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ENI Systems

~ Goals of my talk

1.Motivations

2.Process integration

3.Process system design method
4.Integrating Sustainability in design
5.Multi-objective optimization
6.System analysis

7.Computer aided design framework
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BENI Systems .
Energy Conversion Systems

— —

_—Improving resources productivity by the
integration of process systems
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Conversion systems
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‘ENI Systems

~ Process integration

Process integration is the engineering
action of assembling process equipments
to form a process system

e Understanding the interactions between the
process units

e Mass flows
e Heat exchange
e Coproduction
e Waste management
e Adopt a system (holistic) vision
e Reach the “optimal” design
e the one that makes sense for the engineer
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ENI Systems
Industrial processes system driven by energy
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ENI Systems
1. Reduce : analyse process requirement
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2. Recycling : heat and mass recovery
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[Z]ENI Systems . .
3. Reuse : Optimal conversion and waste treatment
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3 R approach for process integration

1. Reduce Exergy analysis
*Analyse processing requirements Simulation/
*Analyse process units requirements | optimisation
*System boundaries [ Pinchlightepfich |

2. Recycle

Heat transfer & mass

*Mass recovery (production support)  Lreaurement
*Heat recovery

Pinch analysis

3. Reuse
*Combined heat and power Optimization
*Heat pumping
*\Waste conversion/valorisation ';;;’-i’: nfca'e
*Extend System boundaries integration
P
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‘EENI Systems
- Example sugar-ethanol process

» Present consumption 138 MW of heat
» optimize the process operation
» Simulation of the process
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Process heat integration

» Define the hot streams and cold
streams
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- Maximum heat recovery in the system

ENI Systems
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» Process composite curves

» Heat :

Ethanol 4.19 kg/s (118 MW), sugar 9.21 kg/s (148 MW)

Temperature [K]

3675-3690.
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optimization of a combined sugar and ethanol production process integrated with a CHP system.” Energy 36, no. 6 (December 8, 2010):
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ENI Systems
Enthalpy temperature profile of the heat requirement
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Optimize the operating conditions of the process

» Changing the pressures of the evaporation

» Heat : 138 MW -> 101 MW (73%) -> 62
Ethanol 4.19 kg/s (118 MW), sugar 9.21 kg/s (148 MW)

MW (45%)
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ENI Systems

Optimizing the energy conversion

» Bagasse conversion (373 MWunv available)

» Full potential ?
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- Result : combustion + CHP

» 30% of bagasse used
» Marginal electricity production efficiency = 82 %

- Case 1 results — CHP system |
(30.2% bagasse combustion)
1200} \
Rankine cycle net power 22562 kW
: ool 29 HP turbine section power = 21593 kW
5 £ ® LP turbine section power 1281 kW
g § * Process power requirement = 15165 kW
i £ ™ 3 Total site net power 7397 kW
©f \ \ (14.79 kWht.peo)
* a0 AN ‘ Cold utility requirement = 61416 kW
: b Bagasse input power 89830 kW
j a0l ] Total site net thermal efficiency = 8.23 %
§ b 1 2 3 ‘ 5 § 7 § s »
Hest Los VW) -

* Ethanol 4.19 kg/s (118 MW), sugar 9.21 kg/s (148 MW)

| M I Morandin, Matteo, Andrea Toffolo, Andrea Lazzaretto, Frangois Maréchal, Adriano V. Ensinas, and Silvia a. Nebra. “Synthesis and parameter )
optimization of a combined sugar and ethanol production process integrated with a CHP system.” Energy 36, no. 6 (December 8, 2010): 3675-3690.

DENI Syst.ems.
- Optimized system

» Total power produced : 137.8 MWe
» Marginal electricity production efficiency = 59 %

2o
Case | results — advanced CHP system

- (combined cycle + heat pump across

1000 crystallization temperature level)

- Gas turbine net power = 106644 kW

0o Rankine cycle net power = 31196 kW
: X Process power requirement 15165 kW
! ; - Total site net power 122675 kW
PR e (245.35 kWhity..)
z i Cold utility requirement = 87995 kW
- Bagasse input power 297450 kW
s 1o Total site net thermal efficiency = 41.24 %
1 Steam cycle pressures:
: " Prigs = 101 bar; po.; = 5.32 bar, p..:= 1.92 bar
i pom ¢ ’ i I : | Peows = 0.47 bar; p,,, = 0.1 bar;
i el < 4 o L] w0 LE -

