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Intro to Exergo-Economics

Exergo-Economic Analysis (EEA) is a combination of exergy
and economic analysis.

The goal is not only to determine the cost of one or more products
(this could be done by a traditional input/output cost analysis) but
rather to understand the process of cost build-up along the
transformation of energy and its depreciation, described by the
progressive decrease of exergy.

This type of information is very valuable, as it allows to identify
the most relevant stages within the process, thereby paving the
way to system improvement and optimization.



Multiple Products - Maintenance

An Exergo-Economic analysis allows to reconstruct the
progressive buildup of the cost of products along the several
components within the system, and also to analyze systems with
multiple products! (e.g., heat, electricity, cold and secondary
material streams) attributing the correct cost to the products exiting
the system in different locations.

An exergo-economic analysis is also very useful for
maintenance?, as — once it is done for the reference system — it
allows to identify malfunctions and attribute the relative cost,
thereby allowing an effective planning of interventions and parts
substitution.

1EIl-Sayed Y. M., and Evans R. B. (1970). Thermoeconomics and the design of heat systems. Journal of Engineering for Power 92(1), 27-35.
2 Reini, M., Taccani, R., On the Thermoeconomic Approach to the Diagnosis of Energy System Malfunctions, Int.J. Thermodynamics, 7, 2, 1-
72,2004
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EEA - System level

Operation & ]
Mt ainance Referring to the system as a whole,

operating in steady-state conditions:

— Product 1 CP,'E.‘D'E.' — C_f,i.‘ﬂi.‘ T Zﬂ'f,tﬂt T ZﬂM,tﬂt
— Product 2

........................ product | EE.1

1s the rate of cost of useful products exiting the system [€/s]

is the cost rate of fuels entering the system [€/s] (true fuels,
but also power or chemical reactants)

1s the overall plant capital investement cost rate [€/s] (from design
to financing, construction and decommissioning), reduced to unit
time considering the life span of the plant

IS the overall cost of Operation&Maintenance (personnel, spare
parts, consumables, ...), also reduced to unit time [€/s]
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Capital/Investment + Operation&Maintenance Cost

Typically the Capital & Investment cost is calculated from a
component inventory, adding construction costs and considering
discount rates for project financing

The Operation& Maintenance cost is generally evaluated on an
annual basis, or — when personnel costs are prevailing — over the
month. O&M includes spare parts substitution, often performed on
a monthly, yearly, 5-yrs or 15 yrs schedule depending on
component practice and field of application

Capital Investment and O&M costs in the following will be
considered together, reduced to unit time [€/s]:

Ztat — Zf:‘f,tat + ZﬂM,tat EE.2



EEA - Component level

The same approach can be repeated

Capital operation & inside the system at the level of
nvestment component k. It is convenient to separate
/ mass, work and heat interactions.
Fuel1—f \_/ |} Product1 Arrows can represent inputs/outputs
Fuel 2. == e K[ FrOdUct2  3cross the system boundaries, or
Fueli - / N Product j ]
= exchanges (of matter, work or heat) with
Work infou Heat inou other components inside the system.

Separating inputs (i) and outputs (e) one can write the cost balance as:
Z[éﬂ + Coo + Cy.) = Z[éﬁ Coit Cwi)+ Lot Loyk

EE.3



EEA - Component level

Operation &
Maintainance

Capital
Investment

As we are interested in exergy tracking
b of the costs, it IS recommendable to

Fuel 1 7 ] Product 1 reduce costs to unit exergy ¢ [€/kJ] and
Fuel2 — [ Productz USE exergy rates E [kJ/s = KW]:

Fuel | ......... P N Product J

Work in/fout Heat infout

z[ceEa + €0.0.0. + ey W,) = E(EEEE‘F Coif:Q; + ey W) + ZE‘LL: + ZDM,IE

EE.5



EEA Example 1 — GT with reheat - Balance

Heat In %— Kéga&e + ﬁ‘W,e): Ké‘gas’i + 6‘@!5)4‘ Z,gjLT + Z{JM,T

| |
/ / work  Arrows out Arrows in

Out
‘ The same equation can be re-formulated using the
\ \ cas  cost of re-heat cy; the cost of work c, (to be

Out - - : _
— determined), and the cost of the I, e unit exergy:

Gas In
CEEHRS,E + CW% — EEEgas,i + Co Qi + ZE‘I,T + Z{JM,T
Or, with the exergy/thermodynamics sign assumption (i=positive; e=negative):

CEEgas,i + Co Qi o CEEHI_'IS,E' o EW% + ZE‘I,T T Z{JM,T =0

which is very attractive from a machine-learning point of view.



& EEA Example 1 — GT with reheat- Purpose
Heat In m_ In Exergo-Economics it is very important to identify
J

the purpose of plant components.

/ / vl As the purpose of a turbine is producing work, in
- —> order to determine c,, [€/MJ or €/kWh], the logical

\ \ cas  assumption is to consider constant the unit cost of
Gas In

> |, ot Input and output exergy, c; = C..

This allows to solve for the cost of work produced:

S c;[m;(e; —e.)] + ¢ Qi +Zr
W — »
We

The reheat turbine case includes the simple turbine one : Q, =0
EC _TG_reheat simple.ees; EC_TG reheat_detailed.ees; EC_TG_reheat det EXD.ees




EEA Example 2 — Steam Generator

4% _ Steam Referring to the Steam generator here represented:
I Q Radiation .
e » Rac L .
1 / catLoss C4+C5+CQ_ Cl +C2+C3+ ZBoiler
v s |
~ | O Combustion
2 products
Air e - -
Introducing the cost per unit exergy:
A 3
Feedwater C4 E4 + C5 E5 + CQ EQ - Cl El + CZ E2 + C3 E3 * Z Boiler

In this equation, the costs of inlet streams (fuel, air and feedwater) c,, c,, C;
are known (either from market price, or from the solutions of components
placed ahead of the steam generator); it is necessary to make realistic
logical assumptions for the unit exit costs ¢, Cs, C,.

Boiler. ees



EEA Example 2 — Steam Generator

We are interested in the main product of the steam

Fuel p Q radaton generator, which is steam (stream 4).
ke J 5 Combustion
2 | products Streams Q and 5 represent exergy losses:
Al namely, 5 is the steam generator sensible heat loss;
3 while Q is the Radiative Loss.

Feawater

It makes sense to consider the cost of loss equal to the cost of fuel® [€/MJ]
necessary to have the component working (that is, the market cost of fuel):

C: = C4 Co = Cy

2 This I1s @ common assumption in exergo-economics.
There is one alternative, that is, to consider zero the cost of the exergy loss.



EEA Example 2 — Steam Generator

With these hypotheses on the cost of exergy losses, one can solve for the
unit exergy cost of steam c,:

Cl(mlel_mSeS_E.Q) + C.M,e,t CsMse; + ZBoiIer
m, €,

The cost of the radiative (heat) loss Is priced at the cost of heat-exergy E,

C. =

E. =0 [ . To} The idea is that the cost of heat loss
: T, should reflect the temperature level at
which the heat loss is taking place.
5
4 | Loseics. .
3 This figure shows the cost of heat loss
2 // as a function of temperature Ts,
11— T ST 0 starting from the fuel cost of natural
0 ' ' . gasatc, =c. = 6 €/GJ.
1 1,5 2 2,5 3




Example 3 — CHP system (Backpressure steam turbine)

o The CHP system example is taken
ﬂ from the textbook BMT3, but it is
s | owmoe Ton o completely reworked and is
1" = accompanied by a working EES
VLW program.
T4

The steam generator Is treated as a
simplified system, considering only the
cost of the fuel (disregarding that of
the other inlet streams: air, feedwater).

The cost of the sensible heat loss (stream 3, hot combustion products)
is neglected®.

b This is the alternative to pricing the loss at the cost of the fuel.

3Bejan A, Tsatsaronis G, Moran M Thermal design and optimization. Wiley, 1996, New York Tab8 1T8aeeS
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4|22 Example 3 — CHP system (Backpressure steam turbine)

o The high pressure (point 2: 50 bar,
ﬂ 466,1°C) steam flow rate is given m, =
e | o 26,15 kg/s. The inlet flow of exergy

L o 2—[ . (fuel) is 100 MW, at a cost of 4 €/GlJ.
TV

Vapore BP

BN The steam generator destroys 60 MW
of exergy.

The capital costs (including O&M) are estimated at Z, = 0,3 €/s for the
steam generator and Z, = 0,2 ( W/ 10) €/s for the backpressure turbine.

W is the power of the turbine expressed in MW, (ref. Size = 10 MW,)

Tab81Tsa.ees
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" Example 3 — CHP system (Backpressure steam turbine)

INDUSTRIALE

Gas
combusti

Aria, Acqua di
alimento

3|

Vapore AP

2

Generatore
di vapore

The example considers the possibility of producing steam
for the process at different pressures p,, from 50 bars (no

backpressure turbine Tlt

Vapore BP

0,8, direct steam output) to 1 bar.

