INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

G.Khankari and S.Karmakar, Vol.6, No.1, 2016

Combined Thermal-Hydro Power Generation: A
Novel Approach of Plant Capacity Addition.

Goutam Khankari**, Sujit Karmakar**

* Mejia Thermal Power Station, Damodar Valley Corporation, West Bengal- 722183, India.

** Department of Mechanical Engineering, NIT Durgapur, West Bengal- 713209, India.

(goutam_khankari@yahoo.co.in, sujitkarmakar@yahoo.com)

tCorresponding Author; Goutam Khankari, Mejia Thermal Power Station, Bankura, Damodar Valley Corporation, West
Bengal- 722183, India, Tel: +91 890 041 7127

E-mail: goutam_khankari@yahoo.co.in

Received: 23.11.2015 Accepted:16.01.2016

Abstract- This paper proposes a hydro-power plant which is coupled with cooling water system of 500MW. coal-fired thermal
power plant to quantify the additional electric power and minimize the CO emissions to atmosphere. About 16.77m%s of
cooling water gravitationally flow from cooling tower basin to CW basin with a gross head difference of 1.5m for recycling it
into the condenser and auxiliary cooling water system in a 500MW_, coal-fired thermal power plant. Maximum 195kW. hydro-
power can be generated through installation of a Kaplan turbine for plant capacity addition. Effect of gross head and flow rate
variations are studied individually and result shows that power generation increases with head and flow. Hourly about 106.13
kg of coal and 47.94 kg of CO, emission can be reduced by generating 500MW. combined thermal-hydro electric power.
Generation cost and payback period of hydro power are about 71.62 paisa/kWh and 2.04 years respectively.
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1. Introduction

Socio-economic development through industrialization
and improvement in living standard with ever increasing
population needs huge energy requirement for its sustainable
growth. Securing a cheap energy supply and minimizing
adverse environmental impact is the primary goal of any
country. Coal is the primary source of energy in India whose
reserve is about 6.8% of the world’s total reserve [1] and
about 65% of the total power generation is from coal-based
thermal power plants. Thermal power plants are running with
less efficiency due to large amount of heat energy being
rejected from condenser through its cooling system. This
depletes not only the natural resources (i.e. mainly coal) but
also creates environmental hazards.These difficulties may be
reduced through implementation of an alternative technology
for power generation. In literature, many research [2-4] have
been done to recover waste heat for power generation by
using Kalina cycle system (KCS). 0O.K.Singh and
S.C.Kaushik [5] has developed a simulation model by using
Kalina cycle to generate power from low temperature flue

gasses of coal fired thermal power plant. In recent years,
few research works [6&7] deal with transcritical CO, power
cycle for low-grade waste energy application. Yuhui Song et
al. [6] has developed a mathematical model to generate
power from solar energy with the help of transcritical CO>
power cycle. As per authors’ knowledge, there is no such
research work related to scope of hydro-power generation in
the coal-fired thermal power plant. Hydro-power generation
technology is the one of the best solution as it is well
developed technology. In the 19th century, with the advent of
electricity, people began to use the force of water to generate
electricity, first in Northumberland, England, in 1878[8].
Availability of suitable site and its location from consumers
are the key issues for hydro-power installation in India. In
this context, hydro-power plant installation in thermal power
plant may be one of the best solutions for plant capacity
addition. A 500MW. coal-fired thermal power plant
continuously uses clarified water with flow rate of about
16.25 m¥s and 0.972 md®/s for its condenser and de-
mineralized (DM) water cooling system respectively. This
large amount of hot cooling water from condenser and plate
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type heat exchanger (PHE) is fed to cooling tower (CT) for
recycling it into the CW basin from CT basin with the gross
head difference of 1.5m for avoiding the hydraulic jump and
vortex effect.

