state or transient stability, depending on

the size of the disturbance. Some systems cxperience major disturbances and

rapid changes in transient stability. We will cxamine both stéady-state and

transient stability.

The stability study is conducted by means of the system model comprising the

generator, load and control system. The following models are used to simulate

dynamic characteristics.

1)

Generator model

This model is based on the basic Park formula, which considers initial

~ transient effects (direct axis reactance Xd” and horizontal axis sub transient

2)

3)

feactance Xq") and saliency.

Load model

The targeted load and load voltage characteristics are lighting load

representing constant impedance characteristics and motor load representing
constant KVA characteristics.

Control system model

. This model considers such control systems as automatic voltage regulator

Ly

2)

(AVR) and govemor.

In calculating stability, we assume that a three phase line-to-ground fault has

~occurred on the power transmission line connected to Barka Power Plant.

The impaci on the generator is examined by setting the following conditions:

Fault resistance set at 0, no high-speed reclosing of the power transmission

line; and

Fault clearing time shall be 0.10 second on the ground that the power
transmission line’s main protective relay is activated properly, but with the
aséumptidn of power line carrier relay system failure resulting in 0.30
second period to eliminate accident effects by operating back-up protective

relay.



The stability is determincd by solving the generator’s movement equation.
Figure 8.4.3 shows the calculation procedures, and we will use a computer
to manage many differential equations and variables, perform high speed
calculations, and analyze the stability.

Flow Chart ' Explanations
o)
I t Dat
i doidudian (2) {Use data as for power flow calculation

(1) System Configuration '
(2} Facility Constants (3)
3 tion Conditi
543 gﬁ;&:ﬁodﬁ Hons {4) Create models for generators and loads in the power

system and input transient characteristics for
generator movement and winding circuits of field,
damper, and armature,

(1) Calculate power flow based on pre-fault system

Processing configuration, power generation and load conditions,
(1) Calculate Pre-faolt (2) Calculate internal voltage, phase angle and generator
Power Flow output.
{2) Calculate Initial Value . _
(3) Caiculate Circuit (3) Calculate generator internal voltage and transmission
Constant admittance, and recalculate circuit constants for
{4) Solve Movement changing circuit conditions such as fault occurrence
Equation and circuit breaker switching.

{4) Solve generator movement equation

Mo d2§ Pm - Pe

on di2
Mo : Unit inertia constant  t : Time
wn : Rated angle specd Pm : Mechanical input
& . Phase angle Pe : Electrical output

\/7 ......... O

(1) Calculate generator phase angle when post—féﬁlure

Output Data timeAT passes {for example 0.02 seconds), repeat the
- step by step calculation up to the time when the
{1) Output Phase Angle, calculation is concluded (for example three seconds)

etc. after Time AT

Figure 8.4.3 Stability Calculation Procedures



8.4.4

Analysis of the existing Muscat system

The following general system analysis was performed to gain an indication of the
power flow and stability of the existing Muscat system.

(1) Creating a Model of the Muscat System and Setting Operating Conditions

A system model requires information about the system configuration (single-
line diagram), facility constants and operating conditions. Since the operating
conditions vary dramatically over time, it is necessary to pinpoint the load and
generating power at a common time. According 1o MEW operation records, a -
maximum power level (peak load) of 826 MW was recorded at 2:27 in the
afiernoon on 22 June 1993, the toughest operating conditions for the system,
Creating a model of the system under these conditions and conducting
simulations is a valuable Way of understanding the system's features. The
MEW keéps hourly records of the Muscat system's opei‘ating data (active
power, reactive power, voltage, etc.) and for June 22, operating data in good
enough shape to be used was available for the bours of 2:00 pm and 3:00 pm.
The Junc'22, 2:00 pm operating data was chosen. At this point, the Muscat
system was supplying a total of 785 MW, with 289 MW from the Ghubrah
power station, 484 MW from the Rusail power station and 12 MW purchased
from the Ministry of Defense. This level of output amounts to 96.3 % of the
total facility capacity of 815 MW and demonstrates how the power stations
within the system were running at close to the rated output.. '

The operating -output of the power generators connected to the system is
determined by the capability curve. However, for this system analysis, the
fOiIowing model was formed. The power generators at the Rusail power station
not only have the largest single unit capacity, but together have a large total
outpui. Furthermore; since the output adjustment range and output adjustment
‘'speed are also significant, the Rusail power station is assiéned the task of
output adjustment and can supply the necessary amount of active power and
reactive pbwer while the voltage and phase angle are kept constant. Also, the
power generators at t_he'Gh_ubrah power station are held at a constant volitage
and a constant active power, while reactive power is supplied over a relatively
. wide range from a leading power factor of 0.8 to a lagging power factor of 0.8,



(2)

3

Voltage Characteristics of the Load and Voltage Adjustment

The voltage characteristics of power loads include constant power (KVA),
constant current and constant impedance characte'ristics. Since the relative share
of each of these characteristics varies depending on the type of load and the
operating conditions, it is difficult to clarify the voltage characteristics of the
load. In small-capacity systems, an approximate load can be determined by the
constant i_mpedahce characteristicé.. As systems increase in capacity, however,
inverters and other power-electronics-related equipment are introduced, causing
increases in the relative share of the constant'pt)we.r (KVA) characteristics. This
in turn causes a signiticant drop in the stabiiity of the system because as the
constant power (KVA) characteristics of the load increase in weight, the voltage

_characteristics of the load become more sensitive. If power flow and stability

calculations are conducted under such unstable circumstances, it is extremely
difficult to determine even an approximate result. This difficulty stems from the

_ non-lingarity and the many variables of the power equation between the system

voltage and the power flow and the kinetic equation for power generators when

faults occur. Therefore, it is necessary to set the voltage characteristics of the

load so that an approximate result can be obtained by converging the recursive
calculation, which is the basis for numerical analysis.

Voltage variations which occur at points within the system result from the
imbalance in generation and consumption of reactive power. To adjust the level
of reactive power, field current control is ai)plied to the power generators, and
load ratio transformers (LRT), power capacitors, shunt reactors and other
regulating devices are used. The conditions under which these regulating
devices and equipment are operated vary constantly, and the operating
conditions when the maximum power was recorded are unknown. To fill this
gap, it is assumed that the voltage regulating devices were bcirjg operated to
maintain the primary substation bus voltage within 5 % of the reference
voltage. | ' '

Results ém'd Evaluation of Power Flow Calculations

After creating a system model and setting the operating conditions, the pdwer
flow calculation was conducted. The results and evaluation are explained
below,
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2)

The primary substation loads were assumed to have 100 % constant power
characteristics and the total power of the load was set at 776.7 MW,
481.4 MVAR. Power flow calculations show that the output of power
generators supplying power to these loads was 780.3 MW, 611.9 MVAR,
including power loss in the transmission lines and transformers, with the
Rusail power station supplying 463.3 MW, 374.3 MVAR and the
Ghubrah power station supplying 317.0 MW, 237.6 MVAR.

The power factor of the loads was set at (.8, When the power factor of a -
load with constant power characteristics is small, the voltage drop caused by

 reactive p'ower rises dramatically and the system is destabilized. In fact,

3)

4)

when the power flow calculation is performed with the power factor set at
0.8, a voltage drop of 5 % or more is seen throughout the system. This
result demonstrates the need to increase the power factor of the load in
system Operétion. Therefore, the calculation was performed again with the
power factor being reset from 0.80 to 0.85. This significantly improved the
voltagé drop in the buses and transmission lines. In order fo maintain the
powef factor at 0.85 or higher during systém operation, an'appropriate
number of 'power capacitors have to be installed in the substation buses,
Figure 8.4.1 shows the power flow distribution obtained from the power

flow calculation.

The operating power factor for the power generators was 0.78 for the
Rusail poWer station and 0.80 for the Ghub_rah powér statibn, or what
works out to 0.79 ovérall. The amount of reactive power supplied by the
power generators increased and the power factor decreased because the
amount of reactive power consumed by the transformers was large even
with the power factor set at 0.85 for the loads.

The voltage drop in the substation buses and in the transmission lines is
significant because of the large loads at the primary substations and the
medigm- fo long-distance transmission line connections, This voltage drop
can be kept within 5 % by tap changes of the load ratio transformer (LRT),

~ but LRT control of reactive power is inefficient. Reactive power should be

generated as close to the area of consumption as possible. For this reason,

it is essential to increase the capacity of power capacitors in the bus of the

secondary substations in order to meet the future increase in demand.



(4) Results and Evaluation of Stability Calculations

When a power generator is dropped from the system, and even if this results in
a sudden change in load, phase angle stability and voltage stability must be
maintained. The stability calculation performs a dynamic simulation to gauge
this capability. There are a great number of possible incidents which could be
tested. For this study's purposes, a simulation is performed to determine the
degree of change in 132 KV bus voliage and system frequency for a
representative case in which a single generator with the maximum single unit
capacity of 83 MW is tripped. The resuits are explained below (see
Figure 8.4.2). |

1) Within about 0.2 seconds following the generator trip, the bus voltage
drops to arcund 0.87 PU (per unit)(= 132 KV x 0.'87 =115 KV), but
it then recovers to 0.93 PU in approximately two seconds. However, due
to the loss of reactive power sdpply from one generator, the bus voltage
stays at 0.93 PU thereafter, This makes it neceésary to install a power
capacitor of appropriate capacity in order to secure voltage at 0.95 PU or
higher.

2) The system frequency drops a maximum of 0.5 Hz as a result of a
generator trip. If the drop'is no more than 3 % (1.5 Hz) of the base
frequency of S0 Hz, the impact on the turbine in operation is rather small
and continuous operation of the turbine is feasible. Therefore, a frequency
drop of about 0.5 Hz does not present any trouble nor does it require the
activation of spinning reserve power. '
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8.4.5

| System Analysis for Construction of the Barka Power Plant

The power plant envisioned in this project will be connected 1o the Muscat system and
have a total installed capacity of 1,848 MW by 2010. In this section, the results and
evaluation of a gencral system anatysis performed with the goal of understanding the

power flow and stability of the system after connection of the Barka power plant are

explained.

(1)

2)

System Configuration in 2010

“The maximum power generated by the B’lrka power plant in 2010 is expected to

be 1,632 MW so the sending end power will be 1 ,512 MW after subtracting a
total of 120 MW for station consumption and desalination plant power
reqmrements Of this amount, 1,212 MW will be transmitted to the Muscat
system and the remammg 300 MW to the Wadi Jizzi system. Furthermore, the
Manah system, which according to MEW's plans will be connected to the
Muscat system in 1996, has a capacity of 90 MW. This power transmission
plan and system configuration are shown in Figure 8.2.2.

Power Capacity and Load Model

From 1996 on, the Muscat system and Wadi Jizzi system are expected to
respectively generate 1,010 MW and 278 MW of power for a total of
1,288 MW, and any power shortages will be handled by the Barka power
plant. In other words, the power generators in the 1,288 MW group will
supply a constant voltage and a constant active power, while the Barka
generators supply necessary amounts of active and reactive power at a constant

“voltage and phase angle, Furthermore, the power factor of these generators will

be adjustabie within a range of 0.8 leading and 0.8 lagging.

The 1993 load demand and 2010 power demand forecast values are used to
create a model of primary substation loads in 2010, In doing so, the increase in

' power demand from 1993 to 2010 in the Muscat system is distributed to each

substatlon at the same load ratios obtained for 1993. As explamed in section
8.4.4, the power detOl‘ and voltage characteristics of the load have a

' con51derable lmpact on the power flow and stability calculations. To

understand the general characteristics of the system, a mmphﬁed load model i is
necessary Takmg into account the analysis resnlts for the Muscat system in



3)

1993, the power factor is set at 0.95 and the voltage characteristics of the loads
at constant impedance.

Also, AAAC 400 mm? x 4 conductors per phase will be used for the
transmission lines for this prdject. Factoring in the voftage and surge
impedance of the transmission lines, the transmission cabacity wiil be about
800 MW per circuit. Transmission capacity through the cxistihg AAAC
400 mm?2 x 2 conductors per phase is estimated at approxiinately 200 MW,

Results and Evaluation of Power Flow Calculations

Figuré 8.4.3 shows the results of power flow calculations when the Muscat
and Wadi Jizzi systems are intef_cOnnected. As shown in this figure, the load is
2,307 MW, 752 MVAR and tr'a'nsm'ission loss is 169 MW, 886 MVAR. By
comparison, the existing power plants supply 815 MW, 368 MVAR and the
Barka power pl'.ant supplies 1,661 MW, 1,270 MVAR.

The transmission loss of active power from the power plants to the 33 KV
secondary substations was calculated at 6.8 %.

The transmission and distribution loss in the Muskat system in 1993 is
estimated at 12 %, with the transmission loss for that period accounting for less
than half. Whenitis completed in 2010, the interconnected system is expected
to be notably larger than the current system, .res'ulting in a much greater
transinission loss due to heavy flow. Given this, it is possible to infer that the

transmission loss of 6.8 % will closely reflect the actual situation.

In terms of reaclive power, the transmission loss was calculated at 54.1 %.
This loss was due to LRT tap c'hanges in response to the voltage drop in the
buses and transmission lines stemming from a demand for load reactive power.
These changes resulted in a large flow of current and a significant increase in
the loss of reactive power in the transformer and the transmission system. The
reactive power became larger with the increase in active power because the load
was large despite the load power factor being set at 0.95. There are various
methods for adjusting this reactive power, including LRT, po_wér capacitors and
the applicatioii of field current cbn_tr_ol t;j_thé power génerators. The most
effective method for xﬁinimizing transmission foss must be's'élected As
mentioned in 8.4.4(3), the best way to control vollage and Ieactlve power isto
establish power capamtors in the buses of the secondaly substatlons This
greatly reduces transmission loss. Furthermore, the load power factor can be
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expected to improve through the use of power capacitors, making it essential
that phased capital investment be implemented in order to obtain a target power
factor of 0,95 or higher in the future system.