Tab81Tsa.ees

Table 8.1 Tha-rmm:lm‘m-'nl:.- and cost® data for the h-"lmwe D»f'Fl-ﬂLl’B‘ B2

P _]"' [#ida ) (rrs.cr ] W - Ex ., =, , (o
Ermc.} ) I _ - TEWR (WD B (B (&5 (MG (&/kg)
1] EECT | =329, QrEr 271 Rl i ] 35,040 {h i 24677
ETH 4358 . —-4‘?1 =g e T 1.480 0. 156 333064 AN ET 24 0135 2552
K00 398.4 " —333.211 27X RER 3.302 0360 31.338 OG5 24 1T 2.397
201 345 {3 | — 335632 2TI.EA5 5723 535 28632 LR 24,246 2,150
"_El 261D ! -335.012 275756 10003 1.215 L £ V20K 24 435 15819
a 2052 ! — 347 654 2IT AL 2. 78S 16833 200, 582 DO256E 24 555 I 574
2 1283 | —346.434 279.433 16,525 2311 16164 000330 24,797 1.236
| Qg.6a | = 345, G 281.134 !H’._'E":ﬁ"l’ E.ﬂii 13.185\ L3 E 24,907 1.0HR
I — - & - - - _—
1 B = ™4 [l a5 7 - .l ™

P Ty hg;4 Sgid W B B4 hig S4
[bar] [C] [k ] [k ] [k ] [k ] [k ] [kJikg] [kJikg-K]

a0 A5 1 -329910 271 4 ] ] 34269 12616 10,33

40 435 8 -331401 272 1490 162 4 F2626 12673 10,4

30 395 4 -333241 22k 3330 348 5 30590 12743 10,42

20 349 -335666E 273k a7 a0 B32 5 27881 -12836 10 46

= 28149 -339924 2755 10013 1213 23042 -12995 10 54

5 205 2 -342632 2F7 12772 1845 19852 13104 10 549

2 128 .3 -34B407 2793 16497 2333 15439 -1324B 10 B3

1 100 -3476E54 284 3 17744 3521 12704 -13294 1037
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20 |5" Example 3 — CHP system (Backpressure steam turbine)
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Enthalpies and entropies for water are referenced to standard conditions
(JANAF Tables); the following corrections apply with respect to steam
tale values:

h,=hey— 15970  [k/Kg]

S; =S¢t + 3,509 [kJ/(kgK)]

The turbine power output and exergy destruction are:

W=m™* (h,-h,) Eqr=m>*Ty>(S;—5,)
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|2=" Example 3 — CHP system (Backpressure steam turbine)

3| [l &,
S|
Sl

Costing Equations:

C.E,.*C:E.= CE. ™7z Steam Generator

C4 E4 T C\N EW = C2 Ez + ZTurbine Turblﬂe
Assuming ¢, = 0 (cost of sensible heat loss neglected); from the Steam
Generator cost equation (with p, = p, = 50 bar):

C.E, " Zegier _ 4710072000403 _ 0 45 ¢

= E. 34,269/1000
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Process steam Is usually sold per unit mass; the c* cost per kg can be
calculated multiplying by the specific exergy e, [GJ/kg]

E 34,269/1000
* — — 2 _ 20,43* = 2,677 o€k
SRR Y. 26,151 o

The turbine cost equation has two unknowns: c, (cost of low-pressure
steam at turbine outlet and c,, cost of work. As in the first example, the
purpose of a turbine is doing work.

This allows to consider constant the unit cost of exergy cost of the input
and output streams, c, = c,= 20,43 €/GJ (calculated before). Then:

C. (Ez B E4) +ZTurbine _
W

Cw =

20,43*(34,269-23,042)/100+ 0,02*10,013/10
10,013/1000

=249 €/GJ
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% Example 3 — CHP system (Backpressure steam turbine)

INDUSTRIALE

The assumption ¢, = ¢,= 20,43 €/GJ does not mean that the cost of
high-pressure and low-pressure steam is the same; in terms of mass,
for the low-pressure steam:

E 23,042/1000
* —~ Q= 4 _0,43* -
C 4 C4e4 C4 m 26,151

1819  c€/ke

That is, low-pressure steam is less valuable than high-pressure steam
steam; this happens because its exergy is lower.

This example addresses effectively one of the core problems of
exergo-economic analysis, that is, attributing the correct cost to
different products in case of a multi-purpose plant (power and heat).
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2 | Example 3 — CHP system (Backpressure steam turbine)

E s E 3 E d E ] E i] Turbine Exhaust Temperature Ty [*C]
Fa T-'-1- ':star;-# Ly By i 273 349 398 436 466
[bar] [C] [b/kg] [c§/G] [kJikg] R T P i s B S =y
40 4355 0,02545 24 52 1248 e e ol
30 398 4 002389 24 56 1170 s 10
20 349 0,02178 24 7 1066 E oy
3 2619 0018 249 851,1 1 |
5 2062 001551 25 06 7531 [ I A
2 1283 001206 25,32 BI04 | rwmss couo it e s st e s
1 100 0009923 26 53 4853
] ] 27 — : : . : . : ——0,030
The parametric analysis screens the ol [65/G] Sl
Cstard] g
2651
trend of the costs (power and low- 10,025
pressure steam) with variable 21 -
process pressure p,. |

10,015
251

Decreasing p,, the cost of work is
augmented and the cost of low-

2| 10,010

P[4] [bar]
pressure steam decreases. e S

\%



UNIVERSITA

4 % DEG

WUA2 | FIRE
CIPART]
1 INGE

Example 3 — Effect of aggregation level - CHP system

compusivte, T T j— — — = The Aggregation Level should be set
siner_| | at the finest possible level possible for

alimento I
| 2 |, theanalysis of the system.
TV l - -
: e o ; Of course, detailed info about

_—— ﬁ_ —' 4 component cost should be available.

Let’s say that there 1s no detailed info about the separate costs of the
Steam generator and Turbine. The only info from cost reduction to unit
timeisthat 7 +7  =0,3+0,02=0,32 €/s (referring to a 1 MWe
turbine). The costing equation with this limited info is:

(\ C4:E4 _'-(\CWIEW + 9ﬁ/é3 - Cl El + (Z Boiler T ZTurbine)

c;=0




- CHP system

Without internal info about the turbine we cannot set c, = ¢, as before; the

only possible way to solve the global cost equation is to take the plant cost
as a whole, and attribute equal cost to the two products, work and low-
pressure steam, that is: ¢, = ¢y :

Combus s
Aria,_Ac uadi
‘Z ) e L1 e e |
Cl El BO|Ier ZTurblne

I
CW: C4 | ’ v | W
I

E. W

4*(100/1000)+(0,3+0,02) .
(23,042+10)/1000 ! €/GJ

This 1s quite different from the previous result, 24,4 €/GJ for work and
20,43 €/GJ for steam. Actually we are under-pricing one of the

products (work ) and over-pricing the other product (steam).
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EEA - Auxiliary Equations for typical components

Table 8.3 Auxiliary thermoeconomic relations for selected components at steady-state operation when physical and

chemical exergy are considered separately?

Compressor, Turbine or Heat Gasifier or
Component Pump, or Fan Expander Exchanger” Mixing Unit Combustion Chamber Boiler
Flue
835 | 4
2 Hot stream
Hot - Feedwater
3 2 § Main
li/ Cold Oxidant Readction 3 taam
. . roducts
Schematic —3-—;— stream | Cold 2 P Coal ,
1 3 Fuel 3 ? Cold
) 2 1 1 o - i E < reheat
A Air —> Hot
—_— g reheat
1 4 2
Ashl 3
Auxiliary c§H = CH e = oM = oo cft = ofH o CSH + CSH c§h = fH eH = ¢S, c§H = K
thermoeconomic c§H =M = M c§H = c§H R ESH (gasifier) cH=cfM M =0
relations CH :

Variable calculated
from cost
balance

C%‘H = ¢t

PH
s

PH

ot = C(II‘H

(incomplete combustion)
cSH =

K]

{complete combustion)

0

ciH

CPH — (P ~ CPH . CrH
PH _ fPH  fPH _ fPH
EL EL EZ EY

For ¢%" and ¢§Y see Section
8.1.4 and Equations 8.14

3

PH PH
ctor cf

“The cost rates C » and C » for these components are defined in Table 8.2.
"These relations assume that the purpose of the heat exchanger is[to_heat the cold stream (T, = 7.).]If the purpose of the heat exchanger is to provide

cooling (T3 = T,), then the following relations should be used: C, = C, — C;; Cr = C, — Cy; ¢80 = P 5% = o and ¢§* = ¢§™. The variable ¢FH

1s calculated from the cost balance.

A general rule i1s that a numer of n-1 auxiliary equations are needed for

a component with n outputs.



Steam turbine with extraction

k Cu*C.*Ci= Ci*Znm

C. El —C, Ez _.Cs E3+ ZTurbine
W

i Cw =

N =3 (streams 2, 3 + W)
Auxiliary equations (the purpose of a turbine is producing work):

C, = C4, C3 = C, (constant cost per unit exergy)

— Cl(El _EZ_E3) +ZTurbine
Cw W

Direct solution




Steam turbine with extraction — Costing exergy destruction

F
! It Is possible to use the turbine exergy balance to put in
W P evidence the cost of exergy destruction:
F|
2 A W + Ep = (5 - E,- E, ) Exergy Balance

~
~
~
~
~
ks
~

Direct solution -~ T

~
~

~
~
~
=

(B BBz clEo W ) 2.

W W
Rl \/\, ~~7=~_  Thecost of work is represented by
'C1 E D ,’ y Turbme“ the cost of a “Fuel” stream c, + the
Ch= CT W ; , Cost of Exergy Destruction (priced at
N YY" thecost of fuel c,) + the Capital Cost

Introduced by the turbine.



Surface Heat Exchangers

Surface Heat Exchangers are common relevant components.
Hot stream

We assume here perfect external insulation (no Exergy LosS;
l3 s ONly heat transfer exrgy destruction); the Heat Exchanger

éh N\ _steam gperates above the reference temperature®.
2.~/ ' The Cost Equation is:
L
Cz + C4 - Cl + C3+ Z HeatExch
Which can be rearranged considering stream continuity:

(Cz Ez —C El): mz (Cz e, C: e1) -
(CB E3 B C4 E4)+ Z HeatExch: mB (CB eS - C4 e4)+ Z HeatExch

* Special treatment is necessary for heat exchangers operating below ambient temperature!
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| Surface Heat Exchanger — Heating the Cold Stream

i m.(c.e.-c.e) = mic.e—c.e)* Z e

:' i cod  Asn =2, we need 1 additional equation. The solution
, T depends on the purpose of the heat exchanger.

