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Open system : without accumulation : Energy and entropy balances

. o Nothing is lost - nothing is
First principle: energy balance  ceared, everything is transformed

J A r

The entropy of an isolated

Second principle: entropy balance system tends to increase

5=y %

r Sr(TmPraXr) >0
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Notion of exergy

1st principle: energy balance M, T P Q1T
ZE++ZQ++ZM+h (T.. P X)) +QF =0 (1) Bf

2nd principle: entropy balance

OF
-2 >0
T =

a

r Sr(TmPr;Xr) +

@
dS*Z T,
= T,dS = Z “Q +ZM+T5T(TT,PT,X)+Q+>O )

(1) - @) ZE++ZQ+ T SNy~ Tus) <0

then ZE <ZQ+1——)+ZM+ —Tys,)

therefore Z Qr1—2%) + Z MF(h, — T,s,) = Exergy = max work
- E |
L=E ZE]. > 0 mp> Exergy loss

max
r => wrt max work
exergy is sometime name availability (of work), exergy loss is the loss of the capacity to produce work, the energy is not lost.
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Definition of exergy

The exergy is the amount of work that can be
produced by converting any thermodynamic
states by using reversible transformations that

exchange only with the ambiant conditions (Ta,
Xi, P)
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Production process
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exergy balance of a process

Nz+ : (h(TivPivmivj) - Tas(E,Pi,xm))

No_ ' (h(TOv P, '7:07]') - TGS(TO’ Povxo,j))

resources waste
— products .
Et . B I
grid FO=1-T ) id
T e
heat resource €at produc
heat loss
= Ta .
QF#(1— —5%—) Q *(1— TT_“T )
ln(T1)* TL(T2) ln(Tl)—l’I’L(Tz)
Heat , Mass Work
. . a . . .
L=Y 0t~ )+ Y Nfh-Ts)— Y. Ny(h,—T,s)+ ) EF
i U r=resources p=products j

. . T,
L= Lprocess + Z Q}?(l - T_a) +

h=HeatLoss h
Heat

Z N;/(hw - TaSw)
w=Waste

Mass
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Exergetic efficiency of a process

B E~ (delivered)

Et —L L
e

= E+ (consumed)

N;" - (M(T, Py j) — Tus(Ty, Piy i)

Losses = Exergy in - Exergy

o

oty Fis e

W

E+

E+

Ny - (W(To, Poyo,5) — Tus(To, Poy 0,5))

ET E~
) T Heat s wuw Gaseoss T
+ a N — a
Q"+ (1= —5 =) ) Q +(1— —5——)
n(T1)—In(Tz) L In(T1)=In(T2)

Note : could be lost if released in the environment!

out (i.e. used)
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+ means positive when entering




In a process, process units exchange mass, heat and work

Energy
Raw —f Proc?sses PUO) " Services
materials y —— Products
N 1 »——»By-Products

New system boundaries !
N (WMT;, Prywi ) — Tus(Ty, Piyxij))/ N - (W(To, Pos wo,5) — Tas(To, Po, To,5))

Mass [ N\ Mass
) [ .
Ef| o Work Work, - E
Heat Heat
T N\ J ) T,
Ore(l-— % ) L=E*—F Q@ *x(-—7p—p—)
(T —in(T5) (T —in(T5)

Process units exchanges have an exergetic value
Exchanges take place inside the system
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The exergy value of a hot stream (heat delivery)

Above the ambiance, a hot stream delivers exergy and balances with the environment

Carnot composite curve

T, Q+ ‘ 1
I-TO/T
Tou
Electricity
- T . . Ta
E En_wax = Q+ * (1 — )
Tim
Ambient reservoir
— R
Q; - Q+ o E_ T Tz _Tout
Im —
h— o In(Tipn) — In(Tout)
E™ = Ncarnot * Emax

When cp = constant

NCarnot = 0.55

Frangois Marechal | Exergy and process design I Nancy -22.11.2018




The exergy value of a cold stream : heat consumption

above the ambience : A cold stream requires exergy and balances with the environment

Q = Q:{ + BT Carnot composite curve
N . . T N\ —
T Q Bl =Q «(1- %) o Q
. Tim
out o 1-TO/T
mn out
Electriclt)q_ (Tin) = In(Tou
: B ot AREA = Electricity
Et = Zmin for a heat pump
| T Ambient reservoir /r]CG/f”)’LOt T
a . . _ a
‘r—: Er—ir_ma;:Q (1_1—‘l )
m
Qa NCarnot = 0.55 S
Heat from the environment
Tin - Tou
ﬂm - :
In(Tip) — In(Tour)
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Defining Unit Operation heat exchange interfaces

Cooling water

................................................