In this work, an effort has been made to generate hydro-
power from this cooling water system (CW &ACW) by
installing a Kaplan turbine and an alternator as Kaplan
turbine works efficienctly at low head application [9]. Bilal
Abdullah Nasir [10] has designed a micro-hydro electric
power station which is feasible for implementation in project
side. Nasir also showed the variation of turbine efficiency in
between 80 to 95%. Sarala and Adhau[11] has proposed to
install the pico-hydro project after taking effective measures
for cost reduction through the economic analysis of
mini/micro-hydro power project. Gudukeya and Madanhire
[12] also showed a case study for hydro-power plant
efficiency improvement by 20-25% for micro-hydro plant
with the view of turbine parameters such as surface texture,
fabrication process and material used.

The objective of the present study covers the following
aspects:

» To quantify the additional electric power through
installing a Kaplan turbine at the exit of cooling tower (CT)
channel of a 500MW, coal-fired thermal power plant cooling
water system.

» To find out its suitable design parameters for
electric power generation efficiently.

» To study the effect of key parameters (head and
flow) variation on plant performance.

» To study its techno-commercial feasibility.
2. System Description

Fig.1 shows the schematic diagram of the proposed
hydro-power scheme which is coupled with the cooling water
system of 500MW. coal-fired thermal power plant. In Fig.1,
condenser cooling water and auxiliary cooling water for DM
water cooling has been supplied by running CW and ACW
pumps respectively. Hot water from condenser and plate type
heat exchanger (PHE) are mixed and then feed to natural
draft cooling tower (NDCT) for reuse it in the cycle for
cooling. Very few percentage of hot water is being released
to ash plant to maintain the design cycle of concentration in
cooling water system by taking fresh clarified water make up
(CW make up) into CW basin. In original scheme, water
flows from CT basin to CW basin through close concrete
channel at 1.5 meter gross head difference. In the proposed
scheme, water will flow from CT basin to CW basin through
the penstock of 170 meter length and then it will pass
through a Kaplan turbine for generating hydro-power. Water
from Kaplan turbine will flow to CW basin through a draft
tube. A bypass line is shown in Fig.1 for maintenance work
of hydro-power project during main plant running condition.
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Fig.1 Schematic diagram of hydro-power plant coupled with 500MW_. coal-fired thermal power plant cooling water system.

3. Design Methodology

Following assumptions have been made for
designing the hydro-power project which is integrated with
the cooling water system of 500MW. coal-fired thermal
power plant.

»  Each CW and ACW pump have discharge capacity
of 5.42 m%/s and 0.97 m?/s respectively.

>  100%, 80% and 60% of rated thermal plant load are
considered for this analysis.

»  Three no. of CW pumps are required at and above
80% of rated thermal plant load and at lower load, two no. of
CW pumps are required for condensation of steam at
condenser.

»  Around 2.62% water loss (evaporation loss, drift
loss and hot blow down) is considered in CW & ACW
system.
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» ‘CO’ formation is neglected during coal
combustion.

To design a mini-hydro-power project, following steps
have been followed.

Step-1: Site Survey

The main goal of the site survey is to estimate the flow
rate, duration of flow and head of the site. These data are
needed to determine the potential power for this site and to
select the right equipment for site conditions. Flow duration
curve depends on the main thermal power plant running
condition. Flow rate and gross head are determined from the
following equations as per Fig. 2 (Turbine elevation from
CW basin level are very negligible for gross head
calculation).

Q= (nMew +mTiew) - 2.62% (nTigy +m Tacw)
@)
Where, Q: mass flow rate of water into Kaplan turbine,

n: No of running CW pump, m: No of running ACW pump,
ey Discharge flow rate of each CW pump, Macw:

Discharge flow rate of each ACW pump.

Gross head (Hg) = L, tan@ (2)
Penstock length (Lp) = — (3)

L. : Axial distance between intake strainer and turbine
(150m).

& : Angle of inclination of penstock with horizontal (0.499).

CT BASIN

: !

i
K-

Kaplan turbine

CW BASIN

Fig.2 Diagram for gross head (Hg) calculation.
Step-2: Intake suction at CT basin

Open type channel at intake suction of CT basin should
be designed in such a way so that uniform acceleration of
water is maintained to reduce head loss and vortex effect.
Slopping down roof and convergent wall are the best
designed option [10] that may be chosen. For this study, this
type of intake suction is already established in original main
plant scheme. So, construction cost is not considered for this
work.