Heat load W] o

? Ethanol 4.19 kg/s (118 MW), sugar 9.21 kg/s (148 MW)
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| M | Morandin, Matteo, Andrea Toffolo, Andrea Lazzaretto, Frangois Maréchal, Adriano V. Ensinas, and Silvia a. Nebra. “Synthesis and parameter )
optimization of a combined sugar and ethanol production process integrated with a CHP system.” Energy 36, no. 6 (December 8, 2010): 3675-3690.
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Process integration comparing solutions
Bagasse Electricity |Marginal
(MW) (MW) eff.
Combustion 89.8 22.6 82 %
CHP full 297.4 99 42 %
IGCC full + 297.4 137.8 58.7 %
CHP +
RMV
Ethanol 4.19 kg/s (118 MW), sugar 9.21 kg/s (148 MW)
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~ Process system design :

a larger perspective

e A Simple problem ?
Produce Synthetic Natural Gas from Wood

AH=—10.5 kJ/mol,u0d

CH1.3500.63 + 0.3475H20 — 0.51125CHs + 0.48875CO:2

(il




ENI Systems

Process system design

What are the options ?

ancois. marechal@epfl.ch Laboratory for Industrial Energy Systems - LENI ISE-STI-EPFL - Marsh 2006
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Biomass conversion

Combustion
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Biomass conversion
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Biomass conversion

Ethanol fermentation
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Transesterification

Biomass conversion

)
Solid biomass Combustion Heat
(wood, straw)
—
Gasification producer gas
Wet biomass S
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Biomass conversion

Thermochemical routes
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Thermochemical biomass conversion

Principle of conventional thermochemical routes

Thermochemical biomass to fuel reforming proceeds typically
in two (or more) reaction steps:

3 I

. intermediate
biomass biomass product fuel fuel
— | decomposition g synthesis —_—

rather highT rather low T
(200-1200°C) (200-400°C)

non-condensable/ m methanation

o condensable m FT synthesis
m gasification substances
= pyrolysis (Ha, CO, COs, H,0, m DME synthesis —
CH4' CXHyv n methanol FEGERAL? DE LAUSANRE
char, tars) synthesis
20 /87
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~ Process system design
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What are the processing options ?
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Block flow superstructure

Conventional route (gasification & methanation): decomposition

Thermal pretreatment

R —_

Gasification

O,-import or cryogenic
production on-site

0—_10.5 kJ/ molyo0d
—

CH;1.350063 + 0.3475H,0 Af

H,0 * + H
200 T l Q l Q Tvolatiles 200 L _l Q"

e .\l .................................. ) p — — \‘ ,

I I Indirectly heated, | Cold gas cleaning
Air drying | | Torrefaction steam-blown | (cyclonefilter,

I | E : I gasification ] | scrubber, guard bed),

Wood :
oo_>| | — P — I | — |

I | : ! Directly heated, | ! Hot gas cleaning |l

I] Steam drying I :| Pyrolysis I steam/oxygen- | 1] (cyclone filter,

|\ ) |\ blown gasification ) |\ catalytic treatment)

Gas cleaning ¢

residuals and condensates

O, from electrolysis

0.51125CH4 + 0.48875CO,

producer gas
(to synthesis)
—

(PR
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Block flow superstructure

Conventional route (gasification & methanation): synthesis

Stepwise fixed bed |

d methanation
producer gas

(from gas

cleaning)
Internally cooled
fluidised bed
methanation

Methane synthesis ¢

condensates

to gasification

0=_10.5 kJ/molyooq
H

CHy 3500.65 + 0.3475H,0 ="

Y
Compression

O
SNG
treatment T

Physical absorption
(Selexol wash)

—
R

Pressure swing
absorption

—
R

Polymeric
membranes

: Compression

CO, treatment

0.51125CH4 + 0.48875CO-

e

SNG
—_—

A CPFL
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Methodology

Block flow superstructure

g . A A s O
evolutionary, multi-objective |

optimisation
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~ Process system design

Process unit models?

Simple models but not too simple ...
Levels of detail
Developed for the design
i.e allow for thermo-economic evaluations

eFlowsheet calculation
eUnit size optimization
e Cost estimation
eEnvironmental impact assessment
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Flowsheet generation (1)

Energy-flow model

Calculation of the thermodynamic transformations in the pro-
cess units

T R Ol o RS R S S G

“evolutionary, multi-objective |
I optimisation i : use Of
! [LENI-MOO] J
decision variables y dacision variables u Conservatlon prlnCIpIeS
(thermodynamic thrgets) peromances (thermpdynamic targets) .
——————————————— m model equations
s N
| energy-flow energy-integration| | .
| [BELSIM-VALI] [LENI-EASY] |
: st_N"""‘;j;:;‘““‘%m : B power requirements
variables variables .
! . ! m heat transfer requirements
economic
L ol ) m T-h profile of hot and
LY s

R OSMOSE cold streams

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE
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~ Process system design

Interconnections ?

