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Abstract - Kaduna Refining and Petro-chemicals
Company (KRPC) is a refinery in Nigeria, whose
steam power plant has been striving by supplying
uninterrupted electricity, water and other utilities for
the smooth running of the entire refinery and its
housing estate. But the utility boiler of the plant is
faced with the problems of deterioration from its
design output and excess fuel consumption. These
problems could be due to fuel combustion and heat
transfer. Therefore, it is essential to adopt strategies
that will minimize such problems. Thus, one of the
effective ways is to develop a boiler mathematical
model using energy and exergy analysis. Energy and
exergy analysis are based on first and second law of
thermodynamics. The latter is a tool widely used to
evaluate the performance of a thermodynamic system.
This paper describes the procedures involved in
developing the mathematical model for evaluating
energy loss, exergy destruction; energy and exergy
efficiencies of the utility boiler of KRPC steam power
plant.
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I. INTRODUCTION
Energy remains the lubricant of sustainable economic
growth of any country because it increases

productivity and income as well as creates
employment. Therefore, the role of energy in raising
the economy of any nation cannot be
overemphasized, and energy degradation in a given
system is commonly inevitable. It is based on this fact
that energy management globally is on the increase.
Consequently, experts in the energy sector were
challenged for improvement in energy policies and
measures in minimizing waste. Steam power plants
that work on modified Rankine cycle cogenerate
electricity and steam [22]. Today, the consciousness
of energy management across the globe is obvious,
that is why the need to embark on research like this
cannot be overemphasized. It has been seen in
practices  that  thermodynamics laws  were
significantly utilized for performing energy and
exergy analysis. Energy and exergy were also useful
to examine, optimize and rectified the efficiency of
thermodynamic systems [13].

Kaduna refining and petro-chemical company
(KRPC) refines crude oil into petroleum products and
manufactures petrochemical and packaging products
[12]. Power plant and utilities (PPU) department of
KRPC, comprises of utilities and power plant
sections. The power plant section, which cogenerates
steam and power comprise of minor and major
components as shown in fig.1. Among the major
components are the utility boilers as shown in fig. 2.
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Nomenclature

BFW Boiler feed water

CDT Condensate

W Cooling water

CA Combustion =ir

EsM Extracted medimm pressure steam

CsM Condensed medium pressure stezm

De Dezerator

HFP High pressurs pump

LFP Low pressure pump

He Hezter

Be Boiler

STG Stezm turbine generator

TC Turbme condenser

HW Hotwell

CP Condensate pump

CT Condensate tank

DU Demineralized unit

cU Combustion unit

HEU Heat exchange unit

ERPC Ezduna refming and petro-chemical company
HHV high heating value of fuel kI'lkg)
LHV low heating value of fuel (kI'kg)
AAF actual awr-fuelratio of fuel (kg of aw'kg of fuel)
E Energy flow rate (kI's)

Exy Exergy flow rate (kI/s)

Evn Exergy destruction (kJ/z)

Cp Specific heat capacity (klJkgE)

M Mass flow razt= (Kg's)

] Rate of heat transfer to the system (kJ/z)

These boilers are faced with the problems of
deterioration from its design output and excess fuel
consumption. The working procedure of the plant was
studied and the schematic flow diagram was
sketched. Furthermore, the general mathematical
model of a typical boiler was developed using energy
and exergy analysis based on component-wise and
detail split-up techniques. Then, a detailed
mathematical model of the KRPC utility boiler was
developed with referenced to the schematic diagram
of the plant and the general mathematical model of a
typical boiler. The developed mathematical model is
meant to determine the energy loss, exergy
destruction, energy efficiency and exergy efficiency
of the KRPC utility boiler.

Qg Eate of heat loss (kJ/'s)

W Fate of work done by the system (kI/s)
PW Power produce by the system(kJ/s)
h specific enthalpy (JEg)

5 specific entropy (JEg K)

P, Amespheric pressure  (bar)

T, Amespheric Temperature ('C)
Greek lefters

Iy Energy efficiency (%)

Ny Exergy efficiency (%)

g specific exergy (kI/Eg)

Sub_ and superscripis

SH High pressute steam
Shd Medium pressurs stezm
SL Low pressure stzam
FW Feed water

FO Fusl oi

F Fusl

FG Flue gas

A Air

5 Steam

comb Combustion

HP Hot products

] refersnce state

b | i 1 ,'
— — | :