Step-3: Suction strainer

To prevent the entrance of floating debris into the
penstock, six nos. of strainer with total width of 10meter and
depth of 4.5 meter are installed at the exit of intake suction
channel. These strainers are installed at 90° with horizontal.

Head loss due to strainer is calculated by below given
equation.

t 2 Sin90
Hse= Ks¢ (3)1'33 Vet 2g )
. - thick t
Where strainer co-efficient (Kg¢) =0.8 and M =
width (b}
0.2 is considered for our study.
Velocity across strainer (Vg )= Ai (5)

5|
Agtis the cross section area of strainer (perpendicular to
flow).

Step-4: Penstock

It is a circular close conduit which is used for conveying
water from intake suction to Kaplan turbine through its inlet
guide vane. It is placed at an angle of 0.49° with horizontal
with the support of saddles. Penstock length is determined
from equation 3. Internal diameter and thickness of penstock
are calculated as follows [10].

n3 Q%L
DP:ZGQ( pH p)0.18?5 (6)
g
_ (Dp+508}
tp— 1.2+ 00 7)

Manning’s co-efficient (np) = 0.013 is considered for this
work.

Head loss due to entrance of water at inlet of penstock is
calculated as;

Vz
Hop: = 0.375ﬁ (8)
Penstock water velocity (V) = AE 9)
14
VZ
Frictional head loss (Hy) = 4fL,, zg’; (10)
12
0.079 _ pVpDp

Where, co-efficient of friction (f) = —533 . R, p and
a

A, indicates the cross section area of penstock.
Step-5: Net head (Hnet) calculation

Net head available for hydro-power generation at turbine
inlet is given as;

Hper = H

g_Hst_Hent_H

. (11)

Head loss at inlet suction open channel of CT basin is
negligible and neglected.

Step-6: Kaplan turbine design
A. Turbine Power:

Shaft power developed by Kaplan turbine is given by
following equation. Turbine efficiency (#15¢) is considered

as 90%.
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Shaft power (SP) = pt p g Hper Q /1000 (kW) (12) 1 =
Net power available from generator terminal is determined as el T
follows with considering gear box and generator efficiency ! = =
as 95% and 98% respectively. %
/.
=
Net power (pfy5,o) = SP gen Neear (KW) (13) ?
. _ 1000 pﬁ;:ziro T -
Hydro-plant efficiency( Ny,y,470) = T (14) A =
B. Blade design: - L

To find out suitable design parameters, a MS Excel
based computer simulation program has been developed and
its calculation [9] and optimization flowchart is given in
Fig.4. A schematic diagram of moving blade velocity profile
is shown in Fig.3.

Fig.3 Velocity diagram of moving blade for Kaplan turbine.
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Fig.4 Simulation flow chart for Kaplan turbine design.
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Step-7: Cavitation

Cavitation may occur at the exhaust of turbine due to its
pressure fall below the vapor pressure. It creates pitting
action on the turbine blade surface and reduces efficiency
and creates vibration. To avoid cavitation, draft tube is
normally used at exit of turbine and placed above the CW
basin level (2).

To avoid cavitation, following condition must be
followed for designing the hydro-power plant.

Ns < 0.68650-5882 (15)
995

Where, Ns indicate specific speed of turbine. Draft tube
is designed by following formulas;

%) (16)

380.78

oo =028+

ve,”
Z(m) = Hgpm — Hvap — OcHpet +;—; + H&ft
(17)

40 105
3.14 Vf] (18)

Dét:[

Vg, = 0.2843V7 and V7 = Vj, are considered for this

work.

4. Plant Performance Parameters

Combined plant performance parameters are calculated
based on thermal and hydro power plant designed
parameters. Design value of coal and its consumption rate at
different load for the 500MW thermal plant are given in
Tablel. Net thermal power plant output is determined by
following equation.

p?rfgmai :(PTG - Jif)r;['u.x‘)l{:I3 (20)

Where, Prq(MW)and B, indicates turbo-generator
output and auxiliary power consumption of thermal plant.

t i
p?heermal"'pﬁ}%dro

Combined plant efficiency( 1) o HEV
coal

combined ) =

(21)

Where, meoa and HHV indicates the coal flow rate (kg/s) and
higher heating value (kJ/kg) respectively.

