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ABSTRACT

This research presents a thermodynamic appraisal of a
112.5 MW Gas Turbine (GT) Plant through energetic and
exergetic analyses utilizing the average operational data
for ten (10) years. The components of the GT plant were
simplified into control volumes and energy and exergy
inflows and outflows, applying the first and second laws
of thermodynamics, respectively. The results of the energy
analysis showed that a 3.16°C rise in ambient temperature
resulted in 10.99% drop in thermal efficiency and 27.92%
drop in net power output, indicating a decline in both
performance parameters with an increasing ambient
temperature. The result of the exergetic analysis revealed
that on average, every 1°C increase in ambient
temperature rvesulted in a 0.95% rise in the overall
exergetic destruction growth and a 3.22% drop in the
overall exergetic efficiency. It was found that a high level
of irreversibility in the combustion chamber (CC) is
responsible for the low overall exergetic efficiency and
the increment in the overall exergy destroyed. By raising
the turbine inlet temperature, the high exergy destruction
in the CC can be reduced to improve the GT performance.
Hence, for performance optimization, measures to reduce
the exergetic destruction rate within the combustor should
be put in place. The study provides performance-based
guides for energy managers and investors for critical

decision-making.
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1. INTRODUCTION

Throughout the history of man, major advances
in human development have been accomplished
through the improvement in energy production
and utilization, accompanied with an increasing
trend in the energy consumption (Hart, 2018).
The electrical form of energy is one of the key
drivers of the development of modern society.
Thermal power plants are utilized globally for
electricity generation. However, the gas turbine
(GT) remains the most widely used power
generation technology despite the developments
in the utilization of available renewable energy
sources (Jianpeng ef al., 2021). The gas turbine
is a conventional device for converting thermal
energy from mechanical energy to electrical
energy (Lebele-Alawa & Le-ol, 2015). It is a
natural gas power plantthat generates
electricity by burning natural gas as fuel and
operates on the Brayton cycle, which consists of
a compressor, a combustion chamber, and a
turbine (Le-ol & Aziaka, 2018). Apart from
electric power generation, gas turbines are also
used variously in other fields such as powering
aircraft, ships, trains, and other industrial
activities (Jianpeng et al., 2021). The choice of
the gas turbine power plant among other kinds
of power plants is informed by its attractiveness
in the power generation field due to its low
capital cost to power ratio, high flexibility, high
reliability, compactness, easy commissioning
and commercial operation, fast starting-
accelerating and quick shutdown (Pappas et al.,
2012).
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In Nigeria, gas turbine technology is relatively
new, but it has become a promising venture
which contributes about 80% of the electric
power generation to the national grid (Akhator
et al., 2019) due to the abundance of natural gas
in the Niger Delta region with a proven gas
reserve of 206.53 tcf (DPR, 2021). Although
most power plants installed in the Niger Delta
are designed at 15°C ISO conditions, the
environmental conditions showed that the gas
turbine plants mostly operate at a temperature
range and relative humidity of 28 to 30°C and
80%, respectively (Lebele-Alawa & Jo-Appah,
2015). These deviations drastically affect the
performance of the gas turbine installed in the
region as it is widely demonstrated in literature
that inlet conditions especially ambient
temperature, which varies at the different times
of the day, greatly impact on gas turbine
performance. Hence, there is the need for
appraisal of the gas turbine power plants
(GTPPs) to evaluate the effect of the variation in
GT performance on electricity production.