, If the purpose of the HE Is to heat the cold stream, we should
\ -
v assume that the cost of the Hot Stream is constant, c, = c; .
F2 This allows to solve for the unknown c,:
~ C.E.*Cq (Es B E4)+ L veaxcr
C.= E
2

It appears that the HE has 1 Product (stream 2), and uses 2 Fuel
streams: stream 1 (to be upgraded) + the decrease of exergy of the hot

stream, (Es_ E4) ; the third contribution is that of the HE Capital Cost.
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o p— Surface Heat Exchanger — Cooling the Hot Stream

w‘fﬁ;‘n 5
NS
Pergan® | Ripesaes

17y,
\h o
|

m.(c.e,—c.e) = mlc.e,—C.e)* 7 e

3 F1
- L ~Lod ~ Asn =2, we need 1 additional equation. The solution
2 E f:‘ 1

_» depends on the purpose of the heat exchanger.

\
N

"""" F2 .
P L If the purpose of the HE is to cool the hot stream, we
should assume that the cost of the Cold Stream Is constant,
C, = ¢,. This allows to solve for the unknown c,:

The solution can also be set : ( . = ) .
using the HE exergy C,= Cs E3 TG Ez E1 + Z HeatExch
Destruction 4 E

4

It appears that the HE has 1 Product (stream 2), and uses 2 Fuel
streams: stream 3 (to be cooled) + the increase of exergy of the cold
stream, (E,~E,) ; the third contribution is that of the HE Capital Cost.
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EEA - The Cost of Exergy Loss - Assumptions

INDUSTRIALE

capial From a System point of view, we can
c el Sroduct conS|de_r a component with an exergy
> Loss (dispersion of Exergy to the_
Environment). The cost balance is:
Y Cw= Cn Cu*Z,

Referring to unit cost of exergy: Crx EPk ~ Crw EFk _CLk T Zk
Assumption1: C, =0 Cu =0
Cost of exergy Loss =0 (Loss attributed to system functionality) -

This Is a reasonable assumption when the purpose is to evaluate the
final cost of a product as output of the system, or general optimization
(minimization of product cost) at system level.

Examples: Condenser, Stack 10SSES  «---nnwemmmmmoooeeoe e i



EEA - The Cost of Exergy Loss - Assumptions

Capital Assumption 2:
z Cost of exergy Loss = Cost of Component
Product  Fyel stream
(Loss attributed to component )

Examples: HE with defective insulation,
Radiative Heat Loss Iin Steam Generator

CLk —Cx ELk = Cr« ELk

This is a reasonable assumption when the purpose
IS to improve the performance of a defective
component; the loss — taking place in the
component - Is priced at the cost of the component
fuel stream.



EEA - The Cost of Component Exergy Destruction

Capital In general, a component has both an
z Exergy Destruction and an Exergy Loss.
Fuel Product ' ]
The Component Exergy Balance is then :
E-=|En*(Eu*Eo)
Destruction L oSS

The Component Cost Equation was:

Cerx EPk Crx EFk _CLk Zk

Substituting the Component Exergy Balance in the Cost Equation:

Cex EPk = Cr EPk +(CFk ELk _CLk)+Zk * Crx EDk

(E'f r was eliminated through the Component Exergy Balance — Product-oriented approach)



e EEA - The Cost of Component Exergy Destruction

Cagltal Crx EPk = Cw EPk +(CFk ELk - CLk)+ Zk +(6Fk E.Dk\ \l
Fuel Product T
—> This equation shows that in EEA the
Exergy Destruction should be priced at
the cost of the Fuel entering the
Destruction L oSS Component k*-

Cok = Cr

Remember that for the Cost of Exergy Loss, two different assumptions
are common:

cy =0  (system approach)
C,=C. (component - progressive approach)

* In strict terms this 1s true only for “isolated”” components, whose performance does not
depend on that of other components. In this case, the Exergy destruction is called
“Endogenous”™



EEA - Component Performance Indicators

An important performance indicator Is
the relative cost increase across the
component, r,:

ka
Using the Component Exergy Balance in the Cost Equation:
ChEn= CnEn +CnEu-Cu)tZ,+CaEn

And assuming (system level) C, =0

The relative cost increase r, across the ,(’,‘ TN TS,
component is a function of the _ CFk(\ E.* 'E Dk /'-H\Zk )
component cost, and of the costs of ‘ Cre EP_k o

exergy destructions and exergy losses
across the component:
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EEA - Component Performance Indicators

INDUSTRIALE

— - o
—
o ~

Another important performance - E.. 1 _(:E w T Eu
Indicator Is the component exergy ET = LT ="
efficiency, g, EFk EFk

Substituting for the group (E,, + E,,) inside r,;
1-g

rk:CFk(ELk+ .EDk)+Zk _ I = ; +

Cex Epe

Z,

kaEpk

The relative cost increase across the component r, results to be a
function of the exergetic efficiency ¢, of the component (including
exergy destruction and loss), plus a contribution associated to the

capital cost of the component.
(Product-based approach)



EEA - Component Performance Indicators

The Exergo-Economic Factor f, is

useful as a non-dimensional indicator, Z )
stating how much the capital cost is f 5 N ( = )
relevant with respect to the costs of L. "Ca\En T Eu

exergy destructions and losses.

When analyizing the results of an EEA, it is recommended for system
Improvement to focus on components combining a low f, and a low g, ; In
these components, it is worth to apply a higher investment in order to
reduce exergy destructions and losses at a low cost.

From a system point of view, however, one should also keep an eye at the

size of the component exergy destruction y, : Epy
Ve = =

Ertot
It is not important to increase the performance of components with small exergy

destructions; one should focus on components responsible of large irreversibilities.




EEA — Capital cost vs. Exergy Destruction

UnavoidableExergy Destruction

:_ 2 |
Cox="3
S (_E_)““ Component B better than A:
E. )\

L Lower cost + Less irreversibilities

8 |5

gé_ 1 : -------------------- Ha.ngeofvan'amno!

g:‘o_ : investment costs

5 | Bl =— Lower limit to
‘. Wmmm.ei (i)‘" component cost
E-"M investment cost ép /e

Exergy destruction per E, /E. = 1- &
Dk Pk Ex

unit of product exergy

A breaktrough in technology is represented by a shift to a curve (B)
with lower cost and better exergy performance than the base case (A).
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|"i% EEA — CHP regenerative gas turbine test case (CGAM)

INDUSTRIALE

O9m=14kgs

T=485K :

P=20 bar 8m=14kgs

; T=298K
P=20bar

6m=929kg's

T=778K

P=1.1bar

- Sm=929kgs
/ T=1006 K
Tm=92.9kg/s ' P=1.1bar

T=426K

P=1.0bar
2 m=9127kg/s
T=603.74K

P m=92.9 kg's

3 m=9127kg/s ~ T=1520K
T=850K P=5.14 bar
Compressore P=9 6 bar 7
n::=0.86 10 m=164kg's
=10 =208K

11 Wc=30 MW b= 12 bar
Turbina
1;:=0.86
T+~=1520K

12 Wt=60 MW

1 m=91.27kg/s
T=298.15K
P=1 bar



CGAM - Capital Costs

Feedwater
Q80
steam drin
830 ~
'._"___,,.,'—"’f‘ onomizer APH
£ 880 - L 6
= 830 Exhaust anorior I |
@ f,...--""ﬁ.’r.‘ Gas HRSG  CTPerer Natural Gas
© 780 A 1 208 ”4 cc
«"'"’F‘
730 ~
Q—
680 AC Y
1993 1994 1995 1996 1997 1898 1988 2000 2001 2002 2003 2004 2005 Net Power E_:I 12 L’f.'r"-,\': il
Ao 30 MW *-15 ~
GT

i Air

Levelization of cost with time (turbine)

Z.=945  [$/h] Compressor

Z=945  [$/h Turbine

Z..=185 [$/h] Combustion Chamber
Z,n=237  [$/h] Regenerative heat exchanger
Znsg=331  [$/h] Heat recovery steam generator



CGAM - Compressor + Turbine + Loop 1 (Mech)

Compressor AC:

Cyg = €41E44 E =W, =30 MW
No additional equations needed (n=1)

C+Cprz, =C, G, =0

L,
Turbine GT: e W G -
. : : : : Gas HRsGg T 11 N’:‘:“r':s
C4+Zt :C5+C11+ Cp L- =
1 additional equations needed (n=2): c. =c, ’“—t _) C
C, _C,
E. Es
_ The compressor shaft work is provided by the C, Cyu
C'11 Cl

turbine (to be determined, mechanical energy loop) W Wa



CGAM - APH, CC + Loop2 (Heat recovery)

Air Pre-Heater APH:

C,+C,+Zph =C; +Ce Fé\
ladditional equation needed (n=2): C, =C, & . v Ll |
(constant cost of hot stream per unit exergy) .=
¢, known from compressor outlet. G .S ey
Unknown c,. Es Es T e
Combustion Chamber CC: Only now we can solve for:
. . . . AC, GT, APH, CC.
C3+C10+ Lec =Cy
No additional equation needed (n=1): 4 unknowns, 4 equations.
c; known from APH outlet. Unknown c,. _
C,, is the cost of natural gas, €/GJ Two loops: mechanical

energy, work stream 11-12;
and stream 3 at APH exit.




CGAM - HRSG, Products (steam + electricity)

Heat Recovery Steam Generator (HRSG): -
. . . . . “ 6 steam drum o
Ce+Cq+ Zisg =C, +Co poead 0 0 T
ladditional equation needed (n=2): ¢, =c; e , ce
(constant cost of hot stream per unitexergy) | L« 1)
& & MW ?Ii_r .
Ee E;

The unknown is c,, that is, the cost of the steam produced

per unit exergy: _
Cg IS assumed here to be equal to zero (cost of

Cy = Mgegcy recovered condensate stream)

Rather, it is relevant to know c*q in [€/kg]: ¢35 = egCq

The cost of electricity was already calculated as c,, [€/GJ]




CGAM - Streams, cost rates, unit exergy costs

Stream n° E [MW] C [$/h] c [$/GJ]
1 0 0 0
2 27.54 3361.2 36.91
3 41.94 5122.8 33.93
4 101.45 /7308 20.01
) 38.78 2794 20.01
6 21.75 1567.1 20.01
7 2.77 199.8 20.01
8 0.062 0 0
9 12.81 1695.6 36.83
10 84.99 2100.2 6.864
11 29.66 2701 25.42
12 30 2745.2 25.42

Stream n. 7 is the Stack Exergy Loss.
Here it Is priced at the cost of the fuel

(C7=C4=C5=Cy).