Coal saving is due to addition of hydro power generation in
thermal power plant is calculated as follows by keeping total
plant generation same as before.

- saving

M0 - (Kglh) = SFC plel (22)

hydro

Where, SFC (kg/kWh) indicates specific fuel consumption.

o _ 40 o5 CO; emission can be reduced from thermal power plant and
Dg: =53, Vé’:] (19)  itis given by following formula.
Coreduction (k_g) -
2 hr
s [9C —Y%Ash (0.80° o FA+0.207" DAy
(23)
100
Table 1. Coal analysis report of 500MW. coal-fired thermal power plant.
Proximate analysis of coal Unburnt carbon 100% load | 80% load 60% load
™ ASH | VM C HHV BA FA Meoal Mcoal coal
(%) (%) | (%) | (%) | (ki/kg) (%) (%) (kg/s) (kgls) (kgls)
6 40 16 38 17163 25 1.5 75.55 61.66 47.77

TM: Total moisture; VM: Volatile matter; FC: Fixed carbon; BA: Bottom ash; FA: Fly ash; micoal:

thermal power generation. (All are in mass basis)
5. Results and Discussion
5.1.  Operating design parameters for hydro-power plant

The above design methodology is implemented in MS-
Excel and VBA coded computer program (Fig.4). The result
is shown in Table 2. This study is very significant for
different capacity of thermal power plant which have
different cooling water flow rate. From this study, it is
observed that maximum 195.09 kW, hydro-power can be
generated from 500MW, thermal power plant cooling water

Coal consumption rate for

system. This amount can be increased for higher capacity
thermal power plant. Plant capacity can be increased by
additional hydro power generation and power industry can
make profit due to its less generation cost.
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Table 2. Design operating data for mini hydro-power project.

Design operati ng data Val ue
Water flow rate(m?3/s) 16.77 11.50 5.28
Gross head (Hgoss) (M) 1.50 1.50 1.50
Net Head (Hnpe) (M) 1.42 1.43 1.44
Net povwver output(k\Ww) 195.09 134.72 62.51
Penstock area (m?) 10.68 8.05 4.49
Penstock water velocity (Im/s) 1.57 1.43 1.18
Inlet guide blade angle (o) 81.60 81.58 81.54
Guide balde outer diameter(m) 1.35 1.12 0.76
Hydro-turbine efflciency (20) 90.00 90.00 90.00
Specific speed (rpm) 1403.10 1399.70 1394.25
Speed(rpm) 149.62 181.21 268.74
Runner outer diameter(Dg,,) (M) 2.04 1.69 1.14
Runner hub diameter(Dg ) (M) 0.65 0.54 0.36
Axial fFlow velocity at blade inlet(\/") (m/s) 5.28 5.29 5.31
WWhirl velocity at blade inlet (\/,,)) (m/s) 0.78 0.79 0.79
Blade velocity at inlet (U;) (Mm/s) 15.97 15.99 16.04
WWater velocity at blade inlet (\/,) (M/s) 5.33 5.34 5.36
Outlet balde angle(©5) 18.30 18.31 18.32
Inlet blade ange(©,) 19.17 19.19 19.21
VWater vapor pressure (m) 0.43 0.43 0.43
Water velocity at draft tube inlet (4" (m/s) 5.28 5.29 5.31
Draft tube inlet diameter(m) 2.01 1.66 1.13
Water velocity at draft tube outlet (\42%) (m/g 1.50 1.50 1.51
Draft tube outlet diameter(m) 3.77 3.12 2.11
Thomas cavitation factor (&) 6.95 6.90 6.83
Turbine abowve the tail race(m) 0.15 0.15 0.15
Hydro-plant efficiency (20) 79.05 79.62 80.52
5.2. Effect of cooling water flow variation on hydro-power 1.80 - 152
plant performance H, constant [
. . L50 Ton W ater velority
Thermal power plants are running at different part load. TS == Hethead | 14z
This part load variation reduces the cooling water flow 120 Rl

requirement for saving the auxiliary power consumption of
the plant. in this paper, the effect of cooling water flow
variation on hydro-power plant performance is studied at
constant gross head.