Conventionally, some of the parameters used to
evaluate the merit of an exergy system includes:
energy and exergy performance, economic
viability and environmental implications (Nkoi
et al., 2015). Energy and exergy analyses
provide insight into the losses in the various
components of the GT by quantity and quality,
respectively (Almutairi et al, 2016). Energy
analysis uses the first law of thermodynamics,
applying energy and mass conservation
equations to each of the GT components,
integrated into a whole system to evaluate
performance by quantity. Exergy analysis, on
the other hand, accounts for both quantity and
quality of energy gained or lost. Exergy admits
that energy cannot be created nor destroyed but
can degrade in quality (Hart, 2018). It identifies
the causes, location, and magnitude (extent) of
irreversibility and energy degradation that leads
to performance deviation; hence, provides

valuable insights for and

economics.

energy policies

The concept of energy and exergy has severally
been applied to energy systems in literature.
Osueke et al. (2015) used energy and exergy
methodologies to analyse the performance of a
steam power plant, identifying areas of loss and
developing models for more efficient and
effective power plant improvements. Adumene
et al. (2015) conducted an exergy-based analysis
of an offshore gas plant and observed that there
is a drop in both the thermal and exergy
efficiency as the operational load decreases.
Adibhatla et al. (2014) performed energy and
exergy analyses of a thermal power plant under
various load conditions. The study revealed that
the boiler had the highest rate of exergy
destruction in the plant, and there was a
significant reduction in the rate of exergy
destruction at part-load conditions for the
turbine in the case of a sliding pressure
operation. Le-ol et al. (2018) did a comparative
assessment of thermal power systems
performance under uncertainty. The result
showed that the GT plants perform better at a
lower ambient temperature and higher relative
humidity with a higher return on investment. Qi
and Huang (2022) performed energy and exergy
analyses of supercritical/trans-critical CO>
cycles for a water-infected hydrogen gas
turbine. The result showed that the combustion
chamber is the component with the maximum
exergy loss, accounting for 23.58%.

The present study is aimed at performing the
thermodynamic performance appraisal of a
1125MW  GT plant through energetic and
exergetic analyses. It entails the simplification
of the various components of the gas turbine
plant (compressor, combustor, and turbine) into
control volumes, indicating energy and exergy
inflow and outflow streams, utilizing the first
and second laws of thermodynamics. The
specific objectives of the study were to:
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1.  Perform energy analysis of the GT
power plant.
ii.  Evaluate exergetic performance of the
GT.
Evaluate the effect of ambient
temperature on the energetic and
exergetic performance of the GT.
The key performance indicators utilized for the
energy analysis are thermal -efficiency, net
power output, specific fuel consumption (SFC)
and thermal discharge index (TDI); while for
exergy analysis, the exergetic destruction value
and the second law efficiency are utilized. The
results show the applicability of the energetic
and exergetic methods for performance
prediction for gas turbine projects in the tropical
rainforest. The study provides performance-
based guides for energy managers and investors
in critical decision making.

1il.

2. MATERIALS AND METHODS

The research considers the thermodynamic
appraisal of gas turbine plants based on
energetic and exergetic analytical assessment.
Operational data for ten years were used for the
performance analysis. This is followed by the
gas turbine system description and model
formulation utilizing standard thermodynamics
equations  considering key  performance
indicators.

2.1 Description of Experimental Engine

The experimental engine utilized for the analysis
is the Sapele II gas turbine power plant (SGTPP)
located in Sapele, Delta State. It is one of the
National Integrated Power Projects (NIPP)
initiated by the Federal Government in 2005 to
alleviate the power problems in the country.

The plant has four (4) gas turbine generating
units of 112.5MW capacity each, totalling
450MW. It is a simple cycle operation plant of
model GE FRAME PG9171E with provision for
future conversion into a combined cycle. The

GT is a single shaft, three bearing heavy duty
industrial unit with a 17 — stage axial flow
compressor, can-annular type combustor and a
3- stage axial flow turbine.

2.2 Gas Turbine System Description and
Theoretical Model Formulation

The gas turbine power plant analyzed in this
study is an open cycle GTPP operating on a dry
mode, otherwise known as Brayton cycle and
consists of an axial flow air compressor in
which air with inlet energy and exergy streams
from the atmosphere at ambient state 1 is
compressed into the combustor at state 2, as
shown in the schematic diagram of Figure 1 and
the temperature-entropy diagram of Figure 2.
These lead to an exergy flow of flue gases at
high temperatures and pressure exiting the
combustion chamber into the turbine, driving a
generator to produce electricity while the flue
gas flow continues to the exhaust at state 4.