- Mass interactions -> flow superstructure
- Heat interactions -> Heat cascade
Energy balance -> energy conversion integration

o« INEP




Flowsheet generation (1)

Energy-flow model

Calculation of the thermodynamic transformations in the pro-

I/ 13 r'nul‘t: bj ctive |
: optimisation | 3 use Of
- e
decision variables y dacision variables u Conservatlon prlnCIpIeS
(thermodynamic thrgets) peromances (thermpdynamic targets) .
P et m model equations
| energy-flow nergy-integration| | .
| model model | to determ'ne
| [BELSIM-VALI] [LENI-EASY] |
: mN"“"‘;';;:;‘“‘“%ze : B power requirements
variables variables .
! . ' m heat transfer requirements
| economic |
L ol ) m T-h profile of hot and

R OSMOSE cold streams

A CPFL

ECOLE POLYTECHNIQUE
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Flowsheet generation (2)

Energy-integration model

How to satisfy the MER?

l:_- 250 lw 100 r Y (300-400
Wood g i Methane raw SNG
- [Drymg ] — [Gasnﬁcanon ]—-[Gas clean-u;ﬂ — [syn St :l -

Hom|  mwoN0, residuals and H,0() ]
5 . condensates ’

1200

1100 gasification

1000 +

m MER of crude production %0 |

800 +

gas cooling

T(K)

700
600 - methanation

= - (Gl |
400 steam prep. z steamprep. | o roucimiout

drying FEDERALE DE LAUSANNE
300 - 1

]
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Flowsheet generation (2)

Energy-integration model

How to satisfy the MER?
]_ 100

— catalytic
T combustion
fumes ’

]

depleted streams
r X0- 400 (€O, CH  H,, L)
| —

oo — Methane SNG A
=) ) - - ()

H,000) X0, reskduals and HOM) WO
: : condensates ?

fumes/
c0;

1200
. 1100 gasification
m MER of crude production 1000 |
HH H 201 gas cooling
m hot utility: combustion o
. £ 700 -
m fuel choice? = e
500 + )
| \.Naste Str-ea ms wo | steam pien. i steam prep. | %ﬂi.‘f&%
m intermediate products oo | ks |
200 + : . . + i
0 50 100 150 200 250 300

Q (kw)
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Flowsheet generation (2)

Energy-integration model

Integrating heat recovery technologies in the superstructure

th o 5 ]

% P 4 -
HOfv Q “Y
= Indirectly heated, [
Flue gas deying ! steam blown ) H0v) ] Physical absorption
| ) Air 1 \ |
wesad gaatication l E:o!dg&sdun-up L Internaly cocled, I

I

|

I i |

| ' ([Owectyheated, || |guardbeds Nechor o '
| Suamdrylng ! 1 wm g Gas Cean-Up ‘ Methane Synthesis ‘ |'
, \ W — resichualy and condensates condensates  © duaimine '

_____ = - - -
Deying Gasification Co, 1
. 1 |
0, 0, O’I H, Remowval
M,0m . €O,
Ar - lon transfer | Electrolysis Compression -
" membranes oot Expart 1
Air Separation Hydrogen Production CO, Treatrment
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Flowsheet generation (2)

Energy-integration model

Integrating heat recovery technologies in the superstructure

H;0tv) NG
Utiity and heat recovery system Treatment
—— - p————
Q l
1| Flue gas deying : : " m || Prysical bsorption :
gasification
Wood! '] |_. Cold gas dean-up ! MMM |
- |—’l I {filter, scrubbes, 0 M‘M |
; ;[ owectyheated. ) ety I \
| Steam drying \ | oxygen blown Gas Clean-Up ‘ Methane Symrtm‘ |,
- A\ ot residuals and condensates condensates
Drying Gasification o,
0, o, 4 O’I Hy Removal
! HOm o,
Ar - lon transfer [ "= Electrolysis : Compression -
mbrmes Irport Export Y
Air Separation Hydrogen Production CO, Treatrnent
)
(P
£COLE POLYTECHNIQUE
FEDERALE DE LAUSANNE
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Flowsheet generation (2)

Energy-integration model

Math. problem formulation: MILP programming...