. Electricitiy
Black box H

/ Process
; O

flows :
grey box : L
white box H i Unit i
¥ Separation !
: Condensate

Hot stream Alternative
Unit i

Process
flows

Il HL}_‘(_
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Heat recovery and exergy

. . T,
Ejr_mnc - Q_ ) (1 -

: Tim )
T‘i - Tout

T’lm =
. In(Tin) — In(Tou)
i Q-
T’inh
Touth E
a /I'outC
Tin, T T
N— a N— a
i L=Q (- 2")~Q *(1-7™)
Rim Clm
. >
The exergy lost in the heat exchanger is the amount of work that can not be produced any more (lost) when
the heat exchange is realised. It corresponds to the power that could be produced if one installs an infinite
number of perfect Rankine cycles between the hot and the cold streams of the heat exchanger
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Carnot composite curves of a process

Hot composite curves

Carnot composite curves

1
- hot c'omposi'te ' '

1-TO/T ———————— hot composite cor.

0.8 = -Exergy ']'6§§é""c”ci'r'r'é's'p'(')'hd'ih):g'j tothe DTf’hié‘i] 2 of the hot

Exergy delivered by the hotistreams to the system ;
Exergy losses corresponding to the DTmin/2 of the hot streams
0.6 | : ,,{Exergy,r,equir:ed,by,the,hot :Str,eams,of,the;,sys,tem ,,,,,, [ |

o : : : y :
Cold H Heat : Hot
Utility ; recovery ; Utility
o> > Refriigerati()in . . ;Q(kW)
) o 5000 170000 15000 20000 25000 30000

This is the exergy made available by all the hot streams in the

Marechal, Frangois, and Daniel Favrat. "Combined exergy and pinch analysis for the optimal integration of energy conversion technologies."
18th International conference on efficiency, cost, optimization, simulation and environmental impact of energy systems. 2005.
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Carnot composite curves of the process

Cold composite curves

Carnot composite curves

1 T T T T
1-TO/T
cold composite cor.
cold comp05|te
o.8
- Exergy losses correspondlng to the DTmln/Z of the cold streams
o6 b ,Exergy requ1red by the cold streams of the system

Ty [ K]

o - - -
Heat H Hot
recovery g
_0.2 i i i ; | QUKW
o 5000 10000 15000 20000 25000 30000

Marechal, Frangois, and Daniel Favrat. "Combined exergy and pinch analysis for the optimal integration of energy conversion technologies."
18th International conference on efficiency, cost, optimization, simulation and environmental impact of energy systems. 2005.
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Carnot composite curves and heat recovery

Carnot composite curves

1 T T T T

— hot composite '

1-TO/T —— hot composite cor.
— cold composite cor.

cold comp05|te

Exergy delivered by the hot streams to the system |
Exergy lost correspondlng to the DTmm/Z of the cold streams

>1d § Heat Hot
lity : recovery : Utility

> Refr;igera |<q:n | , QW)

o 5000 170000 15000 20000 25000 30000

Marechal, Frangois, and Daniel Favrat. "Combined exergy and pinch analysis for the optimal integration of energy conversion technologies."
18th International conference on efficiency, cost, optimization, simulation and environmental impact of energy systems. 2005.
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Exergy value of the heat transfer in the process