In the interconnected system, the largest flow, 732.3 MW, will pass through
transmission lines running between the Barka power plant and the Bait Barka
substation. There will be two transmission line circuits with a transmission
capacity of 800 MW each. This is considered to be sufficient to meet the
estimated flow. The power flow in the transmission lines forming an

~interconnection to the Wadi Jizzi system will be 314.5 MW. For this, two

220 KV lines will be adequate.

However, the long transmission line distance Of 180 km results in an enormous
transmission loss measuring 49.7 MW (15.8 %). For this reason, it is not
advisable to cover the shortage of power in the Wadi Jizzi system entirely by the
Muscat system. In consideration of the purpose of system interconnection, the
practical approach to covering the shortage in the Wadi Jizzi system is to
increase the number of generators of approprieite capacity at the Wadi Jizzi

power station,

The Manah system will have facilitics with a capaéity of 90 MW, but engenders
a large transmission loss being located at a distance 90 km away from the
Rusail power station. Therefore, as in the Wadi Jizzi system, the best approach
to covering the shortages expected in the Manah system is also to strive 1o

increase the number of generators within the system.
Results and Evaluation of Stability Calculations

Figure 8.4.4 indicates the transient response when a power source
corresponding to the supply reserve margin of 150 MW at the Barka power
plant is lost. The results of conducting a dynamic simulation for three seconds
following a generator trip shows that within 0.6 seconds, there is a state of
damped oscillation. Therefore, this system is considered to be stable.

The bus voltage at the Barka substation (220 KV) drops to 0.95 PU following
the generator trip, but it then gradually recovers to the reference voltage range.

._Thﬁ} drop in system frequency stays at 0.3 % and does not present any trouble

in terms of system operation.



&)

(6)

(7

Voltage Characteristics of Power Loads

Flow and stability calculations were conducted assﬁming that the system to be
completed in 2010 would have a load with constant impedahcé characteristics.
This is because under a load of constant power characteriétics, the calculations
do not converge and the system becomes unstable. To overcome these unstable
conditions, there is a need to implement the measures described in item 8.3.4.

Figuré 8.4.5 shows the results of calculations assuming a load for constant
current characteristics, which lies between constant impedance and constant
voltage characteristics. There is a close resemblance to Figure 8.4.4, and while
the time constant is similar, the amplitude is small, The value of the constant B
for the voltage characteristics of the system for this project (see item 8.3.1)
cannot be specified, but in terms of voltage stability, if the sysiem is operated
under the conditions f} 2 1, it is assumed that system stability will be secured.

Capacity of the transformer for interconnection

The results of power flow calculations indicate that the most appropriate
capacity of transformers for interconnection is as follows. (These capacities are
reference figures and may be subject to :change dépending on the future system
stracture and operation methods.) |

- Between the Barka substation and the Bait Barka substation: 450 MVA x 2
banks - '

- Between the Barka substation and the Madinat Qaboos substation:
250 MV A x 2 banks '

System Analysis Accompanying the Beginning of System Operation in 1998

The Barka power plant will be constructed in phases with two open-cycle gas
turbines to begin operation in 1998. Power flow calculations show that
160.9 MW will flow through the transmission lines with a distance of 15 km
between the Barka power plant and the Bait Barka substation, and that both
transmission loss and voltage decrease will be approximately I %. This
presents no trouble in’ terms ’b_f t'ransmissi'oﬁ'zliilies_. However, in the
transmission _and lfansfbnna_tion_ fdcil'ities', the increase in demand over the
period from 1994 to 1998 will result in a flow of active and reactive power that
will greatly increase the vo]tage drop and transmission loss in comparison with

8 - 38
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the system structure in 1993, The power factor improvement from the use of
power capacitors and the supply of reactive power will become increasingly

important.

In terms of stability calculations, the bus voltage and frequency of the 132 KV
Ghubrah substation was measured when one of the gas turbines at the Barka
power plant was tripped. Both the bus voltage and frequency decreased
temporarily, but recovered within a few seconds.

Summary of Power System Analysis

The results of the power sysiem analysis of this project is summarized as

follows; :

1) The transmission voltage of 220 kV is considered to be appropriate for the
transmission lines between the Barka power plant and Bait Barka and
Madinat Qaboos substations.

2) As the power demand increases, it is expected that the existing transmission
and transformation facilities will be faced with surging power losses and
voltage drop. Installation of power capacitors will be needed to eliminate

those troubles.

3) For the interconnection with the Wadi Jizzi system, the transmission voltage
of 220 kV is considered to be appropriate. It is desirable, however, that any
shortage in the supply capacity for this system be supplemented by
installing additional generators in the system,

4) An interconnection with the Manah system by the 132 kV transmission
lines is being planned by MEW. The voltage will not present any trouble in
the system operation for a transmission capacity of 90 MW.

As 'the load demand increases, the power systein increases in capacity, causing
the power flow and voltage of the system to constantly vary. The results
obtained through the power system analy31s for the changing system represent
the approxlmate behawor of the system at a certain point. System analysis

methods such as power ﬂow._calculauon and stability study are indispensable

tools for the planning and operation of the power system and should be
continuously used for the efficient operation of the Muscat and Wadi Jizzi

systems.
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8.5

8.5.1

Power Transmission Facilities

We examined the design and materials specifications for the overhead power
transmission lines which form the core of the power transmission facilities, and set
the specifications as follows.

'Insu_lation Design

(1) ‘Design policy

Abnormal voltage is given considerable weight in designing the power
transmission system insulation, and is classified as either:

1) High voltage but relatively short duration abnormal voltage, such as
lightning or travelling wave; or

2) Switching surge and intermittent arc line-to-ground fault abnormalities
caused by attenuating vibrations. Abnormalities such as sound phase
voltage increase during line-to-ground faults have a frequency close to
'standard' levels, and continue for a rélatively long time.

As 1) is caused by exter'ri'ai factors, it is called external abnormal voltage (or
“external hghtmng) while 2) originates from within the system, and is known as
internal abnormal voltage (or internal 1i ghtmng) Insulation design must combat
these abnormal voltages after considering three factors: (a) Type and magnitude
of abnormal voltage; (b) Restriction V61tage value (protection level}) of protective
devices such as lightning arrestors; and (c) Insulation strength of equipment.
The basic concepts behind insulation desigﬁ are:

1) Protection of equipment insulation'against external lightning; and

2) Insulation of each section of the system to Su'fﬁc_ien'tly withstand internal
lightning,

Poor. Codrdination of the insulation levels required by 1) and 2) may result in the
‘undes1rable s1tuatlon of frequent failure. of equipment with lesser insulation
strength Ttis vital to attempt ratlonal coordination of insulation strength for the
entire system by appropnateiy selecting the withstand voltage level for each
component, while considering the protectmn level of the profective devzce
‘Effective _1mplementmg insulation coordination will ensure safe and economical

insulation design.



(2) Insulation design for power transmission line

Insulation design for overhead power transmission lines should prevent
flashover accidents resulting from internal lightning. The anti«lightning design
of overhead lines shall minimize the frequency of lightning-related accidents.
Where accidents arc incvitable, the clectrical effect on the system shall be
minimized by adopting a high-speed reclosing system or installihg an arcing
horn, These measures will prevent damage to facilities. Figure 8.5.1 shows

the requirements for insulation design to manage internal lightning.

Mormal voltage

External overvoliage Internal overvoltage

t0 ground
|
I
. . A [Allernating current .
{Lightsing surge] [Swuctu[ng surge] short-term overvoltage]

. 1
Lighting which directly ; Targeting sound phase )
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overhead grounding transrnission fine single line-to-ground allowable voltage
wires and electric wires o faull in ransmission lines

¥

i R S i I

. Lo Power frequency
P Switching impulse ; Parpion
Exarmine back Examine back . Switching impulse | | - injection Withstand vollage ‘| | waler injection
Flashover among | | fashover a1 steel Examine .} | withstand voltage withstand voltage characteristic of withstand voltage
foules 4 tower shielding | |characteristic of characteristic otg contaminated or characteristic of
failure homn gap insulators damaged insulators | | rod gap
R
! Minimum atcing horn
! ¥ distance ‘
Evaluate the rate of {, |
lightning accidents —t— ]
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. | electrical wiresand | Wind-related sway
*. overhead grounding { of electrical wires
wires .

| | | Insulation method based
Steel tower shape | on anti-lightning measures

Figure 8.5.1  Insulation Design Procedures for Power Transmission Lines
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8.5.2

Insulation Design Data

(1)

(2)

3

Internal abnormal voltage

The type and level of abnormal voltage (internal lightning) encountered within

power transmission systems are as follows:

1)

2)

3

Line switching abnormal voltage (switching surge)

Power transmission systems of = 132 KV use neutral direct grounding
systems. This creates effective grounding for a three phase power system,
where the sound phase vohage to ground at the time of a single line-to-
ground fault does not exceed 80 % of the normal line-to-line voltage. As
abnormal voltage when the charging current is shut off at non-load is about
2.8 times the normal voltage to ground on the effective grounding system,
we will use this value as the peak voliage to ground,

Transient abnormal voltage during failure

The sound phase starts to show transient abnormal voltage during
continuous line-to-ground faults. The sound phase voltage to ground is
between 1.5 and 2.5 times the normal voltage to ground, but attenuates in a

short time,
Continuous abnormal voltage during system operation and during failure

The Ferranti effect and the generator's self excitation phenomenon cause the
voltage to increase, creating continuous abnormal voltage of about 0.8 times
the maximum operating voltage. ' ' '

Maximum operating voltage

The maximum operating voltage is the limit of voltage increase during light load
or no load. The maximum operating voltage used to select insulation distance is
1.2/1.1 times the nominal voltage for 275 KV. We will set the voltage

~ stipulated in the IEC standards for 220 KV and 400 KV.

Corrective coefficient for atrnospheric conditions

Flashover voltage is based on standard atmospheric conditions (20°C
temperature, 760 mmHg atmospheric pressure and 11 g/m3 humidity). A



@

(5)

(6)

corrective coefficient of 1.2 will be used for this project, as construction
conditions will vary from standard conditions. '

Creepage distance

The insulator creepage distance (minimum distance between upper conductor
and lower conductor in the direction of the insulator surface) shall be
45 mm/KV, based on OES 32. A 245 KV maximum operating voltage will
have a creepage distance of 11,025 mm.

Ground insulation distancc

The msulanon distance between electrical wires and suppoﬁs (the steel towers)
can be determined by two standard methods;

1) Standard insulation' distance - the distance which prevents flashover
between supports and electrical wires, even when there is no wind and the
overhead grounding wire or steel tower is directly struck by external
lightning; or ' '

2) Minimum insulation distance - the distance which prevents internal lightning
flashover between support and electrical wire, even when wind causes the
electrical wire to sway horizontally.

The ground insulation distance should be based on the flashover characteristic
of the rod gap, with 50 % impulse flashover voltage applied to 1) and dry
flashover voltage (water injection flashover voltage for the voltage = 275 KV)
applied to 2). Calculate the required air gap distance. Switching surge (internal
l1ghtmng) shall be used as the abnormal voltage in selecting insulation distance,
since it poses a greater threat to power line insulation than does external
fightning.

Table 8.5.1 shows the insulation design details and results.
Clearance diagram

As an example, we will take the suspension type steel tower and determine the
insulation distance between electrical wires and supports, based on insulator
length and distance.

1) The sta_n.da'rd insuiatibn_distaﬁce shall be taken _ﬁp to a 20° horizontal sway



angle for a suspension insulator.

2) The average of standard insulation distance and minimum insulation
distance shall be taken between the horizontal sway angle of 20° and 40°,

3) The minimum insulation distance shall be taken when the horizontal sway
angle is between 35" and 40°,

Figure 8.5.2 shows a clearance diagram produced in this manner.



Table 8.5.1

Insulation Design

No. Design items Nominal voltage (KV)Y: N
220 275 400
1. Switching surge withstand voltage :
1 (1) Maximum operating vollage : Um (KV) 245 300 420
(2)‘ Peak value of voltage to groﬁnd . Um x \E / \E (KV) 200 245 343
(3) Multiplier for switching surge .
abnormal voltage - n 2.8 28 28
(4) Switching surge voltage - UmxV2/¥3xn .(KV) 560 686 960
(5) Corrective coefficient for elevation, etc. : k 1.2 1 1.2 1.2
Required switchin ithstand
(6). K ;qﬁt:;g switching surge withstan L @) xk &V 672 823 1,152
2. Power frequency withstand voltage
(1) Multiplier for power frequency S,
abnormal vollage . n . 0.8 0.8 0.8
(2) Continuous abnormal voltage : Umxn' EV) 196 240 336
(3) Corcective coefficient for elevation, etc. : k 1.2 1.2 1.2
(4). 52;1;;;«3 power frequency withsiand . @) xk &) 235 288 403
3. Salt contamination withstand voltage
(1) Creepage distance T 45 mm/KV
_ (between Tines) () 11,025 13,500 18,900
(2) Required number of long rod insulator
strings, with figures in brackets 210 KN (4,100 mm) 3 4 5
showing creepage distances insulator
strings
4. - | Standard insulation distance
(I} Switching surge withstand voliage: as '
per 1. (6) Xvy 672 823 1,152
(2) Required air gap length (cm) 156 . 197 305
(3) Standard insulation distance (cm) 160 2060 305
5. | Minimum insulation distance
(1) Switching surge withstand voltage: as
per . (4) : KV} 560 686 960
(2) - Corrective coefficient for elevation, eic. : k’ _ . 1.1 1.1 1.1
(3) Required withstand voltage (KV) _616 755 1,056
(4) Required air gap length {cm) | 140 177 274
(5)_Minimum insulation distance fem)| 140 180 275 -
6. Minimum insulation distance between phases _
{1) Peak voliage to ground (KVY) 200 245 343
(2} Multiplier for switching surge " :
{between phases) n 4.5 4.5 4.5
(3) Maximuin surge voltage (between ' o
phases) Kv)| .900 1,103 1,544
(4) Required withstand voltage V)| 970 1,214 1,698
{5) Required insulation distance {cm) 210 280 435"




Nominal 220KV 2I5KY 400 KY
Voltage :
‘)‘3" n,‘>°
i b 3 b
& S .
W
§ ab b [ ’{3
: AV
= c a
=
@ ) a
a
s
; 71 5
g b pe ™ 2
£ b o
3 h '
5 «‘ 2 b
= a
a a

a 160 00 - 305
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Figure 8.5.2 Clearance Diagram

8.5.3 Design to Combat Salt Dust Contamination

The sites of this pro_]ect s power lransmlsswn and transfonnanon facilities experience
only a small annual average rainfall, but are exposed to fairly strong seasonal winds,
high temperatures and high summer humidity. These meteorological conditions place
extremely severe demands on insulators, necessitating careful insulator selection.