Fig. 2: KRPC steam power plant boilers

Reference [3] developed a mathematical model for 15
MW Thermal Power Plant Paper Mill, in India. It was
found that the boiler has maximum exergy
destructions of 19.7 MW, a turbine with the largest
exergy efficiency of 82%, while condenser has the
maximum energy loss 48.5 MW and highest energy
efficiency of 82% respectively. Moreover, [20]
established the mathematical models of a gas turbine
cycle in India and found that the combustion chamber
of the boiler has the highest exergy destruction of
109.89 MW. Furthermore, [26] developed a model of
a 210 MW coal-based thermal power plant utility
boiler in India. The findings revealed that the
combustion chamber has the highest exergy
destruction, with the boiler energy efficiency of
73.96% and exergy efficiency of 39.85%
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respectively. Reference [27] found that the maximum
exergy destruction of a 62 MW coal-based thermal
power plant station occurred in the boiler while the
plant’s energy and exergy efficiencies were 32.5%
and 27.5% respectively. Furthermore, the result
revealed that energy and exergy efficiencies of the
boiler at operating conditions were found to be
85.77% and 41.27% when [19] analyzed a 500 MW
pulverized coal-fired boiler. Besides, [7] carried out
an analysis of 9 MW coal-based thermal power plant.
They found out that the plant has energy and exergy
efficiencies of 24.12% and 35% respectively, while
the boiler has an energy efficiency of 11%. Also, [8]
carried out an exergy analysis of Omotosho phase 1
gas thermal power plant in Nigeria. The authors
developed the mathematical model of the plant and
found that the combustion unit of the boiler had the
maximum exergy destruction of 54.15%.

Reference [14] worked on the energy and exergy
analysis of a 500 kW steam power plant at Benso Oil
Palm Plantation (BOPP) in Ghana and results
obtained indicated that about 50% of heat energy
generated in the combustor was destroyed. More so,
[18] carried out a study on energy and exergy of a
75MW steam power in Sapele, Nigeria. The results
revealed that boiler has the highest energy lost of 105
kW and rate proportion of the exergy destruction of
105.9%. In addition, [24] carried out a research on the
energy and exergy analysis of a 210 MW Vijayawada
Thermal Power Plant (VTPS) in India. They
developed the mass, energy, and exergy balances and
results obtained indicated that the exergy destruction
was more in the Low Pressure Turbine than any other
components. Reference [15] carried out an analysis of
steam power plant at Kaduna Refining and
Petrochemical Company (KRPC) from exergetic
perspective. The analysis showed that, boiler has the
largest exergy destruction of 20000kW, followed by
the condenser with 5880kW. Incremental fuel
consumption problem that occurred in the Cairo West
Thermal Power Plant (Units 7 & 8) in Egypt
necessitated [10] to carry out analysis on the plant
from the energetic and exergetic viewpoint. The
results revealed that turbine has the highest exergetic
efficiency and boiler has the lowest exergetic
efficiency with exergy destruction of 195 MW due to
combustion, boiling and superheating processes. In
the same way, [11] worked on the energetic and
exergetic analysis of a steam turbine power plant of
an existing phosphoric acid factory in Tunisia. The
results revealed that blower had the maximum energy
efficiency and exergy efficiency obtained for heat
exchanger, steam turbine generator, deaerator and
blower are 88%, 74%, 72% and 66% respectively.

In addition, reference [21] worked on the energy and
exergy analysis of steam and power generation plant
in a chemical and fertilizer industry in India. It was
found that condenser had the highest energy loss of

47.16 MW. Energy and exergy efficiencies of
turbinel were found as 35.29% and 66.30% and that
of turbine2 were 32.07% and 64.33% respectively.
Furthermore, [2] worked on the energy and exergy
analysis of Al-Hussein power plant in Jordan. The
percentage ratio of the exergy destruction to the total
exergy destruction was found to be 77% in the boiler,
13% in the turbine and then 9% in the forced draft fan
condenser. Moreover, [5] worked on energy and
exergy analysis of thermal power plant at design and
off design load. The analysis showed that at design
load maximum exergy destruction of 42% of the total
exergy produced by the burning of coal occurred in
the boiler, and it increased to 59% at off design load.
In addition, [9] worked on the energy and exergy
evaluation of a 220MW Egbin thermal power plant in
Nigeria. The result of the analysis showed that the
percentage exergy destruction of boiler, combined
three turbines and condenser are 87%, 9% and 2%
respectively. Furthermore, [6] worked on energy and
exergy analysis in thermal power plants. It was noted
that the exergy efficiency of boiler, condenser,
turbine, feed water heaters and heat pumps were
69.53%, 84.20%, 90.07%, 77.23%, and 83.63%
respectively. The boiler was also found to have the
highest percentage of exergy destruction of 48.92%
of the overall plant exergy destruction of 81.66%.
Moreover, [23] worked on energy, exergy and
economic analysis of industrial boilers. In the boiler,
the energy and exergy efficiencies were found to be
72.46% and 24.89%, respectively. Reference [1]
worked on exergy analysis of a 10,000 t/hr oil fired
steam boiler plant in a brewery in Nigeria. Results
showed that combustion chamber, mixing region and
heat exchanger had exergy losses of 36%, 3.51% and
33.60% respectively.