Exergy of the hot and cold process composite curves

Energy Exergy Exergy Name
Total  AT,pcorrected Cornercom postte curves
Hot streams [kW]  20291.0 5521.4 5352.4 EQhota B 5 g e e
below Tp [kW] ~ 1709.0 1315 151.2 Eqhor, g
- - o.a >
Cold streams[kW]  20197.0 4599.3 4650.1 Eqcold, s . =
below Ty [kW] 0.0 00 -~ 0.0 Eqeoid, RWAS L
ﬂ Tty | —recovery o
AT i losses kW] - 381.2 o S S sbo0 3eee0 5006 S6b00
Balance [kW] 1803.0 +790.0 +409.0
Heat recovery 0
Energy Exergy il A —
Heating (kW) +6854  +567
Cooling (kW) -6948 - 1269 € w
Refrigeration (kW) +1709  + 157 30
W0 Cald utility :6948 kW 'Liﬁ?kw
Marechal, Frangois, and Daniel Favrat. "Combined exergy and pinch analysis for the optimal integration of energy conversion technologies." »0 0 2000 4000 6000 8000 10000 12000
18th International conference on efficiency, cost, optimization, simulation and environmental impact of energy systems. 2005. QW)
Francois Marechal Exergy and process design Nancy -22.11.2018 17
Exergy requirement above the pinch
Energy Exergy
Heating (kW) +6854 +567 Minimum Energy Requirement above the pinch point
Cooling (kW) -6948 - 1269 1 ' ' ' ' ' '
Refrigeration (kW) +1709  + 157 IR T Utlty composie curve
o 0.6 o | o 1
N Procg:ss compo§1te curve
§ H h
e o A S e S .
=)
£
2 021 .
- Exergy requirement
0
02 ; ; ; ; ; ;
-2000 0 2000 4000 6000 8000 10000 12000
QkW)
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Exergy by combustion

298K)

1-TO/T (TO
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Minimum Energy Requirement above the pinch point

y composite curve

Process composite curve
\7

osses chi

Exergy

Exergy requirement

-0.2
-2000

0 2000 4000 6000 8000 10000 12000
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Exergy composite Heat exchange losses
Minimum Energy Requirement above the pinch point
1 T T
o8 b Utility composite curve
~ 06 e N
N Process composite curve
§ H H
A 04 -
)
Y _—
- / requirement
0 H
02 i i i i i i
-2000 0 2000 4000 6000 8000 10000 12000
Q(kW)
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Carnot composite -self-sufficient pockets

1-TO/T (T0=298K)
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Carnot composite - suggestions to convert the exergy
Minimum Energy Requirement above the pinch point
1 T T
0.8 [ S| Y COMPOSES CUIYE.
Q 06 """""""""""""""
o0
(=N
i (W - L s —— .
g
I~
02 pro (IR W
- requirement
0
0.2 : :
-2000 0 2000 4000 6000 8000 10000 12000
QkW)
What is the best way to close the energy balance with the energy resources that we buy 7
Nancy -22.11.2018 22
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Integration of the energy conversion system

Creative engineers ?
Fuel

Technology w with nominal flow

Hot/cold streams 600 Hdtsteams
Tin~ Pln m iy Law.i e ] ; / \ —— Cold streams
W,1) ~ W, W,y W, 556’ ‘ S\— Process streams
_ 8 (1hin __ pout S A A i R ; i ]
Gy = My 3 (hw,z’ hw,i) T(K) lty :6854 kW, . N

elf sufficient \
; "Pocket™ )
eam

e

out out - 500
Tw,i ’ Pw,i s Mo iy Law,i

Mechanical power/electricity

450 I====r E
Ew heat pumps Viedium: pressure steaﬂ 7 t ;\,
Cost Pt i) : ,; I .
Cly,C2y,CI1,,,CI2, ﬂ,b
. , U —— W i S 1
Decision variables W Organic[Rankine cyclé
Level of usage of w i I
f i Cold utility :6948 kW 1 Refrigeration cycle j‘l"
w : i T
250 i i Refrigeration|: 1709 kw
Buy/use technology w ?
0 2000 4000 6000 80([0 10000 12000
Yw QW)
Energy conversion units with unknown flowrates
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Mixed integer linear programming formulation of the process integration

min (
RT?yw ’fw ’E+7E_

Fixed maintenance

. . O
Subject to : Heat cascade constraints Investment

Nw Ng
Z@W,T+ZQS,T+RT+1_RT =0 VTI 1,...,nr
w=1 s=1

Feasibility R, >0 Vr = 1,....,n.; Rnr+1 = 0; R, =0 Et>0,E- >0

Electricity consumption Electricity production
N Nw
E:f+E+—Ec>O > @ew+E+—EC—E_:O
w=1 w=1

Energy conversion Technology selection

Jmin,y, < @S fmaz,yw Yw € {0, 1}

Maréchal, Frangois, and Boris Kalitventzeff. "Process integration: Selection of the optimal utility system." Computers & Chemical Engineering 22 (1998): S149-S156.
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Consider exergy losses

New objective function

- - - N
> (€qu rar,, = ¢))

iy
. =~ z
Min 2 L =
Re v fr w=]

