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HOW DO WE SATISFY THE ENERGY NEEDS IN A BUILDING ?
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ENERGY NEEDS OF A BUILDING
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15 to 40% of the CO2 emissions have been made to prepare the fossil fuels

EPFL Life cycle assessment : emissions before the use
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EPFL Environmental impact of the use of combustion 5

= Importance of the life cycle
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CO2 eq:is a measure of the global warming potential of the emissions over the overall conversion chain up to combustion. The global warming potential is considering not only the C
also other emissions like CH4 (that has a GWP of 20 CO2 eq), NOx and other gases in the complete life cycle chain.
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EPFL Shale gas vs coal for heat production

GHG Emissions [g CO2e/MJ]

180 -

160 -

140 -

120

100

o]
o

D
o

N
o

N
o

[

[
I Freproduction (Fixed)
I Preproduction (Non-fixed)
[ |Production
| | Processing
B Transportation
I Conmbustion

Shale gas (20y) Coal (20y) Shale gas (100y) Coal (100y)




EPFL Uncertainty in the evaluation of the impact
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EPFL Shale gas vs coal for electricity production 8
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- Figure 26 GHG emissions of the different phases of shale gas and coal life cycles



ePFL LCA shows actions to mitigate emissions

= Measure 1

= Flaring of off gases
= Measure 2

= Green completion : send back
= Measure 3

= Tracking fugitive emissions

GHG Emissions over 100 years [g CO2e/MJ]
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Figure 33 hale gas life cycle GHG emissions according to different potential mitigation measures over the 100 year

timeframe

Nicolas Fuelleman, Master thesis, 2012



RENOVATING BUILDINGS
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ePFL LCA of insulating materials "
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RENOVATING BUILDINGS
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HOW DO WE SUPPLY HEAT TO A BUILDING
ASK THERMODYNAMICS

| units of electricity supplies 10 units of heat with 9 units of the environment

Heat needs

21 °C

Electricity



HEAT PUMP INTEGRATION IN A
BUILDING

Electrical grid




The potential impacts of electricity generation
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Inventory : ecoinvent 2.2 (European averages)
LCIA method : IMPACT 2002+ (single score)
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Current electricity mix

17% 0.7% 21% 29% 14% 4.4% 94% 02% 3.8% 03% 0.2%
772% 32" 953" 1317~ 636* 200* 423* 9* 173* 14~ 9*
* Values in TWh

VS

Renewable electricity mix

51% 4% 17% 28%
2547* 200* 849 1398

*Values in TWh

Total yearly electricity generation with deep electrification: 4540 TWh (current mix) and 4994 (renewable mix)

Deep electrification 10.06.2020
= pd S B Deep clectification 2
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The relative importance of the Infrastructure

- Infrastructure Inventory : ecoinvent 2.2 (European averages)
B process LCIA method : IMPACT 2002+ (single score)
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CO2 Capture

e Energy Penalty
— Compression
+ 2% (LHV)
— Capture :
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Electricity production with CO2 capture from biomass
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COz caeture oEtions comparison

¢ CO, capture energy and cost penalty
> Different process configurations

« Natural gas fed processes 90% CO, capture, biomass 60%
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COz caeture oetions comparison

¢ CO, capture environmental performance
« IPCC 07: Global warming potential (ru=1ce)

18 I Natural gas

[ 1 Transport of materials
: I CO: fossil non captured
160- 7 C__Transport of wood
[ Empty lorries
[ Charcoal for sorbalit
140~ | 2 RME
[ CO2 sequestrated
p | C_1Remaining processes
" > Major contributions
GWP _
by CO, capture * Resource extraction
« Uncaptured CO,
4 1 . > Biomass fed process
7 * Benefit of capturing
o biogenic CO, !

NGCC  Post-comb ATR ATR SMR BM BM
noCC MEA CAP TEA Selexol TEA TEA  Selexo

—_
N

Impact [kgcozed/GJe]
5 3 8 2

N
o

L. TOCK b



Decision-making

¢ Most economically competitive process configurations

> CO, capture penalty

System NGCC Post-comb  ATR BM . Efficiency G 6-10%-pts (CO
: 2
Performance no CC MEA Selexol Selexol Compression "‘2%-pt5)
Feed [MWth] 559 582 725 380 o COE 7| N 20'25%
CO, capture [%] o 82.9 78.6 69.9
> .
o s | e g . Best performing process
 Efficiency: Nat gas. pre-comb.
Net electricity [MWE] 328 295 383 135 .
m * Economic: Nat gas. post-comb.
(K9cos, ocol GVe] 105 13.9 222 * Environmental: Biomass pre-comb.
COE incl. tax[5/GJ ] 18.2-28.8 m 12.8-42  15-69
Avoid. Costs incl. tax [S/ .
t oz, avoided! - 63121 -a9-127 o253 > Com pEtltlon between Processes

and objectives!
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PV costs projections
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Energy return on energy invested

