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Abstract

This work presents the determination of gas turbine part load that is economically most viable to engine
operators by using MS5001PA gas turbine engine operated at Trans-Amadi Power Station, Port Harcourt as a
case study. A model of the existing gas turbine was created to mimic the real engine. Using the properties of the
created engine model, the life of the turbine blades at different power levels were estimated using the Larson-
Miller parametric method. Considering 20 years period of engine operation, the revenue accruable from the sale
of electricity was estimated at different power levels. The different costs of engine operation were also estimated
at the different power levels together with the cost of changing blades. The net present value (NPV), payback
period (PBP) and discounted payback period (DPP) methods of assessing the economic viability of a project
were used to determine power level that is most beneficial in economic terms to the engine operators. The PBP
is lowest at 90% power level with 5.18 years; the DPP using 12% interest rate is also lowest at 90% power level
with 8.6 years while the NPV is highest ($6.13 Million) at 90% power level using 12% interest rate. The
methodologies employed in this could be applied to other existing plants. This work has shown the optimal
power level of gas turbine engine operation from the lifing and economic perspectives and the results obtained
work could serve as useful guides to engine operators.
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INTRODUCTION (Saturday, et al., 2017; Abdul-Ghafir et al., 2011;
Gas turbines used for industrial applications are used Abdul-Ghafir et al., 2010).

for base load, peak load operation or on stand-by

basis (Kurz, 2013). Electricity supply using gas More income will thus be realized at peak load
turbine engines for base load operation is common in operation coupled with lower fuel cost which is the
Nigeria. This is largely because of the large deposits major cost of running gas turbine power plants, but
of natural gas in the Niger Delta region of the country the hot section blades will be replaced more
which serves as fuel. In Nigeria, the demand for frequently, thus there will be more down time and
electricity is far above the supply which is epileptic higher running cost. The engine power level that will
in nature (Oyedepo, et al., 2014), and since gas be economically most profitable to the engine
turbines are operated as source of base load, there is operator in the long run need to be sought. Several
very high tendency of operating the plants at peak economic models could be applied to obtain the
load condition. The gas turbine engine consists of optimal engine operation point. These include among
three major components- the compressor, the others the payback period method, discounted
combustor (combustion chamber) and the turbine payback period method and net present value method.
(Cengel and Boles, 2009; Saravanamuttoo, et al, Several works on economic performance of thermal
2009), and could run on variety of fuels including power plants have been carried out. Sharma and
natural gas, diesel fuel, vapourized fuel oils, low-Btu Tewari (2009) carried out performance evaluation
gases, and biomass gases among others (Boyce, and economic analysis to predict the net present value
2012). Natural gas is the most commonly used fuel index and steady state operational availability for a
and gas turbine plants used in Nigeria runs mainly on thermal power plant. The economic feasibility of a
natural gas which has very high calorific value. As combined cycle plant was studied by Kang et al.
such plants are used to provide base load and (2014). The life assessment, and the degradation of
operated at peak load, more power will be available engine components, and the economics of thermal
for usage, the specific fuel consumption will be low, power plants operation have been studied by many
but engine blade life will be consumed faster other researchers (Mirzaei and Karimi, 2017;
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Raghavendra, et al., 2014; Reyhani et al., 2013; Kurz
et al., 2009; Kurz andBrun, 2000).

The operating cost of a gas turbine plant depends
largely on the maintenance cost and the fuel cost. The
cost of changing blades in the long run is hardly
factored into the maintenance cost. In this work, cost
of changing blades is considered by estimating the
life of the blades at different power levels using the
methods developed in Saturday et al.(2017). This is
carried out using MS5001PA gas turbine engine
operated at Trans-Amadi Power Station, Port
Harcourt as a case study.This work will serve as a
good guide to gas turbine power plant operators in
determining the optimum power level to operate their
engines in order to make the maximum possible
profit in the long run.

METHODOLOGY

Using any economic parameter for evaluating the
viability of a plant, data about cost of engine
operation and the revenue accruable from the sale of
electricity are required. If cost of changing blades is
considered, the lives of the blades of the engine at
different power levels have to be estimated. In this
work thus, an engine model was created to mimic the
real engine in field using in-house gas turbine
performance analysis software(Saturday and Ofodu,
2018), and at different power levels, engine blade life
was estimated and the number of blade changes over
a period of 20 years of engine operation were
determined. The income and the expenditure of
engine operation at the different power levels were
estimated. Using different economic tools, the
optimal power level of engine operation was
determined.

