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Abstract : Nuclear energy has been identified as an economical and environmentally clean source of
electricity generation in Bangladesh. Nuclear power plants (NPP) are designed to serve as the base-load
plant with a lower ramp rate of power change, stringent voltage and frequency margin. Moreover, the
nuclear reactor needs a reliable long-term shutdown cooling that consumes huge electricity from the grid
under strict voltage and frequency regulations. This paper addresses a modeling approach including the
development of a fault-tree model for reliability evaluation of an electric grid system to accommodate
an NPP. The analysis of the existing grid system in Bangladesh identified the areas of improvement in
which the programs for grid frequency control, modifying governors of the operating plants and
reduction of seasonal load wvariation are the most significant. This study also revealed that the
development of a detailed fault tree model is essential to identify the most susceptible elements of the
grid system and resources can be allocated accordingly to minimize the risk. The hindrances related to

grid development are also discussed in this paper.
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Nomenclature affordable price is the key to industrial and
economic progress. Nuclear power is a significant
Qop : Resultant failure probability [-] option for bulk clean -electricity generation, and

Qre : unavailability of power sources [-] many countries are planning to include nuclear

. o electricity to reduce carbon emissions. However,
Qrp : transmission system unavailability [-] i )
nuclear power project becomes challenging because

they are highly capital-intensive compared to

1. Introduction conventional power projects. The capital investment

also includes the development of a safe and reliable

Access to reliable electrical energy at an  ¢lectrical grid system to evacuate power from the

facilities. Electrical power system planners and
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sub-station for NPP is designed to evacuate power
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back-feed power to the plant at emergency and
US NRC

requirements, both onsite and offsite electric power

shutdown conditions. According to
systems shall be designed to ensure the functionality
of the structures, systems, and components important
to safety. In an assessment of a power system, the
origin of risk is the probabilistic behavior of the
system failure. The reliability of a power supply
system can be quantified by employing an effective
risk assessment model.” Nuclear power plants are
safety-critical industries; a

power reliable  grid

system is essential to maintain the safety and
sustainable operation of the plants. The instability of
the electric grid and the risk of an NPP are
interrelated. The risk of an NPP increases with
decreasing the grid stability.” A low reliable grid
elevates the risk level of nuclear power plants. The
unavailability of the grid is termed as the loss of
offsite power (LOOP), and the events represent a
measurable fraction of the risk of a plant, which is
essentially  considered in  probabilistic  risk
assessments of nuclear power plants. Reduction in
of LOOP

challenges to plant safety systems. In turn, reducing

the frequency events reduces the
the number of challenges to safety systems reduces
the risk to the plant. In this paper, an approach for
the assessment of an electricity transmission system
is presented along with focusing on the key
characteristics of an electric grid for accommodating
the first nuclear power plant in a country. The study
considers the grid system of Bangladesh, and will
provide insight to the professionals of the energy

and power system planning.

2. Model for evaluation of grid system

A systematic approach for assessing the existing
grid structure is shown in Fig. 1. In this approach,
the host country will figure out the major objectives
of the national grid studies. The objectives should

be reasonable and justified.
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Requirements are set after chalking out the
objectives. In this stage, the requirements are set
based on the national and international technical
guidelines, codes, protocol, standard operating
procedures for interfacing and operating an NPP.
Assessment of the existing grid system is performed
gathering the data on the system planning, design,
operation and maintenance, and failures, and then
comparing them with the requirements. This study
provides information on the areas of improvement
necessary for accommodating the first NPP. The
utility needs to analyze the shortcomings and sorting
out the solutions to minimize the limitations. The
objectives could be obtained in several ways.
However, the optimal path without compromising
the safety of the NPP should be selected. The
identified shortcomings are reviewed and reassessed
the paths until a satisfactory the expansion plan is
finalized. The construction of two nuclear power
units with a capacity of 1,200 MW each is under
construction in Bangladesh. Evaluation of the

electrical grid system in Bangladesh has been

performed for accommodating the NPP units.

Depicting Goals

"Requirement]" Assessment of Existing
(National grid code) Infrastructure

"Requirement2"
(National and International
Nuclear regulatory

)

Deficiency
Recognized?