Feedwater

&
. stedany dvun
ECONOMIZEN L;r@\ APH
= i
- - ! (M e

Exhaust

Gas HRSG CVAPTaTeT Natural Gas

1t ce

AC 1
Net Power @—("' fl T
30 MW
i
I

Air

|
.
GT



CGAM - EEA Standard Results

€ Ep C; Cp Cpo Z r f
(%) | (MW) | ($/GJ) | ($/GI)| ($/h) | (B/h) | (W) (%)

cC 79.9 | 255 | 6.84 | 20.0 630 185 126 | 11.9

Turb | 95.2 | 3.01 | 20.0 | 254 217 945 27.0 | 81.3

Comp | 929 | 210 | 254 | 36.9 194 945 45.2 | 83.07

HRSG | 67.2 | 6.22 | 200 | 36.8 | 449 331 84.0 | 424 1G] =

PH 84.6 | 263 | 20.0 | 33.9 189 237 69.6 | 55.6 277,8 kWh

The result is a cost of electricity of ¢,, = 25,4 $/GJ, that is: 9,1 c$/kWh; and for steam, c, = 36,8
$/GJ, or c*, = 0,0337 $/kg. (eg = E¢/my = 12810/14 = 915 kJ/KQ).

The Largest Exergy Destruction E = 25,5 MW is in the CC, with a large cost C, = 630 $/h. The low
fcc = 11.9% indicates that the cost of the exergy destruction dominates over the capital cost.

The second largest E; = 6,22 MW is in the HRSG, with a large Cy = 449 $/h and a relatively low
furse = 42,4%. The HRSG also has the largest cost increase rrsg = 84% (product/fuel). Indeed the
HRSG is not well matched from the point of view of hot gas/steam temperature profile.
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CGAM - Official Results — EEA - Streams

- - 10
Exergoeconomic Analysis — Base Case
Mass flow rate, temperature, pressure, exergy rate, and cost data for the streams
Mass flow Tempe- _ _ Exergy Cost flow Clost per
State Stream rate, rature. Pressure. flow rate, rate, Exergy Unit,
i [kgs] | TIK] plbarl 1 F mvw C [$/M] e [$/GJ]
1 Air 91.28 298.1 1.01 0.000 0 0
2 Air 91.28 603.7 10.13 27.538 2756 27.80
3 Adr 91.28 8500 9.62 41.938 3835 25340
4 Combustion 092.92 1520.0 9.14 101.454 5301 14.51
products
5 Combustion 92.92 1006.2 1.10 38.782 2026 14.51
products
6 Combustion 92.92 7798 1.07 21.752 1137 1451
products
7 Combustion 92.92 426.9 1.01 2.773 145 14.51
products
! Water 14.00 298.1 20.00 0.062 0 0
9 Water 14.00 4856 20.00 12,810 1256 27.23
10 | Methane 1.64 298.1 12.00 84,994 1398 T3]
11 Power to air - - - 29.662 2003 18.76
COMPressor
12 Nel power - - 30.000 2026 18.76
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0 e CGAM - Official Results — EEA - Components

Compo- PEC £ E Vo crp €r C, 7 C,+7 r f
nent [108] | [%] | Mw] %] [SGN [SGN gGn 8GN pyen | 126 | (%]

Combustien (0,34 80.37 | 2548 2993 1145 14.51 1050 68 ( 111% ) 267 | 6.1

Chamber

Gas 374 | 95.20 3.01 3 54 1451 18.76 157 753 a10 792 | R2.7
Turbine -

Aar 373 | 9284 2.12 2.50 1876 278D 143 753 @ 482 840
Compressor

HRSG 131 6717 | 6.23 7.33 1451  27.34 326 264 590 885 448
Air 0,94 | 84.58 2.63 3.09  14.51  20.81 137 189 326 434 | 579
Preheater

The Combustion Chamber, the Gas Turbine, and the
Air Compressor have the highest values of the sum
(Z, + Cp;) and are, therefore, the most important
components from the thermoeconomic viewpoint.
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ez CGAM — Official Results — EEA — Combustion Chamber

Feedwater By considering measures for reducing the high cost

rate associated with the exergy destruction in the CC,
two key design variables have been identified, tempe-
ratures T, and T,. An increase in these temperatures

reduces the value of C; - and other components but
eoonamizer

. increases their capital investment costs.
7 i 6 /
il ™M -k

——il—— . -
Exhaust -t evaporator APH 4 |  Natural GEE/
Gas I
i 3

The low value of the variable - (6.1 %) shows

[0
4 cc
that the costs associated with the CC are //, @

almost exclusively due to exergy destruction.

A part of the exergy destruction in a CC can //’

be avoided by APH the reactants and by N L
reducing the heat loss and the excess air, but '\
this usually leads only to a small reduction in |
the exergy destruction. 7| Air GT

steam drum

b
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s [ CGAM - Official Results — EEA — Turbine

Feedwater

steam drum

economizer
]
—l———

GT and AC too capital-intensive.
Explore worse efficiency.

Exhaust - R
Gas

The GT has the second highest value of the
sum (Z_+Cp o7 the relatively large value of N
factor f sugg'ests that the capital investment
and O&M costs dominate. The capital
investment costs of the GT depend on
temperature T, pressure ratio p,p,, and
isentropic efficiency iy To reduce the high
value of Z_,, we should consider a reduction

in the value of at least one of these variables.

APH
] "‘V‘--

A |  Natural Gas

21 |3 ml co

1| Air
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HRENZE CGAM - Official Results — EEA — Compressor

Feedwater : . :
GT and AC too capital-intensive.

Explore worse efficiency.

steam drim

| APH
- 0 M |l

econmmizer

————
Exhaust -t evaporator A | Natural Gas
Gas '
2 '3 10
- - ccC
|
|

The AC has the highest f value and the

second highest relative cost difference r
among all components. Thus, we would
expect the cost effectiveness of the entire .

system to improve if the value of Z . is

reduced. This may be achieved by reducing \
the pressure ratio p,p, and/or the isentropic | GT
compressor efficiency i . 1| Ajr



CGAM — Official Results — EEA -HRSG

Feedwater
The HRSG has the lowest value of ¢, . and the
& ? g highest value of r,, . among all the components.
As the f;;.. value indicates, almost 45% of the
S steam drun relative cost difference is caused by the Z,..
i u . o
economizer | value, with the remaining 55% caused by E,, .. ...
7 ! ! 6
Exhaust « Il
evaporator | Natural Gas
Gas HRSG " “ APH || |
|
2 3 {0
Thus, we might conclude that a decrease of Ej, ;. : l cc
could be cost effective for the entire system even :
—

if this would increase the investment costs
associated with HRSG. The value of £, ... can be
reduced by decreasing the values of T, and 7. A
decrease in the value of 7. also results in a 12
decrease in the E; . In terms of the decision
variables, temperatures 7, and T, may be reduced

by increasing T, and/or decreasing T, at fixed , GT
values of the remaining decision variables. Ji Air

AC

HRSG deserves some capital cost increase (surface, DT pinch).
Its performance is affected by that of other components (Turbine)
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P | CGAM - Official Results — EEA — APH

APH should have a capital cost decrease.
Feedwater Less surface = lower exit Temperature Ts.
However, the CC required a higher Ts.
A sensitivity analysis should be run.

steam drum
{’E‘ﬂ.rf{mi'.f"ﬂ APH
5
] M |
Exhaus e '
evaporator Natural Gas
Gas HRSG

:.J’ Hﬂ# cc

I——-

The relatively high value of ., suggests a
reduction in the investment costs of this
component. This can be achieved by
decreasing T,.

It should be noted, however, that changes
suggested by the evaluation of APH should
only be considered if they do not contradict
changes suggested by components with a
larger value of (£, +fp,4m]

AC

| Air



UNIVERSITA
DEGLI STUDI

CGAM — EEA - Official Results — Improvement

CIPARTIMENTO
D1 INGEGNERIA
INDUSTRIALE

Feedwater The following changes in the design
variables are expected to improve the cost
effectiveness of the system:

Steam drum # Increase the value of T, as suggested by
, the evaluation of the CC and HRSG.
COMNUERTZEY §
7 &
Exhaust - S evaporator A | Natural Gas
Gas g APH | |
; |
2 | 3 I{Jl ce
s Decrease the pressure ratio p,p, (and thus '
P¢P;) and the isentropic efficiencies i - and ";P@
o 25 suggested by the evaluation of the 4 )
AC and GT. AC
» Maintain T, fixed, since we get Iz
contradictory indications from the @ = L
evaluations of the CC on one side and the
GT and HRSG on the other side. Base CaSE
p,/p,=10 Nycr =086 r=0.86| T,=850K T,=1520K
P/ Pr=9 | My =085 |Mg;=085| [I,=870K| |T,=1520K

First iteration
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Base Case

=0.86 r=0.86| |I,=850K

P,/ p, =10 My

T,=1520K

L @ i

P,/ p,=9 N, =085 MNg=085 T,=870K
T H SeconcL_i'teration H
NS ~NS ~N NS
P,/ p,=7 N, =083 MM;=083 T,=910K

T H Additiol;Lal iterations
NS N

NS

P/ Py =377 M =0845 1;=083 T,=910K

Beware: comparisons and
evaluation of Z should be
done with politropic
efficiencies rather than
Isentropic, when considering
variable pressure ratio...!

This is not accounted for...