Il. DESCRIPTION OF KRPC POWER PLANT
The boiler feed water from the Demineralized water
unit with temperature of 45°C, pressure of 9bar and
dissolved oxygen content of 1.0ppm goes to the
Deaerators where the pressure, temperature and the
dissolved oxygen content of boiler feed water (BFW)
change to 2.5bar, 125°C and 0.007ppm respectively.
Then, after the Deaerators the High Pressure (HP)
pumps increase the boiler feed water (BFW) pressure
to 60.5bar, while temperature and dissolved oxygen
content remain unchanged. The boiler feed water
(BFW) is then supply to the Boilers through Heaters
where only the temperature is further raised to 140°C.
The boiler feed water (BFW) enters the boilers
through the respective economizers at a temperature
of 140°C and pressure of 60.5bar at 270t/hr. After the
respective economizers, the boiler feed water
becomes saturated and gets to the steam drum at
temperature of 185°C and pressure of 52.4bar. The
saturated water is separated from steam by the drum
internals (horizontal separators and chevron driers).
Then, the dry steam is superheated through the
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primary superheater and secondary superheater, and
then enters the high pressure steam (SH) headers. In
addition, a superheater steam temperature control
device (spray type attemperator) is installed after the
primary  superheater and before  secondary
superheater, whereby the steam temperature at
superheater outlet is controlled at specified
temperature of 412°C and pressure of 47.6bar.

This superheated steam is used to drive the prime
mover (turbines) of the turbo generators to generate
power and also drive other turbine pumps for
pumping boiler feed water at the required pressure.
After utilizing the superheated steam (SH) in the HP
pumps and in the turbines, the medium pressure
steam (SM) extracted from the turbines and from the
HP pumps were channeled to the common header of

.
=

L
= S

medium pressure steam (SM). The medium pressure
steam (SM) at temperature of 300°C and pressure of
16.4bar is used to drive the LP pumps and for heat
exchange with boiler feed water (BFW) in the
heaters. The low pressure steam (SL) at temperature
of 175°C and pressure of 1.44bar from the LP pumps
is sent to the Deaerators for heat exchange with the
boiler feed water, while the condensate from the
heaters is also sent to the Deaerators to make-up
level of the boiler feed water (BFW). The medium
pressure steam (SM) from the turbines which were
condensed under vacuum at a pressure of 18.2bar are
send to the condensate tank (CT) via the condensate
pumps (CP) and it flows back to the Demineralized
unit and the process is repeated [25]. The process is
depicted in fig. 3.
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Fig. 3: Schematic flow diagram of KRPC steam power plant

I11. Mathematical modeling
The energy analysis is based on the first principle of
the thermodynamics and it is concerned with the
conservation of energy. The exergy analysis in the
other hand introduces the second law of
thermodynamics [4]. Therefore, the purpose basically
is to develop mathematical model that can be used to
determine energy losses, exergy destructions and
energy and exergy efficiencies of a device, process or
component. Particularly, the exergy analysis of the
boiler is defined into physical and chemical exergy
[26] as shown in fig. 2. The chemical exergy of fuel
which is negligible in this study is normally
computed from the stoichiometric combustion of
chemical reaction and it is associated with the

departure of the chemical composition of a system
from its chemical equilibrium. But, the chemical
exergy of fuel is equivalent to the high heating value
(HHV) of that fuel [23] & [16]. In this study the
kinetic and potential energy of the mechanical aspect
of exergy are assumed to be negligible [17]. This
indicates that only the thermo mechanical
(temperature and pressure) aspect of exergy was
considered in this research work.
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Fig. 2 Types of exergy in a typical boiler [26].

A. General mathematical modeling of a typical
boiler

The schematic diagram of a typical boiler unit can be
used to analyse the mass flow rate, energy and exergy
balances and energetic and exergetic efficiencies of
the boiler unit. The schematic diagram of the
combustion and heat exchanging units may be
analysed separately. The combustion takes place in
the combustion unit to produce heat, then heat is
transfer to water, and the water is subsequently
transformed to steam in the heat exchange unit.

o Combustion |— | Heat exchanger |—|m= Fluegas
Air Hot products

Feed water

Fig. 3: Schematic diagram of a typical boiler [26].

a) Combustion unit
Fuel —=

Combustion |—e Hotproducts

Al —

Fig. 4: Schematic diagram of combustion unit [26].

The combustion unit in a boiler is usually well
insulated that causes no heat transfer to the
surrounding. Therefore neither heat is lost nor work is
produced (W=0& Q, = 0).

