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=" EPFL gas turbine

= ME building
= Most likely used in the years 1949-1959 in the Weinfelden power plant

» Used as musical instrument
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="t Gas Turbine : Brayton Cycle

Ideal closed gas-cycle

Hat source (T, ) o*

l (-2 + Compressor
W+

Lol source (T.)

Turbine

Generator

0

(1-2) isentropic compression
(2-3) isobaric heating

(3-4) isentropic expansion
(4-1) isobaric cooling

Temperature [K]

George Bailey Brayton

Born 3 October 1830
Rhode Island, United States
Died 17 December 1892 (aged 62)

Nationality American

Gas (air/combustion gases) diagram

2 2 "
Entropy [kJ/kg/K]




="' Brayton Cycle

Ideal closed gas-cycle

we| T, and Ty isobaric lines that follows r

Temperature [K]

22 2 "
Entrogy [kJ/kg/K]

Carnot Cycle

n depends on :

ONLY r and y, N%<Tc>n§ 1,

Efficiency:

W =wr w—wt
= o+ B gt
The cycle can be divided in infinitesimal ideal Carnot
cycles, whose efficiency is known:

3 3
1 1 T, Carn.o.t cycle
n=-—|de=—|dg"(1-— efficiency
q* q* T,
2 2
Isentropic process of ideal gas pv? = const. and pv = nRT
P T 1
if r =—2then—<=r""7 ="
P, T,

therefore n = —
g+



=F*L Gas Turbine
Ideal closed gas-cycle

Specific work:

Wy =w-—whr=n-qtandq® =cp(T; - T,)

T T T
with r? = =2 g+ = cpTl(—3 — —2) therefore
T, I, T,

&) -

a t")

n as a function of w,,

for different T

LELY)

b
T
-0 3 0
Wyer =1 =7"cp-T)- (= —r
e e o
5
W, depends on: T}, T;, r, fluid properties (y,c,). -
2 40 - ¢ o 0
= LI B B
1 r=1 Wye =0 "u._ * o w e
n=0 ) LN
| B 20- sewe
T3 9 Wyer =
2. r= <—> T 10 -
Tl 71 —_ - T3
- i i i
dw . b 1M 200 e Al WM
3. max w,, => —= = =>optimal pressure ratio : r* = (=2)20 Spedfic work [kJ/xg!

1
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10
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="t Gas Turbine
Closed gas cycle with rea) turbomachines
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X,
L
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M
LX) or s 29 bR "
Entropy [kJ/kg/K]
Assumptions:

Perfect gas > ¢, c, = const.

Ideal HEX = dp=0

Real turbomachines 2 ;. <507 <1

wr cp(T3_T4) h

Miso,c = w, CP(TZ ~ Tl)
\ y,
w=uw  — w+ — cp<T3 _ T4ls) . _ P( LS )
niso,C

w cp<T2is - Tl)
nm= e = CP<T3 - T;lis) *Niso,r — /CP(T3 — TZ)

q niso,C

T2is

w ”iso,T - T3

N = — = Nideal *

din cycle (1 — %)
3



=F*L Gas Turbine

Closed gas cycle with real turbomachines

o
3
L]
..
X,
L
2w
[\
g
§
I‘_ -
.
M
L L 23 2 2 bR "
Entropy [kJ/kg/K]
Assumptions:

« Perfect gas > ¢, c,= const.

* lIdeal HEX = dp=0

+ Real turbomachines > 7,7 <1 & 15, <1

Remarks:

Unlike the ideal cycle # does not constantly increase with r.
There is a limit value for which w* = w™ and #=0

« Unlike the ideal cycle, # depends on T5/T;
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=t Gas Turbine
Open real cycle

_m
<
L
5
}_ -
o 4
Assumptions: Entropy [kJ/kg/K]
+ Real gas > ¢, ¢, const.

» Different gases in compression and expansion

* Real burner > dp#0

* o Real turbomachines > 7,7 <1 & 1, <1

Combustion
Fuel (E %- [ER LD RV} 1
| Gty + (1 = A USICA + AV = 2 4 0 1) + Al —— W+ A = 300
Burner
Compressor 3 Turbine

Generator

1 Flue

4
ases >
A A . L> —>
A filter Silencer R€lease in the atmosphere
Ai .T.
r 0
Assumptions:

*  From external to internal combustion:

A A
« PROS: NOHEX>1 T; 1 # -> blade cooling needed
«  CONS: working fluid needs to carry an oxidant (typically air)

*  Pressure drops in components (i.e. air filter, burner, silencer)



=Pl Gas Turbine : Open real cycle
e inlet temperature is a key

OVERALL #FPICENGY (%]

Turbin

ISENTROAC TEMFERATURE RATIO

L) i
t

k)
-«
»

P

10 .

