ENI Systems

Process design methods for
sustainable energy systems

Dr Francois Marechal
Ecole Polytechnique Fédérale de Lausanne

T (i

vendredi, 18 février 2011



Al

EPFL

Dr A. Fromentin

Head International Relations Affairs

EPFL Slide

vendredi, 18 février 2011



)
e

Federal Council
State Secretary

Performance Mandate

ETH board

Performance Agreement

WSL || EMPA EAWA(.]Lu

HEBEBEBEBRE
\ / 2 federal institutes + 7 Universities
10 uni v o of technology of
universities . .
— Applied Sciences

vendredi, 18 février 2011



.(I’ﬂ-

LYTECHN 1 (J
lu\l E LAUSA

EPFL in numbers

10°000 People on the campus

7178 Students, of which
1785 PhD students
900 teachers and educators
320 Faculty members (Prof)
Confederation Budget 548 Million CHF (2009)
External Financing 194 Million CHF (2009)
EPFL Slide
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World @epfi
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ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

1000

m Professors
® PhD
u CMS/BS/MS
Exchange students
N e -
France Germany Italy China India Russia USA Canada
Non-exhaustive list!
EPFL Slide
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Academic Ranking of World Universities by

Broad Subject Field - 2009

Shanghai Jiao Tong ARWU 2009

et

LI
FEDERALE DE LAUSANNLE

Engineering, Technology and Computer Science

1 Massachusetts Inst Tech (MIT) USA
2 Stanford Univ USA
3 Univ Illinois - Urbana Champaign USA
4 Univ California - Berkeley USA
5  Carnegie Mellon Univ USA
6  Univ Michigan - Ann Arbor USA
7 Univ Texas - Austin USA
8  Georgia Inst Tech USA
9  Univ California - San Diego USA
10 Penn State Univ - Univ Park USA
11 Univ Southern California USA
12 California Inst Tech USA
13 Univ California - Santa Barbara USA
14 Univ Maryland - Coll Park USA
| 15 EPFL Switzerland |

15 Univ Cambridge UK
17 Purdue Univ - West Lafayette USA
18 Cornell Univ USA
19 University of Toronto Canada
20 Tohoku Univ Japan

Institute of Higher Education

EPFL in the top 20
iIn Engineering,
Technology and
Computer Science

No 1 in Europe !

EPFL
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Educate and train future scientists, engineers and architects

Conduct cutting-edge research

Transfer knowledge to create jobs and companies

EPFL Slide
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Core competences

A wide range of knowledge

Schools

Basic Sciences

Engineering

Computer and Communication
Sciences

Architecture, Civil and
Environmental Eng.

Life Sciences
Social Sciences and Humanities

Management of Technology

_ (il

Educational programs

¢ ¢

e Physics

¢ Mathematics

Chemistry / Chemical Eng.

* Material Sciences

e Electrical Engineering

¢ Microtechnology

e Mechanical Engineering

* Nuclear Engineering

e Computer science

¢ Communication systems

e Architecture

e Civil Engineering

e Environmental Science & Eng.
* Life Sciences &

Technology

e Management of Technology

¢ Financial Engineering

e Computational Science & Eng.

EPFL

Slide
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A curriculum with international compatibility
Undergraduate Graduate Graduate

Bachelor (BS) Master (MS) Doctoral
Studies (PhD)

Bologna-based curriculum

International students with a first degree

Bachelor lMaster l PhD To professional
11213 1 2 3 4 B market

& research

To professional
Student mobility market

+ Postgraduate studies: Executive Master (EM) - Master of Advanced Studies (MAS) - Continuing Education

EPFL Slide
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EPFL Education Total Number of Students
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TCOLE FOLYTECHNIQUE
FEDERALE DE LAUSANNE

A steady increase

Nb of students * 7'162
7'000 -
6'500 |
6'000 | _
Foreign
5500 | tudents
5'000 | _
Swiss
nationals
4'500
4'000 :
reign
3500 residents
3'000 I I I [ I [ I [ I I
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008
EPFL * Bachelor, Master, PhD, Postgraduate (CMS not included) Slide
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Steady increase of PhD students

2009: 1,785 PhD Students
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Create a True Campus

€S

jec

®
C
Q
=

Ma

Infrastructure

Conference Centre

Rolex Learning Centre

L
1~

Innovation Square ==+

vendredi, 18 février 2011



lg‘ Laboratoire d’énergétique industrielle -(I {\-

Industrial Energy Systems Laboratory A
LENI -IGM-STI-EPFL

Industrial Energy Systems Laboratory

Mechanical Engineering Institute
School of Engineering

Ecole Polytechnique Fédérale de Lausanne

Prof Dr. Dantel Favrat
MER Br. F. Marechal
MER Pr. Jan vVanherle
http://lent.epfl.ch

©F.Marechal LENI-IGM-STI-EPFL 2009
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Industrial Energy Systems Laboratory

Sustainable energy systems

analysis and synthesis
MER Dr. Francois Marechal

Energy ®sqyeérsion systems

IndustriaNgrocesses

eat Pumps & fuel cells & other reactive

Organic Rankine Cycleppof Dr. Daniel Favrat 5 ™
Waste heat revalorisation M]%]R Izl’- .l]an
Renewable energy resourfes anneric

Tran3portation
Cogdgneration

Engines

approx. 30 people , 3 seniors, 4 groups

T (il
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Industrial Energy Systems Laboratory Reseach

e Goals

- Develop methods, tools and technologies
for the Rational Use and Conversion of
Energy in Industrial Energy Systems

e Keywords
- Advanced energy conversion technologies
- Energy efficiency
- Systems integration
- Sustainable development
- 2000 W society

i il (il
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Oil-free Turbo with direct high speed electric drive

-4

ibetter oil-free heat transfer

:coefﬁcient with enhanced surfaces)

HIGH SPEED (240’000 RPM) - Qil Free Compressors (gas bearings)

Coefficient of performance better (in 2 stages)

Continuous power regulation (high performance and variable speed
permanent magnet motor)

No oil, ease of refrigerant recycling, fluid compatibility ..

Miniature, low material content 7

: N

Smaller and better evaporator
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| ENI Fuel Cells

— Industrialisation of SOFC systems

catalysis management

[ELECTRICITY

FUEL + HEAT

des""ig‘n

0“%“

Q,\‘ \66 eléﬂ'é'trochemistry co r_[_os-idﬁ """ t
WO cledrochemisty  cor %
C ICS)

Modeling & Experiments

® Gl

ECOLE POLYTECHNIQUE
FLDERALE DE LAUSANNE

electronics
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ENI Systems

Systems integration : SOFC+uT hybrid

System group Fuel cells group

Efficiency up to 80 %
Size 21 kWe

:Fuel Processing ] ,
| !

i WatL@ l—'_|
CH4 -

BioCH4 | {reat

Methane @ @
77777777777777777777777777777777777777777777777777777777777777777777777777777777777 et ——> Heat
[EM] 9P ump I>’ Compressor = Separator Heat Stream o ’
®Fan @ Power <] Turbine I Heat exchan nger l Material Stream _—> H20
L Gas Tur b ine

Do

Cycles group

) *
|ﬂ/ | Patent EU : pcT/1B2010/052558 .(I){t-
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ENI Systems

System integration the LENI concept : CO2 district heating system

Plant side ' Consumers’/individual providers’ side

(Heating / | Heating Electricity
cooling plant): | | M generation COz2 lig./
| W AW — | vap.
| X ratoms L) {"‘ }“ i WW L T -
o f | L] Lo emho g
*"‘N‘I ‘“ \ E i o Uquid__
25l | )

!
N | Ry
D MM*' : é k¥ , i
!
!
!
!

/l\ilr- B |MN CO:2 extraction
s o KL or injection
condition. e ——
Refrigeration
* No more cooling towers __J

* 2 pipes instead of 4
 Full synergy

CO:z2 liquefaction /
vaporization

o : IEPFE
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ENI Systems

Le groupe
Awnalyse et synthese des systémes énergétiques
assistées par ordinatewrs

Sustainable energy systems
Awnalysts and Sywnthesis group

MER Dr. Fra V\/QDLS Marechal (francois.marechal@epfl.ch)

ndustrial Energy Systems Laboratory
Laboratoire o’énergétique inoustrielle
LENI - IGM - ST1 - EPFL
Eeole Polytechniaue Fédérale de Lausanne

CH-1015 Lausanwne

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

http://leni.epfl.ch + 41 21 693 35 06

b=

et e
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ENI Systems

e Francois Marechal’s CV
- 1986 Chem Eng. Univ. Liege (B)

- 1995 Ph D. Univ Liege

e prof Kalitventzeff, Energy Analysis and Synthesis of Industrial
Processes

- 2001 EPFL / LENI
- 2005 MER (EPFL /LENI)

e Other
- Scientific committee of IFP Energie Nouvelles
- Advisor Energy efficiency VEOLIA
- ECLEER (EDF/ Mines/EPFL)

- Responsable for the minor in energy (EPFL)
- ESCAPE comitee (repr. CH)

. http://people.epfl.ch/francois.marechal

R (W
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ENI Systems

the LENI SYSTEM group

4 Post docs - 12 Ph D. students

A team who develops computer aided process system
engineering tools and methods for the analysis and
the synthesis of efficient processes and energy
conversion systems
- Thermo-economic & environomic models of sub-systems
e Data base concept
- System integration modeling
e Modeling the possible interactions between sub-systems
- Multi-objective optimization for decision support
e Thermo-Economic Pareto fronts