Mass balance:
Mpo + Mea = Mpp 1)

Energy balance:
Energy input = Mpohro + Mcahea 2
Therefore, energy balance is:

Mpohpo + Mcahca = Mpphyp

— Mpohpo + Mcahca

h -
HP ' M
_ Mpo(HHV) + Mcahca
yp = e ©
HP

Since the combustion unit of the boiler system is
adiabatic, it means that all the energy input is being
sent to heat exchange unit with no heat loss to the
environment. Therefore, the efficiency is always
100%; hence specific enthalpy of fuel hgy is
evaluated to be equal to high heating value (HHV) of
the fuel oil [23] & [16].

Then energy efficiency (1cu,) is 100% (adiabatic)
= 100% (4)

n — Mpyphup
ICY) ™ Pypo(HHEY)

Exergy balance_: )
Exergy inlet = Mpperg + Mcaca
Exergy exit = Mypeyp + Expcuy
Therefore, exergy balance is:
Mpogpo + Mcaca :_MHPSHP + Exp(cv)
Exergy Destruction (Exp cy)) Is:
Expcvy = (Mpogro + Mcagca) = (Mppenp)  (5)
Where:
€ro = Ecn t Epn
pn = (hro — ToSro)
But in this research work, chemical exergy (e.,) of
fuel oil is negligible, therefore:

Ero = Epn

E€ro = Stho — ToSro) (6)

Sko = % (7

ca = (hca — ToSca) (8)

Eyp =}$th = ToSup) )

Sup = % (10)
LHV

Tup =Tea + [Cp x (1+AAP)] 11
Where, AAF is the actual air fuel ratio of low pour
liquid fuel (AAF = 16) and C, is the specific heat of
fuel oil at ambient temperature of products of
combustion (C,= 1.866 kJ/kgK) [23] & [16].

Heat output

Exergy efficiency (fln(cu)) plrve— 100%

Heat in hot products output
E P2 % 100%

Nirccuy =

Heat in fuel input
Mpype
Micyy = 7o x 100%
(€ MFo€Fo
Mpup(hap — ToSHP)
Mpo(hro — ToSFo )

Nuewy = % 100% (12)

b) Heat exchanging unit

Steam

T

Hot products ——m-| Heat exchanger |—w Fluegas

Feed water

Fig. 5: Schematic diagram of heat exchange unit [26].

Mass balance:
Mpw + Mpp = Mg + Mgy (13)
Mpyw = Mgy and Myp = Mg

Energy balance:

Energy inlet = Myphyp + Mewhew

Energy exit = Mypeyp + (Msyhgy + Mpghpg) +
Qreue)

Therefore, energy balance is:

MHPhHP + Mpwhpw = (Msyhsy + Mpghpg) +
Quew)
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Then energy Loss (QL(HEU)) is:

QL(HEU) (MHPhHP + MFWhFW ) (MSHhSH
MFG hFG) ) )
QL(HEU) MHP(hHP - hFG) - MFW(hSH - hFW)
(14)

.. _ Heat output
Energy efficiency (rh(HEU)) = Heat mput X 100%

_ Heat in steam output 0

nl(HEU) " Heat in hot products input X 100%

Msuhsy — Mrwhrw 0
HI(HEU) Myphyp — MrGhre x 100%

Msy(hsy — hrw)

Sk Lo R o N 0,

nl(HEU) Myp(hgp — hFg) 100% (15)
hrg = a(Trg)? + b(Trg) + ¢ (16)
Where:

a=1.683x 1075, b=0.233 & c =-18.03

The benchmark coefficients a, b and ¢ as given above
can be used to evaluate the enthalpy of the flue gases
[16].

Exergy balance:
Exergy inlet = MHPsHP + MFWEFW
Exergy exit = (Msy&sy + Mpgerg ) + EXD(HEU)

Therefore, exergy balance is:
(_MHPEHP + Mpwepw) = (Msy&sy + Mpgépg ) +
Expuru)

Then exergy Destruction (EXD(HEU)) is:

E:XD(HEU): (Mupeup + Mpwepw) — (Mgy€sy +

MFG €rG ) ) )

ExpuEv) = Mup (eup — €r¢) — Mpw(esy — €pw)

17)

Where:
€up = hup — ToSup (18)
&rw = hpw — ToSpw (19)
&y = hsy — ToSsy (20)
&r¢ = hpe — ToSre (21)
Sre =Sa + Cp ln% (22)

At T, = 200K, S, = 1.29559kJ/kgK & C,, = 1 ki/kgK
(Specific heat capacity of exhaust flue gas) [4] &
[16].