Engine Model Creation

A

1
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Figure 1: T-s Diagram of real gas turbine engi
cycle

>
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To create an engine model, the thermodynamic
processes of the engine performance must be known.
Figure 1 shows the T-s diagram of a real gas turbine
engine cycle. Process 1-2i is the ideal compression,

process 1-2a is the actual compression process,
process3-4i is ideal expansion process while process
3-4a is the actual expansion process. The net power

output W, of the plant is,

t

Wnet :V\/.thV.C (1)

wherew , is the turbine work output and W _ is the

work consumed by the compressor, and they are
given respectively as,

w :mcp(Ta_TAa) (2

@)

m is the mass flow rate of the working fluid which is
assumed to be the same throughout all the

components, ¢ is the specific heat capacity at

t

W, = me (T,, - T,)

constant pressure of the working fluid. This varies
after the combustion process and can be accounted
for. The compression and the expansion processes are
not isentropic. The isentropic efficiencies of these
processes are used to obtain the actual temperatures
T, and T4, and details can be found in Saturday and
Ofodu (2018). Also, there are pressure losses in the
combustion and expansion processes. Creation of an
engine model takes all these into account. The
creation of the engine model using the in-house
software requires providing engine operation
properties including fuel flow rate, air flow rate,
engine pressure ratio and ambient temperature as
obtained from the field. Isentropic efficiencies of the
compression and the expansion  processes,
combustion efficiency and pressure losses in the
combustion and the exhaust processes are varied until
the power output and the exhaust gas temperature
obtained from the software closely approximates
those from the field as in Saturday and Ofodu
(2018).Table 1 shows the design point properties of
the engine model MS5001PA used in this work while
Table 2 shows the average engine operation data
obtained from the field.

Table 1: Design point properties of MS5001PA gas
turbine engine

SIN Parameter Unit Value

1 Power Output MW 26.83

2 Fuel Flow kals 1.86

3 Heat Rate kJ/KW-hr 12.335

4 Air  Flow Rate ka/s 125.2

5 Exhaust °c 483
Temperature

6 Pressure Ratio 10.5

7 Ambient °c 15
Temperature

Source: GE-Oil-and-Gas (2018)
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Table 2: Average engine operation data from the field

S/IN Parameter Unit Value

1 Power Output MW 23.17

2 Fuel Flow ka/s 1.86

3 Air Flow Rate kals 115

4 Exhaust °c 475
Temperature

5 Pressure Ratio - 10.5

6 Ambient °c 28
Temperature

Figure 2 shows an interface of the software for
engine model creation

Performance Estimation  Exit

——
Pressure Ratio (PR) _

Ambient Temperature . T1(K) _

FuelFlowRate. mifkgls) || |
Heating Value of Fuel (MJkg) || |

Figure 2: An interface of the software for engine
model creation

The properties of the engine model are used for the
engine blade life calculation

Engine Blade Life Calculation
Blade failure is assumed to be due to creep and blade
life is calculated using Larson Miller Parameter
Equation given as,

ﬂ

t, =10 T (4)
wheret | is time to failure in hours, LMP is Larsson-
Miller Parameter, obtained from a LMP master

curve, C is Larsson-Miller constant. C is taken as 20
in this work. The procedure for the estimation of the
blade life involves dividing the blade into several
sections, and developing blade stress and thermal
models. Details of this procedure could be found in
Saturday et al. (2017).

Economic Analysis of the Gas Turbine Plant

There are several methods of assessing the economic
viability of a project. For power generation, the
economic parameters that could be employed include
the payback period (PBP) method, the discounted
payback period (DPP) method, the net present value
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(NPV) method, the internal rate of return (IRR) or
return on investment (ROI) method and the method
of levelized cost of electricity (LCoE) (Lai and
McCulloch, 2017; Zizlavsky, 2014; Phillips et al.,
2012).The NPV,PBP and DPP methods were used in
this work.In the NPV method, the cash flows are
brought to the present using an interest or discount
rate. Treating the cash inflow and the cash outflow
terms separately, the NPV is given by Equation (5),

" AR, " AC,
NPV =Y -—|IC + : 5)
i=1 (1+I') i=1 (1+I’)
where AR, is annual revenue for year i, AC ,is

annual cost of running the plant for year i, IC is the
initial cost of setting up the plant, n is the number of
years of engine operation and r is the interest rate
compounded annually. Since the difference between
the annual revenue and the annual cost gives the net
annual cash flow NACF , the NPV is as given by
Equation (6),

NPV - NACF IC (6)

% @+r)

For the different power levels considered, the NPV
was calculated and the power level which gives the
highest NPV value is the optimum power level. In
this work, it is assumed that the gas turbine plant is
run for 20 years at each of the power levels and the
NPV was estimated at the different power levels.