]

1 13 2

Assumptions:

s

g™ 100" G 207IK), 0w 5914

T
e
= T, =1600°C (1673K), 8= 824

| Ty 84000 (M6TIK) 0= 538

T551m°

[T, = 10004

\

C 14730) 6= 4.5

CIATAR ), =434

_r,:mfthT 0=3T4

15

1 xx
r—1 _ T2is

r v

T;

« Polytropic efficiency for compressor and turbine #p = 0.9

e Pressure loss fraction in combustion 0.03

* Fuel (methane) and air supplied at 1 bar and 27 °C
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Optimal pressure ratio increases when T3max increases



=FFL Gas Turbine
Blade cooling to protect the turbine and increase the Turbine

inlet temperature

= Methodologies:
* IMPINGEMENT: air at high velocity creates turbulences next to the blade wall > h;
* FILM COOLING: air exits the blades through small holes and creates a film of cold air 2> hy

1. OPEN LOOP:

= Air extracted from the compressor last stages is injected inside the small channels in the turbine blades and then mixed with the main

flow
* Losses:
= lIrreversibilities due to mixing process rn i et
. . .. 13 by ey Shaged ramy cookng ML
= Velocity triangle perturbated by mixing process U e 0,

= Portion of air following a low efficiency cycle

TN it conieg N Treling ecge

. Turbine work decreased due to decreased T (v > ey = IUdp ) - pet
2. CLOSED LOOP: et 2 A

= Air after cooling the turbine is returned back to the combustion chamber - Eﬁs Mz bl
= Possibility of choosing a different cooling fluid (SH steam) I< NN
AN [me— ./ N\
. . Pl D patiery cackng W\

= Only impingement . =§§ -

° : T o S enive

Losses: ot T‘ \ \

= Additional compressor needed to balance pressure losses
= Problem of safety: if the secondary compressor fails the turbine melts
= No losses due to mixing or lower efficiency cycle

External (a) and internal (b) blade cooling schematiclll



=Pl Gas Turbine

Ideal cycle:

The compression is split and intercooling introduced
between a low pressure and a high pressure compressor

Adding a cycle at lower efficiency: for the same r IC

decreases 7
IC increases w because w, decreases

IC improves 7 if coupled with regeneration

LP C

Advanced cycles - Intercooling to reduce compression power
Q

IN

3

Turbine

Generator

Real applications:

IC improves w and slightly #

IC decreases the weight of irreversibilities due to real
turbomachines

IC allows higher T, for the same material (colder cooling
flows)



=Pl Gas Turbine

Ideal cycle:

Advanced cycle - Reheating to maximise expansion efficiency
4 RQIN 3

1

Qi 3

Compressor

LPT HP T

Generator

1

o

Real applications:

The expansion is split and reheating is introduced between . jncrease w and slightly 7
a low pressure and a high pressure turbine
» decreases importance of irreversibilities due to real

Adding a cycle at lower efficiency: for the same r RH turbomachines

decreases 7
RH increases e because wy increases

RH improves 7 if coupled with regeneration



=Pl Gas Turbine

Advanced cycles regenerative cycle by heat recovery
to optimise system efficiency

Reduce g+ by heat recovery




=F*L Gas Turbine

60
T,=1200 °C | —
50 -
- é ol | CICHTX
2 e S
40+ - = y ‘ — — —m
g e / catem
s 2 - car ! |
E 20 ! 8T  =simplecyck
CaT™ = regeneratise cycle
CBTETX = regencrotize reheat cvcle
w0 CICBIX = regeneratise imtercooled cyde
CICOTDTH = regemsrative intercooled
rehea! cycle
o + + +
] 0 x 0 43 5
Rem arks: PRESSURE RATYO

Advanced gas cycles

OVERALL CrTICICNCY (%)
I3

Optimum r depends on type: simple cycle r ~ 45, regenerative the lowest r &~ 9

Regeneration does not affect e
Substantial increase of e

RH and IC improve # if combined with regeneration

net

net

but improves 7 for same r, specially at low r 2>

with RH and IC

|

S0
SPECIFIC WORK Wik

small applications

e




=F*LGas Turbine
Classification

= Heavy duty
= Aviation/propulsion
= Aeroderivative

= Small and microturbines



=F*L Gas Turbine
Heavy duty

Usually designed for max work (e.g. r =~ 15 +20)

Operation: base load, long/medium operating time

Designed with no weight/space restrictions (heavy frame)

Advantages: long life-time, medium/high efficiency (30 — 48 %)

Often combined with a steam cycle in a CCGT (in this case r & 15 + 20 is optimal
for turbine work and plant efficiency

Performance:

E... = 320 MW(e)
° N =41%

* r= 20

T3 =1200-1300 °C, T, = 600 °C

- SGT5-4000F by Siemens



=" Gas Turbine
Aviation/propulsion

«  Turbojet
Gas turbine and propelling nozzle. Replaced by
turboprops and turbofan, still employed in cruise
missiles due to high exhaust speed, small frontal area
and simple design.

