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Final Test of 30-06-2015 — Problems

Exercise 1. (9pt)

Let us consider a system composed by two components: a burner (a) and a boiler (b). In the burner, a flow
rate of gaseous propane undergoes a combustion process with excess air. The fuel and the air enter
separately in the burner, at the conditions of 75°C and 2 bar, while flue gases exit the burner at 1920 K and 2
bar. After the combustion process, flue gases enter the boiler, where they undergo a cooling process till 420
K, heating a flow of 92 t/h of steam.

Ah As Ah As unit Wi Wou

M (1020208)K (1920208)K (420-298)K  (420-298)K eh T oC 50 175

kJkmol  kJkmol  kJkmolK  kJkmol  kJkmolK kJkmol P P& S S

C3H8  -103850 2163190 " KJkg 210, 2801

CO2  -393520 86631 93,0660 4842 135730 20108 S KJkaK 07036 69427
H2O 241820 68623 73,7770 4139 11,6300 8667
02 0 56186 62,0820 3632 10,2080 3947
N2 0 53267 59,0000 3556 9,9970 691

Isobaric heat capacities of the fuel and the air are respectively equal to 1.673 kJ/kg-K and 29.17 kJ/kmol-K.
With reference to the data given in the tables, and considering environmental reference temperature and
pressure of 25°C and 1 bar, it is required to:

a. (2pt) Draw the scheme of the process. Apply the energy balance to the burner applying proper
hypotheses, and derive the excess air A. Is the excess air a function of the reactants temperature and
pressure?

b. (3pt) Apply the exergy balance to the burner applying proper hypotheses, and calculate the exergy
destruction (per unit of molar flow of C3H8) and the rational exergy efficiency of the burning process,
considering the physical and the chemical exergy for both the reactants and the products of combustion;

c. (1pt) Calculate again the rational exergy efficiency of the combustion process neglecting the physical
exergy of reactants and the chemical exergy of products. In this case, are these components essential
in the evaluation of the rational efficiency?

d. (1pt) Apply the energy balance to the boiler, and determine the molar flow rate of fuel required to
produce the mass flow rate of steam;

e. (2pt) Apply the exergy balance to the whole system, calculating the total exergy destructions and the
functional exergy efficiency (the exergy of flue gases and the change in exergy of the steam are
considered as useful products).

Exercise 1. Solution

a. Draw the scheme of the process. Apply the energy balance to the burner applying proper
hypotheses, and derive the excess air A. Is the excess air a function of the reactants temperature

and pressure?

The combustion reaction can be written as follows:
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C,Hy +2-5(0, +3.76N, ) —3CO, +4H,0+ 2-5-3.76N, +(1-1)-5-0,

Assumptions for the application of the energy balance:
- The combustion chamber is adiabatic and rigid;
- Steady state operation is assumed throughout;
- The balance is written per unit of kmol of C3HS8;
- Both the air and the fuel are modelled as perfect gases;

dE .(; .(; - - - -
E:ZW +> 0 +H,-H, -  H,=H,

Enthalpies of reactants and products can be evaluated as follows:

A}_lair = cp,air (7:117 - 7:") = 1371/(]/]01101

A}_‘cws =C, c3m8 (TC3H8 - 7;) = 3689 kJ/kmol

hR(T}%’pR)zl(];f+AIZ)C3H8+/1'5'(}_j/'+Az)air - {

o (T 2) =3Iy + ) oy 4 (I + A1) g+ 2-5-3.76( J/ + 81 )+ (2=1)-5- ]+ 8 )

The energy balance becomes:

17, +AR) oyt A-5-4.76- Ay, =3(hy + A1) cort4(hy + M) 00+ 25376 Ay, +(A=1)-5- Ay,
The excess air A is the only unknown of the energy balance:

L By sy + Dhsyys =3(hy + 80 —4(h, +Ak)  +5Ah,, g
~5-4.76-Ah, +5-Ahy,, +5-3.76- Ahy, '

An increase in temperature of reactants results in an increase in the enthalpies of them: if the adiabatic flame
temperature is kept constant, the excess air will decrease and the composition of the products will change.
A change in pressure do not affect the combustion process and the composition of the products.

b. Apply the exerqy balance to the burner applying proper hypotheses, and calculate the exerqy
destruction (per unit of molar flow of C3H8) and the rational exergy efficiency of the burning
process, considering the physical and the chemical exergy for both the reactants and the
products of combustion;

Assumptions for the application of the exergy balance:
- The combustion chamber is adiabatic and rigid;
- Steady state operation is assumed throughout;
- The balance is written per unit of kmol of C3H8;

di:/‘ = ZEXI;;T +ZEXS<; +Z(NA<*a)l _E‘xdes - aR (TR’pR)_aP (TP7pP)_aD,comb = O
J k i

&, (T Py ) = &%, + 8%, = 2227637 kJ [kmol

&, =D {EN (T,-T,)-T, [5 R 1nﬂﬂ = (1-1995+5- 2-4.76- 1828 kJ [kmol . = 64447 kJ [kmol .

" Po
ex,, = Vcsﬂsach,csﬂg +Vv, _ch,air = 2163190k]/kn101c31~18
[ —
tables
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ex, (T, p,) = ex,, +ex,, =1647864 k] [kmol,.,,.

&, =, {AE (1920 - 420) - T,A5 (1920 - 420) + T,R In ﬂ} = 1519949 kJ [ kmol,.,

Py

ex, =V, p -[Z xex,, +T,RY x,In xij =127916kJ/kmol. ..,

X ooy = 107688 KT fhmolyyy — 77,0, = ;—P —0.740

R

Differently from the previous question, both temperature and pressure of reactants affects values of exergy
destruction and exergy efficiency, since physical exergy of ideal gases is a function of both temperature and
pressure. Specifically, exergy destructions increase if temperature and pressure increase.

c. Calculate again the rational exergy efficiency of the combustion process neglecting the physical
exerqgy of reactants and the chemical exergy of products. In this case, are these components
essential in the evaluation of the rational efficiency?

&, (T, P ) = G +2X,, = 2163190 kJ [kmol.,

ch,air

ex,, = VCBHsach,C3H8 + Vv, e = 2163190k]/km01C3H8
—_—————

tables
x, (T, pp) =X, + &x;, =1519949 k] /kmol.,,;,

&, = {AE (1920 420) ~ T,A5 (1920 - 420) + T, R 1nﬂ} = 1519949 kJ [kmol .,

Py

= 643241k [kmol sy = 7., = 2 =0.703
ex

R

exD,cumb

Neglecting such contributions results in an underestimation of the rational efficiency: the contribution due to
the chemical exergy of products is higher with respect to the contribution of the physical exergy of reactants.

d. Apply the energy balance to the boiler, and determine the molar flow rate of fuel required to
produce the mass flow rate of steam;

Assumptions for the application of the energy balance:
- The boiler is adiabatic and rigid;
- Steady state operation is assumed throughout;
- The balance is written per unit of kmol of C3HS;
- Enthalpies of the fluids are taken from the tables;

WO AR A, > A=A,

NesysAhy, —1in, Ah, =0
Al =, [AE (1920-298)— Ak, (420~ 298)] = 2030092 kJ/kmol..

Ah,=h, . —h

w w,out w,in

=2592k] kg,
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N 'Ok, 2526kg/s 2592k) kg
G AR, 2030092K7/kmol

=0.033kg/kmol .,

e. Apply the exergy balance to the whole system, calculating the total exergy destructions and the

functional exergy efficiency (the exergy of flue gases and the change in exergy of the steam are
considered as useful products).

Assumptions for the application of the exergy balance:
- The boiler is adiabatic and rigid;
- Steady state operation is assumed throughout;

N, [afg (1920K, Zbar) —ex, (420K, 2bar)] —m, Aex, (175 -50K, Sbar) - Ewabo,,” =0

ex, (1920K,2bar) = 1647864 kJ [ kmol ;s —> Ex,,, =T72675kW
ox,, (420K, 2bar) = &, + &%, = 212271k [kmolpyyy ~ — X, = 6925k

&, =, {AE (420 420) - T,A5 (420 -420)+ T,R In ﬂ} = 84355 k] [kmol,,;

0
ex, =V p (inexuh’i +T,R> x,In x,.] =127916kJ /kmol. ...,

ex, (175—-50K,5bar) = h h

w,out

vin =Ty (S =800 ) = T314KT [k, — Ex, =18691kW

&y = 47058 >, = ;_P =035

R
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Exercise 2. (8pt)

Let’'s consider a steam turbine of a large Rankine power plant. Steam mass flow rate 1 expand in the high

pressure (HP) turbine. Then, one portion of the steam 2 is extracted in order to be used inside the power

plant, and the mass flow rate 3 expands in the low pressure (LP) turbine. The steam flow rate 4 exits the LP
turbine and goes into the condenser.

Steam mass flow rate 1 has a total enthalpy of 150 MW (measured with respect to the reference enthalpy 0),

and the net electric power produced by the turbine is equal to 25 MWe,.

Total investment cost of HP and LP turbines are respectively 250 €/h and 375 €/h. The cost of inlet steam 1

is equal to 1.5 c€ per kWh of energy.

Considering an environmental temperature To of 20°C, and with reference to the data given in the table, it is

required to:

a. (1pt) Drawn the expansion processes in the T-s diagram (Temperature — specific entropy). Evaluate the
mass flow rates of steam 1, 2, 3 and 4, and the specific and total exergy of each energy and bulk flow
interaction of the system;

b. (2pt) Write exergy balances for the whole system and for the two turbines according to the inlet/outlet
paradigm. Evaluate the rational exergy efficiencies for the whole system and for the two turbines;

c. (3pt) Write the thermoeconomic system of equations for the system at its lower level of aggregation.
Introducing proper auxiliary relations, evaluating specific and total costs of outlet flows;

d. (2pt) Assuming that the system works at constant electric power production, derive and evaluate the
structure of the cost of useful outlet flows for the two expanders, and the cost of exergy destructions and
losses. Comment the obtained results.

5
/Ii\
——— e —— b ———— T p h s
;| : °C  bar kJkg kJkgK
| 0 20 1,01 84 0,30
| HP 1 460 35 3361 7,04
| 2 311 10 3075 7,16
' 3 311 10 3075 7,16
L———- 4 153 2 2774 7,29

Exercise 2. Solution

a. Drawn the expansion processes in the T-s diagram (Temperature — specific entropy). Evaluate
the mass flow rates of steam 1, 2, 3 and 4, and the specific and total exerqy of each energy and
bulk flow interaction of the system;

The mass flow rates of steam can be evaluated through the application of the energy balance on the two
turbines. Main assumptions:

- Turbines work at steady state;

- Turbines are adiabatic and negligible changes in velocity and height of the fluids occur;

WI-; =y (hl_hz)

W/T‘—+fil,-(hi,m_hi,our)=0 - {Wﬁ_m (h h)
p — M\ Ty

Therefore:

W+ W, =25MW N iy (b —hy)+rivy (hy —h,) = 25MW N i, =45.8kg/s
i, (h —hy) =150MW 1ty (y—hy) = 150MW rity =i, =39.6kg /s

Considering the mass balance at the HP turbine, the mass flow rate of steam 2 can be derived:

my =ry 4y, > i, =62kg/s
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Power produced by each one of the turbines is equal to:

Wi =it (h —h,))=13.1MW
W, =i, (hy—h,)=11.9MW

ex Ex

kJ/kg MW

0 0 0
1 1300 59,5
2 977 6,0
3 977 38,7
4 639 25,3

Specific and total exergy of the streams are derived as follows:

ex,=h—h—T,(s,—s,) — Ex,=nm, ex

b. Write exerqy balances for the whole system and for the two turbines according to the inlet/outlet

paradigm. Evaluate the rational exerqy efficiencies for the whole system and for the two

turbines;

The exergy balance can be written as follows:

I z . Z ' Z . ;ExjN _(;TEXOUT _EX[) =0
— =Y Ex5+ > ExS+ > mTex. —Ex, =0 -
dt w (o] i i D

Nexr = Z Ex()UT / ZExIN

our IN

Therefore:
HP LP HP+LP
1 3 1
L 995 ... 38,7 .......095
2+W_HP 4+W_LP W_tot+2+4
out .58 372 . . .963
dest 1,7 1,5 3,2
eta R 0,97 0,96 0,95

c. Write the thermoeconomic system of equations for the system at its lower level of agqgregation.

Introducing proper auxiliary relations, evaluating specific and total costs of outlet flows;

The cost of the outlet flows of the HP turbine can be derived once n auxiliary relations have been defined:

n —> n 4-1=3

aux,HP = m/h)w\' _lﬂnmpmwnts aux,HP =

The unique product of the HP turbine is the mechanical power Wxp, whether the steam flows 2 and 3 are

classified as by-products, since they will be respectively used in the power plant and in the LP turbine.

The cost of steam per unit of energy must be converted in the cost per unit of exergy considering the equality

of total cost:

C],en = Cl,ex - cl,en (Hl - HO) = C],exE'xl ~ Cl,ex = Cl‘en
xl

W m g : : X + 2y = ¢ pWygp + ¢ EX, + ¢, Ex
Exl _Ex2 — Ex3 — WHP _ExD = 0 1 1 HP W ,HP"" HP 2 2 3 3
. . . . . C, =¢C

C+Z,p=Cyp+C,+C, — S

. . G =6

C=c-Ex

¢, =0.0378€/kWh

The cost of mechanical power is the only unknown:
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¢, (Ex,—Ex, —Ex,)+Z
(B - )+ 2 —00618-5 cWH,,=61.78i
W, kWh ’ MWh

Cyoup =

The cost of the outlet flows of the LP turbine can be derived once n auxiliary relations have been defined:

nuux,LP = mﬂows _l - naux,LP : 3 _1 = 2

components

Only mechanical power is considered as useful product of the LP turbine, while steam 4 is considered as a

co-product.

R R . . Ex c C
Ex; —Ex,—W,, —Ex}, ,, =0 ) ) ) ) MW €/MWh €h
C3 +ZLP _ Cw ot C'~4 N GEX; +Z,p = ¢y oW + ¢, EX,y 0 0,0 - -

: L ¢, =¢ =c, =0.0378€/kWh ! 595 378 2250
C=c-Ex 2 6,0 37,8 227

3 38,7 37,8 1464

4 25,3 74,0 1875

cEx.+7Z ,—cEx € € W_HP 13,1 61,8 809

Cyop = 14 =0.0740 - Cyip = T4 —— W _LP 11,9 74,0 882
w,, Wh MWh

d. Assuming that the system works at constant electric power production, derive and evaluate the

structure of the cost of useful outlet flows for the two expanders, and the cost of exerqy

destructions and losses. Comment the obtained resulits.

This system has no losses. All the outlet flows are products or by-products. Substituting the exergy balance

into the cost balance, considering a demand driven model, the cost structure is derived.

For the HP turbine:

q (E'xl —Exz —Ex3)+ZHP =CW,HPWHP , . . .
. . . . . - G (WHP +EXp yp ) +Zyp =y ypWap
Ex, —Ex, —Ex; =W, + Ex, 1p
Ex 4
Cyp =€ + ¢ —E 4 1P = (37.80+4.88+19.10)i —61.78——
' WHP WHP MVWI MVVh
Cpup = Ex,) ,p =63.9€/N
For the LP turbine:
Ex,+Z,, =c, W, +c,Ex, . . A . . :
. . . . d G (Ex4 + VVLP + ExD,LP - Ex4 ) + ZLP = CW,LPVVLP
Ex, =Ex,+W,, +Ex, ;, =0
Ex 4 € €
Cpop =0 +0— -+ 2 =(37.80+1.52+417.85)——=57.17——
W, o MWh MWh
Cpp=c;Ex, ,, =56.4€/h
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Exercise 3. (5pt)

Let us consider the Brazilian economy in 2013.

Brazil 2013
Total Primary Energy Supply Mtoe
coal 16,45
oil - oil products 121,87
natural gas 32,07
nuclear 3,82
hydro 33,62
biomass 81,23
other RES 1,12
electricity Import - Export
Total 293,68
Gross electricity production TWh
Coal 21,78
Oil 26,56
Natural gas 69,00
Nuclear
Hydro
Biomass
other RES 6,92
Final electricity consumption 487,38
Electricity losses/own uses 122,51

Relying on the IEA data provided by the table, it is required to:

a. (1pt) Evaluate the electric energy Import/Export, the electric energy production from nuclear, and the
electric energy production from hydro. Express all the results in TWh;

b. (2pt) Starting from the value of final electricity consumption, evaluate the gross electric energy
production. Derive the electricity production from hydro and nuclear starting from their primary energy
requirements. Finally, derive the electricity production from Biomass. Express all the results in TWh;

c. (2pt) Evaluate the electric penetration of renewable sources only (hydro, biomass, other RES);

Exercise 3. Solution

a. Evaluate the changes in: electric enerqgy Import/Export, electric energy production from nuclear,
and electric energy production from hydro, between years 1990 and 2013. Express all the results
in TWh;

The changes in electric energy Import/Export can be derived by subtracting the total primary energy supply
of all the voices in the table form the TPES:

EE} ;2013 = TPES — Y \TPES; =[ 293.68 — (16.45+121.87 +32.07 +3.82 +33.62+81.23 +1.12) | Mtoe = 3.50Mtoe

3.50Mtoe

=40.7TWh
0.086 Mtoe/TWh

The electric energy production by nuclear and hydro can be calculated considering the IEA conventions for
primary energy calculation:

EEyy =TPES,y -0.33=1.26Mtoe(14.65TWh)

EE, =TPES,; = 33.62Mtoe(390.93TW71)
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b. Starting from the value of final electricity consumption, evaluate the gross electric enerqgy
production. Derive the electricity production from hydro and nuclear starting from their primary
energy requirements. Finally, derive the electricity production from Biomass. Express all the
results in TWh;

The electric energy production results as the sum of the final electricity consumption, plus the electricity
losses/own uses, minus the positive net value of electricity import/export (the last term should be properly
converted from Mtoe to TWh dividing by 0.086 Mtoe/TWh):

EE =FEE

8gross net

+ EE,, — EE,,; =569.19TWh

Hydro and Nuclear electric energy production results from the table (these terms should be properly
converted from Mtoe to TWh dividing by 0.086 Mtoe/TWh), while the electric energy production by biomass
can be derived indirectly, subtracting all the known values of electricity production from the gross electric
energy production:

EE,, =390.93TWh
EEp = EE ,,,, — EE;; — EEyy, — Y EE; =39.34TWh

gross

c. Evaluate the electric penetration of renewable sources only (hydro, biomass, other RES);

The electric penetration of renewables is derived by dividing the primary energy requirements of renewables
and the TPES:

E,+E,+E ..
EPRES: H B others =0.39
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POLITECNICO DI MILANO

Milano -15 July 2015

Final Test of 30-06-2015 — Problems

Exercise 1. (8pt)

Let’s consider an adiabatic combustion chamber where a complete and isobaric combustion of acetylene with
excess air takes place (CzH2: with LHV=1256460 kJ/kmol and excn=1269310).

Both the air and the acetylene are available at 353 K and environmental pressure. With the given excess air,
the adiabatic flame temperature results as 2250 K.

After combustion, flue gases enter a counter-flow heat exchanger and are cooled at constant pressure till 673
K, heating a flow of water that enters the heat exchanger as liquid at 323 K and 500 kPa (h=209.3 kJ/kg,
s=0.7027 kJ/kg-K) and exits as superheated steam at 873 K and 500 kPa (h=3701 kJ/kg, s=8.3513 kJ/kg-K).

Ahr Ahp Ahp €XphR €Xph,P €Xph,P
(353 K) (2250 K) (673 K) (353 K) (2250 K) (673 K)
kd/kmol kJ/kmol kJ/kmol kJ/kmol kJ/kmol kJ/kmol

C2H2 3101 260

N2 1600 65205 11121 132 45905 3944
CO2 106640 16450 76029 5995
H20 86162 13164 61636 4697
02 1622 68771 11647 134 48453 4164

With reference to the data given in the table (R: reactants, P: products) and assuming environmental

temperature and pressure respectively as To=298 K and po=101.3 kPa, it is required to:

a. (2pt) Apply the energy balance to the combustion process and, recalling the definition of Lower Heating
Value, derive the excess air A. Is the excess air a function of the reactants’ temperature and pressure?

b. (3pt) Apply the exergy balance to the combustion process, evaluating the exergy destructions (per kmol
of C2H2) and the rational exergy efficiency, assuming air and fuel enter as separate substance in the
combustion chamber. Are these values functions of the reactants’ temperature and pressure? Neglect the
chemical exergy of products of combustion.

c. (2pt) Apply the exergy balance to the heat exchanger, evaluating the exergy destructions (per kmol of
C2H2) and the functional exergy efficiency. Neglect the chemical exergy of products of combustion.;

d. (1pt) Evaluate the mass flow rate of acetylene required to produce 180 kg/h of superheated steam.

Exercise 1. Solution

a. Apply the energy balance to the combustion process and, recalling the definition of Lower Heating
Value, derive the excess air A. Is the excess air a function of the reactants’ temperature and

pressure?

The combustion reaction can be written as follows:
C,H, +/1-2.5(O2 +3.76N2)—>2C02 +H,0+A-2.5-3.76N, +(/”t—1)-2.5-02

Assumptions for the application of the energy balance:
- The combustion chamber is adiabatic and rigid;
-  Steady state operation is assumed throughout;
- The balance is written per unit of kmol of acetylene;
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d-’f:ZWF v H-H, > H=1,
Enthalpies of reactants and products can be evaluated as follows:

T (Tes 20) =1(I, Al_z)cszJrﬂ,-Z.S-[ (7 +7) o3, 76(/+Ah),v2}
Ty (T 20) =2y + OB ) oy t1 (I + 8F) 04225+ 376(/+Ah) +(A-1)-25- (/mh)
Recalling the definition of Lower Heating Value for a stoichiometric combustion reaction in air:

C,H, +2.5(0, +3.76N,) — 2CO, + H,0+2.5-3.76N,

A

LHYV = Z"J_lf,,- —ZV h, . —
R

LHV .y, = h/ cona +2.5 (Vozhf,oz + VN2hf,N2 ) - (V(:02hf,coz + Vﬁzohf,Hzo +2.5- VNth,N2 )
LHchyz = h/ C2H2 Vcozh/' co2 _VHzohf,Hzo
LHV cyyy = hy cony =2 h/ cor — 1+ h/ H20

Substituting the last expression in the first energy balance, the following expression is obtained:

LHV pyy + Ny (T )+ 2225+ Mgy (T ) +3.76- Ay, (T, ) | =
=2 Ny (1) + iy (T, )+ 4-2.5-3.76- Ay, (T, )+ (A—1)-2.5- Ay, (T,

In the last equation, all the enthalpy differences can be derived from the table, and the only unknown is the
excess air:

2+ Aoy, (T, )+ Al (T,) = 2.5 Ahyy, (T, )= LHV .y, — A

C2H2 C2H2

" 2.5 My, (T, )+ 2.5-3.76- Ahy, (T, )= 2.5-3.76- Ahy, (I, )= 2.5- Ay, (T,

_ 2-106640+86162—-2.5-68771-1256460-3101
2.5-1622+2.5-3.76-1600—-2.5-3.76-1600—2.5- 65205

An increase in temperature of reactants results in an increase in the enthalpies of them: if the adiabatic flame
temperature is kept constant, the excess air will decrease and the composition of the products will change.
A change in pressure do not affect the combustion process and the composition of the products.

b. Applythe exergy balance to the combustion process, evaluating the exerqy destructions (per kmol
of C2H2) and the rational exerqy efficiency, assuming air and fuel enter as separate substance in
the combustion chamber. Are these values functions of the reactants’ temperature and pressure?
Neglect the chemical exerqy of products of combustion.