2.3 Methods for Energy and Exergy Analysis

2.3.1 Energy Performance Indicators
The indicators used to evaluate the energy
performance of the gas turbine plants include:
i. Gas Turbine Net Power Output
The gas turbine net power output W, o7 15 the

combination of the actual compressor work W,
and actual turbine work W r given by Equation

(1)

M"r:lz -

= Wﬁf + WHT (1)

ii. Thermal Efficiency of the Gas Turbine
System

The gas turbine thermal efficiency 7.;,,r can be

evaluated as the ratio of gas turbine work W, aT

to heat input in the combustion chamber Q.. as

in Equation (2)
Wi,

o ()

Mengr —
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Figure 2: Temperature-Entropy Diagram for a Gas Turbine Cycle

iii.

System
The total energy loss in the gas turbine system is
the summation of the component losses from

Total Energy Loss in the Gas Turbine

compressor, combustion chamber and the
turbine engine. This is given by Equation (3)
Ql"gl",!ﬂ-ss = Qc,!oss + Qcc,!oss + le",!oss

3)

where , the energy lost by the compressor due to
the difference in input air and compressor-
specific inlet temperatures @ is represented
as:

c.loss

Qﬂn‘n.ﬂ - QD o @5 (4)

The air compressor heat energy input at ambient
condition (¢3) and the energy input at
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compressor specific inlet condition (@) are
given respectively by Equations (5) and (6)
Qo = MaCphq (T2 —Ty)

a-pas

©)

M Cpa,

Q-c = (T, —T,) (6)

where, m, is the mass flow rate of the air via the
compressor, T,Ty,T, (k) are ambient
temperature,  compressor  specific  inlet
temperature and compressor exit temperature

respectively, €,,_ is the specific heat capacity of

air given by Equation (6a)
as

1 ) i
Ci'-’“c' = {1'--—1". [A(Tj - le + B(T:_ — Tl'j +

c(T2 - T;E] + D(TS — Tf)]} X (wl_

i

) (6a)
where M ;. is the molar mass of air, T; as the
exit of the combustion chamber, A, B, C and D
are constant characteristics of gas obtained from
standard thermodynamic tables for selected
ideal gas.

The energy loss within the combustion chamber
(Qeei0ss) as utilized by Njoku et al. (2018) can
be evaluated using Equation (7)

) MgCpq, To T MeLHV =Msc,, Ty

BT

(7

Q:c,!oﬂ' -

where 1, is mass flow rate of fuel, T; is the gas

outlet temperature from the combustion
chamber, LHV is the lower heating value, C,,

and C,,,__ are specific heat of air and combustion

products respectively which are functions of
temperature changes given by Equations (7a)

and (7b) as
1 A )

Cpncc = {1"3—1"-_ [H(TE — Tl) + B(Ta' — Tl-) +

e -+ om -l (o) 0w

and

e- ISSN: 2795-2215

— h 1

Pdec PfiCOgHag Noly,

;

Tyr) +B(TE —T5 )+ C(T8 - T3 ) +

D(T3 —
)

M0, Hag Noly,
)l (e
- Mfic0,Hop Na Oy
_ TftT .
where T, . = -— and T} is the fuel temperature
into the combustion chamber, T, and
T; are combustor inlet and outlet temperatures

[‘4 [Ta -

l"a_—l'_:f

(75)

respectively, mc, , My o, My,, and mg, are the

percentages by mass of the various gaseous
products from combustion analysis while M¢,_,

My_ o, My, and Mg, are the molar masses of the

combustion products. A, B, C and D are
constant characteristics of gas obtained from
standard tables for selected ideal gas shown in
Cengel and Boles (2006)