Formulation of
development options

Selection of optimal
modification option

Finalization of power
system expansion plan

Fig. 1 Scheme of modelling approach

3. Assessment of grid system in
Bangladesh

Electric grid characteristics are required to study

in-depth to know the behavior of the electric grid
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for a forced shutdown of the largest generation unit
like an NPP. The grid system of Bangladesh is
based on  the

evaluated techno-normative

requirements.

3.1 Evaluation of grid characteristics
based on requirements

3.1.1 Grid capacity requirement
selection of plant size

and

Selection of the capacity of a generating unit is
very crucial for a small and medium capacity grid.
As a rule of thumb, the largest size could be
allowed up to one-tenth of the grid load.* lthough
the capital cost per unit capacity of a generator is
lower for the larger size, but, the capacity is
determined demand

base-load of the

considering  the growth,

system, seasonal variation of
demand, and maintenance schedule. The peak load
of the summer evening in 2019 was 12,893 MW
against the forecasted demand of 15,206 MW. The
winter peak and the lowest demands are about 9,000
MW and 5,500 MW, respectively. The long-term
electricity demand for Bangladesh was forecasted in
the power system master plan (PSMP-2010), national
energy policy.” But over the years the demand did
not increase as per reference forecast. Presently, the
total generation capacity of the grid is about 21
GW in which the major contributors are small gas
and oil-fired power plants. A number of large and
medium-size power generating units (e.g. nuclear,
coal, and LPG based-power units) are under
construction. NPP units are used to serve base load.
Considering the generation capacity of the grid, the
size¢. of a 1,200 MW NPP unit can be
accommodated. But, the winter base-load is much
low compared to the NPP capacity which should be

increased significantly for reliable operation of the

grid.

3.1.2 Grid stiffness

Grid bias or stiffness is the amount of power of
the grid required to change in system frequency by
one hertz without reducing the load in the grid,
which is measured in megawatt per hertz. The grid
bias mainly depends on the frequency responsive
load of the system and droop characteristics of the
generators. The grid bias should be strong enough
to keep the system frequency and voltage at NPP
terminal within the acceptable limit. A grid with a
1,050 MW/Hz

integrating a medium-size nuclear power unit.¥ The

stiffness of over is suitable for
system frequency often fluctuates by £1 Hz resulting
in actuation of under frequency and over frequency
relays. Recently a test of Bangladesh grid system
with a free governor mode of operation identified
the system bias of 22~25 MW/0.1Hz for the system
demand 6,500~7,100 MW.®

3.1.3 Spinning reserve

The spinning reserve of a grid system is the
available reserved capacity to meet the demand
when any generating unit trips. In case of forced
shutdown of single or multiple units, initially, the
stability of the power system is maintained by the
inertia of the system during the first few cycles, and
then primary reserve units respond in a few seconds
(generally 3~30 seconds) to bring the frequency at
the nominal range.” Usually, the reserve margin is
determined based on the capacity of the largest
generating unit of a grid system. The size of an
NPP unit should be

capability of creating required spinning reserves for

selected considering the
restoring the system frequency if the NPP gets a
forced outage [8]. Presently, the range of regular
frequency variation in the
Bangladesh is wide (48.9~51.2 Hz), which becomes

wider (48.7~51.5 Hz) under different contingencies

power system in

due to the failure of influential elements. The range

is required to be narrower for accommodating the
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NPPs. The permitted frequency range of nuclear
49.5~50.5 Hz. Under different

contingencies, the under and over

power units is
allowable
frequency states are not more than 30 minutes once
in 10 years. Gas turbine plants are used for both
primary and secondary frequency control. At present,
about 8% (capacity) of the power plants are capable

of primary frequency control in Bangladesh.

3.1.4 Management of reactive power

supply
Reactive power in a grid system exists due to a
phase displacement between voltage and current. It
remains positive during the one-half cycle and
negative during another half cycle on the AC
waveform, causing an average power supply to
zero.” However, balanced reactive power demand
and supply are indispensable to maintain power
system stability, reliability, and quality of electrical
power. a nuclear

Usually, power unit is not

designed to supply large reactive power. It is
recommended to choose the location of the NPP
near a power station with high availability for
maintaining the voltage by supplying adequate
reactive power.'” In Bangladesh, the main sources
of reactive power are generators and capacitor
banks. from the

generating plant with a power factor in the range

The utility purchases power
between 0.8 and 0.85 to receive reactive power
from the power stations. However, large generators
are usually designed to operate with a power factor
of around 0.9 lagging to 0.95 leading. In this case,
the utility will need to have a balanced reactive

power management plan to meet the demand.