Assumptions for the application of the exergy balance:
- The combustion chamber is adiabatic and rigid;
-  Steady state operation is assumed throughout;
- The balance is written per unit of kmol of acetylene;

dEx

—ZE S+ Y Ex) +Z(N”‘“ ) —Ex,, = @ Ty, py) =% (Tps Dy ) =&y oy =0
k
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& (Tro po) =[ @ + 8%, (T 2y) |, + 225 [ 00 (Tos ) +3.76-2%,, 3 (T 2y ) | = 1271900KS kol
&, (T,.10) = 2 [ ViEX,,, (Toe py ) | = 909546 kT [femol ..,

By o = 362354 KT [kmolyyy > 7, = ;—P =0.7151

R

Differently from the previous question, both temperature and pressure of reactants affects values of exergy
destruction and exergy efficiency, since physical exergy of ideal gases is a function of both temperature and
pressure.

Specifically, exergy destructions increase if temperature and pressure increase.

c. Apply the exergy balance to the heat exchanger, evaluating the exergy destructions (per kmol of
C2H2) and the functional exerqy efficiency. Neglect the chemical exergy of products of
combustion;

Before applying exergy balance, it is required to derive the ratio between the mass flow rate of water and the
molar flow rate of flue gases. The heat released per molar unit of fuel is equal to:

Al (2250K — 673K, p,) = v, ~[N_z (2250K)-Ah (673K)] =1073257 kJ/kmol,.,,,,
P

The heat absorbed by a mass unit of water in the heat exchanger is equal to:
Ah, (873K — 323K, p) =h, our —h, =3492k] kg,
Therefore:

A, (2250K = 673K,
el ( Po) =307kg, /kmol,,,
Ah, (873K — 323K, p, )

Assumptions for the application of the exergy balance:
- The heat exchanger is adiabatic and rigid;
- Steady state operation is assumed throughout;
- The balance is written per unit of kmol of acetylene;

X, (2250K, Do ) —&X,, our (673 K, p, ) +ex, v (323 K p, ) —ex, our (873 K p, ) —exp e =0

Aex g, (2250K—>673 K.py) —Aex,, (873K —323 K,pw)

Aex,, (2250K — 673K, p, ) = ;v,, [@x(2250K, p,)—ex (673K, p, ) |, = 833072k /kmol,.,,;,

Aex, (873K —323K, p,, ) =[ Ayour = =Ty (Su0ur =S ) [K/ kg, = 121134 kg,
Aex,, = Aex,, - r =372313 k] [ kmol..,,,,

&y = AT, (2250K — 673K, p, )~ ASE, (873K 323K, p, ) = 460760 kJ/kmol.,,,,

_ & A, (813K 323Kop.) o o
Nev.s ex, Aex, (2250K —»673K,p,)

d. Evaluate the mass flow rate of acetylene required to produce 180 kg/h of superheated steam.

Moy, =M1, -L~1-MVVC2H2 =180 kg, L E.Lkmoz@’” .26 kg —0.0042 kg o
3600 r h 3600s 307 kg, kmol..,,;, s
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Exercise 2. (8pt)

The system presented in the figure represent a plant for the production of bio-methanol.

Flow Symbol Ex [MW]
Electricity from renewables E_O1a 35 £_02 E_20w
Electricity from grid E_01b 65
Hydrogen E_12 60 e i -
Syngas from other processes E_02 40 : : E 20
Flow of bio-methanol E_20 40 £ o1 : £ 12 2 L
Flow of oxygen E_10w 10 =9 - I
Flue gases E 20w 10 ~l 1 :

| |
Process no Z [€/h] £o1 :_ R :
Process 1 1 1000
Process 2 2 400

E_10w

The plant is formed by two sub-processes:

1.

Electrolyzer: it receives one flow of water from the environment (zero exergy) and two flows of electric
energy, the first produced by a renewable system and the second bought by the national grid. The
process produces hydrogen, considered as the useful product, and oxygen, which is vented in the
atmosphere without any additional cost;

Chemical reactor: in this process, the hydrogen reacts with a syngas in order to produce a constant
amount of bio-methanol (final product) and flue gases, which are discharged in the environment with
an additional cost of 10 €/ MWhex;

E_xy: represent the flow of exergy directed from process x to process y. Index “0” represent all the
processes outside the considered system (including the environoment);

Specific cost per unit of exergy of the flow E_02 is equal to 30 €/ MWhex;

Specific cost per unit of exergy of the flow E_01a is equal to 0 €/ MWhex, while is 40 €/ MWhex for the
flow E_01b.

With reference to the data given in the table, it is required to:

a. (1pt) Write the exergy balance for the two processes according to the Inlet/Outlet paradigm, evaluating
exergy destructions and exergy rational efficiencies in the two processes and in the whole system;

b. (2pt) Introducing proper auxiliary relations, write thermoeconomic system for the two processes according
to the Inlet/Outlet paradigm. Evaluate total and specific economic cost of the products;

c. (2pt) Introducing proper hypotheses, evaluate the cost of exergy destruction and losses, and derive the
structure of the specific economic cost of products;

d. (3pt) Apply the first iteration of the Design Evaluation procedure, evaluating the related thermoeconomic
indexes for the two processes. Discuss the obtained results and propose a possible way to improve the
economic efficiency of the system.

Exercise 2. Solution

a. Write the exergy balance for the two processes according to the Inlet/Outlet paradigm, evaluating

exergy destructions and exergy rational efficiencies in the two processes and in the whole system;

The exergy balance can be written as follows:

E =E,+E, = N, ==
T
For the considered system:
Author M. Rocco

Pag.4 of 9

Date 15/07/2015



Politecnico di Milano
Dipartimento di Energia

Component Inlet Outlet Destr. Mo
MW MW MW -
100 70
1 - Electrolyzer E01a+E01b E12+E10w 30 0.70
. 100 50
2 - Chemical reactor E12+E02 E20+E20w 50 0.50
Whole system 140 60 80 0.43

EO1a+EO01b+E02 E20+E10w+E20w

b. Introducing proper auxiliary relations, write thermoeconomic system for the two processes
according to the Inlet/Outlet paradigm. Evaluate total and specific economic cost of the products;

The cost of the products of the Electrolyzer can be derived once n auxiliary relations have been defined:

n = mﬂnwy _l —> n

aux,1 components aux,]

For the Electrolyzer, the thermoeconomic system can be written as follows:

i Ex —E i i CoraEXo1a T ConEXoy, + 2, = Cp Exyy + ¢4, EX,g,
Xorg T EXorp = LX) + LX), + LXp,

. . . . . Cory = 0€/MWh
Cora +Conp + 2, =C, + G, - e = 40€/MVW1
. . o1 =
C=cE
o €0, = 0€/MWh
. _ ' IZZMZ@QMVW
CowEXoyy + 2, = ey Exyy - Ex,,

C,, = c,,Ex,, =3600€/h
The cost of the products of the Chemical reactor can be derived once n auxiliary relations have been defined:

n —> n 4-1=3

aux,2 = m_//nw,\' _l(‘ampunent.v aux,2 =
For the Electrolyzer, the thermoeconomic system can be written as follows:

CIZEXIZ + COZEXOZ + ZZ = cZOExZO + CZOWEXZOW

Ex,, +Ex,, =Ex, +Ex, +Fx
12 02 20 20w D2 (,’02 — 30 €/MWh

CIZ + Coz + Zz = Czo + C20w -

; ¢, = 60€/MWh
C=c-Ex
Conyy = ~10€/ MW
. L . ¢y = Bt B + 2 “en B 135 sy
CIZEXIZ + COZ ExOZ + ZZ = CZO ExZO + CZOwExZOW - * ExZO

G,y = ¢y Ex,, =5300€/h

c. Introducing proper hypotheses, evaluate the cost of exergy destruction and losses, and derive the
structure of the specific economic cost of products;

The text suggest that the system produces a constant amount of final product E_20. Therefore, it can be
assumed that any change in efficiency of the system will result in a change of the inlet flows for both the
processes. In order to derive the cost structure and the cost of exergy destructions, the average costs of inlet
flows are evaluated. For the Electrolyzer:
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Exom + Exow = Exlz + ExlOw + ExDl
Cra (E'x()la + Ex()lh ) + Zl = Clexlz
The average cost of inlet flows is:

¢ = Cora EXo1a + Corn EXor
= -

: =26€/MWh
Ex()la + Ex()lb

€ (Exlz +Ex,,, + Ex), )+ Z, = cpExi,

Ex, +E Z
— cn=c, te, | B0l L (5604173416.7)—— = 60—
S Ex,, Ex,, MWh — MWh
Cpuy =1y (Exig,, + Ex,, ) =1040€/h
For the Chemical reactor:
Ex,, + Ex,, = Ex,, + Ex,y,, + Ex,,
Crn (Exlz + Exoz ) + Zz = CzoExzo + CzowExzow [CZOW < 0]
The average cost of inlet flows is:
Ex,, +c, E
¢, =T TCe e g€/ Mwh
Ex, + Ex,,
Cra (Exzo + Exzow + ExDz ) + Zz - cZOwExZOW = czoExzo
- Cop = Cpp | 2 T2 | B2 P | (48,04 72.0+12.5)i _1325— 5
' ’ Ex,, Ex,, Ex,, MWh Wh

Cprz =1 (Exy, + Ex,, ) = 2880€/h
Notice that the cost of waste treatment is accounted as an additional investment cost.

d. Apply the first iteration of the Design Evaluation procedure, evaluating the related
thermoeconomic indexes for the two processes. Discuss the obtained results and propose a
possible way to improve the economic efficiency of the system.

Application of DE consists in the evaluation of the following indexes for each one of the plant components:

Z +C'(D'L)k Sum of cost of exergy destruction and losses, and investment cost;
no=(co—¢;)/e Relative difference of average cost of outlet and inlet flows;
Z .
fi=— Exergoeconomic Factor;
Zi +Coope

Relative cost difference is evaluated as follows. Notice that in order to evaluate the relative cost difference, the
average specific costs of inlet and outlet flows must be evaluated:
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¢, = M = 26.0i
Exy,, +Ex,, MWh
1: ) ) - =098
¢y =| G2t Cuon | 514 €
Ex, + Ex,, MWh
¢, =2t _yge/vm
2: Exi, + Exyp - =176
CO = 020 = 1325Mi[/1/h
Component C'(D,L)k [€h] Z, +C(DVL),€ [€/n] L I A
1 - Electrolyzer 1040 2040 0.98 0.49
2 - Chemical reactor 2880 3280 1.76 0.12
Author M. Rocco

Pag.7 of 9
Date 15/07/2015



Politecnico di Milano
Dipartimento di Energia

Exercise 3. (5pt)
Let’s consider the energy statistics for the Italian country in 2009 (IEA data, values in ktoe).

2009 ~ Indicators Balances Coal Electricity and Heat Natural Gas Oil Renewables and Waste

Coal* Crude oil* Oil products Natural gas Nuclear Hydro Geothermal, Biofuels and Electricity Heat Total**

solar, etc. waste
Production 46 4962 0 6561 0 4226 5511 5308 0 0 26613
Imports 12609 82516 11631 56700 0 0 0 1627 4048 0 169131
Exports -191 -2300 -24783 -102 0 ] 0 -86 -182 0 -27644
International marine bunkers*** 0 0 -2352 0 0 0 0 0 0 0 -2352
International aviation bunkers*** 0 0 -2997 0 0 0 0 0 0 0 -2997
Stock changes 286 81 896 725 0 0 0 14 0 0 2002

Imagine to substitute a portion of the electric energy production from Natural Gas Combined Cycle power

plants (NGCC, with ni=0.55 and LHVng=50 MJ/kg, assumed as pure methane) with the energy produced by

1400 MWe of Nuclear power plants (NU, with an average load factor fnu=0.9).

With reference to the data given in the table, it is required to calculate:

a. (1pt) The Total Primary Energy Supply of Italy in 2009, according to the data provided by the table;

b. (2pt) The amount of natural gas saved and CO2 emissions avoided thanks to the production of nuclear
energy in one year (in Mton);

c. (2pt) The new value of the TPES, considering the natural gas save from imports and the production of
electric energy by nuclear plants;

Exercise 3. Solution
a. The Total Primary Energy Supply of Italy in 2009, according to the data provided by the table;

The TPES for Italy in 2009 is evaluated through the algebraic sum of the last column of the given table.

endogenous stock
_ +imports — exports — bunkers £
production changes

TPES =

TPES = 26613 +169131 - 27644 — (2352 + 2997) + 2002 | ktoe = 164753 ktoe

b. The amount of natural gas saved and CO2 emissions avoided thanks to the production of nuclear
energy in one year (in Mton);

The electric energy produced by the nuclear plants in one year is equal to:

Eyy =Py [y -H, =1400MW, -0.9%8760/4); = 11037600MWh,, (11.038TWh,) )

i

If the same energy is no more produced by NGCC power plant, the natural gas saved in one year can be
evaluate as:

E

Eyy = Eygec =My - LHV,  Tygee = My, = ——20C—

NU N g g N g L HV,,g . nNGCC

E

m = Laoce 11037600 . LR 1 36005 100 MM _y g5 hsion

S LHV,, Tyeee s 50 MJ 0.55 h kg
Similarly, the avoided CO2 emissions are:

Author M. Rocco

Pag.8 of 9
Date 15/07/2015



Politecnico di Milano
Dipartimento di Energia

4_4 kg co
16 kg ey

Meoy =

=3.974Mtoe

c. The new value of the TPES, considering the natural gas save from imports and the production of
electric enerqgy by nuclear plants;

Considering the electric energy production by nuclear plants, the table given will change. Specifically:
- the amount of natural gas (produced or imported) will decrease by the quantity of 1444.9 Mtoe,
converted in ktoe on a net calorific value;
- the nuclear production will become a positive value, equal to the electric energy produced by nuclear
plant properly converted into primary energy (ktoe) through the IEA conventions (nnu=0.33);

. kg e M. 1 ¢ s kt
NG1mports=[1.445MtonNG-109 8na_ 50 M £-103£j:1726kt0e

Mion,, ~ kg, 41860 MJ —  toe
Tot.Imports = (16913 1-1 726)ktoe =167405ktoe

0.086 Mtoe 10° ktoe
0.33 TWh Mtoe
Tot.production = (26613 + 2876 ) ktoe = 29489ktoe

NU production =11.0387Wh - = 2876ktoe

TPES' =[ 29489 +167405 — 27644 — (2352 + 2997) + 2002 | ktoe = 165900ktoe
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POLITECNICO

MILANO 1863 Milan, 29th June 2016

Final Test of 21-07-2015 — Problems

Exercise 1. (9pt)

A vapor-compression refrigeration system is designed to cool down a mass flow rate of a fluid for an
industrial process. The cycle works with ammonia and it is characterized by the following transformations:
e 1-2: vapor enters the compressor (CMP, with isentropic efficiency of 0.6) as saturated vapor;
e 2-3: vapor condensates in the condenser (COND) and it exits as saturated liquid. The heat is
rejected to the environment at 25 °C and 1 bar (reference conditions);
e 3-4:liquid faces an isenthalpic lamination process through a lamination valve (LAM);
e 4-1: the multi-phase flow evaporates into the evaporator (EVA), exiting as saturated vapor and
cooling down a liquid mass flow rate from 15°C to 7°C;

Ammonia T p quality h s ex h_Is h_vs s_ls S_VS
kJ/kg- kd/kg-  kJ/kg-

°C MPa - kJ/kg K kJ/kg kJ/kg kJ/kg K K

0 25 0.1013 - 1689.8 7.0732 0.0

1 -10.0 0.2908 1593.9 6.2284

2s 88.6 1.1670 1792.4

2 141.7 1.1670 6.5699

3 30.0 1.1670 484.9 1.9596

4 -10.0 0.2908 297.2 15939 1.3010 6.2284

With reference to the properties collected in the table, it is required to:

a. (3pt) Draw the inverse cycle in the P-h diagram. Draw the scheme of the system, with all of its
components, highlighting directions of work, heat and bulk flow streams. Evaluate all the missing values
in the table (quality, enthalpy, entropy and exergy in the grey cells);

b. (2pt) Define boundaries of the whole system and apply the energy and the exergy balances, deriving
the analytical expressions for the COP and the functional exergy efficiency nexs of the system. What are
the differences among the two performance indicators?

c. (2pt) Apply the exergy balance to all the components of the system, deriving the analytical expressions
for the exergy destructions and the functional exergy efficiencies;

d. (2pt) Derive numerical results for questions b and c.

Notice that:

- Irreversibilities occurring during the heat transfer processes must be included in the evaluation of the
exergy efficiencies;

- State 0 refers to the reference state of ammonia;

- Transformation 1-2s refers to the isentropic compression process between evaporation and
condensation pressures;

- Values of entropy includes the effects of both temperature and pressure;

- Subscripts _Is and _vs refers respectively to the saturated liquid and the saturated vapor;
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Exercise 1. Solution

a. Draw the inverse cycle in the P-h diagram. Draw the scheme of the system, with all of its
components, highlighting directions of work, heat and bulk flow streams. Evaluate all the
missing values in the table (quality, enthalpy, entropy and exerqgy in the grey cells);

s5,, =5, =6.2284kJ/kgK the isentropic compression does not change the entropy of the fluid;

g, =1 saturated vapor;
q,, =q, =nd  the quality of superheated vapor is not defined,
¢, =1 saturated liquid,;

Mhsocrp = }Z A hy, =h Tl 9ra81/kg
2

—h

1 771'.70 ,CMP

h, = h, isenthalpic lamination process (assuming valve as adiabatic);

h4 _h4 Is
g, Sit - gq,=0.145
h4‘vs _h4,ls
S, =S
qs = % > Sy =S84 14, (54,vs S84 ) =2.0142kJ [ kgK
4,vs 4,ls

ex, =h _ho_To(S[ _so)
ex, =156.0kJ [ kg
ex, =385.1kJ kg
ex, =319.8kJ kg

ex, =303.5kJ kg

b. Define boundaries of the whole system and apply the energy and the exergy balances, deriving
the analytical expressions for the COP and the functional exergy efficiency nex.f of the system.
What are the differences among the two performance indicators?

CoP = —Q{VA

CMP

Application of the energy balance to EVA:
- Steady state;
- Adiabatic and rigid component;
- No relevant changes in elevation and speed of fluids;

Z(n'r—h)[zo — ity (= hy o )+, (g =B, ) =0 — Oy, =m,(h,—h,)

i

Application of the energy balance to CMP:
- Steady state;
- Adiabatic component;
- No relevant changes in elevation and speed of fluids;

D h) 42 W =0 = Wt (h,~h,,)=0 - W =, (h,—h,)
Therefore:
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WCMP %(hrl _hr,]) hr,Z _hr,l

Functional exergy efficiency:

COP = QEiVA _ p’/(h’] _hh“) hr,l _hr,4

>
_ ExQ,EVA
77@)(,/' - We

CMP

Application of the exergy balance to EVA:
- Steady state;
- Adiabatic and rigid component;
- No relevant changes in elevation and speed of fluids;

. - _ . . - _
Z(m ex)i _ExD,EVA =0 - mg (exf,[N —€X; our ) +m, (exr,4 —ex. )_ ExD,EVA =0

i

Properties of the cold fluid are unknown. However, the change in exergy of the cold fluid is equal to the
exergy of the heat provided to the fluid between the same inlet and outlet temperatures:

o T ) . o o T _ T
QEVA 1-—— |+ m, (exr,4 —ex,, )_ ExD,EVA =0 - ExQ,EVA = QEVA 1-—° =m, (hr,l - hr,4) 1-—°
Tml,f Tml,/ Tml,f

Application of the energy balance to CMP:
- Steady state;
- Adiabatic component;
- No relevant changes in elevation and speed of fluids;

Z(rh‘_ex)i + ZWI‘_ =0 — WS,,+m, (ex},‘l —ex,, ) =0 - WS =, (exr’2 —ex},wl)
Therefore:
T .-T,
T, , =-15 L2 = 084.1K
D i
Tf,OUT

9 (hr,l—hr,ét)[l— e J (h,4,4—h,’1)[1—TT° J

>
n _ E‘xQ,EVA _ ml.f ) ml, [
e,/ T e - . -
Wene %(exr,Z _exr,l) S R

c. Apply the exergy balance to all the components of the system, deriving the analytical
expressions for the exergy destructions and the functional exergy efficiencies;

Application to the compressor (CMP):
- Steady state;
- Adiabatic component;
- No relevant changes in elevation and speed of fluids;

L ) . B
Exy cyp + 11, (ex, —exy )= Expy yp =0
C e el
Exyy cvp =Werp =m, (hz - hl)

€Xp cup = ExD,CMP / m,
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exXp cyp = €X; —ex, +(h2 —hl)
7, (ex1 —exz) _ex;—ex,

m,(h—h)  h—h

nex,f,CMP -

Application to the condenser (COND):
- Steady state;
- Adiabatic and rigid component;
- No relevant changes in elevation and speed of fluids;
- Heat discharged into the environment at TO;

e . R 3
ExQ,COND +m, (exz —éx; ) - ExD,COND =0

Exgcmvu = QgOND (1 _];)/TCOND) [TCOND =T, = Exgcozvu = O:|

€Xp.conp = ExD,COND / m,

ex, conp = €X, — X,
m.ex;  ex,

Nexrcoo = T =
nmex, ex,

Application to the lamination valve (LAM):
- Steady state;
- Adiabatic and rigid component;
- No relevant changes in elevation and speed of fluids;

m, (e)c3 —ex4)—E"xD,LAM =0

exp 1 = EXp / m,

€Xp ray = €X3 —€xy

_m.ex, ex,
Nevrpam = =
mex;, ex,

Application to the evaporator (EVA):
- Steady state;

- No relevant changes in elevation and speed of fluids;
- Since properties of the cold fluid are unknown, the exergy of heat transfer is considered,;
ExgEVA +1in, (ex, —ex;)—Ex, 4, =0
ExEEVA = Q;/A (1 - TO/TEVA)
Q;/A = mr (h'l _h4)

€Xp pya = ExD,EVA /mr

€XpEva = (hl _h4)(1_7:)/TEVA)+(ex4 _exl)
_ mr (h] _h4)(1_]:)/TEVA) (hl _h4)(1_]:)/TEVA)

Mex £EVA -
m, (ex4 —ex, ) ex, —ex,

d. Derive numerical results for questions b and c.
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COP ex_d eta exf

- kJkg -
CMP 101.8 0.69
COND 81.6 0.83
LAM 16.3 0.95
EVA 92.7 0.37
TOT 3.351 2925  0.165

Exercise 2. (8pt)

The system depicted in the figure is composed by an combined heat and power engine (CHP) and an heat
exchanger endowed with an additional post-combustion chamber. Values in the figure quantify the exergy of
the material and energy interactions represented by the arrows.

