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=Pr-L Systematic method for process system design options
2C(H20)

-> CH4 + CO2

0.0 - 13.8 MWth

Systematic generation

Gasification:

FICFB

© airdrying

A + torrefaction

x steam drying

¢ + torrefaction
pressurised FICFB

- airdrying

* airdrying, gas turbine
> steam drying, gas turbine
* + hot gas cleaning
CFB-O,

© airdrying
+ hot gas cleaning
steam drying
+ hot gas cleaning
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Separation:
PSA
= downstream
= upstream
of methanation

Phys. abs.
= downstream
= upstream

of methanation

Membranes
= downstream
of methanation

Gassner, Martin, and Francois Maréchal. Energy & Environmental Science 5,n0.2 (2012): 5768 — 5789.
Note : 1.5 years of calculation time !
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2. LCA integration

General method ¢

Using optimisation to extract solutions

—— —— — — — — — — — — — — — — —

decisions variables
(thermo-dynamic targets)

decisions variables
(thermo-dynamic targets)

\
|
optimization algorithm |
(MINLP master problem) |

— e e o e e e e e e e o e = —

T_performances
A <SR B D \
energy- and material- W state variables energy integration
flow models superstructure ~  (MILP slave sub-problem)
Flowsheeting software L Process integration software

\[ economic model

state variables state variables

Gerber, Léda, Martin Gassner, and Frangois Maréchal. “Systematic Integration of LCA in Process Systems Design: Application to Combined Fuel and Electricity Production from Lignocellulosic Biomass.” Computers
& Chemical Engineering 35, no. 7 (December 9, 2010): 1265-1280. http:/linkinghub .elsevier.com/retrieve/pii/S0098135410003595.
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cPFL Thermo-economic optimisation

Trade-offs: efficiency and scale vs. investment

Efficiency vs. investment:

1600 ‘
TECHNOLOGY: o
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) : g
= 3-stage membrane: p, cuts optimised °
8 quality: 96% CHa, 50 bar °
U 1300 [ heatrecovery: steam Rankine cycle o
c T, p & utilisation levels optimised
g of®
£ 1200 [ trade-off:efficiency vs. 1
. . o
g investment (& complexity) o
£ 6’9
E 1100 [ oo ] .
|9} d’
8 oo & © ooos
@ 1000 o © °° , ~ 1
input: 20 MW wood at 50% humidity (~4t/h dry)
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=PrL

specific investment cost [€/kW]

Thermo-economic optimisation

Trade-offs: efficiency and scale vs. investment
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Efficiency vs. investment and
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drying: air, T & humidity optimised °
gasification: indirectly heated dual fluid. bed (1 bar, 850°C) .

methanation: once through fluid. bed,

T, p optimised (p =[1 15] bar)
TSA drying (act. alumina) : g
3-stage membrane: p, cuts optimised
quality: 96% CHa, 50 bar

steam Rankine cycle o

T, p & utilisation levels optimised

SNG-upgrade:

heat recovery:
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Investment as a function of biomass feed

3000

: T o i p - - - —_—
Rz in pﬂrenthESiS are for regressions in : ® FlCFB membranes separatlon
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EPFL 8. Analysing the results

= Each point of the Pareto is a process design

Specific investment cost [EUR/kW]

Thermo-economic Pareto front
(cost vs efficiency):

1600 T T T T | T T
Gasification: Separation:
1500 - ]
FICFB PSA
1400 - . o airdrying = downstream
A + torrefaction = upstream
1300r | x steam drying of methanation
L F o ¢ + torrefaction
1200 - BSOS : | ‘
A3 g pressurised FICFB Ph)(/js.abs.
1100 - XS : o - airdrying m downstream
* air drying, gas turbine fupstriam )
1000 ] > steam drying, gas turbine ~ ©' Methanation
* + hot gas cleanin
900 [ pressurised FICFB . 9 9 Membranes
gasification CFB-0, m downstream
800 - : . © airdrying of methanation

v + hot gas cleaning
X steam drying
o + hot gas cleaning

700 - pressurised CFB-0O,

gasification

600 | L | 1 L 1 | | 1 1 | |
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SNG efficiency equivalent [%)]