%0 Energy Return On Energy Invested (EROI)
40 |
|

30 f .
3 Electricity produced
o | EROI = Y P .
TR | Energy for panel production

10 | + + +

o 1 1 1 1
mono-Si (9) poly-Si(10)  a:Si (5) CdTe(7)  CIGS (6)

p 8.7 11.6 14.5 34.2 19.9
c 3.5 5.2 5.1 13.5 8.2

« variation in embedded energy was greater than the variation in efficiency ...
suggesting that the relative ranking of the EPBT of different PV technology today and in
the future depends primarily on the embedded energy and not the efficiency »

(Bhandari, et.a.. (2015).. Renewable and Sustainable Energy Reviews, 47 133-141) f‘) CI R AI (3’6c



Energy pay-back time of Photovoltaics systems (meta-analysis)

Photovoltaic pannel Median (years) Standard deviation
(# studies)

Mono-Sl (9) 4.1 2.0

Poly-SlI (10) 3.1 1.3

a:Sl (5) 2.3 0.7

CIGS (4) 1.7 0.7

CdTe (7) 1.0 0.4

(Bhandari, K. P, Collier, J. M., Ellingson, R. J., & Apul, D. S. (2015). Energy payback time (EPBT) and
energy return on energy invested (EROI) of solar photovoltaic systems: A systematic review and meta-

analysis. Renewable and Sustainable Energy Reviews, 47 133-141.) we
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PV efficiency
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.. Renewable and Sustainable Energy Reviews, 47 133-141)
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Energy pay back period (years)
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PV Technologies

Embodied energy (kKWh/m?)

EPBP = 5
Energy output (kWh/m®/year)
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=]

Fig. 16. Comparison of EPBP of existing PV technologies with PSC. Data for other PV technologies are obtained from Garcia-Valverde et al. [10].

(Ibn-Mohammed et al. 2017. Perovskite solar cells: An integrated hybrid lifecycle assessment and review in w CI RAI G”c
comparison with other photovoltaic technologies. Renewable and Sustainable Energy Reviews. 1321-1344.) =



Comparison of Environmental impacts indicators for different solar cells

HTP cancer effect [CTU,/kWh] GWP [g CO,/KkWh]

6 00E-04

5 0DE-04
2 00E-04
3 00E-049
2 0DE-04
I I I I 1 00E-04
0.00E+CO L] —

HTP non cancer effect [CTU,/kwWh] AE [kg P../KWh]
9.00E-D06 .
8.00E-D5
T.00E-05
6.00E-05
S.00E-D6
4.00E-D5

3.00E-05
2.00E-05
. 1.00E-05 I I
. = I | [l 0.00E+00 l

FAEP [CTU_/kWh] ADP [kg Sb, /kWh]

300
250
200
1s0
100
I S0
mHIT 5 - oo-S1 m PSC/A tandem Al mPSC/SE tanadm Au

mPSC/S tendem Ag  mPSC-Al mPSC-Au mPSC-ag

Figure 2. Environmental impacts of different solar cells [66].

"

» &

S

3 00DE-03
7 00E-03
S 00E-03
S 0DE-03
£ 0DE-03
3 00E-03
2 00E-03
1 00E-03
0 00E«CO

6. 00E-04

S 00E-04

4.00E-04

3.00E-04

2.0DE-D4

1 00E-D4

0 00E+00

(Muteri et al. 2020. Review on Life Cycle Assessment
of Solar Photovolaic Panels. Energies, 13, 252-?)
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Medium term material criticality in (U.S. Dep of Energy)

Innovation is needed in the long term to contribute reducing the quantity of critical
metals used in energy technologies

4 Neodymium Dysprosium
(high)

& Lithium  Europium Critical
%n Tellurium  Yttrium Terbium »
o 3 @ ' G [J Near-Critical
c
o 5 B not Critical
© Nickel Cerium Lanthanum
o 21 © Cobalt Manganese
= Gallium Praseodymium
9 Indium
- 1 Samarium
j
o
o
E

1 (low) 2 3 4 (high)

