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Introduction:

- 2nd |aw Efficienc



Efficiency definitions:

Can be vaque and confusino

Desired output

Efficiency (performance) = Required input

T — e
Water heater

Type Efficiency
Gas, conventional 55%
Gas, high-efficiency 62%
Electric, conventional 90%
Electric, high-efficiency 94%

Energy utilized

Eificiecy = Energy supplied to appliance

O el _ Qmm Rate of useful heat delivered, kl/s
E,.. m. HV ., Rate of chemical fuel energy consumed, kl/s

”-:-:Jmh cquip




Exergy: Work Potential of Energy

The atmosphere: Infinite energy; but zero work potential

The useful work potential of a given amount of energy at some
specified state in a given environment is called exergy.

e




At T < Tquroundings: the lower the resource temperature, the better.

The higher the ‘hot’ resource temperature, the higher the efficiency

The lower the ' resource temperature, the higher the efficiency
T.KA
Gedmigeny b1 - T, 200} Quality
th,rev T
H
1500
Thermal
67.2 1000
62.1
56.7
394 S0 -
134

£ Low-temperature
reservoir at
T, =303K

The higher the temperature of
the thermal energy, the higher
its quality (exergy).

The fraction of heat that can be
converted to work as a function

of source temperature.
Source: Cengel, et al. Thermodynamics: An Engineering Approach, 10t ed., McGraw-Hill, Figs. 6-48 and 6-49.



The 2nd-law (or exergy) efficiency:

1, = Actual performance/Best possible performance

Exergy recovered Exergy destroyed

1

M =

Exergy expended B Exergy expended
Tlth .
Ny = (heat engines)
Tth.rev
W, . .
Ny = (work-producing devices)
W,
Wiew . .
Ny = W (work-consuming devices)
COP (refri ih )
= —— refrigerators and heat pumps
N COP g pumj

rev



The 2nd-law efficiency:
1, = 100% for all reversible devices and processes (perfection)

> 100%
M wz 0% o

Q: Can the 2nd-law efficiency be greater than 1st-law efficiency?

Source: Cengel, et al. Thermodynamics: An Engineering Approach, 10" ed., McGraw-Hill, Fig. 9-16.



Electric resistance heaters:
Efficiency: 100%

Yet very wasteful (conversion of electricity to heat)
Heat pumps: COP of 4

!!!!!!!

* SAMSUNG




Entropy analysis or exergy analysis?

Which is simpler and more meaningful?

Entropy balance: Entropy change = Entropy transfer + Entropy generation

Sin_SoutJ + Sgen :ASsystem

o

N — - -
Net entropytranstfer Entropy Change
by heat and mass generation  jnentropy

Exergy balance: Exergy change = Exergy transfer - Exergy destruction

X in xout - Xdestroyed =AX system
o ~~ / \_ ~ J |
Net exergy transfer Exergy Change
by heat, work,and mass  destructim inexergy

Entropy generation = Exergy destruction+Room temperature



2"d law efficiency:

A measure of perfection

A process with a 2" law efficiency of 100%:

- Is perfect (even if its 15! law efficiency is less than 100%).
- Entropy generation =0

- Exergy destruction =0

- Waste =0

« Something cannot be more perfect than perfect (e.g.,
reversible processes/cycles).

- The 2" |aw defines the upper limit of excellence on
performance.

« Aim of the 2"d Law: ‘Perfection’ and ‘Zero waste’.



Geothermal Power Plants (Binary):

Energy and Exerqy Efficiencies
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Geothermal Energy? “Earth” “Heat”

Literally “heat from the earth,” geothermal
energy is a renewable energy heat source
found under the surface of the earth.

|

Fast Facts

Renewable: Geothermal power plants around the
world are still running after 50+ years. And geothermal
heat has been used throughout human history!

Geothermal energy
Reliable: Geothermal is always available, regardless of from deep wells is =
weather conditions. converted to dean e
power. The cooled
Clean: Geothermal emissions are as low as solar, wind, water is reinjectad into

and hydropower. the reservoir. =

The Earth

Crust_
Reinjected water

can replenish the
geothermal

Mantle . .
resemrroir.

Outer core

Heat from the Earth
is brought up to the
surface in the form
inner core of hot ground water
and steam.