Nfyel,s
min E Ls = E (fs - ( E g s Ak + Wy E (& 5. )ATmin — Ws )
Rrovs:fs S s=1 F=1
subject to:
Existence of subsystem s:
fminsys < fs < fmaxsys ¥s € {0,1}, Vs=1,...,ns

Heat balance of the temperature intervals r:

ns
Zfsq;,+R,+1—R,:o R >0 Vr=1,...,n,
s=1

Overall heat balance:

A CPFL

ECOLE PFOLYTECHNIQUE
FEDERALE DE LAUSANNE

]
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Flowsheet generation (2)

Energy-integration model

Math. problem formulation: MILP programming...
Ns ns Nfyel,s ny
min Yy Le= (fi- (Y mpsAkE il = (&g e VAT, — We )
R”ﬁ’&s:l s=1 f=1 r=1
subject to:
ﬂ Electricity consumption:
ns
ST, +egWT — We >0 wt >o
s=1
B Electricity exportation:
s . w— . . .
ST +egWT — — W, = wt >0, W™ >0
s=1 €g
P
E Superstructure model: FESERALY BE LA AN
Af = b A: (ns X ng), f,b:(nsx?
47 /87

Flowsheet generation (2)

Energy-integration model

MILP resolution: from MER ...

1200 T T T T T

1100
1000 | Magic heat is required
900
800

700

T(K)

600 -

500 + :
400 + 1

300 ~ 1

200 : : : : : A CPFL

0 50 100 150 200 250 300 350 feoL ronTrcHNIa:
Q (kw) [
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Flowsheet generation (2)

Energy-integration model

MILP resolution: ... to an integrated solution

1200 *

1100 ~ Process and combustion |
1000: Pttt Mech. power

900 +

800 p
Energy balance closed

CHP optimized

T(K)

700 r

600 prr——— =R}

s00 b1 1] i

400 -
300 -

200 : . 1 ! )
0 50 100 150 200 250 300 350 Eﬂfl!
Qlkw) B
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~ Process system design

Process performances ?

Thermodynamic performances
System balanced
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Process performance

conventional SNG

Some (non-optimised) scenarios for conventional SNG
production:

1300

combustion
1200 - gasification

indirectly heated gasification & PSA 100 [N

process pinch point

Process streams

1000 |~ : : Steam network — — —
producergas Mech. power
900 |- &fumes
g 800 f
=700

depleted streams )
1Q* (800-900°C) (CO,, CHy, Hy, ) 600 - S LN methanaton .
| 500 f-. g

400 b S b i . — steam (gas)
Wood . . Methane SNG SNG ol i = :
—| Gasification — . . — e e
synthesis upgrading 200
0 0.5 1 15 2 25 3 35 4 45 5 55 6
Q[Mw]

input: 20 MW, wood

FICFB CFB
(torr) (pM) (pM, SA) (pGM) (PGM, hot)
Consumption Wood 100% 100% 100% 100% 100%
Biodiesel 1.6% 1.8% 1.8% 0.1% -
Electricity 0.5% - - 0.9% -
Production SNG 72.1%  67.5% 67.8%  74.0% 74.0% PR
Electricity - 2.6% 3.3% - 1.6% FEDERAL? DE IAUSANNE
Overall efficiency 70.7& 68.8% 69.8% 73.2% 75.6% i
57 /87
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~ Process system design

Process performances ?

Economics :
Investment

Design equipments

Sizes

Cost estimations
Incomes

ancois. marechal@epfl.ch Laboratory for Industrial Energy Systems - LENI ISE-STI-EPFL - Marsh 2006
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Equipment sizing and costing

Meeting the thermodynamic design target for the flowsheet

y, multi-obj ‘tuvel . .
: optimisation 3 Rate the equ|pment W|th
- = 'LEN_'MSOL =g
decision variables ision variables u dGSIgn heu rIStICS

(thermodynamic thrgets) perfor ances ((her dynamic targets)

_______________ m pilot plant data

| energy-flow energy-integration \ .

. _sate ! Assessment of investment cost
| [BELSIM-VALI] [LENI-EASY] | . . e .

: s st | considering the specific operating
| ‘\ model /‘ | i
| | conditions
| |
! ]

economic
model i
& B

— " — o s -

[LENI-OSMOSE]

Cer="f(T,p,size(T,p,...)) (1!‘ -

5187

Process performance

conventional SNG

Some (non-optimised) scenarios for conventional SNG

.
production:
Investment cost Total production costs
35
326 33.1 W Heat echanger 102.9 105.4 W Depreciation O Oxygen
network 100 4 - SR E Maintenance [ Biodiesel
30 + - Y R B Steam cycle F W Labour W Wood
[ CO,-removal = b . 893 @ Electricity
— @ Methanation 4 X
£ 251 T 7333777 7 241 - - | OGas conditioning [ < 807 - o T B 7
uo'! . D Gasification %
= M Pretreatment =~
= 04- . . _. e [ TTTEUEAME L o
m @ 607 -
38 17.0 17.6 =
o 2
€ 15 - 8
() v
£ 5401
2 10 { S
5 3
I}
5 a 20
0 - 0 4
' (base) (torr) (pM) (PMSA) * (pGM)  (pGM,hot)! .
. FICFB . CFB . S A  ror T T oMY T (aMSAT - eeM)  (eEM hot)