Supply risk

(U.S. Dep of Energy. 2011. Critical Material Strategy) @ CIRAIG
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FROM FOSSIL FUEL TO RENEWABLES
3.8 0.18-0.07~

tons CO; /year/ 100 m? tons CO7 /year/ 100 m?2

Qﬁ 0.4-0.3"
A m2PV/m?2 -@

B o=
0 = 2
.= (@} [}
11| ] ° - —
= *renovation
CHF/month/ 100 m2 CHF/month/100 m?2
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EPFL Energy services to buildings

Conversio

Storage

31 Types of buildings

7 Climatic zones
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List of energy conversion solutions
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I IPESE

EPFL Dynamic LCA - effect of exchanges o mcers 71

Engineering

e

IPCC 2013 climate change - .
GWP100a [gCO2-eq./KWh]

B <100
B 100 - 200
200 - 300

[7] 300 - 400 o}

[7] 400 - 500 y

| 500 - 700 w
W 700 - 900

B > 900

DENMARKE

GDOM
NETHERLANDS
(e

BELARUS

26th January 2020 12:00 gj} .

GWP100a associated to
electricity consumption

%
. %%

ROMANIA ‘&

’
o F

o
CE &
QY & Lol

2% Ly

+450%

PORT!
\}

10.06.2020
34



I IPESE

Predictions - data driven models nivsiaProcoss 7]

Engineering

e

Germany (April 2018) - Random Forest regressor
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— ethed  SPlitintrain and test sets
700 | | ‘ me O
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EPFL Integrating biomass in district systems

Resources
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=Pr-L Systematic method for process system design options

2C(H20) -> CH4 + CO2 Process superstructure Comparing options

st 90.3 80 ?’l Labour B Wood
o Selw) — B = E Electricity
3 N e g
b, etnsion —o{tmmwum-ﬁ‘ 6
phic @ igats 2801 - - - - - - B - - - - - - - s -
¢ tomeic =
[ Gemilibs
drctybee ) nenkanes = 9
75.1 MW o st Gl PHOOCER S Er— =
) s ], | o] s NG pgrading £
amedton || | 0200 g | [ ot | () « @ 60 1
— bt u;mmelhm denig || et |y W 4]
eoming — 2
I e B sugats. n apetin 8 ]
gt Envanedon — o o
paration ety beated, hrome WeOH ~——p
6- 1.4 MWe o iyt ot puaten .5 40 1 -
A OvE ko
00 - 13.8 MWth cacatlon Producer gasprocessingand ceaning W g i
el upgradi 3
s Fuelupgrading
Fuelsythess & 20

Systematic generation

ﬂ 0 e [ 1
—_f A=)

HEAT RECOVERY SYSTEM

Total production costs

1029 1054

W Depreciation [JOxygen
B Maintenance B Biodiesel

“base) tom) (M) (pMSA) | (pGM)  (pGMhot):
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Gasification: Separation:
FICFB PSA 1500 - |
¢ airdrying = downstream Investment cost
4 + torrefaction = upstream E 1400 - i
* steam drying of methanation = 35
¢ + torrefaction = 326 332 .::;tv:'?a"ger
pressurised FICFB Phys. abs. > 1300~ 1 30 4 - .. W Steam cycle 5
- air drying = downstream w BCO,removal
* airdrying, gas turbine * upstream i B 1200 - R . . = N R . B Methanation i
> steam drying, gas turbine of methanation 8 FICFB gasification a 25 533 24.1 Eg::i;tzgzg:‘omng
* + hot gas cleaning Membranes € 1100 - s § W Pretreatment
CFB-O, = downstream g P 20 1 - ) e 76
o air drying of methanation 1000 - 1 8 17.0 .
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Gassner, Martin, and Francois Maréchal. Energy & Environmental Science 5,no0.2 (2012): 5768 — 5789.
Note : 1.5 years of calculation time !

SNG efficiency equivalent [%]
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Generdl metied O 2. LCA integration

Using optimisation to extract solutions

—_— e e e e e e — — — o o — — — — -

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

decisions variables
(thermo-dynamic targets)

decisions variables
(thermo-dynamic targets)

_________________________ fperformances N __________
\
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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=PiL Thermo-economic optimisation

DOF of the system = N_{state variables} - N_{Flowsheet model equations}

N_{Decision variables} = DOF - N_{Context specifications}

- Degree of freedom for which | do not have any rationale to fix the value
- | only know the possible range X min < Xa < Xama
- | would like to fix the value of X, so “that it minimise an Ib]ectlve function