- Thermodynamic insights for systems analysis and synthesis

with the goal of understanding the system’s energetics

= 2 B
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ENI Systems

Domain of applications and partners

Environment ) EneraY - teter- golvent Industrial Processes I |
Cold composite curve ——— 6854 kW
*Pinch analysis s R y J'
ool eExergy amalysis o AN
materials [ frosice eEnergy conversion F oy G
G T— eIntegrated systems | i) )
v Water & Waste e oz ]
o Emissions ~ Water  Solids o

NESTLE, EDF, OFEN,VEOLIA, RHODIA, SYNGENTA, SNF, Borregaard

Process system design
*Fuel cells systems
*Power plants, Biofuels,...
*Water prod.,VVaste water
*CO?2 capture
VEOLIA, CCEM,ALSTOM, SWISSELECTRIC,

GA Size of % capacity MW

490

. 800
480

n - 1GT11
A % % 36711 g e \ 700
=]
’ 0t

Urban systems
*District networks : CO2 swiss knife
*Polygeneration :Virtual power plants
*Integrated services and technologies
*Access to renewable energy resources

= 470 T \ \
i 460 i 600
% = [ | :E 450 3 9713\ 2 6T13 Qv 500
v 1 —(j— | . i £ 440
_ { - 1400
=>17j 8. v
a .
U . E g B 2 GT26 . 16726 300
\— ; * ¥ 200
#1050 400 450 500 550 600
cost gas supply subsystem (US$/kWh)

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

o S
b= (W

vendredi, 18 février 2011



ENI Systems

Process design methods for
sustainable energy systems

Dr Francois Marechal
Ecole Polytechnique Fédérale de Lausanne

T 2 P
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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
6.5ystem analysis

/.Computer aided design framework

= (W
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ENI Systems

Motivations

Sustainable energy systems

The 2000 W society challenge

2000 Wyear/year/cap
1tCO2/year/cap

i - [EPH
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2000 W society conce

BLOMASS

pt

) Primary Bnergy Consumption per capita tn 2005

A7 USA : 10474 W
Fuinlande : 2255 W

Suede : FoF2 W
OCDE : 6292 W

Autriche : 5526 W

Euwrope : 5239 W

T TR0 If all Like the U

Chine : 175 ;V\’erg 3 an EV\aﬁYgé

de : 650 W

bsh : 225 W

) 5

2'0&0 4'000 &'000 '000 10'000

Source: Key World Energy Statistics, 1BA, edition 2007, Renewables
information IEA, edtion 2007
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Energieflussdiagramm der Schweiz im Jahre 2006 in Terajoule
Flux énergétique de la Suisse en 2006 en térajoule

Energy usage in Switzerland

Primary : 4852 W

Energiesinsalz Umwandlung
Utilisation totale Transformation
1 166 030
7180 =150

Solid fuel : 342 W

81 Gad

-24350 ' 5 900
130

Natural Gas : 473 W
1260
“5" Electtigity i
Electrici
117 210
v,
10 080 Lo Electricity ou

B 30D o0 580

End use : 3647 W

Endverbrawch
Consommation finale
BAa 330

Household :

298 BT0 (28.2%)

Industry : 740-W

17350 (20,0%)

Services : 604-W-

144 T8O (16.3%)
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Transports : 1218 W o

292 030 (32.5%)
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(1,6%)
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ENI Systems

e Process design
- an easy definition ;-)

- LENI ISE-STI-EPFL - Marsh 2006

rancois.marechal@epfl.ch ®Laboratory for Industrial Energy Systems

— x —
b= (W
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ENI Systems

Energy Conversion Systems

_—Improving resources productivity by the

— integration of process systems
o — = |
/' / \ % Conversion systems

/ 4 ) Products &

/ Raw materials |===» i Energy services
F —

g Ressources : -
Al e

-
3
.

: - ¢ -Erm'ss_ic)ns\l“ -

% - . — -Losses ..  Waste

Socio - ecologic - economic
-environment

- PP

u

£ u . — A

17 - —— | — "~ ¢
A | — Price - N

& - > . :

E Y - ~ o - '.. . - — -3 - R
- h - - | - - - —~ - -
‘ \ : : :

£ . —— T - 3 - _
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ENI Systems

Energy system analysis and design

4 )
Connexion§v "
- Operating )
T conditions (S)
. \ | -
Equipment _ . PO
. Type & SlZ Conversion e %
y : 7 & - . 12;
o _ =
\ - products O
al

Socio - ecglogic -jeconomic
Lren ironr nt

r:] ( r'“[ s / '

Waste eat eml sions .(l)ﬂ.
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ENI Systems

Motivations

Reducing the demands in the industry

Process integration challenge

Rational use of resources in industry
Energy and Water

Minimize the environmental impact

T o2 EPHE
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ENI Systems
5 Y

Industrial processes system driven by energy

_ Energy Support
Energy bill | Electricity Fuel Water Air Inert Gas

Environment

Sales

4 ™

;Energy )
| Raw services
.| materials ?Products
] »By-
1N y Products
f \. J

Raw materi

Heat losses l Solids Water Gaseous j
|— Waste management b ste .(Pﬂ.
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;ﬁgENI Systems

1. Reduce : analyse process requirement

Energy Support
Electricity Fuel Water Air Inert Gas

Environment

Energy
= Services
aw
. materials Products
: By-
Products

Heat losses Solids Water Gaseous

El Wasta P
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1. Reduce : Process requirement analysis :unit operations

Requirement per kg of
products

Reduce

System boundaries

? Bio methane ?

//'\ 6/24 ~‘ -
Analyse du pincement et intégration optimale des utilitaires en vue d'améliorer I'efficacité énergétique des JANAY ‘ - i
procédés brassicoles LAl eDF

Monika DUMBLIAUSKAITE, ingénieur ENPC Yo
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"]ENI Systems
2. Recycling : heat and mass recovery

Energy Support
Electricity Fuel GN Water Air Inert Gas

Environment

Production support

Products
8 Raw By-
materials Products

Waste collection

Heat losses Solids Water Gaseous

El Wasta P
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2. Reuse : Heat recovery -> Pinch analysis

Water recovery -> Pinch analysis
— Heat recovery MER

hot 3% MERhot Evaporation
) > ¥ >
IP
%0 3%)- Recovery
0 H0- T
= — Battle washing 72.5°C
g g
. g 1
H s Bain paSteurisation 62°C
[ ®
2 2
; :
F F Heat requirement
30 300 . —
savings = 45 %
eenes GOMS SlrE3MS [cONT. T) fermentation 11°C
e HOt StraMS (cONT. T)

Cold streams (real T)
Hot Streams [real T)

280
m ERcoId

>

0 20 400 800 800 1000 120 120

14/24 ~C =
Analyse du pincement et intégration optimale des utilitaires en vue d'améliorer I'efficacité énergétique des ‘ Jy
procédés brassicoles eDF

Monika DUMBLIAUSKAITE, ingénieur ENPC
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ENI Systems

3. Reuse : Optimal conversion and waste treatment

Energy Support
Electricity Fuel GN Water Air Inert Gas

Environment

Energy
 Raw ierv(;cest
- materials roducts

v By-

Products
Waste collection
Waste treatment

Heat losses Solids Water Gaseous

- Heste IEPFU
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3. Reuse : Energy conversion system

Combined heat and power integration
Cogeneration

Heat pumping (refrigeration + heat pump + mechanical vapour recompression)
Husk Biomethanization (1664 kW) -> Cogeneration

=
<
o

pas | ==OWos
— ey WAy
Nech Fowe:
e
X 650
t L]
L Engine —,
L.
R
Heat Pump
. L) o ‘s
Ref cvele condensation
condensation y,. \ll
......... o QF |
. » i - .
Heat Pump 235, rT '? 530 w0 FREF T 20m
ANaporalion ' Haal Losd (&
M o Ret. evele bW

17124 C
Analyse du pincement et intégration optimale des utilitaires en vue d'améliorer I'efficacité énergétique des

procédés brassicoles ‘ g/
Monika DUMBLIAUSKAITE, ingénieur ENPC
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. i B
Results (Maximum Heat Recovery) @i epr

Q
&
N
S B &
o N R 23 &
5 S 5 &S
@ < & 0 S OW
3 > J N
& L S C)O *
& < x
Unit 0. 1. 2. 3.

Fuel kW 3133 2088 1140 200
Electricity kW, 184 184 212 -219
Water kg/s 32.0 17.1 0.2 0.2

Run. Costs FR kE/yr 500 332 212 -32
Run. Costs GER kE/yr 780 520 336 -60
TOTAL Costs FR kE/yr 500 332 274 115
TOTAL Costs GER KE/yr 780 520 398 88

TOTAL CO, FR* ton/yr 3690 2459 1372 170
TOTAL CO, GER* ton/yr 4400 2987 1976 -452

3 3 B Grid electricity mix: FR=55 kgCO2/MWh, GER=624 kgCO2/MWh ¢
M. Dumbliauskaite, H. Becker, F. Maréchal
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ENI Systems

3 R approach for process integration

» Reduce

*Analyse processing requirements Simulation/
*Analyse process units requirements | optimisation
*System boundaries

» Recycle

Exergy analysis

Pinchlight.epfl.ch

Heat transfer & mass

*Mass recovery (production support) — LrEauremen
*Heat recovery

Pinch analysis

» Reuse
*Combined heat and power Optimization
*Heat pumping
*\Waste conversion/valorisation ';3;?: nfca'e
*Extend System boundaries integration
X

- (L
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ENI Systems

Motivations

e Energy conversion system design
- an easy definition ;-)

e  [EPH
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ENI Systems

Sustainable energy systems

» Energy conversion system design :
an easy definition but ...