The energy loss in turbine engine 1is given by
Equation (8) as

@®)

where T is the turbine exhaust temperature, and

m, 1s the mass flow rate of flue gas, gy is the

total specific heat of the gaseous products
(carbon dioxide, water vapour, nitrogen and
oxygen) from the turbine engine which can be
obtained utilizing Equations (7b) however,

utilizing turbine entry temperature (TET), T3 and
turbine exhaust temperature Ti the

temperature difference.

as

iii. Specific Fuel Consumption (SFC)

The cycle thermal efficiency of a gas turbine is
visible in practical terms when it is expressed as
a function of fuel flow (Nkoi et al., 2015). The
SFC is the ratio of the fuel required to the power
output, which is also a measure of the engine
efficiency.
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The SFC is determined by Equation (9)
sFc = 2% (kg/kWh)  (9)
W gT

iv. Thermal Discharge Index (TDI)

This is the total amount of thermal energy
discharged to the environment per unit
generated electrical energy by the power plant
(Lebele-Alawa and Asuo, 2011). The thermal
discharge index depends strongly on the plant’s
thermal efficiency. A lower value of the thermal
discharge index indicates a more efficient power
plant and vice versa. Hence, a lower value of
TDI is always desired. It is evaluated by.

1

T,

L

(10)

MNin gT

2.3.2 Exergetic Performance Indicators

Some of the performance indicators used to
evaluate the exergy performance of the thermal
system include:

i. Exergetic destruction (E.p)

The consequence of the non-conservation of
exergy in any real process results to a
“destruction” term in an exergy balance (E.p)

which becomes zero only for a reversible
process. Exergy destruction is therefore the
potential work lost resulting from system
irreversibilities (Oko & Njoku, 2017).

The application of the first and second laws of
thermodynamics results in the general form of
exergy balance for a control volume and is
written according to Ahmadi & Dincer (2011) as

dEy : : : - -
dr"”= Eey = E*I'J_ E..t2dme,) — T (me,)— E.p

(1)

where E'I[J = exergy rate of heat transfer, E, =

exergy rate of work transfer, E,., = lost work

due to internal irreversibility

e- ISSN: 2795-2215

For a control volume at steady state E., =0,

hence, Equation (11) can be written as
5By + Silneg)| = T[T e+ B ]+ By (12)

where the subscript i and e represent the inlet
and exit flow of the control volume, E,, is the

exergy destruction rate, rhe, is the total exergy
rate, 1t is the mass flow rate.

€x = Euxyp T Cxgpy (13)

where, e, is the specific exergy of the control

volume which is expressed as a combination of
the thermo-mechanical (physical) E:; and

chemical exergies e, and,

(14)
where E,, = me, is the total exergy rate.

The exergy rate of heat and work transfer

respectively can be expressed according to
Ameri et al. (2009) as

. Tph =
Eep=(1- )0 (15)
and
B = Wiy (16)

where E, p and E,, are representation of the
exergy rate of heat and work transfer,
respectively, across the control surface, T; (k) is

the temperature of the ith portion of the control
volume where heat transfer Qi. occurs, Ty (k) is

the absolute temperature (at dead state or
ambient conditions) and W, is the Actual work

rate of the control volume.

Therefore, Equation (12) can be re-written as
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E.:rp =1I.= Ez’ (l - ?) Qz’ + Eiﬁlexi - {:"'i’rcl;. +
2ethe,,)
=YE. -XE,, (17)

where I is the system irreversibility.

ii. Exergetic Efficiency

The second law efficiency also known as the
exergetic efficiency of a thermal power plant is
a measure of the ratio of the exergy output from
the system E,_. to the exergy input into the

out
system E,._ (Midilli & Dincer, 2009). It is
expressed as

N =k % 100%

1~
£x Exin

(18)

It is therefore a performance indicator that
characterizes the degree of reversibility of the
processes of a system. For an entire power plant,
as cited in Njoku et al. (2020), the overall
exergetic efficiency of the power plant which is
a measure of the ratio of the shaft work output to
the available exergy can be written as

L{frn_q’f'_':'{frn_q’f'_l_sxp

Nexpr = - - (19)
Alg E.'xf Exf
and
AGy = s ¢ LHV (20)

where 1..p 1 the overall exergetic efficiency of

the entire power; plant, W, . is gas turbine

work and it is given as ¢ = 1.06 for natural gas
(methane Chy) (Nag, 2001) and AGy is the

exergy rate of fuel, ¢ is the ratio of fuel
chemical exergy to the lower heating valve
(LHV).