* (base) (torr) (PM)  (PM,SA) * (pGM)  (pGM,hot):

\_/4 \_/' . FICFB . CFB .(Pﬂ-

. . P ECOLE POLYTECHNIQUE
pressurised methanation & gasification FEDERALE DE LAUSANNE

]
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Technology integration example

Gas upgrading by membrane

Membrane system upgrading superstructure

CH4/CO2
separation

m Maximise SNG recovery m Permeate stream valorised
m Permeate stream is lost m Overall system performance

combustion 'l combustion
ot util trea I ot util P
rict 1 o
Q Q I Q Q
~850°C ~3s0c | | ~850°C ~350°C
! ) I
L proflucer ] ) - proglucer ]
wood | indirecty heated | £ methane | rawsng SNG snG wood! | indirectyheated | 27 methane | raw snG SNG |sNG
22| FicrB-gasification synthesis  |[————=|  conditioning [~ 2222 | Ficke-gasification synthesis  |———| conditioning  [-—

ECOLE POLYTECH

NIQUE

FEDERALE DE LAU SANNE
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Technology integration example

Gas upgrading by membrane

Results : Isolated vs integrated design

isolated integrated overshoot
system 3-stage CC  3-stage, 1 rec
rsNG % 93.2 84.1
ejsgc kWel/MWth,in 76.9 55.9
Cco2,p % 86.6 79.9 + 8.4%
CH2,p % 10.3 9.4 + 9.6%
CCHa,p % 3.0 10.4 -71.2%
A m? 4675 2928
C,sep M€ 5.7 4.1
€>P % 86.6 80.7 + 8.8%
€cg % 69.0 63.5 + 8.7%
€ % 66.0 66.2 -0.3%
G M€ 30.7 29.9 + 2.7%
Cp €/MWh 105.6 102.9 + 2.6%

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE
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Thermo-economic optimisation

Trade-offs: efficiency and scale vs. investment

Efficiency vs. investment:

1600 .
TECHNOLOGY: °
drying: air, T:& humidity optimised
1500 | gasification: indirectly heated dual fluid: bed (1 bar, 850°C) .
— methanation: once through fluid. bed,
= T, p optimised (p = [1 15] bar)
_$ 1400 |- SNG-upgrade: TSA drying (act.alumina) &
= 3-stage membrane: p, cuts optimised °
3 quality: 96% CHa, 50 bar °
U 1300 - heatrecovery: steam Rankine cycle o
1= T, p & utilisation levels optimised
g o
£ 1200 - trade-off:-efficiency-vs. 1
% investment (& complexity) &°°g
‘U 1100 &
k= e
[v] ’
g v 8 ooome®
@ 1000 0O ©® :
input: 20 MW wood at 50% humidity (~4t/h dry)
900 | | | | |
62 63 64 65 66 67 68
energy efficiency [%]
)
L (Gl |
£COLE POLYTECHNIQUE
FEDERALE DF LAUSANNE
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Thermo-economic optimisation

Trade-offs: efficiency and scale vs. investment

1600

Efficiency vs. investment and

1500 -

1400 |-

1300 |-

specific investment cost [€/kW]

T
TECHNOLOGY:
drying:
gasification:
methanation:

SNG-upgrade:

heat recovery:

air, T:& humidity optimised

indirectly heated dual fluid: bed (1 bar, 850°C)
once through fluid. bed,

T, p optimised (p = [1 15] bar)

TSA drying (act.alumina)

3-stage membrane: p, cuts optimised

quality: 96% CHg, 50 bar

steam Rankine cycle

T, p & utilisation levels optimised

o

68

o
1200 - trade-off:-efficiency:vs. 1
investment (& complexity) af-"g
1100 7
- ‘
° r} o 00"
1000 o © ©°® °° 8
input: 20 MW wood at 50% humidity (~4t/h dry)
200 i i ‘ ‘ ‘
62 63 64 65 66 67
energy efficiency [%]

optimal scale-up:

2400 o T T T T T T T
\ scale-up objective: minimisation of production costs
g ~62% (incl. investment by depreciation)
2200 rro i
\°
1
E 2000 g .
] 1
w, |
o
‘g‘ 1800 '@ 1
O i
- 10
G 1600 18 [ R i
c ! §£~54% optimal configurations:
- 1
o increasing efficienc
¢ 1a00 \» ? / 1
£ [
%) ! discontinuities due to
= L |
C 1200 : x% % capacity limitations of
3 ! ! equipment (diameter < 4 m
s PR Y &~ 66% quipment { )
1000 -1 LR %%, o % ]
1 b o ~
nb.F)f e \\ PN :"« %®® 00 , oo e °°°
200 gasifiers: 2 3, 4, 5, ; ; ;
0 20 40 60 80 100 120 140 160 180
input capacity [MW]