Xmin CT(Xstate)
Subject to F(Xstate) =0 Flowsheet model
S(Xstate) =0 Context specifications
G(Xstate) > 0 Inequality constraints

Xstate — {Xflowsa XParametersa Ydecision} Ydecisione{yes(l)a NO(O)}

Ya Xq is a subset of Xure

Y4 X4 defines the process configuration from the superstructure
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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
= T, p & utilisation levels optimised
GEJ o
21200 trade-off: efficiency vs: 1
g investment (& complexity) o
£ f
ngJ 1100 o & T
8 M‘
Q. o] 00 9 oo
“ 1000 o©° © 8
input: 20 MW wood at 50% humidity (~4t/h dry)
900 1 1 1 1 1
62 63 64 65 66 67 68

energy efficiency [%]

-l |
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Thermo-economic optimisation

Trade-offs: efficiency and scale vs. investment

Efficiency vs. investment and optimal scale-up:

1600 ‘ 2400 © T T T T T T T
;E;EQ{OLOGY: air, T & humidity optimised ° | scale-up objective: minimisation of production costs
) ! e ~62% incl.i t t by d iati
1500 - -gasification: indirectly heated dual fluid. bed (1-bar, 850°C) 2200 Lo ° (incl. investment by depreciation) |
. methanation: once through fluid. bed, |1°
E T, p optimised (p = [1 15] bar) E K |
O 1400 [ SNG-upgrade:  TSAdrying (act.alumina) = 2000 1 o
= 3-stage membrane: p, cuts optimised ° w l'o
8 quality: 96% CHg, 50 bar ° 2 1800 'e _
U 1300 |- heat recovery: steam Rankine cycle o 8 :°
= T, p & utilisation levels optimised = )
GEJ o Qg 160018 : o : R
£ 1200 trade-off:efficiency vs. £ | ‘8 ~ 64% op’F|maI cqnﬁgurapons.
qé investment (& complexity) &98 § 1400 F | wa:mg efficiency
= k= I o
&2 1100 o & U ! discontinuities due to
o o S 12001 | ‘ capacity limitations of
7] 0 0D 9 | % pacity
Q o o0® ©O° e ° oy ! 0! equipment (diameter < 4 m)
Y 1000 o a -7 £~ 66%
10007 1 L% &"% %o 68%
PR o, e~ (]
input: 20 MW wood at 50% humidity (~4t/h dry) nb.of .o N M@ 00 5 oo oo
200 ! ! I I L 800 gasifiers: 2 . 3, 4 5 . ‘ ‘
62 63 64 65 66 67 68 0 20 40 60 80 100 120 140 160 180
energy efficiency [%] input capacity [MW]

-l |

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

o

61,87



Investment as a function of biomass feed

3000

R?in pTarei?ltPieslis are for regressibns in x' FIéFB lme‘mL:)rarnes separation
which all points of a Pareto-front are ) " . ! , .
allowed for different costs at reference CF.B Oz, phy5|ca'| absorption
scale i : “| both with steam drying

2000 [~ s - = =regression (entire domain)
b 0.64,R2=0 95 (0. 99) — reg ression (plecewme)

: bis 083 R?= 083(087) _

b 092 R2—061 (098)

Stow it

= -

1000 -» 2 TR

900 ..... ......
800 ..... .............. ~ b
700 fooioin b=060,
600 : 5o f f R*=0.99 (0 99)

500 |- ................... ............................ -‘.:.:;_-__ __ .............

400 |- .................. ........... ...... ...... ............... o3

Specific investment cost [USD/kWih, biomass]

300 L i : A S S S S S
5 7 10 20 30 40 50 70 100 200

Plant scale [MWh, piomass]
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8. Analysing the results

e Each point of the Pareto is a process design

600

Thermo-economic Pareto front

(cost vs efficiency):

56 58 60 62 64 66 68 70 72 74 76 78 80

SNG efficiency equivalent [%]

+ hot gas cleaning

1600
Gasification: Separation:
1500 -
FICFB PSA
= 1400 - © airdrying m downstream
i A +torrefac’Fion = upstream
2 T X steam drying of methanation
= ¢ + torrefaction
wn 1200 - R .
S FICFB gasification pressurised FICFB Ph)és. abs.
€ 1100 - - air drying = downstream
qé * air drying, gas turbine :pstriam .
& 10001 > steam drying, gas turbine ~ ©' Methanation
2 * + hot gas cleanin
€ o900t 9 g Membranes
g CFB-0O, downstream
'8 800 o airdrying of methanation
Q v + hot gas cleanin
V0o - Pressurised CFB-O, y gd _ g
gasification steam drying
o