Heat output

Exergy efficiency (Nicuev)) = reatimpur % 100%

Heat in steam output

= 0,
n”(HEU) Heat in hot products input x 100%
MsHesH — MFwerw 0
HH(HEU)_ Mupenp — Mrgere x 100%
n Msp(hsy — ToSsH) — Mpw(hrw — ToSFw)
(HEU) = Myp(hyp — ToSHpP) — Mrg(hrG — ToSFG)
100%
nlI(HEU)— SH[(hSH ToSsu) ~(hew ~ToSrw) | 5 1004
ME6[(hyp - ToSup ) ~(hpG — ToSrG)]
(23)

¢) Typical boiler unit

Therefore, the detail split-up modeling technique is
applicable if the whole component comprises of a two
units i.e. the combustion and heat exchange units as
shown in fig.3. [28] & [23]:

Energy Loss of boiler unit (QL(BO))

Qu@on= Quccuny + Quurun (24)
Energy Efficiency of boiler unit:

_ Heat output 0

(nI(BO)) ~ Heat input x 100%

_ Heat in steam output 0

HI(BOD " Heat in fuel input x 100%
Msuhsy — MFwhrw 0

NiBo1)= - X 100%
Msp(hsy —hFw) 0

I]I(Bol) Vipo(HAV) X 100% (25)

Exergy Destruction of boiler unit (Exp (go)):
Exp®ony= Expcury T Exprur) (26)

Exergy Efficiency of boiler unit:

Heat output
=X 0,
(HH(BO)) Heat input 100%
_ Heat in steam output 0
HH(BOl) " Heat in fuel input x 100%
MsuesH — Mrwerw
ipor) = “HH=MEWER o« 10006
FOEFO
n - Msy(hsy = ToSsu) = Mpw(hrw = ToSFw) x
1(Bo1) Mpo(hro = ToSFo )
100%
Msh[(hsh = ToSsu)— (hrw — ToSFw)]
= x 100%
HH(BOD Mpo(HHV=ToSFo)
(27)

B. Mathematical modeling of KRPC Boilerl

)

1 [——— TEEF W

o
»
‘FJ
]
i
wllplz
=
m
Q

Fig. 6: Schematic flow diagram of KRPC Boiler 1

a) Combustion unitl

31

29 Comb. 30
Trnie 1

Fig. 6: Schematic flow diagram of Combustion unit 1

Mass balance: ' .

M3p + My9= M3, (28)
Energy balance:
Exergy inlet = Myghsy + Maohys (29)
Exergy exit = M, hgy

ISSN: 2395 - 0250

www.internationaljournalssrg.org

Page 6



www.internationaljournalssrg.org

SSRG International Journal of Thermal Engineering (SSRG-1JTE) - Volume 6 Issue 1 Jan — April 2020

Therefore, energy baIancg is: _
Msohzg + Maghyg = M3ihsy
M3zgh3zg +Maohag
hs, = = g
31
But, h;, = HHV [4] & [16].
Rar = M3o(HHV) +Mz9h39
3177 .,

(30)

Energy efficiency is 100% (adiabatic process)
_ _Msihs  _
Nicun= g7, vy = 100%  (3D)
Exergy balance: _
Exergy inlet = M3pe39 + Mo9€sq
Exergy exit = M3;&31 + Exp(cun)

Therefore, exergy balance is:
M3o€30 + MaoEa9 = M31631 + Expcun

Exergy Destruction (EXD(CU,)) is:

Exn(cm) = (M30530 + M29529) - (M31531)
(32)
Where:
€30 = &pn
&30 = (’?30 — ToS30) (33)
Ss =22 (34
2 LHV
Tao =Too + o imamy 39
Where:
€29 = (h29 — TS29) (36)
€31 = glh31 — ToS31) (37)
831 = % (38)
31

Therefore, the exergy efficiency (Nicuy)) is:

M3 (h31 — ToS31) (39)

n”(CU1) T M3o(HHV-TyS30)

b) Heat exchanging unitl

- BFW

Fig. 7: Schematic flow diagram of Heat exchange
unit 1

Mass balance:
Ma7 + M3y = M3, + Myg  (40)
M,; = Myg and M3, = M3,

Energy balance: '
Energy inlet = M3, hsq + Mysh,,
Energy exit = (Mpghyg + M3zhs,) + Quemeuny

Therefore, energy balance is:
M31h31 + M27h27 = (M28h28 + M32h32) + QL(HEUl)

Energy Loss (Qpqugu1)) is:
QL(HEUl) My (hgy — hgy) — My;(hyg — hyr)
(41)