The CHP absorbs a flow of low quality fuel (cr1 = 20 €/ MWh), a flow of pressurized water (cw1 = 2 €/ MWh),
and a flow of water at environmental conditions (cws = 0 €/ MWh), producing useful flows of electric power P1
and hot water W5 and losing high temperature heat exergy L1 through the mantle.

The HE absorbs high quality fuel (cr2 = 40 €/ MWh) and the by-products of the CHP (flue gases FG1 and
pressurized water W2), producing a flow of steam W3 and losing high temperature heat exergy L2 through
the mantle. The flue gases FG2 need to be treated causing additional economic expenses of 5 €/ MWh.

Total investment cost of CHP is 1850 €/h, while for the HE is 350 €/h.

L1 P1 L2 F2
0.8 MW  29.7 MW 0.5MW 32.0 MW
A A
r— _E_ - - T -0 - |- - a
I i I
I ! I
F1 CHP FG1 FG2
— M\ l
70.0 I\\//IVV:/ | Engine 23.\(I)VZ/IW | 12.8 MW
' aAAY NV ' w3
5.0 MW | 10.4 MW | 20.0 MW
w4 : AN HE - Heat :
0.6 MW | Exchanger |
L - I
w5
1.3 MW

It is required to:

a. (1pt) Define the thermoeconomic systems of equations for the CHP and the HE in analytical way;

b. (2pt) Derive the number of the auxiliary relations required to solve the thermoeconomic systems.
Appropriately set the required auxiliary relations, justifying each assumption with a brief comment;

c. (2pt) Solve the defined thermoeconomic systems, calculating specific and total economic costs of useful
products of both CHP and HE. Then calculate the average specific costs of their inlet and outlet flows;

d. (3pt) Assuming that the system works at constant production (demand driven model), calculate the
costs of exergy destructions for CHP and HE. Apply the first iteration of the Design Evaluation process:
comment the obtained results and propose one possible way to increase the economic efficiency of the
system.

Exercise 2. Solution

a. Define the thermoeconomic systems of equations for the CHP and the HE in analytical way;

For the CHP:
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Ex,, +Ex,, +Ex., = Ex; +Ex, +Ex;; +Ex.; +Ex,, +ExD’CHP
CF] +CW1 +CF4 +ZCHP = CLI +CP1 +CW5 +CFGI +CW2
C=c-Ex
- CFlExFl +CW1ExW1 +CF4E‘XF4 +ZCHP = cLlExLl +CP1EXP1 +CW5EXW5 +CFG1ExFGl +CW2E‘XW2

For the HE:

Expor + Exyy + Expy = Ex,, + Exp, + Exyy + Ex,
CFG] +CW2 +CF2 +ZHE = CLZ +CFGZ +CW3
C =C- Ex
- CFGlExFGl + CWZEXWZ + cFZExFZ + ZHE = CLZExLZ + CFGZExFGZ + CW3ExW3
b. Derive the number of the auxiliary relations required to solve the thermoeconomic systems.

Appropriately set the required auxiliary relations, justifying each assumption with a brief
comment;

The cost of the useful flows can be derived once n auxiliary relations have been defined:

e, ip = Mo _lcomponents - e .ip = 12-2=10
1. ¢, =20€/MWh Given data;
2. ¢, =40€/MWh Given data;
3. ¢, =2€/MWh Given data;
4. ¢,, =0€/MWh Given data;
5. ¢, =0€/MWh Loss released with no additional costs;
6. ¢, =0€/MWh Loss released with no additional costs;
7. ¢y, =c¢, =2€/MWh Pressurized water is a by-product of the CHP engine;
8. Cup =cp =20€/MWh  Flue gases are by-product of the CHP engine;
9. ¢ =cys Useful products of the CHP engine;
10. cppy =—5€/MWh Flue gases are released by HE with additional treatment cost;

c. Solve the defined thermoeconomic systems, calculating specific and total economic costs of
useful products of both CHP and HE. Then calculate the average specific costs of their inlet and
outlet flows;

Considering the products of CHP:

c _ CorEXpy + Cyp EXyy + Cpy EXpy + Zoyp _(CLIEXLI + Gy £y +cFGlExFG') =89 7i
products, CHP ExPl + Exw5 . MWh
€ C, =2662.7€/h
Cp =Cps = 89.7—— - ‘Pl /
MWh Cys =116.5€/h
c - cFlEx_Fl +ch'Ele +_CF4ExF4 = 18.8i
in,CHP Ex,, +Ex,, +Ex,, MWh
c _ Cukxy, +,CP1ExP,1 +CW5_EXW5 +_CFGlExF‘fl BN 50 €
out ,CHP Exu + Expl + Est + ExFG1 + Esz MWh
Author M. Rocco
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Considering the products of HE:

CFGlExFGl +CW2ExW2 +(’.F‘ZE")CFZ +ZHE _(LZ ExLZ +CFG2ExFG2)

€
cpmduc[.&‘,HE = CW} = Exw3 = 1087 MWh
€ .
6 =187 > €, =21748€/h
c _ cFGlExFGI +CW2E'XW2 +CF2E'XF2 _ 26 9 €
in,HE — E - - - .
Xpgy + Exypy + Expy MWh
c _ CLZExLZ +CFG2EXFG2 +CW3ExW3 _ 67 2 €
out,HE — E . D - .
X, + EXpgy + Exy, MWh

d. Assuming that the system works at constant production (demand driven model), calculate the
costs of exerqy destructions for CHP and HE. Apply the first iteration of the Design Evaluation

process: comment the obtained results and propose one possible way to increase the economic
efficiency of the system.

Considering the CHP:

Ex,, + Ex,, + Ex., = Ex,| + Ex, + Ex, s + Ex,, + Ex,, + Ex) oy
Ex,) cyp = 43.2MW
CD,CHP = Cin.CHPExDHCHP = 812'2€/h

Considering the HE:

Expg, + Ex,y, + Ex,, = Ex,, + Ex, + Ex,, + Ex,)
Ex, ,; =32.1MW

Comr = cin,HEExD,HE =864.2€/h

Application of DE consists in the evaluation of the following indexes for each one of the plant components:

Z, +CDJ Sum of cost of exergy destruction and losses, and investment cost;
r=(C, =)/ Relative difference of average cost of outlet and inlet flows;
Ji== Z". Exergoeconomic Factor,
Z,+Cp,;
Component C,, [€m  Z+C,, €] o
CHP 812.2 2662.2 1.66 0.69
HE 864.2 1214.2 1.50 0.29
Comments:

- The CHP show higher impact of investment and irreversibilities on economic cost of products. Then
attention should be devoted to CHP first;

- Relative cost difference is very high for CHP and HE, revealing high margins of improvements for
both components;

- Exergoeconomic factor for CHP reveal that investment costs are very high compared to the cost of

irreversibilities: a decrease in investment costs may be beneficial, even if this imply a reduction of
thermodynamic performance. The opposite trend holds for the HE.
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Exercise 3. (5pt)

Let us consider the energy balance of Switzerland in 2013 (the table reports only the energy transformation
from TPES to TFC).

Coal* Crude oil* Oil products MNatural gas Nuclear Hydro Geothermal, Biofuels and Electricity Heat Total*™*

solar, etc. waste
Transfers 0 0 1 0 0 0 0 0 0 0 1
Statistical differences 0 0 -160 0 0 0 0 1 0 -32 -190
Electricity plants 0 0 -3 0 -6773 -3308 -55 -1 5599 0 -4541
CHP plants 0 0 -5 -133 -30 0 0 -1203 319 399 -654
Heat plants 0 0 9 -107 0 0 0 0 -1 102 -15
Gas works 0 0 0 1 0 0 0 -1 0 0 0
Oil refineries 0 -5090 5062 0 0 0 0 0 0 0 28
Coal transformation 0 0 0 0 0 0 0 0 0 0 0
Liquefication plants 0 0 0 0 0 0 0 0 0 0 0
Other transformation 0 0 2 0 0 0 0 0 0 0 -2
Energy industry own use 0 0 -335 -3 0 0 0 0 -200 0 -538
Losses 0 0 0 -19 0 0 0 0 409 43 4N
Total final consumption 133 0 10175 2830 0 0 374 1248 5101 427 20288

With reference to the data given in the table, it is required to calculate:

a. (2pt) The Total Primary Energy Supply and the Electric penetration of Switzerland in 2013. Then
calculate the average efficiency of electricity production as the ratio between the net electricity
production and the primary energy devoted to electricity production;

In the next year, one new Natural Gas Combined Cycle plant (NGCC, with ni=0.55 and LHVng=50 MJ/kg of
pure methane, load factor 0.45) of 1.2 GW net electric power will be installed to substitute the portion of the
electricity produced by nuclear plants (NU) under disposal. It is then required to calculate:

b. (2pt) The change in natural gas consumption and CO2 emissions due to the new production of energy
from NGCC in one year (in Mton);
c. (1pt) The change in national TPES.

Exercise 3. Solution

a. The Total Primary Energy Supply and the Electric penetration of Switzerland in 2013. Then
calculate the average efficiency of electricity production as the ratio between the net electricity
production and the primary energy devoted to electricity production;

The TPES for Switzerland in 2013 is evaluated through the sum of the last column of the given table (pay
attention to the signs!).

TPES =[ 20288+(471+538+2+28+15+654+4541+190-1) | kioe = 26726 ktoe

The electric penetration is defined as the patio between the primary energy devoted to electric energy
production [ktoe] and the TPES [ktoe]:

D Ep;  (3+6773+3308+55+1+5+133+30+1203 ) ktoe
Ep== Tl =0.431
TPES 26726 ktoe
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The average efficiency of electricity production is equal to :

_ ZiEel,i - Eel,own use Eel,losses _ (5599+319‘200‘409)kf0€ ~ 0514
. > Epoy  (3+6773+3308+55+1+5+133+30+1203) ktoe

Ne

b. The amount of natural gas consumed and CO2 emitted due to the new production of energy from
NGCC in one year (in Mton);

Electricity production from NGCC:

E o voce = Pancee -y f = 4730400 MWh/ y

n

Natural gas requirements and CO2 emissions:

ng NGCC _ 4730400 MWh/y = 8600727W

E, oo = 739.5ktoe
P,ng, NGCC 77NGCC 055 y ( )
E, kt kt
MepanGee = P,n&—;\[;cc -3600-10° = 6193’% - Mcoa noee = Mepra NGece % = 1702-9%
ng

c. The change in national TPES.

E Wh
Epy =225 14334545 M7 (12334100)
’ 0.33 y

ATPES = E, E, v =(739.5—-1233) ktoe = —493ktoe

.ng, NGCC ~—
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POLITECNICO DI MILANO

Milano -25 July 2015

Final Test of 20-07-2015 — Problems

Exercise 1. (8pt)

A feedwater heater used in a steam power plant is shown in figure. The flow of saturated steam 4 enters the
heat exchanger, heating the subcooled liquid water 1. The steam exits the heat exchanger as saturated liquid
5 and enters the pump, where it is brought to the same pressure of water 2 absorbing mechanical power We.
Pressure losses in the cold and hot side of the heat exchanger are respectively 10% of p1 and 5% of pa.

4
number p T h s
o2 Lann 1 bar  °C  kJkg kJkgK
' CORSTON! IO 27 .. 38 1616 ...
5 : 2
¢ 4 1.4 109.3 2690.0" 7.2461
N (NS
|Wp

With reference to the data provided in the tables, and considering an environmental reference temperature To

of 298 K it is required to:

a. (1pt) Approximately drawn the transformations 4-5-6 and 1-2-3 in the T-s diagram (Temperature-specific
entropy). Evaluate the pressure for all the states of the process and the pressure ratio of the pump,
considering that the mixing process is isobaric;

b. (2pt) Introducing proper hypotheses, evaluate the ratio between the mass flow rates 4 and 1, then
evaluate the mechanical energy absorbed by the pump per unit of feedwater mass flow rate 1;

c. (3pt) Evaluate the exergy destructions in the whole system (dotted line) per unit of feedwater mass flow
rate 1. Then evaluate the entropy generations in the whole system per unit of saturated steam 4;

d. (2pt) Consider a process where the feedwater mass flow rate 1 is heated from conditions 1 to 3 thanks to
a heat flow Qn produced by a thermal reservoir at constant temperature of 500K. Evaluate the exergy
destructions (per unit of feedwater mass flow rate 1) caused by such process and comment the obtained
results.

Additional notes:
- All the data required to solve the problem are given in the text;
- Saturated and subcooled water can be modeled as perfect liquid with c=4.2 kJ/kg-K and v=0.001
m3/kg;
- Enthalpy and entropy of the saturated liquid at p=p4 are respectively: 458.4 kdJ/kg and 1.4110 kJ/kg-K;

Exercise 1. Solution

a. Approximately drawn the transformations 4-5-6 and 1-2-3 in the T-s diagram (Temperature-specific
entropy). Evaluate the pressure for all the states of the process and the pressure ratio of the pump,
considering that the mixing process is isobaric;

The pressure of 2, 6 and 3 must be the same, therefore:
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P, =R(1-AR,[R)=243bar  —>P=P=F
B =P,(1-AR,,/P,)=13bar
B,=PF /P =183 pressure ratio of the pump.

b. Introducing proper hypotheses, evaluate the ratio between the mass flow rates 4 and 1, then
evaluate the mechanical enerqgy absorbed by the pump per unit of feedwater mass flow rate 1;

The pump is assumed as:
- Operating in steady state;
- Perfectly insulated;
- With rigid boundaries;
- With no large differences in velocity and height of the fluid that cross it;
- Water is assumed as perfect liquid;
- Isentropic and isothermal compression process is assumed;

The energy balance applied to the pump only then results as:

W +rih —rih =0 .
{P st~ ells — W+, (b —h)=0

my =i, =m,
Dividing by mass flow rate 4 and introducing the perfect liquid model (pressures must be converted in kPa):

W, <«
St D +v(ps—pe)=0 —  wh,=v(ps—ps)=230kJ/kg,
4

<
Wp4

The ratio between mass flow rates 4 and 1 can be derived through the application of the mass and the energy
balance to the whole system:

«—

.. , .
W iy, + iy +riyhy —nghy =0 . . . . .
{ - W 1, + iyl + iy, —(m1 -i—m4)h3 =0

m, +my, —ri, =0
Rearranging the equation and dividing by mass flow rate 1:

e : 1 hy —hy
iy (Wi g +hy—hy )1 (=) =0 > m—4=m=0.0253
1 P4 4
WS, = Wh, % =0.0581kJ/kg,
1

c. Evaluate the exergy destructions in the whole system (dotted line) per unit of feedwater mass flow
rate 1. Then evaluate the entropy generations in the whole system per unit of saturated steam 4;

The application of the exergy balance to the whole system results as:

%:ZEXI; +%+Zn'1fexi ~Ex, =0

Introducing the mass balance and rearranging the exergy balance:
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« . N N N . - _
Wi, 1ty + rinex, + rivex, — (i, + i, )ex; — Ex;, =0

«— . . . . - _
Wy 1y +nyex, +nyex, —nsex; — Ex, =0 _ .
- 1 Ex

i, +mm, —1i, =0 Wy, +(ex, —ex; )+ —(ex, —ex; ) ——2 =0
1 m]
Exergy differences 1-3 and 4-3 can be evaluated as follows:
T kJ (N -
ex, —ex; = Ah—T\As=c(T, - T,)+v(p,— p;)—T,-c-In e —3.8k— subcooled liquid is a perfect liquid
3 g

ex,—ex, =h,—h,g —T, (s4 —Suq ) =492.7kJ kg

ex, —ex; =(ex, —ex,g ) +(ex,, —ex;) o> ex,g —exy =c(T,-T,)+v(p,—p;)-T, ~c-ln[%J =349kJ kg

3

fromtables perfect liquid

ex, —ex; =527.6kJ kg

& =wp, +(ex, —ex3)+ﬂ(ex4 —ex,)=9.59k/ [kg,
ml ’ ml

Entropy generations per unit of mass flow rate 4 can be derived through the Gouy-Stodola relation:

. =12733kJ kg K

my oy T,

d. Consider a process where the feedwater mass flow rate 1 is heated from conditions 1 to 3 thanks

to a heat flow Qu produced by a thermal reservoir at constant temperature of 500K. Evaluate the

exerqy destructions (per unit of feedwater mass flow rate 1) caused by such process and comment

the obtained results.

The heat absorbed by the mass flow rate 1 between the conditions 1 and 3 can be evaluated through the
application of the energy balance, assuming:

- Steady state operation;

- Rigid boundaries;

- No changes in velocity and height of the flows;

Oy +1in, (h —hy)=0 N g5 =h,—h =62.4kJ[kg

The application of the exergy balance to the whole system results as:

d . <o . . - T i .
%:W—FZEXQH—FZWIII ex,—Ex,=0 — O (l—ﬁj+ml(exl—ex3)—ExD:0

Dividing by mass flow rate 1 and rearranging the exergy balance:

T, E. E
q;(l—T—OJ+exl—ex3— > _g - ad =21.4kJ kg

H ml ml

This process results as less efficient from the thermodynamic point of view.
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Exercise 2. (8pt)

Let’'s consider a steam turbine of a large Rankine power plant operating as CHP. Steam mass flow rate 1
expand in the high pressure (HP) turbine. Then, one portion of the steam 2 is then extracted in order to be
used inside the power plant, and the mass flow rate 3 expands in the low pressure (LP) turbine. The steam
flow rate 4 exits the LP turbine and it is used for cogeneration purposes.

Steam mass flow rate 1 has a total enthalpy of 100 MW (measured with respect to the reference enthalpy 0),

and the net electric power produced by the turbine is equal to 15 MWe,.

Total investment cost of HP and LP turbines are respectively 210 €/h and 350 €/h. The cost of inlet steam 1 is

equal to 1.5 c€ per kWh of energy.

Considering an environmental temperature To of 20°C, and with reference to the data given in the table, it is

required to:

a. (1pt) Drawn the expansion processes in the T-s diagram (Temperature — specific entropy). Evaluate the
mass flow rates of steam 1, 2, 3 and 4, and the specific and total exergy of each energy and bulk flow
interaction of the system;

b. (2pt) Write exergy balances for the whole system and for the two turbines according to the inlet/outlet
paradigm. Evaluate the rational exergy efficiencies for the whole system and for the two turbines;

c. (3pt) Write the thermoeconomic system of equations for the system at its lower level of aggregation.
Introducing proper auxiliary relations, evaluating specific and total costs of outlet flows;

d. (2pt) Assuming that the system works at constant electric power production, derive and evaluate the
structure of the cost of useful outlet flows for the two expanders, and the cost of exergy destructions and
losses. Comment the obtained results.

—_———— e — — — T p h S
i °C bar kJ/kg kJ/kg-K

| 0 20 1,01 84 0,30
| HP 1 460 35 3361 7,04
| 2 311 10 3075 7,16
' 3 311 10 3075 7,16
L———- 4 153 2 2774 7,29

Exercise 2. Solution

a. Drawn the expansion processes in the T-s diagram (Temperature — specific entropy). Evaluate the
mass flow rates of steam 1, 2, 3 and 4, and the specific and total exergy of each energy and bulk
flow interaction of the system;

The mass flow rates of steam can be evaluated through the application of the energy balance on the two
turbines. Main assumptions:

- Turbines work at steady state;

- Turbines are adiabatic and negligible changes in velocity and height of the fluids occur;

WI-;’ =m (hl_hZ)

VI‘/TF—Fmi(hi,IN_hi,OUT):O - {W”—n’z (h3 h)
e — "3 My

Therefore:

W, +W,, =15MW iy (b —hy)+rivy (hy—h,) = 15MW i, =30.5kg/s
- -
iy, (b, —hy) =100MW i, (h, —hy) =100MW i, =, =20.9kg/s
Considering the mass balance at the HP turbine, the mass flow rate of steam 2 can be derived:

iy =i+, —> i, =9.6kg/s
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Power produced by each one of the turbines is equal to: ex Ex
kllkg MW

Wpp = i (b —hy) = 8.TMW ? 1308 39,2
W, =tiny (hy—h, )= 6.3MW 2 977 94
3 977 20,4

4 639 133

Specific and total exergy of the streams are derived as follows:

ex,=h—hy—T,(s,—s,) —  Ex,=m, ex,

b. Write exerqy balances for the whole system and for the two turbines according to the inlet/outlet
paradigm. Evaluate the rational exergy efficiencies for the whole system and for the two turbines;

The exergy balance can be written as follows:

JE o . . _ %:ExlN—l%;ExOUT—ExD =0
7:ZEXW +ZExQ +Zmi ex,—Ex, =0 -

Nexr = ZEXOUT /ZEXIN
N

our

Therefore:

HP LP HP+LP
in 1 3 1
_________________________ 397 .24 . ..397
out 2+W_HP 4+W_LP W_tot+2+4
......................... 386 ....196 .38
dest w1 0,8 1.9
eta R 0,97 0,96 0,95

c. Write the thermoeconomic system of equations for the system at its lower level of aggregation.
Introducing proper auxiliary relations, evaluating specific and total costs of outlet flows;

The cost of the outlet flows of the HP turbine can be derived once n auxiliary relations have been defined:

naux,HP = mﬂowx _l d naux,HP = 4_1 = 3

components

The unique product of the HP turbine is the mechanical power Wrp, whether the steam flows 2 and 3 are
classified as by-products, since they will be respectively used in the power plant and in the LP turbine.