3. RESULTS AND DISCUSSION

The SGTPP with an installed capacity of
112.5MW was analyzed using operational data
from the period of 10 years (2012 — 2021). This
section discusses the findings, graphical
interpretations and predictions from the analyses
made.

120 A 45
- 40
100 H
= F 35 —
= E3
= 80 30 =
2 5
5 - 25 2
QO 60 A E
; - 20 (_g
2 40 - - 15 =
! -_=
=z L 10 —
20 +H
F 5
0 = 0
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Figure 3: Effect of Ambient Temperature on Thermal Efficiency and Net Power Output
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Figure 3 shows the variation of thermal
efficiency and net power output with ambient
temperature. The result showed that at the
lowest ambient temperature of 26.84°C, the
thermal efficiency is maximum having a value
of 39.14% with a corresponding maximum net
power output of 109.05SMW. However, the
ambient temperature is maximum (30.00°C)
when both thermal efficiency and net power out
are minimal with values of 34.82% and
77.64MW, respectively. It is further observed

410
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350

TotalEnergy LossiMW)

340

330

-

320

e- ISSN: 2795-2215

that a 3.16°C rise in ambient temperature
resulted in a 10.99% drop in thermal efficiency
and 27.92% drop in net power output. Higher
thermal efficiency means that more of the
energy from the fuel is converted to useful
work, hence a decrease in fuel consumption
resulting to an increase in the net power output.
On the other hand, lower thermal efficiency
implies that less of the energy from the fuel is
being converted into useful work and therefore a
low net power output.

120
100
80
60

40

Net Power Output{MW)

20

28.00 27.50 27.88 26.84 27.01

27.25 27.80 29.50 30.00 27.98

Ambient Temperature(oC)

Total Energy Loss

—— Net Power Output

Figure 4: Variation of Total Energy Loss with Ambient Temperature and Net Power Output

Figure 4 shows the effect of energy loss in the
compressor section against the ambient
temperature and the variation of energy losses
with net power outputs. It is observed that at
high energy losses, less net power is generated.
This is because the energy loss in the
compressor subsystem increases with increase in
ambient temperature, and at high ambient
temperature, the compressor does more work.
Hence, the net work rate of the entire gas turbine
system drops. This is like the results of Njoku et
al. (2018).

Figure 5 shows the evolution of the thermal
discharge index across the ten (10) years of

study. It is observed that between 1.77MW and
3.15MW are annually discharged from the gas
turbine plant to the environment per unit MW of
electrical energy generated. This indicates an
average annual discharge of 2.11MW to the
environment from the SGTPP. Also, it is
observed that the thermal discharge index (TDI)
has its lowest value of 1.77MW at the point of
highest thermal efficiency value of 39.1%. This
result shows that the TDI is strongly dependent
on the plant’s thermal efficiency. Hence, to
improve the efficiency of the plant, the TDI
should be as low as possible (Oyedepo et al.,
2015).
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Figure 6: Variation of GT Components Exergetic Destruction with Ambient Temperature

It is observed from Figure 6 that during the 15.0IMW to 11.11MW in the turbine
increase of ambient temperature from 26.84°C  subsystem. However, an increment was
(299.84K) to 30.00°C (303K), the exergetic observed in the combustion chamber from
destruction decreased slightly in the compressor  134.70MW to 137.34MW resulting in a
from 16.67MW to 13.86MW, and from decrease in the overall exergy destroyed from
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374.75MW to 372.00MW. Hence, the result of
the comparative analysis of the components
shows that the highest exergy destroyed is

