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This paper proposes an approach for improving the plant efficiency by reducing the heat rejection
temperature of power cycle using Kalina Cycle System 11 (KCS11) which is integrated at the steam
condenser of a 500 MW, SubC (subcritical) coal-fired power plant. It is modelled by using power plant
simulation software ‘Cycle Tempo’ at different plant operating conditions. Results show that the
additional net electric power of 5.14 MW, from KCS11 improves the net energy and exergy
efficiencies of the power plant by about 0.302 % point and 0.27 % point, respectively at full load over
the stand-alone coal-fired steam power plant. Thereby, the carbon dioxide (CO,) emission is reduced
by about 2.02 t/h at full load. Combined plant efficiencies decrease with decrease in evaporator outlet
temperature due to decrease in vapour quality of binary mixture at turbine inlet and higher steam
turbine back pressure. Levelized Cost of Electricity (LCoE) generation and payback period of the
combined cycle power plant are about Rs 1.734 and 4.237 years, respectively and the cost of fuel
saving is about Rs 0.685 per kg of coal which is lower than the fuel cost.

doi: 10.5829/ije.2018.31.10a.23

1. INTRODUCTION

The global energy concerns due to depleting fossil fuels
and drastic climate change put the researcher to a great
challenge. Efficient use of energy and waste heat
recovery becoming the suitable option for mitigating
rising problems comes from coal-fired power plant. The
low graded waste heat recovery at condenser may be an
attempt towards improving plant efficiency as about 50-
60% of the total input energy is lost in the condenser.
Turbo-generator (TG) cycle efficiency of steam power
plant can be improved by reducing the heat rejection
temperature at condenser. For which, condenser loss can
be reduced. Reduction of heat rejection temperature at
condenser side causes lower condenser back pressure
and thereby, the exit loss of low pressure steam turbine
(LPT) and the moisture content at the later stage of
turbine blades increases. This will in turn decrease the
TG cycle efficiency and thereby, the modern coal-fired
steam power plant is designed at optimum condenser
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back pressure of 0.103 bar to run the plant efficiently.
By considering this matter in view, the latent heat of
steam exhausted from steam turbine can be used for
additional electric power generation by using KCS11
where, ammonia-water mixture is used as working fluid.
Thereby, it reduces the heat rejection temperature at the
condenser of combined cycle power plant due to further
expansion of binary vapour mixture in the turbine. As a
result, it improves the plant efficiency and reduces the
fuel consumption for the plant. The use of conventional
steam power cycle is not economically feasible to
recover low-grade waste heat [1]. K. Matsuda
developed and implemented a Low Heat Power
Generation (LHPG) system based on Kalina cycle in
Japan by utilizing low-grade waste heat of the overhead
vapor from the fractionators and achieved electric power
generation of 3.3 MW, with gross thermal efficiency of
8% at heat source temperature of 120 °C [2]. Last few
decades, various combined cycle system have been
proposed by several researchers and analyzed the
system by varying working fluids to optimize the
system performance [3, 4]. Kim et al. [5] designed a
scroll expander of 45% efficiency which was lower in
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size compared to conventional involutes scroll and
tested the prototype in a R134a Rankine cycle with heat
source of 20 kW. As far as power generation is
concerned, Kalina cycle is more suitable efficient
technology for power generation from low grade waste
heat [6]. Nami et al. [7] performed a parametric
optimization of a combined system whcich is
combination of methane fired gas turbine with
supercritical CO. and Organic Rankine Cycle.
Parametric optimization for performance improvement
of ORC have been done by using different working
media for waste heat recovery from the low graded heat
sources and results show that R123 has higher cycle
efficiency compared to R12, R1341 etc. [8, 9]. Khankari
and Karmakar [10] utilized coal mill reject particles for
additional electric power generation using Kalina cycle
which was modelled in the MS Excel macros.