— The best solution is the pressurised directly heated gasifier

Martin Gassner , Ph D Thesis, EPFL, 2010
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ePFL Plant location

Area = 40 km?2 Process Size => Investment

Energy wood availability (ESA maximum)
[m3/ha]
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EPFL Environmental Process performance indicators

Identification of Life Cycle Inventory elements

= Process superstructure. extended with LCL

wastewater

| == thermo-economic model flows

NOx PM CO2 (biogenic

| == LCAmodel flows, added L b fossi gyps‘m ZKO iOZ (fossil)  Ni,Al203
| => LCAmodel flows, value : 1 :
. directly taken from t-e model AOL A boilerstealp netfork g A :
: Q (" combustion ) |0 and twrbind g NG :
: empty H0(v) H0 (V) s ? . |hearrecoverysysrem o lo (compression .
| transport * < indirectly heated, steam cold gas H0() Y Functional :
I wood chips | fluegas bIown gasmcanon clean-up (filter, |Intje:cr|1a'l(lj)./ y polymeric Unit: 1MJout,
1 pl’OdUCtiOﬂ WOOd Ch,ps dl’ylng :‘.. ........................... X SCI’Ubber, guard cooleq, Tiuidise membranes J 1
I . -directly heated, oxygen: beds) bed reactor |
! transport to drying © blown gasification meth purification SN
| SNG plant L ! o ethane €02 (biogenic)
......................... o g syntheS/s [ com ression
1 t A ‘ 4 Agastf/cat/on clean-up p ] | >
1 hardwood  soft wood air 02 |
1 chips  chips sp-{ jON tlansfr mémbrgnes ) |
1 1 t' . I 1
| cradle-to-gate LCA system limits charcoal . 9 water  CaC03 (catalyst) MixsUbstitted I produce I
e e e e o o e e o e e e e o e mm e e o Em e e e em em T e AR Em mm e Em Em Em Em Em Em e em Em Em mm Em mm e (e Em e Em Em e Em o -

= use of ecoinvent emission database (1) for each LCI element,

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

Gerber, L. et al., 2010 Comp & Chem Eng., 1405-1410

1
FNG (substituteg)

to take into account off-site emissions
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http://www.ecoinvent.org

General method @ 2. LCA integration

Computational framework

—— —— — — — — — — — — — — — — —

’ evolutionary, multi-objective ‘I
optimization algorithm |
(MINLP master problem) |

— e e o e e e e e e e o e = —

decisions variables
(thermo-dynamic targets)

decisions variables
(thermo-dynamic targets)

T_performances
A < B D \
energy- and material- W state variables energy integration
flow models superstructure ~  (MILP slave sub-problem)
Flowsheeting software L Process integration software

[ economic model

State Val’iab/es IEEREE R EEFEEREEEEEERE D [FEEEE State Val’iab/es
LCA model LENI-Osmose

e e e e e = — —
N~ e e e e e e — e — — —

Gerber, Léda, Martin Gassner, and Francois Maréchal. “Systematic Integration of LCA in Process Systems Design: Application to Combined Fuel and Electricity Production from
Lignocellulosic Biomass.” Computers & Chemical Engineering 35,no0.7 (December 9, 2010): 1265-1280. http://linkinghub elsevier.com/retrieve/pii/S0098135410003595.