— Heat exergy
— Chemical Exergy

— Work

i: (o X Ty Ak"l Féw
w=1 =1

r

nSw

th” T

where T is the logarlthmlc mean temperature of interval r
Ty .
= % when 7)Y, # T} and Ty, = T} otherwize
(5

(€¢er) AT i =

*
Imr

Nfuel,w _* 0
Z f ! me7wA]{?f

ejv_ IN
é; Out

(1)
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Application

the engineer creativity

Maximum energy recovery 600
- Energy Exergy 0 Hot Utility : 6854 kWi
Heating (kW) +6854  +567 500
Cooling (kW) -6948 - 1269 450
Refrigeration (kW) +1709  + 157 €
Hot Utilit)’ 350 :
Boiler house : NG (44495 kJ/kg) 300 l Ambient
Air Pre heating B Calld utility :6948 kW ‘D‘ﬂg »
Gas turbine : NG (e]' eff = 32%) 0 2000 4000 6000 8000 10000 12000
QkW)
Steam cycle Heat pumps Refrigeration
Header P T Comment 1
(bar)  (K) Fluid R123 Reftigerant R717  Ammonia
HP2 92 793 superheated Pow Tuw Pigr Tigr COP kWe Reference flowrate 0.1 kmolls
HP1 39 707  superheated o . :
T e S et (bar) (°K) (bar) (K) Mechanical power 394 kW .
MPU  7.66 442 condensation Cyele3 BOISOIMOL O P Ty Tw O ATminf2
LPU 4.28 419 condensation Cycle2 6 361 10 3% 12 33 (bar) (K) (K) kW (K)
LPU2 259 402 condensation Cycle() 6 % 75 3 0® M Hotst. 12 340 304 2274 2

LPU3 1.29 380 condensation
DEA 1.15 377  deaeration

Coldst. 3 264 264 1880 2

26
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Results of MILP optimisation

Generating multiple options

Opt  Fuel GT CHP Cooling HP

KWigy  kWe  kWe kW kWe
1 7071 - - 8979 - Comb. + frg
2 10086 2957 9006 - Comb. + stm + frg
3 16961 5427 2262 9160 - GT + stm + frg
4 - - - 2800 485 hpmp + frg
5 666 - 738 2713 /496 hpmp + stm + frg

¥
Share between heat pumps ﬂg 33243 tvv\\;:
HP3 : 129 kWe

Balanced composite curves (option 5)

Balanced Grand composite curve

1200

1100 F
1000 ||
900 |-

800

c o)
600
500
400

300

O I N T T

T T T T T
Grand composite

BalancedCarnot Grand composite

S0-Tom -

0.6

0.4

0.2

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Q(kW)

-0.2

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Q(kW)
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Visualising the results : Carnot composite

Tricks for creative engineers : reduce the green area !

Option 1 : Carnot composite curves

T T T T T
Process composite curve
Utility composite curve

1-TOT -

o
o

0.6

0.4

0.2 |

02 i i i

2000 0

Q(kwW)

2000 4000 6000 8000 10000 12000

Option 5 : Carnot composite curves

1
_— Pr(l)cess clomposlite cur\lle
E === Utility composite curve
0.8 i
0.6
0.4
0.2
O L
-0.2 L
-2000 O 2000 4000 6000 8000 10000 12000

Q(kW)
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Integrated composite curves of the steam network Carnot integrated composite curves of the steam network

1200 T T T T T 1 T T T T T

< | | | Others — - Others . .

= _‘ : : : (STMNET) ——— = : (STMNET)
1100 |}t Mech. power ——— _| 2 Mech. power

0.8 -
1 000 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, - : : : : :
| @ Exergy losses in the heat
900 [ i . oe LB transfer between steam
: cycle and the system

800 : : :

700

600

500

400

300

200 . . 1 1 1 1 1000 (0] 1000 2000 3000 4000 5000 6000

-1000 (0] 1000 2000 3000 4000 5000 6000 Q(KW)
Q(kW)
Francois Marechal | Exergy and process design | Nancy -22.11.2018 30




Key performance indicator of the system

Energy efficiency
—NGCC equivalence of electricity

ET—-F
Totall = Thfuel * LHVfuel + (

BT =E7) _ ssonGeo))

el

—EU mix for electricity

EtT - E~
Total2 = M pyer * LHViyer + (777)(: 38%(EUmiz))
el
Exergy efficiency of the energy conversion
y : 5 N fuels
_ Bacota, + Eqrot, + Egria Et= Y M AR+ Ef
776:5 = 0 0 0 Sfuel fuel grid