To the best of authors’ knowledge, there is hardly
any research work carried out for reducing the heat
rejection temperature of working fluid at condenser for
efficiency improvement of coal-fired steam power plant.
In the present study, the condenser of main steam power
cycle (Rankine cycle) is replaced by the evaporator of
Kalina cycle system 11 (KCS 11) for condensing the
expanded steam and simultaneously, generate the
ammonia-water  vapour mixture for generating
additional electric power through expanding vapour
mixture in a binary mixture turbine.Thermodynamic
performance study of the proposed combined Rankine-
Kalina power cycle is carried out to measure and
optimise the plant performance by varying different
operating conditions through energy and exergy
analysis.

2. SYSTEM DESCRIPTION

Figure 1 shows the 500 MW, standalone SubC coal-
fired steam power plant and Figure 2 shows the flow
diagram of 500 MW, combined Rankine-Kalina cycle
power plant. In Figure 2, main plant condenser is
replaced by the evaporator of KCS11 for exchanging
heat in between working fluids of Rankine cycle and
KCS11. In the evaporator, phase change of ammonia-
water mixture occurs at different quality and separated
saturated vapour binary mixture is supplied to the binary
mixture turbine for expansion and it is condensed in the
condenser of KCS11 by cooling water flow. Cooling
water is circulated by cooling water (CW) pump.
Saturated hot liquid binary mixture from the separator is
used as extraction fluid for binary mixture heating and
then it is discharged into the condenser. Saturated
ammonia-water liquid binary mixture is again fed to the
evaporator by running feed pump after heating in the
heater. The generator of KCS11 is directly coupled with
the binary mixture turbine.

|
Figure 1. Schematic diagram of 500 MW, Stand-alone SubC
coal-fired steam power plant

Figure 2. Schematic diagram of 500 MW, combined Rankine-
Kalina cycle coal-fired power plant

3. METHODOLOGY

Thermodynamic performance analysis of 500 MW,
combined Rankine-Kalina cycle coal-fired thermal
power plant is done by ‘Cycle-Tempo’ modeling
software which constitutes a flow-sheet computer
program [11]. System input parameter at different
operating conditions of the equipments and process path
are specified like pressure, temperature, coal quality and
efficiency of the pumps, fans and turbines. System
modeling has been done based on following steady state

equations.

Mass balance:

2ty = X Moy 1)
Energy balance:

Y Min hin + Qi = X Mout houe + W 2

where, ¢,: heat transfer rate to the system at
temperature Ty.
Exergy balance:
. . T . ; :
X Min Exin t Qi (1 - T_O) = X Mout Exour + W + Exp (3)

K

where, Exp, =Ty [Sgen] and &, = [(h— hg) — To(s — so)]
which, ¢, indicates specific exergy of energy carrier,
Ex;, indicates the exergy destruction in the system and
subscript ‘0’ indicates the environment condition of the
system.



1791 G. Khankari and S. Karmakar / IJE TRANSACTIONS A: Basics Vol. 31, No. 10, (October 2018) 1789-1795

3. 1. Assumptions
i. NHs;-H,O binary mixture temperature at
evaporator inlet is considered as 30 °C with
temperature rise of 10 °C.
ii. Dry saturated vapour at binary mixture turbine
inlet is considered.
iii. Cooling water pressure and temperature at
condenser inlet is 2 bar and 25 °C, respectively.
iv. The ammonia-water mixture temperature at
condenser outlet is saturated liquid.
v. lsentropic efficiencies of turbine and pumps are
considered as 95 and 85%, respectively.
vi. Ambient pressure (Po) and temperature (To) of
environment are 1.013 bar and 25 °C, respectively.
i. Lower heating value of coal (LHV): 17162.60
kJ/kg and coal analysis is given in Table 1.
viii. Excess air of 20% is supplied for complete
combustion.
ix. Evaporator shell pressure (Steam turbine back
pressure) is considered as 0.103 bar.