‘h—‘h

https://www.energy.gov/sites/default/files/2023-02/DOE-EE-2680-GTO-Geothermal-Overview-8-5x11. pdf



Geothermal energy
Magma energy — Hot water/steam




W orldwide: 555 geothermal power plants, 16.1 GW (Jan 2023)

Turkiye: 60 plants, 1.7 GW

U.S. TOp 10

s Ee s Geothermal
2,356 Countries 2022

1 GW
2 - Installed Capacity in MWe
Club 1 935 Philippines lonuary 2095

w | Total 16,127 MW
. Turkiye

New Zealand

944 Mexico 4;
744, Kenya

Ital lceland 754
aly ——  Japan 621
Other 1,097 GEOENERGQY

Source: ThinkGeoEnergy Research (2023)

https://www.thinkgeoenergy.com/thinkgeoenergys-top- 10-geothermal-countries-2022-power-generation-capacity- mw/



Geothermal power plants:
Single flash systems (direct expansion)
Flash steam power plant  ;ine electrical generator I ]

cooled water |

© 2012 Encyclopaedia Britannica, Inc.



Geothermal power plants:

Double flash systems

Ist stage &"rilsnt:ge + air and

turbine water
generator

— m
j&%)?é\l &bcondenser

\ - mr
E Al : > &

, water

condensite h:t
brine [ brine el g:':t“

uses

geothermal zone 4’? §§-:;
N\ N\

production well injection well



Binary geothermal power plant

(A typical power plant has two such cycles: HP and LP)

Condenser

Turbine

Generator

Vaporizer

Preheater

J

Injection Pump
I Geothermal Fluid
""" Motive Fluid (Liquid)
""" Motive Fluid (vapor)  [§

Production Well Injection Well

Source: Ormat Technologies, Inc.



A geothermal power plant in Germencik, Turkiye:

A Scada screen (plant schematic and m, T, P, W values)

f ST TR faes RS Ta Ti Copyright ® 2022 ORMAT. All Rights Reserved
i - - —— s
- — | | %/

OEC  ONELUNE UOSTATUS ORMAT
EC®innovation by orMAT | Net Power| 14,50  Gross Power | 16,14 React. Power| 3,19  Generator Voltage| 11.14 24VDC|26.34 BusVoltage| 11.18 CPBTemp. 24.5 Ambient| 32.7 Air Presure| 7.57 (Cond Fans Camant]
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A geothermal power plant in Germencik, Turkiye:
A heat exchanger (vaporizer)




A geothermal power plant in Germencik, Turkiye:
A heat exchanger (condenser — Air cooled system)




A basic closed power cycle:

(Coal, natural gas, geothermal, nuclear, etc. power plants)

Energy source
(such as a

furnacc) fﬂ}'xtﬂm boundary

Win W
Ho = ———
— ) I
Pump
Thermal efficiency = Net work o.ulpuL
Total heat input
‘ Condenser
E
ilf—

Energy sink
(such as the
atmosphere)

Source: Cengel, et al. Thermodynamics: An Engineering Approach, 10™" ed., McGraw-Hill, Fig. 6-10.



‘Gross’ energy efficiency of a geothermal power plant

(Based on gross electricity generation)

Geothermal energy consumption in a geothermal power plant: Vaporizer TH

Egeothermal = AEbrine + AEsteam&NCG

Preheater T l

Or:

Egeothermal = mbrine(hbrine,in _ hreinject,out)
+( msteam,inhsteam,in o mcondensatehcondensate — mdischarged steamhdischarged steam)

+ Myce(Nnee, in — Nnes, owt)

Geothermal plant gross efficiency = gross electricity generated by the generator/geothermal
energy consumed:

Welectric, gross w

. . electric,gross
ross = =
g E geothermal AEprine + AEsteam&NCG

Usually between 10% and 15%



‘Net’ and ‘overall’ efficiency of a geothermal power plant

(Based on net and commercial electricity generation)
Geothermal energy consumption in a geothermal power plant:
Egeothermal = AEbrine + AEsteam&NCG
= mbrine(hbrine,in _ hreinject,out)

+( msteam,inhsteam,in o mcondensatehcondensate o mdischarged steamhdischarged steam)
+ Myce(Nnee, in — Mnce, ow)

Geothermal plant net efficiency = net electricity generated by the generator/geothermal
energy consumed:

77 Welectric, net Welectric,gross ~— Wfans — Wpentane pumps
net = =
E geothermal AEprine T AEsteameance

Geothermal plant overall efficiency = net electricity
supplied to the grid/geothermal energy consumed:

. . Welectric, grid Welectric,gross ~ Weans — Wpentane pumps = Wyyell pumps
1= -
overd E geothermal AEprine + AEsteam&NCG




Energy efficiency of Level 1 and 2 cycles:

(High-pressure and low-pressure cycles)

_ Welectric,Ll,net
ML1—cyclenet =

E geothermal,L1

_ MgeneratorYmechanical,L1,turbine  "fans,L1 ~"pentane pumps,L1
AEprine,L1+*Esteam&NCG,L1

Welectric,L2,net

E geothermal,L2

NL2—cyclenet =

_ 77gener‘a‘torWmechanical,L2,turbine_"Vfans,L2_V'/pentane pumps,[.2
ABprine, L2 TAEsteam&NCG,L2

VVturbine,Ll = mpentane,Ll(I’]turbine,L1,in _ hturbine,Ll,out)

Wturbine,LZ = mpentane,LZ(hturbine,L2,in - hturbine,LZ,out)

Pentane P and T values are higher at Level 1 cycle, and thus ny ¢ —cyclenet > L2 —cyclenet

Therefore, when allocating the geothermal resource, Level 1 has a higher priority.