3.1.5 Demand side management (DSM)
and restoration of bulk load

A mechanism (with a combination of automatic

and semi-automatic) for load management is

required for the smooth operation of a grid. Load
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restoration and load shedding in an NPP integrated
grid system need to be maintained strictly in
accordance with the grid operational protocol to
avoid transients. After a strong transient due to
large load restoration or partial collapse of a grid,
the system load requirements, the characteristics of
the NPP and other generating units in operation
should be taken into consideration.'” The frequency
of forced shutdown of transmission and power
generation units including blackout should be taken
into account conservatively in power system risk
analysis of an NPP. For instance, loss of offsite
power (LOOP) is considered as an accident-initiating
event, and the frequency of LOOP is conservatively
assumed to be once per year in the PSA analysis.
Thus, a protocol of the grid operation should be
developed emphasizing the safety of nuclear power

plants.

3.1.6 Fluctuations of frequency and
voltage

Presently, the range of regular frequency variation
in power system in Bangladesh is wide (48.9~51.2
Hz), which becomes more wide (48.7~51.5 Hz)
under different contingencies. System frequency of
typical day is shown in Fig. 2. Nuclear power plant
allows a narrow range of grid voltage and frequency
changes. The normal range of grid frequency for
NPP is 49.0~50.5 Hz with voltage 0.95~1.05 p.u.
The national

grid code of Bangladesh has a

requirement of a normal frequency range of
49.5~50.5 Hz. Further variations of grid frequency
at contingencies are allowed for a very limited time.
The fluctuation of grid voltage and frequency,
depending on the magnitude of disturbances, can
cause scram of a reactor, which in turn increases
the risk of NPP. The accident risk goes up with the
increasing rate of shutdown, startup, and transients.'”
The reactor trip occurs at a much higher rate due to

the fluctuation of voltage and frequency compared
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to the offsite power loss. For instance, in the USA,
over 50% of the scram-related events occurred due
to some short-term grid disturbance (spikes) during
1993~2003. The fluctuation of grid frequency for a
particular quantity of generation loss depends on the
total load at tripping
of the

produced by the units in operation, and the damping

factors: system time,

instantaneous  dynamic  inertia system

effect of load with frequency changes.'”

A'M )

Frequency (112)

&

485
0:00:00

22600 44800 T:12:00 936:00 120000 142400 164800 19:12:00  21:36:00

Time

0:00:00

Fig. 2 System frequency variation in typical day®

3.1.7 Fault clearing time

Clearing or isolating the faults, depending on the
types and severity of faults, becomes important for
maintaining the safety and stability of the system.
in overhead

Usually frequently occurring faults

transmission lines are temporary. If any fault
sustains more than 6~8 cycles (i.e. 0.12~0.16 sec.),
the faulty part of the system is permanently isolated
by automatic protective devices. Presently, the fault

clearing time is 80 millisecond (ms), 100 ms, and

120 ms for 400 kV, 230 kV, and 132 kV,
respectively.
3.2 Result

The electric grid of Bangladesh is assessed

reflecting the IAEA guidelines, and a summary of
the qualitative analysis through comparison between
in Bangladesh and a

the existing grid system

high-performance grid is shown in Table 1.

Table 1 Summary

of the

evaluation

of grid

characteristics of existing grid in Bangladesh

Typi Status of
ypical .
Grid high existing .
.. Bangladesh | Ratings
Characteristics performance ]
i d4)3) Grid
g System
NPP
Largest capacity >
unit
. . 10% of
Size of planned capacity < !
; winter Average
unit 10% of
peak and
total
off-peak
demand
load
Ratio of
minimum and 0.65 0.6 Good
maximum demand
Equal to
largest size -
. Limited
Quantum of of unit 1100300 | Poor
spinning reserve | (considering
MW)
proposed
NPP size)
Percentage of
time when the
frequency is
within
+0.1% of
nominal o
frequency %0 /;) Routinely
o 99.9% :
+0.5% of 99.995% varies from
nominal ne .li ibl(; 48.9 to Poor
frequency oil g in 51.2 Hz
+1.0% of Y
. extreme
nominal
faults
frequency
beyond +1.0% of
nominal
frequency
S 1,050 180~350
Grid stiffness MW/Hz MW/Hz Poor
Permitted highest
operating 50.1 Hz 512 Hz | Poor
frequency on
continuous basis
400 KV
In 400 kV, 80 ms.
Expected clearing 0.1's 230 KV
£ fault 3 Good
of faults In 110 kv, | 100 ms
0.1~0.5 s 132 KV
120 ms
Full Partly
Automatic (primary (mainly P
. . oor
generation control and primary
secondary) control)
Hydro and
Frequency control thermal GT and Average
CcCp
plants
Load restoration Automatic Palﬂy. Average
automatic
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4. Probabilistic risk analysis