Therefore, the energy efficiency (I]I(HEUD) is:
Maghag— Ma7hay

nl(HEUl) - M3z1h3q — M3zhs3; x 100%
Myg(hag — ha7)
Minevn) = 5 s gy < 100% (42)
hsy =a(Ts2)%* + b(T3,) + ¢ (43)
Where:

a=1.683x 1075 b=0.233 & c=-18.03

Exergy balance:
Exergy inlet = M3 651 + My, 657
Exergy exit = (Myg€28 + M3363, ) + Expuen)

Therefore, exergy balance is:
M3 €31 + My7657 = (Mageng + M3z€35 ) + Exp e

Exergy Destruction (Exp uzy1)) Is:
EXD(HEUI) (M31531 + M27327) - (Mzafzs
M32532) (44)

Where:
€31 = h3y — TS5, (45)
&7 = hyy — ToS27 (46)
€28 = hag — TSz (47)
€32 = h3z — TS, (48)

S32 =50+ C, lnT32
Ssp = 1.29559 + (1)1 TS; (49)

Therefore, the exergy efficiency (nn(HEUl)) is:

n - _ Magéag — My7€27 % 100%
NHEUD™ M31631 — M3€32

Moyg(hag — ToS: Mo7(hyy — ToS:
28(h2g — ToS28 ) — Ma7(h27 — ToS27) % 100%
M3 (h31 — ToS31) — M32(haz — ToS32)

Nirweun=
(50)

¢) KRPC boilerl

The detail split-up modeling technique is applicable if
the whole component comprises of a two units.
Typically, the combustion and heat exchange units as
shown in fig 5[28].

Energy Loss of boiler unit (Qp(zo1)):
Qo= Qrcuny + Qreu (53)

Energy Efficiency of boilerl (1;go1)):

Myghag — Ma7hay

Migony= = 7 7o X 100%
Mjg(h h
Miggon= a2 x 100%  (54)
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Exergy Destruction of boilerl (EXD(BOU):
Exp®ony= Expcury + Exprvry  (55)

Exergy Efficiency of boilerl (I;go1)):

IVV. CONCLUSION

The mathematical model that is meant to determine
the temperatures, mass flow rates, enthalpies,
entropies, and exergies of material streams in the
utility boiler of KRPC steam power plant as presented
in this research work, would afford the plant
operators, plant managers, and management of the
company with a better alternative in analyzing the
utility boiler and providing important measures
needed in planning the maintenance schedule of the
plant. The evaluated properties were further used to
obtain performance variables like energy losses,
exergy destructions, energy efficiencies and exergy
efficiencies of the combustion unit, heat exchange
unit, and the entire utility boiler. It is further expected
that the developed mathematical model of the utility
boiler of the KRPC steam power plant would be
implemented as a computer program for precision,
time reduction and ease of usage.

It is expected that researchers, instructors and
postgraduate  students of energy science and
engineering will find this research study imperative in
devising the basic method required in carrying out
energetic and exergetic analysis of utility boilers. The
mathematical model for assessing the performance of
the utility boiler of the KRPC steam power plant in a
summarized manner is shown in the Appendix.
Finally, these model are not limited, users could

Mageag — My7€27 x 100%

Moy = = -
_ Mag(hog — ToS28) — M27(ha27 — ToS27) 0
1[(Bo1) = Vizo(hs0 — ToS20 ) x 100%
_ Mag[(hag — ToSz8)— (ha7 — ToS27)] 0
Nueor) = Vigg(HHV— ToSsg) X 100% (56)
discover alternative model related to solving

problems in utility boilers using energy and exergy
techniques, with the hope that after proper
implementation and due consideration of the model,
the problem of the plant output deterioration and fuel
consumption would be the thing of the past.
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APPENDIX: ENERGETIC AND EXERGETIC
MODELING OF THE UTILITY BOILER
The mathematical model of the KRPC utility boiler
included chemical and physical exergies that were
developed using a theoretical model of typical boiler
and the sketched schematic flow diagram of the plant
as depicted in fig. 1. The energetic and exergetic
model in the combustion unitl, heat exchanging unitl
and boilerl which would be used in analyzing the
performance of boilerl are summarized in Tables 1 —
3 accordingly, which includes energy losses, exergy
destructions, energy efficiencies, and exergy

efficiencies.