A CPFL

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

]
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Some results

Cmparing technologies and processes

comprehensive way of comparing design options in an uncertain world

Thermo-economic Pareto front
(cost vs efficiency):

1600
1500 o Gasification: Separation:
FICFB PSA
= 1400 © airdrying = downstream
:\:‘ A + torrefaction = upstream
2 130 * steam drying of methanation
oy 500 ¢ + torrefaction
w 0 i
8 FICFB gasification __ pressurised FICFB Ph&(’:-abs-
£ 100 //f-—- — - air drying = downstream
g | Ao SR * air drying, gas turbine upstream
£ 1000 H\0&F o om0 oo > : : of methanation
2 X S steam drying, gas turbine
= 58 L * + hot gas cleaning Meinbisiies
E s CFB-0O, = downstream
g 800 © airdrying of methanation
a . ;
) 700 pressurised CFB-O, - % ;::;g:é/icr:eganmg
gasification "% _
600 . o + hot gas cleaning

56 S8 60 62 64 66 68 70 72 74 76 78 80 82
SNG efficiency equivalent [%]

— The best solution is the pressurised directly heated gasifier (Wl
ES
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ENI Systems

~ Sustainability and process integration

e Process integration of supply chains

- What is the size of the process wrt to
biomass availability ?

- How to minimize the environmental
impact ?

ancois. marechal@epfl.ch Laboratory for Industrial Energy Systems - LENI ISE-STI-EPFL - Marsh 2006
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ENI Systems

Environmental Process performance indicators
Identification of Life Cycle Inventory elements

e Process superstructure, extended with LCI

1
| == thermo-economic model flows X . wastewater |
| = LCAmodel flows, added NOx PM €02 (;”OQIj”'C gypsum & Zn0 CO2 (fossil) N, A1203 FNG (substituted)
2 + fossi .
: == |CAmodel flows, value .
| directly taken from t-e model /] boiler, steaf nefor 5] j
X Q ( combustion ) |Q  and turbin 5] X
1 Hy0 (v) Hy0 (V) e reatrecoverysystemp 1o fQ compression SNG :
§I trzrr);‘:)tgrr * — cold gas H0() Functional :
g wood chips | — fluegas | |% clean-up (filter, ||nttjerfrlwacl|¥ d polymeric Unit: 1MJoyt,
1] production wood chips " | drying scrubber, guard Cooled, fluidise !
] > bed reactor 1
E transport to drying : beds) " purification . o
H SNG plant . 95 Z;Z H’]Zs”i . (€02 (biogenic),
T hard d P d 0 gasification clean-up compression 1
4 hardwood  soft woo air 1
3 chips  chips —/PCiont nsfer mdmbranes ) 1
; 1 - o .
5 olivine ’ ctw x;ﬂa/jr/on 70 Ni AI203 elef:mcgy. oroduead X
i cradle-to-gate LCA system limits "’“"“"C’GCSQ SriNg! water  CaC03 (catalyst) (mix substituted f produced) I
il e et ¢ <o H A AN 3

to take into account off-site emissions

http://www.ecoinvent.org

— X I
S '%*ﬂ Gerber, L. et al.,, 2010 Comp & Chem Eng., 1405-1410 .( I){k.

Integration of LCIA in the methodology

Perspective: plant scale-up vs. biomass logistics

The biomass Logistics has an influence on the plant impact
5
S -o0.0s5 ‘ ‘
g Effect of process integration and design! * LC data taken from
g ------------------------------------------------------------------------------ Felder et al, and adapted
2 -0.052 . to system limits
q?; ° A:H20, no steam cycle (1G)
Al L o B:H20 (1G) . L.
(@) 0.054 © C:H20, press. meth. (2G) bl.omass logistics
% x  D: 02, press. meth. (2G) impact model
X x E: 02, press. meth. & gas. (2G)
= -0.056 o F:H20, press. meth. & gas. (2G) 7
= === Conventional LCA*
(o)
‘S -0.058F .
o
2 PO T
'E -0.06F .
S x
= ’ NN TR Q%@J@ @0, 0 ® Ox@ ¢
= -0.062F ;¥ - X % .
-8 1 1 1 1
5 0 2 4 6 8 ., 10 ICP
Wood input thermal capacity [kWth] x 10 FEDEALT O LA AR
[
— Optimal plant size with respect to biomass logistics
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Site integration: process couplings

EtOH & SNG

Ethanol production from lignocellulosic biomass:

\fresh water electricity 460 ; : :
i —| 21mEe0oH ]1.3% heat (at 400 - 450°C) w0 ‘
| }23.6% ol r 4
: Biogas 400
. | Ethanol production | 7% o
wood Syl Lignin i
100% « fermentation 40N 320 |
| « distillation Ethanol 300 |
I 32.3% I N
L waste water o aw
- ‘| 2.6 I/l EtOH values based on LHV input: 58 MWth,wood

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE
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Site integration: process couplings

EtOH & SNG

Ethanol production from lignocellulosic biomass:

fresh water _ _ _electricity 4 17.1% 1800, e
|— - 2.1/l EtOH 1.3% heat I bl Mechanical power -
‘ l l 1100 -
I Biogas ‘zzz [
| . i
' | Ethanol production | 67% | steam g o
wood : Lignin cycle 600 |
—_— « hydrolysis 54.0% oo | )
100% « fermentation : oy -
I « distillation Ethanol o I O - O R .- -
| 32.3% 200~25 -20 -15 ~1l(()) o 5 <l) 5 10
l - — _ waste water ‘ _
‘| 2.6 I/l EtOH values based on LHV input: 58 MWth,Wood

steam cycle

Input wood 100 %

ethanol 323 %
Output SNG -

electricity 17.1 % .(l)ﬂ-
chem. efficiency (Annccc=55%) 62.3 % ERTR I
total efficiency 49.4 % i

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

EtOH & SNG
Ethanol production from lignocellulosic biomass:
fresh water _ _ _celectricity 4 21.5% B P
i —| 21/IEtOH 1.3% heat I | el el
I 1100 |
| ! 2 I | 1000 |
Biogas
I .
. | Ethanol production | 7| 1G6cC =
wood hvdrolvsi Lignin |
] * Nyarolysis :
54.0% 1
100% « fermentation - ]
| « distillation Ethanol Bt ? :
I 32.3% e ou;;wl R
Lo suvns waste water : )
‘| 2.6 /I EtOH values based on LHV input: 58 MWth,wood
steam cycle IGCC
Input wood 100 % 100 %
ethanol 323 % 323 %
Output SNG - -
electricity 171 % 215 % A
chem. efficiency (Annccc=55%) 62.3 % 70.0 % OO T LR
total efficiency 49.4 % 53.8 % i
Energy balance for different process integration options (without seed train, non-optimised).
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Site integration: process couplings

EtOH & SNG
Ethanol production from lignocellulosic biomass:
fresh water electricity +-3% 1300 e
—————————— tOH production +——
i ~| 211/EOH |1.3% heat I :
I ‘ l l 1100
I Biogas ol
| H 6.7% SNG SNG 800 |
. | Ethanol production g
wood hvdrolvsi Lignin 40.3% .
C— « hydrolysis
4.0% f
’0‘2% « fermentation 0% :ZZ L =
| « distillation Ethanol 300 | e
| 32.3% 20072 (; 2 Q[A:W] 6 8 10
waste water
R ‘| 2.6 I/l EtOH values based on LHV input: 58 MWth,Wood
steam cycle IGCC SNG
Input wood 100 % 100 % 100 %
ethanol 323 % 323 % 323 %
Output SNG - - 40.3 %
electricity 17.1 % 215%  -3.0% [ (il |
chem. efficiency (Annccc=55%) 62.3 % 70.0% 673 % o RaTSE
total efficiency 49.4 % 53.8 % 70.5 % i
Energy balance for different process integration options (without seed train, non-optimised).
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Site integration: process couplings

EtOH & SNG

Ethanol production from lignocellulosic biomass:

fresh water electricity 4 1.5% 1300
i =| 21mEoH 1—1.3% heat |
13003 Process and utilities
| ! : l I 1000 | Mechanical
Blogas SNG s | lechanical power
I .
. | Ethanol production | 7% St g
wood ; Lignin| + steam |30.5% |
o « hydrolysis 54.0% v \
100% « fermentation z - 3
| « distillation Ethanol wf o §
| 32.3% e > 2 0 2 4 6 s 10 12
L waste water am
- 2.6 I/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 171 % 215%  -3.0% 15 % PR
chem. efficiency (Annccc=55%) 62.3 % 70.0 % 67.3 % 65.3 % OO T LR
total efficiency 49.4 % 53.8 % 70.5 % 64.2 % i