Industrial contamination from exhaust gas, soot and dust, as well as adherence of

wind-borne salt, cause contaminant flashover on insulators. A rational and

economical combination of methods shall be applied to prevent contaminant-related

accidents. The following methods are believed to prevent this type of damage.

(1

(2)

(3)

Special insulators for salt dust protection
Insulators need to minimize flashover and contamination damage by:

1) Creating a smooth surface with excellent rain washing effect to prevent salt

dust adherence; and

2) Incorporating long creepage distances and large surface leakage resistance (o
prevent leakage current from circulating.

Fog insulators or long-l'bd insulators fulfill these requirements, While deep-
folded fog insulators are effective against rapid contamination or damage caused
by short bursts of seasonal wind, they are subject to salt dust accumulation in
the long-term.

Over-insulation system

Using the internal lightning voltage as a standard, the expected maximum
voltage is set at 2.8 times the phése voltage (for effective ground system). The
water injection status is considered as the normal worst case condition for
insulators. The number of insulators for each string is based on the water
injection flashover voltage for the string. ‘When a water injection flashover
voltage for only one insulator is string, we consider the appropriate efficiency
for an insulator string. The over-insulation system refers to suppression of
effect of salt dust by increasing the number of insulators by one to four,
depending on thie anticipated degree of salt damage.

Insulator hot line washing device

All outdoor insulators shall be fitted with aﬂ_insulator hot line washing device to
remove adhered salt dust. This system uses water released from a nozzle ata
pressure of 2-4 kg/cm? and flow rate of 50-80 I/min.

The specific salt damage protection methods to be iinplemented for this project will be -

based on the above guidelines and insulators in particular will be designed as follows:
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(1) Aerodynamic insulator

While fbg type insulators could be adopted to reduce the cost of supports
(towers) by shortening the length of an insulator string, this type of insulator is
not used in Oman. Fog type insulators are not very effective in solving salt dust
accumulation, contamination and damage problems . We therefore recommend
aerodynamic insulators which prevent such damage, and which are widely used
in the Middle East.

“The aerodynamic insulator discourages salt dust adherence. It also exhibits
self-cleaning properties which tend to aflow any adhered material to blow away

with the wind.

Long-rod insulators or suspension insulators would be suitable, and have the

following characteristics.
1) Characteristics of long-rod insulators

(i) ‘These ‘column-shaped in’agnetic bodies cause corona discharge
between sheds, creating uniform voltage allocation (called multi-stage
division effect). This prevents electrical permeation distraction from

occurring,

(i) Flashover or damage from contamination is unlikely to occur, as the
crecpage distance is long and the entire magnetic body is washed by

rain.

(iii) It is rare for an arc to entwine with insulators during flashover,
because the insulators are long and there are no metal fixtures between
them. This simplifies arcing horn design.

(iv) ‘The slow aging process reduces maintenance.
2) Characteristics of suspension insulators

Q) Changing the number of insulators in the string enables them to
respond to any transmission voltage or tension load.

@ii) TIndividual insulators ‘can have a common nominal voltage,
necessitating a smaller number of spare insulators than that required
by other single insulators, thereby reducing spare parts expenses.



(iii) As all insulators in the string 1'are1y'fautt at the same time, adding one
or two insulators to the design calculation value will boost reliability
significantly.

Conditions which insulators must meet are:
(i) Light weight and high mechanical stiength;

(i) Excellent electrical insulation characteristics, including preventing
corona discharge;

(i) Simple maintenance, and durability over time, with minimal changes
in quality; and

(iv) Low cost.

Both long rod and suspension insulators meet these technical requirements.
Long-rod insulators excel in terms of anti salt dust design, and the Oman
Standards OES 32 stipulate the adoption of long-rod . insulators.
Aerodynamic long-rod insulators are therefore recommended for this
project. '

(2) Degree of insulator contamination

When salt dust contaminated or damaged insulators are moistened by'rain, the
electrolytic components in the sea salt and dust dissolve, creating a conductive
film. This significantly decreases the insulation characteristics of the insulator
surface. Understanding the degree of insulator contamination and damage is
crucial in selecting insulators.

The quantity of equivalent salt component is measured on a pilot insulator {o
investigate the degree'of insulator contami_nati_on and damage. The density of
adhered eguivalent salt component is obtained from the equivalent salt portion
divided by the insulator surface. This is used as a gliide to classify
contamination and damage. The projected maximum value for rapid
contamination and damage within ten kilometers of the coastline is
0.25 mgfem?, and 0.5 mg/em? for a distance of three kilometers or less.

The adhesive density of dust on insulators in desert regions is greater than that
in areas contaminated by salt dust. Coastal desert regions are exposed to both
sea salt and dust, and may have values exceeding 1,0 mg/cm?. This imposes
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severc demands on insulators. The power transmission lines and substations
for this project will mostly be built within ten kilometers of the coast. Using a
pilot insulator to evaluate the impacts of salt dust on insulators is therefore a
vital part of the insulator design process.

8.5.4  Anti-lightning Design

1

)

(3)

Concepts

Anti-lightning design protects the power transmission lines from lightning, and

is based on two strategies, namely:

1)y Preventing lightning from directly striking the power transmission lines; and

2) Restricting the increase in ground electric potential as a result of lightning

current.

Shielding using overhead grounding wires addresses point 1), while reduction
of tower ground resistance (counterpoise) achieves 2). Adoption of an arcing
horn shall be considered to prevent damage to electrical wire and insulator
during back flashover. '

Lightning deys per year (IKL)

The strength and frequency of lightmng attacks are the parameters for anti-
lightning design. These are expressed as lightning days per year (Isokeraunic
Level : IKL). The Muscat region has an IKL of 20. A review of recorded
lightning arresior counter at the Muscat System’s primary substatioh supports
the adoption of this IKL value.

Overhead grounding wire

An overhead grounding wire is installed to shield power transmission lines to
protect them from lightning strokes. This wire also reduces peak values of
abnormal voltage resulting from induction lightning. A smaller shielding angle
is requlred to ensure that an overhead grounding wire has a 100 % lightning
shielding rate. Therefore a two overhead groundmg wire system is
recor_nmended. After consx_dermg mechameal and electrical requirements, we
use a Corrosion res_istént, aluminum clad steel w'ire'with_a nominal sectional area

of 110 mm?2,
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8.5.5

(4) Counterpoise

Even when the power transm_ission lines are totally shielded by the overhead
grounding wires, a lightning stroke to the tower or overhead grounding wire
will raise electric potential, and may result in back flashover on the electrical
wire. If the insulator voltage for the directly struck tower is greater than the
insulator’s flashover voltage value, it causes back flashover. The voltage
imposed on the insulator is proportional to the tower's ground resistance.
Setting a low ground resistance will effectively reduce the tower’s electrical
potential, This is done by embedding a copper grounding rod ora copper bar
type counierpoise in the ground to achieve appropriate ground resistance.
When the impulse current flows, the voltage imposed on the soil exceeds 6 -
10 KV/cm, triggering th'e_ electricity discharge of the soil. It is vital to measure
the soil’s inherent resistance during the design stage to prevent destructive
electrical discharge and to ensure an effective grounding plan.

Anti-vibration Design

Measures against wind-related vibration are the core of anti-vibration design. These
acolian vibrations may cause a cut in the strand or a disconnection of the electrical
wire, and accelerate the mechanical fatigue process in an insulator’s metal fixtores.
An air vortex develops in an electrical wire’s upper wind stream when relatively mild
and uniform wind hits the wire. When an electrical wire is subjected to both upward
and downward periodic and alternating stress, the wire’s inherent frequency and
frequency of vibrations correspond with each other to create a resonance status that
develops into constant vibration.

Measures to combat wind-related vibrations are to absorb vibration energy through
anti-vibration devices, such as stock bridge dumpers, or reinforce the electrical wire’s
clamp section with armour rod, as this area tends to accumulate vibration-rel_ated
fatigue. Itis poSsible to create an effective anti-vibration design by applying these
methods to single conductors, |

In addition to wind-related vibration, subépan vibration can cause problems for
double and multiple conductor transmiésion lines. This phenomenon occurs when
the wind-related altematmg stress vibration rate corresponds with the electrical wire’s
inherent vibration rate within the same subspan (the d1stance between two spacers
within one phase). This causes problems such as phase-to- phase short circuit.
Appropriate spacer distances avoid subspan vibrations.



8.5.6

Electricat Wires

(1) Electrical wire speciﬁcations

Power transmission lines must ensure:

1) High conductivity;

2) High mechanical (tensile) strength;

3) Great durébility (particularly corrosion resistance),
4) High elasticity;

5) Light weight;

6) Easy installation; and

7) Low cost. '

Electrical wires which fulfill these requirements include all aluminum alloy
conductor (AAAC), aluminum clad steel reinforced wire (ACSR), and hard
copper 'stranded wire. AAAC is already used for existing 132 KV power

~ transmission lines in Oman, and is well suited to local meteorological and

environmental conditions because of its excellent mechanical strength and
corrosion resistance. AAAC is recommended for this project. The mechanical
and electrical characteristics of AAAC are as per IEC 208.

(2) Selection of electrical wire size

Electrical wire size shall be selected after comprehensively examining such
factors as stability limit power transmission capacity, mechanical strength,
continuous allowable current and voltage drop. The following size is selected
pased on the stability limit poWer transmission capacity and continuous

aliowable current.
1) Electrical conditions

Power transmission capacity: 1,200 MW
Maximum sérvice voltage: 245 KV, 300KV, 420KV
Allowabie conductor temperature: ~ 90°C

2) Atmospheric conditions

Design temperature: . 50°C

Design wind velocity: 0.5 m/s

Sunshine: : 1,200 W/m?2
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3) Calculation of size based on stability limit power transmission capacity

4)

The stability limit power transmission capacity Pm is proportional to the
square of power transmission voltage and inversely proportional to the
power transmission distance. Pm is calculated with the formula:

_ k(V[kV])?

Pm = o (MW)

k refers to the coefficient of steady-state stabi]ity transmission capacity, and
equals the short circuit rate (SCR)/x ({/km). Using this formula for a
generator SCR of 0.5, power transmission line positive phase reactance of
x =04 Q/km, k=125 (=0.50.4), V=245kV, and L =60 km,
we obtain Pm = 1,250 MW/circuit. P = 1,000 MW/circuit is further
obtained for a power transmission capacity in consideration of 80 % of Pm.

Size calculation based on continuous allowable current

The continuous allowable current for the electrical wires is calcutated wi.th
the following formula: '

IC— K°71',-D°'9-
B¢ Rdec x 105

Where, Ic: Continuous allowable current (A)

K:  Heat release coefficient

D Outside diameter of electrical wire (cm)

0: Temperature increase in electrical wire when compared with
ar'nbient.température O |

B:  AC - DC resistance ratio

Rdc:  DC electric resistance at the nominated temperature ($3/km)

Calculating for 400 mm? of all aluminum alloy conductor (AAAC) reveals
Ic = 602 A. For a power transmission voltage of 245 KV, the rated
curient when a 1,200 MW transmission capacity is allocated equally to each
of two transmission line circuits located on the tower is:
p 600X 106
I = = =1,767 A
V3 xVxcos# V3 x 245 x103x 0.8

Where, I  Current (A)
P: Power (= transmission capacity) (W)



V: Voltage (transmission \ioltage) V)
cos 9:  Power factor

There shall be three conductors per phase, based on 1,767/602 = 2.9.

5) Selecting sizes

Based on the calculation of sizes using stability limit power transmission
capacity, a single circuit can transmit 1,000 MW if the power fransmission
voltage is 245 KV. This does not cause any stability problems, but docs
necessitate three condnctors per phase when the transmission capacity of
600 MW per circuit is transmitted at a voltage of 245 KV, because the
continuous allowable current for 400 mm? of AAAC is 602 A,

3) Dip in electrical wires

The dip - tension curve graph is produced by calculating the span, dip and
tension at each temperature, using average temperatures as standards. Based on
this graph, we can examine the appropriate tension at anticipated temperatures
for the nominated span.

We will ignore the elongation of electrical wires relating to linear expansion
coefficient and elasticity coefficient and assume that the level elevation of the
support is the same, then perform the following calculation:

WS2  2.81 x 3502

Formula D =2 =357 376 =95m
Where, D Dip (m)
W Synthesized load of electrical wire weight and wind pressure
load_ (kg/m)

Electric wire weight I.lO_kg/m-
Wind pressure load 2.59 kg/m _ _
Synthesized load 2.81 kg/m (=v 1.10%2 + 2.59% )

S: Span (m) Standard distance of 350 m

T Horizontal tension of electrical wires (kg)
Using AAAC of 400 mm?
Tension load: 11,290 kg
Safety factor: 2.5

Maximurn service tension: 4,516 kg
(= 11,290/2.5)



8.5.7

Support design

(1) Support strength

Steel towers are most commonly used as high voltage overhead transmission

line supports because of the extremely high strength required. Steel towers

shall be designed to withstand either one of the following, with a normal

assumed load or two thirds of assumed load at the time of abnormality.

1y

2)

Normat assumed load

We will examine the situation where the vertical load and horizontal load are
imposed at the same time, as wind pressure works at right angles to the
electrical lines and in the same direction as the electric lines. We will
nominate the greater wind directional condition load with stress on the steel
tower components as the normal assumed load:

Assumed load during abnormality

We will nominate an assumed load during abnormality which considers
scenarios in which the electrical wires are cut. The unbalanced tension
resulting from the cut wites and the consequent torsion force are imposed
on the normal assumed load. We will calculate the load for wind pressure
working at right angles to the electrical line, and where the load is imposed
in the same direction as the electrical line. We will adopt the greater stress

on each component,

(2) Wind pressure load

The design wind ﬁeldcity adopted for this project is 40 m/s. The wind pressure

is based on this wind velocity and calculated as follows.