LCA in Osmose

* 3 elements type can be declared in the LCI:

Unit Elementary
Components
processes flows
contains the cumulated : -
ds to a piece| life cycle inventory a single emission (or
Definition correspon , . extraction) generated
of process equipment emissions and
: by the model
extractions
in the «componentsy
Database database, listed in in the «unit processes» | in the «elementary
equivalence EnergyTechnologies category flows» category
documentation

In multi-model: pay attention to the risk of double-counting (ex:
electricity balance) or intermediate flows (ex: logistics)




2. LCA integration

Guidelines for LCA model

Interpretation

General method Y

Goal and scope Life Cycle Inventory Impact assessment

f L 3 Do li Identify dr|V|ng parameters o + [ Select impact assessment
Define objectives . o literature review design & scale for each flow . methods from ecoinvent
: Identify at which step LCI Extend model W|th necessary ) -
i i . . LCA model
( Define functional unit ) *  \flows occur and thelrfunctloD ( parameters, if required . completed,
. 1 . linked with
g . . process design
Def tern limit . Find equivalences of unit Write impact functions for . and scale
ehine system fimits . processes in ecoinvent types of process equipment ) - [
: : : I
. Specific : -
: emission from Write LCA function with : Thermo-
. LCI database necessary data to calculate LClJ - envr:gzgrm
Total functional unit ' Scaled . :
quantity : < —— Quantity ?f .
- €mission Emsy =em; -V, Y (zq element j .
! 1 iofLCl of LCI I Fi1 .. Fin,  Emiv IV
{ EU = FU(x) -t -7, * » . o L =T
. - * Fo1 ... Fon EmfY Irv
\ : 7i=1.n;: EmfV = ZEmfZL . ’ ‘ ) ‘
Decision variables of . P .

optim. problem



2. LCA integration

aeemens o | C| scaling of process equipment

e Analogy with economies of scale for equipment investment estimation

issi i Impact . .
Scaled emission of  Functional parameter of p Correction factor if

element j (f)f LCI element j exponent necessary
]
Em; ‘ A
7, . — |9 J
_ ) = [Aj,miny Aj,maa:‘ V= [Znt(A ) + 1
Em; reri e

Reference emission

of element i Decision variables o B . : : .
l of MOO problem £ ¢ ¢ LCIA using design data
%) 2251 with conventional approach (linear, ref 13m?) | |
& with calculated impact exponent=0.93
’CES: 22 with costs exponent=0.96 (ref13m2) b
e Example of heat exchanger S| _
83 .
S 21 .
3
» shell and tube heat exchanger e 2057 . ]
o
O 20t .
<
'S 195¢F .
» functional parameter: exchange S o . |
area, in m? £
< 185°F ¢
K}
18 1 1 1 1
10 20 30 40 50

Exchange area, [m2]



2. LCA integration

Lcieemenss o | C] scaling of process flowsheet and auxiliary flows

® PFOCGSS ﬂOWSheet Quantity directly calculated

by the process flowsheet,
varies as a function of d.v. of MOO problem

JFU Vy<£d) Ay - T * Example: quantity of RME for scrubbing at gas cleaning

J FUjot(24) » volumetric flow rate from gasification...

» ... gasification pressure (d.v.)
e Auxiliary flows

» No systematic formulation but in general: * Example: auxiliary flows for reactors (olivine, charcoal, ...)

FU .
VEY o Vit (Ta), Ay tyr, 7

Mireac = reac(xd) *Vireac

Initial quantity reactor volume, scaled specific mass

non-linearly consumption rate of
material per unit volume

Turnover

» Method better than conventional LCA?



2. LCA integration

LCl elements @ Multi-objective optimisation

e Residual wood for combined Synthetic Natural Gas (SNG) and electricity production:

functional unit is the wood processed at plant entry

| - ;
. CO2 (biogenic b
I thermo-economic model flows |) FNG (supstituted)
NOx PM 1 fossil sum ZnO i i

: == 1. Flowsheet flows of LCA model ) P nO CO2 (fossil) - Ni,Al203 o2 (I Fossi)
1 ==> 2 Auxiliary flows of LCA model - -

. Q boiler, steag network arfd
: 3. Process equipment combustion | | Q ¢rbines SNG

0 1
! empty H20 (v) Q H20(v) heat recovery systm | Q@ | Q |
! tmnsp ’ Q i indirectly heated H20 (v) i I
port air y - Selexol adsorption

! wood chips D : gasification Hot gas clean-up - internally 1
: production |wood chips ‘Al drying Pyrolysis cooled, fluidised PSA I
I rm directly heated Cold gas clean-up bed reactor !