— The best solution is the pressurised directly heated gasifier

P 3
< \I P I_—bl: Martin Gassner , Ph D Thesis, EPFL, 2010

L (Gl
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©Francois Marechal -IPESE-IGM-STI-EPFL 2014



Plant location

Area = 40 km?2 Process Size => Investment

Energy wood availability (ESA maximum)

[m3/ha] 20 MW,,.: ¢ 51.4 Mio. CHF (1)
+  -10.00--2.00 th
-1.99--0.50
-0.49-0.00 .
e 29.5 Mio. CHF (2)
5.01-30.00
*  30.01-130.0
e e 35.4 Mio. CHF (3)
. : i 3
+ 0 25 50 100 Kilometers 180 exp
— 160 C =C Pn 1
T GR ~ “GRO| p
O 140 th,0 e
— () o
Transport = 10 % of the energy $ Lo wﬁﬁ;u o 1
T 180 c
Z 160 . GREEN FUTURE SCENARIO —»— Chur R Vo o] MU ISR SN RO HT ol
© T ESA maximum Altdorf © ’ )
2 ™ onfiguration 3
..g —o— Basel Jg 80 i M
"15: —se— Bellinzona -'S 60 M fiquration 2
3 ——Bern ?g’ W T
7]
§ — Genf O 40 fﬁ et
° Langnau el Exponent = 0.5152
§ Lausanne 20 EXponent ="uU.407/1
< — ——Sion 0 Exponent = 0.4807
e St-Gallen 0 50 100 150 200
Puissance installée [MW,, ]
Plant size [MW] Zirich th

20 MWy,

IPESE Efficiency : 5000 Wyear/year/ha e

S ———
©Francois Marechal -IPESE-IGM-STI-EPFL 2014



Environmental Process performance indicators
Identification of Life Cycle Inventory elements

e Process superstructure, extended with LCI

== thermo-economic model flows . . wastewater |
NOx PM CO2 (biogenic - gusum A Zn0 CO2 (fossil)  Nij, AI203 FNG (substituteg)
=P [CAmodel flows, added Lk fossil 9P ‘ ﬁli
= | CAmodel flows, value : L B :
directly taken from t-e model AN A voilersteafh netfor <] I\ |
Q [combustlon—] Q andturbin q
rm—— SNG !
empty Hy0 (v) H20(v), 2 eatrecovery Sy”eml 12]e compression . :
‘ | _L ‘indirectly heated, steam cold gas Hy0 (v) Functional :
i - internally Unit: IMJoyt
clean-up (iler, cooled, fluidised polymeric :
scrubber, guard ! membranes !

bed reactor

|
€02 (biogenic)

f'directly heated, oxygenE

: €0, X beds)
* blown gasification :

transport to drying purification

methane

I

I

I

|

I

I

I

I

I

: wood chips 4—% ort - ’ms air blown gasification
| production wood chips drying '_> ............................ .
I

I

I

I

I

I

I

I

I

SNG plant . ) gas ' :
0) A \ gasification clean-up synthesi 1
hardwood  soft wood ; I
chips  chips iPl: ion tfansfer mdmbrgnes I
i I Iairseparmmn 710 Ni ARO3 electricity 1
olivine . . ) ) . . I
cradle-to-gate LCA system limits charcoacl ng (starting) water  CaCo3 (catalyst) (mix substituted if produced) :
e o = = = e e e e e e e e e e e e e e e = e e = = = G_ _________________________________ 4

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

P ,
=“I Ptbl: Gerber, L. et al., 2010 Comp & Chem Eng., 1405-1410 .(I)ﬂ.

S ———
©Francois Marechal -IPESE-IGM-STI-EPFL 2014



2. LCA integration

General method @

Computational framework

—_— e e e e e e — — — o o — — — — -

' evolutionary, multi-objective '
optimization algorithm

| .. .
| decisions variables
(MINLP master problem)

(thermo-dynamic targets)

decisions variables
(thermo-dynamic targets)

_________________________ fperformances N\ __________
\
energy- and material- w state variables energy integration
flow models superstructure | (MILP slave sub-problem)
Flowsheeting software Process integration software

[ economic model

State Variables IEEREEER TN O O State Val’iab/es

LCA model LENI-Osmose

— m— 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, no. 7 (December 9, 2010): 1265-1280. http://linkinghub.elsevier.com/retrieve/pii/S0098135410003595.
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LCA in Osmose