TABLE I: SUMMARY OF ENERGETIC AND EXERGETIC PARAMETERS OF COMBUSTION UNIT1

Performance Parameter

Mathematical Model

Energy Loss of combustion unit]

QL..:L—M:, =0 (Adiabatic process)

Energy efficiency of combustion unitl

Nicun= M

Mg, h . . .
—3L 31— 100% {Adiabatic process)
20 X HHV

Exergv Destruction of combustion unit]

Exa(cm} = (Maugau +M:95:9) - (Malsﬂl)

Exergy efficiency of combustion unitl

Nuceuny = A 100%

Mal{hal _ TD SE-J.:]

Mg (HHV — Ty 534
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TABLE II: SUMMARY OF ENERGETIC AND EXERGETIC PARAMETERS OF HEAT EXCHANGE UNIT1

Performance Parameter

Mathematical Model

Energv Loss of heat exchange unitl

QL-(HEUl) = Mﬂl(hﬂl — hsy) — Mi?('&:s — hyy)

Energy efficiency of heat exchange unitl

rlI(Hsr:l] =

HZS{hZS — hZ'J’]
Hal(hal - hazj

X 100%

Exergv Destruction of heat exchange unitl

EED(HEUJ.}: (MElEEl + M:?E:?) - (M:BE:B + "‘:fa: £32)

Exergy efficiency of heat exchange unit1

I]H(HEEII]z

ﬂZQ{hZQ — TD 529 j — MZ?':‘FEZ'? — TD 52'? ]

‘H&Bl(hal - TD SBJ.j - -’i'faz':haz - TD 532]

X 100%

(1]

[2

(31

(4]

[5]

(6]

[71

(8]

[]

TABLE IT: SUMMARY OF ENERGETIC AND EXERGETIC PARAMETERS OF BOILER1

Performance Parameter

Mathematical Model

Energv Loss of boilerl

QL-I:Bnl}z QIL-(CUl} + Q.L-I:HELfl}

Energv efficiency of boilerl

_ Myg(hag —has)
n]{Bnl}_

MED

X 100%
x HHV

Exergv Destruction of boilerl

EED(BDl]I: Exa(cm} + EED(HEUl}

Exergv efficiencv of boilerl

_ Mag[lhyg — TyS25) — (hy; — Ty

537)]

Nuigen™

; > 100%
Mg o (HHV — Ty Saq)

REFERENCES

Akubue, G. U., Enibe, S. O., Njoku, H. O. & Unachukwu, G.
O., 2014. Exergy Analysis of a Steam Boiler Plant in a
Brewery in Nigeria. International Journal of Scientific &
Engineering Research (IJSER), Volume 5, Issue 5 , pp. 868-
874.

Aljundi, I. H., 2009. Energy and exergy analysis of a steam
power plant in Jordan. Applied Thermal Engineering, vol. 29,
no. 2-3, pp. 324-328.

Anjali, T. H., 2015. Analysis of Efficiency at a Thermal
Power Plant. International Research Journal of Engineering
and Technology (IRJET), volume 2, issue 5, 1112-1119.
Cengel, Y. A. & Boles, M. A,
Thermodynamics.Beiging: Tsinghua University Press,
2002 p. 110.

Dang, R., Mangal, S. K. & Gaurav., 2016. Energy and
Exergy Analysis of Thermal Power Plant at Design and Off
Design Load. International Advanced Research Journal in
Science, Engineering and Technology Vol. 3, Issue 5 , pp. 29-
36.

Dongre, S. & Sahu, G., 2015. Energy and Exergy Analysis in
Thermal Power Plants. International Journal of Science and
Research (1JSR) ISSN (Online): 2319-7064 Index Copernicus
Value (2013): 6.14 | Impact Factor (2013): 4.438. Volume 4
Issue 3, pp. 37.

Dubey, K.K. &Mishra, R. S., 2017. Thermodynamic
(Energy-Exergy)Analysis of Nine MW Coal Based Thermal
Power Plant Using Entropy Generation Principle. American
Journal of Engineering Resea

Egware, H.O. & Obanor, A. I., 2013. Exergy Analysis of
Omotosho Phase 1 Gas Thermal

Power Plant. International Journal of Energy and Power
Engineeringch. volume 2, number 5,

pp. 197-203, doi: 10. 11648/j.ijepe.20130205.13.

Eke, M. N., Onyejekwe, D. C., llogje, O.C., Ezekwe, C. I.
and Akpan, P. U., 2018. Energy and Exergy Evaluation of a
220 MW Thermal Power Plant. Nigerian Journal of
Technology (NIJOTECH) Vol. 37, No. 1, pp.115-123.

2002.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

El-Zayati, K. A. N. A., Abdel-Hadi, E. A., Taher, S. H. &
Abdel-Aziz, I. H., 2017. Computer — Aided Evaluation of
Steam Power Plants Performance Based on Energy and
Exergy Analysis. International Journal of Innovative
Research in Science, Engineering , Vol. 6 Issue 2.

Hafdhi F., Khir T., Yahyia A. B., & Brahim A. B., 2015.
Energetic and exergetic analysis of a steam turbine power
plant in an existing phosphoric acid factory. Contents lists
available at Science Direct, Energy Conversion and
Management 106 , pp. 1230-1241.