The cost of steam per unit of energy must be converted in the cost per unit of exergy considering the equality
of total cost:

Co=Co = a.(H-H)=c. bx - c, =cmM=0.0378%

Xy

S : ' : Ex +Z,, = /o +C, EX, +C,E

Exl _Exz _Ex3 _WHP _ExD,HP = O cl 1 HP CW,HPWHP CZ x2 C3 x3

. . . . . Cc, =¢C
— 2 1

C+Z,p=Cyp +C,+C —

. . c=¢

C=c-Ex

¢, = 0.0378 €/kWh

The cost of mechanical power is the only unknown:

Author M. Rocco

Pag.5 of 8
Date 25/07/2015



Politecnico di Milano
Dipartimento di Energia

¢ (Ex, —Ex, —Ex,)+Z
(B - )t —00667— oo = 66.75——
W, kWh MWh

Cyoup =

The cost of the outlet flows of the LP turbine can be derived once n auxiliary relations have been defined:

naux,LP = mﬂows _l —> n 3 _1 = 2

components aux,LP

Both the mechanical power and the steam are considered as useful product of the LP turbine.

e / ) . ' . = - =
B = B = Wip = B =0 OB ¥ 21y =y 1o Wip T B, MW €MWh  €h
C3+ZLP=CW’LP+C4 —> Cy=Cyp=C 0 0 N N

Y _ o L c. =c =0.0378€/kWh 1 39,7 37,80 1500
C=ckbx o / 2 94 3780 356

3 20,4 37,80 771

cEx,+7 € € 4 13,3 57,16 763
c= ﬁ = 0.0572m - c=57.16—— W_HP 87 6675 583
p T EX, MWh W _LP 6,3 57,16 359

d. Assuming that the system works at constant electric power production, derive and evaluate the
structure of the cost of useful outlet flows for the two expanders, and the cost of exerqy
destructions and losses. Comment the obtained resulits.

This system has no losses. All the outlet flows are products or by-products. Substituting the exergy balance
into the cost balance, considering a demand driven model, the cost structure is derived.

For the HP turbine:

e (Ex, = Ex, —Ex, )+ Z,p = ¢y yWyp . , ,
o ( . . ) . - Cl (WHP +Exl),HP ) + ZHP = CW,HPWHP
Ex, —Ex, —Ex; =W, + Ex, 1p
Ex V4 € €
Cppp =€+ —+ = = (37.80+ 4.88+24.06) —— = 66.75——
' Wi MWh MWh

Cp o = Ex,y p = 42.6€/h

For the LP turbine:

CE)C +Z =C W +CE)C . . . . . .
{3 T T s (B 4 W+ Exy )+ 2, = (W, + Ex,)

Ex, = Ex, +W,, +ExD’LP =0
€

Ex VA
c=c e —a— [+ :(37.80+1.52+17.85)i=57.16—
O\ W, +Ex, ) W, +Ex, MWh MWh

Cpop =CEx, ,, =29.7€/h
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Exercise 3. (5pt)

The table shows the electricity balance for Germany in 2010. In the following years, 3 GWe of nuclear plants
(NU, with load factor f of 0.9) will be disposed. The govern substitutes the electric energy produced by nuclear
plants with 50% of energy produced by Combined Cycle power plants (CCPP, with ni = 0.55, LHVnG = 50
MJ/kg, load factor f of 0.75), 20% of energy produced with solar photovoltaic plants (PV) and 30% by increasing

the electricity imports (IMP).

Considering a total population of 81.76 Millions, and with reference to the data in the table, it is required to:
a. (1pt) Evaluate the Total Final Consumption (TFC, in GWh) and the Final Consumption per capita (fc, in

MWh/p);

b. (1pt) Evaluate the additional amount of electric energy produced by CCPP, PV and IMP after the disposal

of the nuclear power plant;

c. (1pt) Considering a nominal electric power of 200 MWe for each one of the CCPP, evaluate the number
of CCPP that need to be installed, and the amount of natural gas consumed by them in one year (in kton);

d. (2pt) Evaluate the differences in TFC and in TPES caused by the disposal of nuclear plants and the
introduction of additional CCPP, PV and IMP (use the IEA conventions).

Exercise 3. Solution

a. Evaluate the Total Final Consumption (TFC, in GWh) and the Final Consumption per capita (fc, in

Germany (2010) Electric energy

[GWh]
Coal 273456
Ol 8741
Natural Gas 90352
Biofuels and Waste 40658
Nuclear 140556
Hydro 27353
Solar PV 11729
Other renewables 40138
Imports 42962
Exports 57917
Energy industry own use 61630
Losses 23974

MWh/p);

The TFC results as the following algebraic sum:

TFC = production +imports — (exports +ownuse+ losses) =532424GWh,,

The final consumption per capita results as:

1o =TEC _ sounacwn100 M

! :6.51MWh

p GWh

b. Evaluate the additional amount of electric energy produced by CCPP, PV and IMP after the

81.76M -10° p

disposal of the nuclear power plant;

The total electricity generated by 3 GW of nuclear plants is calculated as follows, together with the electricity

produced by CCPP, PV and IMP:

EEyy =F, nu '8760%']’,\@ =23652GWh —

Author
Date

EEq¢pp =0.5-Eyy =11826GWh
EEpy, =0.2-Ey, = 4730GWh
EE;pp =03 Enyy = 7096GWh
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c. Considering a nominal electric power of 200 MWel for each one of the CCPP, evaluate the number
of CCPP that need to be installed, and the amount of natural gas consumed by them in one year

(in kton);

The total installed power required, and the number of power plants, are equal to:

EE i
—CCCPE_ 10} =1800MW, —  nygee =~ — 9 plants

F, [,NGCC —
¢ 8760 fnGece PnGee

I Fy noee 8760 fygee  1800MW,, -8760h/y-0.75
NG = =

36002106 *&_ _ 1548, 1kton
Mveee - LHV o 0.55-50MJ kg h kton

d. Evaluate the differences in TFC and in TPES caused by the disposal of nuclear plants and the
introduction of additional CCPP, PV and IMP (use the IEA conventions).

The difference in TFC is equal to zero, since no differences in final electricity consumption result by the
substitution of the nuclear power.

ATFC=0
The difference in TPES can be evaluated according to the IEA conventions as:

ATPES = ANG + APV + AIMP + ANU = —-3298ktoe

ANG = EEccrp  11826GWR o 10€ 13 TWh 103 K9€ _ g 40kt0e
Mvoee 0.55 TWh Wh toe

APV = EE,y = 4730GWh-0.086-2%.103 TV 13 K9¢ _ 407 k10e

TWh GWh toe
AIMP = EE,y, = 7096Gh-0.086 22510 TV 1573 9€ _ 1 6kt0e
TWh GWh toe

ANy = BBy 2236526 ¢ t0¢ o3 TWh 3 kioe _ ¢ sarsoe

0.33 0.33 Wh  GWh toe

Notice that energy produced by CCPP is converted into primary energy using efficiencies given by the text,
while NU rely on IEA convention.
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Politecnico di Milano
Dipartimento di Energia

POLITECNICO DI MILANO

Milano -7 September 2015

Final Test of 08-09-2015 — Problems

Exercise 1. (8pt)

An industrial system produces cyclohexane (CeH12) through the reaction of benzene (CsHs) hydrogenation:

CH,+3H, > CH,

Liquid benzene flows through a pump (P), where it is taken from 38°C and 1 bar to 39.9 and 22.5 bar. After
compression, liquid benzene enters the hydrogenation reactor (R). At the same time, gaseous hydrogen (H2)
enters the reactor at 49°C and 22.5 bar. The reactor produces liquid CeH12 at 200°C and 21 bar. After the
reactor, the flow of CeH12 pass through a heat exchanger and a lamination valve, where it is cooled and flashed
till 49°C and 1 bar.

C6H6 H2 C6H12
molar weight MW kg/kmol 78 2 84
isobarich heat capacity cp kJ/kg-K 1.74 14.31 2.31
density rho kg/m3 874 0,081 688
enthalpy of formation h_f (ideal gas) kJ/kmol 0
h_f (ideal liquid) kJ/kmol 49040 -156400
chemical exergy ex_ch (ideal gas) kJ/kmol 238490
ex_ch (ideal liquid)  kJ/kmol 3305350 3922990

With reference to the data provided in the table, it is required to:

a.
b.
C.

(1pt) Draw the plant scheme, highlighting bulk flows and energy flows exchanged by the components;
(1pt) Introduce proper hypotheses and evaluate mechanical power absorbed by the pump per kg of CsHe;
(2pt) Introduce proper hypotheses and apply the energy balance to the reactor, and determine whether
the chemical reaction is endothermic or exothermic, evaluating the amount of heat produced/absorbed
per both kmol and kg of CeH1z2;
(2pt) Apply the exergy balance to the chemical reactor only, evaluating the exergy destructions and the
functional exergy efficiency. Notice that:

- For endothermic reaction: the heat is absorbed by a heat source at 550 K;

- For exothermic reaction: the heat is used to produce a flow of saturated steam starting from liquid

water at 38°C and environmental pressure;

(2pt) Apply the exergy balance to the heat exchanger and the lamination valve, evaluating the exergy
destructions per kg of CsH12 produced.

Exercise 1. Solution

a.

b.

Drawn the plant scheme, highlighting bulk flows and energy flows exchanged by the components;

(1pt) Introducing proper hypotheses, evaluate mechanical power absorbed by the pump per kg of
C6H6;

The pump is assumed as:

Operating in steady state;

Perfectly insulated;

With rigid boundaries;

With no large differences in velocity and height of the fluid that cross it;
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- Water is assumed as perfect liquid;

The energy balance applied to the pump only then results as:

h “— . —
WP +Mege (hin _houl )C6H6 -

(hin - hout )C6H6 = [C(];n _Tt‘)ut ) + V(pin _pout )]C6H6

Wy

= W;: = [c(]-(‘)ul _7:;1)+V(pouz _p[n ):IC()HG = 4‘72k']/kg6‘6H6

mC6H6
Notice that both the effects of temperature and pressure changes have been taken into account.
c. (2pt) Introducing proper hypotheses, apply the energy balance to the reactor, and determine

whether the chemical reaction is endothermic or exothermic, evaluating the amount of heat
produced/absorbed per both kmol and kg of C6H12;

The energy balance applied on the reactor — expressed in molar units — results as:

. . . 7 Ne
Nesushcens s —AeemaPicsms + Ok =0

Dividing by molar flow rate of C6H6, the molar heat flow can be evaluated as follows. Notice that molar flow
rates of C6H6 and C6H12 are equal, and molar flow rate of H2 is three times that C6H6.

q,? =Ncon _(hC6H6 +3'hH2)
The molar enthalpies can be evaluated as follows:

A};C6H6 = [C(T_To)""’(p_po ):|MWC6H6 = 2130kJ [kmol .,
ho=h,,+A(T,p)  —{Ahy, =c,(T=T,)MW,, = 692kJ/kmol,,,
Agcsmz = [C(T_To)"'v(p — Do ):|MWC6H12 = 34224 kJ [kmol .,

Therefore:

, =692kJ/kmol,,, - gy =—175423kJ [kmol .., (2084 kJ [kg 111, )
heernn, =—122176 kJ [ kmol.. .,

heas = S1170k] [kmol gy
Iy

The heat is released by the reaction.

d. (2pt) Apply the exerqy balance to the chemical reactor only, evaluating the exerqy destructions
and the functional exergy efficiency;

Since the reaction is exothermic, a flow of saturated water is produced by the reactor. The amount of water
produced is equal to:

m,
q‘* =" = hw,in _hw,au j by k km l
! Negmnn ( t) - ; Ty = 9 =6759 S 37.6 O
by —hy o = c,;,w( - W,OM) Mg €y (Tw,in _Tw,our) MOLcer, kmol g,
Author M. Rocco
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The exergy balance applied to the reactor, crossed by a flow of water, is simplified as follows. Values are
expressed in molar terms. Each bulk flow exergy is assumed as the sum of physical and chemical components
only.

_ kol kmol,

Xcome T3 ol
Olcesmn Olcein

"Xy, +37.6—”(exw’m _exw,om)_e_xcemz _e_xD,R =0

C6H6,C6H12:eX, ,, =c-AT +v-Ap—T,RIn(T/T,)
& =, vex, o (H2E,=c, AT-T,[c,In(T/T,)~RIn(p/p,)]
w:ex, , =c-AT—T,RIn(T/T,)

ex_ch ex_ph ex
kJ/kmol kJ/kmol kJ/kmol
C6H6 3305350 237,3 3305587
H2 238490 77443 246234
C6H12 3922990 7488,9 3930479
w (in-out) - -589,6 -590
ex,, , =91672kJ [ kmol,.,,
376% (aw,out - aw,in )+ e_xCGHIZ
n — kmo}ce.mz —0.977
ex,F,R . kmole . :
€Xcone T 3——— H2
km‘)lcsmz

e. (2pt) Apply the exergy balance to the heat exchanger and the lamination valve, evaluating the
exerqy destructions per kg of C6H12 produced.

The exergy balance for the last stages of the plant can be written as follows, assuming that the heat is released
in the environment at reference temperature.

aCtsle,m _aC6H12,out _aD,last =0 - aD,last = Aacsmz
The change in exergy of C6H12 can be evaluated as follows:

X 1ot = DXy = (AE—Y;)AE) - e_xD,]asl = C‘(T_YE))"' V-(p—po)—Tz)R ln(T/T;)) =731 IM/MOZCGIIIZ

C6H12
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Exercise 2. (8pt)

An industrial process reject two material streams as losses:

In or

A mass flow rate of flue gases (fg) equal to 34.7 kg/s at 0,2 MPa and 780 K, with cp = 1.1 kJ/kg-K and
R*=0.287 kJ/kg-K;
A mass flow rate of saturated water (w) equal to 4.1 kg/s at 4 MPa and 524 K;

der to recover heat from flue gases and produce two streams of steam at different conditions, a heat

recovery steam generator (in the figure) is then added:

Stream 3 is equal to 0.21 kg/s and it is assumed as a by-product of the evaporator;
Stream 4 is equal to 3.90 kg/s;

The system is formed by two heat exchangers: the evaporator (EVA, with Zeva = 750 €/h) and the super-heater

(SH, with Zsn = 430 €/h).
p T q h-hO s-s0 ex
5 _ Mg? _ 1}; - kJkg kJkgK  kJikg
S A VW > 7 1 40 524 0 983 2429
SH 5 EVA 2 40 524 1 2696 57024
4 AN AN 1 3 40 524 1 2696 57024
4 40 773 - 3341 6,7245
l 5 02 780 ;
4 6 02 714 ;
7 02 530 ;

Considering the properties of the streams in the table, and introducing proper hypotheses, it is required to:

a.

(2pt) Draw the thermodynamic transformations in the T-s and in the T-Q diagrams. Then calculate specific
enthalpies and entropies of flue gases and specific and total exergy of water and flue gases streams.
Notice that enthalpies and entropies of water streams are already evaluated with respect to the reference
conditions;

(2pt) Apply the exergy balance to both the SH and the EVA, evaluating the exergy destructions and the
rational exergy efficiency of the heat exchangers. Briefly discuss the obtained results;

(2pt) Define the thermoeconomic systems for both the SH and the EVA, according to the Inlet-Outlet
paradigm. Then define the required auxiliary relations and justify them. Finally, evaluate the economic
costs of system products;

(2pt) Evaluate the economic cost of exergy destructions, the relative cost difference and the
exergoeconomic factor, assuming that both the heat exchangers pay the thermodynamic inefficiencies at
the average cost of outlet streams. Briefly discuss the obtained results;

Exercise 2. Solution

a.

Draw the thermodynamic transformations in the T-s and in the T-Q diagrams. Then calculate
specific enthalpies and entropies of flue gases and specific and total exerqgy of water and flue
gases streams. Notice that enthalpies and entropies of water streams are already evaluated with
respect to the reference conditions;

Specific enthalpy and entropy of the flue gases stream can be evaluated according to the perfect gas model.

h[ :Cp,[(];_To)

T . D
s;=c,;In——R In -

T, Py

Specific and total exergy values for both flue gases and water streams can be evaluated as follows. Notice
that all the enthalpy and entropy values are already evaluated with respect to the reference conditions, so it is
not required to subtract reference enthalpy and entropy values.
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ex, =h —Ts, - Ex; =m; -ex,

The final results are here collected:

p T q h s ex Ex

MPa K - kJkg kJkg-K kJ/kg kW

ref. 0,1 298,15 - - - - -
1 4,0 524 0 983 12,4296 258 1059
2 4,0 524 1 2696 5,7024 996 3878
3 4,0 524 1 2696 5,7024 996 204
4 4,0 773 - 3341 6,7245 1336 5203
5 0,2 780 - 530 0,8620 273 9468
6 0,2 714 - 458 0,7650 230 7959
7 0,2 530 - 255 0,4369 125 4326

b. Apply the exergy balance to both the SH and the EVA, evaluating the exergy destructions and the
rational exergy efficiency of the heat exchangers. Briefly discuss the obtained results;

The exergy balance can be simplified according to the following assumptions for both the heat exchangers:
- Steady state is assume throughout;
- No work and heat interactions occurs across the boundaries, only bulk flows;
- No relevant changes in elevations of velocity of the fluids occurs;
- Chemical exergy of the fluids is accounted;

dEx

B s s e e
;—ZExw +ZExQ +2ml. ex,—Ex, =0 - me ex,—Ex, =0
Therefore:
L . ; ) . : nLex, + n,ex;, + n.,ex;
EVA:  mgex,+mex, —(mzex2 +m,ex; +m,ex, )—ExD,E,,A =0 Do popva = - -
rgex, + m,ex,
. ) . . . : nsexy + nex,
SH : msex; + n,ex, —(méex6 +m4ex4)—ExD,SH =0 Nogsy =
rgex, +myex,
eta_ex_r Ex_D
- kW
EVA 0,932 609
SH 0,986 184

The evaporator results as the worst component from a purely thermodynamic viewpoint.

c. Define the thermoeconomic systems for both the SH and the EVA, according to the Inlet-Outlet
paradigm. Then define the required auxiliary relations and justify them. Finally, evaluate the
economic costs of system products;

For the evaporator:

Ex, + Ex, — Ex, — Ex, — Ex, —E'xD)EVA =0
EVA: C"6 +C 42y, = C7 +C, +C3 - cﬁE'x() +¢,Ex, +Z,, =c,Ex, +c,Ex, +c31:.“x3
C, =cEx,

Exg + Ex, — Ex, — Ex, —E.xD’SH =0

SH : C'5 + C’z +Zg, = C‘6 + C'4 - ciEx, +c,Ex, + Zg, = c Ex, +c,Ex,
¢ =cEx,
Author M. Rocco
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The required auxiliary relations are:

nam' =m “fluxes _lcomponenls = 7 - 2 = 5

c; =0 flue gases are losses of other processes;

¢ =0 saturated water is a loss of other processes;

c,=¢ =0 steam bleed is a by-product of the evaporator, then its specific cost is equal to the steam 1;
c,=c5=0 flue gases are by-products of the super heater, then its specific cost is equal to the steam 5;
c, =0 flue gases are losses of the evaporator, then its specific cost is equal to zero;

With these assumptions, the economic cost balances become:

; c VA € . R €
Zyyy =, Ex, ¢ = Efi:: =0.193 Wh Cz =c,Ex, = 7SOZ
_ czE‘x2 +ZSH €

c,Ex,+Zg, =c,Ex, ¢,

= 0.227M C, =c,Ex, =1180§

Ex,

d. Evaluate the economic cost of exergy destructions, the relative cost difference and the
exergoeconomic factor, assuming that both the heat exchangers pay the thermodynamic
inefficiencies at the average cost of outlet streams. Briefly discuss the obtained results;

The average costs of inlet and outlet streams are defined as follows:

= ECG +gl :Okah e :ﬁ:m%%
EVA: X T LX, SH - E)C5 + Ex2
P R R B L o =257 Cs 0905
Ex, + Ex, + Ex; kWh Ex, + Ex, kWh

Thermoeconomic parameters can be then evaluated as follows:

Cex,D,EVA = COUT,EVAEXD,EVA = 54Z Cex,D.SH = COUT,SHEXD,SH = 16Z
EVA: {r,, ="or = SH:  {r, ="0u " _037
Civ Civ
V4 Z
Sova = — B —(.932 S == S =0.963
Ly + Cex,D,EVA Ly + Cex.D,SH
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Exercise 3. (5pt)

The table shows the electricity production for Canada in 2012, together with the energy efficiency of
thermoelectric power generation technologies.
Additional data:

- The electric energy imports are equal to 10887 GWh;

- The electric energy exports are equal to 57865 GWh;

- Electric energy requirements of power plant auxiliaries are equal to 40754 GWh;

- Electric energy losses are equal to 44796 GWh.

Gross electric Energy

energy production  efficiency

GWh -

Coal 63678 0,38

Qil 6984 0,34

Natural Gas 67536 0,45

Biomass and Waste 9098 0,38
Nuclear 94862
Hydro 380622
Solar PV 332
Wind 11310
Geothermal 27

It is required to:

a. (1pt) Evaluate the net final consumption of electric energy in GWh and in ktoe;

b. (2pt) Evaluate primary energy absorbed by all the technologies in ktoe, according to the IEA conventions;

c. (2pt) In 2013, Canadian govern decide to substitute the nuclear energy production with Combined Cycle
Power Plants (CCPP, with ni= 0.55, LHVnG = 50 MJ/kg). Evaluate the change in CO2 production (in Mton)
and the change in total primary energy requirements (in ktoe) of the electric energy generation, assuming
natural gas as pure methane. Comment the obtained results.

d.