Theoretical wind pressure formula:

P

1
= (5 pVY)ec

Where, P:  wind pressure (kg/m?2)

p:  Air density (kg ¢ s2/m%)
V. Wind velocity (m/s) _ _
¢ Air resistance coefficient (based on wind tunnel t_ést)
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The wind pressure on the electrical wires becomes P = 92 kg/m? if we insert
p=0.115 V=40 and c = | in this formula. The wind pressure increases
as the steel tower becomes taller, and is applied to the electrical wires at a
uniform 100 kg/m2. Based on the same calculation, the wind pressure applied
to a steel tower is 290 kg/m2. The wind préssure load is calculated by
multiplying the wind pressure by the vertical projection area of the components.

Structural design of the steel tower

An examination of component stress forms the basis of the structural design of
the steel tower. Each joint of the frame materials is considered safe if the design
stress calculated based on the assumed load is smaller than the strength of the
structural mateﬁals (the angle steel and bolts). Given that the steel tower has a
complex framework, a stress chart will be used as a simple means to calculate
the tension and compressed force of each section. A stress chart expresses
force using a vector and facilitates understanding on the distribution of external

force in each section of the framework. The chart is commonly used in

structural designing of steel towers.
Steel tower clearance
1) Distance beiween the lines

t i_s important to avoid flashovers when elec_trical wires come in close
proximity to each other because of horizontal sway caused by wind
pressure, vibrations resuhing from aeolian vibréti_ons, or trembling in the
lines. Tﬁe followi.ng plan should be adopted to ensure that an appropriate
distance is maintained between the lines:

() Horizontal distance: Ch (m)

Taking the example of a double circuit vertical array with a standard
span, Ch is calculated using the following empirical formula. At a
nominal voltage of 220 KV, Ch. is between 8.2 m and 11.5 m.

Ch = 1.5 + V/(1.1 k1)

Where, V. Nominal voltég_e (KV)
ki: Coefficient 20 - 30



(ii) Vertical distance; Cv (m)

The vertical distance is usually equivalent to 60 % to 100 % of the
horizontal distance. The empirical formula that serves as the design
guideline to set the standard span is as follows:

Cv = 1.0 + V/(1.1 k2)

Where, V:  Nominal voltage (KV)
k2:  Coefficient 40 - 50

In the case of 220 KV, Cv = 5.0 - 6.0 m.
2) Line array and elevation

As the electrical lines are vertically arrayed, they require little horizontal
space, and therefore offer excellent economy. Vertical arrays are the most
common in arrays of two or more circuits, and will be employed in this
project.

A wire elevation of 6 m is believed appropriate when the transmission
voltage is below 160 KV.. The elevation should increase by 12 cm for
every additional 10 KV after 160 KV, so that the elevation for 220 KV
should be 6.72 m. As the dip of the standard span is 9.5 m, when we add
the Iehgth of long rod insulator, the elevation becomes 21.0 m. Given a
sufficient design margin for geographical and meteorological conditions, we
will choose an elevation where the pr‘inéipa] component of the crossarm
used to install insulator strings is 25.9 m from the ground.

This distance represents a standard design used for transmission line towers
of this voltage.

Figure 8.5.3 shows a standard suspension steel tower shape and its

clearance.
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Figure 8.5.3 Standard Suspension Steel Tower
(5) Selection of the power ling route
1) Selection process

The power transmission line route sclected should facilitate future
maintenance and construction, maintain supply reliability, respond to
- meteorological conditions and ensure economy. Specific selection

procedures are as follows:

(i)  Select a rough route that 1'epresenis the shortest distance for the power
lines by examining maps and taking local surveys using a helicopter.

(i) Conduct an on-site survey of the rough route. Items that should be
covered in the survey include topography, geology, meteorological
conditions, household density, radiowave disturbance, natural
conditions, landscape, road conditions, other electric wire facilities
and ease of maintenance. This local survey should select the optimum

Touie.

- (iif) Survey the selected route. Surveys should include a central survey
, (dlstance betwcen the center line of sieel towers, horlzontal angle and
vertical angl_e), profile leveling (sectional leveling of the route),
surveying of the site for the steel towers, and site surveying along the

route and special places.



8.5.8

8.6

8.6.1

2} Planned route

The 220 KV power transmission lines for this project will be constructed
along the mountains in parallel with the existing 132 KV power
transmission lines with an approximate distance of 60 km between the
Barka Power Station and the Madinat Qaboos'Substation in the Muscat
Power System. For the section between the existing Bait Barka Substation
and the .Musana Substation with an approximate distance of 52 km, the
132 KV power transmission lines are already constructed, suggesting that
an interconnection with the Wadi Jizzi Power System is taken into
consideration. A higher transmission voltage of 220 KV will be adopted
when future interconnections with the Wadi Jizzi System and GCC
countries are envisaged. In this case, the route of the 220 KV power
transmission lines will be selected along the mountains in parallel with the
existing 132 KV power transmission lines. |

Aircraft Warning Sign

Based on the stipulations in OES 32, the following aircraft warning signs shall be

employed:

(1) For night flights, a warning light operating on a diglectric current shall be

(2

attached to power lines across roads.

Asa signl for daytime ﬂights, a sphere painted in orange (the aviation sign
color) and made of aluminum or glass fiber shall be atta_ched. The ball must be
at least 600 mm in diameter and should be installed on overhead grounding

wires,

(3) The steel tower shall be painted in orange (the aviation sign color) and white.

Substations

Bus Syste'm

(1) Type of bus system

‘The bus system has a particularly significant impéct on substation reliability and
economy. Following is a discussion of thé_'kinds and characteristics of bus
systems in common use at substations, which will be used as an index for
sel_ecﬁng the systerh for the Barka Pfoject.



b

2)

3)

4)

Single bus system

The single bus system is simple, and hence economical. It is often used at

small-scale substations.
Standard double bus system

This system uses a double bus and is equipped with a circuit breaker for bus
connection. It requires more equipment and a larger area than the single bus
systemn, but is easy to operate during normal operations and continues to

operate during accidents or equipment and bus inspections.
Double bus 4 bus tie system

This system divides the standard double bus system into two sections,
thereby enabling the scope of a power blackout to be locally contained
following accidents in the bus. Consequently, the system is very flexible
and is adopted for key substations in the trunk network.

1 1/2 circuit breaker system

This system uses three circuit breaker units for two circuits. This has little
effect on the system during bus accidents. This kind of system does not
require the line to be shut down during circuit breaker inspection.

Figure 8.6.1 shows the structures of the four systems.

L
$ 3 Legend
¥ F {o-‘ O Circuit breaker
T X . Disconnecting switch
g : g 8 : Transformer

(2) Singlebus (b) Standard double bus systero

4Lk

} - 4

X 4 3

i i 4

" fe} Double bus 4 bus tic system. ) (d) 1 172 circuit breaker system

Figuré 8.0.1 Bus Systems
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Selection of the bus system

The four types of bus systems shown in Figure 8.6.1 have been examined with
selection guidelines of operationability during inspection and accidents,
reliability and economy as well as case of system operations, The examinations
show the standard double bus system'a:nd' double bus 4 bus tie system to be the
most suited. Depending on the functions and the degree of importance of the
substations under this project, the following bus systems will be selected:

1) As the Barka Substation to be built on the premises of the Barka Power
Plant will have many circuits, we will adopt a double bus 4 bus tic system
with a focus on system operations. The same system will also be employed
at the éxisting Bait Barka and Madinat Qaboos Substations, taking into
consideration system interconnection.

2) A standard double bus systemn will be used at other primary substations.

8.6.2  Lightning arrestor

(1

(2)

Basic functions

A iightning arrestor discharges when an abnormal voltage resulting from a
lightning or a switching suige enters a power line. The arrestor reduces the
peak value at the limited voltage or below and thereby prévénts insulation
breakdown and flashover in the insulators or equipment. The lightning arrestor
must therefore have such self-restoring characteristics (follow current shut-
down capacity) as shufting down discharged current automatically after
restoring voltage.

Rated voltage

The lightning arrestor must shut down follow currents at ihe rated voltage even
when it is operated repeatediy in respbnse to multiple iigﬁtﬁing strokes. As the
ratio (Characterisﬁc index) between the limited voltage and the rated voltage is
virtually the same in any voltage class, the prote‘ction. level of the lightning
arrestor is dctermined_automaticaily, based on the rated voltage. 'Detemiining
the rated voltage is thus an important factor in designing the lightning arresior.

The rated voltage for the ]ightﬁing é\frcstor is éxpressed using the following
formula: S '



&)

)

Er =0 § Um'=kUm

Here, Er:  Rated voltage (KV)
o  Grounding coefficient
B:  Tolerance
Um: Maximum allowable voltage (nominal voltage x 1.2/1.1) (KV)
k:  k=oef = Fr/Um and is expressed as a percentage.

The grounding coefﬁcient on the effective ground system is between 65 % and
80 %. We will adopt the 90 % _lighlning arrestor by adding 10 % tolerance to
this value (namely k = o B = 0.9). The rated voltage of the lightning arrestor

for a 220 KV system is calculated as follows:

Maximum allowable voltage: Um = 220 x 1.2/1.1 = 240KV (245 KV in
accordance with IEC 71-1)

K%: 90 %
Rated voltage: 240KV x 90% = 216 KV
Characteristics.

The insulation strength of the equipment includes lightning impulse withstand
insulation level (LTWL) and switching impulse withstand: insulation level
(SIWL), depending on the system voltage. The protection level (limited
voltage) of the lightning arrestor must be selected with tolerance incorporated in
the equipment insulation strength.

Baéed_ on the above index, the lightning arrcstoi' applied to the 220 KV system
will have the following characteristics:

Nominal voltage: 220 KV
LIWE: 1,050 KV

~ Rated voltage: 216 KV

Limited voltage: 691 KV

- Tolerance: 34 % ((1,050 - 691)/1,050 = 0.34)

Instailation positidn_of the lightning arrestor

When the distance between the lightning arrestor and equipment t0 be protected

(chiefly the transformer) is long, the value of the lightning surge voltage



imposed on the equipment to be protected is higher compared to the limited
voltage to the lightning arrestor. ‘The difference grows larger as the distance
increases, so the lighming arrestor should be set up as close to the equipment to
be protected as possible (within 50 meters). .

8.6.3  Main Transformers

(1)

(2)

Type of transformers

Transformers of Y - Y - A connection are often used at substations for power
transmission. However, in systems where the primary and sec'ondaly sides use
neutral direct grounding systems, it is possible to use an auto-transformer for Y
- Y winding. The auto-transformer is not only very reliable but also offers
excellent economy. In this project, 220 KV/132 KV main transformers will
use an auto-transformer.

- Auto-transformer

Figure 8.6.2 shows a comparison of the connections between the auto-
transformer and the two winding transformer,

The rating of the auto-transformer is equivalent to the two winding transformer
which uses shunt winding and series winding, The following formula
expresses the ratio of self capacity and line capacity in the form of a co-ratio.

Co-ratio 0. = self capacity/line capacity = 1 - V]/Vh== 1 - I/l

Th Series Ih
————  Winding il
Shunt
- Winding
Ie '
Power ¢~ — Power ¢
Source <> Vi Source ) Vh
T
[¢e—1In !
() Auto-transformer s (b) 'I'w'o'Winding Transformer
Figure 8.6.2 Connection of Transformers



(3)

4

(5)

When Vh:VI approaches 1, o becomes small. This means that self-capacity,
which is closer to real transformer capacity than line capacity, can be small.
Furthermore, as the current (Il - Ih) of the shunt winding becomes small, the
winding used in this section can be small. More spéciﬁcally, if we insert Vh =
220 KV and V1 = 132 KV in the above formula, o becomes 0.4, When the
same amount of power must be supplied to the load, the auto-transformer can
suffice with 40 % self-capacity compared to the two winding transformer.

Advantages and concerns of the auto-transformer

economy. Furthermore, a smaller co-ratio minimizes iron and copper losses,
giving greater efficiency. As percent impedance is lower, the voltage
fluctuation rate is reduced and system stability improved.

When the percent impedance is too low, the short circuit currerit increases,
causmg problems in terms of the transformer's thermal and mechanical
strength. The percent impedance widely used for the voltage level apphcable
under this pr0ject is about 14 % in terms of the lin¢ capacity standard.
However, OES 27 stipulates that 18 % be used on the 132 KV system.
Therefore, in designing transformers it is important to take into consideration

* the electromagnetic force during short circuits.

Changing taps

To compensate for fluctuations in secondary voltage of the transformer as a
result of fluctuations in the power source voltage and load and thereby maintain
a uniform secondary voltage level, a tap changer shall be installed on the higher

‘voltage side of the transformer.

One tap shall be 1.1 % and a total of 19 taps shall be installed (in accordance
with OES 27) within the range of +5/-15 % against the rated voltage.

Capacity of interconnected transformers

In relatlon to the current highest voltage of 132 KV afier selecung the higher
optimum voltage, the capacny of the transformer that will link up to this voltage
and the existing 132 KV. shall be selected from among the standard unit
capacities of 125 MVA, 200 MVA and 250 MV A, by meeting the following

congditions:



1) The Bait Barka Substation shall have two banks and Madinat Qaboos
Substation shall also have two.

2) When one bank of transformers is shut down during operations, this shall
not cause an overload on other transformers.

3) Even when one power transmission line is shut down, this does not cause
an overload on the transformer.

8.6.4  Switchgears

(1)

()

Selection of type of switchgears

Along with the transformers, the switchgear is the most important equipment
constituting the substation.  The switchgears shall therefore be seiected
subsequent to the following examinations:

Under this project, the substations will be located in hot and humid places that

'expose them to damage from salt dust. In terms of insulation strength, the

equipment at the substation will therefore encounter a very severc environment.
The substation will also be located close to electricity consurners, so that the
area for the substation site and its capacity will be limited. The switchgears
selected must also ensure steady insulation strength, very little deterioration
over time and greater labor economy in operations, maintenance and inspection.