Vi

3. 2. Performance Parameters for KCS11 Net

energy efficiency of Kalina Cycle System 11 (KCS11):

nnet — (lecgll_ W{chI;n‘ W;fc‘é"ﬁ) (4)
kes11 Eits1a

where,

WG, indicates TG output of KCS11;
WFE .- indicates power consumed by feed pump of
KCS11,
WP . indicates power consumed by condenser
cooling water pump of KCS11.
Net exergy efficiency of Kalina Cycle System 11
(KCS11):

WS, 5
Vs = gx’;icrém ©)

3. 3. Performance Parameters for 500 MW.
Combined Cycle Power Plant Net combined
power plant energy efficiency:

comb. _ WIS+ Witga11 —pSom®
Mptant’ = Energy supplied by coal ©)
psomb- indicates the auxiliary power consumption for
combined power plant. It includes power consumed by
fans, pumps ( Wegp, Wiesr and Wi?ﬁl)gnd others
(about 2.93% of total generation) of the combined plant.

Energy supplied by coal = meyq LHV (7)

Net energy efficiency of combined Rankine-Kalina
cycle system:

jzcomb.
_ Wret

net
ncomb.cycle - Efrfz"b' (8)
rej  _ cw cwout cw in 9
Ecomb. - mkcsll(hkcsll - hkcsll ( )

TABLE 1. Proximate analysis of coal

Proximate analysis of coal Unburnt carbon

™ ASH VM C Bottom ash Fly ash
(CO R CO RN ) (%) (%) (%)
6 40 16 38 25 15

Net combined power plant exergy efficiency:

i i7TG H .
Wr;rlg+ch511 _pg(dg?b (10)

Wplant - Exergy supplied by coal

Exergy supplied by coal = M¢ya; Ecoar (12)
Specific exergy of coal ( &.,4;) is calculated as follows:
Ecoar = (0.9775LHV,4q; + 2.416) +

(0.0065LHV,qq + 0.054) (12)
Net exergy efficiency of combined cycle system:

W;gmb.
W?srtnb.cycle = E:xicrgt?b' (13)
Exlomp. = Mitens (ER0GH" — €041 (14)

CO, emission can be reduced by saving coal under same
load condition and calculated as follows:

. saving

" %UCpa
CO;eductian _ _coal

100 )} (15)

{%C—%Ash(o.so%w.zo

100

Relative energy/exergy (Ren/Rex): It can be defined
as the ratio of energy or exergy of a system to unit gross
generation.

4. RESULTS AND DISCUSSION

4. 1. Model Validation and Parametric Analysis of
500 MW. Combined Cycle Power Plant
Simulation results of 500 MW, main steam power plant
and KCS11 are closely matched with the performance
data of published research papers [12] and [6],
respectively. Energy and exergy balance of 500 MW,
stand-alone SubC coal-fired power plant and 500 MW,
combined Rankine-Kalina cycle power plant are carried
out at 100% of rated load which is given in Tables 2 and
3, respectively. From Tables 2 and 3, it is observed that
the condenser energy and exergy losses are reduced by
about 0.424% point and 0.876% point, respectively.
Thereby, energy and exergy efficiencies of combined
cycle power plant is more than Rankine cycle power
plant by about 0.302% point and 0.27% point,
respectively at full load due to additional electric power
generation of about 5.14 MW, from the KCS11. For
which, heat rejection temperature is reduced to about 30
°C, Improvement of efficiency is very less due to high
condenser back pressure of KCS11 which causes less
enthalpy drop across the turbine. The priority is given
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more importance in the conversion of low graded waste
heat energy into high graded mechanical works rather
than the less thermal efficiency.

From Figure 3, it is also found that relative energy
rejection and relative exergy destruction of the
combined power cycle reduces due to less relative
energy and exergy input. The proposed combined
Rankine-Kalina power cycle is one of the suitable
technologies for converting condenser waste heat into
electricity.