* 3 elements type can be declared in the LCI:

Components

Unit
processes

Elementary
flows

corresponds to a piece

contains the cumulated
life cycle inventory

a single emission (or

Definition . . 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)

47




2. LCA integration

Guidelines for LCA model

Interpretation

General method °

Goal and scope Life Cycle Inventory Impact assessment

1 ? é 1

denti drrvrn arameters o Select impact assessment
Do literature review ) fy 9p C P

Define objectives

l

design & scale for each flow methods from ecoinvent

N

\

Decision variables of
optim. problem ;

v
7i=1.n;: Emf'Y = ZEmizb

=1

Identify at Wh'Ch step LCI Extend model W|th necessary
. . LCA model
Define functional unit flows occur and their functloD [ parameters if required completed,
l linked with
process design
Defi tem limit Find equivalences of unit Write impact functlons for and scale
ehine system fimits processes in ecoinvent types of process equipment |
: ; . |
. Specific : -
. emission from Write LCA function with . Thermo-
: LCI database necessary data to calculate LCJ)  + e”"r:(;zzlm'c
Total functional unit ' Scaled : :
quantity : A ——_ Quantity ?f .
- emission EmtY =em;- VY (zq element j . )
| L oiofLCl of LCI + Fiiooo Fin Emiv Iy
{ FUfnf — FU(er) . twr -, : 2l : ] . [ ] = [
" : Fnr] Fnrrn: Emf‘U IfU

@ 48/29




2. LCA integration

aeemens o L C| scaling of process equipment

* Analogy with economies of scale for equipment investment estimation

‘o ; Impact . .
Scaled emission of  Functional parameter of P Correction factor if

element j c!>f LCI element j exponent necessary
[ ]
Emyj, Aj(xq) | A,
] _ ] k; ; . — [s _ 7
L —n A )9t cs, Aj € [Ajming Ajma n = [mt(A_ )+ 1
Em; rer i n - Ajref i.max
Ref issi . .
N eorfeglceemeenr:;s'mon Decision variables 5 2 : ; ; ;
J of MOO problem £ ¢ ¢ LCIA using design data
i) 22.51 with conventional approach (linear, ref 13n12)
K with calculated impact exponent=0.93
’(-g: 22r with costs exponent=0.96 (ref 13m?) b
e Example of heat exchanger €, ]
8):3 .
o 2r |
I
Q
» shell and tube heat exchanger 2 205¢ R ]
S
@ 20f ]
<
S 1951 1
» functional parameter: exchange % . *
. Q_ I -
area, in m? £ .
< 185F .
k)
18 1 1 1 1
10 20 30 40 50

Exchange area, [m2]
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2. LCA integration

Lcieemenss o LC] scaling of process flowsheet and auxiliary flows

o Pr’OCGSS fIOWSheet Quantity directly calculated

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

Vi(za) - tyr 7o * Example: quantity of RME for scrubbing at gas cleaning

yEU —
J FU;oi(zq) i ificati
tot\Ld » 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, ...)

U .
V. ~ Viinit (xd), aj, tyra Tc

1 . f— . 'y .
/ \ Mireac = Vieac(Td) * Vireac
Initial quantity - reactor volume, scaled specific mass
urnover non-linearly consumption rate of

material per unit volume

» Method better than conventional LCA?

|ﬂ| 50/29




2. LCA integration

Lareemens o 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 Vs
thermo-economic model flows |) NOX PM ) FNG (supstituted)
fossil i i
==p 1. Flowsheet flows of LCA model Hossil) gypspim Zn0 CO2 (fossil) - Ni, Al203 )
T

1
1
1
! - CO2 (fossil)
y => 2. Auxiliary flows of LCA model - --p
. Q boiler, steafn netvork arfld
: 3. Process equipment combustion | | Q tyrbines SNG |
1
! empty H20 () Q Hz_oi/) Q heat recovery systm | Q | Q :
! transport Q air indirectly heated H20 (v) Selexol adsorption !
! wood chips : gasification Hot gas clean-up:| ™ internally 1
: production [wood chips -Air drying Pyrolysis cooled, fluidised PSA :
| transport to directly heated Cold gas clean-up bed reactor |
. SNG![)Dlant Steam dry. Torrefact. gasification methane Membranes |
: hard wood  soft wood Zue-gas zi?::zzs:mem 021 gasification dean w e v upgrade I’purification) :
rying >
: chips  chips Rape Co2( b/ogen/c)
| olivine O,, starting e Zno Cacos N AI203 electricity ;
 FU: 1MJ of wood > LCA system limits char CoaClaCO3 g (25/\1;’3&_’) (catalyst) (catalyst) (mix substituted if produced) |
1t (11 S A 1