Kaduna Refining and Petrochemical Chemical (KRPC),
2019. Operating manuals for Steam Generation Facilities,
Power Generation Facilities and Utility Facilities of KRPC.
Tokyo Shibaura Electric Co. Ltd. Ishikawajima-Harima
Heavy Industries Co. Ltd. Japan.

Kanoglu, M., Dincer, I, & Rosen, M. A., 2007.
Understanding energy and exergy efficiencies for improved
energy management in power plants. Energy Policy 35 , pp.
3967-3978.

Mborah, C. & Gbadam, E. K., 2010. On the Energy and
Exergy Analysis of a 500 KW Steam Power Plant at Benso
Oil Palm Plantation (BOPP). Research Journal of
Environmental and Earth Sciences 2(4) , 239-244.

Musa, N. A. & Adam, M. S., 2015. Analysis of Steam Power
Plant at Kaduna Refining and Petrochemical Company from
Exergetic Perspective. British Journal of Applied Science &
Technology. Vol. 8 issue 6 , pp. 558-566.

Ohijeagbon, I. O. , Waheed, M. A. & Jekayinfa, S.0., 2013.
Methodology for the physical and chemical exergetic analysis
of steam boilers. Elsevier, Energy 53, 153-164.

Ohijeagbon, I. O., Waheed, M. A. & Jekayinfa, S.O., 2012.
Methodology for Energy and Exergy Analysis of Steam
Boilers. Journal of Energy Technologies and Policy. Vol. 5
Number 1, pp. 29-30.

Osueke, C. O., Onokwai, A. O. & Adeoye, A. O., 2015.
Energy and Exergy Analysis of a 75 MW Steam Power Plant
in Sapele (Nigeria). International Journal of Innovative
Research in Advanced Engineering (IJIRAE) , Volume 2
Issue 6.

ISSN: 2395 - 0250

www.internationaljournalssrg.org

Page 9



www.internationaljournalssrg.org

[19]

[20]

[21]

[22]

[23]

[24]

SSRG International Journal of Thermal Engineering (SSRG-1JTE) - Volume 6 Issue 1 Jan — April 2020

Pattanayak, L., 2014. The Influence of Operational
Parameters on Boiler Performance: An Exergy Analysis.
International Journal of Advances in Engineering and
Technology (IJAET), ISSN: 22311963, vol. 7, Issue 5, , 1489
— 1496.

Pattanayak, L., 2015. Thermodynamic Modeling and Exergy
Analysis of Gas Turbine Cycle for Different Boundary
Conditions. International Journal of Power Electronics and
Drive System (IJPEDS), volume 6, no. 2, , 205-208.

Pilankar, K. D. & Kale, R., 2016. Energy and Exergy
Analysis of Steam and Power Generation Plant. International
Journal of Engineering Research & Technology (IJERT) |,
Volume 5 Issue 06.

Raja, A.K., Srivastava, A.P. & Dwivedi, M., 2006. Power
Plant Engineering. New Delhi:

International (P) Limited, Publishers, Pp. 2-3.

Saidur, R., Ahamed, J. U. & Masjuki, H. H., 2010. Energy,
Exergy and Economic Analysis of Industrial Boilers.
Contents list available at Science Direct, Energy Policy 38 ,
pp. 2188-2197.

Satish, V. & Raju, V. D., 2016. Energy and Exergy Analysis
of Thermal Power Plant. International Journal of

[25]

[26]

[27]

[28]

Engineering Science and Computing (IJESC) , Volume 6
Issue 8.

Tokyo Shibaura Electric Co., 1981. Operating manuals for
Steam Generation Facilities, Power Generation Facilities
and Utility Facilities of Kaduna Refining and Petrochemical
Chemical (KRPC) Limited. Japan: Ishikawajima-Harima
Heavy Industries Co. Ltd.

Shimpi V. D., and Mr. Mandhara Yadav., 2015. Energy and
Exergy Analysis of High Stem Boiler. International Journal
ofAdvance Research in Engineering Science and Technology
(IJAREST), Volume 2, Issue 5. Impact factor 1.125 , 1-4.
Yunus M., A. M., 2014. Energy Based Analysis of a Thermal
Power Station for Energy Efficiency Improvement.
International Journal of Modern Engineering Research
(IIMER), I1SSN: 2249-6645, vol. 4, Iss. 3, , 72-78.

Zhao, Z., Yuan, Z., Cui, Q. & Yan, N., 2010. Exergy
Analysis of WGZ220/6.8-1 Type Alkali Recovery Boiler.
Modern Applied Science, volume 4 no. 2, pp. 23-30.

ISSN: 2395 - 0250

www.internationaljournalssrg.org

Page 10



www.internationaljournalssrg.org