4. 2. Effect of Load Variation on the Plant
Performance Parameters Plant performance
analyses are done at different plant load condition. For
this instance, analysis results are given at 60, 80 and
100% of rated load condition. From Figure 4, it is
observed that the net plant energy and exergy
efficiencies increase with increase in load and increment
slope reduces after 80% of rated load due to less
throttling effect of control valves. It is also observed
that the gap in between energy and exergy efficiencies
of both the plants are reduced towards higher load due
to less exergy destruction associated with large opening
of control valves. As a result, relative energy and exergy
input to the cycle of both the plants are reduced (Table
4).

TABLE 2. Energy balance (%) at 100% load
500 MW Stand-alone 500 MW Combined

Components coal-fired power plant  cycle power plant
Power plant gross

efficiency (%) 39.676 40.500
Condenser loss

(%) 51.900 51.476

Heat rejected

through stack (%) 5.954 5.954

Heat rejected in

bottom ash (%) 0813 0.822

Other losses (by 1.657 147

difference) (%)

TABLE 3. Exergy balance (%) at 100% load

500 MW Stand-alone 500 MW Combined

Components coal-fired power plant  cycle power plant
Power plant gross

fficiency (%) 35.460 36.200
Condenser loss

%) 1.184 0.307
Turbine losses (%) 4.902 4.946
Heaters losses (%) 0.238 0.260
Boiler loss (%) 54.980 55.538
Others losses (by 3.937 2750

difference) (%)

It is also observed from Figure 5 that the improvement
of net energy efficiency of combined Rankine-Kalina
cycle power plant over stand alone steam power plant is
higher at higher load due to less energy rejection and
less exergy destruction of the cycle (Table 4). Through
this combined Rankine-Kalina power cycle approach,
maximum net plant energy efficiency improvement is
achieved as about 0.302% point at full load and this
improvement reduces the CO, emission by about 2.02
t/h.

2.50 1
®500MWe stand-alone steam power plant
2 - "
-00 0 500MWe Rankine-Kalina cycle power plant
1.50 A
1.00
0.50
0.0 | : : . — -
Relative Relative Relative Relative Relative
energy input energy exergy input exergy exergy
rejection rejection destruction

Figure 3. Energy and exergy analysis of the plants

40% - ==#=-Stand-alonc steam power plant energy cfficiency 36%
= Combined Rankine-Kalina cycle plant energy efficiency

— d-al. P plant exergy y
389 | e Combined Rankine-Kalina cycle plant exergy efficiency, . - -

B

Net exergy efficiency

5
5
z

32% A

30% T t+ 30%
60 80 100

Load (%)

Figure 4. Effect of part load on plant performance

TABLE 4. Energy and exergy analysis of the main and
combined power plant at different part loads
500 MW, Stand-alone steam 500 MW, Combined Cycle

% of power plant Power Plant
load

Rlnten Rrejen leex Rrejex Rdeslex Rlnten Rrejen Rmtex Rrejex RdEStex

100 2.321 1.308 1.217 0.006 0.198 2.273 1.271 1.192 0.0085 0.185
80 2.361 1.347 1.239 0.006 0.219 2.312 1.310 1.212 0.0087 0.204
60 2.429 1.416 1.272 0.007 0.253 2.377 1.376 1.245 0.0092 0.237

0.32 n
i ==¢--Improvement in net plant energy . 2.05
efficiency of combined cycle power
-E' plant over stand-alone steam power
E 0.30 1 plant . -7
3 —&— CO2 reduction (t/hr) P
H - F1.80 =~
= Lo” =
& - s
EES o2 e =
- . )
S8 | jeee 1
s> | - 1.55 2
g 0.26 ¢~ =
& e
5 &}
-
S
0.24 T 1.30
60.00 80.00 100.00

Load (%)

Figure 5. Efficiency improvement at different part loads
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TABLE 5. Energy and exergy analyses of KCS11 of combined cycle power plant at different NHs mass fraction