A grid system needs to be assessed qualitatively
and quantitatively to ensure the reliability of the
system over the entire life cycle of an NPP. A
probabilistic risk assessment (PRA) of a grid helps
to identify the major causes and vulnerable points
of the system for which necessary measures can be
taken to improve the transmission system. A simple
model for estimating the failure probability of a
shown in this section
of grid faults. The

components of an electric grid system can fail

transmission  system is

focusing on the causes

mechanically or electrically putting the power

Severe weather and

identified as the

system in a fail state.

environmental conditions are
leading cause of grid outages in different countries.
For instance, extreme weather events were the
contributor to
2000 and 2012."” The

manmade causes of equipment failure should be

principal the US power outages

between natural and
considered in the PRA of a grid system. The major

causes of grid faults are given in Fig. 3.

Grid fault causes

Human Error events

Equipment failure: Natural events:

. . * Operating Error (wrong devices
Design, manufacturing fault,

(Storms, tornadoes, _
operation, procedure violation)

lightning, floods.
carthquakes)

incorrect installation, lack of . .
: « Maintenance Error (restoration,
maintenance, aging failure)

calibration, and error)

Fig. 3 Root causes of grid faults
4.1 Estimation of unavailability of
offsite power

A probabilistic model to estimate the failure
probability of an electric grid system is presented in
this section considering the different events- random
failure of equipment, extreme weather events, floods,
earthquakes, and human error. The unavailability of
Offsite power to NPP substation to can be expressed

as follows:
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QOP = QRP + QTP - QRPQTP (1)

A simplified fault-tree model to estimate the loss
of offsite power due to the unavailability of the
power transmission is presented in this section.
Generic data of hardware failure rates are considered
for the fault tree model. To estimate the
unavailability of offsite power due to the failure of
the power transmission system (Fig. 4), a fault tree
model is depicted in Fig. 5.

The elements of the power transmission
systems-insulators, conductors, and towers can fail
due to weather events and exposure to polluted
environments. Besides, the high voltage insulators
have their specific failure mechanism. The statistic
shows that the failure rates of high voltage
insulators and power transformer are 10 /unit-year
' and 4.7x10™ /unit-year, respectively. The failures
of power transformers occur due to major causes
like poor design and materials, aging, pollution, are
Vahidi et al'® The

transformer failure rate and circuit breaker failure

discussed by instrument
rates are 2x10~ /unit-year and 3x10”, respectively.
The inclusion of weather events in the reliability
study of a grid system is significant. In Bangladesh,
natural events are frequent and caused the whole
grid system failure. The weather events are
considered in the fault-tree model presented in this
paper. Statistical data related to the cyclonic and
summer storms over the past 50 years was analyzed.
Usually, the grid structure in Bangladesh is designed
against the maximum wind speed of 200 km/hr. for
the structures in the coastal areas and 160 km/hr. in
other areas. The frequency of
high.

infrastructures in Bangladesh are designed assuming

lightning in
Bangladesh is also  very Electrical
80-thunderstorm days per year. Lightning causes
failure of insulators, instrument transformers and
lightning arresters.

Consideration of lightning flashes over power
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transmission lines is also important in fault-tree
analysis. The fault-tree model presented in Fig. 5 is
of the transmission systems shown in Fig. 4. The
230 kV system consists of a 230/11 kV substation
and two 230 kV
transmission lines. On the other hand, the 400 kV
of a 40024 kV

substation with four 400 kV overhead transmission

overhead double circuit

transmission system consists
lines. The unavailability of the offsite power due to
the transmission system failure was estimated to

2.03x107 per year.