Power plant EXERGY efficiency

Based on reinjection temperature):.

1) Exergy flow (brine, steam, or pentane, T, = ambient temperature in K):
Flow exergy: x =h—Ts
Exergy change: Ax = (h1 —h2) — T,(s2 - s1)

2) Exergy consumed (expended within the geothermal plant):

Motive Fluid Pump |
() o

Xgeothermal = AXbrine +4 Xsteam&NCG
= mbrine(xbrine,in - Xbrine,out) + (msteam,inxsteam,in - mcondensate)‘condensate

_ mdischarged steamxdischarged steam) + mNCG(XNCG,in o XNCG,out)

>
>
Injection Pump ﬂ

3) Exergy efficiency (based on reinjectioin and surrounding temperature):

77 _ Welectric,net _ Welectric,gross ~ Weans — Wpentane pumps
exergy,reinject — .. - .
2/ ] X geothermal (reinject) AXbrine T AXsteam&NCG
Welectric,net _ Welectric,gross ~ Weans — Wpentane pumps

Nexergy,surr — =
= X geothermal,max AXbrine,max +AX steam&NCG,max



Pump and motor efficiencies

Pump efficiency (reversible):

Reversible pump work (minimum work required for pumping from P1 to P2):

}11J'I_""-' — U(F: - PJ]
n __ Wpump,shaft,ideal _ Wpump,hydraulic _ VAP
pump Wpump,shaft Wpump,shaft Wpump,shaft

V = Volume flow rate of brine passing through the pump, m3/s
AP = Pdischarge_P

W, ump shate = Shaft power transmitted by the motor to the pump, kW

P,..— P;,: Pressureincrease by the pump, kPa

suction —

Mechanical power output W

— shaft.out
Motor: Mnotor = - _ — —shaft.out
Electric power input W
elect,in
n =1 n _ Wpump,hydraulic . VAP
ump-motor  'pump 'motor .
LU - Wmotorelectric Wmotor,electric

Typical pump efficiency: 70 — 85%
Typical motor efficiency (large motors): 92-96%



Pump performance curves

(Schlumberger REDA ESP )

REDA" ESP M520C Pump Performance Curve 50 Hz, 2917 rpm
Curve computed for one stage in fluid of 1.00 s,
Optimum operating range 1.590-2 915 mid Shaft brake-power limit Standard 531 hp
Maominal housing diameter 2192 cm High strength - 849 hp
Shaft diamater3.02 crm Housing burst-prassure limit Standard 12790 kPa
Shaft croes-sectional area T15em Buttress 16,548 kPa Power  Efficiency
Min. casing size .3 em Wizlded 16,548 kPa ihp %)
a5 e o e = 17.5 LT
Eificiency —|_= '--1___“‘ EE
a0 - - 15.0 | B0 ol
P BE2
. kS FaE
25 Dperating range 125 {50 O
Head f.f kljg
H_Dad 0 — 10,0 {40 “ =
(m) 7 — | i £
r. ) .\.:
r I e T ] Hf
15 ~ I 5 N
£ P —— HL"'-L-.._ :EE
i — ] iy
7 i 4
10 J;‘ i — 50 20 sl E
= 0
7 e B g
E‘ 5 j" 25 10 EFE‘.L:
HES
= i 2y
— ol 0 0 G
— Hoo
E 0 500 1,000 1,500 2000 2500 2,000 1500 i
(Wege) Capacity m¥d) ek
= E2E




Operating point of pumps:

A Pump performance curve

Operating
point

H

available

BEP

29



Pipe flow/skin friction
(Causes pressure loss; requires pumps to overcome)

—
——
L TR
3
\ \

- AW

e

30



Power consumption due to pipe friction (2 wells)

2 KUYUDAN GELIP Y-BAGLANTISI YAPAN 3 BORUDA OLUSAN DEBILER

KUYU 1 (Brine, booster pompa cikisi)

T1=174[C]
P4 =11 [barg]
24 =209 [m]

PtDP|ﬂI"I'I,1 = 29.32 [barg]

V1 masaat = 669 [m3/h]

m1tgnsaat = 5972 [tDI‘Ifh]

KUYU 2 (Brine, booster pompa cikisi)

T, =168 [C]
P, = 8 [barg]
Zp =235 [m]

Ptop|am,2 = 28.74 [bﬂrg]

Vzmasaat = 354 [mafh]

M2tonsaat = 318 [tOn;‘fh]

2

Asagidaki bilgiler (mavi) verilince, olusan debiler ve basinclar (kirmizi) hesaplanmaktadir.