«  Turboprop
The turbine drives the compressor and the propeller. Civil
airplanes

e Turboshaft

Similar to turboprop with the difference that the engine : Tu.rbofan _ _ _
Helicopters and auxiliary power units. thrust. M|I|ta_.r_y a_{;ﬁ,“_gvgg@rafts

(=2 \ S A el
L, O \ |




EPF

“ Gas Turbine
Aeroderivative

Origin in the aerospace industry afterwards adapted to electricity generation

Propelling nozzle is removed and a power turbine added

Advantages: quickly start-up, shut down and load changes

Operation: peak load, low operating time

Marine industry to reduce weight

| Fuel

P2>P1

PO Flue 1 P1>P0
ases
Air € ¥

PO



=F*L Gas Turbine
Small and microturbine

e Small: < 5 MW Micro: <350 kW
 No blade cooling > limited turbine inlet T = lower efficiency (18-23 %)
 Often single-stage centrifugal compressor and radial-inflow turbine (low efficiency)

I | ”M -

‘ri'

1

A

"'l'\
Y

/
£

Coniue wiproson Rl v e Aw

A radial-inflow turbine



£PFL Gas turbine efficiencies

T et plort outport (AW

Fig. 3.4. Current cfficiency of gas turbines (Source: Gas Turbine World, 1996-2001)

as - Heavy duty : long operating time, high
Aero-derivatives : low operaling lime efficiency, high power
# * derived from turbo reactor
- | ! !
“. - = =] on o
A S a a IS] - o ; Ty

36 . .:: - o = > oo o 0 nl:! =
; Fw{csew
é » 4+ Industrial - medium operating time Ind
= L lower power, cogeneration dustrial
- = -Aero~derjvatives
. ‘Heavy duty
E:—j * 0 ‘:T- lf‘Tvc'_! 1;10 2;\0 ?;.-C ‘l:)ﬁ 350
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24

£PFL Gas turbine costs

618.48 (MWe)o7

Investment cost (k$ year : 2000)
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CCGT

Combined cycle gas
turbine




=Pl Combined cycle Gas turbine
Concept

= Flue gases exit the Gas Turbine at high temperature (~600 °C) = energy
wasted to the environment -> add a Rankine cycle

-
I f Gas cycle N Combined cycle
[N :
‘ O ia :: :
gas turine cycle & \ ¥ :
(Brayter) \ ‘' ;
| h 1
.'. \ I 1
1 ¥ Wi
\ ]_g 4 /
(IS g -
.,' /\ Is 1 \. = T _________ P i T T TTTTTTTTTTTsTsTTssTs=== ~\
f ' Air y A 4 3v Steam cycle 3
_"' : | HRSG i | Steam turbine
,I | Flue vapor
., 0 7 1 1 5
2uc 1 g
. vy ! gases |
[ . o 5
! ;\'t \ ! | v 4v
iz Ir! iy | : p Q_
steam cyce (Kanking) : IR e :
- I |
st : I\\ ‘I‘ 1v liquid Condenser\’.,\
——r ettt oudesioa —_—— —_— wae ‘\ S U
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© o & w

=t CCGT

Components

. Gas Turbine

Heat Recovery Steam
Generator

Steam turbine
Electric generator
Condenser (heat rejection)

Pump

MES G sT ESNY L SN Eunaa

PEOUS UNITTICOGENERATION POWER PLANT
Gas turbine combined cycle with waste heat recovery




=Pl Combined Cycle Gas Turbine

‘EfﬂClency Heat released by combustion :
A = )t — 4 .
T gas turaine cycle ..."' ‘\ Q - mfuel LH‘/f”el
(Braytar) N Heat available in the combustion gases :
i \
‘.. — + f— R — . . —_
4 ‘« . Qg - Qg Wg = Mg Cpg <T4,g Tamb>
/7

Heat recovered by the heat recovery steam generator :

Qs+ = Qg_ - Qg,amb

i

o "C.:..’ A /i

-‘ﬂ// ‘ Heat released in the environment :
v
13 ! Iv I—u Iy . . . .
steam cyce (Ranking) Qg,amb =My Cpg (Ts,g Tamb)
s. - ‘. - -
A S S — — Conversion efficiencies
. . W_
Overall CCGT cycle efficiency . Gas Turbine 7, = %
of
W+ W~ or
_ & s 1 Heat recovery steam generator NyrsGc = E
Necer = 0+ = M, + 1ng* Ny ) * Nyrsc s
& W W

Steam Cycle n = - =
o; of (1 - "g) * Nhsre



=F*L CCGQGT : steam cycle

Multi-pressure steam turbine to
use the heat of the flue gasses to
the lowest possible temperature