Et + EQcoldT + EQhota fuel=1

L = (1 — nex)(E+ + EQColdr + thOta)

I Process units are sources of exergy (supply and requirements) like the energy conversion system

Francois Marechal | Exergy and process design | Nancy -22.11.2018

Results
Et —E-
Totall = mfyer ¥ LHVpyer + 7( 7 )(: 55%(NGCC))
el
+ _ —_
Total2 = myfye; ¥ LHVyyer + (& £ )(: 38%(EUmiz))
el
Table 9
Energy consumption and exergy efficiency of the different options
Option Fuel E;;Z d Total 1 Total 2 New  LoSses
[kWLHV] [kWe] [kWLHV] [kWLHV] % [kW]
Comb. + frg 7071.0 371.0 7745.5 8029.7 34.9 8868.0
Comb.+stm+frg  10086.0 -2481.0  5575.1 3675.1 44.5  8830.0
GT+sm+frg  16961.0 -7195.0 3879.2 -1630.7 51.3 11197.2
hpmp + frg 0.0 832.0 1512.7 2149.9 72.4  2408.1

hpmp +stm +frg  666.0 125.0 893.3 989.0 72.6
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Exergy vs Energy cost

Exergy and costs are not always compatible

10000
OPEX —
5000 e
\7< P
£ Z
-5000 //
/ Comb. ¥ frg  option | ———
-10000 Comb—+-stm+frg r\rfir\n 2
GT +stm +frg  Option 3 ———
hpmp # frg  option 4 ——— .
hprlp + stm +lfrg  option 5 ——— blest exergy efficiency
-15000
-20000 Cruel(€/kJ) COy lkglkI ]
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 C;rid(€/k‘]e) COzgrid[kg/kJ]

Grid Electrcity efficiency

Exergy and CO2 emissions are not always compatible
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Process design methodology
Integrating heat recovery technologies in the superstructure
Super-Structure
* Flowsheeting models o e *7 ol
* Process unit operation 30 oo smopn)
+ Process unit options ls»-«wv‘ J ol ] [mi]
* Exchange interfaces I .
Process integration oo
+ Energy conversion oo |
* Heat recovery -
* Energy balance o
o s e w0 we e s
Pe r-F ormances Total production costs
+ OPEX
+ CAPEX
+ LCA
* Thermodynamic
: (base) (m")FICFB(DM) (PMSA) © (pGM) c;(:GMm“l
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Producing electricity with Fuel Cell System

Hot streams
1600 | Cold streams
Electricity :50 % 1400 |
_> - 1200 |
. % 1000
Post combustion & |
% 600
400
200
Fuel processing .
© 2000 4000 6000 8000 1000012000
Heat Load [kW]
Heat : 35% e ] W
0.8 | hot ix
_ :,% 0.6 500 %
:
2.35 v 5 oo
® e o a &
o
Air CH4 H20 o
] 2000 4000 6000 8000 10000 12000
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Producing electricity with Fuel Cell System
Products :

E N
- Post combustion

OCessINg
9 W B
Heat : 25% R o
\,‘l; 0.6 500 °:
g
g 0.4 E-
3 3
g o2 g
5 §
°
°
© 2000 4000 G000 800D 10000
235 Heat Load [Ku]
® [ ]

Electricity .77 %
CO?2 captured
H20

VWater separation
sub-atmospheric

Air  CH4

H

Facchinetti, M, Daniel Favrat, and Francois Marechal. “Sub-atmospheric Hybrid Cycle SOFC-Gas Turbine with CO2 Separation.” PCT/IB2010/052558, 2011.
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Producing electricity with Fuel Cell System : optimised system

Heat : 20%

E N

ocessing

0.8
0.6
0.4

0.2

Carnot factor (1 - Taw/T)

]

3.0

cola — ] 3388
ot 1500

1000

[ec

500

Corrected Temperature

© 2000 4000 6000 8000 10000
Heat Load [kW]

- Post combustion

Products :
Electricity :87 %
CO?2 captured
H20

Wiater separatio

Air  CH4

H20O

CcO2

n

sub-atmospheric
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Fuel cell : SOFC-GT

0.8

0.6

0.4

0.2

Carnot factor (1 - Tamw/T)