» Growing number of (advanced) technologies
» Multi-services approaches
» Need to valorize synergies

» Uncertain environment
» Energy services

» Energy prices + investment
» Environmental pressure
» Technologies performances

» Renewable energy resources
» Energy is the driver and the raw material and the product

» Need for a comprehensive method to drive
. engineers towards good solutions

a PP

vendredi, 18 février 2011
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ENI Systems

The energy system engineering methodology

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

b=

Energy services System Boundaries
Resources

Context & Constraints Technology options

Technologies

Thermodynamics
Models | Economics

Environmental impact

Results analysis
*Exergy analysis
eComposite curves
*Sensitivity analysis

*Multi-criteria A O Process Superstructure
Solutionsg P e — A
M I . b. . ‘ . . %50 my .
R ut|-9 !ectolve o Heat & ey '
»| § Optimization N Mass integration +- 4
C ‘ . - DTmin
O Solving method A e [ DTmin/2
21 % . , System performances indicators
E Decision variables o .
Infeasible *®0y- _ o conomic
N * Thermodynamic
Investment e Life cycle environmental impact

Thermo-economic Pareto

R «+ IEPHE
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ENI Systems

Process system design :

e A Simple problem ?
Produce Synthetic Natural Gas from Wood

o_ ;
CHyasOoea -k 0.34765Ha00 = "o ™l o 1 fosc H, 4 0 48875605

B (il
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ENI Sys

Process system design

-What are the options ?

T  IEPH N
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Combustion

Biomass conversion

N

Solid biomass | _|
(wood, straw)

/ﬁ\
S

Wet biomass
(organic waste,
manure)

.
7/

Sugar and

starch plants
sugar beet, cereals

Oil crops
(rapeseed,
sunflower)

(—— /T
\\;/\__/

Gasification

[ (Comsion )
(et
o)
(natanaion)

Bio-
methanation

Ethanol
fermentation
xtraction an
esterlf'catlon

T

N .
[Electrlaty

7
C Heat

(roducerga9
C Bio oil )
( Biogas )
(Bioethanol)
(Biodiesel)
. J

[Heat / CHP

;/

Transportation
fuels
( Chemicals

\_/\_/L/

J

adapted from Chemical Engineering 10 (2006)

S

(il

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

15 /87
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Biomass conversion

Biomethanation

(
\ 4 )
Solid blomass (CombustlorD ( Heat ) Heat / CHP
(wood, straw
(Gaszﬁcatlo ) Croducer ga9
Wet blomass
(organic waste, - Electricity
manure) ) Pyrolysis Bio oil /
Sugar and Bio- .
starch plants Qnethanatmn ( Biogas X Transportation
sugar beet, cereals fuels
Ethanol .
Bioethanol
fermentation
Oil crops
(rapeseed, xtraction an —— Chemicals
BNy esterlf'catlon 1odiese

J

adapted from Chemical Engineering 10 (2006)

(il

ECOLE POLYTECHNIQUE

FEDERALE DE LAUSANNE

S

16 / 87
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Biomass conversion

Ethanol fermentation

f N
\ 4 4 N\
Solid blomass (CombustlorD ( Heat ) s/ G
(wood, straw
(Gasiﬁcation) C roducer ga9
Wet blomass
(organic waste, |\ , o Electricity
manure) ) Pyrolysis Bio oil
Sugar and ( Bio- ) ( Bio )
L gas n
starch plants methanation Transfporltatlon
sugar beet, cereals \ ueis
Ethanol . 4
Bioethanol
fermentation \
Oil crops
(rapeseed, xtraction an o Chemicals
=umower) g esterlf'catlon Biagiesel g
«® \ J
adapted from Chemical Engineering 10 (2006)
a (A
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Biomass conversion

Transesterification

f N
\ 4 4 N\
[Ohd blomass (CombustlorD ( Heat ) [Heat/CH j
wood, straw
(Gasiﬁcatlon) C roducer ga9
Wet blomass
(organic waste, o Electricity
manure) Pyrolysis Bio oil
Sugar and Bio- .
starch plants Cnethanatlan C Biogas ) |, [Transportation
sugar beet, cereals fuels
Ethanol .
Bioethanol
fermentation
Oil crops & |
(rapeseed, xtraction a % s emicals
sunflower) y Qsterlfcatlob ( Biodiesel y}
© \ J
adapted from Chemical Engineering 10 (2006)
ar
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Biomass conversion

Thermochemical routes

f \
N [ N\ A
[Ohd blomass C ombustlorD ( Heat ) [Heat/CHP]
(wood, straw) \ /
(Gasnf catlon j Croducer gas
Wet blomass N / \ -
(organic waste, |”] , \/ - Electricity
manure) Pyrolysis L Bio il
Sugar and Bio- :
sugar beet, cereals fuels
( Etfians] ) (Bioethanol)
—— fermentation
i
(rapeseed, Etracnon 3 3 C —— ) Chemicals
sunflowen) esterification L g

\ J
adapted from Chemical Engineering 10 (2006)
(.

ECOLE POLYTECHNIQUE
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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:

v I’

intermediate

biomass biomass product fuel
—>| decomposition —_— synthesis
rather high T rather low T
(200-1200°C) (200-400°C)
non-condensable/ "
o condensable B
m gasification substances
. L
m pyrolysis (Ho2, CO, CO,, H20,
CH41 CXHy1 |
char, tars)

fuel

methanation
FT synthesis
DME synthesis

P
metha n0| FEDERALE DE LAUSANNE
synthesis 5
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Methodology

Block flow superstructure

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

................................................................................................................
.........
P .
o
+

— — — — — — — — .
e

r
evolutionary, multi- objectlve |
optimisation

s S _ ———

---------- results analysis and process synthesis ECOLE POLYTECHNIQUE

FEDERALE DE LAUSANNE
) .
e eaame s m s eEEEEEEEssessEmsEEE SRR EESEEESSESESSESEEEEAEEEESEEESEESSSEESSSEESssssEssEEsssssssssssssassed® * B
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I - [LENI-MOOQ] y

I : Bl i W B Hol

I decision variables erformances decision variables

I i (thermodynamic targ p ermodynamic targets)

I R R R - -

! g N
' energy-flow _ energy-integration| |

: : model state variables model |
I | [BELSIM-VALI] thermo-economic model [LENI-EASY] I
I i :
: | statevW economic wriabies I
I E model I
! AN /i
[ ~N e e e e e L T T/ /o _— 7
: ....... [LENI-OSMOSE} .«

I

I

I

\
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ENI Systems

Process system design

- What are the processing options ?

i >+ ICPHEE
vendredi,




Block flow superstructure

Conventional route (gasification & methanation): decomposition

H + + H
200) T l Q l Q Tvolatiles 200) L _l Q+
_____ ~ /(_ — —_ : N

-
(- N e ~ . ) [ N
I I Indirectly heated, I Cold gas cleaning
Air drying | Torrefaction steam-blown | (cyclone,filter, |
I | : I gasification | | scrubber, guard bedJ)| producer gas
Wood | \— _J NG : |\ _/ | \ (to synthesis)
— | — P — | — | —
\ N e DY T a8 .
| : Directly heated, | Hot gas cleaning |
I| Steam drying | :| Pyrolysis | steam/oxygen- I | (cyclone, filter, I
| : ] I| blown gasification || catalytic treatment)
\\. ] 1\ J: \ ) (\ ]
Drying Thermal pretreatment Gasification | Gascleaning ¢

residuals and condensates

O, from electrolysis

O,-import or cryogenic

production on-site .(Pﬂ-

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

0—_10.5 kJ/molyeod

CHy 350063 + 0.3475H,0 &7~ 192 0.51125CH. + 0.48875CO, [
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Block flow superstructure

Conventional route (gasification & methanation): synthesis

I /
. . E ~ )
Il Physical absorption I s <o fixed bed
|| (Selexol wash) : tepwise .|xe =
|: || methanation
producergas : |¥ -
(from gas 3 _ ; | I~ ~
29 — | Water-gas shift —_ ~  —>
cleaning) : | | Te
: || Pressure swing Internally cooled
© Stoichiometry adjustment | absorption I I| fluidised bed
: \\. I I| methanation
_____ = (\\
3 CO,-removal : _——-—— ===
e eeermssaeemssseessseresssseresssersssseressseressseressserensseressserennserennne’ a Methane synthesis ¢
Synthesis preparation i
CO, and condensates condensates
- - =
togasification Of I
H,0() ,
2 L Electrolysis

C o
..................................

0—_10.5 kJ/molyeod

e

o mmm mm— mm— m— m— m— — — —

: SNG
Compression —_

SNG
treatment T

Physical absorption
(Selexol wash)

\ _J

(

Pressure swing
absorption

& _/

— — — — — —)— — — —

- ™~

Polymeric
membranes

pet .,

CO;

C o
..................................

CO; treatment
2 L (Gl |

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

CHy 350063 + 0.3475H,0 &7~ 192 0.51125CH. + 0.48875CO, [
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ENI Systems

Process system design

Modeling processing options ?

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

i o ICPHE
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Flowsheet generation (1)

Energy-flow model

Calculation of the thermodynamic transformations in the pro-
cess units

............................................................................................
"""""
R 0
o

.,

e JENUR OGNS NI —

e I S

evolutlonary, l.nulf:l-objectlve I

| optimisation | use Of

__ ool

: decision variabfes f décision variables a Conservatlon prInCIPIeS
i (thermodynamic thrgets) periorpances - per dynamic targets) .
B e et o m model equations
: en:;?)):l-::ow Sltatt)el energ;:‘.-:::;:?ration \I to determlne
P mEsmva | T enkeAsy) |
: s, (ISPOSBEHIS 0, : B power requirements
variables variables .
- ! m heat transfer requirements
P economic | .
A model ) m T-h profile of hot and

cold streams

., o

., o
. .
...............................................................................................