The PBP is obtained from Equation (7), where n is
number of years. The value of n at which the left
hand side is equal to the right hand side is the
payback period,
(lCJrZAciLZARi ™
N i-1 A

The DPP is obtained from Equation (8), where in this
case the time value of money is taken into account,

[IC+Zn: AC . J(z AR
S a+r) ) T@er)

The installed cost of the plantfor a simple cycle gas
turbine plant of 580MW is put at 860 US $/kW
(Pauschert, 2008).Other operation and maintenance
cost terms used in this work are derived from
BLACK andVEATCH (2012). Capital cost and
operating cost are usually presented as a range of
values(PennState, 2017). Installed cost is presented in
per KW basis, say y US $/kW, thus for a plant with
capacity of XMW, the installed cost is as given by
Equation (9),

IC =1000 X x y

®)

©)
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The cost of running the gas turbine plant includes the
fuel cost C., maintenance cost and other cost
components which is referred to in this work as

operation and maintenance costC,. , . The fuel

cost is separated from other cost components because
the fuel flow rate changes with the power level and
the economic analysis is carried out at different
power levels in this work. The total annual operating
cost is,

AC =C, +C (10)

The operating and maintenance costs are extracted
from Pauschert (2008) and Penn State (2017).

oO&M

Besides the normal maintenance cost, changing of
failed blades involves cost. The cost of changing the
rotor blades varies between 1 to 2 Million USD. It is
taken as 10% of the installed cost in this work, as
provided by the engine operators based on their
experience. The plant down time with respect to
blade change is assumed as 7 days (168) hours in this
work. The price of the fuel is close to $10 per
thousand cubic feet for U.S imports from Nigeria.
$8.5 per thousand cubic feet is used in this work. The

mass of natural gasm =~ and the price in dollar per
Table 3: Fuel consumption at different power levels

kilogram of the natural gas C_  are given by
Equations (11) and (12) respectively,

m. =p, x0.0283168  x 1000 (11)
C

c, =—2 (12)
’ m

where p - is the density of natural gas in kg/m?®,
0.0283168 is the conversion factor from cubic feet to
cubic metre, and C _  is the price of natural gas in
dollar per thousand cubic feet.

The revenue comes from the sale of electricity to the
consumers. The price of electricity varies with the
type of consumer. Electricity is sold in units of
kilowatt-hour (kKWh). The price of electricity used
was obtained from NERC (2015).

RESULTS AND DISCUSSION

The results of the engineering performance analysis
and the economic analysis of the gas turbine
operation are presented in Figures 3 to 5 and Tables 3
to 8.

Engine Power Level(%)

Engine Power Level (MW)

Fuel Consumption (kg/s)

70 16.22
75 17.38
80 18.54
85 19.70
90 20.85
95 22.01
100 23.17

1.195

1.230
1.261
1.288

1.311

1.330
1.345

Figure 3: Specific fuel consumption of engine at different power levels
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Table 4: Engine life at different ambient temperatures and power levels

Engine Life (Hrs)

Engine Shaft Average Value
Power (%) Temperature
25°C 28°C 31°C 34°C Hours Days

70 115840.53 89664.49 70266.37 55686.05 82864.36 3452.68
75 75720.18 58667.29 46104.73 36571.57 54265.94 2261.08
80 50481.43 39188.66 30809.55 24476.82 36239.12 1509.96
85 34263.86 26635.3 21002.93 16766.66 24667.19 1027.79
90 23730.39 18512.54 14633.51 11687.36 17140.95 714.21
95 13980.84 11121.53 8945.61 7264.87 10328.21 430.34
100 8121.08 6435.30 5158.98 4172.86 5972.06 248.84

Table 5: Number of blade changes required at different power levels

Shaft Power (%)

Number of Blade Changes

Average Number of Hours of Engine
Operation Per Annum

70 2 8743.2
75 3 8734.8
80 5 8718.0
85 7 8701.2
90 10 8676.0
95 17 8617.2
100 29 8516.4
20000000 | —+—O0&M Cost 4000000 -
—#—Fuel cost @
# 16000000 | 3
= Blade Change Cost 9 3000000 -
E o
5 —— Annual Revenue c
F 12000000 - i
§ v 2000000 -
3 T
& 8000000 3
g c
£ . s 3 o —0 £ 1000000 -
o — g
> -
& 4000000 v
—_ Z
0 T T T
0
| | | ' | | | 65 70 75 80 8 W 9%
65 70 75 80 &% %0 95 100
Engine Power Level {%) Engine Power Level {%)
Figure 4. Revenue and costs of engine operation per

annum at different power levels
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Figure 5: Net annual cash flow at different power

levels
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Table 6: Cash flow and NPV at different power levels