Exercise 3. Solution
a. Evaluate the net final consumption of electric energy in GWh and in ktoe;

The net final consumption of electricity results as the following algebraic sum:

EE,, =) EE

gross production

+imports —(exports + ownuse +losses) = 501921 GWh,

ktoe

EE,, =501921GWh, -0.086 — = 43157 ktoe
GWh

b. Evaluate primary enerqy absorbed by all the technologies in ktoe, according to the IEA
conventions;

Primary energy requirements can be generally evaluated as:

EE
pE = 05 M0
GIWh

;

For thermoelectric technologies, the efficiency of conversion is given. For other technologies, the efficiency is
given by the IEA conventions:

- For Idro, Solar PV and Wind the efficiency is 1;

- For Nuclear is 0.33;

- For Geothermal electric plant is equal to 0.1;
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Therefore:

Primary energy
requirements

ktoe
Coal 14409
Qil 1766
Natural Gas 12905
Biomass and Waste 2059
Nuclear 24717
Hydro 32728
Solar PV 29
Wind 972
Geothermal 23
Total 89607

c. In 2013, Canadian govern decide to substitute the nuclear energy production with Combined Cycle
Power Plants (CCPP, with nl = 0.55, LHVne = 50 MJ/kg). Evaluate the change in CO2 production (in
Mton) and the change in total primary energy requirements (in ktoe) of the electric enerqy
generation, assuming natural gas as pure methane. Comment the obtained results.

Considering the efficiency of the CCPP and the properties of the natural gas given in the text, the primary
energy requirements of the CCPP is equal to:

EE
PE

cepp =

M. =172476 GWh, (14830ktoe)

1,cCpP
The new value of the primary energy requirement of electric power generation is thus equal to:

PEnew = PE—PENU +PECCPP = 79720kt0€

The change in primary energy requirement of electric power generation is thus equal to:

APE = PE — PE =-9887ktoe

new

The change in production of CO2 is equal to:

PE
e, = Lcrr 17476 Gwh-—=8 100036005100 HO" _ 12418kt0m,,,
“TLHY,,, s0MJ - GJ T h o kg
44 kton
Moy = Meys .Eﬁ = 34150kton .,
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POLITECNICO

MILANO 1863 Milan, 8th Sept 2016

Final Test of 08-09-2016 — Problems

Exercise 1. (9pt)

Let us consider a thermoelectric power plant fueled by coal operating with a regenerative Rankine cycle with
double superheater. A fraction y of the steam out of the high pressure turbine HP (4) goes in the regenerator
R, and it is mixed with the pressurized water (1’) out of the low pressure pump P1. The mass flow rate of
saturated water (2) exits the regenerator and goes through the high pressure pump P2. The water out of the
pump (2’) goes through the steam generator with superheater (EVA+SH1) and is converted into superheated
steam (3). After the expansion in the HP turbine, the fraction of steam 1-y goes in the second superheater
(SH2) till conditions (5) and then it is expanded in the low pressure turbine (LP) till condition (6). The steam is
finally condensed in the condenser (C) and exits as saturated liquid (1) directed to the low pressure pump
P1.
Notice that:

- The two pumps LP and HP are isentropic;

- The Szargut factor for the coal is equal to 1.05;

. . p v h S q h_lIs h_vs s_Is S_Vs
properties point  TICT o [m3kg] [kikg] [kJkgK] [ [kJkg] [kJkg] [kJ/kgK] [kJ/KgK]
environment 0 25 1.013 - 104.9 0.3672 -

IN P1 1 458 01 0001 191.8 0.6493 0
INR 1" 45.8 10 0.001 ? ? -
IN P2 2 179.9 10  0.001 7626 2.1382 0
IN SG+SH1 2 179.9 60  0.001 ? ? 0
IN HP 3 500 60 - 34222 6.8818 -
IN R 4 240.6 10 - 29211 6.9518 -
IN LP 5 500 10 - 3478  7.7627 -
INC 6 458 0.1 - ? ? 097 191.8 2584.8 0.6493  8.1511

With reference to the properties collected in the table, and introducing proper assumptions, it is required to:

a. (1pt) Draw the plant scheme and the qualitative shape of the Thermodynamic cycle in the T-s diagram;

b. (2pt) Apply the energy balance to the pumps and to the regenerator, deriving the mass fraction of steam
y and the missing properties in the table. Finally calculate the exergy of all the points of the cycle;

c. (2pt) Apply the energy and the exergy balance to the whole plant, deriving the analytical expressions for
the energy efficiency, rational exergy efficiency and exergy destructions of the plant;

d. (2pt) Apply the exergy balance to the regenerator R, the steam generator (including EVA, SH1 and
SH2) and the steam turbine (HP+LP): derive the analytical expressions for the functional exergy
efficiency and the exergy destructions of such components;

e. (2pt) Derive the numerical results for questions ¢c and d. Comment the obtained results;

Exercise 1. Solution

a. Draw the plant scheme and the qualitative shape of the Thermodynamic cycle in the T-s
diagram;
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b. Apply the energy balance to the pumps and to the regenerator, deriving the mass fraction of
steam y and the missing properties in the table. Finally calculate the exergy of all the points of
the cycle;

Application of the energy balance to the pumps:
- Steady state;
- Adiabatic and rigid component;
- No relevant changes in elevation and speed of fluids;
- Perfect liquid;

S SR 0 o Wiy =i (1=2) (=) =, (1-2)] e (B=T) v, (=)

! W:z:ms(hz'_hz):ms[M*'vs(pz*_p2)J

The enthalpies of water out of the pumps can be derived:

ho—h =v (p.—p)=099kI/kg — h.=192.79k] kg
hy,—h, =v, (p, —p,) =5k kg -  h,=767.6k]]kg

The entropies of inlet and outlet sections of the pumps are equal:

s, =5, =0.6493kJ/kgK
s, =5, =2.1382kJ [ kgK

The steam mass fraction lambda is derived by applying the energy balance to the regenerator:
- Steady state;
- Adiabatic and rigid component;
- No relevant changes in elevation and speed of fluids;

(i h) =0 — i (1=2) (k. —hy )+t ARy —hy)=1it, (hy —hy ) =0 — z:ZZ_Z‘ =0.209
N J —
J 4 1

The enthalpy and entropy out of the LP turbine can be derived by recalling the definition of quality:

h6 = h6ls +QG (hﬁvx _h()ls ) = 251301k]/kg
S¢ =Sgs 6 (sm — S ) =7.9260kJ [ kgK

_ he = e, _ 6 ~Seis

ds n —h

sis  Sevs — Sels

=097 — {

6vs
The exergy of bulk flows can be computed as follows:

ex; =h,—hy =T, (s, =)
ex, =2.8kJ kg
ex, =3.8kJ/kg
ex, =129.7kJ kg
ex, =134.7kJ kg
ex, =1375.0kJ kg
ex, =853.0kJ kg
ex; =1168.1kJ kg
ex, =154.4kJ kg
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c. Apply the energy and the exergy balance to the whole plant, deriving the analytical expressions
for the energy efficiency, rational exergy efficiency and exergy destructions of the plant;

Application of the energy balance to the whole plant:
- Steady state;
- No relevant changes in elevation and speed of fluids;
- No mass exchanges across the cv: the heat provided by the coal combustion is equal to the change
in enthalpy of the steam;

S0+ Y =0

i

Oiyvsin = 1, (hy = hy) Qovssin = hs =,

Oy =it (1= ) (hs 1) Girn =(1-2)(hs—h,)
Wiy =m (h,—h,) N Wi = h, —hy

W; :ms(l_l)(hs hﬁ) Wip =(1_1)(h5_h6)
We =m (1-2)(h, —h) why =(1-2)(h. - k)
WP(; =1h, (hZ' _hz) Wiy, =hy —h,

The energy efficiency is defined as:
V.i/ﬁ — WI;’ +VVL; _WPT _WPE

net

en pm Com o
Qcoa/ QGC+SH1 + QSHZ
Simplifying mass flow rate of steam:

WLZ_ (h4 _}%)"'(1_/1)(}'5 _ha)_(l_ﬂ”)(hl' _}71)_(}’2' _hz)

OSRECAI0RD

Application of the exergy balance to the whole plant:
- Steady state;
- No relevant changes in elevation and speed of fluids;
- No mass exchanges across the cv: the heat provided by the coal combustion is converted into its
exergy equivalent thanks to the Szargut factor. The exergy of the coal is assumed as heat exergy
entering the control volume at very high temperature;

ZEx&. +2Ex;i —ExD’mt =0

Ex(Q_,coal = (Q.é_V+SH1 +Q;;12 )ﬂcoal = rhs I:(hB _hZ')+(1 _1)(}15 _h4 ):| ﬂwal

Ex;,nez (WIX’ +VVL? _W; —W,;)=ri13 |:(h4 _}%)"'(1_/1)(}’5 _hs)_(l_l)(hl' _hl)_(hZ' _hz):|

The rational exergy efficiency is defined as:
Exgoﬂﬂl (QZ;/‘FSHI + Q_;Z )ﬂcaal

77&»-

Simplifying mass flow rate of steam:
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e (h—hy)+(1=A)(h —hs)=(1=A)(h =) ~(h = hy) _ 7,
ercaa/ [(}’3 _h +(1_ﬂ) hs —h, )]ﬂcoa/ B

[(}13 hZ) ( h h ]ﬁwal [h_h3)+(1_/1)(h5_hﬁ)_(l_ﬂ')(hl'_hl)_(hz'_hz)]

’7@\'

d. Apply the exergy balance to the regenerator R, the steam generator (including EVA, SH1 and
SH2) and the steam turbine (HP+LP): derive the analytical expressions for the functional exerqy
efficiency and the exergy destructions of such components

Regenerator R:
- Steady state;
- Adiabatic and rigid component;
- No relevant changes in elevation and speed of fluids;

Z(n'fex)k —ExD,R =0 — mlex, +m (1-A1)ex, —mex, —E)CD!R =0 — Jex,+(1-2A)ex, —ex,—ex,, =0
k

ex,

Tect = Aex, +(1-2A)ex,

ex,p = Aex, +(1-A)ex, —ex,

Steam generator SG+SH1+SH2:
Steady state;
- Adiabatic and rigid component;
- No relevant changes in elevation and speed of fluids;
- No mass exchanges across the cv: the heat provided by the coal combustion is converted into its
exergy equivalent thanks to the Szargut factor. The exergy of the coal is assumed as heat exergy
entering the control volume at very high temperature;

ZE'x;. +2(n'1“ex)k —Ex, ;=0
i, [ (hy =Ty )+ (1= 2) (hs =1, ) | B —1i, (ex, —ex,. ) —rin, (1— A) (ex; —ex, ) — Exp, 55 =0
o, (ex3 —exz,)+n'zx (1—/1)(ex5 —ex4)

750 i [ =y )+ (1= 2) (s =) ] B
exp g6 = [(15 —h ) +(1-4)(hs—h, )]ﬁmw —(ex; —ex, ) —(1-4)(ex; —ex,)

Steam turbine HP+LP:
- Steady state;
- Adiabatic and rigid component;
- No relevant changes in elevation and speed of fluids;

ZEx;;J. +Z(rh‘_ex)k —ExD’ST =0
i k
mex, —m Aex, —m, (1- A)ex, +1in, (1-A)ex; —rir, (1- A)exs =W, =Wy, —Ex,, o, =0
rex; — i Adex, —rm, (1-A)ex, +m, (1-A)ex; —m (1= A)exg —mm, (b, —hy )=, (1= 2)(hy—hy ) — ExD)ST =0
_ Aex, + (1-2)ex, +(1=2A)ex; +(h, — by )+ (1= 2)(hs — hy)
ex, +(1-2)ex;
exp, o = ex, —Aex, —(l—ﬂ)ex4 +(1—/'L)ax5 —(1—/1)6366 (h lg) ( )(h —-h )

New st =

e. Derive the numerical results for questions ¢ and d. Comment the obtained results;
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(hy = hy)+ (1= A) (s —hg) = (1= A) (b =)~ (B =1 _ 1258.8kJ/kg _

= = 0.407
Nen (h3 —hz,)+(1—/1)(h5 —h4) 3095.2kJ kg
7. =~ 0387 ex, =1991.2kJ kg
coal
Comments:

- There is not a relevant difference between the numerical values of the two efficiency indicators;
- Exergy efficiency does not provide more information with respect to the energy efficiency at the
highest aggregation level,

eta_en eta_ex ex_d

- kJ/kg

R 0.716 51.5
SG 0.458 1760.3
ST 0.974 59.4
TOT 0.407 0.387 1991.2

Exercise 2. (7pt)

The system in the figure is used to provide compressed air
and hot water for heating purposes to a larger industrial
process. The system is composed by an air compressor A, 1
an heat exchanger B and a water pump C. An air mass flow
rate of 10 kg/s is brought by the compressor from
environmental conditions (point 1) to pressure and
temperature of 2 MPa and 60°C (point 2). The compressed
air enters the heat exchanger, where it is cooled by heating

o
smmmtm——
B
T—

a flow of liquid water that circulates thanks to the pump. ) o) 2
Both the compressor and the pump absorb electricity from 2 . 3
the grid. The system operates as demand driven (constant ‘
products). » —
6
m Ex operative life n years 5
kg/s kW availability factor f - 0.5
1 10.0 0.0 interest rate on capital i - 0.06
2 10.0 5003.2 from PEC to TCI PtT - 6.32
3 10.0 2540.7 cost of electricity c_el €/kWh 0.15
4 35.8 154.3 compressor A PEC A € 112031
5 35.8 178.3 heat exchanger B PEC_ B € 69437
6 35.8 835.2 pump C PEC C € 9472
7 - 58241
8 - 28.0

With reference to the data provided in the tables, it is required to:

a. (1pt) Calculate the investment costs for the three components in €/h. The O&M costs are enclosed in
the PEC given by the table;

b. (2pt) Write the thermoeconomic systems of equations for each component of the system. Appropriately
set the required auxiliary relations, justifying each assumption with a brief comment, and determine the
analytical expression for the cost of products of each component. Notice that the environmental air 1
and the liquid water 4 are provided at zero economic cost;

c. (2pt) Solve the defined thermoeconomic systems, calculating specific and total economic costs of useful
products for all the components. Derive the cost structure for each product;
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d. (2pt) Calculate the costs of exergy destructions and losses for all the components. Apply the first
iteration of the Design Evaluation process: comment the obtained results and propose one possible way
to increase the economic efficiency of the system.

Exercise 2. Solution

a. Calculate the investment costs for the three components in €/h. The O&M costs are enclosed in
the PEC given by the table;

The plant operates at nominal conditions for only a part of the year:

h
[=TE =S, = 4380

The investment cost of each component can be calculated thanks to the capital recovery factor:

PEC,
PEC, . = €

1

Z :Z(PEC)~c;f~6,32~h—-PEC

%ori

op

PEC PEC % Zy 4

€ % €ly €/h

Compressor A 112031 0,587 168085 38,38
Heat exchanger B 69437 0,364 104179 23,79
Pump C 9472 0,050 14211 3,24
Total A+B+C 190940 1,000 286476 65,41

b. Write the thermoeconomic systems of equations for each component of the system.
Appropriately set the required auxiliary relations, justifying each assumption with a brief
comment, and determine the analytical expression for the cost of products of each component.
Notice that the environmental air 1 and the liquid water 4 are provided at zero economic cost;

The required auxiliary relations are: M =M ionss — Peomponenss =8—3 =35
¢ =0 the air is provided at zero cost
¢, =0 the water is provided at zero cost

¢, =0.15€/kWh the electricity is provided at positive cost
¢, =0.15€/kWh the electricity is provided at positive cost
€ =Ca=Cpy the compressed air and the hot water are both products of the CHP system.

Thermoeconomic systems at the lower aggregation level:

Compressor A:

E+E, =E, +E,, . L
_ ok +c,E,+Z,

C+C+7,=C, - ok +c,E,+7,=c,E, ¢ -
2

C=c-E

Heat exchanger B:

Author M. Rocco

Pag.6 of 9
Date 12/09/2016



Department of Energy
Politecnico di Milano

E,+E =E+E +E,,
C+C+Z,=C,+C, — B, v, Eg+ 2, = c,E, +¢,E,
C=cE

_oE ek +Z,
E,+E,

Pump C:

E,+E,=E+E,
Co+C,+Z,. =C; — E e, E,+Z. =By c
C=c-E

_aEte B+ Z,
E

5

c. Solve the defined thermoeconomic systems, calculating specific and total economic costs of
useful products for all the components. Derive the cost structure for each product;

Cost structure is obtained by substituting the exergy balance of each component in the expressions of
products cost.

E,, Z
c,=c,+c, 2424 :(0.150+0.025+0.008)i
E, E, kWh
o E,+E)+Z E A
Cpy = wa 2 .5) L Ty 2R B =(0.177+0.095+0.007)i
: E. +E, ’ T E+E;, E+E| kWh
_ _ E,. Z €
s =Cpe+Cpc ELSC + 7(5 =(0.023+0.001+ 0.018)m
flow no. c_i C_i
€/kWh €/h
2 0,18 912
3,6 0,28 943
5 0,04 7

d. Calculate the costs of exergy destructions and losses for all the components. Apply the first
iteration of the Design Evaluation process: comment the obtained results and propose one
possible way to increase the economic efficiency of the system.

The exergy destructions are paid as the average cost of inlet flows:

c,E, +c,E € . . €
CDL,A :ﬁzc} :015m—) CD,A :CD,AED,A :12312

c,E, +¢.E € : : €
Cpp = 2Ez+£5 5 :O'lngh — Cos =CppEpy :320.42

¢E +c,E € ) . €
Cprc :w ZOOOOSM —> CD,C :CD,CED,C = OZ

Application of DE consists in the evaluation of the following indexes for each one of the plant components:

Z +CDLW, Sum of cost of exergy destruction and losses, and investment cost;
1 =(Cou =)/ Relative difference of average cost of outlet and inlet flows;
Author M. Rocco
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fi=m—r Exergoeconomic Factor;
Zi + C‘DL,i
c_in cout CDL Z C DL+Z r f
€/kWh  €/kWh €/h €/h €/h - -
Compressor A 0.15 0.18  123.1 38.38 161.5 0.22 0.238
Heat exchanger B 0.18 0.28 3204  23.79 344.2 0.57  0.069
Pump C 0.0008 0.04 0.00 3.24 3.2 49.74 0.999
Comments:

- The Heat exchanger B is the most critical component, followed by the compressor and the pump;

- Irreversibilities occurring in the pump are not relevant with respect to the cost efficiency of the CHP;

- rsuggests that there are more margins of improvements in the heat exchanger rather than in the
compressor;

- fsuggests that lowest cost of products may be obtained by increasing the efficiency of the heat
exchanger, even if this imply higher investment costs.

Exercise 3. (6pt)
Let us consider the energy statistics of Argentina in 2013 in the table (IEA).

Argentina 2013 coal oil nat;;asl nuclear hydro { biomass | electricity total
Production ktoe 49 1 30239 { 32387 1626 2672 4454 0 71427
Import ktoe 1166 5706 9602 0 0 0 1264 17738
Export ktoe 53 4193 68 0 0 1232 26 5572
Primary energy devoted to ;0 | 821 | 4632 | 14020 | 1626 | 2672 906 1238 | 25915
electricity prod.

Gross electricity production  GWh 3294 | 19844 | 75774 ? ? 2955 - ?
Own energy uses of the ktoe 123 | 1525 | 6019 0 0 3 -1 7670
energy sector

In addition to the data provided by the table, the electric energy consumptions of auxiliaries and the
transmission losses are equal to 32630 GWh. It is required to calculate:

a. (2pt) The gross electricity production and the net electricity production (both in GWh);
b. (2pt) The Total Final Consumption (TFC, in ktoe) and the electricity penetration (EP);

In the next year, the whole Nuclear energy production will be substituted by Natural Gas Combined Cycle
plants (NGCC, with ni=0.55 and LHVng=50 MJ/kg of pure methane). It is then required to calculate:

c. (2pt) The additional mass of natural gas required and the change in the CO2 emissions (both in Mton).

Exercise 3. Solution
a. The gross electricity production and the net electricity production (both in GWh):

The gross electricity production is the sum of the corresponding line in the table. Notice that the electricity
production from nuclear and hydro can be accounted thanks to the IEA conventions:

1626ktoe-0.33 N 2672ktoe-1
0.086 ktoe/ GWh ~ 0.086 ktoe/ GWh

gross

EE :[3294+19844+75774+ +2955jGWh =139176 GWh

Author M. Rocco
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EE,, =EE,, —EE

gross own-—uses

= 139176—ﬂ GWh =49990GWh
0.086

b. The Total Final Consumption (TFC, in ktoe) and the electricity penetration (EP);

The TPES for Argentina in 2013 is evaluated through the sum of the last column of the given table (pay
attention to the signs!).

TPES =(71427+17738-5572) ktoe = 83593 ktoe

With the available data, the TFC cannot be calculated. Indeed, TFC is equal to:

energy energy
+

conversions ownuses

TFC =TFC =TPES - Z[ + lossesj

Primary energy devote to electricity production (25915ktoe) is only a part of the primary energy converted
into final uses (heat plants, gas works, oil refineries, coal transformations, etc. are missing).

The electric penetration is defined as the patio between the primary energy devoted to electric energy
production [ktoe] and the TPES [ktoe]:

_ 2 Ers _25915kt0e _ o)
TPES 83593 ktoe

c. The additional mass of natural gas required and the change in the CO2 emissions (both in

Mton);
Electricity production from NGCC:

E ~O.33=MGWh =6239GWh

primary NU 0086

EE

NGCC =

Natural gas requirements and CO2 emissions:

EE Evior 3600 11344- 10°
Eygoe =< =11344GWh - My, = —2E _113 360:) 0 = 0.82Mton,,,
’ 0.55 LHV,,. 50-10
44 44
Mepy = Mgy E = O.82Mtong =2.25Mton .,
Author M. Rocco
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POLITECNICO

MILANO 1863 Milan, 27th Sept 2016

Final Test of 29-09-2016 — Problems

Exercise 1. (8pt)

A molar flow rate of propylene (C3H6) at conditions 1 flows through the Heat Exchanger (A) providing heat to
one exogenous process and decreasing its pressure till conditions 2. A molar flow rate of nitrogen (N2) at
conditions 3 goes through a Compressor (B) till conditions 4. The two flows are finally mixed in the Mixing
Chamber (C). The environmental reference pressure and temperature are respectively equal to 25°C and
101325 Pa.