The switchgears that meet these requirements is the SFs gas insulated
switchgears (GIS). Circuit brcaker, disconnecting switch, instrument
transformer and bus are all incorporated in the metal enclosure, and the SFe gas
(six sulfur fluoride) which excels in insulation capacity are filled. Furthermore,
OES 27 stipulates the use of GIS for the 132 KV circuit. Consequently, GIS
will be used for the 220 KV circuit in this project.

(G1S characteristics

The live pait of GIS is not exposed at all. This ensures safety and avoids |
problems of damage or contamination. It also reduces insulation distance and
therefore offers the key feature of takmg up 31gmﬁcant1y less substation area
and capacity. Compared to the conventional outdoor type substatton GIS
reqmres 20 % area and 10 % volume, although this differs from one voltage
class to another.



The SF6 gas used as GIS's insulation and arc-suppression catalyst has high
breakdown voltage and excellent arc-suppression characteristics. It has

“chemical stabi]ity, is non-toxic, has no odor and does not burn, It also has

excellent thermal conductivity, giving it a significant cooling effect. SFs gas is
inert and therefore minimizes the wear on the contact clement of the circuit
breaker because of aics, reducing the frequency of inspection. SFé gas poses
one concern. It is liquefied at a pressure of 12 kgfcm? g or above at a
temperature of 0°C. However, the ambient temperature and pressurc under this
project are outside this range, so this will present no problems in actual

application.

The most common shut down method employs a puffer system that carries out
arc-suppression by spraying SFs gas compressed by the cylinder from the
nozzle to the arc. The time constant of arc-suppression which serves as
guideline for arc-suppression 'éapacity is about 1/100th of air. Therefore, SF¢
gas has an arc-suppression capacity about 100 times greater than that of air.

8.6.5  Phase Modifying Equipment

(1)

2)

Role of phase modifying equipment

The system reaclive power changes depending on the load and power flow of

the system. When the reactive power is excessive, it increases the system

voltage. On the other hand, when the reactive power is low, it causes a drop in
the system voltage. The phase modifying equipment are designed to counter

~ power logs and maintain system voltage. The phase modifying equipment are

installed ina decehtraiiz_ed manner at places where shortages in system reactive

power are encountered.
Type of phase modifying equipment

The static capacitor and shunt reactor are economical for use as phase modifying
equipment. - They enjby widespread application because they facilitate
maintenance. When their unit capacity is greater, construction costs are low.
However, they must be selected so that voltage fluctuations at the time of
switching on and off and opening do not exceed 2 %. The Kinds and

applications of phase modifying equipment are given below.

8 - 69



8.7

8.7.1

1) Static capacitor

The static capacitor is used to improve the system's lagging power factor
~and compensate for voltage drops. It is installed in places where the
system's reactive power runs short, It is normally connected to the
secondary bus of the primary substation in combination with a switching
device. Static capacitbr quantity is controlled by making the switching
device on and off. Static capacitor quantity is therefore controlled in stages.
This will not cause any problems in actual use. It is characterized by a small

power loss, easy operations and mainienance and low construction costs.
2) Shunt reactor

Unlike the static capacito'r, the shunt reactor comp’ensatés for the system's
leading reactive power and controls the increase in voltage. On a system
where cables are fréquently used for power transmission and distribution
lines, the shunt reactor is used to compensate for the leading current of the
cable and prevent increases in system voltage.

3) Static var compensator (SVC)

This combines a static capacitor and a shunt reactor controlied by the
thyristor. It enables continuous adjustment of leading and lagging reactive
power. '

This project predicts a shortage in systeni reactive power. Consequently, a static
capacitor w111 be used. Facility capac:1ty and unit capacity (control quanuty) will be
selected based on system analysis, In accordance with OES 30, the smgle capacity of
the static capacitor is 1 MVA and is connected to the 11 XV bus.

Load Dispatching System
Need for an automatic loading dispatching system

When the Barka Power Plant begins operations in bha’ses, in response to increases in
electricity demand, the facilities and systems constituting the power tfansmiésion
lines, substations and other facilities comp'risi'ng_"the power. éupply'_system' will
become larger in scale and more complex. In addition, if the Wadi Jizzi'systém and
Manah system are interconnected to the Muscat systern in the near future, a
comprehensive and organic mterconnecnon will be necessary This means that it will
be very difficult to manually control power flow, adjust system frequenmes optimize
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8.7.2

systemn voltage and other system control operations, understand the system status as it
changes from time to time or monitor the operations status at one load dispatching
center. It would also be hard to assess the situation when accidents are encountered
within the system and to carry out rapid and smooth recovery operations. It will

therefore be vital to build and operate an automatic load dispaiching system in |
conjunctioh with a shift to greater mechanization and automation of the facilities that

make up the power System.

At present, MEW gives the Ghubrah Power Plant the functions of a load dispatching
center and has installed communications terminals at the Rusail ‘Power Plant and
seven primary substations. Thus, MEW carries out power supply operanons using a
power line carrier network. Information exchanged between power plants and
substations on a daily basis primarily include mea@rcme’nt of power flow and
monitoring and rep_orting. As the operations depend on human operators, there is

significant scope for automation.
Load Dispatching Operations and System Information

Load dispatching should ratib'nally and economically operate the power supply
facilities to ensure a continuous supply of quality power to consumers. Achieving
this goal requires that load dispaiching operations form the core of power station
operations. These load dispatching operations must include frequency, voltage and
power adjustment as well as operation and shut down of power generation and

substation facilities and recovery opetations in the wake of accidents.

‘Table 8.7.1 shows the controls and operations conducted by the load dispatching
center. The power station collects system information from the power system.



Table 8.7.1

Load Dispatching Operation and System Information

i i i hioring i Calcutation, judgment and | Connéction to the purposs of
Control and operation Systera information Monitoring items dﬂmmﬁm load dispaching o
Frequency control, Frequency Frequency Requi_:efi aﬁjusi.r:!mé ::;mﬁ;;:_gsupp&y and
economic 'm.d%}”“ Tnterconzected power and  § Interconnected power ?‘;'f“m) (c'{n':;"“ o, "
controt (including gencraied power (KWH)  fdeviaton and power (Kwhy|forecast po 4aintenance of regulated
E fovecast control). power plantoutput devialion Ourput allocation frequentics )
. - Diffezence belween total Lead band revision of eachs | Economical outpat llocation of]
B Mezeorological condiions. | o and Forecast parwer plant power plants *
g & demand, Gencrater siert upand shut :
23 Reserve capacity down
=3 Revisio of demand
forecast, and output forecasy
Revisioh of power
% Volinge and reactive power | Voltage Voliage deviaion gmﬂa‘?{eﬂ adjustment ﬂ?xl‘:émame ¢ of regutated
contol Reaclive powver flow Reactive power flow juansity. ) g
K- : deviation Appwopeiate allocation of
- OLTC : b
%ﬂ Phase nli:ptxﬁfying equipment Fire wning of power and reactive power.
. . " " Teactive power adjustmest
% operaling condilions. squigmént. -
= Excess capacity
Syste operation during Jystem struchure condition | Power Mow botteneck Methad 1o eliminate flow [+ Amop'ri_atc measures against
normal vse (iacluding (swhching of cincuin breakar: Operaiion teserve ity bolllenecks. (Suchas changes in nogmal system
coniof to prevent thie effects [and disconnécring switch). Cape revisions o the system status which are forecast to -
of accidents) i Power flow Effect of assumed atcidents {configuretion or wansfer of | develop int accidents, -
. 5 - ) i), . - imi
ons o Accident detection (relay  [PO™eT Blani oz Appropriate preliminary
B 35‘35‘33“’“" VB pPower glant ourput operations and abnermal * |Preliminary measises o weasures against anticipated
ijé Frequency changes in frequency and  [localize accidents (such as accidents.
K interconnected line power  [cevising system : -
el ot st | QUi
[ Yelage : itions (such ag POWS! plant ouipul o idents,
g Accudmthzmdmoéu {such as suspending operations). acg
Meteorological conditions  jplaces where actidents are i
K # encountered, scope. lype | Methods to rocover from
5 and problems in power denms {such as revising
supply interrupiion) system configuration,
mehilising operations.
reserve capacity, of power
source and Joad shut dowi
and system separation).

8.7.3  Antomation Load Dispatching System

The automatic load dispatching system comprises the basic functions shown in
Table 8.7.2,

Table 8.7.2 Basic Functions of Automatic Load Dispatching Systern

(1) Nexi day's supply and demand plan: load forecast,
determination of parallel generators, economic operation
plans and operational reserve capacity allocation, etc.

—— Operation plans }— (2) Reactive power supply plan: operation reference voltage
calculation. .

(3) Scheduled shut down plan: forecast calculation of voltage
and cuirent.

1) Freq:iency and real power control: frequency controt and
ceonomic load dispatching control, load forecast control,

1 Systemcontrol power flow control.
(2) Voltage and reactive power control,
(1} Normal operations: revision to demand condilions and
- - : operations following operation shut down plan.
Automatic load System operations | . . . S -
dispatching ¥ pe 1 (2} Operations during accidents: measures 1o avert frequency
drop, overload and supply: problems, and . aulomatic
operations of recovery from accidents.
(1) 'Monitoring of system conditions: frequency, voltage,
7 ——— power line and transformer power flow, circuil breaker
Siatus monitoring | | .switching conditions, operational reserve capacity
- and recording quantity and other system supply reliability.
(2)  Collection of operation records.
- - (1) Power generation and load statistics.
—--{ Operation evaluation ——| . . .
(2) . Examination and evaluation of operation results.

Y



8.7.4

Among the basic automatic load dispatching system functions, system control and
status monitoring require gquick response characteristics. These functions must
therefore be pfocessed by computer. However, except where the'operations are
simple, computers are not well suited to operations to recover from accidents. Such
operations shall be left up to experienced operators for the present.

As shown in Table 8.7.1, system information transmitted from the power plant and

substation to encourage automation is diverse and large in volume. The transmission
quantity and speed by the power line carrier facilities which MEW currently uses may
not be sufficient. If so, the existing system will have to be replaced with a
microwave radio or fiber-optic complex overhead grounding wire (OPGW) as the

power communications method.
Central Load Dispatching Center

Because it is the core of load dispatching operations, a central load dispatching center
may be set up in the Barka Power Plant, giving consideration to the position of the
facilities of the Muscat and Wadi Jizzi systems in the future and load distribution
status. However, taking into consideration the fact that power supply facilities are
located close to the load centers and security must be given high priority, we plan to
set up a central load dispatching center at the Ghubrah Power Plant.
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CHAPTER 9 CONCEPTUAL DESIGN OF DESALINATION PLANT
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9.1.1

9.1.2

9.1.3

9.1.4

Design Criteria, Standards

The basic design conditions for the planning of the desalination plant are described as
the followings:

The Quality of the Sea Water and Sea Bottom Soil

The results of the analyses of the sea water and the sea bottom soil oﬁtained off the
coast of Barka Site during the 1985 Feasibility Study and for this study are given in
Annex 9.1. A-comparison of the results and the Tender Conditions of the Ghubrah
Desalination Plant has resulted in the raw sea water to be used for the conceptual
design conditions for this project and is given in Table 9.1.2.

The Raw Sea Water Temperature

In determining the design sea water temperature, the actual sea water temperature
must be obtained at the intake water point where the draft is shallow especially like
the Barka Site. The year round sea water temperature ai Ghubrah Power Station
taken for the 1985 Feasibility Study was used as a reference, and the following

temperature was :cétablished for the design:

Design Condition 30°C
Maximum Allowable Temperature 35°C

Product Water Quality

The standard quality of drinking water in the Sultanate of Oman is described in the
Omanian Standard No. § Drinking Wa'ter._' The standard is given in Table 9.1.3.

The product water quality for this project will conform to the standard values.
Electricity and Steam
(1) Electricity

The electric power required for the operation of the desaiiria;ion plant will be
supplied from the electric power plant in this project. The supply conditions are
shown in Table 9.1.1.



9.1.5

Tabie 9.1.1

Supply Conditions of Electricity

Itern Supply Condition
Frequency 50 Hz
Phase 3 Phase

Table 9.1.2 Quality of Raw Sea Water

Itemn Unit Value
Turbidity - 0.5~1.4
pH : - 7.9 ~8.1
Electric Conductivity msfcm 56.0
Acid Consumption (Alkalinity) | mgCaCOs/l 120
Total Hardness - mgCaCOs/l 6,750
Suspended Matter (8S) mg/t 0.7
TDS (110°C) mg/l 39,500
CODMN mg/l 0.9
CODon mgfl 0.2
TOC mg/l 0.8
Cl mg/l 21,500
S04 mg/l 2,940
T-N mg/i £0.5 .
Si ad Si02 mgfl 0.17 ~ 0.54
Ca mg/i 460
Mg mgfl 1,440

{(2) Steam

All quantities of steam required for the MSF plant will be supplied from the

electric power plant.

Other Matters to be Considered for the Desajination Plant

In order to make the operation and maintenance of desalination process of the plant
easy, while keeping a high working efficiency, the following matters will be

considered:

(1)  Automatic control system will be used for the operation of the desalination plant
including start-up and shutdown, and this will be performed from the central

control room.

(2) All rotating equipment, with the exception of the brine re-circulating pump, will

be provided with a standby pump for this project.