50%

cold —— 3%
hot 1500
1000
Ll ~
3 N
500 — 2
¢ r
3 i
§ )
gl ~
§ §
g Y
v Q
3 ™
¢ ]
t i
§ &
v v
0

0 2000 4000 6000 8000 10000 12000
Heat Load [kil]

| 7.7%

cold ——
0.8 hot
0.6
0.4
0.2
0

0 2000 4000 6000 8000 10000
Heat Load [ki]

i

1500
1000

500

Corrected Temperature [°C]

Carnot factor (1 - Tamw/T)

0.8

0.6

0.4

0.2

87%

"cold —
hot

h

1500
1000

0 2000 4000 6000 8000 10000
Heat Load [kil]

Corrected Temperature [°C]
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Bio-refineries : system integration

Ethanol production from lignocellulosic biomass:

wood
_—

=

fresh water
2.1 1/ EtOH l 1.3% heat (at 400 - 450°C)
}23.6%
Biogas
Ethanol production | 7% 2
. . Lignin
hydroly5|s. 54.0%
« fermentation
- distillation Ethanol
32.3%
Wzszel/\;v::g;-l values based on LHV

460

440

420

400

380

360

340

320

300

280

3

4 5 6 7
Q[MW]

8

9

input: 58 MWth,Wood

Gassner, Martin, and Francois Marechal. "Increasing efficiency of fuel ethanol production from lignocellulosic biomass by process integration." Energy & Fuels 27.4 (2013): 2107-2115.
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Converting waste streams to satisfy the process

needs : CHP

Ethanol production from lignocellulosic biomass:

rocess and utilities
Steam headers ---------
Mechanical power -

0 5 10

input: 58 MWip wood

fresh water __ _electricity 4 17.1% 1300 :
- ~| 271l/IEtOH 1.3% heat | :ZS i
| I I
! Biogas -l
I . 0, m
' | Ethanol production | 67%| Stea .
wood - Lignin| cycle wo |
54.0% b
100% - fermentation ? :2
] « distillation Ethanol 300 | | | ‘
| 32.3% e 20 15 -10 5
waste water amw
R 2.6 1/ EtOH values based on LHV
steam cycle
Input wood 100 %
ethanol 323 %
Output SNG -
electricity 17.1 %
chem. efficiency (Anygcc=55%) 62.3 %
total efficiency 49.4 %

Energy balance for different process integration options (without seed train, non-optimised).

-

ECOLE POLYTECHNIQUE
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Optimised CHP + power

Ethanol production from lignocellulosic biomass:

fresh water ___electricity 4 21.5% 1300 rocess and utities —
i ~| 21vEoH 1.3% heat 1 1200 Mechanical power
1100
| ! Biogas I I o
900
| o 0
. | Ethanol production | ¢’ | |1GccC =
wood Lignin
— « hydrolysis
. 54.0%
709% - fermentation b [ L
| - distillation Ethanol
e 200 i -
I 32.3% -12 -10 6 4 Q[MZW] 0 2 4 6 8
| _ _ _ waste water .
~| 2.6 1/ EtOH values based on LHV input: 58 MWth,wood
steam cycle IGCC
Input wood 100 % 100 %
ethanol 32.3 % 323 %
Output SNG - -
electricity 17.1 % 215 % [ (i
chem. efficiency (Annccc=55%) 623 % 70.0 % oL e
total efficiency 49.4 % 53.8 % ]
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Combined heat and fuel

Ethanol production from lignocellulosic biomass:

fresh water electricity 4 -3%
P~ l 2.1/l EtOH 1.3% heat |
Y | I

I Biogas SNG

I o

. | Ethanol production | ¢7% SNG
wood hvdrolvsi Lignin 40.3%

« hydrolysis -

104% « fermentation 4.0%

| « distillation Ethanol

' 32.3%

-

waste water

values based on LHV

TKI

1300

1200
1100
1000
900 -
800 -

600 -

s00 |

400 |
300

200

EtOH production +——
SNG production & utilities -~

—
0 2 4 6 8 10
Q[Mw]

2.6 /I EtOH input: 58 MWih, wood
steam cycle IGCC SNG
Input wood 100 % 100 % 100 %
ethanol 323 % 323 % 323 %
Output SNG - - 403 %
electricity 17.1 % 215%  -3.0% AN
chem. efficiency (Annccc=55%) 623 % 700% 673 % QTSN
total efficiency 49.4 % 53.8 % 70.5 % (]
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combined heat - fuel and power ?