1 =0.013

* Booster pompa cikisi kuyu statik basic, kot ve sicaklik degerleri
* Baglanti noktasi kot degeri (Program sicaklik ve basinc degerlerini hesaplar)
* Santral (veya ana hat borusu cikis noktasi) statik basinc, kot ve sicaklik degerleri
* Her bir baglanti ve anahat borusu icin uzunluk, cap ve surtunme katsayisi degerleri
*(Varsa) hatlardaki tim irtifa pompasi bilcileri (spesifik olarak. sagladiklari basinc veva dus( artisi).
(Varsa) kisma vanalarinda olusan basinc dususu, negatif pompa basinc artisi olarak girilebilir (Ppgmpa = - 3 bar gibi).

Ly=716[m] D4=03333 [m]
Ppompay = 0 [bar]

BAGLANTIBORUSU 1
Pka'y'bi.1 =074 [bar]

NOKTASI (12
/ Ty =171[C] ANAHAT BORUSU 11T12= 168[C] (12)

BAGLANTI BORUSU 2
Pka'y'hi.2 =0.16 [bar]
f2=0.013

Ppompas = 0 [bar]

BAGLANTI NOKTASI 11 f11=0.012

|_1‘1 = 4000 [m] D11 =0.4287 [m] 1 2 SANTRAL GIRIS veya

1 » ANAHATCIKIS

Lp=500m] D,=0333B[m] V11 pagzat = 1021 [m/h] Plopiam;12 = 20.41 [barg]

_ Pravpi11 = 2.16 [bar]
P11 = 8.259 [barg] Woump,ananat = 82 [KW] P12=10 [barg]

n= 231 [m] ]'-'"'-’pump.min.anahat =61 [k]'-'"'-qzm =186 [m]
Ptoplam,‘l‘l = 28.57 [barg]

M7 1ionsaat = 915 [ton/h] V11 masaat = 1021 [m3/h]
m1 1{0[’1533{ = 91 5 [tonfrh]

"Ana hatta boru surtunmesini yenmek icin gerekli pompa gucu”
W _pump_min_anahat= m11*P_kaybi[11]*100/rho[11] "Minimum pompa guc tuketimi, kKW"
W _pump_anahat= W _pump_min_anahat/Eta_pompa "Actuak pompa guc tuketimi, kKW"

Woump,min,anahat = 61 [KW]

31



Turbine and generator efficiencies

Turbine efficiency (isentropic):

Actual turbine work w, . hy— hy,
Ny = — - = =
[sentropic turbine work  w, hy — h,,
P, T, P, T
|

Ideal
N (reversible)

Actual
(irreversible)

Welectric, out __ Wgenerator, electric

ngenerator w

mechanical, in Wturbine, mechanical

1% W

elect.out __ ‘elect,out

HI ﬂ E mech,fluid

turbine.e

H l.mhincl—gn:n = Nturbine "?gr:ncmmr -

Typical turbine isentropic efficiency: 88-92%
Typical generator efficiency: 98%

A

Inlet state

Actual process

Isentropic process

) W =
‘ Ws L ‘Eﬁ'}/ $e
\ Pty
h ";‘}/ "-Qie
¥ - —— — — . _
- " 2a
7] e P
— |
|
|
|
|
: >
825 = 51 5
Niurbine = 0.75 H generator = 0.97
l Welect. out
Turbine

\
v

L
L
L
L

L
L
L
L
\

l Hwrhine—gen = Murbinelgenerator

=0.75x0.97
=0.73
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Heat exchanger effectiveness-1.

General

Q = Qbrine = Qpentane

Q = [m(hin — hout)lprine = [M(hout — hin)]pentane
In terms of specific heats:

Q = [mCy(Tin — Towd], ... = [MCp(Tour — Tin)]

Effectiveness = Ratio of the actual heat transfer (Q..q) to the maximum heat transfer (Q):
_ Qactual . Q _ Qpentane . Qbrine

€hx = - -
(max Qmax Qmax (max

pentane

Calculation of Q, s
Qmax = (me)min(Thot fluid, in — Tcold fluid, in) = Cmin(Tbrine, in Tpentane, in)

or (max = lm (h@Tbrine, in h@Tpentane, in)]

Here:
C =mC, = Thermal capacity of the fluid
Crin = (MCp)min = The smaller of the two thermal capacities (usually pentane).