P Steam dry. Torrefact. gasification methane Membranes !
1 SNG plant t gas synthesis 1
| i bi I i P i
I hard wood  soft wood dfy’},?gs p’,z?::;:mem 021 gasification clean-up NG upgrade I’p urification) L
: chips  chips Rape N co2 (biogenic)I
! FU: TMJ of d>LCA limi Olivmecharcoa/ oil (starting)Ngggfl Zn0O CaCo3 Ni, Al203 ?II@; ;Zﬁtuted if produced) 1

H ofwood > system limits iR S rodu

: Y. CaCo3 (M E)(catalyst) (catalyst) p |

» Wood processing benefit

Objectives » Environmental impact

» Size of the plant

I) M. Gassner, 2010, Process design methodology for thermochemical production of fuels from biomass. Application to the production of synthetic natural gas
from lignocellulosic resources.PhD thesis, EPFL



LCl: a few traps to avoid

* Definition of system function and thus FU

Fossil energy demand [MJ—quMJougNG]

-0.98

-1.021

-1.04

-1.061

-1.081

Example: for SNG production, FU taken was first the MJ of SNG

%o  Decreases impact by ]

© F:H20Q, press. meth & gas (2G)
E: O2, press. meth & gas 2G) ||

° increasing electricity productl

but also by decreasing SNG p
(smce FU is'MJ of SNG, av01ded 1mpact
remain @pnstant) .

20

60 80 100 120 14‘10 160
SNG production costs [EUR/MWh]

on ...

roduction!
s from SNG

Function of the process
is actually to convert biomass in
multiple energy services!

» new FU: MJ of wood!

200



Method vs 3. Impact assessment
classical LCA

Comparison with conventional LCA

* pilot-scale vs integrated process for wood conversion to SNG & electricity (Ecoscarcityos)
25 =
100% -10% -390% g
= § § m Remaining processes
— “é |7}
20 “E = 5 § m Rape methyl ester
2 @ = m NOx emissions
LT} €
§ . < m Solid waste
15
= M Charcoal
=
o m Olivine
m
- 10 [ Infrastructure
f 1 Wood chips production
1
5 . m Electricity cons./prod.
]
! m Avoided NG extraction
. 1 Avoided CO2 emissions
0
scale-independent, without cogeneration with cogeneration
conventlongl LCIA Integrated industrial base case scenario (8 MWth)
(average lab/pilot tech.)
»  Significant differences due to developed methodology
»  Generation of optimal scenarios?
Iﬂ 17/29



3. Impact assessment

omma e Multi-objective optimization

configurations

* Environomic optimal process design

= 2 objectives

® economic — Bjomass profitability

~——— Ecoscarcity06 (Single score)

* environmental

~ Ecoindicator99-(h,a) (Single score)

e Effect of technology and scale
* 6 technological alternatives (clusters)

e |9-21 decisions variables

* process scale [5-200 MWth]

* operating conditions



=PrL

Integration of LCIA in the methodology

Perspective: plant scale-up vs. biomass logistics

The biomass Logistics has an influence on the plant impact

3

e -0.05 T T T T

= Effect of process Integration and design! e e, ¥ LCI data taken from

8 Felder et al, and adapted

9 -0.052 : : . to system limits

CTJ_ ° A: H20, no steam cycle (1G)

(q\] _0.054 | . o B. H2O (1G) . e o .