Ethanol production from lignocellulosic biomass:

fresh water electricity ) 1.5% 1300
i —| 271/EtOH 1.3% heat | 1200 ¢
‘ I I 1100 Process and utlties ——
| Biogas SNG ‘ZZZ I Mechanical power -
I o 0,
. | Ethanol production | ®7% [ SNG, g w0
wood , Lignin| + steam | 30.5% I
— « hydrolysis 54.00% ol AN
109% « fermentation ’ w0 S =
| « distillation Ethanol 300 | %
— 200 . - ; : .
I 32.3% -4 2 0 2 4 6 8 10 12
l waste water e
- - - 2.6 1/l EtOH values based on LHV input: 58 MWth,wood
steam cycle IGCC SNG + steam
Input wood 100 % 100 % 100 % 100 %
ethanol 323 % 323 % 323 % 322 %
Output SNG - - 40.3 % 30.5 %
electricity 17.1 % 21.5 % -3.0% 1.5 % .(I)ﬂ-
chem. efficiency (Anncce=55%) 623 % 700% 673% 653 % seoiEroTCcu
total efficiency 49.4 % 53.8 % 70.5 % 64.2 % e
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From the exergy analysis
Ethanol production from lignocellulosic biomass:
fresh water _ _ _ el_eCt_riCiiy - _‘ -1% 1300
i ~| 271I/IEtOH 1.3% heat | 12007 :
' I I oo Proce&ssan.d‘u?ih‘ne‘s
I Blogas SNG HP 1222 Mechanical power e
| . 0 +
. | Ethanol production | 7% 7ISNG, g oo
wood hvdrolvsi Lignin| + steam 41.9% w0
« hydrolysis
54.0%
100% « fermentation ? jzz
| « distillation Ethanol 300 |
| 32.3% 2004 2 0 2 4 6 8 10 12
l waste water Qi
- - = 2.6 1/ EtOH values based on LHV input: 58 MWth,Wood
steam cycle IGCC SNG + steam + HP
Input wood 100 % 100 % 100 % 100 % 100 %
ethanol 323 % 323 % 323 % 322 % 322 %
Output SNG - - 403 % 30.5 % 41.9 %
electricity 17.1% 215%  -3.0% 15 % -1.0 % [ (Kl |
chem. efficiency (Anygcc=55%) 62.3 % 70.0 % 67.3 % 65.3 % 723 % FEDERALE DE LAUSANNE
total efficiency 49.4 % 53.8 % 70.5 % 64.2 % 731 % =
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From the exergy analysis

Ethanol production from lignocellulosic biomass:

frash water electricity 4 -1% 0
i ~| 211E0H '_1.3% heat I :2
]
| o NGHHR e
| . 0 + .
. | Ethanol production | 7% 7NG, g | Energy balance still holds
wood e Lignin| +steam |41.9% P
—’100% ydrolysis 54.0% " E t t .
1 « fermentation 0 : XTractl ng exe I’gy means
| «distillation Ethanol 0 : ; .
—
! 32.3% oo s extracting energy
QMw)
| _ _ _ | wastewater T— )
2.6 I/IEtOH vaiues oasedon Input.‘ 58 MWth,WOOd
steam cycle  1GCC SNG + steam  + HP
Input wood 100 % 100 % 100 % 100 % 100 %
ethanol 323% 23%  323%  322%  3RN2%
0 SNG - - 403 % 305 % 41.9%
P iy 71%  25% 30%  15%  -10% (il
chem. efficiency (Anygcc=55%) 62.3 % 700% 67.3% 653% 723% T
total efficiency 49.4 % 538% 705% 642% 731% |

Gassner, Martin, and Francois Marechal. "Increasing efficiency of fuel ethanol production from lignocellulosic biomass by process integration." Energy & Fuels 27.4 (2013): 2107-2115.

Francois Marechal

Exergy and process design Nancy -22.11.2018 45

Conclusion : process design and exergy

Modeling and Optimisation techniques to design processes

e Flowsheet models

e Operating conditions

e Process integration

e unit selection and interactions

e Exergy loss : (one of the) objective function

Exergy analysis

Identify missing conversion units

Definition of process unit interfaces

Carnot composite for the efficiency of the energy conversion

Reducing losses means changing flows

Frangois Marechal
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Any Question 7

Francois Marechal

Exergy and process design

Nancy -22.11.2018