Condition 100% of rated load

Ammonia mass fraction 0.860 0.880 0.900 0.920
Net TG output (kW) 4864.420 5008.420 5139.910 5264.490
Net energy input to KCS11 cycle (kW) 640416.592 640217.232 640040.025 639870.783
Energy rejected from KCS11 cycle (kW) 625292.231 631260.669 635535.688 638719.862
Exergy input to KCS11 cycle (kW) 38072.415 34156.989 29125.861 23171.589
Exergy rejected from KCS11 cycle (kW) 4168.615 4208.404 4236.905 4258.132
Exergy destructed in KC11 cycle (kW) 29039.380 24940.164 19749.046 13648.967
Net cycle energy efficiency of KC11 (%) 0.760 0.782 0.803 0.823
Net cycle exergy efficiency of KC11 (%) 12.777 14.663 17.647 22.720
Net combined plant energy efficiency (%) 38.425 38.437 38.447 38.458
Net combined plant exergy efficiency (%) 34.342 34.352 34.362 34.371
4. 3. Effect of Ammonia Mass Fraction Variation 24 1 —=— Net exergy efficiency r0.84
on the Performance of KCS11 and Combined ofKCS11 '
Cycle Power Plant Ammonia mass fraction =~¢--Netenergy efficiency 1

variation in NHs-H,O binary mixture of KCS11 is
studied and the results of ammonia mass fraction at
0.86, 0.88, 0.90 and 0.92 are given in Table 5. From
Figure 6, it is observed that net energy and exergy
efficiencies of KCS11 increases with ammonia mass
fraction due to increase the input energy through KCS11
turbine which causes more TG output from KCS11.
This improvement increases the energy and exergy
efficiencies of combined Rankine-Kalina cycle power
plant (Table 5). Higher vapour mass fraction is caused
by the lower saturation temperature at higher ammonia
mass fraction. As a consequence, amount of vapour
mass flow rate through the turbine increases and the
amount of saturated liquid mixture for the feed heater of
KCS11 also reduces. It is also analyzed that the energy
rejection increases and exergy destruction rate decreases
with increase in ammonia mass fraction.

4. 4. Effect of Temperature Rise of Binary Mixture
Across the Evaporator on the Plant Performance
Temperature rise at the evaporator may deviate from its
design value due to different real problems in the heat
exchanger. This effect is studied by varying evaporator
outlet temperature and results are shown in Figures 7
and 8. From Figure 7, it is observed that the net energy
and exergy efficiencies of combined cycle power plant
decreases with decrease in temperature rise at
evaporator outlet. The lower temperature rise across the
evaporator increase the steam turbine exhausts pressure
and reduces the specific work output from the steam and
binary mixture turbines (Figure 8). Specific work output
is reduced due to less enthalpy drop across the steam
and binary mixture turbines due to higher evaporator
back pressure (shell pressure) at steam turbine exhaust
and low quality of vapour mixture at binary mixture
turbine inlet.

y, F 0.81

Exergy effiiciency (%)
Energy efficiency (%)

T T 0.75
0.86 0.88 0.90 0.92

Ammonia mass fraction

Figure 6. Effect of NH3 mass fraction on KCS11 performance

46.00 1 l 93.00
T S i B=c===- 83.00 5
g wooRr-rmrmr T T T pl R, ] g
O L L z
N 1
5 i ==#==Net TG cycl fficiency of combined lant B3
2 42.00 4 et TG cycle energy efficiency of combined power plant E
% —i— Netenergy efficiency of combined power plant 63.00 E‘
g )
2 40,00 4 = B = Net TG cycleexergy efficiency of combined power plant 2
" 53.00
% == « Netexergy efficiency of combined power plant g
38.00 —
— 43.00
I
7 8 9 10

Temperature rise (°C)
Figure 7. Effect of temperature rise on plant performance

10000.00 0.16
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= 2
=

4000.00 . ML EE b, BT
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Figure 8. Effect of temperature rise on KCS11performance
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TABLE 6. Economic comparison of the plants