» 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 51/29



LCl: a few traps to avoid

* Definition of system function and thus FU

Fossil energy demand [I\/IJ-eq/MJougNG]

-0.98

-1.02+

-1.04-

-1.06

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

OB LN

o F:H20, press. meth & gas (2G)
E: O2, press. meth & gas 2G) ||

Decreases impact by |
° increasing electricity producti

but also by decreasing SNG p
(Since FU-is M} of SNG, avoided impact;
remain gonstant)

40

1 \ 1 1 | 1 1
60 80 100 120 140 160 180

SNG production costs [EUR/MWHh]

52

on ...

roduction!
s from SNG

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

» new FU: M] of wood!

200



Method vs
classical LCA

3. Impact assessment

Comparison with conventional LCA

* pilot-scale vs integrated process for wood conversion to SNG & electricity (Ecoscarcityos)
25 =
100% -10% -390% %
3 ‘;j E W Remaining processes
S £
20 ‘E = 5 § m Rape methyl ester
2 E 2 m NOx emissions
@ IS
§ 1 = s m Solid waste
5
—:; m Charcoal
=
o M Olivine
s}
- 10 I Infrastructure
f 1 Wood chips production
1
. m Electricity cons./prod.
5
E W Avoided NG extraction
. 1 Avoided CO2 emissions
0
scale-independent, without cogeneration with cogeneration
conventional LCIA = 0 0rated industrial base case scenario (8 MWin)
(average lab/pilot tech.)
»  Significant differences due to developed methodology
»  Generation of optimal scenarios?
| =4 | 53/29




3. Impact assessment

orma e Multi-objective optimization

configurations

* Environomic optimal process design

= 2 objectives

® economic - Biomass profitability

~——— Ecoscarcity06 (Single score)

* environmental ——

® Effect Of tech nology and scal e ~ Ecoindicator99-(h,a) (Single score)

e 6 technological alternatives (clusters)

* [9-21 decisions variables
e process scale [5-200 MWth]

* operating conditions

|ﬂ| 54/29



Integration of LCIA in the methodology

Perspective: plant scale-up vs. biomass logistics

The biomass Logistics has an influence on the plant impact

El

ﬁ _005 T . . T ]

= Effect of process integration and design! e ¥ LCI data taken from
8 Felder et al, and adapted
9 -0.052} . to system limits

c?.)- o A: H20, no steam cycle (1G)

Al —0.054}+ o B:H20 (1G) 1y . ..

O © C:H20, press. meth. (2G) bliomass logistics

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

X i x E: 02, press. meth. & gas. (2G) 1

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

= === Conventional LCA*

Q

© -0.058[ .

(a

8’ X oxP

S s o e

= oo RGOS xR0, 0B @ Ox A

< -0.062f “ X .

S

O 0 4 6 10 (L

2 8
Wood input thermal capacity [kWth] x 10 eSS R

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 75 / 87
SNG production from lignocellulosic biomass.” Comput .Chem. Eng. In press (2011).



Optimal
configurations

e Optimal configurations

3. Impact assessment

Multi-objective optimization results

x 1072 Thermal capacity as input wood [MWth]

=77 indirectly heated § -1.2 200
— gasification with o L
O  _8 - -torrefaction(FICFB; torr) = -1.3F 185
o P =2 . -
S = Y\ ' indirectly heated
= l R > gasification (FICFB) - 1170
2 -9 . PV o B -1.4F
= 0o a@d © . X\ 'indirectly heated — / . L 1155
o gasification (FICFB) © Lt . ‘
o -10p i : - . ¢
=) o @ Wl -Fr -1.5F directiy heated L 1140
= S, <«— indirectly heate
g 1k " = mc@ommﬂ““’mﬂw gasification with L 1125
= i o —-1.6F torrefaction (FICFB, torr)
o * ©
8 -12 pressurized indiretsly heated £ 17 N 110
@ gasification (pFIGFB) ) c —hAr pressurized indirectly heated
o -13r N directly heated o] gasification (pFICFB) 95
w \ E@jdﬁmg“f gasification (CFB) I.ILJ> \ ;
- JH- S -1.8- e pressurized indirectly heated 80
E -14r ; o “x \ g P E T M Y\ dasification with hot gas