(il

ECOLE POLYTECHNIQUE
EEEEEEEEEEEEEEEEE
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Gasification unit models

Problem set-up

Gasification modelling

problem:
m 8 bulk species:
CHg4, CO, CO5, H», H50, food | N
N>, CoHy, C(S) —boooooir
800-900°C |0° 0 "0 orar
m 4 atomic mass balances @_DOO_ cccccc

= 4 model equations required

EEEEEEEEEEEEEEEEE
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Gasification unit models

Model equations

m 3 adjusted equilibrium equations

N\

Kp,i = Kp,i(Tg +AT;)

where: T,  gasification temperature
AT; artificial temperature difference

m constant ratio between CH,4 and higher hydrocarbons

PC2H4 = Kp * PCH4

AR°
hydrogenating gasification  C(s) 4+ 2H>, = CH, -75 kJ/mol |
Boudouard equilibrium C(s) + CO, = 2CO 173 kJ/mol e
water-gas shift CO + H,O = CO2 + Hy  -41 kJ/mol o

vendredi, 18 février 2011



Model reconciliation

Gas composition (%vol) & model constants

Process FICFB Viking

Reactor gasification pyrolysis gasification
State wet dry wet wet dry
CHy4 8.8 /9.0 - /93 - / 35.7 -/ 1.2 1.2 /1.2
CO 294 /28.0 - /289 -/ 3.0 - /183 19.6 / 19.0
COs 16.2 /153 -/ 15.9 -/332 -/142 154 /147
Ho> 37.3 /395 -/41.0 -/ 49 - /304 305/314
H-,O 3.6 /35 -/ - -/ 23.0 - /3.2 -/ -
N> 29 /29 -/ 3.0 - /0.2 - /327 333 /337
CoHgy 1.8 /1.8 -/ 19 -/ - -/ - -/ -

measures (Rauch, R. (2004), Goebel, B. et al. (2004)) / calculation

= accurate reproduction of gas composition & heat demand

Process FICFB Viking

Reactor gasification  pyrolysis  gasification

AThg -289°C

ATpy -

ATy, +12°C )
reconciled model constants S
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ENI Systems

Process system design

Interconnections ?

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

i o [EPHE

vendredi, 18 février 2011



Flowsheet generation (1)

Energy-flow model

Calculation of the thermodynamic transformations in the pro-
cess units

............................................................................................
"""""
R 0
o

.,

- ) N _—
evolutionary, multi-objective I

: optimisation | use Of
[LENI-MOO] P i
N _— _— —_— — — — H
: decision variables T I— décision variables : B COonserva t Ion p FiNCi p | es
i (thermodynamic thrgets) p (thermpdynamic targets)

Ve ~N

energy-flow energy-integration| | .
model model to determine
[BELSIM-VALI] [LENI-EASY]

therm;:;:romi%t . M power requ Irements
variables variables

state

economic
model
EREEN

e JENUR OGNS NI —

--------------- m model equations

m heat transfer requirements

m T-h profile of hot and
cold streams

— — — — — — m— —

S — m— — m— — —

., o

., o
. .
...............................................................................................

(il
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Flowsheet generation (2)

Energy-integration model

How to satisfy the MER?

lQ+ (80-250°C) 1Q+ (800-900°C) TQ' (300-400°C)

Vigag Drying — | Gasification |—-|Gas clean-up |— Methan.e NG
- - synthesis

Hzo{v)l H,0()/0, zﬂﬂﬂ:;gjl H,0[) H?_O(I)l

1200

1100 gasification

1000 r

m MER of crude production 500 |

800 r

gas cooling

T(K)

700 F
600 | methanation

| IEPA
400 steam prep. ; steam prep. 4 ECOLE POLYTECHNIQUE

drylng FEDERALE DE LAUSANNE
300 + i

S

37 /87
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Flowsheet generation (2)

Energy-integration model

How to satisfy the MER?

Tfumes
1Q+ (80-250°C) 1Q+ (800-900°C) Q (300-400°C) T
Vieee Drying — | Gasification |—|Gas clean-up|— Methan.e —~ ; B
- o synthesis upgrading
Hzo{v)l H,0()/0, zﬂﬂﬂ:;gjl H,0[) H?_O(I)l

1200
1100 gasification
1000 |

N MER Of CrUde prOd uction i gas cooling
800

m hot utility: combustion g o0
600 | methanation 4
500 4 )

dry|ng FEDERALE DE LAUSANNE

300 . B

200

1 1 1 1 1
0 50 100 150 200 250 300
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Flowsheet generation (2)

Energy-integration model

How to satisfy the MER?

Tfumes
lQ+ (80-250°C) 1Q+ (800-900°C) Q (300-400°C) T
Vieee Drying — | Gasification |—|Gas clean-up|— Methan.e —~ ; B
- - synthesis upgrading
Hzo{v)l H,0()/0, zﬂﬂﬂ:;gjl H,0[) H?_O(I)l

1200
1100 gasification
1000 |

N MER Of CrUde prOd uction i gas cooling
800

m hot utility: combustion g o0
600 | methanation 4

m fuel choice? - </> | O
400 - steam prep. £ steam prep. | ECOLE POLYTECHNIQUE

dry|ng FEDERALE DE LAUSANNE

300 . B

200

1 1 1 1 1
0 50 100 150 200 250 300
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Flowsheet generation (2)

Energy-integration model

How to satisfy the MER?

TQ' (> 400°C)

| catalytic  |__ fumes/
combustion CO;
fumes T
depleted streams

lQ* (80-250°C) lQ*’ (800-900°C) Q (300-400°C) (CO,, CHg, Hy, ..)
||
Vieee Drying — | Gasification Gas clean-up |— Methanfe —~ ; B
- - synthesis upgrading
s ooy 0 D
1200
. 1100 gasification
m MER of crude production 1000 |
.- ] . 005 gas cooling
m hot utility: combustion 5.
[] ? g 700
m fuel choice? 5  thanation

600

N 500 1 )
waste streams T e | O
m intermediate products oo | g _

S
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Flowsheet generation (2)

Energy-integration model

How to satisfy the MER (while by-producing pure CQO5)?

TQ' (> 400°C)
fumes/

0,
H,O(l) 5
Tfumes T Electrolysis H,

*>| catalytic
s —_—
»| combustion

Co,
!

- -:
—

lQ* (80-250°C) lQ*’ (800-900°C)

O

depleted streams
(CO,, CHy Hy, )

TQ' (300-400°C)
| |

Vigag Drying — | Gasification Gas clean-up |— Methanfe —-
- - synthesis

SNG

_ENG
upgrading

H20{V)1 H20(v};’02 residuals andl H2O(\r)

condensates

120 -
110 H

100

m MER of crude production
m hot utility: combustion

m fuel choice?

CO2 capture cost [EUR/ton]

30

m perspective: CCSat< 15€/t =

0 5 10 15 20 25 30 35 40 45

%
80+
70}
60
50/

40

H,_ou)l

© 241 stage, O2-combustion
4 3+1 stage, O2—combustion
3+1 stage, direct capture full symbeols: 180 EUR/MWhel

° transparent s.: 40 EUR/MWhel

carbon capture ratio [%]

(il

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

S
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Flowsheet generation (2)

Energy-integration model

Integrating heat recovery technologies in the superstructure

SNG
[Compression —
H,0(v) SNG
Q lQ Treatment
o S = Y= = = Gl
~ ~MH,0W ~ )
[ Iz—ﬂ- Indirectly heated, | Q i . —\I
|| Flue gas drying A 1] 5t€am blown H,0(v) I Physical absorption
| gasification | L = =
Wood I\ | I | Cold gas clean-up Internally cooled, | (Pressure % Bl
- - —>| (filter, scrubber, —> | fluidised bed - .
— ~ | o~ ~| adsorption I
| ([ Directly heated, guard beds) reactor | — _/
. I | (o ; !
l Steam drying /| oxvgen t?lown Gas Clean-Up ‘l Methane Synthesis I Polymeric
| gasification ) _ membranes |
\ ~ N\ ~ residuals and condensates condensates  \ :
_— — — — — e S
Drying Gasification| CO,- l
o 0, 02| H, Removal
) E ................................... H O(l) g-' ‘ ': g-‘ . '.E CO
LI lon transfer *"—! Electrolysis : Compression |+
e GIEREEES Import/Export L ; L
Air Separation Hydrogen Production CO, Treatment

- (il

ECOLE POLYTECHNIQUE
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Flowsheet generation (2)

Energy-integration model

Integrating heat recovery technologies in the superstructure

SNG
Compression —
SNG
Q Q Q Utility and heat recovery system Treatment
A . S—— = =YY= = o
— ~MH,0v) ~ )
[ Iz—ﬂ- Indirectly heated, | Q |Q lrh ical ab . —\I
|| Flue gasdrying A 1] 5team blown H,O(v) | Rlyziealabaolptien
| gasification | L = =
Wood 'L ) 1\ ) Cold gas clean-up Internally cooled, I(Pressure swing ) |
—> —_ —>| (filter, scrubber, —> | fluidised bed — . 9
- ~ | - ~| bel | adsorption I
| | Directly heated, I guardbeds reactor | = :I
I Steam drying | I g?s,igfiecra]t?(l)?’lwn ] Gas Clean-Up ‘l Methane Synthesis | E’noelﬁwn’l;er:rcles |
. — A\ ~ residuals and condensates condensates -
_— — — — — e S
Drying Gasification| CO,- l
o8 0, 0, | H, Removal
) E__...........................---...’ H O(l) g-' ‘ '.i g‘ . '-E C02
Air : lon transfer 2 —: Electrolysis : Compression F—
S cl N Import/Export (R : e
Air Separation Hydrogen Production CO, Treatment

- (il

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

S
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Flowsheet generation (2)

Energy-integration model

Math. problem formulation: MILP programming...