QSC
T Tst
1
Molar o herature  Pressure  'S0Paric Heat — fleat 2
no formula flow rate P o Capacity Exchanger
C MPa
mol/s kd/kmolK Mixing
1 C3H6 3 150.0 1.000 80.0 Chamber
2 C3H6 3 95.0 0.700 85.7 3
3 N2 7 75.0 0.101 202 2y compessor I 4
4 N2 7 394.4 0.700 29.2
| 5
Wcmp

With reference to the properties collected in the table, and introducing proper assumptions, it is required to:

a. (2pt) Apply the energy balance to the Heat Exchanger and the Compressor, deriving heat loss by C3H6
and the mechanical power absorbed by the Compressor. Then apply the energy balance to the Mixing
Chamber, deriving the temperature of the mixed flow 5;

b. (2pt) Apply the exergy balance to the Heat Exchanger, assuming that the heat cross the boundaries at
the logarithmic average temperature among the flows 1 and 2. Derive the analytical expressions for the
exergy destructions and the functional exergy efficiency of the system, considering the heat flow
released by the Heat Exchanger as its unique useful effect. Then derive the numerical results;

c. (2pt) Calculate the (specific and total) chemical exergy of the gas flows 2, 4 and 5, assuming a
composition for the reference environmental air equal to 75,67% N2, 20,35% 02, 3,95% H20 e 0,03%
COz;

d. (2pt) Apply the exergy balance to the Mixing Chamber, deriving its exergy destruction and its functional
exergy efficiency;

Exercise 1. Solution

a. Apply the enerqgy balance to the Heat Exchanger and the Compressor, deriving heat loss by
C3H6 and the mechanical power absorbed by the Compressor. Then apply the enerqgy balance to
the Mixing Chamber, deriving the temperature of the mixed flow 5;

Heat Exchanger
- Steady state operation;

- Rigid component;

Author M. Rocco
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- No changes in elevation and velocity of fluids;

dE* . . e e .
[ =YY O Y (i e) > OS +N,h —N,h, =0
i J k

The fluid can be seen as a perfect gas and the molar flow rate is constant. The isobaric heat capacity is
calculated as the average among inlet and outlet sections:

Ah:EpAT;Nl =N2 =NC3H(>

kmol 2.9 kJ

0. = Nesyo Cpesms (T, = T,) = 0.003 T (423.2-368.2)K =13.6 kW

Compressor:
Steady state operation;

- Rigid and adiabatic component;
- No changes in elevation and velocity of fluids;

dEA _

ZWAFJ"ZQAF"'Z(”?/( ) - WC;'FNJ%_NJM:O

The fluid can be seen as a perfect gas and the molar flow rate is constant. The molar flow rate and the
isobaric heat capacity are constant between the inlet and outlet sections:

Ah=c AT ; Ny=N,=N,,

. . kmol kJ
sy = Ny, (1) = 000772229, 2(667.5-348.2) K = 653k

Mixing Chamber:
- Steady state operation;
- Rigid and adiabatic component;
- No changes in elevation and velocity of fluids;

A
LS RO R (i e) o NN N =0
i j k

The molar flow rate 5 can be obtained as the sum of the molar flows 2 and 4, while the isobaric heat capacity
of 5 is the weighted average among flows 2 and 4. The fluid can be seen as a perfect gas, and the
enthalpies are calculated with respect to the environmental conditions.

N,+N,=N, — N, = (0003+0007)km1_001kml
s s
0.003 0.007 kJ
Cpmix =CpcineXcame TCpnaXns = 85.7- 0.01 ——+292. ——— 0.01 =45.304 ool
hi = Cp (T; _]:))
NC3HGC[),C3H6 (7; _T(') ) + NNZCp,NZ (th _T('))_Nmtx p mix (T T ) 0 - T; = 5035K(2304OC)

b. Apply the exergy balance to the Heat Exchanger, assuming that the heat cross the boundaries at
the logarithmic average temperature among the flows 1 and 2. Derive the analytical expressions
for the exergy destructions and the functional exergy efficiency of the system, considering the
heat flow released by the Heat Exchanger as its unique useful effect. Then derive the numerical
results;
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Heat Exchanger
- Steady state operation;

- Rigid component;
- No changes in elevation and velocity of fluids;

dE. : ) : )
7)6‘* = ZE < +ZExAe +2ExBF - Exj + Nex, — Nyex, = Ex,,,, =0
T -T,
T, =———2-=395.0K(121.9°C)
" In(7,/Ty)
Exy =05 -[1 - J =—13.6kW -0.245 = -3.35kW exiting the system
ml,1-2

T p kJ

ex, —ex, =h —h, —T, (s1 _52) =C, a6 (T1 —Tz)—T0 (cpmm lnFl—Rlnp—lj d 1997.1km0
2 2

Neayo (ex, —ex,) =5.99kW

+Nex, — N,ex, =(-3.34+5.99) kW =2.65 kI

=——2 -056

c. Calculate the (specific and total) chemical exergy of the gas flows 2, 4 and 5, assuming a
composition for the reference environmental air equal to 75,67% N2, 20,35% 02, 3,95% H20 e
0,03% CO2;

It is assumed the following chemical relation for the combustion of the C3H6:

C,H, +4,50, —3C0, +3H,0

X csm6 = ~DLess (Tys Po ) = Mpn€X 00 + [Znexc,”+TRZn lnxJ —1987915%(5963.7kW)
AGesy6 (T Py ) = ZNg,, ZN g, =[(1-62720+4,5-0)-(3--394380+3--228590)] = 1931630 k}’;’
o
kmol
—Nyex,, oy = N, TyRIn—= Poor _ 983K 8,314 K 4,5 %02 ! =-17759,3 K
Poo.o2 kmolK kmol ., 0,2035 kmol
kJ
> mex,,, +T,RY nlInx, | =74044
7 | 7 P kmol
CO2 H20 tot
mex,, 60323 24031 84353
LRY mInx. 5155 5155 -10309

tot 55168 18876 74044

Chemical exergy of the N2 can be calculated as the expansion work of an ideal gas till the dead state:

Prao _pggk 8314 jp 6911k](4.8kW)

P2 kmolK  0.7576 kmol

ex,, , = [HRIn———

The chemical exergy (total and specific) for the gas mixture can be calculated as:
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exch,mix = inexch,i +T(')szi 11'1 xi
i i

ex,, .. = i1987914+l691.1 £+288.15K~8.314 ks ilniJrllnl =595343.9 kJ
’ 10 10 kmol kmolK\10 10 10 10 0

Exch,mix zzvmixexch,mix 259534kW

To sum up:

ex_ch Ex_ch

kJ/kmol kW
2 1987915 5964
4 691 5

5 496103 5953

d. Apply the exergy balance to the Mixing Chamber, deriving its exergy destruction and its
functional exerqy efficiency;

Mixing Chamber:
-  Steady state operation;
- Rigid and adiabatic component;
- No changes in elevation and velocity of fluids;

The exergy of bulk flow must take into account both the physical and the chemical components. Physical
exergy of the molar flows can be computed with respect to the environmental conditions, approximating
fluids as perfect gases:

dEx,

7 ZEX;T + ZEXS:' + ZEXI;,_/ —Ex, - N,ex, + N,ex, — Nyex; — Ex,,, =0
i J k
T D
ex,=h —h —T,(s,—s,)=c,; (T -T,)-T,| ¢, In-— RIn—~
- T P
n h s ex_ph ex_ch ex_tot Ex _ph Ex_ch Ex_tot
kmol/s  kJ/kmol kJ/kmolK kJ/kmol  kd/kmol  kJ/kmol kw kW kW
2 0.003 5776.4 1.33 5379 1987915 1993293 16.14 5963.74 5979.88
4 0.007 10784.6 7.46 8559 691 9251 59.92 4.84 64.75
5 0.01 9282.2 7.62 7012 595344 602356 70.12 5953.44 6023.56

ExD,mc =N2ex2 +N4ex4 _NSQXS =211 kW

P E.
Moops = =5 20,997
T F Ex, + Ex,
Author M. Rocco
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Exercise 2. (9pt)

The system in the figure is composed by three processes connected to each other and with the environment
by flows of energy and materials quantified by means of their exergy equivalents. Rational exergy
efficiencies and economic costs of investment per hour for all the processes are listed in the table.

Process 3 must deliver a constant quantity of product (E_30, 100 kW) by consuming exergy from different
sources: 25% from outside system boundaries (E_03), 35% from process 1 (E_13) and 40% from process 2
(E_23). The economic cost of flows E_01, E_02 and E_03 are respectively equal to 0.04 €/kWh, 0.014
€/kWh and 0.01 €/kWh.

|
E—l—‘m | 1 E_13 |
Process eta_ex Z_inv | - :
- €/h | !

process 1 0.45 8 : 3 [T E_30
process 2 0.35 2 : / :
process 3 0.65 3 E—Oz: 2 E_23 :
o o

E_03

It is required to:

a. (2pt) Determine the amount of exergy absorbed and produced by each process, and their exergy
destructions. Then write the thermoeconomic system of equations for each process, define and briefly
comment the required auxiliary relations;

b. (2pt) Derive the analytical expressions for the structures of the cost of each product, and the expression
of the economic cost of exergy destructions.

c. (2pt) Calculate the numerical values for questions a and b, and briefly comment the cost structure of
each product. Calculate the Thermoeconomic indicators and comment the obtained values;

d. (3pt) Two options are available to improve the economic efficiency of the system. Based on the
Thermoeconomic indicators calculated in question c, select one of the given option and check whether
its application allows to reduce the specific cost of flow E_30.

a. Change process 1 by reducing its economic investment cost (Z_inv = 4.5 €/h) and its exergy
efficiency (eta_ex = 0.35);

b. Change process 3 by increasing its economic cost (Z_inv = 7.5 €/h) and its exergy efficiency
(eta_ex = 0.85);

Exercise 2. Solution

a. Determine the amount of exergy absorbed and produced by each process, and their exergy
destructions. Then write the thermoeconomic system of equations for each process, define and
briefly comment the required auxiliary relations;

Based on the definition of rational exergy efficiency, the inlet and outlet flows of each process can be
calculated:

EI = EO + ED - Nexr = Eo /E1
Process I-kW  O-kW D -kW eta,ex,R
process 1 119.7 53.8 65.8 0.45
process 2 175.8 61.5 114.3 0.35
process 3 153.8 100.0 53.8 0..65

The inlet flows in process 3 can be calculated as:

E,, =E, +E, +E; =035E,+040E, +0.25E, =(53.8+61.5+38.5)kIW

Author M. Rocco
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Thermoeconomic systems of equations:

E01 = E13 +ED,1
1:9C, +Z, =C; - 001E01 +Zl :cl3El3
C=c-E

Ey=Ey;+ ED,z
2:9Cy+2Z, =G, - Coonz +Zz = Cz3Ez3
C=c-E

Epn+E;+Ey,=E+ ED,3
3:9C; +Cy +Cy +Z, = G - CEyy By +Cu By + 2y =030y
C=cE

There are 6 flows and 3 components, thus 3 auxiliary relations are required:

¢y =0.04€/kWh specific cost of flow E_01
Cp =0.014€/kWh specific cost of flow E_02
¢y =0.01€/kWh specific cost of flow E_03

With these equations, the system given by the three cost balances results as:

B +Z, . :
_ Gl T4 _
) ) ) Ci3 = I3 (Cu = C13E13)
CoEy +Z, =c,E;, 0
. o _ o COZEOZ —+ ZZ . .
Colop +2, =ik, - Cy = I3 (C23 = Cz3E23)
. . . . . 3
CEy ey e By + 2y = B i i E 47
_ Gl TGl H by + 44 Co—c E
C3g = E 30 = C30L30

30

b. Derive the analytical expressions for the structures of the cost of each product, and the
expression of the economic cost of exergy destructions.

Substituting the exergy balance in the cost balance for each process, the cost structure for each product can
be obtained:

E =E.+E E VA
o1 13 D1 : :
1: . . } - C,=cy e, 2241 C. =c.E
3= 0 T T i D1 01p,1
CoEy +Z, =c,E, 13 13
E,=E,+E E VA
02 23 D2 : :
2 :{ ) . . - Cpy = Cpy +Cpy = +_E2 ; Cp, =cnkEp,
CpEp +Z, =cyEy, 23 23

To derive the cost structure of the product of process 3, the average cost of inlet flows is defined:

C _ cl3E13 +CZ3E23 +CO3E03
3,in T - - -
E13 +E23 +E03

Author M. Rocco
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) {Eos + El} + Ezs = Eso + ED‘3

Cyin (E13 + E23 + Em ) + Zs =3k,

- Cy = C3p TGy

ED,3 Z}

+——

E30 E30

Cps=0y,E

D,3

c. Calculate the numerical values for questions a and b, and briefly comment the cost structure of

each product. Calculate the Thermoeconomic indicators and comment the obtained values;

Ex c C
kW  €/kWh €/h
E_01 119.7 0.040 4.79
E 02 175.8 0.014 2.46
E_03 385 0.010 0.38
E 13 53.8 0.237 12.79
E 23 615 0.073 4.46
E 30 100.0 0.206 20.60
Cost structure of products:
fuel destruction investment
€/kWh €/kWh €/kWh
E 01 0.040 0.049 0.149
E 02 0.014 0.026 0.033
E 03 0.115 0.062 0.030

Design evaluation procedure requires the calculation of the following indicators:

C'D,i =c,; Ep; Cost of exergy destructions;
Z+ C'D‘,. Cost of exergy destructions plus investment costs;
Cp —Cf . .
r= Relative cost difference;
C
1
fi==——= Exergoeconomic Factor;
Z+C,,
Process E_D C_D Z_inv Z_inv+C_D r f
kWh €/h €/h €/h - -
process 1 65.8 2.63 8 10.63 4.94 0.752
process 2 114.3 1.60 2 3.60 4.18 0.556
process 3 53.8 6.17 3 9.17 0.80 0.327
Comments:

- The cost of investment and exergy destructions is greater for process 1, followed by process 3 and
process 2. Therefore analysts should focus on process 1 in order to increase the cost efficiency of

the system;

- Relative cost difference for process 1 is greater than other processes, revealing more margins of
economic improvement by acting on thermodynamic parameters;
- Exergoeconomic factor reveal that process 1 should be improved by reducing its investment cost,
while process 3 should be improved by increasing its thermodynamic efficiency.

d. Two options are available to improve the economic efficiency of the system. Based on the

Thermoeconomic indicators calculated in question c, select one of the given option and check

whether its application allows to reduce the specific cost of flow E 30.

a. Change process 1 by reducing its economic investment cost (Z inv = 4.5 €/h) and its

exerqgy efficiency (eta ex = 0.35);
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b. Change process 3 by increasing its economic cost (Z inv = 7.5 €/h) and its exergy
efficiency (eta ex = 0.85);

Based on the results of TE design evaluation, both the interventions may be suited to increase the efficiency
of the process. On the other hand, process 1 presents larger values of both Z_inv+C_D and r indicators with
respect to process 3. Therefore, the best choice results as intervention a, which lead to a decrease in
economic cost of product E_30.

Ex c C
kW  €/kWh €/h

E_01 153.8 0.040 4.79
E_02 175.8 0.014 246
E_03 385 0.010 0.38
E_13 53.8 0.198 10.65
E_23 615 0.073 4.46
E_ 30 100.0 0.185 18.50

Intervention b would increase the economic cost of product E_30:

Ex c C
kW  €/kWh €/h

E_01 103.7 0.040 4.79
E_02 1524 0.014 246
E_03 333 0.010 0.38
E_13 46.7 0.260 12.15
E_23 53.3 0.078 4.13
E_ 30 1000 0241 241
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Exercise 3. (6pt)

Let us consider the energy statistics of Kazakhstan in 2013 in the table (IEA data).

Natural

Primary energy (ktoe) Coal Oil Gas Hydro Biomass Electricity Heat
Production 52439 85207 30693 665 66 - -
Import 598 10237 4322 - - 185 -
Export 14827 77142 8561 - - 258 -
Inventory changes -731 -137 -1046 - - - -

Consider also the data related to the primary energy devoted to electricity and heat production, the gross
electricity and the gross heat productions in the table below.

Coal Oil Natg;asl Hydro
Primary energy devoted to electricity and heat production (ktoe) 20918 169 2337 665
Gross electricity production (GWh) 77515 601 9515 -
Gross heat production (TJ) 392882 3807 0 -

Notice that the heat is produced only by CHP plants, and that the primary energy devoted to heat production
is conventionally assumed as equal to the energy absorbed by conventional boilers with an energy efficiency
of 90%.

It is required to calculate:

a. (2pt) The primary energy devoted to heat production;
b. (2pt) The primary energy devoted to electricity production and the electric penetration;
c. (2pt) The average efficiencies of electric energy production from coal, oil and natural gas.

Exercise 3. Solution

a. The primary energy devoted to heat production;

The primary energy devoted to heat production can be derived considering the definition of energy efficiency
for the conventional boiler:

5 E Epr[mary,heat,cnal = 10426kt0€
_ heat = Theat _ = -
’71,Q R - EPrimmy,heat - - EPrima’fV,heat,oil - 101ktoe - Eprimar):,heat - 10527kt0€
primary,heat LQ E = Oktoe

primary,heat ,natgas

Notice that to pass from TJ to ktoe a suited conversion is required.

b. The primary energy devoted to electricity production and the electric penetration;

The primary energy devoted to electricity production can be derived by difference:

10492 ktoe
68ktoe

primary electricity = E primary total - E primary heat = 2337 k toe - E primary electricity = 1 3562kt0€
665ktoe

Notice that the hydro source produces electricity only.
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The electric penetration is defined as the ratio between the primary energy devoted to electric energy
production [ktoe] and the TPES [ktoe].

The TPES is evaluated as the sum of total production plus imports minus exports plus invent changes (pay
attention to the signs!).

TPES =81710ktoe

_ 2, Ery _ 13562kt0e _ -
TPES  81710ktoe

c. The average efficiencies of electric energy production from coal, oil and natural gas.

Average efficiencies are computed as the ratio between the electricity production and the primary energy
devoted to electricity production:

nee,coal = O64ktoe

electricity i

nee,i s -~ - 77‘,6!(”-1 =0.76ktoe
primary ,electricity, i nee,natgas _ 035kt06
Author M. Rocco
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POLITECNICO

MILANO 1
NO 1863 Milan, 21st June 2018

Exam — Advanced Thermodynamic and Thermoeconomics

Session of 21-06-2018

Exercise 1. (8pt)

Consider a process made by the following sequence: 1. an adiabatic combustion chamber where a complete
and isobaric combustion of acetylene with excess air takes place. 2. after combustion, flue gases enter a
counter-flow heat exchanger and are cooled at constant pressure heating a flow of water that enter as liquid
and exit as superheated steam

The main hypotheses and data are below described:

o

- Acetylene , C2H2 has LHV=1256460 kJ/kmol and excn=1269310 kJ/Kmole;

- Air and Acetylene enter the combustion chamber @ 353 K and environmental pressure.

- The adiabatic flame temperature results 2250 K and is associated to the given excess air.

- Flue gasses in the heat exchanger are cooled down @ 673 K,

- Water enter the heat exchanger @ 323 K and 500 kPa (h=209.3 kJ/kg, s=0.7027 kJ/kg-K)

- The superheated steam exits then @ 873 K and 500 kPa (h=3701 kJ/kg, s=8.3513 kJ/kg-K).
- Environmental temperature and Pressure are assumed to be To=298 K and po=101.3 kPa,

- For products P and reactants R useful data are below given:

Ahr Ahp Ahp €XphR €Xph,P €Xph,P
(353 K) (2250 K) (673 K) (353 K) (2250 K) (673 K)
kJ/kmol kJ/kmol kJ/kmol kJ/kmol kJ/kmol kJ/kmol

C2H2 3101 260

N2 1600 65205 11121 132 45905 3944
CcOo2 106640 16450 76029 5995
H20 86162 13164 61636 4697
02 1622 68771 11647 134 48453 4164

(2pt) Write the analytical formulation of the energy balance for the combustion process and derive the
analytical expression for the excess air A. Then calculate it. Do you expect any change in the excess air
with the variation of the pressure within the combustion chamber? Please justify your answer [in case you
are not able to proceed with this question, use A=1,478]

(2pt) Write the exergy balance (per kmol of C2Hz) for the combustion process, identifying all the necessary
hypothesis and simplify it accordingly. Derive the analytical formulation for the rational exergy efficiency
and then calculate it. Are these values functions of the reactants’ temperature and pressure? Neglect the
chemical exergy of products of combustion.

(2pt) Write the exergy balance to the heat exchanger, evaluate the exergy destructions (per kmol of C2Hz2)
and the functional exergy efficiency considering water the useful product. And evaluate the mass flow rate
of acetylene required to produce 180 kg/h of superheated steam. Neglect the chemical exergy of products
of combustion.

(2pt) In case they were not given, please explain how you could calculate theoretically the chemical exergy
for C2H2.

Author E. Colombo
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Exercise 1. Solution

a. Wirite the analytical formulation of the energy balance for the combustion process and derive the
analytical expression for the excess air A. Then calculate it. Do you expect any change in the
excess air with the variation of the pressure within the combustion chamber? Please justify your
answer? [in case you are not able to proceed with this question, use A=1,478]

The combustion reaction can be written as follows:
C,H,+1-25(0,+3.76N,) - 2CO, + H,0+ 1-2.5-3.76N, + (A —1)-2.5-0,

Assumptions for the application of the energy balance:
- The combustion chamber is adiabatic and rigid;
-  Steady state operation is assumed throughout;
- The balance is written per unit of kmol of acetylene;

dE > o - -
E:ZW +> 0+ Ny =Y N,h,

The energy balance states that

hR = ZP [eq1]

Enthalpies of reactants and products can be evaluated as follows:

Iy (T py) = 1(, + ) CZH2+,1.2.5-[1(},/+A7,) 02+3.76(%+A71)N2:|
Ty (T py) =2y + 8 ) o+ (I + 1) H20+/1-2.5-3.76(},/+A71) N2+(/1—1)-2.5~(}{+A}7)02

So we obtain
(n, +n) C2H2+A'2.5~[1<N_1) 023.76( Al Nz] =2(hy +h) cor+ (B +AR) s+ A-2.5-3.76( AR )\, +(2-1)-2.5+(AR ) 5,

By aggregating the remaining heat of formation we recognize the LHV

Ty comn =2 Ry con =By a0+ (A1) C2H2+,1-2.5-[1(Ai7) 02+3.76(Al_z)m] =

LHVCZHZ

=2(Ah) ort(Ak) yrotA-2.5:3.76( M) v+ (2-1)-2.5-(AR) 5,

LHV ¢y + Moy (T )+ 4-2.5:[ Ahy, (T, ) +3.76- Ay, (T,) | =

=2 Ahey, (T, )+ Al (T, )+ A-2.5-3.76 - Ahy, (T, )+ (A =1)-2.5- Ah,, (T,)

LHV(izuz + A}T(,'z//z (TR ) -2 Azcoz (TP ) - Aﬁuzo (TF)+ 25- A}Toz (TP) =

=2-[25+3.76- Ahy, (T, ) +2.5- Ahy, (T,) = 2.5+ Ay, (T, ) = 2.5-3.76- Ak, (T, ) |

In the last equation, all the enthalpy differences can be derived from the table, and the only unknown is the
excess air:

1= LHchilz + AZC2H2 + 2~f’ Azoz (TP ) -2 ’_Al’_‘coz (TP ) - A}THzo (]E)
2.5-3.76- Ahy, (T ) +2.5- Ay, (T, ) 2.5 Ay, (T, )~ 2.5-3.76 - Ahy, (T, )

Author E. Colombo

Pag.2 of 13
Date 26/06/2018 9



Department of Energy
Politecnico di Milano

1256460+3101+2.5-68771-2-106640-86162

= =1.478
2.5-3.76-65205+2.5-68771-2.5-1622-2.5-3.76-1600

An increase in temperature of reactants results in an increase in the enthalpies of them: if the adiabatic flame
temperature is kept constant, the excess air will decrease and the composition of the products will change.
A change in pressure do not affect the combustion process and the composition of the products.