Table 9.1.3 Omanian Standard No. 8 Drinking Water (OS8/1978)
Item Unit Condition
1) Physical Properties In General

Color Colorless

Taste & Odour Tasteless & Odourless

Turbidity Free

2) Chemical Properties . :

a. Toxic chemicals Maximum Permissible Level
Lead mg/! 0.10
Selenium mg/! 0.0t
Arsenci mg/! 0.05
Cadmium mg/l 0.01
Cyanide mg/! 0.05
Mercury mg/l 0.001

b. Chemicals that have
special effects on
health
Fluoride mg/! 0.8
Nitrate mg/! 45

3) Bacteriological Properties
a. Treated water
Escherichia Coliform number/ 0
_ 100 m!
Coliform Organisms number/ 10
100 mi
Throughout any year,
95 % of the samples
examined should not
contain any coliform
organisms in 100 m/.

b. Untreated 'water

Escherichia Coliform . number/ 0
_ _ 100 m!{

Coliform Organisms number/ 10
100 mi




Table 9.1.3 Omanian Standard No. 8 Drinking Water (0S8/1978) (Continued)

Level

Item Unit
te Highest Maximum

Desirable Level Pem_lissible Level

c. Chemicals that effect
the suitability of water

Total Dissolved Solids mgf! 500 1,500
Copper . mg/! - 0.05 1.5
ron ' mg/! 0.1 1.0
Magnesium mg/l Not more than 150
30 mg/lif ;
there are
250 mg/! of
sulphate.
If there is less
-sulphate,
magnesium up
to 150 mg/!
may be
allowed.
Manganese mg/! 0.05 0.5
Zinc mg/l 5.0 15 -
Calcium mg/! 75 200
Chioride mgfl 200 600
Sulphate mg/! 200 | 400
Phenolic Compounds S
(as phenols) mg/l 0.001 0.002
Total Hardness mg/l 100 - 500
pH Range - 7.0~85 | 65~9.0_
Level
d. Minimum residual mg/i 0.2 ~ 0.5

chlorine concentrations




9.2

9.2.1

9.2.2

9.2.3

Desalination System
Comparable Desalination Processes

Although there are various desalination processes, the Multi-Stage Flushing (MSF)
process shares 71.7 % and the Reverse-Osmosis (RO) process shares 19.4 %, so
their total share exceeds 91 %, as shown in Figure 9.2.1, among large desalination
plants of 4,000 m3/d or more capacity, as of the end of 1993.

In our evaluation, therefore, it is focused to compare both, MSF and RO processes,
together with economical aspect in order to select an optimal one from them for this

project.
Inventory Records for Desalination Plants

The foregoing data are given for present share of existing desalination plants.
Comparing these data to the past ones as of the end of 1991, itis understood that RO
process increases 1.6 point from 17.8 % while MSF process decreased reversely 1.6
point from 73.3 %. It is the fact the RO process planis steadily increases the share,
year after year.

The reason of later application of RO process for sea water_deéalination is explained
as the initiation was for brackish water with small scale. However, it is now making
rapid-progress in its share with high reliability in RO process through technical
improvement for large scale sea water desalination plant,

Recent or(_leré for large scale sea water desalination plants of 4000 m>3/d and more
capacity are shown in Table 9.2.1 and Table 9.2.2, referring to the statistical data of
International Desalination Association (IDA)Inventory. Also, from the data in
Table 9.3.3 shown as classified for each process, it can.be seen RO process share of
16 % in sea water désaﬁna’c_ion; for the research period, 1990 to 1993. In
Table 9.2.4, RO process plants 4,000 m3/d or more in capacity for sea water
desalination are shown, of both operating and ordered ones.

Reliability of MSF and RO processes

The MSF process established around 1960 is matured and stable in technology,
unlikely to advance in the principle etc. fromnow.
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9.2.4

It may be got advantages economically through improving measures such as
appropriate materials, plant scale merits and construction techniques, in conjunction
with its high reliability. However, as this process issued in combination with power

‘generation plants, it is often constrained in management of operation and

maintenance.

The principle of the RO process was discovered by Sowirajan, Loeb et al. during the
1950s, and quickly progressed. However, it was adopied originally to desalinate

- brackish water, then applied to sea water typically as the first large RO process plant

established in 1984 in Bahrain.

Early stage when RO process plants were introduced for sea water desalination, there
were some troubles from abrupt degradation of performance. It has been made sure
that caused by inadequate operation with membrane contacted by unneutralized
chlorine (dosed for sterilization) as well as nature of membrane used of low chlorine
resistivity. However, such troubles are now practically eliminated by means of
improved membrane material and/or pre-treatment process, especially monitoring by
ORP (Oxidation Reduction Potential) weter. Additionally, resulting of
countermeasure to membrane surface contami'natioﬁ by suspended solids using
appropriate sand filtration, frequency of the chemical cleanihg could be reduced.
Consequéntly, it is now ensured the guaraniee service life by membrane supplier as 5
years normally, and recently 7 years guarantee also comes up to proposal.

Thus, in Saudi.Arabia etc., there have been introduced with large scale RO process
desalination plants. According to IDA statistical data, RO process plant with
4,000 m3/d and more capacity shares 16 % of total product water quantity as
Tabie 9.2.3 among desalination plants contracted these 4 years from 1990 to 1993,
as aforementioned. Tt is suggested that the reliability of RO process gets already

-practical for users, and also the evaluation of both processes may be enough in

economy when the membrane exchange cost could be adequately assessed.
Technical cdmpaﬁsen of MSF process and RO process
(1) Unit capacity

The MSF process meets generally large-capacity units fo_r scale merit.
Recently, unit capacities adopted in the Middle East are between 27,300 to
45,600 m%/d (6-10 MGPD), and a concept of 54,700 m3/d (12 MGPD) unit

9. 11
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has been also examined. The largest plant ever built is the 900,000 m?/d
(5 MGPD/unit x 40 units) of Saudi Arabia's Al Jubayl Phase II Project.

Although the RO process has been mainly applied to small-scale units before,
larger RO units have been constructed as mentioned in recent years. The largest
plant ever built, including plants under construction, is Saudi Arabia's Medina-
Yanbu Phase I1 Project, with a capacity of 128,000 m3/d. There is provided
one unit for the pre-treatment, then RO modules divided into 15 units with
specific high pressure pumps. Also, each unit has a capacity of 8,480 m3/d
(1.87 MGPD).

Energy consumption

The MSF process requires both electrical and steam energy, i.€., 3 - 4 KWh/m?
of electricity and 120 - 175 kg/m? of steam. Oman has a plant with five MSF
units, with a 6.0 design performance ratio, It takes higher energy consumption
than the ratio of 8.0 to 9.0 generally designed in the most other same process

. plants.

The other hand, RO process only depends on electric power for i.tself, and has
the minimum consumption among any process means. A large scale RO unit
takes a power of 10 KWh/m3, and will be able to reduce such consumption to
6 - 8 KWh/m3 incorporating an energy recovery turbinc.

Large scale MSFE units are used as dual-purpose process for both electric power
and steam supply, by which their energy efficiency can be significantly
improved. For instance, a standard unit capacity of 31,800 m3/d (7 MGPD)

" will export about 25 KWh/m3 of electric power to outside.

Countries in the Middle East, such as Oman, are inevitable to drastic electric
load fluctuation for seasonal weather condition, therefore, the RO 'process unit
contributes to improve this load condition and 'avajllability of power generation
plants due its to small but stable electric power demand even when the others
demand more variation,

Product water quality and post-treatment

Product water by MSF process has a quality close to pure water, with 25 ppm
maximum TDS (Total Dissol'vé_d Solids). However, it is not palatable in



e

4)

drinking use due to such low hardness, and required to adjust the quality with
post-treatment of the product water. -

Product water 'by RO process meets drihking purposes, as is with 250 -

1,000 ppm TDS. However, its pH is slightly lower than the appropriate level,

and required adjustment.

Additionally, bactericide sterilization is necessary in both cases, as well as
further water quality adjustment is required to prevent corrosion in the water
pipelines. These quality adjustment is performed by post-treatment in the
manner of MSF process using carbon dioxide absorption and limestone bed
filtration, while RO process by means of slaked lime dosing.

Sea water intake quantity and quality

The MSF process needs a large quantity of water for cooling purpose, to intake
11 times the product water, and to discharge 10 times the product water. It
means the recovery ratio of 11.

The RO process' takes a smaller quantity of sea water than the MSF process,
with the recbvsry_ ratio of 2.5, For RO process, as about 60 % of the drawn
water is to be discharged, cost of water intake facilities significanily lower than

“about 90 % for the MSF process.

MSF process thermal efficiency increases when there is a large temperature
difference between sea water goihg through the brine heater and brine in the
final stage. That is to say MSF process thermal efficiency improves when the
raw sea water is low temperature.

RO process-in a condition (not exceeding a critical temperature to maintain the
performance of membrane module) increases product water as close as to the
allowable maximum limit by raw sea waler lemperature.

In case MSF process, it is preferable for the water to be free of volatile
contamninants, such as phenol and ammonia, whi_Ch may be dissolved again into
water during distillation. However, the MSF prdcess is not so significantly
affected by the other factors. Scaling can be controlied by injecting a scale

inhibitor. Deaeration is also required to sterilize the water and prevent

COITosion,.
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For RO process, the quality of raw sea water affects the efficiency of pre-
treatment, and is closely related to the membrane degradation. Raw sea water
should be, therefore, as clear and low turbidity as possible. Generally, it is
required higher quality control to RO process than to MSF, by means of pre-
treatment for the sca water supplying to membrane module, including pH
adjustment and elimination of suspending solids(SS). Poor elimination of SS
such as silt causes deposition on the membrane and increases pressure loss.
Poor sterilization results biological growth adhering to the membrane, causing
choke and reducing membrane quality, Poor pH adjustment causes scale
adherence to membrane, as well.

At present, however, these problems have been already eliminated with
countermeasure technically, to ensure stable RO process operation,

(5) Management for operation and maintenance
a. Operation (start up and shut down)

To start up and shut down of MSF plant, it is required particular degree of
operational skill. While the normal plant operatioh is automated, and the
primary duty during watch is to monitor the instruments. MSF plant is
normally inspected once per year, with' plant shut down for about one
month. The inspection includes maintenance works such as checking
corrosion of the heat transfer tubes and evaporators, and calibration of
instruments. Auxiliary MSF_boilers need to be also inspected at the same
time (if exist). The annual avaiilability of a MSF piaﬁt is recently 85 to
90 %. A RO plant employs automatic start up and shut down operation,
and the normal operation requires generally Iﬁonitoring instruments.
However, operating and maintaining the -pré-treatment faéilitie_s of raw sea
water are rather cozhplex, requiring higher technologie‘s.

b. Operation and maintenance personnel

MSF plants are usually operated with power generation plants and therefore
require a relatively large number of operators. Staffs are also needed to
maintain the boilers and turbines.

As RO plants have not direct complexity with power generation, they only
require operators to control mainly the pre-treatment. Maintenance work
can be conducted during operations. Required number of personnel to
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operate and maintain a RO plant is about 1/2 - 1/4 that required in a dual-
purpose MSF plant.

¢. Chemicals in use

The MSF process requires only small quantities of a few chemicals, mainly
scale inhibitors and anti-foam agents.

The RO process requires such chemicals as coagulant, acid for pH
adjustments and deoxidizing agents in the pre-treatment, and each of them
with relatively large quantity, This process also requires occasional use of
coagulants for back wash water treatment, and a chemical cleaning reagent
for the RO module. In some cases, additionally, depending on the material
of membrane used, a membrane regenerating agent to recover membrane
performance (salt rejection rate) niaj'z be necessary, which resulis to make

maintenance more complex for such ' treatment.
d. Maintenance and management

On maintenance schedule of MSF plant, it may be often constrained tightly
from power genefation plant due to annual inspection etc., because the
power plant is incorporated with MSF plant to reduce steam generation cost
by means of electric power generation.

In case of RO plant, it has no relation direct to such power station so that the
plant operation and maintenance may be independently managed. Further, it
“is ensured the pla'nt availability with redundant installation for such as
pumps, considering safety operation. There are also applied with segmental
(8 - 10) divisions at high pressure body to facilitate partial inspection during
‘operation. AVailability of RO proéess plant is, therefore, expected up to
90 - 95 % and the plant management is very easy. For replacement or
cleaning of the membrane element, it can be conducted enough with partial

piant shut-down.
(6) Construction
a. Space requirement

o .A RO plant generally rei;uires a smaller space. Figur_e 9.2.2 is a plot plan
for MSF and RO plants with a capacity of 27,360 m3/d (6 MGPD), where
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is shown layout of a RO plant about 12 % less space than that of a MSF
plant.

b. Construction period

A MSF plant requires a 30-month construction period after conclusion of
contract, while a RO plant requires about 24 months. Both periods will
depend finally on the construction period for the power plant. '

In this Barka Power Generation and Desalination Plant Project, the target of
completion for the First'Stage is set in 1998, so the time allows only about
two years for net construction period'considering four years more and less
remaining in total starting from the budgeting to the contract. While it has
some disadvantage for MSF plant which will be taken 2.5 years until
completion, RO plant is expected to fit the required construction period, in
combination with gas turbine plant which is quickly deliverable, if on-site
work condition such as power supply would be timely provided.

(7) Environmental impact

There are sorhe factors which affect surroundings such as discharge water,
noise, and exhaust gas (especially for MSF plant). For discharge of brine,
MSF process effluents warm brine while RO process does corisiderably high
concentr_ated one. However, it is believed either of them gives a minimal
impact to the surroundings.

For noise, it can be reduced to an acceptable level for both process plant by
careful layout and appropriate noise abatement.

Alfhough MSF plants exhaust gas from the steam generator(boiler), they use
natural gas as the fuel, and do not cause any air pollution through sulfuric oxide
~or soot. '

Thus, neither type of plant has significant impacts on surroundings. However,
the issue of CO2z regulation, which did not exist at the time of the 1985
feasibility study, has gained prominence with concerns over global_ warming
trends. Specific CO2 regulations will be in place by the year 2010. The RO
process reduces fuel gas consumption to about two thirds that of the MSF
process, for an identical capacity of power generation and desalination,
thereféfe, RO plant will easily comply with CO2 1;eg1ilati011's.
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9.2.4

Economic Comparison of Systeims
(1} System configuration of the process

Economy of both, MSF and RO, desalination plants shall be compared with
each other totally, including power generation plants respectively. Because
there is no other definitive means for the cost assessment in desalination plant,
such that how to distribute MSF fuel cost between power generation and
desalination, and how to determine directly a unit power-rate for RO cost which
gives the cost variation. For the evaluation, it is therefore chosen the latest
plant in Oman, the Ghubrah No. 5 Unit, as a benchmark for MSF, and also a
simulated RO plant which produces the same outputs of electric power and
préduct water as Ghubrah No. 5. Both plants. Namely, the same outputs are
set as export of electricity 24.4 MW and transmission of product water
27,360 m3/d.