Nfyel,s
mm Z Ls = Z (fs - Z g s kg + Wy Z(eq s, P ) AT min — Ws )
7)/5ass 1 s=1 f—=1

ECOLE POLYTECHNIQUE

FEDERALE DE LAUSANNE
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Flowsheet generation (2)

Energy-integration model

Math. problem formulation: MILP programming...

Nfuel s
mln Z Ls = Z (f; ( Z my sAkf + W Z (eq s r)ATm,n - Ws ))
Rr,ys,fs s=1
subject to:

ECOLE POLYTECHNIQUE

FEDERALE DE LAUSANNE
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Flowsheet generation (2)

Energy-integration model

Math. problem formulation: MILP programming...

Nfuel, s
mm g L = E (fs - ( E my SAkf +w E (eqsr)ATm,n — W, ))
Rrysifs s=1 s=1 f=1
subject to:
Existence of subsystem s:
fminsys S fs S fmaXSys ys E {O, 1}, \V/S — 1, ey ns

Heat balance of the temperature intervals r:

Ns
> fas,+ R —R =0 R, >0 Vr=1,....n,
s=1

Overall heat balance:

(il

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

S
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Flowsheet generation (2)

Energy-integration model

Math. problem formulation: MILP programming...

Nfyel, s
m’n E:LS_E:({? (E :meAkf+W § :(eqsr)ATm,n_ s))
Rr,ys,fs s=1
subject to:
ﬂ Electricity consumption:
S . - .
> g +egWT — We >0 wt >0
s=1
E Electricity exportation:
ng _
> favg +egWT — — W =0 Wt >0, W™ >0
s=1 €g
ML
E Superstructure model: ECOLE POLYTECHNIQUE
Af = b A (ns X ng), f,b:(nsxg
47 / 87
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Flowsheet generation (2)

Energy-integration model

MILP resolution: from MER ...

1200

1100

1000 -

800

T (K)

600 [
500
400

300

200

50 100 150 200 250 300 350
Q (kW)

(il

ECOLE POLYTECHNIQUE
EEEEEEEEEEEEEEEEE

vendredi, 18 février 2011



Flowsheet generation (2)

Energy-integration model

MILP resolution: ... to an integrated solution

1 200 1 I I | T I

MO0 "™ O process and combustion |
-w--me- Steam cycle
.......‘.... Mech. power

’IOOO - ......
900 - NU
BOO [ I

. H ¥
. . i
.
-~ H N
e .
g .
Q‘ .
~
~

500 f-i

400

300 R . ‘

200 | | | ! ] 1 )

0 50 100 150 200 250 300 350 %’g!sg&
Q(kw) 5
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ENI Systems

Biofuel process design

Example: Common wood to SNG route

Methane
synthesis

H20(|)l

Wood

—| Drying —| Gasification |—|Gas clean-up |—

residuals and

H ZO(V)l H,0(v)/0, condensates

l H,0(v)

0__

10.5 kJ/mOIwood
—

CHy 3500.63 + 0.3475H,0 °"

Process superstructure

Utility and heat recovery system

— | CO5-removal

—

% § ) . _

: HZO(V)T Q" Tvolatnes HZO(V)L Qt R O Hzo(")l Q Q

% o == | PR S - . I_drectl_ heate_d \‘ /C;Id_ _I == .\‘ : I/ A i o SR |

g { ndirectly | gascleaning H .

g U Air drying | ¢| Torrefaction Il steam+blown ] I(cyt:lone,ﬁlter, ] 1| (Selexol wash) I it:tpr‘gri:t?c))ﬁd bed |,

£ I ] I| gasification | I|scrubber, guard bed)) | | | |

% = | — = | — ! | — | Water-gasshift — | |§_>| | —

£ I | ~ Directiyheated, |1 '(Hotgasdeaning |I || Pressureswing — |' (intemally cooled )1

I| Steamdrying | | Pyrolysis Il steamjoxygen- |} I} (cyclone filter, | Stoichiometryadjustment | absorption I 1] fluidised bed |

H ( ) \ blown gasification |, lcatalytictreatrrmt) ! : \ g k B ,

g Dying Themdl pretreatment Aeaicationl Gasdeaning f e eremoval Methane synthesis |

2 Synthesis preparation ¢

v residuals and condensates 0, and condensates condensates

| qQ* 02| ....... Mo
Oimport or cryogenic HO0 _ . o
production on-site _’ Electrolysis

CO,

0.51125CH4; + 0.48875CO;

Physical absorption
(Selexol wash)

—

Y
Pressure swing
absorption

—

R
Polymeric
membranes

,_________‘
e _— ——__———

N —

SNG-
upgrading L

N PSR
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ENI Sys

Process system design

Process performances ?

Thermodynamic performances
System balanced

b= o IEPFES
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Process performance

conventional SNG

Some (non-optimised) scenarios for conventional SNG

production:
1300 T T T T T T
. ge ege oo 1200 | gusicpion 0 T \\ SR
indirectly heated gasification & PSA oo _w—
fumes process pinch point Process streams
1000 [ SN : Steam network — — — A
producer-gas Mech. power -+
Q00 |+ et NG RFUMES: £+ o et
1% < 800 f
depleted streams TTO0 N N
18% .
lQ+ (800-900°C) ’ (CO,,CHy, Ho, ...) 600 T Cooometenaton ]
| 500 f-. SRRTCRTEITY
400 b= e S Steamgas)]
Wood . Methane SNG SNG R S
—| Gasification > > ) . — S s er——
100% J98% 80% Lsynthe5|s 69% | upgrading | 63% j00 LML coooudt S
0 05 1 1.5 2 25 3 35 4 45 5 55 6
(only the chemical energy flow of the main product conversion is shown) QMW]
FICFB CFB
(torr) (pM) (pM, SA) (pPGM) (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% (L |
Electricity - 2.6% 3.3% - 1.6% FEDERALE DE LAISANNE
Overall efficiency 70.7& 68.8% 69.8% 73.2% 75.6% B
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Process performance

conventional SNG

Some (non-optimised) scenarios for conventional SNG

production:
1300 T T T T
Process streams
R oo . 1200 oo i s i Steam network — — — -4
T directly heated gasification & Selexol 1100 Mech. power -
fumes 1000 b NG ]
: 900 11N producergns
aL 2% o 800 fho C&fumes i
depleted streams TTO0 N N
(CO,, CHy, Hy ) 600 |-
| 500 fi
400 |7
Wood P w rMethane SNG SNG
o GaS|flcat|0n > . o —_ 300 cooling water
100% J 85% Lsynthe5|s 76% | upgrading | 74% 200 L2 LcooTg wets S
0 05 1 15 2 25 3 35 4 45 5 55 6
(only the chemical energy flow of the main product conversion is shown) QMW]
FICFB CFB
(base) (torr) (pM) (pM, SA) (pPGM)
Consumption Wood 100% 100% 100% 100% 100%
Biodiesel 1.8% 1.6% 1.8% 1.8% 0.1%
Electricity - 0.5% - - 0.9%
Production SNG 67.7%  721%  67.5% 67.8%  74.0% (L
Electricity 2.9% - 2.6% 3.3% - FESERALT B LAUSANE
Overall efficiency 69.4% 70.7& 68.8% 69.8% 73.2% D
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ENI Systems

Process system design

Process performances ?

Economics :
Investment

Design equipments

Sizes

Cost estimations
Incomes

T o IEPHE
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Equipment sizing and costing

Meeting the thermodynamic design target for the flowsheet

............................................................................................
"""""
R 0
o

.,

s - - - == == ~
evolutionary, l.nulf:i-objective I . .
L oetimiation . Rate the equipment with
I i S §
decision variabfes décision variables [ deSIg n heurIStICS
(thermodynamic targets) pertorfiances (thermpdynamic targets) .
B e e - m pilot plant data
[ energy-flow energy-integration| | .
| model Sttt | moder |1 1 Assessment of investment cost
I [BELSIM-VALI] [LENI-EASY] ([ . . . .
, o oeconomis | considering the specific operating
tate® tat
| mese | conditions
| I
I )

e JENUR OGNS NI —

economic
model —

., o

., o
. .
...............................................................................................

Cer=1f(T,p,size(T,p,...)) (1 EP

OLE POLYTECHNIQUE
EEEEEEEEEEEEEEEE
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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 1054 W Depreciation [0Oxygen
network 100 4 - - - - @ Maintenance OBiodiesel
30 + - M Steam cycle M Labour H Wood
E CO,-removal — 7 2.3 O Electricity
= O Methanation g 80.6
> 25 7 - 1 O Gas conditioning [ < 80 1 T " " Ti577 T
o I =
S O Gasification = |
s 20 M Pretreatment =
= T- T BN ) | )
z 17.0 17.6 2 60
) 2
2151 - : 2
£ § a0 A=l
g 101 - - : g
> 4
IS 3
o
5 a 20 - - - - - - - -
0 T T 0 1 T T T
'+ (base) (torr) (PM)  (PM,SA) * (pGM)  (pGM,hot)! .
- FICFB - CFB - T base) o) oMY (oM.SA) T (OGM) (bGM hot

(torr) (pM) (PM,SA) ' (pGM)  (pGM,hot)!