As a reminder, recalling the definition of Lower Heating Value for a stoichiometric combustion reaction in air:

C,H, +2.5(0, +3.76N,) = 2CO, + H,0 +2.5-3.76N,

LHV .y, = h/,C2H2 +2'5(V02hf,02 +VN2hf,N2)_<V(702h/’,(702 +VH20h/,H20 +2~5'VN2hf,Nz>

LHV = z Vﬁm 7~ Z V_/};f,j - LHVyy, = h/,C2H2 _VCOth,COZ _VHZOhf,HZO
R P - p— p—
LHVCZHZ = h/,CZHz _2‘hf,coz _l'hf,Hzo

b. Write the exergy balance ((per kmol of C;H;) for the combustion process, identifying all the
necessary hypothesis and simplify it accordingly. Derive the analytical formulation for the rational
exergy efficiency and then calculate it. Are these values functions of the reactants’ temperature
and pressure? Neglect the chemical exergy of products of combustion.

Assumptions for the application of the exergy balance:
- The combustion chamber is adiabatic and rigid,;
- Steady state operation is assumed throughout;
- The balance is written per unit of kmol of acetylene;

dfle = ZEx;(_/ + ZEngk_ + Z(mA‘_ex)_ —Exd&, - ex, (TR,pO)—ﬁP (Tp,po)—aam =0
J k i

&, (oo o) =[5 + 2%, (Tro po) |, + 225 (@000 (Tos 2y ) +3.76 2%, 5 (T 2y ) | = 12718215k [kmol .,

EAUSNE ZP[Viaph,i (TP9p0):| = 874781.1kJ [kmol .,

Ty oy = 3970404 k] fkmoleyyyy = 7, = z_x—” = 0.6878

Xr

Differently from the previous question, both temperature and pressure of reactants affects values of exergy
destruction and exergy efficiency, since physical exergy of ideal gases is a function of both temperature and
pressure.

Specifically, exergy destructions increase if temperature and pressure increase.

c. Write the exergy balance to the heat exchanger, evaluating the exergy destructions (per kmol of
C:H;) and the functional exergy efficiency. Neglect the chemical exergy of products of combustion;

Before applying exergy balance, it is required to derive the ratio between the mass flow rate of water and the
molar flow rate of flue gases. The heat released per molar unit of fuel is equal to:

Ahy, (2250K — 673K, p,) = > v, | Ah(2250K )~ Ak (673K) | =1073257 kJ/kmol,.,,;,
P

The heat absorbed by a mass unit of water in the heat exchanger is equal to:

Ah, (873K —323K,p,)=h, ooy —h

w W,

w = 34919k kg,

Author E. Colombo
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Therefore by applying the energy balance
N, (2250K — 673K, p,) = M - Ah, (873K —323K, p,)

We do not need to calculate both M and N since, by defining » =% we get

(2250K — 673K, p,)
(873K — 323K, p,)

My,
r= A =307 .4kg, [kmol,.,,,,

Assumptions for the application of the exergy balance:
- The heat exchanger is adiabatic and rigid;
- Steady state operation is assumed throughout;
- The balance is written per unit of kmol of acetylene;

N -Aex,, (2250K — 673K, p, )~ M -Aex, (873K —> 323K, p, )~ N -ex, ;=0

Aex,, (2250K — 673K, p,)—r-Aex, (873K — 323K, p, ) —ex,, ;. =0

Aex, (2250K — 673K, p, ) = ;vi .[ex( 2250K, p, ) —ex(673K, p, )l- =833072.5kJ/kmol...,,,,

Aex, (873K — 323K, p, ) = [hw,om —h,n—T, (Sw,our —S,m )J kJ/kg, =1211.5k] [kg,
Aex, -r =372352.7kJ/kmol,.,,,,

exy e = 460719.7kJ[kmol..,
ex, r-Aex, (873K »323K,p,)

ﬂex,f =

= =0.4470
ex; Aex, (2250K — 673K, po)

Evaluate the mass flow rate of acetylene required to produce 180 kg/h of superheated steam.

k kmol k; k
mCZHZ =mW.L.l.MWC2H2 =180ﬁ 1 hL OCZHZ 26 gCZHZ =00042 gC2H2
3600 r h 3600s 307 kg, ol ey s
Author E. Colombo Pag.4 of 13
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Exercise 2. (7pt)

Consider the power plant depicted in the figure with a boiler, a turbine and a condenser. The Boiler is fed by
fuel and air and it produces steam which enter in the turbine. The turbine produces power for the grid and
gives power to the pump. The condenser condenses the steam by using a second stream of cooling water.
The pump close the cycle and allow the water to enter the boiler again.

Flue gases water (flow number 6) are released to the environment without any added cost.

Thermodynamic data, Physical data and Economic data are given in the below tables

Flue gas

Exee= 150 kW
T P h s
# °C bar kJ/kg kJ/kgK
—_— 1 520 100 3426.37 6.66
FuelAlr Boiler 2 0.9 0.08 2335.97 7.46
" Ere14700 3 0 0.08 173.84 0.59
. 4 43 100 188.83 0.61
y 5 20 - 83.91 0.30
......... I T - 35 ! 146.63 0.51
S~
: Fuel,Air mass flow rate [kg/s] 1
2 Fuel,Air Exergy rate [kW] 14700
L Flue gas Exergy rate [kW] 150
Condenser Net Power [Kw] 4208
S ] T.0[Cl 20
| v P_0 [atm] 1
unit cost of Fuel,Air (cF/A)[€/GJ] 1
Z_boiler (Investment, O&M) [€/s] 0.25
Z_turbine (Investment, O&M) [€/s] 0.5
Z_condenser (Investment, O&M) [€/s] 0.15
Z_pump (Investment, O&M) [€/s] 0.05

It is requested to:

a. (1pt) Calculate the mass flow rate of steam and cooling water.

b. (1pt) Write the exergy balance for each component of the plant and for the whole system, and compute
analytically, the exergy destruction rate, and fraction of exergy destruction, the rational exergy
efficiency and the functional exergy efficiency (and make comment on their differences)

c. (3pt) Write the Thermoeconomic system of equations for each component and by making the proper
assumption for auxiliary equations, derive the analytical cost structure for the product of each
components. Then derive the analytical expression for the relative cost difference and the
exergoeconomic factor for all the components.

d. (3 pt) Now you can calculate the specific cost of the product for each component, the relative cost
difference and the exergoeconomic factors making some comments on the obtained results.

Author E. Colombo
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Exercise 2. (Solution)

a. Calculate the mass flow rate of steam and cooling water.

These can be derived by applying energy balance to turbine and condenser.

W, = i, [l —hy) = (hy = 1y)]

net

m, =3.91kg/s

m,(h,—h)=m_ (h—hs)

m,, =134.89 kg/s

b. Write the exergy balance for each component of the plant and for the whole system, and compute
analytically, the exergy destruction rate, and fraction of exergy destruction, the rational exergy
efficiency and the functional exergy efficiency (and make comment on their differences)

Boiler
: . : : : Ex, +E Ex,—E
E‘xF/A + Ex4 = E‘xl + E‘xFG + ExD boiler - ’76)( r,boiler = M = 04015 - nex f,boiler = M = 03892
' h ExF/A+Ex4 o ExF/A
ExD,builer = ExF/A + (Ex4 - Exl )— Exm
Exy e = Expyy i, [(hy =) =Ty (s, —5,)]— Ex,.g =8829.3kW
Turbine
: . . . . Ex,+ W, +W,. W,
Exl = ExZ + VVnet + Wpump + ExD,turbine - nex,r,turbine = Exl = 08413 - nex,f,turbine = m = 081 19
ExD,rurbine = (Exl - ExZ ) - V.Vnet - Wpump
ExD,rurbine = mst [(hl - hZ ) - T(') (Sl - SZ )] - I/i/nef - mst (h4 - h3) = 91644kW
Condenser
ExZ + ExS = Ex3 + Ex6 + ExD condenser - 77&‘ r,condenser M = 0376 - ne)c [ ,condenser = i = 002
. D Ex, + Ex, R Ex,
ExD,cond@n:er = (ExZ - Ex} ) + (ExS - Exé)
ExD,conden:er = mst [(hZ - h3 ) - 7:) (S2 - S3)] + n./lcw [(hS - h6) 7 7:) (SS - S6)] = 36858kW
Pump:
Ex, 4 W, = Ex, 4 ExXp 0 = Ty == 07472 77, = 5 _ (,6940
' B Ex} + pump o pump
ExD,pump = (Ex3 - Ex4) + Wpump
ExD,pump = m.vt [(hS - h4 ) - ]:) (S3 - S4)] + mst (h4 - h}) = 1795kW
Whole plant
Author E. Colombo
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. . . . : . Ex, +Ex, +W W,
Ex,  +FEx,=FEx,, +Ex, +W  +Ex - =—1FF 6 __nd=(3107 > =" =(.2863
Fl/A 5 FG 6 net D, plant nzx,r,plam EXF/A + Ex5 ’7€x,f,plant EXF/A

E'xD‘phmt = ExF/A + (E.x5 — Ex6) — ExFG -W

net

EXpy e = Expy 40, [(hs =) =T, (s5 = )|~ Exo =W, =10132.27kW

net

Component nex,r nex.,f ExD yD
Boiler 40.15 38.92 8829.30 | 0.87
Turbine 84.13 81.19 916.44 0.09
Condenser 37.60 36.27*** | 368.58 0.04
Pump 74.72 69.40 17.95 0.00
Plant 31.07 0.29 10132.27 | 1

* k%

not sure of the definition of functional efficiency for a condenser..

c. Write the Thermoeconomic system of equations for each component and by making the
proper assumption for auxiliary equations, derive the analytical cost structure for the product
of each components. Then derive the analytical expression for the relative cost difference
and the exergoeconomic factor for all the components.

For each component it is required to derive the analytical cost structure for the product ;

Boiler:
Exp, , +Ex, = Ex, + Ex.; + ExD,boiler
Coy+Ci+Zyy, =C+Cp
C=c-Ex

Crra EXp g+ Exy+ 2y, = C- EX, +%'EXFG
Cobxy + e EXp

—> CinB = - n
Ex,, ,+Ex,

c= CF/AExF/A + C4Ex4 + Z[Joiler ~Crg 'ExFG
Ex,

- - ExFG + ExD,boiler n zZ

boile
C=Cinp +Cinp " boiler (
Ex, Ex,
C_Zi"rB ExFG +ExD,bo[/er T Zboi]er
rbai/er = - = < = -
Cin,B Ex, cins - Ex,
7 ci (Ex +Ex,. . ) ;

f — Ziiter in,B FG D.poiter ) Zy ior
urbine — 1. : b
urbine Ex1 Ex1 Ex1

Author E. Colombo
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Turbine

Ex, = Ex, + W, +W, . +Ex, ..

net pump
Cl + Zturbine = CZ + Ce[ec
C=c-Ex
c: Exl + Zmrbine =c- ExZ + celec : VVnet + Celec ! Wpump
> ¢ _ ¢ (Exl - Ex2 ) + Zturbine
elec : .
I/Vnet + Wpump
Ex, . .. VA
D, turbine turbi
celec = C + c - . . ur H.'le
VVnet + Wpump VVnet + Wpump
7 _ ce/ec c _{ E'xD,turb[ne ]_’_ turbine
turbine - : . . -
¢ VV’“” + WPW”P C(VVne/ + Wpump )
f — turbine ¢ ExD,turbine + turbine
turbine . . - - ; .
(VI/”E[ + Wpump ) th + Wpump (VVHEt + Wpump )

Condenser:

Ex, + Ex; = Ex, + Ex, + Ex

'D,condenser
CZ + C5 + anndenser = C3 + C6
C=c-Ex

. > . . 0 .
¢ ExZ + /05/ : ExS + Zcondenser =c Ex} + }}6/ ’ Exé

N 03 — CExZ +.anndenser
Ex,
Ex +Ex, 7
_ D,condenser 6 condenser

c,=c+c Py + Fx

3 3

_ C3 —C _ ExD,condenser + Exé + Z condenser
T eondenser = - - ”
c Ex, c- Ex,

f _ “condenser ¢ (EXD scondenser + Ex6 ) + Zcondenser
denser : ; ;
condenser va3 Ex3 E‘x3

Pump:
Author E. Colombo
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Ex; + Wpump =Ex, + ExD, pump
C3 + Celec + Zpump = C4
C=c-Ex
C3 : Ex} + ce[ec : Wpump + Zpump = C4 : E‘x4
- G Ex} + Colec Wpump
—>  Cin,pump = T 0
Ex; + Wpump
- - ExD,pump Z pump
C4 = Cin, pump + Cin,pump — = +—
Ex, Ex,
D Cy = Cin, pump _ ExD,pump Zpump
Voump = = = < += A
Cin, pump Ex4 Cin, pump * EX4

4 ump - ExD, pump 4 pump
fpmnp =7 Cinpump — = +————
Ex, Ex, Ex,

d. Now you can calculate the specific cost of the product for each component, the relative cost
difference and the exergoeconomic factors making some comments on the obtained results.

We can write the 4 exergy cost balances for the 4 components:

Cppy Expyte,Ex,+Z

=c - Ex +cpg Exyg
¢ Ex,+Z '

boiler

turbine — cZ : ExZ + cnet : Wnet + Cpump ! W[lump

¢, Ex,+c;-Ex;+Z =c, - Ex; +c4 - Exg

condenser

w. +7Z . =c,-Ex,

CS : Ex} + cpump . pump pump

Exergy cost balance composed by 4 equation and 10 unknowns. Therefore, in order to close the system of
equations, (n-m) numbers of auxiliary relations are required:

n: Number of exergy flows = 10

m: number of components = 4

n-m=10-4=6

D) c; =0

2) ¢,.,, = given

3) Cnet =c
4) e, =0
5) ¢, =0

6)c =c,=c

pump = Celec.

Auxiliary relations

Now substituting auxiliary relations in the economic cost balance:

Author E. Colombo
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Cria’ ExF/A +ey Ex4 + Zb(;iler =c: Exl

¢ Exl + Zturbine =c: Exz * Coec. '(Wner + Wpump)
¢ Ex2 + Zconde;zs‘er =G 'Ex3

c,-Ex, +c,, - mep +7Z . = Cs -Ex,

we have 4 equations and 4 unknowns (c,C4, C3, and Celec.).
By coupling the third and the fourth equation we get

+ celea ’ Wpump + Zpump

c-Ex,+Z

condenser

=¢ -Ex4
By inserting this last equation into the first equation in the system we get

CF/A ' ExF/A tc- Ex2 + Z + cele(: ' Wpump + Zpump + Zbailer =c: Exl

condenser

By using the second equation

CF /4" ExF /4 + Zz‘ondenxer + Z + Z/urbine

elec. I/Vpump + pump boiler

+c = Celec. ) (VVne/ + W

pump )

114 Ex. +7 47

C net — CF /A F/A pump boiler + Zcondemer + Zmrbine

elec.

+7Z

condenser + Z turbine

c,.  Ex. +7

_ Fl4 F/A pump + Zbailer
elec. 0

C

net

Please note that This equation is also coherent with the TE system written for the whole aggregate plants

and would also lead to

ExDT()T + ExFG + Ex5 + Zpump + Zhoiler + Zconden.s‘er + Zturbine
Fl4 : g
w

net net

C +c

elec. — CF/A

e. Compute the values making some comments on the obtained results

Celec. [E/kKWh] 0.82531
c [€/kWh] 0.33211
c3 [€/kWh] 59.70660
c4 [€/kWh] 18.18325
Cost structure for each component:
Cost of fuel Cost of Cost of
Specific | for the given | destruction Investment
cost of the component and (d)
product (a) (b) | Losess (c)
Celec. [E/kWh] TOT 0.82531 0.0036 0.00898 0.81274
Celec. [E/kWh] 0.82531 0.33211 0.07133 0.42187
c [€/kWh] 0.33211 0.06897 0.10726 0.15588
cs [€/kWh] 59,70660 0.33211 15.57724 43.79726
c4 [€/kWh] 18.18325 11.05050 3.73956 3.39319
Author E. Colombo
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Author
Date

Relative cost
difference [(a)-

(b))/(b)

Exergoeconomic factor

(d)/[(c)+(d)]

Or
[(c)+(d)]/(b)
TOT 228,2538 0,98908
Boiler 3,81533 0,59238
Turbine 1.48509 0.85537
Condenser 178.78182 0.73764
Pump 0.64547 0.47572
E. Colombo
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Exercise 3. (5pt)

Consider the energy statistics of Canada for 2015 in the tables below (IEA). The right end side table tis the
overall energy balance , while the left end side is the electricity balance

Indicators Balances ! Coal
Coal" | Crude oil*

Production 30602 226233
Imports 5105 50448
Exports -18208  -170858
Intemational manine bunkers*** 0 0
Intemational awiation bunkers™™* 0 0
Stock changes 210 -252
TPES 18418 105571
Transfers 0 -10388
Statistical differences 240 4220
Electricity plants 15312 0
CHP plants 0 0
Heat plants 1 0
Gas works 0 0
Gil refinenes 0 -ga408
Coal transformation 834 0
Liquefication plants 0 0
Other transformation 0 2432
Energy industry own use 1 o
Losses 0 0
Total final consumption 2510 0
Industry 2450 0
Transport 0 0
Other 6 0
Residential L] 0
Commercial and public services 4] 1]
Agriculture | forestry [ 0
Fishing 4] 0
Non-specified 1] 0
Non-energy use 54 0
-of which chemical/petrochemical o 0

Electricity and Heat

Oil products  Natural gas Nuclear Hydro  Geothermal,

0
11875
-22885
-175

Natural Gas

130112 | 26431 32732

16267
65083
a

[}
2385

2912

26431 3273
0
0
-26431 -3273

o

© ® 0 © B O OB ® @ & & 0 0 0 0 6 6 0 o

o o o o o

2
0
0

2

o © O ®© O ® O © © © © D O B B B O O o o

O Renewables and Waste

soiar, etc.

2568

waste
13647
a73
814

aagancnn

]
B oo o o B e ol oooolo o oo o R
"

o o

0

1351

o o o o o o

4220
-5745
43264
14487

14535
10158
837

2803

Biofuelsand Electricity Heat  Total"

51318
5745

24784
8375

21315
14023

Balances Coal Electricity and Heat Natural Gas

Bectricity  Heat

Proguction from: | Unit GWh = Unit: TJ

-coal 8577 12
-ol 8148 302
-gas 67181 21049
- biofuels 12511 2140
- waste 265 2018
- nuclear 101423 0
- hydro® 380717 0
- geothermal ] 0
- solar PV 2805 0
- solar thermal 0 o
- wind 26448 o
- tide 13 0
- other sources 8275 o
Total production 670851 26603
Imports 8726 0
Exports -88255 1]
Domestic supply 611322 26609
Statistical differences 7820 0
Transformation** o 0
Electricty plants [ 0
Heat plants™** 0 o
Energy industry own use*™** 49281 0
Losses 86805 o
Final consumption 503065 26609
Industry 188451 25207
Transport 5157 0
Residential 162016 1]
Commercial and public senices 118122 479
Agriculture / forestry 9728 0
Fishing 0 o
Other non-specied 32501 833

o

Please calculate the

a. (1pt) The share of renewable energy in both the primary mix and in the electricity production mix
b. (2 pt) primary energy devoted to electricity production and the electric penetration.

c. (2 pt) The average efficiency of the electric system in Canada

| Author

E. Colombo

| Date

26/06/2018
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Exercise 3. Solution
a. (1pt) The share of renewable energy in both the primary mix and in the electricity production mix

Share in the primary mix= Renewable Primary Energy =0.18
TPES
Share in the electricity production mix

question 1 prod [GWh] |share

coal 65977 0.10
oil 8148 0.01
gas 67181 0.10
biofuel 12511 0.02
waste 265 0.00
nuclear 101423 0.15
hydro 380717 0.57
geothermal 0 0.00
solar pv 2895 0.00
solar thermal 0 0.00
wind 26446 0.04
tide 13 0.00
other sources 5275 0.01
total fossil fuels 242729 0.36
total RES 428122 0.64
total 670851 1.00

Share of renewable in the energy production mix = 0.638

b. (2 pt) primary energy devoted to electricity production and the electric penetration
Primary energy devoted to electricity production: 96468 ktoe

TPES = 270192 ktoe

Electric penetration: the ratio between the primary energy devoted to electric energy production and the TPES

ZEPJ
EP="——=0357
TPES

c. (2 pt) The average efficiency of the electric system in Canada

Average efficiency of the electric system: the ration between the electricity production in ktoe and the primary
energy devoted to electricity in ktoe.

Average efficiency = 0.6

Author E. Colombo
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POLITECNICO

MILANO 1863 )
Milan, 1st August 2018

Exam — Advanced Thermodynamic and Thermoeconomics

Session of 24-07-2018

Exercise 1.

The system depicted in the figure is composed by a Burner and a Boiler. The Burner produces flue gases at
1920 K and 3 bar by burning gaseous propane with excess air A equal to 1.446. Notice that fuel and air enter
separately in the burner at the conditions of 70°C and 3 bar. Flue gases exit the Boiler at 420 K (pressure drop
is negligible), and the Boiler produces 90 t/h of superheated steam. Properties of inlet/outlet bulk flows in the
two components are reported in table 1 and 2.