Today 3 to 4 pressure levels
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=PFL CCGT

Efficiency

. . F
[ ] Gas turaine
Combined cycle is a state of the art technology swk B e |
5 F-ype Y t
) o 55 N 3 Super hgh-temperatue

= 64 % is the new efficiency benchmark i . ous turbre
E ) ;

= Means to improve the efficiency: T i0c 120c 1300 1400 1500 1600 1700

Turbire inlet temperature (C)

* Enhancements in the GT cycle: pressure ratio, turbine inlet
temperature, improved combustion, advanced materials

GTCC efficiency as a function of the gas turbine inlet temperaturell]

v

* Advanced cooling technologies (i.e. external blade cooling with Su ‘"/OTO i
steam) §o F-Class e o
* Reduced losses in rotating equipment 5: -
* Advanced materials and process design for the HRSG Heat i
Recovery Steam Generator, including optimization $e
* Supercritical steam / multi-pressure (3-4) steam cycles %:

* Advanced plant configuration (i.e. intercooling, regenerative GT, Tm
etc.)

Senple Cycle Net EfSciency [% LWV

[ ] Declared efficiency of some GTCC available in GE Power Portfolio 20172



=P*L CCGT investment

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY

Cost (k$ 2020) = 3800(MWe)0-7
400 MWe = 614 $/kWe
2020 : up to 64 % LHV efficiency

Average constiuction cost lor natwal gas generators, 2015 2015 added capacity
dollars per kilowait (capacity-weighted average) megawans
2000 §1,798 ”
o)
1600
1200
- 8770
- S614 &}
&)
400
) [
combined cycle combusion luibine inkernal combusion engine :
wchnology eia’

https://www.eia.gov/todayinenergy/detail.php?id=31912
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== GT and CCGT in the electrical market

= GGas turbine can be started within minutes and ramped up and down quickly

= Designed for base load applications, today suffering for RES dispatching priority.

stcan Lol

i
PIMW] BIMWY] \
B L S a4 duraton cuv N e s
Bl S——
Timaof day Cumulative hours S

Duration curve showing the use of different kinds of power plantsl2



£PFL GT and CCGT in the market

Levelized Cost of Electricity (LCOE )  ficiency*cost of fuel  Fossil dependence

v T L ¥
LCOE - TC?"I.‘, l c‘:;,".'.'\'vt“. | )("l" _ Al (’11‘.0‘.-:’2!

. LCOE: [€/MWh]

* i [-]: discount rate

»

= T[] annualization factor * n [years|: technology lifetime

= C. , [€]: total investment cost
i [€] « mg, [kg/h]: nominal flow rate of fuel input

= C,.m [€/Y]: yearly Operation&Mainteance (O&M) cost, excluding fuel cost
_ o LHV{,, [KWh,,/kg]: lower heating value of fuel

= C,, [€/y]: yearly operating cost

. L. ) ) L4 COp fuel [€ /kthueI]: fuel COSt

= E- [MW,]: installed electricity production capacity ’

= t,, [h/y]: hours of full load operation equivalent in 1 year * Mcop [kg/h]: CO2 emissions

c, [-] :=t,,/8760: yearly capacity factor * Ccoal€/k8eoal: CO, tax



*F"L GT and CCGT in the market
LCOE

LLVLLIZLD COST OF LLecrrcny

CISNSFLTON "
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RS, il B YERT,
¥ EFEMIUN 5O REPLACE Capacityfacter
1 FYATING TO8 WTHNFN CCGAS 4 o s "
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Levelized cost of electricity for different technologies! ’ W 35% 40N A% SON S9N &0 65% TON TS 3% BSY 0% 25% 0K

Capaciny ‘aewe fon natural gas. coal ard ~ckewr

W CCCT W Coxl W Nucker

LCOE of coal, natural gas and nuclear as a function of capacity factor



, Take-home message
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=PFL Take-home message

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY

GAS TURBINE:

Based on the Joule-Brayton cycle
In real applications: open cycle with irreversibilities in turbomachines and pressure drops

Efficiency ~42 %

Efficiency improved by optimal pressure ratio, increase T; (blade cooling technologies), advanced cycle
configuration (regeneration, intercooling, reheating)

Different types: from heavy duty for base load to aeroderivative for peak loads

Due to the high flexibility mainly exploited for peak loads

COMBINED CYCLE:

Combination of a gas turbine and a steam cycle where the heat from the flue gases is recovered to generate
steam

The link between the gas turbine and the steam cycle is the HRSG, key plant component
Efficiency up to 64 %
Efficiency improved by enhanced GT, advanced materials and plant configuration, supercritical steam cycle

Technology born for big power plants, base load and long operating time, now suffering due to RES
volatility
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