Figure 9.2.3 indicates configuration of the systems,

Ghubrah Natu,-'a! " g Boiler _B,Back Pressurs ot WP e Yfater‘a
No.5 Plant Gas Turbine Generator Plant 21, 360w’ /¢
(HSF Type) . -
Power Generation 6. 2 .
30, 64 = Power
: 24. 4 W
Gomparative] | Natural i-__Gas Turbinaﬂ,,HRSG Steam Turbine RO % 'ﬂater3
Plant Gas Generator Generator Plant 27, 360m™/d
(RO Type)
Y 27w}
e . Power
Power Generation : 24.4 My
32,1 MY
Figure 9.2.3 Configuration of MSF and RO Desalination Plants



(2)

Comparison Criteria and Conditions

a.

Given conditions for the comparison are as follows:

The Ghubrah No. 5 Unit's 1993 record provides information including
operation hours, power generation, power consumption, electricity
transmitted, water production, water transmitted and fuel gas consumption.
Table 9.2.5 shows the operation record.

For the RO plant's power generation, power transmission and water
transmission values, the Ghubrah No. 5 Unit figures are used. The
consumption and fuel gas consumption are determined by assumption from

average plant results as:
» Power consumption rate . : : 6.8 KWh/m?
» Generating-end thermatl efficiency (combined cycle): 43 % (LHV base)

Running costs (manpower, chemicals, consumables and spares) for MSE
are not directly applicable by the Ghubrah No. 5 Unit's breakdown.
Therefore, each monthly average running cost of the Ghubrah No. 5 Unit is
extrapolated from the difference between the monthly average cost before
the Unit was commissioned in September 1993, and the monthly average
one in 1993, Table 9.2.6 shows the annual running cosis for Ghubrah
No. 5 Unit obtained from such trial.

The RO plant's running costs (manpower, chemicals, consumables and

" spares) is calculated by multiplying the Ghubrah No. 5 Unit's figures by

correction factor.  The correction factor is based on the average plant results

‘and other reference documents. Table 9.2.6 shows these results.

Membrane exchange cost at RO plant is nominated 10 % of construction
costs, with a five years service life, so the annual expense becomes 2 % of

construction costs. .

Table 9.2.7 shows the unit rate of fuel gas, oil and electric power, used to

- compare the economy of both processes.

We examined the above conditions to the economic performances of the

following three cases.
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a) Case 1: Calculation of Ghubrah No. 5 Unit

Ghubrah No. 1 Unit water production costs are calculated after determining
income from transmitted electricity, The electricity unit price is
RO 14/MWh, the same as the electricity billing unit price.

b) Case 2: RO plant (unit} only calculation

Water production costs are catculated using the unit price for electricity
purchased, disregarding the relationship between the RO plant and power
géneration facilities.

c) Case 3: Calculation of combined system with RO plant (unit) and power
generation plant o

Income from transmitted power (as in Case 1) is added in combination of
RO plant and power generation facilities. Water production costs are then
calculated. '

Table 9.2.8 shows the results of calculation in these three cases, using
baiza/gallon, the water rate unit in Oman. The current water rates are two
baiza/gallon for general use and three baiza/gallon for industrial use.

Table 9.2.5 Operation Record of Ghubrah No. 5 Plant in 1993

Description Unit Ghubrah No. 5 Plant
1 | Operation Hirs : brs 7314.9

2 | Water Pfoduction mify 2,106,140

3 | Load Facior % 82.54
4 | Average Water Production m¥/d 26,396

5_| Power Generation _ MWH/y 223,522

6 | Power Generation (Output) 1. MW ‘ 3Q.56
7 | Fuel Gas Consixmption - Nmdfy 110,287,396

§ | Per m3 Fuel Gas.ConStimpti'on -l Nm¥/m? ' 13.61
9 | Per kwh Fuel Gas Consumption NmdkW 0.493
10 | Efficiency Yo . . 24.2
11 | Aux. Power Consumption MWH/y 44,987
12 | Aux. Power Constmption - MW - 6.15
13 | Power Consumption for Water Production | kWh/m? "~ 5.55

(Source: MEW MONTHLY REPORT)
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Table 9.2.6

Comparison of Annual Operation Cost for MSF and RO types

MSE TYPE ROTYPE
PESCRIFTION TIANDATE | ShANARP |onumRan o, jcorerion| Assuve
. 9(;%5(1‘;) 159025(1;}) COST ()
UNIT (MONTH OR YFAR) R.O./M R.OM R.OSY R.O/Y R.OJY
COST OF MAN POWER 111,305 99,804 138,012 0.50 69,006
COST OF CHEMICAL USFD 37,514 30,880 79,608 1,30 103,490
COST OF CONSUMABLES 31,699 26,798 38,812 1.00 58,812
COST OF SPARES USED 52,284 31,330 251,448 1.00 251,448
COST OF MEMBRANE REFLACEMENT | 0 0 0 548,000
COST OF EQUIP. DEPRECIATION 579,937 400,931 2,148,072 11,030,756

Notes 1. (C) = {(A) - (B)} x 12
2.E) =) x @)

Source: MEW MONTHLY REPORT FOR ITEMS (A) & (B)

Tabie 9.2.7 Cost of Utilities
~ FUEL GAS COST R.O./Nm? 0.0283339
FUEL GAS CAL(_)RIC VALUE Kcal/Nm? 7,209
FUEL OIL COST . R.O/ 0.108
COSTOF POWER USED R.O./MWH 14.00

Source: MEW




Table 9.2.8 Comparison of Water Production Costs by Type of Plants
CASE 1 CASE 2 CASE 3
DESCRIPTION UNIT DUAL PURPOSE
MSF (GUBRAH NO. 5) 6 MGPD ROPLANT
DESAL, & POWER | DESAL.ONLY [DESAL.& POWER
DATA (PER YEAR EXCEPT FOR NO. 1)
1| INSTALLATION COST R.O. 49,000,000 28,770,000 38,770,000
2 | EXPORTED WATER M? 8,106,140 8,106,140 8,106,140
3 | FUEL GAS CONSUMP TION (PDO M3 110,287,396 0 54,823,692
FIG) |
-4} FUEL OIL CONSUMPTION LITRES 1,092,960 ol .0
5 | POWER CONSUMED MWH 44,987 58,364 58,364
6 | POWER GENERATED MWH 223,522 0 236,900
EXPENSES PER YEAR
1| FUEL GAS COST R.OSY 3,121,133 0 1,834,510
2 | FUEL OIL COST R.O/Y 118,040 0 0
3| COSTOFPOWERUSED ROSY -2,499,500 817,099 -2,499,500
4| COST OF MAN POWER R.O/Y 138,012 69,006 69,006
5 | COST OF CHEMICAL USED R.OSY 79,608 103,490 103,490
6| COST OF CONSUMABLES R.O/Y 58,812 58,812 58,812
7| COST OF SPARES USED R.O/Y 251,448 826,848 826,848
8 | COST OF CAPITAL RECOVERY R.O/Y | 3,920,000 2,300,000 3,100,000
9] TOTALCOST - R.O/Y 5,187,553 4,175,255 3,493,166
COSTPER M? FOR WATER EXPORT ' '
1| FUEL GAS COST BAIZA/M® 385.6 0.0 217.9
2 | FUEL OIL COST BAIZA/M? 14.6 0.0 0.0
3 | COST OF POWER USED BAIZA/M? -308.3 100.8 -308.3
4| COST OF MAN POWER BAIZA/M® 17.0 o 8.5 8.5
5 | COST OF CHEMICAL USED BAIZA/M? 9.8 12.8 12.8
6 | COST OF CONSUMABLES BAIZA/M? 73 | 7.3 7.3
7| COST OF SPARES USED BAIZA/MS 31.0 102.0 102.0
8 | COST OF BQUIP. DEPRECIATION | BAIZA/M® 483.6 283.7 332.4
9 mTAL_cosT BAIZA/M? 640.0 51'5'.'_1 430.9
10| EXPORT WATER COST BAIZA/GAL 2.91 2.34 1.96
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0,2.5  Overall evaluation

Table 9.2.9 includes all the comparison results of both plants summarizing their

reliability, technical and economical evaluations.

Based on these results, it can say that;

- MSF plant is superior in reliability due to the many operating records while it is

not so economical and takes longer déliveiy time.

- Applicability of RO plant will ﬁnéily depend on the priority (to MSF plant) in

economy, considering the recent process reliability.

Therefore, we decided to evaluate further in details the difference between them in
economics estimated in 2010 at Barka Plant. And, conceptual design was conducted -

to evaluate both process plants.

Table 9.2.9

Result of Evaluation in Comparison between MSF and RO Processes

Item

MSEF Process

RO Process

1. RELIABILITY OF
OPERATION AND
MAINTENANCE

2. ECONOMICS

(a) Construct, cost

(b) Water pro. cost

3.. DELIVERY TIME

4. OPERATION
RECORD

5. OPERATION

6. ENVIRONMENTALS

High reliability is confirmed
through the operation record

Ghubrah No. 5 Unit (with Power
Generation Plant)

HR.0. (127 M$)
2.91 baiza/galion

MSFonly: 2.5 years
Power plant: 3 years
(each about)

_Up to 65 % of targe scale plants;

45,500 m/d
900,000 m*d

Single max.
Max. plant

Constraint ied up with power
generation

With same capacity as RO, for
product water and power output,
fuel congumpticn is about 1.5 .
times RO process and much COz
effiuents

Past Experience is few; some
failures occurred; but reliability is
significantly improving

At same capacity plant as MSF
{with Power Ge.)

36.1 R.0. (93.7 M$)

1.96 baiza/gallon
(same desali. & ele. outp.)

RQ:  about 2 years
(independently)

Operating in 1991,
total about
Max. plant

900,600 m%/d
56,000 m*/d

Under construction
Max. plant 128,600 m*/d
Operation as free due to each
independence of power generation
and desalination plant

Advantage of fuel consumption
-saving to about 2/3 of MSF

pracess, including COz effluence
reduction




9.2.6

9.3

Advantages of RO Process for Barka Project

Additionally, it can say the following two a.dvanta-ges of RO process for the Barka
Project, comparing to other Gulf Coast Countries,

(1) Natural gas Price is 2.6 $/MBTU dearer than about 1 $/MBTU it GCC so that
MSF is relatively expensive for much fuel consumption,

(2) Sea water salinity is abbut 40,000 ppm less than 45,000 ppm in the Gulf or
Red Sea, and it contributes cost reduction including capital one.

An assumed correlation of natural g'as price and water production cost is shown as |
Figure 9.2.4. It is suggested, in case for other GCC where the gas price around

1 $/MBTU, MSF process will be more recommendable as the production cost nearly

equal to each other, in conjunction with the scale merii of larger plant capacity.

600 | /’
500 —]
o . |
N 400
5" e
=300 ?’
8
‘5 200
E A Z4—MSF

100 , . RO %

. o

0.00 0. 50 1. 00 1.50 2.00 2.50 3.00
HG Cost ($/ M_BTU)

-~ NG cost at present - 2.58 §/NBTU

Figure 9.2.4 Product Water Cost vs NG Cost
Conceptual Design of Desalination Plant

As mentioned in' Clause _9.2.5, we decided to perforin further the conceptual design
of power generation plant and desalination plant in both cases, the MSF and RO
processes, at Barka, in order to pursue their economic comparison entirely.
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9.4

9.4.1

Major applicable items, presupposition etc. on their conceptual design are as follows:

As mentioned in Clauses 5.5.2 and 5.5.5,

- MSF plant shall be built with 2 units at the same time, in four stages to finally 8
units, with 63,600 m3/d (31,800 m3/d/unit) per each stage.

- RO plant shall be composed of one pre-treatment facility and 8 RO modules with

63,600 n?/d per each stage. High pressure pump and RO module are divided into

8 units.

Result of the conceptual design is respectively illustrated in Clanse 9.4, for MSF
process, and in Clause 9.5, of RO process, according to the above conditions.
There are included the cost and schedule of construction as key items, too.

Conceptual Design of MSF Desalination Plant

Design Base

()

2)

(3)

4

Tube configuration of the evaporator condenser
Cross tube type arrangement will be adopted.
Scale prevention system

A chemical injection method of a high-temperaiure model is adopted. The top
brine temperature will be set at 107°C to correspond to the latest design
temperature. _

Ball cleaning éysiem on load cleaning is also applied.

Performance ratio

In this project, performance ratio of 8 is applied, and the reason are explained in
Appendix 9.3.

Brine recirculation pump system

Although the Ghubrah No. 5 Unit applied the steam driven system, the electric
motor driven system is more widely used in many plants and offers a higher
degree of re]iability, accordingly this project will have the electric motor driven

system.



(5)

(6)

)

Concentration ratio

The 1985 F/S applied a TDS (total dissolved solids) level of 65,000 mg/l.
This value will be used as it is almost the same as that of the Ghubrah No. 5
plant.

‘Number of evaporator stages

The 1985 F/S used 23 stages, and this number presents no particular problems,
it will be used for this project.

Number of tier of evaporator

Both single and double tier evaporator have been applied for the cross tube type
evaporator. :

For double tier, as the brine heater, deaerator, ejector have to be arranged in one
group at one end of evaporator, this results in complicated and long piping

~layout.

On the contrary, for single tier type, larger area is reqliired for construction but
maintenance is easy as compared with the double tier type.
We will adopt the single tier type for this project.



LO0ULGHU

!