Table 1
Ah As Ah As
he  (1920-  (1920- (420- (420- eXch
298K) 298K)  298K) 298K) Flue Gases
kd/kmol kJ/kmol kd/kmolK  kd/kmol kJd/kmolK — kd/kmol @420 K
C8H18 -208450 5418533
CO2 -393520 86631  93.0660 4842 13.5730 20108
H20 -241820 68623 73.7770 4139 11.6300 8667 Boiler
02 0 56186 62.0820 3632 10.2080 3947
N2 0 53267 59.0000 3556 9.9970 691 —> Steam
@ 200°C,
Table 2 o 6 bar
©
Unit Water Steam : Flue Gases
T °C 30 200 J ) @1920 K
p bar 6 6 :Q —CgHysg +
h kJ/kg 126 2851 ® Water @ 30°C, 6 bar
s  kJkgK 0.4366 6.9683

Isobaric heat capacities of the fuel and the air are respectively equal to 2.401 kJ/kg-K and 29.17 kJ/kmol-K.
Considering the data provided in tables 1 and 2, and the environmental reference conditions of 25°C and 1
bar, it is required to:

a.

Write the chemical combustion reaction. Then write and simplify the exergy balance for the burner and
write the analytical expressions for the exergy of its reactants and products streams, including both the
physical and the chemical components.

Derive numerical results (per unit of molar flow of C8H18) for point a.

Write the analytical expressions for the exergy destruction of the burner and for the rational exergy
efficiency of the combustion process. Briefly discuss the possible ways to simplify the calculation of the
rational exergy efficiency of the combustion process.

Derive numerical results (per unit of molar flow of C8H18) for point c.

Apply the energy balance to the boiler and determine the molar flow rate of fuel required to produce the
mass flow rate of steam.
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f.  Write and simplify the exergy balance of the boiler. Then write the analytical expressions for the exergy
destructions and for the functional exergy efficiency of the boiler (the exergy of flue gases and the change
in exergy of the steam are considered as useful products). Finally derive numerical results.

Exercise 1. (Solution)
a. Write the chemical combustion reaction. Then write and simplify the exergy balance for the

burner and write the analytical expressions for the exerqy of its reactants and products
streams, including both the physical and the chemical components.

The general formulation for the chemical reaction with excess air results as follows:
b b b b
CH,+2 a+s (0, +3.76N, ) > aCO, +§H20+A a+s 3.76N, +(A-1) aty o,

The combustion reaction of Octane can be written as follows:

CH, +}L-12.5(02 +3.76N,) —8CO, +9H,0+ A-(12.5-3.76)N, +(/1—1)-12.5-02
CH, +l8.06(02 +3.76N2) —8CO, +9H,0+67.915N, +5.5630,

Assumptions for the application of the exergy balance:
- Adiabatic and steady state combustion process;
- No work flow exergy;
- The balance is written per unit of kmol of C8H18;

di‘:“‘ = ZEXVI;‘_/ +2Ex5<k_ +Z(NA‘_6_X) _Exdes - aR (TR’pR)_e_xP (TP’pP)_aD,wmb = 0
j k i

According to the text, both physical and chemical exergies must be computed for reactants and products:

Analytical Formulation

T
&, =S| (T —TO)—TO[EN 1n—1—R1nﬁ]
T Py

ch,air

Xy =Vesms@xoncsms T Vas
—rc e

tables

e, =2, {AE(1920—298)—TOAE(1920—298)+T0R1n%}
i 0

i i
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b. Derive numerical results (per unit of molar flow of C8H18) for point a.

T
&, =D {Epﬁ, (T,-T,)-T, [cp,, In--—Rln ﬂﬂ = (1-3565+12.5-1-4.76-2813) kJ kol = 245818 kJ [kmol .,

T, Py
€X,, = Vg8, csmis T V¥, o = 15418533 = 5418533 KJ [kmol .,
[N A —

tables

— @, (T, py) = 5664351 kJ[kmol ey

e'xP (TPﬂpP) = ex/)h +exch

&, =, {A}? (1920-298) - T,A5 (1920 - 298) + T, R In ﬁ} = 3897135 kJ/kmol ;s

Dy
X, =V, p -[le.exch’i +TORZxI. lnxl.j =121372 kJ [kmol .4,
- ex, (T,,,p,,)z 4018508 kJ/kmol, .,
c. Write the analytical expression for the exerqy destruction of the burner, and the rational

exerqy efficiency of the combuston process. Briefly discuss the possible ways to simplify the
calculation of the rational exerqy efficiency of the combustion process.

Following the exergy balance written in previous section, exergy destruction and rational exergy can be
computed as follows:

aD‘comb = e_xR (TR’pR)_e_xP (TP’pP) > 77@” = ex_P

R

One possible way of simplification is to ignore physical exergy of the reactants and chemical exergy of the
products. Let see how the rational exergy efficiency varies:

ex, (TR,pR)z e, tex,

Xy = Vesms€& o csms T VarfX air
[ —

tables

ex, (TpapP) =ex,, +%

&, =>, {Aﬁ(wzo—298)—1"0A§(1920—298)+ToRlnﬁ}
i pO

d. Derive numerical results (per unit of molar flow of C8H18) for point c.

Results for obtained considering both physical and chemical exergy for products and reactants:

Ty oy = 1645844 KJ[kmol gy 5 17,0, =0.709

Simplify calculation in the abovementioned way it is possible to obtain a new value for exergy of products and
reactants thanks to which a new value for exergy destruction and rational efficiency is computed.

&, (T, pp ) = 5418533 kJ [kmol gy,

x, (T, pp) = 3897135 kJ/kmol ;.
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Ty o = 1521398 K [kmol s — 7, = ;—P =0.719

R

Neglecting those contributions results in slightly overestimation of rational efficiency. In this specific case
(type of fuel, inlet and outlet condition...) the two terms can be neglected.

e. Apply the energy balance to the boiler, and determine the molar flow rate of fuel required to
produce the mass flow rate of steam;

Assumptions for the application of the energy balance:
- Adiabatic and steady state combustion process;
- No work flow

%:ZW“+ZQ“+AH/&,+AHW -  AH,=AH,
? .

Nyl =1t Ay =0

water water

AR, = > v, [ Al (1920-298)— Ah, (420~ 298) | = 5084036 kJ/kmolyy,s

Ah,,. =h —h

‘water water ,out water ,in

= 2724 kJ [kg

water

o _m Ah,  25kg/s-2725kJ/kg
C8HI18 AE/g 5080860 k]/kmolchls

=0.013kmol 4,4 /s

f. Write and simplify the exergy balance of the boiler. Then the analytical expressions for the exergy
destructions and the functional exergy efficiency of the boiler (the exergy of flue gases and the
change in exerqy of the steam are considered as useful products). Finally derive numerical results.

Assumptions for the application of the exergy balance:
- Steady state and adiabatic process is assumed for the boiler;

N, [e—x,g (1920K,3bar) —ex,, (420K, 3bar)] i X, (200 30K, Shar) — Ex, 0 =0

water

ex(ph), . (1920K,3bar) =3897135kJ [kmol ;s (already computed)
—> Ex(ph) 4,1 = Negins - @x(ph) , (1920K,3bar) = 52221kW

ex, . (420K ,3bar) =ex , +ex,,

_ Flue Gases
e, =V, {Ah (420-298)— T, A5 (420-298)+ T, RIn ﬂ} =301328kJ/kmol .y, j@mk
i o i
Boiler | .
— Ex(ph) , ,,, =N, -@x(ph) , (420K ,3bar) = 4038 kW | @ 20076, Sbar

Flue Gaseq} ‘

exwater (200 - 30K’ 6bal") = hwater,out - hwazer,in - T(‘) (Swater,out - Swaler,in ) = 776‘89k]/kgwater @m%_'

> Ex,, =19439kW P L

Water @ 30°C, 6 bar

Ex, Ex,,, +Ex
—2RTW o, = k= e TR (45

Ex : .
Ex, Ex

D,boiler
Jg.in
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Exercise 2.

Let's consider a simple Energy Conversion System (ECS) enclosed in the control volume depicted in the figure
(dashed line). The system composed by 2 micro-CHP systems (a and b), and one absorption chiller (c),
exchanging mass and energy flows between themselves and environment. Two micro-CHP systems receive
primary energy from outside of the ECS’s boundary, producing heat and electricity. Electricity is used for the
residential buildings, while Heat is used for the absorption chiller to provide cooling load for the buildings.
Streams number 8 (flue gases) and 9 (steam leakage) are released to the environment without any additional

cost.
Table 1
(Primary Energy) (Primary Energy) Ex
iiiiiiiiii 1 B z ﬁ State IMW]
] 3 ectrici 1 Primary Energy 100
3 T L pleetna 2 Primary Energy 100
6 | Micro Micro | 3 Heat 30
Electricity % CHP (a) CHP (b) i 8 Flue gases 4 Heat 25
| 5 Cooling Load 25
| 3 (Heat) 4 (Heat) | 6 Electricity 40
9 | 7 Electricity 20
<+ Absorption Chiller (c) 3 8 Flue gases 5
I::T(Zmi ‘ 9 Steam leakage 5
ge |
R I ECS |
5 Table 2
unit cost of Fuel (c1,c2) [€/GJ] 8.333
(Cooling Load) Z_CHP a (Investment, O&M) [€/s] 0.2
Z_CHP b (Investment, O&M) [€/s] 0.13

Z_Absorption Chiller (Investment, O&M) [€/s] 0.1

With reference to the data provided by the tables, it is required to:

Write the exergy balance and compute exergy destruction of each component.

Derive the number and the type of auxiliary relations required to solve the Thermoeconomic system of
equations, properly justifying your choices.

Write one Thermoeconomic system of equations for each component and derive the cost structure for
each of them

Calculate the numerical values of the unit economic costs of each material/energy flow. Collect
numerical results in one table.

Based on the cost structure in point c. compute the economic cost of the exergy destructions,
Exergoeconomic factor and relative cost difference for each component. Collect numerical results in one
table and comment on the obtained results.

Solve the system at the highest level of aggregation (1 unique component having different products) and
calculate the new structure of the cost. Based on the analytical formulation obtained for the products in
point c. please make some comments on their difference.

Exercise 2. (Solution)

a.

Write the exergy balance and compute exerqgy destruction of each component.

Exergy Balance for each component:

a) Ex, = Ex, + Ex, +E.‘xD!a - ExD’a =30 MW
b) Ex, = Ex, + Ex, + Ex, +ExD’b - E‘xD’b =50 MW
¢) Ex, + Ex, = Ex, + Ex, +EwaC - E.xD’U =25 MW
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b. Derive the number and the type of auxiliary relations required to solve the Thermoeconomic

system of equations, properly justifying your choices.

The system composed by 9 streams and 3 components, therefore, in order to define and close
Thermoeconomic system of equations, (n-m) numbers of auxiliary relations are required:

n: Number of exergy flows =9, m: number of components = 3 n-m=9-3=6
. . 1 = A N 3 = = N 5 = 0
Auxiliary relations: ) & = given ) 6= = DG
2)c, =given, 4)c,=c,=c,, 6)c,=0

Write one Thermoeconomic system of equations for each component and derive the cost structure
for each of them.

For each component it is required to write economic cost balance based on Inlet/Outlet paradigm and
substituting exergy cost relation as follows;

C.

Z Cor + Z omponens = z C,.. ;Economiccostbalance

in out

C=c-Ex ; Exergy cost relation
CHP 1:

Ex, = Ex, + Ex, + Ex,),

¢ -Ex,+Z, =c, Ex, +c,-Ex, > ¢ Ex + Z, = c, - (Ex, + Ex, )
In order to compute cost structure of the outlet flow of CHP1 (ca), it is enough to substitute (Ex, ) in the above
formula for (ca), with its equivalent expression derived from exergy balance. Therefore, the cost structure of
the electric power produced by CHP1 can be expressed as follows

_G Ex,+Z, _a -(Ex, + Ex, +ExD’a)+Z.a
(Ex, + Ex;)

a

Ex, + Ex,

ExD,a Za
¢ — —t— -
(Ex, +Exg)  (Ex; +EXxg)

ExergyDestruction

c

a

=c +

inlet

Investment Cost

CHP 2: same procedure of CHP 1
Ex, = Ex, + Ex, + Ex, + Ex,,,
¢, Ex,+Z, =c,-Ex, +c, Ex, + ¢{ - Ex, > ¢, - Ex, + Z, = ¢, -(Ex, + Ex, )

_ &btz o “(Ex, +Ex, + Ex,+ Ex, )+ Z,

C, =

Ex, + Ex,

(E')c4 + Ex7)

C, =

c, +

Exg + Ex),

Z

b

Cy = - - -
? (Ex, +Ex))  (Ex, +Ex,)

ExergyDestruction

inlet

Investment Cost

Absorption Chiller:
Ex, + Ex, = Ex; + Ex, + Ex,),
{03 -Exy e, Ex,+ 2, =c; Ex;+ of - Ex, > ¢, Ex,+c, Ex, + Z, = ¢; - Ex,
since there are two inlet streams, a weighted average of the economic cost needs to be computed:
_c, ~Ex3 +c, ~Ex4

Then, the formula related to the computation of ¢s can be rearranged as follows:

E. Colombo
01/08/2018
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Cs

_c, Ex, +c, Ex,+Z, G (Ex, +Ex,)+ Z,

c,. (Ex,+Ex)+Z. ¢
: - -

EXx;

in,c

Ex;

Now, (Ex; + Ex,) in the above formula should be substituted with its equivalent expression derived from
exergy balance. Therefore, the cost structure of the cooling energy produced by absorption chiller can be
expressed as follows:

-(Ex, + Ex, + E.xD,‘_) +Z,

Cs =

Ex;

Ex;

—> |Cs

=c, .+cC

in,c

inlet

in,c
Ex;

ExergyDestruction

. Ex, + Ex, . N

Ex,

Investment Cost

d. Calculate the numerical values of the unit economic costs of each material/enerqy flow. Collect

numerical results in one table.

Starting from the cost structure of each component it is possible to compute the cost of outlet for each

component
Component c_in c_dest c_inv c_out
CHPa 30.00 12.86 10.29 53.14
CHPb 30.00 36.67 10.40 77.06
Absorption Chiller 64.02 76.82 14.40 155.23
It is now possible to determine the cost of each flow.
c1[E/MWh] | c2[€/MWh] | c3[€/MWh] | c4[€/MWh] | cs[€/MWh] | cs [E/MWNH] | c7[E/MWN] | cs9 [€/MWh]
30 30 53.14 77.06 155.23 53.14 77.06 0

e. Based on the cost structure in point c. compute the economic cost of the exerqgy destructions,
Exergoeconomic factor and relative cost difference for each component. Collect numerical results
in one table and comment on the obtained results.

The economic cost of the exergy destruction is computed as follows:
_ Cin,j (Ex,m’/. + E‘xD,/')

D,j —
Ex;
Exergoeconomic factor is computed as:
j : Ji T ; :
Z.+Cy; Ex, Ex, Ex,

Relative cost difference is computed as:
ro= Cau/,j _Cin,j — {Exloss,.j +ExD,j JJ’_ Zj

.’ —
Cin,j Ex,, ; Cin,j * Ex

in,j

Component | Exp | Cost of Exp f r
a 30 |900 0.44 | 0.77
b 55 | 1650 0.22 | 1.31
C 25 | 1725 017 | 1.42
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Comments:

- According to the exergy destruction, component b is most responsible component in total exergy
destruction of the system, then component a and c respectively. It is interesting that the order of
components according to the economic cost of the exergy destruction is changing: component ¢ has
the highest rank and needs to be improved prior to the other components. Economic cost of the exergy
destruction indicates the economic expenses that caused by irreversibilities within the considered
component.

- Exergoeconomic factor indicates whether the capital and O&M expenses (Z) is the major source of
economic cost increase, or it is the economic cost of exergy destruction (Cp). It takes values between
zero and one: high values indicate (Z) is the major cost source and the primary aim is to reduce cost
of the products by reduction of investment and O&M costs. While low values indicate exergy
destruction and losses are primary sources of product cost increment. Therefore, increasing the
component efficiency even if it requires higher capital investment is worthy. Base on such explanation,
component ¢ has le low value of Exergoeconomic factor and needs to be improved by increasing its
efficiency.

- Relative cost difference: High value of this parameter means there is more room for improvement.
Based on that, component c is again the first candidate to be improved, followed by component b and
a.

f. Solve the system at the highest level of aggregation (1 unique component having different
products) and calculate the new structure of the cost. Based on the analytical formulation
obtained for the products in point c. please make some comments on their difference.

Jtot

Ex, + Ex, = Ex, + Ex, + Ex, + Ex, + Ex, + Ex,,
=y Ex;+ ¢, Ex,+c, Ex, + of - Ex,+ ¢f - Ex,

¢ Ex,+c, Ex,+Z

tot

(Ex + Exg + Ex; )

products

¢ (Ex, + Ex))+ 2, =c

¢ ( Ex, + Ex,+ Ex, + Ex, + Ex, + Ex, ) +Z, = C s ( Ex, + Ex, + Ex7)
EXg +Ex9 +ExD,tot Za +Zb +ZC
C/)mducz.v = c] + 0 : - + — . f
Ex; + Ex, + Ex, Ex, + Ex, + Ex,
Author E. Colombo
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Exercise 3.

Consider the energy statistics of Germany and Italy for 2015 in the tables below (IEA). Please consider also
that Emissions are 730 Mton for Germany and 331 for Italy, while GDP are 3697 billion USD for Germany and
2060 for Italy).

GERMANY (ktoe)
Coal* Crude oil* Oil products Natural gas Nuclear Hydro  Geothermal, Biofuels and Electricity Heat Total**
solar, etc. waste
Production 43004 3180 0 6333 23920 1632 11027 30476 0 0 119571
Imports 37476 92664 38067 85894 0 0 0 1043 3183 0 258326
Exports -1404 -338 22131 -27235 0 0 0 -1575 -7335 -3 -60021
International marine bunkers*** 0 0 2392 0 0 0 0 0 0 0 -2392
International aviation bunkers*** 0 0 -8048 0 0 0 0 0 0 0 -8048
Stock changes 334 284 -403 143 0 0 0 0 0 0 358
TPES 79409 95790 5093 65136 23920 1632 11027 29944 -4152 -3 307795
Transfers 0 443 252 0 0 0 0 0 0 0 694
Statistical differences -885 296 -842 2012 0 0 0 -1 0 0 12
Electricity plants -56165 0 -896 <1521 -23920  -1632 -10257 -5585 45190 0 -54787
CHP plants -6792 0 -410 -10416 0 0 0 -8099 9934 7822  -7961
Heat plants -400 0 -123 2147 0 0 -30 -1452 0 3105 -1047
Gas works 0 0 0 0 0 0 0 0 0 0 0
Oil refineries 0 -102195 101345 0 0 0 0 0 0 0 -850
Coal transformation -6199 0 -542 0 0 0 0 0 0 0 -6741
Liquefication plants 0 0 0 0 0 0 0 0 0 0 0
Other transformation 0 6260 -6413 0 0 0 0 0 0 0 -154
Energy industry own use -832 0 -5400 -1405 0 0 0 -539 -4502  -271 -12949
Losses -536 0 0 0 0 0 0 -23 -2202 -1059 -3821
Total final consumption 7600 0 92064 51660 0 0 739 14246 44267 9593 220168
ITALY (ktoe)
Coal* Crude oil* Oil products Natural gas Nuclear Hydro  Geothermal, Biofuels and Electricity Heat Total**
solar, etc. waste

Production 51 5788 0 5544 0 3916 8908 11887 0 0 36094
Imports 12640 68817 11908 50163 0 0 0 2805 4373 0 150706
Exports -262 -1275 27023 -181 0 0 0 -114 -385 0 -29239
International marine bunkers*** 0 0 -1900 0 0 0 0 0 0 0 -1900
International aviation bunkers*** 0 0 -3166 0 0 0 0 0 0 0 -3166
Stock changes -70 -193 600 -240 0 0 0 13 0 0 110
TPES 12359 73138 -19582 55286 0 3916 8908 14591 3989 0 152605
Transfers 0 0 0 0 0 0 0 0 0 0 0
Statistical differences 3 -80 1134 0 0 0 0 1 0 0 1058
Electricity plants 9794 0 -795 -6185 0 -3916 -8567 -2864 15969 0 -16152
CHP plants -667 0 -3727 147 0 0 0 -3302 8245 5091 -8530
Heat plants 0 0 0 0 0 0 -37 -90 0 89 -38
Gas works 0 0 0 0 0 0 0 0 0 0 0
Oil refineries 0 74724 75144 0 0 0 0 0 0 0 420
Coal transformation -560 0 0 0 0 0 0 0 0 0 -560
Liquefication plants 0 0 0 0 0 0 0 0 0 0 0
Other transformation 0 1666 171 0 0 0 0 -7 0 0 -53
Energy industry own use 21 0 -3325 -1120 0 0 0 0 -1784 -1309 -7559
Losses 0 0 0 263 0 0 0 0 -1696 21 -1980
Total final consumption 1320 0 47138 33547 0 0 304 8328 24724 3851 119211

Please comment on the following phrases: Are they true or false. Your judgment needs to be supported by
quantitative data

a. “Germany is more advanced than ltaly in renewable energy penetration”

b. “Energy & CO2 intensity are better in Germany than Italy” [toe/thousand of USD and kg C02/USD]
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c. “Overall efficiency of the Electricity Sector is higher in Italy than Germany”
Exercise 3. Solution

a. “Germany is more advanced than Italy in renewable energy penetration”

This is not true since the share of the RES is greater in Italy

Renewable Primary Energy 3916 +8908 +14591
TPES 152605

0.18

Share in the primary mix for italy =

Renewable Primary Energy  1632+11027 +29944
TPES 307795

=0.14

Share in the primary mix for Germany =

b. “Energy and CO2 intensity are better in Germany than Italy”

This is not true since the two indicators are smaller for Italy. This means that Italy is able to produce a unit of
GDP using less primary energy and emitting less CO2 with respect to Germany.

TPES 152605*10"3
Energy intensity for Italy = = = 0.074[toe/ kUSD]
GDP  2060*10"6

TPES 307795*10"3
Energy Intensity for Germany = = = 0.083[toe/kUSD]

GDP  3697*10"6
CO2  331*10"9
GDP 2060*1079
CO2  730*10"9
GDP 3697*10"9

Co2 intensity for ltaly = =0.161[kg /USD]

=0.198[kg / USD]

Co2 intensity for Germany =

c. Overall efficiency of the Electricity Sector is higher in Italy than Germany

Average efficiency of Italy:

_ Electricity & CHP production in ktoe - own use - losses

- Electricity _tranformation _withCHP -
3 15969 +8245—-1784—-1696 B
97944795+ 6185+3916+8567 +2864 + 667 +3727 +14171+3302

0.38

Average efficiency of Germany:

_ 4519049934 -4502 —-2202 ~0.39
56165+896 +1521+23920 +1632 +10257 + 5585+ 6792 +410 +10416+8099

n
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