@) o C: H20, press. meth. (2G) bl_omass logistics

% x  D: 02, press. meth. (2G) impact model

X i x E: 02, press. meth. & gas. (2G) |

= —-0.056 o F: H20, press. meth. & gas. (2G)

= === Conventional LCA*

O

S -0.058} .

o

8’ o810,

e -0.061 S cooa00msm |

S x 00 ox@x @

= Qe X o OPE xR @ w X

© —-0.0621 ' x % s

S

5 0 2 4 6 g 10 ML
Wood input thermal capacity [kWth] x 10 FEDERALT DF NUSANNE

B
— Optimal plant size with respect to biomass logistics

Gerber, Léda, Martin Gassner, and Frangois Marechal. “Integration of LCA in the optimal design of energy conversion systems: The example of 7 5 / 87
SNG production from lignocellulosic biomass.” Comput .Chem. Eng. In press (2011).
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Optimal
configurations

3. Impact assessment

* Optimal configurations

Multi-objective optimization results

x107° Thermal capacity as input wood [MWt_h]
=T indirectly heated 3 -1.2 200
— gasification with o L 1q
'8 —8|r - - torrefaction (FICFB, torr) o~ % -1.3¢+ 85
o s X\ ' indirectly heated
% N l w o D / gasification (FICFB) - 1170
2 -9 J e o @V, - S 1.4
= 0o P . Y\ indirectly heated = / ., L 1155
o gasification (FICFB) © s = .
o -10F o s - © : > . @
) v @ W0C0° " £ 1.5+ L 4140
— | o <€— indirectly heated
(o] L . (o)) o . . .
o -11 " oy aw 0 e 0P gasification with L 1425
2 . o —-1.6r torrefaction (FICFB; torr)
o N T
8 =12 pressurized indirér.tly heated % 110
2 gasification (pF]CEB) ) < -1.7¢ pressurized indirectly heated
o —13F S directly heated o gasification (pFICFB) 95
w mﬁjdw?%’ gasification (CFB) L(LJJ )
£ . 5 o &® kX - -1.8r / pressurized indirectly heated 80
S -14r ° e R \ = X\ dasification with hot gas
& . = ® By g T BB cleaning (pFICFB, hcl)

3 pressurized indirectly heated & " - —-1.9F ’ 65
w —19[  gasification with hot gas f‘”& e directly heated
=] cleaning (pFICFB, hcl) > M % gasification (CFB) 50
% -16[ + b A A f o -2r \ M X
b directly heated gasificati S o xx = X 35
= y heated gasification 5 21k I
8 =177 and hot gas cleaning (CFB hcl) g ’ directly heated gasification 20
£ £ + and hot gas cleaning (CFB,hcl)

_1 8 i i i i J —_ _22 } 3 H i

0 10 20 30 40 50 10 20 30 40 50

Biomass Profitability [€/MWh]

|. Process scale

3. Environmental objective function

Biomass Profitability [€/MWh]



LCl: a few traps to avoid

Global Warming Potential, 100a [kgCO2-eq/MJin]

* Assumptions regarding the mix greatly influe on the decision

making...
-0.037 . ‘ ; : : § -0.041
5 x  cluster 1 > < cluster 1
-0.0375! \&‘ﬂ/ g -0.0415- cluster 2 4
o .

-0.038- - 93» -0.042¢ electr lCIty fr om
-0.0385 " eIeCtr’C’ty from ?00425 hyd ro is su bStltutEd

gas is substituted &) 208,
-0.039+ :  -0.0435 -
-0.0395 - g -0.044 - %

-0.04, 2 RS R e
S % -0.045 -

-0.0405 - i |
Rl 46 47 48 49 50 51 § 0046 = o = = =

SNG Production Costs [EUR/MWh] SNG Production Costs [EUR/MWh]

Best technology changes in function of avoided impacts!
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tPFL Take home message §

= Impact is not only local emissions

= Renewable energy means harvesting

= Impact is associated to investment
= People define the needs
= functional unit definition
= Efficiency define the energy consumption
= Investment in efficiency creates impact
= The energy system is used to produce the investment

= Solar panels will be created by renewable based energy mix