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

EtOH & SNG
Ethanol production from lignocellulosic biomass:
fresh water __ _electricity 4 -1% 130
- 2.1/l EtOH 1.3% heat | 1208
11003 Process and utilities
| ‘ . l | 1000 | Machuical i
Blogas SNG HP s lechanical power
| . o + [
. | Ethanol production | 57% £19NG, ¢ =
wood : Lignin| + steam 41.9% oo | ;
o « hydrolysis 54.0% gl T
100% « fermentation z w0 | ]
| « distillation Ethanol 300 | ! ;E
| 32.3% i 2 0 2 Q[:»\w] 6 s 0 12
L - _ _ waste water ' ]
‘| 2.6 I/l 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 - - 40.3 % 30.5 % 41.9 %
electricity 17.1 % 215%  -3.0% 15% -1.0 % [ (il |
chem. efficiency (Annccc=55%) 62.3 % 70.0% 673 % 65.3 % 723 % o RaTSE
total efficiency 49.4 % 53.8 % 70.5 % 64.2 % 73.1 % i
Energy balance for different process integration options (without seed train, non-optimised).
Gassner, M. and Maréchal F. ECOS2010 proceedings, Suping Zang et al. Energy and fuels 23, no. 3 (2009): 1759-1765 82 /87




ENI Systems

Motivations

6. Overall System analysis
Extending system boundaries
Locate the plant for CHP

Heating &
Hot water production, ’
Power [MW]at-6°C 33}y
B 536 - 11.11 [MwW] % D
[ 287-535 K OTF
[ J108-286
[ Jooo-1.07

ems - LENI ISE-STI-EPFL - Marsh 2006

v
l; BV O
$ { SE XA
QI NS AR

YN A 4ﬁhl.%;
ﬁ‘ ke NS 1<

\ oA CEINE S

YN {7
Vg
3

ancois. marechal@epfl.ch Laboratory for Industrial Energy Syst

Heating requirement in the Canton of Geneva

X _
S '% Girardin, et al., Energy, (2010) 63 .( I)fl-

The System vision of the bio SNG plant

1 Swiss familly of 4 person with hybrid SNG car and SIA standard
house require 2 Ha of forest and ... sucks CO; from the
environment.

Overall CO2 balance : - 1.88 kg/s

EMISSIONS
CO2:0.79 kg/s

Water : 0.75 kg/s

CO2: 2.31 kg/s

CcO2
0.79 kg/s

T ana “,ﬁ‘/
WGOD 20 kM\;V "j,; Purification Y} |
ood : 1.2 kg/s | £t LA i

e P11

Water : 1.2 kg/s

CH4 14.3 MW h Y
:"‘Avoided Fossil fuel
co2 L 17.9MW L (Gl |
0.73 kgls -1.15 kgls CO2 fossil FEDERA NRE
[
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Towards Industrial ecology

EMISSIONS
CO2:0.79 kgl/s

CO2:2.31kgls Water : 0.75 kg/s

C02
0.79 kgls

o = /77§ LEC.
dﬁrfag?—' o™

Heat
pump

\Vietha

HEAT™.2 MW
HEAT 2.0 MW

CH4 14.3 MW

g Avoided Fossil fuel
: Waste water treatment C02 17.9 MW
% CO2 underground : + 1.88 k&> kgls -115 kg/s €02 fossil
s

(Gl

ENI Systems

~ Motivations

7. Computer aided design framework

OSMOSE
developed by the LENISYSTEM group

oo [INEPFI




- OYSMOSE : A process system design platform

Grid computing

Multi-objective optimization
Evolutionary - Hybrid
GUI : Spreadsheets, Matlab Optimisation Optimization problem decomposition
’ Optimization under uncertainty

Equipment rating
costing, mpact

Sizing/costing data base
/ 18 LCIA database (ECOINVENT)

Optimal control models

GIS data base
Industrial ecology
Urban systems

Process Sow model Enesgy imegraton

Superstructure ! Optimisation (MILP/ AMPL or GLPK)
Flowsheeting tools/ . l Multi-period problems
*BELSIM-VALI
*gPROMS Energy technology data base MILP/MINLP models
*ASPEN plus eData/models interfaces AMPL
eHYSYS <«—— eSimulation Heat/mass integration
eMatlab eProcess integration interface Sub systems analysis
eSimulink eCosting/LCIA performances BonMin
*(CITYSIM) *Reporting/documentation HEN synthesis models
*Others possible eCertified dev procedure
*CAPE-OPEN ? l
*PROSIM
*MODELICA ? PinchLIght interface
*UNISIM ? *Web service tool to access models via the web

>|'< e Web interface + workflow
et (L

{ ENI Systems

Conclusions

» Process integration and design methods for
sustainable biofuel systems

» Energy system analysis

» Thermo-economic models

» Process integration techniques

» Life cycle assessment methods

» Multi-objective optimization techniques
» Systems “thinking”

» from multi-disciplinarity to inter-disciplinarity
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http://leni.epfl.ch
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