S~ : FICFB - CFB (]

. . ore . ECOLE POLYTECHNIQUE
pressurised methanation & gasification FEDERALE DE LAUSANNE
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ENI Sys

Motlvatlons

4. Integrating sustainability
in design

i o IEPH
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Integration of LCIA in the methodology

Concept

Process superstructure: thermo-economic model

| —— thermo-economic model flows |
I I
| |
I ) A boiler, steam network =] A !
I combustion | §Q and turbines =] 1
I ' Q heat recovery system - SNG !
| I oy = b N3 YQ Q ( compression j T e
- s H>0 (v)
I :mdtl)r|ectly hea.:_ed,t §team: cold gas 2 — ; 1
own gasification interna -
I — TR bbb clean-up (filter, cooled ﬂuid)i/sed polymeric !
| l/‘/OOd ChlpS ... ............................... X Scrubber,guard r membranes |
I - :directly heated, oxygen: beds) bed reactor |
drying : blown gasification . cihGne purification ‘
I > — et )“" e ~, €02 (biogenic) !
I gasification clean-up i ( compression  § >
I
! air -
I si-{_joON transfer membranes ) !
1 air separation electr/city I
I (mix substituted if produced) :
I

(il
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ENI Systems

Environmental Process performance indicators
Identification of Life Cycle Inventory elements

. Drocess superstructure, extended with LCI

=P thermo-economic model flows wastewater :
NOx PM CO2 (biogenic  gysum A ZnO CO2 (fossil)  Ni, AI203 FNG (substituteq)
== | CA model flows, added * * * +fossil ‘ ‘ ‘ | ﬁ:
== |CA model flows, value —
directly taken from t-e model boiler, stear netyor
Q combustlon Q and turbin —I

I
' SNG :
eat recoverysystem . ) 1
empty H>0 (v) H,0 (V)F ...................... “ I I" Q |O [ compression . :

I ‘indirectly heated steam; Hy0(v) Functional
1 e transport =1 ol st c°|d 985 | Ly ternall * Unit: TMJoyt.
! [ woodchis fueges | |, Bowngasficaton §| | ceanup fiter| > ntemally polymerc ) Ut TMout
? prOdUCtion wood ChIpS drylng ............................. Scrubber,guard cooled, fiuiaise membranes J I
d . dlrectly heated, oxygen beds) bed reactor I
4 transportto dying © blown gasification °es methane ’ purification RPN
| SNG plant \‘ ....................... B, gas onivess —— (02 (biogenic),
€ gasification clean-up compression  J )
g hardwood  soft wood |
3 chips  chips I
? air separation . ici |
';:l olivine oil (starting) Zn0 N/,A/203 ?quncgyt.t ted if prod. d) 1
1 cradle-to-gate LCA system limits charcoal 9 water  (aC03 (catalyst) MixsUbstitted I proatice |

= use of ecoinvent emission database (1) for each LCI element,
to take into account off-site emissions

(I) http://www.ecoinvent.org

ois.marechal@epfl.ch ®Laborato forrk'

franc

— X -
S.hi._\ﬁ(lh Gerber, L., Gassner, M., and Maréchal, F. (2009). Integration of LCA in a thermo-economic model )
"EEN'I' for multi-objective process optimization of SNG production from woody biomass, , (), 1405-1410
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ENI Systems

Motivation

Analysing the decision space

Take the “best decision”
Multi-objective optimization

Thermo-economic or environomic Pareto
front

T o IEPHE
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ENI Systems

Solving method : problem decomposition

MINLP non differentiable problem

I’evolutionary, multi-objective \I
, optimization |
decisions variables \__ _ _(LENI-MOO) decisions variables
thermo-dynamictargets - '
thermo-aynaiAtIget) performances __ _ _ _ (thermsamictargets
/ N\
- . _. . I
: energy-flow model W state variables energy-integration model |
: (BELSIM-VALY) J thermo-environomic model (LEN I—EéSY) :
| ~ ™ |
! state varigbles economic model stateVariables !
| - _J |
I ~ ~ '
' LCA model :
I \ N _J )

— e o o e e e e e e e e e e e e e e e e e e e e mmm e e e e e e e e e e e o

(LENI-OSMOSE)

Non linear eq. MILP problem

combinatorial

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

sTi
ll:?ﬁ'l' Gassner, M. and Marechal, F. (2009). Methodology for the optimal thermo-economic, multi-objective design )
of thermochemical fuel production from biomass, Computers and Chemical Engineering, 33(3), 769-781
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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) -y
= 3-stage membrane: p, cuts optimised °
8 quality: 96% CHg, 50 bar °
U 1300 |- heat recovery: steam-Rankine cycle o
c T, p & utilisation levels optimised
g o
£ 1200 - trade-off:-efficiency vs. 1
. . )
% investment (& complexity) &&o
U 1100 & .
p= @®°
] o
8_ 00 ) - oo’d
“ 1000 0 © ©°® %% -
input: 20 MW wood at 50% humidity (~4t/h dry)
900 | | | | |
62 63 64 65 66 67 68

energy efficiency [%]

(il
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Thermo-economic optimisation

Trade-offs: efficiency and scale vs. investment

Efficiency vs. investment and

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) -y
= 3-stage membrane: p, cuts optimised
8 quality: 96% CHg, 50 bar °
U 1300 |- heat recovery: steam-Rankine cycle o
c T, p & utilisation levels optimised
g o
£ 1200 - trade-off:-efficiency vs. 1
. . )
% investment (& complexity) &&o
U 1100 & .
p= @®°
] o
8_ 00 ) - oo’d
“ 1000 0 © ©°® %% -
input: 20 MW wood at 50% humidity (~4t/h dry)
900 | | | | |
62 63 64 65 66 67 68

energy efficiency [%]

optimal scale-up:

2400 _|e T T T T T T T
. scale-up objective: minimisation of production costs
g ~62% (incl. investment by depreciation)
2200 (1o .
\®
|
S 2000f -
@ |
oo |10
2 1800 @ 1
|9 |°
+— -}
S 16001 1 @ — , , .
£ ! s8~64% optimal configurations:
) |
» increasing efficien
T ~
£ I o
) : discontinuities due to
= 1200 ! % e -
) | 2 capacity limitations of
8_ ! % ! 'Q% equipment (diameter < 4 m)
a -7 €~ 66%
1000 1 \‘ ® \%% o o
nb.of \ //’ \\ // \\O/o’ %Q [o ) o o0 8"“0680/0
800 gasifiers: 2 | 3 4 5 . ‘ ‘
0 20 40 60 80 100 120 140 160 180

input capacity [MW]

(il
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Technology integration example

Gas upgrading by membrane

Membrane system upgrading superstructure

to combustion/
methanation

feed to combustion/
T methanation

CH4/CO2

O

separation — | T

to grid
—
] L +
stage

to oxygen
combustion & CCS

"Isolated”: separation only
e

combustion
(hot utility)

Q
~850°C

)
wood indirectly heated
— | FICFB-gasification

|

m Maximise SNG recovery

m Permeate stream is lost

‘Integrated’: total system

combustion
(hot utility)

Q
~850°C

)
0 indirectly heated
— | FICFB-gasification

(il

m Permeate stream valorised s

m Overall system performance
63 /87
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Technology integration example

Gas upgrading by membrane

Production costs:

separation only

75 T T T T
% o 2stage

70l * » 3 stage (CQ)
— oA, A 3stage (1-rec)
- o
= 65f o * .
> 00
<<
oc
D 60 |
.“_J.
+— % %
D 55+ -
O
C A 3
QO 50r x i
©
S 45| i
]
v
O
Z 40 [ 1
n
% 351 : i
- imal

30 | | | | i recovery: 93.2%

70 75 80 85 90 95

SNG recovery in separation [%]

100

SNG production cost [EUR/MWAh]

120

118

116

114

112

110

108

106

104

102

100
70

total system

T T T T

o
%

2 stage
3 stage (CQ) . 4
A 3stage (1-rec)
¥ 1
A

A ¥ 1

° A §
° 4} |

A ;

%A &A™ increasing compression
> and membrane cost

Eoptimal 1
. . irecovery: 84.1% |
75 80 i 85 90 95 100
SNG recovery in separation [%] I

ELULE PULY IECHNIQUE
FEDERALE DE LAUSANNE
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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
eﬁ,f’e’c kWe//MWth,,‘n 76.9 55.9
Cco2,p % 86.6 79.9 + 8.4%
CH2,p % 10.3 9.4 + 9.6%
CCH4,p % 3.0 10.4 - 71.2%
A m? 4675 2928
C,sep M€ 5.7 4.1
e>P % 86.6 80.7 + 8.8%
€cg % 69.0 63.5 + 8.7%
€ % 66.0 66.2 - 0.3%
C M€ 30.7 29.9 + 2.7%
Cp €/MWh 105.6 102.9 + 2.6%
et
&S
66 / 87
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Some results

Cmparing technologies and processes

Thermo-economic Pareto front
(cost vs efficiency):