CGAM - EEA - Official Results — Optimization

I,=1520K
N
I,=1480K
o edwater
T,=1463K For the overall plant
0 (Base Case):
steam druim ‘ s _=50.4%
Cp, =53617/h
economizer | TH";:; — 407 APH L& i
7 i f IV CLmr_C}'—$ [457R
—— ' - -
E?s;st _.-'_.--_“-l:'-;éa _____ r-.-LﬂpU.'fHUF ‘. Natural Gas

For the overall plant
(Additional iterations):
£, _=45%

2

310 _
ce lrg_nﬁsx

[Cr.=$2870/ Net Power (G-
CLiwCr | 30 MW

7, =0.845

P/ P, =577




Advanced Exergoeconomic Analysis — Unavoidable ED - IC

Lower Limit
Unavoidable Exergy Destruction ED
z - -z.k \
" (E_)““ Component B better than A:
Er X
N J perpm——"
gé R Lower cost + Less irreversibilities
E8 Hi .
> 1 B Lower limit to
™ W&M@t (z;)‘" component
= i ____  Investment Cost IC
Ex?trg'y destruction per E,./E,. = 1- &
unit of product exergy PX €
What 1s Unavoidable...?
In terms of...
A) Exergy Destruction ED ....? CGAM AEA Example
B) Investment cost IC ....? E #

...for each component...?
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2| PNz CGAM — AEA — Unavoidable —ED = IC - CC

Feedwater
Y UN Investment cost:
3 - T.=298K (fuel),
ambient pressure for the CC process
cconamizer T3= 12?3K
i {
f ¥ NS
Exhaust !
. Natural Gas
Gas APH] | ""r
T o) e

UN Exergy destruction:

T,=811K (fuel)
T,=1000 K

T,=1773 K, Net Power
adiabatic combustion 30 MW
*Fuel pre-heating

*Air Pre-Heating

Material constraints
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CGAM — AEA — Unavoidable — ED — IC - GT

Feedwater
W UN Investment cost;

Ny =0.70, p,/ p, =10, T, =1273K

EConamizer AP H
7 i r/ .
Exhaust A | Natural G
Gas :
21 i3 ml ce
UN Exergy destruction: PR ®
4
Ny = 0.92
Net Power -
30 MW e
; .. AC 1. GT
* Isentropic efficiency L Air

* ...cooling disregarded...
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e CGAM — AEA — Unavoidable — ED - IC - AC

Feedwater
W UN Investment cost:

My =0.70

APH

COHUNNIZED

7 4]

- IV -
Exhaust A | Natural Gas
Gas !
21 |3 m# ce
UN Exergy destruction: - ](®
N, =0.90 —
Net Power
30 MW

AC

* Isentropic efficiency
e ... stall margin...?
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P | CGAM — AEA — Unavoidable — ED — IC - HRSG

Feedwater
W UN Investment cost:

T,=1270K

APH

econamizer
7

[}

———— IV -
Exhaust A | Natural Gas
Gas !
21| |3 m# ce
UN Exergy destruction: |

Thne =10

e Pi Net Power
Pinch DT S
e ... pressure...?
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D | CGAM — AEA — Unavoidable — ED — IC - APH

Feedwat
eedwater UN Investment cost:

Ny =090,1.,=0.70, p,/ p, =10,
steam drum I,=700K,T;=1773K

§ 9

econmmizer
7

| APH /
- : Ml

——
E:gaa; R HREG _____ evaporator A | Natural Gas
2 :5.' }4 ce
UN Exergy destruction: | {@
Thet =10
Net Power
30 MW
* Minimum DT AC | A
| Air

e ... pressure...? (lower = larger surface)
* T too high = special materials
and difficult design for APH
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CGAM — AEA - Unavoidable/Avoidable — Summary

Avoidable AV
Unavoidable UN
- . A LV - IV AV
S i B e oz () e E|en () | @ 2] G
E* } J EF k : } EP i Ck
6 MW MW hILEA] S - MW MW | 8h | MW $/h $/h 3h
AC 27.54 2.12 18.76 753 0.054 1.49 0.63 43 3.62 100 652 696
APH | 14.40 2.63 14.51 189 0.0164 024 239 125 550 79 110 235
cC 50452 2584 4 57 68 0.267 1589 905 | 164 0126 7 61 225
GT 5066 3.01 14.51 753 0.027 1.61 1.40 73 1.92 115 638 711
HRSG | 12.75 6.23 14.51 264 0.345 4.40 183 96 546 70 194 290




CGAM — AEA — Unavoidable/Avoidable — Indicators

Cost: Overall, AV, AV%

Capital cost factor f

)

( Overall Avoidable V Overall Avoidable \
zracg |z [l
; - AV AV - = — == -
Component Zp+Cpy £y TCh4 Zy+Ch, g £+ 05, g z" +C‘§;
[$/h] [$/h] [%a] [ %] | %]
Air Compressor 869 696 1.7 84 94
Air Preheater 326 235 T2.1 58 47
Combustion 493

Chamber 225 45.6 14 27
Gas Turbine 910 711 78.1 83 a0
HRSG 590 290 491 45 67

Capital Cost +
Cost of exergy Destruction

Relative incidence of
Capital Cost




AEA - Splitting Exergy Destruction: Endogenous, Exogenous, AV, UN

Er,k = EP,I: + Eﬂ,k

—
T

" L J
) . \ N

= EN —~ EX —~ UV ;1141"

ED,F: +E1},k El},k +Eﬂ,ﬁ:
endogenous and unavoidable and

exogenous avoidable

~ EN,UN ~EX,IN ~EN, AV ~EX, AV
Eﬂ,k + ‘EI},k + Eﬂ,k + Eﬂ,k
endogenous unavoidable
exogenhous unavoidable

endogenous avoidable
exogenous avoidable



AEA - Endogenous, Exogenous

E.= Ent(EL.+En) ... Slide30.... E; . =0

EFk=EPk+EDk .
» : S E'El
*Lpk

The endogenous (EN) part of exergy destruction is
associated only with the irreversibilities occurring within
the 4-th component when all other components operate
in an ideal way and the component being considered
operates with its current efficiency.

The exogenous (EX) part of exergy destruction in the
k-th component is caused in this component by the
irreversibilities that occur in the remaining components.
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AEA - Endogenous, Exogenous, AV, UN : Table

E endogenous exogenous
D,k
can be reduced can be reduced by a
through an structural optimization
avoidable improvement of the of the overall system
efficiency of the 4-th or by improving
component the efficiency of the

remaining components
cannot be reduced

cannot be reduced because of technical
) because of technical limitations in other
unavoidable ..
limitations for the components of the
k-th component overall system for

the given structure




AEA - Splitting Exergoeconomic costs: Endogenous, Exogenous, AV, UN

— . UN
. | (7
N,EN EN
thJN,EN > ZIEJ : — Ep ) : k
| EP,k

7 UN,EX 7UN,EX _ —UN 7 UN,EN

7 AV ,EN 7 AV.EN = EN . 7 UN,EN
VAN = 7V EN = 7EN _ 7

7 AV ,EX 7 AV, EX _ —EX 7 UN,EN

—

Zk :ZliJN,EN_I_ZtJN,EX+ZI;AV,EN_I_Z|?\V,EX

Capital Cost




Exergo-Environmental Analysis

Exergoenvironmental

costing

Steps:

1. Exergy analysis

P Each relevant system component
2. LCA

All relevant input streams to the overall system

P Assigning environmental impacts to exergy systems

3. == Calculation of exergoenvironmental variables

N

Exergoenvironmental evaluation
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1L Nz Exergo-Environmental Analysis - EEA

INDUSTRIALE

Investigation of the

Definition of goal and scope improved option

Modeling of the overall system

Tg Exergy analysis

m -

£ .2 Life cycle assessment

S =

= s : : :

= Assigment of environmental impacts to exergy streams
c © =

(<B) e

o . . .

= [ Calculation of exergoenvironmental variables
< <

L i Exergoenvironmental evaluation

Development of an improved option

-~ -

System with reduced
environmental impact
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DIPARTIMENTO

O INGEGNERIA
INDUSTRIALE

Life-Cycle Analysis

General structure and model of the Eco-Indicator99 LCA method.

ReCiPe Mid-Point
(Eco-Indicator 95)

’
I Normalization :
1
| and weighting |

Mineralsand ill Concentration minerals ; # Surplus energy for future extraction Damage
fossil fuels Iy 'l " to
Fossil fuel available per type Ls Surplus energy for future extraction resources
, per typ T p gy .
| |
I 1 [ A
Land use N N . | i . I N
transformation Change in habitat size ;II » Regional effect onvascular plant species h? E
and occupation |I ! ! Damage
t{ :: l[ Local effect on vascular plant species |-|+l to I
| | 1
. : - i gree — i} ecosystem
Change pH and nutrient Availability H*| Acidity/Eutrophication |-I+l I
Emissions: 1 I': | I II quality
-NO.. 50, 1 : : : ! -~ : I
e T s Concentration urban, agriculture soil :: * Ecotoxicidy toxic stress |-l+l|.l J I
-Pesticides HI |I |I :
- ]|
CO,, CHa !"‘ - !.‘ - 1 I
T Concentration greenhouse gases ™ Climate change o 1
1
I ” 1 ]
+--p! Concentration Ozone depletion gases L» Ozone layer depletion I
-HCFC 1L P g 1 Y P 11 Damage
-Nuclides ! :: - g 0 “ —— o ] to i
Tl Concentration radionuclides ne lonization radiation H-r e
, : hl . . :: . n health :
-Particle matter » Concentration particle matter an # Respiratory e
Particle matt 1 C tration particl tt dVvVOC m Respiratory effects ol 1
-MMVOC l I || u u :
-Heavy metals . . . . .
i Concentration in air, water, food 1 Carcinogenesis Hvb \ y. :
! i } '
e AR -1'} ——————— -.‘ P —— - ‘_I f----_--\ -——
Resource : Fate 1 : Exposure and I : Damage :
analysis !}  analysis ! | effectanalysis | analysis
| P —— -pl | T —— -'-l N l‘ ------- -

ReCiPe End-Point
(Eco-Indicator 99)




EEA — Transformation Fuel/Products across the component

Yk :YkCO +YkOM +YkD' Construction, Operation, Decommissioning

I_ —— e\ = - - - — — 1 B.1k out b1,k,out El,k,out
. : : —) BZ kout b2 k,out Ez k,out

cee mkout m, k ,out mkout

| k-th system | m
B =bunBpm 1 1 component P -
2kk in :b2k|n ;kln . 2 p :BW,k :bW,ka
LN !
nkln:bnkln n,k,in : - |/ PI’OdUCtS
_.I N

Fuels

Environmental Cost of the kth Component




EEA — Env. Impact of Exergy Destruction; Performance Indicators.