C_min fluid



Heat exchanger effectiveness-2:

Evaluation of Q.

20°C Cold
25 kegfs l ater
418 Kke K s
Hot [
ol g D>
130°C
40 kefs

23klkeK |

C, =, = 1045 KW/K
C, = tinyc,y, = 92 kWIK

Conin = 92 KW/K

AT e = Thin— Tein = 110°C

Qmm‘. — Cmin "-:I"Tma_v, = 10,120 kKW



Second-Law (exergy) Efficiency of heat exchangers

- Mo14 (Iﬂﬂw.4 - Iflﬂwj) T{]Sgen
Muux = . or mypx=1-—-
mhut('xﬂﬂw‘l - Iﬂﬂw.ﬂ) mhnt('xﬂDwJ - Iﬂﬂw,ﬂ)

LS.‘g_t_tll-: j"i':lhot(‘s'z - ‘5;) + ln:it{:old(Sfil - ‘5‘3) + QIIDSS"{TJ

TDS £en

mmld("tﬂﬂwﬂ - If'l::-w.?:} + Qlﬂﬁﬁ{l o TDIT!J} —

MiHx = : I ——
mh::-t{'xﬂﬂw.l - Iﬂcw.ﬂ) mhﬂt('xﬂcw.l - 'xﬂclw.ﬁ)
T, If the heat exchanger (or mixing chamber) is not
adiabaticand the temperature of the boundary (the
P e : ) outer surface of the heat exchanger) T, is equal to
Hot _:_, E | IH {lFm4>  To thedefinitionabove still holds (except the
stream i | - : entropy generation term needs to be modified).
0" :
4 " M : 3
et : 'L| | ' 4.;. If T, > T, then the exergy of the lost heat at the
| LA

e Cold boundary should be included in the recovered

stream exergy. But, if the extended system is considered,
the exergy lost becomes exergy destroyed in the
immediate surroundings, and thus the 2nd law
efficiency relationsare still valid in that case.



Last word on renewable energy:
Use it or lose it




Example:

Efficiency analysis of a geothermal power plant



Efficiency analysis of a geothermal power plant:

Energy&exergy efficiencies of the plant; Effectiveness of HXs

ANALYSIS OF AN ACTUAL GEOTHERMAL POWER PLANT

QKondem;e.-rLLtaa;.:.lrim = 70690 [kW] ACCTi.iketimLZ,tasarim =150 [kW]
Thrine = 168.2 C, Mpyine = 1291 ton/h, Mgeqr, = 32.4 ton/h Ogondensertz = T0606 W] ACCoo, o =750 [0W]
Wyross = 21.25 MW and Wiet = 18.5 MW

Ugondenserl4 ‘tasarim ~ 63230 [kW]

C:KDndenaerL1 = 63221 [kW]
ACCriiketimLa tasarim = 630 [kW]

Py; =12.5 [bara]
Ty7=9810C

Toplamgycpotansiyeli = 38826 [kW]
Qgiren,toplam = 155510 [KW]

Mrine tasarim = 1231 [ton/h]

Mbrine tonsaat = 1325 [ton/h] =

Mpyhar tonsaat = 2943 [ton/h]
MNCG taneant = 17.11 [tan|1]__“_ -

mekbrine,lzauharKismi,tonsaat = 104.3 [ton/h]

ACCrijketimq = 690 [kW] I
“Kondenserﬁ= 63 [%

| Pyg =1.2 [bara]
|
|
: Teevre = 22 ['C]
|
1

Tis=36.7[C]
Pyg =14 [bara]
Ty4=60.0[C]

Nrekuperatorts = 56 [%]

Pis=15[bara] | WpompaLt =

RECUPERATOR
8,490 Q

Py =15 [bara] f

Typ = 36.7[C)

Tyy=872[C | MpentanL t,tasarim = 311 [ton/h]
MpentanL 1, tonsaat = 572 [ton/h]

TurbinL 1% = 86-3 [%] GANIC

NsantralGrossts = 13.7 [%]

T Santral Nett = 11.9[%]

TEkserjits = 47.6 [%]

Npompa&motorl1% = 546 [%]
Wpompau {tasarim = 660 [kW]

660 [kKW]

NEkserjit = 47-6 [%]
NSantralNetts = 119 [%]

NSantral,Gross% ~ 13.7 (%]
Tenerator = 38 [0

TiLgrosst = 192 [%] | TURBINE
MLt et = 134 [4]