400 kV transmission lines

To aurdliary syst
L1 12 13 L3 0 suxliery eywiem

11kV bus
400kV bus
T1 i
24/400kV %
To auxiliary =
R
system 2
G2 awliary L1 |L2 I_‘S . LSI
system 230 kV transmission lines

Fig. 4 Simplified power transmission system for NPP

Loss of offsite
Power

0

Failure of Failure of
400kV Busbars 230KV busbars

JAY JAY

Failure of
400KV lines
[F00RV IINES |

Failure of
230kV linel2

230KV_LINEIL

Failure of 230kV/
substation

JAN

failurre
J00SUBEQP__|

l 400KV substation|
[

400KV substation|  [400kV substation2] Failure of Failure of
[Equipment Failure] ~ [Equipment Failure| 230KV linel 230KV line2
400SUBIEQIP 400SUB2EQIP 230KVLINE1 230KV_LINE2

n A

400kV Transferl Busbar Unitl 400kV Protection Tower Failure Failure of 230kV/
failure Failure system failure
[#oxFRMR | [(BUSULFAL | [ 400RVPRS |

15e2 O

of 230KV Line2| | CKT23 of Line 2
[Z30LaTOWER | [ 230KV _LINEZ |

Random Failure of Tower Failure by
230kV Line2 Tower Storms

230KVLINET 230L2TWRSTRM

Te6 25e2

Fig. 5 Fault-tree model for power transmission system

5. Discussion

This paper presents a modeling approach for the

probabilistic safety assessment of electric grid

system for interfacing the first nuclear power plant
in a country. The following are important mentions
from the study:

Availability of transmission lines depends on the
structural design equipment reliability redundancy
and protection plan against electrical faults. In this
study the unavailability caused by the failure of the
power evacuation system of NPP was estimated by
the simplified fault-tree analysis. The estimated
unavailability of the transmission
2.03x10° A detailed fault-tree model

development for the grid system is necessary to

system is

per year.

identify the wvulnerable points of the grid and
strengthen the reliability.
should be

estimated considering the whole grid system. The

preparing plan to

Furthermore major transient rates
power evacuation system for NPP shall be much
higher than the systems used in the conventional
power plants because of the necessity of long
operation of NPP auxiliary system even after
shutdown of the reactors for the safe evacuation of
the decay heat from the reactor. A large spinning
reservoir shall be ensured before commencing the
commercial operation of the nuclear power plant in
Bangladesh. The NPP unit under construction will
be very large compared to the operating plants in
Bangladesh, so the primary and secondary spinning
should be

requirements.

reserves increased to meet the

The grid bias of Bangladesh is found to be very
poor compared to a high-performance grid. To
strengthen the frequency stability the automatic
governing system should be widely added to the
presently operating plants, and the number of
frequency responsive plants should be increased. In
addition the demand in the system needs to
increase. There is a scope to increase grid demand
by about 20% by connecting the industrial captive
loads to the grid which is currently powered by

captive power plants.
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Fault-tree modeling of the large plants would be
also useful for improving the reliability of the grid
system with consideration of the probability of the
malicious activities for the probabilistic safety
analysis of the power supply system. A grid failure
can also occur due to human error in grid operation
and maintenance tasks. The scope of human error
incidence in maintenance and operation tasks is
which

important step of work procedure to intentional

huge, could occur through missing an

deviation of work procedure from the standard
procedure.'®'” Thus the inclusion of human error
probability in fault-tree analysis for grid systems

will provide a better estimation.

6. Conclusion

The grid system in Bangladesh needs to be
different

accommodate two nuclear power units which are

upgraded  massively in areas  to
presently under construction. This study presents the
scope of improvement of the power grid system.
The identified major deficiencies of the existing grid
system of Bangladesh are weak grid bias poor
frequency regulation and high variation of seasonal
demand. To improve the frequency regulation the
automated governing systems to the old and new
power plants including automated or semi-automated
load management shall be incorporated. Although
the unavailability estimated by the fault-tree model
presented in this paper meets the requirement a
detailed fault-tree model for the entire power
transmission system should be developed for better
estimation of the risk and justifying the resource
allocation appropriately for reliability improvement.
Reliability improvement of a power system is a
continual process. This paper provides a means for
reliability assessment of an electrical grid system
intended to interface with a nuclear power plant and
this study will be useful for conducting a rigorous

safety assessment of a grid system.
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