Environmental impact of stream | Bj Pts/ S)

B, =bE. b, (Pts/GJ exergy)

BP,k = BF,k +Yk

Environmental — )
Auxiliary environmental

Impact bP,kEP,k = bF,kEF,k +Y, Impact equations

balances (Meyer et al, 2008)
/ 7CO |, \yOM | \;DI
Y. =Y +Y o +Y,

Environmental
Impact of

BD,k — bF,k ED,k

BTOT,k :Yk + BD,k



UNIVERSITA

EEA — Evaluation of Results

Pu"r 72 A
i) e
LAYS

g

AN

Steps:

1. Identify the environmentally relevant system components: T BTOT )

2. Select the ones that have the highest improvement potential: T lo &

z Ay The component related impact
> b= 1Y ™ Gominates the overall impact

SUf =18, = The thermodynamic inefficiencies are
| | the dominant source of environmental
Impact

3. fb,k






Avoidable/Unavoidable Y,

7 UN / I i i
Y, =) Y, .. minenvironmental impact

Y'kAv _ Y'k _ Y'kUN

Y. UN Y UN
( .k ) ‘ Y.kUN:E-:)EI£'k J
EP,k EP,k

The unavoidable component-related environmental impact is calculated
using the minimal environmental impact from each category, combining
materials and manufacturing methods.




AEA- AEEA - genous/Exogenous

ES\ == E,, wheng =¢,, and s, =1

“EX [ ~EN : I = ~ EX
ED,k — ED,k o ED,k ED,k — ED,k + ED,k




AEEA - Splitting Exergoenvironmental issues: Endogenous, Exogenous, AV, UN

- . UN
. . . Y
YkUN,EN = YkUN,EN _ EE’Nk E_k
YkAV +YkUN Pk
’ YkUN,EX - YkUN,EX :YkUN _YkUN,EN
Y,
Y'kAV,EN - Y'kAV,EN :Y'kEN _Y'kUN,EN
YkEN +YkEX

7 AV, EX 7 AV ,EX 7 EX 7 UN,EN

—

Yk :YkUN,EN _I_YkUN,EX +YkAV,EN _|_YkAV,EX
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CCGT = IS CCGT (Integrated Solar) Power Plant

Original
Combined Cycle
Gas Turbine
(CCGT) Power
Plant

Stalowa Wola,

Poland
Main parameters at design conditions
Configuration g5 Al Wer Wst Ele'cFrlcal Ex?rgetlc
mass flow efficiency efficiency
CCGT 639/110kg/s | 288,81 MWe | 153,97 MWe 5791% 55,70 %
ISCCGT 639/153 kg/s | 288,81 MWe | 194,01 MWe 63,45 % 47,85 %

Power Boosting _#
Natural Gasonly (marginal efficiency)




IS-CCGT Power Plant

[
INDUSTRIALE

CcT
. turb
N K HP
ST gen
4
2
condenser 3t
—0 . 1
CEP 1 1 14
I evapHP I
N 6 A 24 32 5 gas s
—@ ecoHP1 [ |
I I 26 28
HP pump shHP
Deaerator n 15 2 30
1 shLP ecoHP 6 4
N M 151
2 36 evaplP I I I 27 2|9
I — 1 14 13 12 11 10 l = —
19 3 17 I I I I \_I evap
7 9 L — A p solar | ; .
ecolP ecolP :S shiP1
2 £as
N 1] 1 | |
15 16
2 ship
2

20
8 10
LP pump | | | 27— HP solarfield [
23 eva
solar
I I

— 38
20
Stack
IP pump L —
turb @
T GT gen

Smart Integrated Solar CCGT
Purpose: promote heat recovery from CCGT exhaust gas stream
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fiunzi - CCGT Power Plant Component

DIPARTIMENTO

R name

E;
[kw]

Ep
[kw]

Yo
[%]

[%]

m Compressor

Compressor
= Combustion chamber .
Combustion chamber

Component EA " urbine Turbine

IP superheater

IP superheater
® HP superheater

Exergy efﬁC|ency B HP evaporator HP superheater

265994
788641
594534
31974
47179

253872
561295
562150
28421
41163

HP evaporator

® Condenser

64779

56877

— O 7 B HP steam turbine HP economizer
Nx = 99 IP1 superheater

m |P steam turbine
LP superheater

23276
323
1032

22408
289
838

m LP steam turbine

IP evaporator

8881

8421

® Cooling tower -
IP economizer

HP1 economizer

m oT generator

10% u Others

1471
15855

1047
13602

1%
2 LP evaporator

7365

6353

IP pump
LP pump

HP pump

Deaerator
LP economizer
Main pump
Condenser
HP steam turbine
IP steam turbine
LP steam turbine
Cooling tower

GT canaratrnr

32,70
1,648
1388,92
4
802
10168
25,90
13211
36278
58763
78477

10419
| o115

29,10
1,466

1236

648
6176
22,22
5181

32597
53251
68125

7062
1709991

1,5370779
28,8274768
4,106375
0,4505541
0,7628026
1,0020155
0,1101203
0,0042624
0,0245586
0,0584069
0,0536912
0,2856538
0,1284129
0,0004573
0,0000231

0,0193698

0,0195797
0,5061378
0,0004666
1,0182034
0,4667696
0,6988933
1,3126646

0,4255859
N OY92ER

95,44
71,17
94,55
88,89
87,25
87,8

96,27
89,58
81,22
94,81
71,21
85,79
86,25
88,97
88,97

89

80,76
60,74
85,79
39,22
89,85
90,62
86,81

67,79
07 A
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rrenze . CCGT Power Plant

DIPARTIMENTO
O INGEGNERIA
INDUSTRIALE

Component EA

Grassmann
Diagram

Ex in

ExD

ExL

Compressor

Combustion chamber

Turbine

IP superheater
HP superheater
HP evaporator

HP1 economizer
LP economizer
Condenser

HP steam turbine
1P steam turbine
LP steam turbine
Cooling tower
GT generator
Others

Cooling Tower
Stack

GT

Steam Turbine
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O INGEGNERIA
INDUSTRIALE

Component EA

Exergy efficiency:

n, = 0,478

MENZE 1S.CCGT Power Plant

B Compressor
® Combustion chamber
® Turbine
IP superheater
m HP zuperheater
= Evap HP-solar
® Eyap HP-gas
m |P Evaporator -solar
m | P evap-solar
u | P economizer
B Cooling tower
® Condenser
u LP steam turbine
u |P steam turbine

HP steam turbine

53%

Component I'EF iEp Yo Eg
name [kw] [kw] [34] [2&]
Compressor 2659042 2538722 4557 o5 44
Combustion chamber 7BRE40,6 5612952 28,83 71,17
Gas Turhine 5045342 5621496 5,447 0455
IP superheater 41667,6 35901,85 13,84 86,16
HP superheater 5199234 44976,22 13,49 86,51
Evap HP-solar 50140,62 36049, 38
Evap HP-gas 50663,9 4577732 9,645 20,35
HP economizer 20550 14 2710818 8,385 91,62
IP1 superheater 188,643 179,026 5,098 949
__LP superheater 1673792 1367.374 18,31 81,69
IP Evaporator-gas 3137687 3007,638 4,145 95 86
IP Evaporator -solar 14424 07 B591,062 |4n,44 59,56 | |
IP economizer 1853 804 1546, 838 16,56 83,44
__HP1 economizer 1711772 14539 18 15,06 84,94
LP evap-gas 4438 862 3045 844 11,11 BR,80
LP evap-solar 2239726 1188945 |45,92 53,08 |
HP pump 1842,051 1638 85 11,03 88,97
LP pump 4,095 3,642 11,06 B804
IP pump 453 40,29 11,06 B804
Deaerator 4019,027 3301,109 17,86 82,14
LP economizer 1099827 601447 4531 54,69
CEP 36,121 30,989 14,21 85,79
Cooling tower 14302,75 9695,137 32,21 67,79
Condenser 1813553 7111,938 60,78 39,22
LP steam turhine 105373,9 90979,27 13,66 86,34
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FIRENZE |IS-CCGT Power Plant
Component E|.- Ep Yo Ex
name [kw] [kw]) 15 &) Component EA (follows)
IP steam turhine 74126,13 66582,77 10,18 89,82
HP steam turbine 4425414 3924581 11,32 88,68 Exergy efficiency:
IP solar collectors 20329,44 1442407 29,05 70,95
HP solar collectors 608204 50140,62 28,10 71,81
LP solar collectors 40405,23 2239726 44 57 55,43 Nx = 0’478
GT generator 206155 4 2EEBEL,2 2 456 08,6
ST generator 196807,0 1940525 1,4 08,6
5.00 o ISCCGT: 248 g CO2-Eq/kWh i
2,00 e
pay 25000 o
$ 300 o
] 2 o
Carbon Footprint pay-off 3 50 20000
.- Q
8 o 150,00 i
- - - o0
Solar Hybridization of a CCGT B I £
£ 100 : S
2 @
. 2,00 o~
20 yrs = 200000 Tq, avoided - C A ” | | I “ ” e B
Q' -3 -
5,00 -50,00

5 7 %9.11.33 15 17 19 21 23 25 27 X9
Lifespan [years]
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2| MY |S.CCGT Power Plant

LA
J}’Jlﬂah\‘\ NDUSTRALE

Component EA

Grassmann
Diagram
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g | FiReNzE CCGT = ISCCGT Power Plant — Capital Costs (PEC)