Description Unit 500 MW, Coal-fired power plant 500 MW, Combined cycle power plant
Capital cost (Cc) Rs./kw 50800.000 51021.760
Life of the power plant (n) Year 25.000 25.000
Discount rate (d) fraction 0.120 0.120
Capital recovery factor (RFc) fraction 0.127 0.127
Annualized capital cost (CCp) Rs./kW 6476.998 6505.273
Plant capacity factor (PCF) fraction 0.900 0.900
Auxiliary power consumption (Payx) fraction 0.044 0.051
Net energy generated annualy (Pnet) kKWh/kW 7537.892 7485.070
Fixed capital cost per unit (FCc) Rs./kWh 0.859 0.869
Fixed O&M cost (FOM) Rs./kw 971.550 975.791
Fixed O&M cost per unit(FCosnm) Rs./kWh 0.129 0.130
Fuel cost (Cruer) Rs./kg 0.750 0.750
Lower heating value of fuel (LHV) kJ/kg 17162.600 17162.600
Net heat rate(NHR) kJ/kWh 9490.169 9363.079
Fuel cost per unit (FCye) Rs./kWh 0.415 0.409
variable O&M cost per unit (FCyom) Rs./kWh 0.200 0.200
Total variable cost per unit (Cy) Rs./kWh 0.615 0.609
Annualized cost of electricity generation (ACoE) Rs./kWh 1.603 1.609
Excalation rate (fuel/O&M- fixed and variable) () fraction 0.031 0.031
Equiavalent discount rate with escalation (d') fraction 0.087 0.087
Levelizing factor (Lf) fraction 1.170 1.170
Levelized fuel and O&M cost(C,) Rs./kWh 0.870 0.865
Levelized cost of electricity generation (LCoE) Rs./kWh 1.729 1.734
Simple payback period (SPP) Year 4.205 4.237
Additional cost for KCS11 integration Rs./kWh - 0.005
Energy saved for KCS11 integration kJ/kWh - 127.091
Cost of saved energy Rs./kJ - 0.00004
Cost of Saved fuel Rs/kg - 0.685

4. 5. Economic Comparison of the Plants
Techno-commercial feasibility of the proposed
combined Rankine-Kalina cycle coal-fired power plant
is done through economic comparison of both the plants
based on Levelized Cost of Electricity (LCoE)
generation as per research paper with plant life of 25
years. Capital cost of the steam power plant is taken as
Rs. 50,800/- per kW [12] and capital cost of KCS11 is
taken as Rs. 62,000/- per kW [10]. Capital cost of the
combined cycle power plant is calculated based on load
sharing in between the steam plant and KCS11.
Economic analysis is done by considering plant capacity
factor of 90% and coal cost of Rs. 0.75/kg.

From Table 6, it is observed that LCoE of the 500
MW, stand-alone steam power plant and 500MW,
combined cycle power plant are about Rs.1.729/- and
Rs. 1.734, respectively and also simple payback period

of the both plants are 4.205 and 4.237 vyears,
respectively. It is also found that cost of saved fuel for
KCS11 integration with steam power cycle is about Rs.
0.685/- per kg of coal which is lower than the fuel cost
(Rs.0.75/- per kg of coal).

5. CONCLUSIONS

Following are some of the major conclusions that could
be drawn from the present study:

e The net energy and exergy efficiencies of 500 MW,
SubC coal-fired thermal power plant is improved by
about 0.302% point and 0.27% point, respectively by
using KCS11 for reducing the condenser heat rejection
temperature to about 30 °C.
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e About 2.02 t/h of CO, emission can be reduced by
generating additional electric power of 5.14 MW, from
condenser waste heat at full load.

e Net energy and exergy efficiencies of the KCS11
increases with increase in ammonia mass fraction.

e Lower evaporator outlet temperature reduces the
plant performance due to increase the steam turbine
back pressure and low vapour quality at the inlet of
binary mixture turbine.

e The LCoE and payback period of the proposed
combined cycle plant are about Rs.1.734/- and 4.237
years, respectively. The cost of saved fuel is about Rs.
0.685/- per kg of coal which is lower than the fuel cost
(Rs. 0.75/- per kg ).
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