Wturbml.1,e|ecl = 11395 [kW]
I Ty =1414(]
| Pip=13.27 [bara]
| Tkizginiik,Ls = 1:3 [C]
vaporizerLt% = 86 [']

{

Ty =166.0[C] T,=1809[C]

P, =10.1 [bara]

VAPORIZER
30,650 Q

P, =104 [bara]

Py =10.2 [bara]

mekbrine,L?_BrineKismi,tonsaat =0.0 [tonfh]

Welec‘t,gross‘tasarim = 11250 [kW]
welect,gross =21250 [kW]

Wy = 18500 [KW]
WNet,tasarim = 18500 [kt

MTopPreheaters = 86 [*]

TOP PREHEATER
10,680 Q

- T
porg Navorzeris =992 1] Ta = 1387 ['C] ; Qroppreheater = 10563 (kW]

GENERATOR ;

P43 = 1.3 [bara]
Ty =1300C] |

MpentanL2,tasarim = 602 [ton/h]
MpentanL2,tonsaat = 603 [ton/h]

m
Wturbinl!,e\ect = 9855 [kW]

T~ 11507/ |
P, =1.91 [bara] I
Tiaginiik2 = 13 [C1 |

TvaporizerL 2 buhark = 94.2 [']

MVaporizerL2,brine% ~ 89.7 %] T,=116.8[C]
e VAPORIZER P, =8.4 [bara]
Py =9 [bara] 82000

; MKondenseri2% = 10 []

|

|

I

i !
I 0,

| Tap = Teewre = 22[C] é
I

TurbinL2% = 873 [%]
NL2,gross% = 12.2 [%]
L2 nets = 108 []

Typ = 1200 C]

[LIwIt]

i
|

Tpo= 1210 [C]

QvaporizerL2 = 46468 [kW]
Q\Jﬂnnrirerl 2 hrine = m [kW]
Q\I’apurizerli,buhar&HCG =19197 [kW]

C:eiﬂbrme,LZEuharKismi = 58019 [kw]

< CONDENSATE
RETURN

Mggndens,tonsaat = 21+ [ton/h]

mbrine,reeniecl,lonsaat =1325 [tOI"IJ’h]

QL1,|op\am = 74849 [kW]

Pyo=19.8 [bara]

TMpreheaterL1% ~ 98 [%] Tig=115.0[C]
Ty =85.7["C] M

Npreheaterl2% = 98 [%]

Ty =1148[C]

QLZ,top\am = 80662 [kw]

Pg=1.8 [bara]
Tg=19.1[C]

PREHEATER D

QpreneaterLt = 24324 [KW]

24,270 Q
Typ =581 €] ]—

Mbrine,PreheaterLd,tonsaat = 601 [ton/h]

Tg=116.8['C]
Py = 8.4 [bara]

T;=T24[C]
PREHEATER
34,060 Q
Tye=37.2]C
OpreneaterL2 = 34193 [KW] 1 % el

Mprine,PreheaterL 2, tonsaat = 658 [ton/h]

Py =1.2 [bara]
Tpy=31.2[C]
WpompaLZ‘tasarim =390 [k]
wpompaLZ =390 [kW]
Mpompa&motorl 2% = 5.2 ]

Pg =9.3 [bara]
Ty =31.2[C]

COLOR CODES

Brine

Pentane

Steam NCG,Condensate
D Given values

Calculated values

BRINE
RETURN



Power plant efficiencies:

(Gross, net, overall, and exergy efficiencies)

Plant Efficiencies

Actual (Time of operation on 20 September 2023)

Design 00:00 02:00 04:00 06:00 08:00

ot Amount, MW 155 137 138 138 142 141
consumption

Gross, %2 13.7% 13.7% 13.9% 14.3% 14.6% 14.6%
Net, %3 11.9% 12.3% 12.5% 12.7/% 13.1% 13.2%
Overall, %* 10.0% 10.8% 11.1% 11.5% 11.8% 11.8%

RVl 125 339 347 354 360 365

MW (Relative to reinjection temperature)

SOOI - VIR IV 43.5% 4300 496% 499% 496% 51.6%

Power plant energy
efficiency

l1Geothermal energy consumption = (energy entering the plant with brine and steam) - (energy leaving the
plant with reinjection)

2Plant gross efficiency = Gross power generation/Geothermal energy consumption

3Plant net efficiency = Net power generation/Geothermal energy consumption

4Plant overall efficiency = Electric power sold to utilities (grid)/Geothermal energy consumption



Turbine efficiencies:

High-pressure L1 cycle and low-pressure L2 cycle

High-pressure 2 |

L1 CyCIe :] ] mpentanU tasarim — o [tﬂl'hrh]
MpentanL1,tonsaat = 372 [ton/h]
MTurbinL1% = 86.5 [%] | ORGANIC "
. = o TURBINE
MLt grosss = 13-2 [ WiurbinL1,elect = 11333 [kW]
Midnets = 134 %] |_—

| Typ =141.4 [°C]
| Py, =13.27 [bara]

! Tkizginiik,L1 = 1-2 ['C]

MpentanlL2 tasarim = 602 [ton/h]
MpentanL2 tonsaat = 603 [ton/h]

P
1IIIIII"'rturI:ninLE.Elec:t = 98355 [kW]
T, =113.0 [FC]

|
Py =17.91 [bara] | Low-pressure
Tkizginiik,.2 = 15 °C] | L2 cycle

ORGANIC MurbinL2% = 873 [%]
I — ’
TURBINE NL2,gross% ~ 13-% [*
NL2 net¥ = 10.8 [%]




Preheater performance:

High-pressure L1 cycle and low-pressure L2 cycle

High-pressure Low-pressure
L1 cycle L2 cycle
!
—— IO Kt TorehesterLze = 0 4] | Ty =148
Tg=81[C] ' T,=T24[(]
PREHEATER u PREHEATER o
24270 Q Tg=1168[C] 34,060 @
i Pr =84 [bara 75
Ty=SH100 | Opetens =244 0 sl T R
I mbrinE.PreheaterH.tnnsaat ) BEF [mn}h] rI.Ihrim:- Drahaatarl 7 tnneast — 558 [mn{hl
High-pressure
L1 cycle
Top preheater
NTopPreheater?: = 86 [%]
T, =140.9 [*C] e T, =134.2 [°C] -
P! =10.1 [bara] 10,680 Q F'3 =10 [bara]

i
—Ta9 = 136.7 [HC]J uTDpF‘FEhEEtEF = 10563 [kW]



Vaporizer performance:

High-pressure L1 cycle and low-pressure L2 cycle

.' | Typ=141.4 [°C]
High-pressure | P, =13.27 [bara]

_lL ke : Tkizginiik,L1 = 1-3 ['C]

MWaporizerL1%: = 86 [%] I

/ \
T4 = 166.0 [*C] VAPORIZER T, =140.9 [°C] _t
30,650 Q =
P4 = 10.4 [bara] P, = 10.1 [bara]
QyaporizerL1 = 39962 [kW']' Tpp =136.7 ['C] —
T,,=115.0C] | o
Low-pressure  Pa; =7.91 bara] | T11=121.0[*C]
' |
L2 CyCIe MWaporizerL2,buhar¥% = 94.2 [a] |
MvaporizerL2,brine% = 89-7 [%] Ts=116.8 ['C]
T;=134.2 [°C] VAPORIZER
46,200 Q P4 = 8.4 [bara]
P, =9 [bara] i

l Q‘u‘anurizerLE = 46468 [kW]
——————— —J QUHl‘lnr’i?Fzﬂ 2. brine = 27271 [kW]
QvapnrizerLE.buharEHCG = 19197 [kW]

Qekbrine.LEEuharKismi = 5ED:3 [kW]

|::"'L2.1:|:||:|Iarr'| = 80662 [kW] 1



Diagnostics based on analysis:

Power production increase when the HXs are washed

ANALYSIS OF AN ACTUAL GEOTHERMAL POWER PLANT

Oondensert1 tasarim = 63230 [kW] QKondem;e.-rLZ‘tae;.alrim = 70690 [kW] ACCTi.iketimLZ,tasarim =150 [kW]
Thrine = 168.2 C, Mpine = 1291 ton/h, Mgeam = 32.4 ton/h

QKDndenSerM S lkWI QKOﬂdenserLZ = 70606 [kW]
ACCriiketimLa tasarim = 630 [kW]

ACCriketimL2 = 790 [KW]

Py; =12.5 [bara]
Tyr=581[C]

Toplamgycpotansiyeli = 38826 [kW]
Qgiren,toplam = 155510 [KW]

ACCriketimp g = 690 [kW]

|
Pyg =14 [bara] I
Ty=60.0FC) :
|

]

Nrekuperatorts = 56 [%]

RECUPERATOR
8,490 Q

Py =15 [bara] f

Ty =872[C |

TurbinL 1% = 86-3 [%] GANIC

C:—"qj:?