Component CCGT power plant ISCCGT power plant
hame [$] [$]
Compressor 29504545 29504545
Combustion chamber 4410060 4410060
Gas turbine 17395535 17395535
HRSG 12857944 17189792
HP steam turbine 6097193 6735891
IP steam turbine 5462819 9871138
LP steam turbine 9554210 11975344
LP water pump 2346 4478
IP water pump 19579 24676
HP water pump 280401 342623
CEP 16592 21011
Cooling tower 9728613 13355529
Condenser 4445186 6102746
GT generator 4620851 4620851
ST generator 3118879 3596056
LP solar thermal collectors 0 21555016
IP solar thermal collectors 0 13135590
HP solar thermal collectors 0 47490210
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e | ke CCGT - ISCCGT Power Plant — Capital Costs (PEC) - HRSG

Conventional combined .
Integrated solar combined cycle

cycle
Component HT surface Capital cost HT surface Capital cost
name [m?] [S] [m?] [$]
LP eco 16899 1212479 16899 1351598
LP eva-solar 0 0 14460 1291292
LP eva-gas 36329 689723 21690 428566
Decrease LP sh 3911 70014 3911 120293
IP eco 7294 116285 7294 150813
Increase IP eva-solar 0 0 | 6368 649689
IP eva-gas 15894 623416 9553 227450
IP1 sh 1378 21979 1378 13330
IP sh 10233 1547179 10233 2038391
HP1 eco 20504 1253798 20504 1479624
HP eco 24823 1479466 24823 1918673
HP eva-solar 0 0 11807 2231357
HP eva-gas 29518 3560841 17710 2833491
HP sh 12524 2282949 12524 2543498




UNIVERSITA

g\ FIRENZE CCGT - ISCCGT Power Plant — Direct Costs - Assumptions
RIS | o

INDUSTRIALE

* Installation 20 — 90 % of PEC

* Piping 10 — 70 % of PEC

* Instruments and control systems 6 — 40 % of PEC
 Land occupation 10 — 15 % of PEC

 Civil works 10 — 80 % of PEC

« Service facilities 30 — 100 % of PEC

 Design 25-75 % of PEC

 Construction 15 % of DC

 Start-up 5-12 % of PEC
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FIRENZE CCGT = ISCCGT Power Plant — Direct and Indirect Costs - Results

INDUSTRIALE

DC and IC for the CCGT

DC and IC for the ISCC

Component
plant plant
name [$] [$]
Compressor 94119498 94119498
Combustion chamber 14068091 14068091
Turbine 55491755 55491755
Heat Recovery Steam
41016840 54835436
Generator
Steam turbine 76924374 91177769
Low pressure pump 7487 14287
Intermediate pressure pump 62457 78719
High pressure pump 894480 1092969
CEP 52929 67028
Cooling tower 31034277 42604140
Condenser 14180146 19467762
GT generator 14740514 14740514
ST generator 9949224 11471418
LP solar field 0 68760501
IP solar field 0 41902532
HP solar field 0 151493770

Increase of steam flow rate
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A% | FIRENZE
e

Cost [5/kwh]

CCGT = ISCCGT Power Plant — Fuel Cost (Natural Gas)

0,0450
0,0400
0,0350
0,0300
0,0250
0,0200
0,0150
0,0100
0,0050

0,0000
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2 | FIRENZE Component (o Zior Cror r, f.
R name [S-hT] [S-h1] [S-hT] [%] [%]
Compressor 732,6 1236,24 1968,84 12,83 62,79
Combustion chamber 8096,4 184,7815 8280 41,43 2,232
Turbine 1810,8 728,8729 2539,44 8,08 28,7
IP superheater 198,684 64,82678 263,52 16,58 24,6
HP superheater 336,348 95,65555 432 18,77 22,14
CCGT Power Plant HP evaporator 441,72 | 149,1992 591,12 18,59 25,24
HP economizer 48,564 61,98959 110,556 8,823 56,07
IP1 superheater 1,87956 0,91328 2,79288 17,29 32,7
LP superheater 10,8288 2,93358 13,7628 29,38 21,32
EEA | IP evaporator 25,7544 26,1211 51,876 11,02 50,35
IP economizer 23,6772 4,87235 28,548 48,76 17,07
HP1 economizer 125,964 52,5341 178,488 23,47 29,43
Exe rgo_ LP evaporator 56,628 28,89938 85,536 24,08 33,79
Economic IP pump 0,30366 0,82036 1,12392 45,88 72,99
. LP pump 0,015311 0,09833 0,113652 92,05 86,53
AnaIySIS HP pump 12,8628 11,74881 24,6096 23,64 47,74
Deaerator 10,7172 1,7545 12,4704 27,73 14,07
LP economizer 223,2 50,80287 273,996 79,34 18,54
Feedwater pump 0,309852 0,88039 1,19016 63,61 73,97
Stack 0 3,61267 3,6144 0,7756 100
Condenser 514,44 186,2533 700,56 2111 26,58
HP turbine 239,58 317,3865 556,92 26,25 56,98
IP turbine 380,52 317,3865 698,04 18,98 45,47
LP turbine 696,6 317,3865 1014,12 22,12 31,3
Cooling tower 668,88 407,6289 1076,4 76,49 37,87

T conavatar

A2Q A

102 A1227

G2A2 92N

o B a4e by J

2N EQ
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® ] — CCGT Power Plant — Component Cost of Exergy Destruction and Capital Cost rate

50

mC* m?Z*

30
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Component cost vs, total cost [94]
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FIRENZE

CIPARTIMENTO
D1 INGEGNERIA
INDUSTRIALE

IS CCGT Power Plant

EEA

EXxergo-
Economic
Analysis

Since the specific fuel cost is zero,
the exergy destruction cost rate is
also zero

Component (o Zior Cror r. f,
name [S-h] [$-h] [S-h] [%] [%]
Compressor 732,6 1236,24 1968,84 12,83 62,79
Combustion chamber 8096,4 184,788 8280 41,43 2,232
Gas Turbine 1810,8 729 2539,44 8,08 28,7
IP superheater 322,38 64,836 387,36 19,29 16,74
HP superheater 392,4 95,652 487,8 50,52 19,6
Evap HP-solar 138,42 93,492 231,912 65,49 40,32
Evap HP-gas 273,24 118,728 392,04 15,31 30,29
HP economizer 138,708 80,388 219,096 14,46 36,69
IP1 superheater 0,53784 0,55836 1,0962 10,95 50,95
LP superheater 17,1324 26,1216 43,272 56,57 60,39
IP Evaporator-gas 7,272 9,5292 16,8012 9,991 56,72
IP Evaporator -solar 55,08 27,2232 82,296 101,4 33,07
IP economizer 17,1648 6,318 23,4828 130,4 26,91
HP1 economizer 144,18 61,992 206,172 25,36 30,07
LP evap-gas 27,5652 17,9568 45,54 20,63 39,45
LP evap-solar 91,62 54,108 145,728 110,5 37,13
HP pump 15,4764 14,3568 29,8296 23,9 48,12
LP pump 0,034477 0,187668 0,222156 80,09 84,48
IP pump 0,3816 1,03392 1,41552 46,13 73,05
MFH- Degasifier 24,6708 2,30436 26,9748 23,78 8,543
LP economizer 278,676 56,628 335,304 99,7 16,89
Stack 0 4,7448 4,7448 1,161 100
Feedwater pump 0,39096 0,8802 1,27116 53,86 69,26
Cooling tower 878,76 559,44 1438,56 77,79 38,9
Condenser 669,24 255,708 924,84 214,2 27,65
LP steam turbine 855 501,84 1356,84 25,11 36,98
IP steam turbine 461,52 413,64 875,16 21,48 47,26
HP steam turbine 298,152 282,24 580,32 24,84 48,63
IP solar collectors 0 136,224 136,224 Infinite 100
HP solar collectors 0 492,48 492,48 Infinite 100
LP solar collectors 0 223,524 223,524 infinite 100
GT generator 439,56 193,608 633,24 3,627 30,58
ST generator 204,768 150,66 355,464 2,465 42,39
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A% | FIRENZE

® ] — ISCCGT Power Plant — Component Cost of Exergy Destruction and Capital Cost rate

O INGEGNERIA
INDUSTRIALE

50

45

40

35

30

75 T P
2 New “Solar” components

Component cost vs, total cost [%]
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| “ FIRENZE CCGT = ISCCGT Power Plant — Levelized Cost of Electricity

0,09

C_p_tot_ISCCGT
0,085
C_p_tot CCGT

0,08

0,075

El

0,07

Ele ctricity spe cific cost [5/kwh]

0,065

0,06
1750 2000 2250 2500 2750 3000 3250 3500 3750 4000

Operational time [h]
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— ISCCGT Power Plant — LCA Inventory Analysis — GT Inventory

Material Reference plant CCGT power
name [kg] plant [kg]
Ferroalloys 311177 351102
Steel 242277 273362
Unalloyed steel 49248 55567
Low-alloyed steel 64897 73223
High- alloyed steel 11091 12514
Cr steel 48865 55134
Cr-Ni steel 68175 76922
Cast iron 68900 77740
Non-ferrous metal alloys 276 311
Other metals and
. 8 9,03
semimetals
Inorganic materials,
. 545 615
ceramics
Plastics 92 104
Miscellaneous, other
_ 17 19,2
materials
Organic materials 1219 1375
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UNIVERSITA
7~ | FIRENZE

INDUSTRIALE

CCGT Power Plant — LCA Inventory Analysis — HRSG Inventory

HRSG Unalloyed steel Cr steel pipe Rock wool Total weight
fomonent [ke] [ke] [ke] [ke]
Eco LP 178381,58 48391,07 6815,08 233587,73
Evap LP-gas 101472,95 27527,42 3876,78 132877,15
ShLP 10300,56 2794,32 393,53 13488,41
Eco IP 17108,05 4641,04 653,61 22402,70
Evap IP-gas 91717,74 24881,04 3504,08 120102,87
Sh IP1 3206,76 869,92 122,51 4199,20
ShIP 227623,04 61749,22 8696,35 298068,61
Eco HP1 184507,38 50052,87 7049,11 241609,36
Eco HP 217660,98 59046,72 8315,75 285023,45
Evap HP-gas 523875,73 142116,17 20014,69 686006,59
Sh HP 335870,57 91114,43 12831,95 439816,95
Total 1891725,35 513184,23 72273,45 2477183,02