1600
Gasification: Separation:
1500 -
FICFB PSA
= 1400 - © airdrying = downstream
A + torrefaction = upstream
Sl X steam drying of methanation
¢ + torrefaction
1200 FICFB gasiﬁcation pressurised FICFB Phys abs.
1100 | e - . - airdrying » do»::\es;:ﬁam
o M ? O e a3 * air drying, gas turbine :ps A .
1000 H\¥ © P gomenith f 5, 7 > steam drying, gas turbine  © Imethanation
* + hot gas cleanin
900 - pressurised FICFB <o 9 9 Membranes
gasification CFB-0, = downstream
800 - © airdrying of methanation

Specific investment cost [EUR/KW

v +h leanin
700 - Pressurised CFB-0, . otgas cteatinlg
gasification ™ steam drying
600 : 4 & noor 3 & & @ i@ o + hot gas cleaning
58 60 62 64 66 68 70 72 74 76 78 80 82
SNG efficiency equivalent [%]

— The best solution is the pressurised directly heated gasifier I

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE
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Some results

Best options at 20 MW,

Comparing performances and design

Drying technology steam drying
Td,in 188°C 181°C
Pd 5 bar 5 bar
cbd,wood 13.8%wt 10.2%wt
Gasification technology FICFB CFB-0,
Pg 1 bar 30 bar
Gas cleaning  technology cold
Methanation T, ;, 396°C 344°C
T'm,out 326°C 303°C
Pm 12.2 bar 30 bar
Separation technology Membranes
Efficiencies ESNG 65.9% 68.1%
€ef 1.8% 3.0%
€th 16.9% 19.8%
€ 84.6% 90.9%
€chem 78.7% 84.6%
Costs ¢ 1096 €/kW 751 €/kW UL
o 70.4 €/MWh  50.9 €/MWh B EEEEEEEEEEEEE
Chbiomass, break —even 66.6€/MWh 80.4€/MWh
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Integration of LCIA in the methodology

Perspective: plant scale-up vs. biomass logistics

The biomass Logistics has an influence on the plant impact

2
- -0.05 T T T T
= B bt Ahaadtibaieas AR SRR ¥ LCl data taken from
8 Felder et al, and adapted
9 -0.052 : R A S to system limits
CTJ- o A: H20, no steam cycle (1G)
Al _0.054} -0 B:H20 (1G) - 1, . Lo
®) 0.05 o C:H20, press. meth. (2G) bl'omass logistics
S < D: 02, press. meth. (2G) impact model
X - x E: 02, press. meth. & gas. (2G)
= —0.056[ - 0 F:H20, press. meth. & gas. (2G) |
= === Conventional LCA*
[0}
S -0.058} .
o
= x om
é —0.06 TS "'o;“‘:“o\; M ' _
= e
= Q 9<Q<of<?@><0@ts@<@>00°° R  ® Ox%O‘x g
= —0.062f « o * S
-8 i i i i
SR e s & . 10 T
Wood input thermal capacity [kWth] x 10 FEDHRALE D1 LAUSAN
— Optimal plant size with respect to biomass logistics
75 /87
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ENI Systems

Motivation

6. Overall System analysis
Discover synergies

“ton o P
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Site integration: process couplings

EtOH & SNG

Ethanol production from lignocellulosic biomass:

fresh water electricity 460 ——
i ~| 211I/EtOH |1.3% heat (at 400 - 450°C) 0 1
} 23.6% a5 | f _
: Biogas 400 [
. 9 380 | R
.| Ethanol production | ¢7% 5 = |
wood Lignin - | ‘
1 « hydrolysis ?3_0‘%: 340
100% - fermentation | 320 | \:
{ « distillation Ethanol 300 TN
| 32.3% o 1 2 3 ;[MW}S 6 7 8 9
waste water
| - — — - 2.6 1/l EtOH values based on LHV input: 58 MWth,Wood

(il

ECOLE POLYTECHNIQUE
EEEEEEEEEEEEEEEEE
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Site integration: process couplings

EtOH & SNG

Ethanol production from lignocellulosic biomass:

fl’ESh Water S WA eI_eCt_riCily — o — _‘ 17' 1 % 1300 FI’{}cess anld.utililties I
i — | 271l/EtOH |_1’.3% heat I e NACHBH Foeer s |
| 1000 L |
' Biogas ol
| . % steam N
. | Ethanol production | *7% g P
_*WOOd . hydr0|ysis ngnln, CYCIe 600 - A A e ook s
4. 0, | ": .....
g - fermentation i jg: R _
| - distillation Ethanol 300 [ m____ ----- .
| 32.3% 200-25 -20 -15 -10 -5 0 5 10
L waste water o
= et e e 2.6 1/l EtOH values based on LHV input: 58 MWth,Wood

steam cycle
Input wood 100 %
ethanol 323 %
Output SNG

electricity 17.-1 % .(Pﬂ-

ECOLE POLYTECHNIQUE

Chem. eﬂ:iCiency (AT’NGCC:55%) 62.3 % FEDERALE DE LAUSANNE
total efficiency 49.4 % D
Energy balance for different process integration options (without seed train, non-optimised).

77 /87
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Site integration: process couplings

EtOH & SNG

Ethanol production from lignocellulosic biomass:

fl’ESh Water e —— eI_eCt_riCily = = = _‘ 21'5% 1300 ! Process and utilities —
i | 271V/IEtOH |_1.3% heat I i Mechanical power - |
| K
| Biogas ol
| ® 0 i
3 Ethanol production | 7% | |1GCC g o
W00 Lignin I
=235 « hydrolysis 53 = :EE e _
100% - fermentation ’ A e e |
| - distillation Ethanol L T | N
FESTRZ I 200 : : : : * : : ; :
| 32.3% 12 -0 -8 -6 -4 Q[:\M 0 2 4 6 8
waste water
b = = = 2.6 1/| EtOH values based on LHV input: 58 MWth,Wood
steam cycle IGCC
Input wood 100 % 100 %
ethanol 323 % 32.3 %

Output SNG

electricity 17.1 % 21.5 % CPA
chem. efficiency (Anngcc=55%) 62.3 % 70.0 % FESERALT B LAUSANE
total efficiency 49.4 % 53.8 % D
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 b -3% 1300 P
—————————— T production -+——
l i
| Biogas SNG P
| ® (V) i
. | Ethanol production | 57% O
wood _ Lignin 40.3% "~ - KR
—*O * hydrolysis 54.0% oo
70‘?4’  fermentation Pl B S =
| « distillation Ethanol 300 |
P 200 ' ' : ' '
| 32.3% 2 0z 4 s 8  m
1 waste water e
Rt D 261/l EtOH values based on LHV input: 58 MWth,Wood
steam cycle IGCC SNG
Input wood 100 % 100 % 100 %
ethanol 323 % 32.3 % 32.3 %
Output SNG - - 40.3 %
electricity 17.1 % 215%  -3.0% I CPA
chem. efficiency (A1 ycce =55%) 62.3 % 700% 673 % S0l OLTICHNIONS
total efficiency 49.4 % 53.8 % 70.5 % D

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 = — eI_eCt_riCily o _“ 1.5% 1300 : : .
i | 271/IEtOH |_1.3% heat I =L =
L i Process and utililties
! Biogas ' o i L=
' | Ethanol production | 7% | SNG Rt
wood T Lignin| + steam |305% |
« hydrolysis >
4.09 :
10Q% « fermentation i jﬁj I
{ « distillation Ethanol 300 |
200 . L : 1 1 L :
| 32.3% = -2 0 2 4 6 8 10 12
| waste water oo
= et e 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 % 215%  -3.0% 1.5 % (L
chem. efficiency (Annccc=55%) 62.3 % 700% 673% 653 % oo
total efficiency 49.4 % 53.8 % 70.5 % 64.2 % D

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% 1300
r —| 21meon  [1.3% heat | il | \
, | ot
I . 1000 echanical power -
| | SNG + HP = T
® 0, L
. | Ethanol production | 57% FRNS, g o
wood il Lignin| + steam |41.9% |
« hydrolysis = ocy' | }
1OOI% e fermentation i a6 L e —
I - distillation Ethanol 300 | ;
P 200 : : : : : : :
| 32.3% -4 -2 0 2 :ﬂ 6 8 10 12
| e e e RSNEWALET values based on LHV ; o
2.6 1/ EtOH input: 58 MWih wood
steam cycle IGCC SNG + steam + HP
Input wood 100 % 100 % 100 % 100 % 100 %
ethanol 32.3 % 323 % 323 % 322 % 322 %
Output SNG - - 40.3 % 30.5 % 41.9 %
electricity 17.1 % 215%  -3.0% 1.5 % -1.0 % (L
chem. efficiency (Anngcc=55%) 62.3 % 70.0 % 67.3 % 65.3 % 72.3 % FESERALT B LAUSANE
total efficiency 49.4 % 53.8 % 70.5 % 64.2 % 73.1 % D
Energy balance for different process integration options (without seed train, non-optimised).
82 /87
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ENI Systems

Motivations

6. Overall System analysis
competing technologies

o o PR
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sh 2006

ancois.marechal@epfl.ch ®Laboratory for Industrial Energy Systems - LENI ISE-STI-EPFL - Mai

ENI Systems

Hydrothermal supercritical gasification

Q+

hydrolysis

(200-380°C)

V eoneens an e e o e o e o ar o ar o o e e

| Pretreatment

| (dewatering or

i crushing & dilution)
1 Biomass slurr

salt separation (400-550°C)

Q+

combustion
(cat.?)