——AC

120.00
100.00
80.00
60.00

40.00

EXERGETIC EFFICIENCY(%)

20.00

0.00 T T T T

e- ISSN: 2795-2215

CC

recorded in the combustion chamber due to a
high level of irreversibility.

s
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|
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Figure 7: Variation of GT Components Exergetic Efficiency with Ambient Temperature

Figure 7 indicating the effect of ambient
temperature on the exergetic efficiency of the
GT components, shows that the second law
efficiency increases from 86.61% to 88.74% for
the compressor with a decrease from 70.20% to
69.72% observed in the combustion chamber.
The turbine exergetic efficiency also dropped
from 96.78% to 95.49% within the same range
of temperature resulting in a decrease in the
overall exergetic efficiency from 29.94% to
19.75%. The result further showed that the
exergetic efficiency of the compressor is higher
than that of the combustion chamber because of
the high level of irreversibility in the
combustion chamber.

Furthermore, the overall exergetic destruction of
the SGTPP at the highest observed ambient
temperature of 30.00°C (303K) is 372.00MW at
an efficiency of 19.75%, while the overall
exergetic destruction at the minimum ambient

temperature of 26.84°C (299.84K) is 374.75SMW
at an efficiency of 29.94% in 2015. This implies
that a change in temperature has a direct impact
on the exergy performance of the gas turbine
because as the air temperature rises, exergy

destruction grows and exergy efficiency
declines.
4. CONCLUSION

In this study, the energy and exergy viability of
the Sapele II power plant was carried out.
Utilizing the net power output, thermal
efficiency, percentage energy loss, thermal
discharge index and specific fuel consumption
as the key energy performance indicators, the
results of the energetic analysis showed that the
average maximum net power output obtained
was 103.57MW which represents 92.1% of the
installed capacity. The corresponding thermal
efficiency was 37.6%, with 530KW of
electricity produced per kg of fuel consumed,

Copyright © 2019 — 2023 JNET-RSU, All right reserved.

51


http://www.rsujnet.org/index.php/publications/2023-edition

Journal of Newviews in Engineering and Technology (JNET)
Volume 5, Issue 3, September 2023
Available online at http://www.rsujnet.org/index.php/publications/2023-edition

and about 2.00MW of thermal energy being
annually discharged to the environment per MW
of electricity generated. The mean energy loss
indicates an overall average of 374MW for the
plant, with the highest proportion of energy
losses recorded in the turbine component
followed by the combustor and the least in the
air compressor. It was observed from the exergy
analysis that, on the average, every 1°C increase
in ambient temperature resulted in a 0.95% rise
in the overall exergetic destruction and a 3.22%
decrease in the overall exergetic efficiency of
the SGTPP. These indicate that the high exergy
destruction in the combustion chamber is
responsible for the low overall exergetic
efficiency. This can be reduced by increasing
the turbine inlet temperature.

The results obtained from this study show the
applicability of the energetic and exergetic
methods for gas turbine performance prediction.
The study provides performance-based guides
for energy managers and investors in critical
decision making.
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NOMENCLATURE

Symbols Meaning Unit

E.p  Exergy destruction MW
Exg  Exergy rate of heat transfer MW
E.,  Total Exergy of a thermal system MW
E,{m Thermo-Mechanical Exergy MW
EZP. Chemical exergy for a mixture MW
E.p  Exergy destruction MW
Exg  Exergy rate of heat transfer MW
E., Exergy rate of work transfer MW

Eyq,  Exergetic improvement potential MW

e- ISSN: 2795-2215

Eg Exergy output rate MW
EI,  Total exergy destroyed MW
Nee Combustion Efficiency

Nex Exergetic efficiency

Nl Turbine exergetic efficiency

SGTPP Sapele II Gas Turbine Power Plant
CcC Combustion Chamber

AC Air Compressor

GT Gas Turbine

EG Electric Generator
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