Material needed for each section of the HRSG (CCGT power plant)
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)

i p—— ISCCGT Power Plant — LCA Inventory Analysis — HRSG Inventory
HRSG Unalloyed steel  Cr steel pipe Rock wool Total weight
fomonent [ke) [ke] [ke] [ke]
Eco LP 190123,8 51576,5 7263,7 248963,9
Evap LP-gas 60284,7 16353,9 2303,2 78941,8
Evap LP-solar 181640,8 49275,2 6939,6 237855,6
Sh LP 16750,2 4544,0 639,9 21934,2
Eco IP 21214,3 5755,0 810,5 27779,7
Evap IP-gas 31994,5 8679,4 1222,4 41896,3
Evap IP-solar 91389,1 24791,9 3491,5 119672,5
Sh IP1 1875,1 508,7 71,6 2455,4
ShIP 286732,1 77784,2 10954,6 375471,0
Eco HP1 195878,0 53137,5 7483,5 256499,0
Eco HP 269892,0 73215,9 10311,2 353419,1
Evap HP-gas 398575,7 108125,0 15227,6 521928,3
Evap HP-solar 313876,0 85147,8 11991,6 411015,4
Sh HP 357783,5 97058,9 13669,1 468511,6
Total 2418009,7 655953,8 92380,2 3166343,7

Material needed for each section of the HRSG (ISCCGT power plant)
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— CCGT - ISCCGT Power Plant — LCA Inventory Analysis

INDUSTRIALE

) ISCCGT power
Material Reference plant CCGT power
plant
name [kg] plant [kg]
[kel
Ferroalloys 300904 343476 439033
Steel 214370 244699 312776
Unalloyed steel 122095 139369 178142 Steam turbine material inventory
Low-alloyed steel 3467 3958 5059 (|arger for ISCCGT)
High-alloyed steel 1571 1793 2292
Cr steel 29807 34024 43490
Cr-Ni steel 57429 65554 83792
Cast iron 86534 98777 126257
) ISCCGT power
Material Reference plant CCGT power plant
Condenser material inventory name [ke] plant [ke] [ke]
Steel 261152 139603 178441
Unalloyed steel 212319 113498 145074
High-alloyed steel 48833 26104 33366
. ISCCGT power
Material Reference plant CCGT power plant
name k lant [k . « 1
(ke plant [ke] [kgl Cooling tower material inventory
Concrete 16657182 8904378 11381606 (larger for ISCCGT)

Unalloyed steel 1850798 989375 1264622
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(e | fire CCGT - ISCCGT Power Plant — Recipe EndPoint

INDUSTRIALE

| Ozone depletion

Damage

| Minerals Cons.
| Water Cons.

Hum tox
| Radiation
LCl P. C. Ozone Form
results | Particulate Form.
Climate Change
AN R [ Terr.Ecotox __|—»-[iiGzarchiaConcH—>
Lanccé)l;se [ Terr. Acidif.  |—»-[iBaSciSatuationm—>
p Agr. Land Occ. |:=_>.
SO, | Urban Land Occ. };—} -----------------------------------------
Nox Nat. Land Transf. [—»-[iitansiofmeciareay > @
CFC [ Marine Ecotox. |—»-[Hiazarchiaconcl—>
<2 Marine Eutr. [N AIacIGrOWERN > © Pamage
PAH
DDT Freshwater Eutr. [N AIGacIGrOWEtRN—> Terr.
Fresh w. Ecotox |—»{iiazaradNNacones | Damage
Fossil fuel Cons.
—»{ __ Wateruse >0

Environmental Environmental

Mechanism Part 1 Midpoint Mechanism Part 2 Endpoint
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FIRENZE

e CCGT - ISCCGT Power Plant — LCA - Results
CCGT: 40,24 mPts/kWh
0,8000
m Ecosystem quality, agriculture
LCA land occupation
0,6000 o
B Ecosystem quality, climate
= change
r% 0,4000 B Ecosystem quality, natural
I_ E land transformation
‘ ! ) E m Ecosystem quality, urban land
[ J g 0,2000 occupation
g m Human health, climate
U = change
T 10,0000
(f) u B Human health, human toxicity
— [+
E
- -0,2000 B Human health, particulate
E matter formaticn
E Human health, photochemical
2 -0,4000 oxidant formation
>
5 B Resources, fossil depletion
I -0, 6000
B Resources, metaldepletion
), ISCCGT: 39,89 mPts/kWh
U -0, 8000

Environmental impactreduction by ReCiPe impact category
10
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o | FiRENZE Component B, Yror Bror r, f,
S name [Pts-h1] [Pts-h1] [Pts-h1] [%] [%]
Compressor 451,8 1,12968 452,88 4,787 0,2494
Combustion chamber 5421,6 1,7172 5425,2 40,52 0,03166
Turbine 1141,2 1,93392 1143,36 5,771 0,1692
IP superheater 125,208 1,46052 126,684 12,65 1,153
HP superheater 212,004 2,15568 214,164 14,76 1,007
CCGT Power Plant HP evaporator 278,496 | 13,9528 282,456 14,09 1,399
HP economizer 30,6036 1,42344 32,0292 4,056 4,445
IP1 superheater 1,18476 0,021121 1,20564 11,84 1,752
LP superheater 6,8256 0,067608 6,894 23,35 0,9807
EEnVA IP evaporator 16,2324 0,59904 16,8336 5,672 3,56
IP economizer 14,922 0,126936 15,048 40,78 0,8435
HP1 economizer 79,38 1,19412 80,568 16,81 1,482
Exe I'gO- LP evaporator 35,6904 0,6642 36,36 16,24 1,827
Environmental IP pump 0,16704  0,00607 0,173124 12,84 3,506
- LP pump 0,008424 0,000305 0,008726 12,85 3,496
AnaIySIS HP pump 7,0776 0,224172 7,3008 12,75 3,071
Deaerator 6,3252 0,083556 6,408 24,14 1,304
LP economizer 140,652 1,17036 141,84 65,16 0,8251
Feedwater pump 0,17046 0,005026 0,1755 17,05 2,864
Stack 0 0,113256 0,113256 0,03857 100
Condenser 325,692 0,79884 326,484 155,4 0,2447
HP turbine 150,876 1,24236 152,136 11,39 0,8165
IP turbine 227,916 1,24236 229,176 10,41 0,542
LP turbine 410,04 1,24236 411,48 15,24 0,302
Cooling tower 347,58 4,0968 351,684 48,09 1,165
T aonnavatar 7971 19 oL NEKQ Y97 10D D) AR 1 Q29
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FIRENZE

o2 - CCGT Power Plant

Environmental impacts : Exergy Destruction and Component —related

g0
mB* mY*

50

30
20

10
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Component impact vs. total impact [%]
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FIRENZE

GT generator

286,704

291,816

1,752

I Component B, Yror Bror f, r,
oS name [Pts-h1] [Pts-h!] [Pts-h1] [%] [%]
Compressor 477,72 0,78696 478,44 0,1644 4,783
Combustion chamber 5734,8 1,66644 5734,8 0,02905 40,52
Gas Turbine 1206,72 1,77156 1208,52 0,1466 5,769
IP superheater 214,848 1,728 216,576 0,7979 16,19
HP superheater 261,432 2,1564 263,592 0,818 46,85
Evap HP-solar 16,146 1,8918 18,0396 10,49 43,67
|S CCGT Power P| ant Evap HP-gas 182,088 1,9044 183,996 1,035 10,79
HP economizer 92,448 1,64016 94,104 1,743 9,314
IP1 superheater 0,358344 0,0113 0,36972 3,057 5,541
____LP superheater 11,4192 0,10476 11,5236 0,909 22,61
IP Evaporator-gas 4,8456 0,192816 5,04 3,827 4,496
E E nVA IP Evaporator -solar 1,7622 0,5508 2,313 23,81 89,12
IP economizer 11,4372 0,127836 11,5668 1,105 23,59
HP1 economizer 96,084 1,18044 97,272 1,214 17,95
LP evap-gas 18,3708 0,36324 18,7344 1,939 12,74
Exe rgo- LP evap-solar 4,8456 1,09476 5,94 18,43 85,17
EnVI ronmental HP pump 8,3664 0,28116 8,6472 3,252 12,82
LP pump 0,018637 0,000721 0,019357 3,726 12,91
AnalyS I S IP pump 0,206244 0,007978 0,214236 3,725 12,92
Deaerator 8,1072 0,042048 8,1504 0,516 21,86
LP economizer 185,724 1,14588 186,876 0,6132 83,37
Stack 0 0,113256 0,113256 100 0,04157
CEP 0,211248 0,006361 0,21762 2,924 17,06
Cooling tower 427,68 4,9644 432,72 1,147 48,08
Condenser 401,04 0,75708 401,76 0,1885 155,3
LP steam turbine 504 1,59768 505,8 0,316 15,87
IP steam turbine 274,752 1,59768 276,372 0,5782 11,4
HP steam turbine 180,036 1,59768 181,62 0,8797 12,87
IP solar collectors 0 4,3596 4,3596 100 infinite
HP solar collectors 0 57,456 57,456 100 infinite
LP solar collectors 0 11,8188 11,8188 100 infinite

2,563
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il _— IS CCGT Power Plant

Environmental impacts: Exergy Destruction and Component —related
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SYf CCGT — ISCCGT Power Plant — Levelized Environmental Cost of Electricity
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FIRENZE

fe | CCGT - ISCCGT Power Plant

Resource (NG) savings and avoided CO2 Emissions
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