<
<

Q+

—

Q-

\
Salt slurry

catalytic
fixed-bed depleted streams

gasification |or grid-quality SNG?
(350-450°CQ)

CH4I (H2)I
COy, H0,
~300 bar, 400°C

crude product,

Martin Gassner, Frederic Vogel, Georges Heyen and Francois Marechal , Process design of SNG production by
hydrothermal gasification of waste biomass: Thermo-economic process modelling and integration, submitted to Energy &
X Environmental Science (2010)

= (i)
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ENI Systems

Motivations

6. Overall System analysis
other feedstocks (waste biomass)

“ton oo JREPHE
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Process optimisation

(2) Thermo-economic performance for different substrates

80

75

70

65

60

40

35

SNG efficiency equivalent [%]

30

25

20

Optimal plant configurations

T

T

T

s allt

---- economic optimum

Power rec.

Cat. cost

Process optimisation for selected substrates, submitted to Energy & Environmental Science (2010)

vV - oA V<o - 0A 5 v o - 0 A v - o A
not considered considered not considered ‘ considered
considered not considered

evolution on Pareto front

o

U & O N N
U O U1 O U

ax. break—even biomass cost [EUR/MWhpiomass]
(9, ]

M
o

Power rec.
Cat. cost

I

sewage sludge -
'l v manure
L| ¢ microalgae

wood
o lignin slurry
A coffee grounds

_= = N N W w b b U
o U1 ©O L1 O U1 O un1 O
T T T T T T T T T

not considered

o

considered

considered

bar colour

T
index marker

¢
A

Separation: at high pressure
m (1) waterabsorption
= (Tm) water absorption

= (2
(2m)
(3m)

not considered

at 70 bar
membrane

flash drum

considered
not considered

1

selexol absorption |7
flash drum selexol abs. & memb.

selexol abs. & memb.
I —

most economic conf. at 20 MW,

Martin Gassner, Frederic Vogel, Georges Heyen and Francois Marechal, Process design of SNG production by hydrothermal gasification of waste biomass:
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ENI Systems

Motivations

6. Overall System analysis
Extending system boundaries

“ton oo [EPHER
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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

CO2:2.31 kgls Water : 0.75 kg/s

'
| A
WOOD 20 MWI 150
Wood : 1.2 kg/s iz‘%‘,’
Water : 1.2 kg/s e —

CH4 14.3 MW

*

=" Avoided Fossil fuel

CO2 ©17.9 MW I CPA
0.73 kg/s -1.15 kg/s CO2 fossil FEDERALE DE LAISANNE
B
71,87
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ENI Systems

Towards Industrial ecology

; EMISSIONS
CO2 : 0.79 kg/s

CO2:2.31 kgls Water : 0.75 kg/s

) \ ELEC.

?u — FU.3 Ve

ez

CO2
0.79 kg/s

/'

: B V.
théna’&on - ' = Heat
, —
= Purlflcatlon a

HEAT®.2 MW
HEAT 2.0 MW

- LENI ISE-STI-EPFL - Marsh 2006

CH4 14.3 MW

s.marechal@epfl.ch ®Laboratory for Industrial Energy Systems

o [ Avoided Fossil fuel
aste water treatment C02 17 9 MW
0.73 kgls -1.15 kg/s CO2 fossil

CO2 underground : + 1.88 kg/s

= tPH
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Large scale integration

Heating & 4§ = :22?: " . Cooling Power [MW] at 21 °C
Hot water production, e \
I 065-1.12

Power [MW] at -6°C "‘,‘, T
B 5.36- 1111 [(Mw] ’/{!’:’:\1

2.87-5.35

. 11.08-286

. 038-064

2l A
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Zone aggregation for district study

80 - Minimum power requirement for heating C
and hot water productlon (Mid-Season) | |

70 P G T S DS
R I
U -
50l et e
> [ [ S =
+— =
© sl [—1T i I S S S
m : : : :
- :
= 30 - = Scenarios: S
U
=20l o | 005 R .

| 2030 Inclus renovatlon etdeveloppementzone

Minimum coollng power requwement

i i
0 200 400 600 800 1000

Required Thermal Power Q [MW]

a RN PR

vendredi, 18 février 2011


mailto:francois.marechal@epfl.ch
mailto:francois.marechal@epfl.ch

ENI Systems

Matching with the ressources

Y
%

Most appropriate Heat pumps
technologies by sector

I:I No consumption

Surface water (network)

Waste water treatment plant (network)

7/// Groundwater

- PR
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Heat pump potential

» Combining resources/requirements

Optimal COP
(Scenario 2030)

Size TEE nop(2005)  ncop(2030)

Airwater local T -5 0.34 0.38
Ground/water local 2 0.43 0.48
Water /water local 3 0.43 0.48
Geostructure/water  local b 0.43 0.48
Surface water/water  centralized 6 0.55 0.60
WTP /water centralized 1 0.55 0.60

a AN PR
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Heat distribution cost : cts/annual kWh

Indice de cout des réseaux cts/kWh |
Température aller : 90°C.

B 0.65-1.08

o ] I 1.09-145

» Building density B 16194
» nb + m2 . | 195-256

- . | 257-329

» Power density ] 330-472

» Annual energy

- 6.38

o KPR
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Integration strategy?

» CCGT or SNG+ Heat pump

_ Electricity
» Centralised cogeneration 50 MWe
iori 15 MW. Environment
» Prioritary zones — s Heat Pump |
» CO2 compensation
Natural
Gas Combined Cycle
Gas Turbine (CCGT)
121 MW
6.65 kg CO2/s Heatk

40 MWth

I 1 time CCGT
[ ]2times CCGT
[ ]3times CCGT

o S
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Global integration heat distribution system

Given a set of energy conversion technologies :
Where to locate the energy conversion technologies ?
How to connect the buildings ?
How to operate the energy conversion technologies ?

Operating cost 0 Network super structure N
Gas — Q lb o | Electricity
Cgas:ZZZHt:Tj,’f’t Ql T ! > b Ql..T L.T Cgrid
Electricity *13333:',;(:_’_'_':_7,_, ______ -
Cgrld Emissions
. gas
20X D 0 .
//' pip ? CO gri
Q, Tﬁ Mt,z’,j,p ________________________________ Q Qrx ’
Investment C ne m Maintenance
CplpeS C'mY = Z Z Qe + Qe * Se,kz
e=1 k=1

S
=
o
g
=
g
&

(L

vendredi, 18 février 2011


mailto:francois.marechal@epfl.ch
mailto:francois.marechal@epfl.ch

ENI Systems

Superstructure & process integration at each node

\
¢l — O.ﬁ68 +0.0179 - log(S) G /.\ > Mtt’?fh ______ —
cth = 0.8 — ¢l Ezfﬁ,}é Local P ‘
: |
Tr}rot— — - ANaw - -~ tech y PAC_net X W ‘
COPap =1 Thot T—peold; Qt,k > ! t’lf’e k |
| |
| —@ Heat-pump X ant_ww 1
I JEJ aW Heat-exchanger WW 12 s ‘
| t’k tech tk !
' t,k,e '
| L]
| Central technologies ;
| : ‘
. \ Mppa |
. | > > - - - =
£ | : aw
| CPE%ﬂer @ik |
E | v Local |
. | _@ technologies |
: . . Xaw ‘ Water: mi
Water: mi, P inddS - | /ater: mio,
2 : . I ‘ Tin, hin
Tin, hin S * ‘ ,
R — \ >
s return:moo, | P L |
£ | )
Tout, hout retum pipe v— \
| R eumeRe -«
return : mo;,
: cons - eXp Tin, hin
ik | Electricity Et,k _

M Thesis C. Weber (2007) .(l)ﬂ.
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Motivations

/. Computer aided design framework

OSMOSE
developed by the LENISYSTEM group

e o IEPHIEE
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OSMOSE : A process system design platform

Grid computing

Multi-objective optimization
Evolutionary - Hybrid

GUI : Spreadsheets, Matlab Optimisation Optimization problem decomposition
Optimization under uncertainty

Decision variables T PerformarNgs

Thermodynamic targets Decision variables

Equipment rating El}i:?;odynamxc targets
costing, impact g

GIS data base
Industrial ecolo
gy State State
variables variables

Urban systems

Sizing/costing data base
LCIA database (ECOINVENT)

Optimal control models

Process flow model Energy integration

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

7|'< e Web interface + workflow
=4 B CPHES
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Conclusions

» Process desigh methods for sustainable energy
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

On the way towards the 2000 Watt society

£ PR
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2000 Watt society + 1 tCO2 : YES we can |

MNatural gas: 478 W

s

Gas grid
SNG: 238 W

g H2: 17 W :
Biomass: 350 W < | 2 W CHP

-[ Heat: 70 W

SNG plants

P i 10 W 43W 53 W
L]
Electrolysis |_|
Hydropower: 851 W 20 W Electricity
grid

—l Electricity: 661 W

170 W

Hydro-
power plants

Transport

Fuel: 595 W (700 W)

105w

21 W

Industry
(370 W)
Heat pumps

Households
(310 W)
217 'W

Services
154 w (220 W)

NP
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More information on
http://leni.epfl.ch

Contact : francois.marechal@epfl.ch

Industrial Bnergy Systems Laboratory

Laboratoire d’énergéticue tndustrielle
LENLI-IgM - ST1 - EPFL
Station 9
Beole Polytechnicque Fédérale de Lausanne
CH-1015 Lausanne

http://lent.epfl.ch + 41 21 692 35 06 (Sec : 3516, Fax : 3502)

b= (Wl

vendredi, 18 février 2011


http://leni.epfl.ch
http://leni.epfl.ch
mailto:francois.marechal@epfl.ch
mailto:francois.marechal@epfl.ch
mailto:francois.marechal@epfl.ch
http://leni.epfl.ch
http://leni.epfl.ch