11247 MO (5520030 JSIA) WEId UOHPWIESST  T'76 91051

dind JAnd L
NAOQ MO8 F003 TN

G5

NROD RO TE E— _
|
ni
%S.Eor - : JHNd
: - AIVSNIINGD
33VHOSI0 SNVL SNVL .
YILYH ¥3S LTI IWS LUNY ;
o - .
L dg : . / AIVSNIONOD -
s e 13100¥< - — ™
. B . =)
L MIMIMI MIMIMIMIMIMY MIM MIMIMIM
A1 AR P
___%
3050
3i9H, ¥iS
¥0.9313 [ M.
WY
| | =
K73IS N




9.4.2

9.4.3

Plant Speciﬁcation

Type

Total Production Capacity
Number of Unit

Process type

Scale prevention

Evapofator' ste_ige number

Performance ratio
Brine top temperature
Cutline of Process

(1) Process Flow

Cross tube type multi-stage flush type
254,000 m¥/d |
31,800 m3/d x 8 units

Brine recirculation type |

Anti scale agent injection and vall cleaning

Heat Recovery Section 20 stages
Heat Rejection Section 3 stages
Total 23 siages
8.0

107°C

Process flow is shown in Figure 9.4.1.

Sea water is introducted to the heat rejeciton section as cooling water by sea
water supply pump. _ _ o

A portion of sea water is flown to ejector condenser and discharged into cooling
sea water outlet line from the heat rejection section. Above ejector system
removes noncondensab_le gases and maintain vacuum in evaporator.

Sea water from the heat rejection section is mainly discharged into the discharge
culvert and the rest is combined with brine through deaerator as make-up water.
Anti-scale agent and anti-form agent are injected into make up water for
prevention of scale by metering pumps.

The greater part of brine at the last stage chamber is introduced into the last
condenser tube of the heat recovery section by brine recycle pump.

At each stage recycle brin__e gains the latent heat of flash vapor condensing on the
external tube surfaces and its te_mperature increase as it passes through the heat
recovery condensers to the first stage.



9.4.4

2

Preheated recycle brine from the first stage condenser is then fed to the brine
heater where it is further heated by steam. :

Heated brine is introduced into the first stage flash chamber and the flash
evaporation is repeated from stage to stage by pressure difference per stage.

In addition, a part of brine is discharged out of evaporator before combined
with the make-up water by blow down pump to keep brine salinity constant.

Medium pressure steam and low pressure steam from the steam turbine of the
power plant are utilized for venting system ejector and the brine heater

respectively.

Distillate is produced by the repeated flash evaporation from stage to stage and -
delivered from the Iast of the evaporator to product water treatment by product

water pump.
Post treatment system

This treatment system is useful for corrosion protection of reservoir and
transmission facilities and also palatable for dn'nking_ water.

The Product water of each desalination plant is pumped up to the absorber.

The CO2 gas in the exhaust gas from the evaporator and deacrator is
compressed by compressors and is contacted with the product water in the

absorber.

Then the COz rich water in the absorber passes the limestone filter. In the filter,
the ions of Cat* and COs™ are made by CaCOs in limestone and the COz gas.

The treated water is chlorinated and pH is adjusted to 7.0 ~ 8.5 by injection of

soda ash.

Equipment Specification {per Unit)

The Production capacity per Unit is 31,800 m3/day.

(1) Evaporator (1/Unit)

Heat Recovery Section

Type ' : Cross tube & rectangular box type
Number of Stages :  20stages
Materials:



Shell & Partition Plate
Stage No. 1 - No. 6
Stage No. 7 - No, 20

Tube sheet

Tube
Stage No. 1 - No, 4
Stage No. 5 - No, 20

Water box

Heat Rejéction Section
~ Type
Number of Stages
Materials: -
Shelt & Patition Plate
Tube sheet
Tube
Water box

(2) Brine Heater

Typf;

Quantity

Materials:
Shell
Tube
Tube sheet
Water box

(3) Deaerator
Type
Quantity
Performance

Material;
Shell

(4) Main process pumps

1) Brine Recycle Pump
Type

Carbon steel + 316 L SS cladding

: Carbon steel + coating

90/10 Cu-Ni

70/30 Cu-Ni
Aluminum brass
Carbon steel + coating

Cross tube & rectangular box type

3 stages

Carbon steel + coating

90/10 Cu-Ni

Titanium

Carbon steel + 90/10 Cu-Ni cladding

Horizontal, shell & tube type exchanger
1

Carbon Steel
70/30 Cu-Ni
70/30 Cu-Ni
Carbon steel + 90/10 Cu-Ni cladding

Vacuum packed tower type
1 .
Dissolved oxygen max. 20 ppb

Carbon Steel + 316L SS cladding

Vertical mixed flow pump with barrel



Quantity
Capacity
Total head
Driver
Material:
Shell
Impeller
Shaft
Barrel

2) Brine Blow-down Pump
Type
Quantity
Capacity
Total head
Driver
Material:

Casing
Impeller
Shaft
Barrel

3) Product Water Pump
Type
Quantity
Capacity
Total head
Driver
Material;
Casing
Impeller
Shaft

4) Condensate Pumnp
Type
_ Quantity
Capacity
Total head
Driver

|

15,000 m3/hr
50 m

Electric motor

Ni-resist

Stainless cast steel
Stainless steel
FRP

Vertical mixed flow pump with barrel

i

1,813 m3/hr
20 m
Electric motor

Ni-resist

Stainless cast steel
Stainless steel
FRP

Vertical mixed flow pump
2 (working: 1, 'stand—by: 1)

1,500 m3/hr
30 m
Electric motor

Stainless cast steel

;. Stainless cast steel

Stainless steel

-1 Horizontal volute
: 2 (working: 1, stand-by: 1)

198 m3/hr
35 m
Electric motor



9.5

9.5.1

Material:

Casing - : Cast steel
Impelier :  Stainless cast steel

Shaft :  Stainless steel

Conceptual Design of RO Desalination Plant

'Design Base

In carrying conceptual design, basic philosophy are described as follows.

(D

(2)

Pretreatment of Sea Water

The particulate'suspended in the raw sea water must be removed in order to
prevent the degradation of the RO module. This is performed with direct

filtration of the raw sea walter.

There are two type of filtration, the gravity filter and the pressurized filter. In
Oman, at the Sur Desalination Plant (RO Process), the pressurized filter is used.

However, at large desalination plants, the gravity filter is used in general, so

gravity filter is recommended for this project.

In addition to the removal of particulate, the seawater is also treated by
chlorination and neutralization for pH adjustment, etc,

Recovery Rate

The consumption of energy will vary with the size and capacity of the
desalination process since in the reverse osmosis process sea water is forced to
pass through a membrane using the osmotic pfessure of the sea water, and the
rate of recovery can be calculated with the following formula:

Desalinated Water m3/d
Sca Water Supplied m3/d

Recovery Rate % = x 100

Old type'RO recovery rate was about 35 % because the withstanding pressure
limit of membrane was low, and there was c_onée'r_n' over gypsum scale
(CaSO42H:20) formation. But this has since been improved to more than
40 % with the improvement of technique. The Sur Desalination Plant, ﬁsing
the RO method, has recorded recovery rates exéeediﬁg 40 %. The salihit_y of
the sea water off the coast of Oman is cOmparétiVe]y lower than that in the



Arabian Gulf and Red Sea. A recovery rate of 40 % will therefore be
appropriate, and will be used in the conceptual design.

In the RO process, sea Water will be pressurized to about 60 ~ 80 kg/em’G,

and the water pressure at the exit of the RO module is maintained at about the

same. At large desalination, a recovery turbine is to reclaim energy.

Energy will be reclaimed in this project with suitablé equipment,

254,000 m3/day
63,600 m?/day

(The project will be divided into 4 stages, and each stage will
be designated as a {[Jnit] for the total production capacity)

(3) Energy Recovery Rate
9.52  The Plant Specification

(1) Plant Specification
. _TotalPrOduction Capacity
«  Production Capacity per Unit
»  Pretreatment
«  High Pressure Pump (per Unit)
= RO Module
* Post Treatment

(2) Operation Condition

»  Chlorine Injection

«  Sand Filtration Velocity

+ Pretreated Water Fl

= High Pressure Pump Pressure
s - Recovery Rate '

+ Power Consumption

chlorinate,

gravity filtration (coagulation filter)
pH adjustment,

Clz decomposition

safety filter (cartridge filter)

950 m3h x 8 pumps combined with
energy recovery turbine

8 trains

chlorination

pH adjustment with Ca(OH)2

1~2ppm as Clz
less than 8 m/h

<3

Max. 70 kg/cm?G

40 %

less than 7.2 kWh/m3



9.53

Qutline of Process
A simplified process flow is shown in Fi'gure 9.5.1.

The RO Desalination Plant consists of three sections; pre-treatment section, reverse-
osmosis section, and the post-treatment section.

The sca water is at first pretreated by Clz for disinfection and mixed with such as
FeCls, then passes through the sand filter (dual filter). Suspended muatters in the sea
water are removed in the sand filter. The filter consists of dual layers of anthracite
and the lower layer of fine sand. The sand filter is regenerated periodically by
backwashing.

The filtered sea water runs next through an adjusted safety filter where remaining
minute particulate in the sea water is removed to prevent clogging the membrane.

The sea water is finalty pumped by the high pressure pump at the pressure of 60 -
70 kg/cm? and passes through the 're‘verse-osmosis module where 40 % of the water
is permeated' through the membrane. The remaining 60 % of brine is discharged as
waste through energy recovery turbine to reduce energy consumption.

Permeated water by RO plant is almost suitable for drinking water, and Ca(OH): is
dosed for pH adjustment, and sterilized by chlorination. Then sulfuric acid for pH
adjustment and a reductant to neutralize residual chlorine are dosed to the filtered sea
water.

9. 34
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9.5.4

Equipment Specification (per Unit)

The production capacity per Unit is 63,000 m3/day.

{1) RO Module unit

Type -
Number of Trains

(2) Sand Filter Bed -

Type
Material

(3) Safety Filter

Type

Quantity

Material:
Body
Element

(4) Main Pumps
a. Seawater Supply Pump

Type
Quantity
Capacity
Head
Driver
Materials:
Casing
Impeller
Shaft

b. Filtered Water Pump

Type
Quantity

Reverse Osmosis Module
8
by vender

-Gravity type

Reinforced concréte

Ca.rtridge type
10 (Working: 8, Standby: 2)

FRP
Polypropylene

Vertical mixed flow

3 (Working: 2, Standby: 1)
3,800 m3/h

20 m

Electric motor

Stainless steel casting
Stainless steel casting
Stainless steel

Vertical mixed flow

3 (Working: 2, Standby: 1)



Capacity

Head

Driver -

Materials:
Casing
Impelier
Shaft

. High Pressure Pump

Type
Quantity
Capacity
Head
Driver
Materials:
Casing
Impelier
Shaft

. Energy Recovery Unit

Type
Quaniity
Capacity
Pressure:
Suction
Discharge
Materials:
Casing
Impetler
Shaft

. Product Water Pump

Type
Quantity.
Capacity
Head
Driver

3,800 m3/h
40 m
Electric motor

Stainless steel casting
Stainless steel casting
Stainless steel

Hoerizontal volute
8

950 m3/h

700 m

Electric motor

Stainless steel casting

* Stainless steel casting

Stainless steel

Francis type
8
570 m3/h

570 m
50 m

Stainless steel casting
Stainless steel casting
Stainless steel

;- Horizontal volute
3 (Working: 2, Standy: 1)

1,520 m3/h
40 m
Electric motor



9.5.5

Materi_a]s:

Casing : Stainless steel caSting
Impeller ! Siainless steel casting
Shaft :  Stainless steel

(5) Chemicals dosing unit

+ Cl Injection

» FeCls Injection

» Coagulant Injection

o H2504 Injection

»  Sodium Bisulfate Injection

Management of RO Plant

In RO process plant, it may be maintained without plant shutdown, because rotating
equipments of the plant are provided with standby set. And also, gravity sand filters
consist of 12 cells including ! standby cell so that they can be maintained and
inspected during continuos operation,

Major factors affect RO plant a\#a.ilability are three; @ HP pump maintenance,
® membrane replacement, @ plant shutdown due to deterioration of pretreated
water quality, For these points, the two formers are resolved by partial plant
shutdown, and the third one could be entirely prevented through appropriate system
design, manufacturing and installation for pre-treatment corresponding to elaborate

raw sea water sampling analysis.

Thus, availability of RO process is always expectable more than 95 % at present.
Depending on this fcature, total water supply system will be able o ensure the
reliability by adjusting well water pumping against seasonal demand fluctuation.

Table 9.5.1 and Figure 9.5.2 are anticipated operation of Ghubrah and Barka plant

in consideration with seasonal fluctuation and maintenance in 2010.

As shown in Figure 9.5.2, the said water supply system would be managed surely in
good order with sufficient allowance to water demand.
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Figure 9.5.2 Anticipated Operation of Desalinatio Plant in 2010
Table 9.5.1 Aaticipated Operation of Desalination Plant in 2010
Season | Max. Dema No. of unit : .
Month factor nd operated Water production
; Barka Ghubrah Barka Ghubrah Total .
1 84.5 309,722 1 3.6 4 208,060 | 109,206 | 338, 160
2 84.1 308,287 | 3.6 4 228,960 | 109,200 | 338,160
3 91.9 336, 860 3.6 5 228,960 136, 500 365, 460
4 99,9 363, 168 4 5 254,400 | 136,500 | 390,900
5 108, 9 399, 457 4 6 254,400 | 163,800 | 418,200
6 111.0 407, 026 4 6 264, 400 | 163,800 | 418,200
7 110. 2 403, 955 4 6 - 254, 400 163, 800 418, 200
8 106, 1 389, 146 4 6 254, 400 | 163,800 | 418,200
9 106, 9 392, 103 4 6 254, 400 | 163,800 | 418, 200
10 105. 7 387, 424 4 6 264, 400 | 163,800 | 418,200
11 ‘100, 0 366,848 | 3.6 6 298,960 | 163,800 | 392,760
12 91,6 3386, 005 3.6 5 ‘228,960 | 136,500 | 3685, 460
Average 100, 0 366,667 | 3.83 5,42 243,800 | 147,875 | 391,675

Note: Season factor

Max. Demand ; Yearly average supply x Season factor x 1.1

1.1

;  Monthly average supply / Yearly average supply

;. Margin for daity fluctuation
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