Result shows (Fig.5) that power output increases with
flow rate but hydro-plant efficiency decreases. From Fig.6, it
is observed that hydro-plant efficiency decreases due to
decrease of net available head at turbine inlet as higher water
flow velocity for a particular penstock. Turbine speed
variation is also studied and given in Fig.7.

210 H, constant r a4
" g Hit hiydro-power output
S -
17 ~ o ®= Hyro-plant efficiency
70 4 -
=~ FoBz
e <
130 A &
o ~ :
: s 2
& ~ Lao B
a0 ~ =
90 ~
h
50 T T T T T 78
5 7 9 11 13 15 17

Flow rate(m3/sec)

Fig.5 Effect water flow on hydro-plant performance.
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Net head (m)

I 144
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Fig.6 Effect of water flow variation on net head and water

velocity.
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1380 1
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=B Tubi d
\ ing e
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e Turhing specific speed
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Fig.7 Effect of flow rate variation on turbine speed.
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5.3. Effect of gross head variation on hydro-power plant
performance

Gross head variation on hydro-power plant performance
are studied at different value and for the instance, variation
of gross head at 1.5m, 2m and 2.5m are shown in Fig.8.
Result shows that net power output and hydro-plant
efficiency both increases with gross head. It is also observed
that efficiency improvement slope slightly decreases at
higher head due to decrease in slope of net head (Hne) to
gross head (Hg) ratio (Fig.9). Turbine speed also increases
with gross head and is shown in Fig.9. It may be concluded
that hydro-power generation will be more in higher head and
it is the key factor for designing an efficient hydro-power
plant compared with flow rate.

3590 r a3
Flow rate{(Q)) constant
o= b o= Mt power outpnt -~ a1 é
= el Hydro- plant efficisncy Iy
5
% 290 g
g g
H =]
[ F 20
190 9 78
L50 2 5

Gross Head(m)

Fig.8 Effect of gross head variation on hydro-plant

performance.
188 - =& =Turhine speed (xrpm) r 0949
==%=--Tethead to grosshead _.".’"
ratio _,——" .
o -

L P F 0946
E e - =
B 168 ot - E
3 L= - o

& -, | 0943

’
”
o
148 § 0940

200
Gross head (m)

2150

Fig.9 Effect of gross head variation on turbine speed.

5.4. Effect of hydro-power on combined thermal-hydro
power plant performance

The plant energy efficiency of 500MWe, thermal power
project is around 37-38%. Combined thermal-hydro power
plant efficiency increases due to plant capacity addition by
generation hydro-power and it is shown in Fig.10.

Efficiency improvement of the plant is also studied at
different part load of thermal power plant and result is given
in Figll. Maximum efficiency improvement is observed at
80% of rated thermal power load. Positive improvement
slope is also seen at the load range of 60% to 80% due to
poor thermal plant efficiency at low load and addition of
hydro power at 80% of rated thermal power plant load is

more than 60% due to more cooling water flow rate. This
improvement gradually decreases towards 80% of rated
thermal power due to improvement in thermal plant
efficiency as there is less throttling effect of steam turbine
control valves at higher load [13]. Above 80% of rated
thermal power, improvement slope drastically reduces as
hydro power generation is not further changed with thermal
power plant load due to constant cooling water flow rate.

As a consequence, CO; formation from coal combustion
(Table 3 and Fig. 12) reduces by saving coal during fixed
unit generation as before . Hourly about 106.13 kg of coal
and 47.94 kg of CO; emission can be reduced by generating
500MW, combined power. It is observed that CO; reduction
increases with load due to addition of hydro power which is
more at higher load and above 90% of rated combined load,
CO; reduction slightly decreases due to change in specific
fuel consumption.