MKondenserL1% = 83 [']

Teevre = 22 ['C]

Tys=36.7[C]

Pis="15bara] | WpompaL1 =

Typ = 36.7[C)

MpentanL 1 tagarim = 317 [ton/h]
MpentanL 1, tonsaat = 572 [ton/h]

Pyg =1.2 [bara]

Npompa&motorl1% = 546 [%]
Wpompau {tasarim = 660 [kW]

Wyross = 21.25 MW and Wet = 18.5 MW

TSantral,Gross% — 13.7[%] Nsantral Netts = 11.9 [%]
TEkserjits = 47.6 [%]

; MKondenseri2% = 10 []

|
|
I
i f
|

Ty = Teowre = 2[C] é
Py=13pbara]| 0

660 kW] Ta=T30[C] |

"ISantraI,Net“ff11'9 ['] ~ 602 ftonh
NSantral Grosst = 137 [%] MpentanLz tasarim = 602 [ton/h]

Neneratorss = I8 [ MpentanL2,tonsaat = 503 [tonfh]

GENERATOR ;

I

g I

MEkserjit = 478 [%] |
I

|

TurbinL2% = 873 [%]
NL2,gross% = 12.2 [%]

TiLgrosst = 192 [%] | TURBINE
MLt et = 134 [4]

MVaporizerL1% ~ 86 %] |

Wturbml.1,e|ecl = 11395 [kW]

| Tra=141.4[C]
| Piz=13.27 [bara]

| Tkizginiik,Ls = 1:3 [C]

m
Wturbinl!,e\ect = 9855 [kW]

T~ 11507/ |
P, =1.91 [bara] I
Tiaginiik2 = 13 [C1 |

TvaporizerL 2 buhark = 94.2 [']

Welec‘t,gross‘tasarim = 11250 [kW]
welect,gross =21250 [kW]

Wy = 18500 [KW]
WNet,tasarim = 18500 [kt

MTopPreheaters = 86 [*]

L2 nets = 108 []

Typ = 1200 C]

[LIwIt]

Py =1.2 [bara]
Tpy=31.2[C]
WpompaLZ‘tasarim =390 [k]
wpompaLZ =390 [kW]
Mpompa&motorl 2% = 5.2 ]
Pg =9.3 [bara]

Ty =31.2[C]

a TVaparizerL2,brine% = 89+ [] T,=116.8[C]
Mprin tasarim = 1231 [ton/h] Ty =166.0['C] VAPORIZER Tp=14091C] Ty=1342[C] VAPORIZER P —84lb
; = 1325 [ton/h] —— . by o 48,200 0 4~ 84 bara] COLOR CODES
Mbrine tonsaat = [ton/h] P, =104 [bara] 39,650 @ Py =10.1 [bara] 10,680 Q P, =9 [bara] " —_—
= I  arr e Qvaporizertt = 39962 [kWI[ Tor = 1367 [C i | ) QyaporizerL2 = 46468 [kW] Brine
Mbyhar,tonsaat = 2343 [ton/h] g=166.0['C] =167 l_; Croppreneater = 10563 [kiV] ] Qanerivert 2 brine = 27271 W] Pentane

MNCG taneant = 17.11 [tan|1]__‘_ -
mekbrine,lzauharKismi,tonsaat = 104.3 [ton/h]

Pq=10.2 [bara] Mekbrine,L 2BrineKismi,tonsaat = 0.0 [ton/h]

Tyg= 1210 1]

Q\I’apurizerli,buhar&HCG = 13.13? [kW]
C:eiﬂbrme,LZEuharKismi = 58019 [kw]

< CONDENSATE
RETURN

Myondens tonsaat = 21-3 [ton/h]

mbrine,reeniecl,lonsaat =1325 [tOI"IJ’h]

QL1,|op\am = 74849 [kW]
Ty =115.0[C]

Pyo=19.8 [bara]

TMpreheaterL1% ~ 98 [']

To =851 [C]

Npreheaterl2% = 98 [%]

QLZ,top\am = 80662 [kw]

Ty =1148[C]

T;=T24[C]

PREHEATER

Pg=1.8 [bara]
Tg=19.11C]

BRINE
RETURN

QpreneaterLt = 24324 [KW]

24,270 Q D
Typ=58.1[C] ]—

Mbrine,PreheaterLd,tonsaat = 601 [ton/h]

Tg=116.8['C]
Py = 8.4 [bara]

PREHEATER
34,060 Q

Opreeateri = 34193 [kW] 1

Ty =312[C]

Mprine,PreheaterL 2, tonsaat = 658 [ton/h]

Steam,NCG,Condensate
D Given values
Calculated values




Don't trust instrument readings (check by analysis):

What you read is NOT necessarily what what it is

T,7 = 114.8 [°C]

Brine
PREHEATER EE
P. = 8.4 [bara] 34,060 Q Ty =124TC]

Ts=T17.8[C] Tos=352[C] § Pentane ‘
Po = 9.3 [bara]

Q — Qbrine = Qpentane

Q= [m(hin - hout)]brine — [m(hout — hin)]pentane
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