NO. Parameter Year Total NPV
1 5 10 15 20

Installed Cost (million USD) -13.902 0 0 0 0 -13.902
NACF (M$)
At 70% Power Level 1.65 165 165 1.65 1.65 32.91
At 75% Power Level 2.02 2.02 2.02 2.02 2.02 4044
At 80% Power Level 2.27 227 227 227 227 4549
At 85% Power Level 2.54 254 254 254 254 50.85
At 90% Power Level 2.68 2.68 2.68 2.68 2.68 53.64
At 95% Power Level 2.26 226 226 226 226 4519
At 100% Power Level 1.12 112 112 112 1.12 22.45

3 DF at 12% 0.89 0.57 0.32 0.18 0.10
Discounted NACF (Million

4 UsD)
At 70% Power Level 1.47 0.93 053 0.30 0.17 12.29 -1.61
At 75% Power Level 1.81 1.15 0.65 0.37 0.21 15.10 1.20
At 80% Power Level 2.03 1.29 0.73 0.42 0.24 16.99 3.09
At 85% Power Level 2.27 144 082 046 0.26 18.99 5.09
At 90% Power Level 2.39 152 0.86 0.49 0.28 20.03 6.13
At 95% Power Level 2.02 1.28 0.73 0.41 0.23 16.88 2.97
At 100% Power Level 1.00 0.64 036 021 0.12 8.38 -5.52

Table 7: Payback period of engine operation at
different power levels

Power Level (%) Payback Period(years)
70 8.45

75 6.88

80 6.11

85 547

90 5.18

95 6.15

100 12.39

Table 8: Discounted payback periods of engine
operation at different power levels

Power Level (%) Discounted Payback Period(years)

70 Greater than 20
75 15.40

80 11.68

85 9.43

90 8.60

95 11.84

100 Greater than 20

Table 3 shows the fuel consumption at different
engine power levels while the specific fuel
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consumption at the different power levels is
presented in Figure 3. The fuel consumption
increases with the power level of engine operation as
expected but the specific fuel consumption (which is
the fuel flow rate per unit power output) decreases
with increase in power output. Thus, in terms of fuel
consumption it is economically more viable to
operate the engine at peak power level. The
remaining engine blade life at different power levels
and ambient temperatures increases with the power
level as shown in Table 4. This occurrence is because
as the power level increases, more fuel is burnt, and
the turbine entry temperature increases leading to
faster consumption of engine blade life. The number
of blade changes over a period of 20 years thus
increases with the power level as shown in Table
5.With more number of blade changes at higher
engine power levels, the number of hours the engine
will be available for usage decreases.

Figure 4 shows the different costs terms of engine
operation per annum and the revenue per annum. The
operation and maintenance cost (excluding the fuel
cost) decreases gradually with increase in engine
power level. This is because the engine is available
for operation for fewer hours per annum at higher
power levels. When the cost of blade changes is taken
into account, the total amount spent is much higher at
higher power levels. The cost of changing blades is
greater than the operation and maintenance cost
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beyond 95% power level. The fuel cost per annum is
much higher than operation and maintenance cost and
increases with the engine power level. The increase in
fuel cost with engine power level is very gradual
because the specific fuel consumption decreases with
the power level. Thus in terms of fuel cost, it is more
economical to operate at higher power levels. The
annual revenue increases with the power level as the
more power is produced the more income assuming
all power produced is sold to the customers.

By spreading the blade change cost at each power
level across the 20 years of engine operation, the net
annual cash flow (NACF) is estimated and this is
presented in Figure 5. The NACF increases with the
power level to a peak value at 90% power level and
decreases with further increase in the power. The
NPV is highest ($6.13 Million) for 90% power level
as inTable 6. The payback period and the discounted
payback period are lowest (5.18 years) and (8.6
years) respectively at 90% power level as presented
in Tables 7 and 8 respectively. From the NPV, PBP
and DPP, it is economically most viable to operate
the engine at 90% power level.

CONCLUSION

Gas turbines are used for base load supply in Nigeria
and the engines are usually operated at peak power
levels. This leads to quick consumption of engine
blade life but more power is available with this
followed by low fuel consumption per unit power
output. There are thus benefits as well as
disadvantages in operating at peak power levels. The
power level that is economically most viable to the
engine operators was sought in this work using
MS5001PA gas turbine engine operated at Trans-
Amadi Power Station, Port Harcourt as a case study.
Using the net present value, payback period and
discounted payback period methods of assessing the
economic viability of a project, all the methods gave
90% power level as the power level where the engine
operators will benefit most. The methods employed
in this work could be applied to other gas turbine
engines and as such useful to any gas turbine engine
operator.
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