39.00 1+

Grosshead(Hg constant

-

-

-

-

-

Efficiency (%)
&

. .
- -
- - =Combined plant
- efficiency(%6)

-

&0 70 20 90

Thermalpower plant load (%)

Fig.10 Combined plant efficiency variation at different

thermal power plant load.
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Fig.11 Efficiency improvement of combined power plant

over 500MW, thermal power plant.

C0; reductionfkg/hr)

=
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Fig.12 Effect of combined thermal-hydro power generation
on CO; reduction of a 500MW, coal-fired power plant.

260



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
G.Khankari and S.Karmakar, Vol.6, No.1, 2016

Table 3.Effect of combined thermal-hydro plant on CO, reduction and coal saving.

) Specific fuel consumption Coal saving COz reduction
Combined plant Load (%)
(kg/kwh) (kg/h) (kg/h)
100 0.544 106.13 47.94
80 0.555 108.27 48.91
30 0.573 79.13 35.74
Table 4. Economic analysis of hydro-power plant.
Economic analysis at 80% plant availabity factor
Unit Capacity (kW) 195.09
Capital cost for equipments (Lacs) 36.15
Civil cost (Lacs) 50.00
total capital cost (Lacs) 86.15
O&M cost@1% of total capital cost(Lacs) 0.86
Anuual depriciation cost (Lacs) (Indian Electricity Act,1948) 1.61
Interest charge @8% of total cost (Lacs) 7.32
Annual fixed cost (Lacs) 9.79
Annual total cost (Lacs) 95.95
Annual power generation (kWh) 1367211.74
Generation cost(paisa/kWh) 71.62
Installation cost (Rs./kWh) 44160.05
Annual profit (Rupees) 4216144.09
Payback Period (years) 2.04

5.5. Economic analysis of hydro-power

Economic analysis of 195.09kW capacity hydro-power
plant is done with considering 80% plant availability factor
[11]. In this analysis, total capital cost for installation is
considered as Rs. 44,160/KW [14]. Construction cost for dams
are excluded here. Civil cost associated with project
engineering and mechanical, electrical with control equipments
cost are considered as 52% and 48% of total capital cost
respectively [15].Operation and maintenance (O&M) and
interest charge are considered as 1% and 8% of total capital
cost respectively.

Total capital cost.

Payback period = (24)

Annual profit

Economic analysis result (Table 4) shows that it has low
generation cost (71.62 paisa/kWh) and less payback period
(2.04 years).

6. Conclusion

Plant capacity addition of 195.09kW. power is possible by
this novel approach. Net output from the integrated hydro-
power plant increases with flow rate and available gross head.
Gross available head is the key factor for designing an efficient

hydro-power plant as hydro-power plant efficiency increases
with gross head but decreases with flow rate.

Combined thermal-hydro power plant efficiency increases
over the thermal power plant efficiency due to additional extra
power from hydro-power project which is integrated with the
main thermal power plant cooling water system.

Maximum plant efficiency improvement is observed at
80% of rated thermal power load. About106-108 kg/hr of coal
can be saved at 500MW. combined thermal-hydro power
generation. As a result, CO, emission can be reduced by 48-49
kg/hr. It is a techno-commercial feasible project as it has low
generation cost (71.62 paisa/kWhr) and less payback period
(2.04 years).
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Nomenclature

A Area(m?)

C  Fixed carbon of coal (%)

D  Diameter (m)

f  Axial flow direction of water at turbine blade
g  Gravitation acceleration(m/s?)

H Head (m)

HHYV Higher heating value of coal (kJ/kg)
m Meter

m  Volumetric flow rate of water (m®/s)
coal Mass flow rate of coal (kg/s)

Ns  Specific speed of turbine (rpm)

P Power (kW)

0 Mass flow rate of water (m3/s)

Re  Reynolds number

SFC Specific fuel consumption (kg/kWhr)
t Penstock thickness (mm)

TM Total moisture (%)

UC Unburnt carbon (%)

V  Velocity (m/s)

VM Volatile matter(%)

n Efficiency (%)

p  Water density (kg/m®)

p  Viscosity (Ns/m?)
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