A o Ty @ O i
B pressurized indirectly heated g “a - -1.9} @ cleaning (pFICFB, hc) 65
% —15[  gasification with hot gas M& L directly heated
=] cleaning (pFICFB, hcl) > M % gasification (CFB) 50
% -16[ + b A f o -2r i M = .
bt directly h ificati 3 X = K 35
5 y heated gasification z —21- A
g =171 and hot gas cleaning (CFB,hcl) ] : directly heated gasification 20
£ + and hot gas cleaning (CFB,hcl)
- -18 i i i i ) § 29
0 10 20 30 40 50 10 20 30 40 50

Biomass Profitability [€/MWh]

|. Process scale

r
'
'
'
'
'
'

2. Technology evolution

Biomass Profitability [€/MWh]

: 3. Environmental objective function  :

=4

56/29



LCl: a few traps to avoid

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

e Assumptions regarding the mix greatly influe on the decision
making...
-0.037 : £ oon ‘ : ‘ ‘
* cluster 1 > % cluster
-0.0375! cluster 2 ?g -0.0415- ~ c:usIer; H
N o
-0.038 - % 0042 electrlClty from
-0.0385+ eIeCtrlClty from §-0'0425. hydro is substituted
gas is substituted e 28
-0.039+ ~ _§ -0.0435 -
100395 % -0.044- "
o X
-0.04¢ D -004d5r e
E oo0sst
S i -0.0455+
004 46 a7 48 49 50 51 g 0045, = = = B 87

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

Best technology changes in function of avoided impacts!

57
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ON THE USE OF BIOMASS AS AN ENERGY MANAGEMENT DEVICE

Synthetic Natural Gas Gas grid

1 CH4

B 4 A:E
M 1 CO, Storage capacity

BIOMASS : C(H,0)

|—|2 9
.:22 +CE1+ZQ)H4
11 LHVcy,
588 O, n = 5 =85—-95%

Electricity Grid

Power to Gas
CO?2 sequestration

Gassner, Martin, and Frangois Maréchal. "Thermo-economic optimisation of the integration of electrolysis in synthetic natural gas production from wood." Energy 33.2 (2008): 189-198.



EFFICIENCY IS A SOURCE OF RENEWABLE ENERGY

Synthetic Natural Gas Gas grid
— 1 CH4
]
BIOMASS : C(H,O) 1 CO2 Industrial
H,0 H> 9: Heat
1 CH4
. . . 4+ CO=>CHy+2H,0
11
1 ]| @)

Electricity Grid

Power to Gas
CO?2 sequestration

Gassner, Martin, and Frangois Maréchal. "Thermo-economic optimisation of the integration of electrolysis in synthetic natural gas production from wood." Energy 33.2 (2008): 189-198.



=P~L Combined heat, fuel and storage from biomass

Swiss Energy System 2C(H20) + 4H2 -> 2CH4 + 2H20

0 Storage ~ Cogeneraton T Photovotalc = Demand W Total Producton
- WOOD

Excess in summer 100 MW, 170 MW SNG

38 MW Useful heat )’

37 MW Waste heat

6000

Summer

Electricity H2
145 MW, o, 123 MW, 4. CO2 + 4H2 -> CH4 + 2H20

Demand = 59.5 TWhe Sequestration or storage
(108 kg CO, avoided / MWh wood)

>
=
L=

67.5 MW SNG

Electricity [GWhesmonth)

Fuel

15.7 MW Useful heat (200 °C) )'
16.8 MW Waste heat &

1.4 MW net electricity

150 N

Winter

0
Jn feb Mar Av May June Juy Awg. Sep Oct Nev Dec

i 2C(H20) -> CH4 + CO2

Engineerin: g




=PrL

1.6

wood boiler

2.1

wood boiler

W IPESE
Industrial Process
and Energy Systems ‘e,
Engineering

Combined Heat and Fuel (CHF) production
Substituted fossil carbon per unit of biogenic carbon in wood

0.54 TWh

electricity n—

1.78 Mt

—> (CO: to atmosphere

CHF )
Plant biofuel 9.18 TWh
wood

14 TWh I useful heat 1 94 Twh
E— \yaste heat

CHF

0.7 TWh
| icity f
0.4 TWh electricity from steam cycle
o 1.78 Mt
electricity ———> (O to sequestration
biofuel 9.18 TWh 2 8
wood |
14 TWh

B Useful heat 1.94 TWh

I\ aste heat

CHF + CCS

wood boiler

winter

electricity —EE—— ———> (O: to atmosphere

I uscful heat

— \\aste heat

wood

summer

syngas SOEC

A

1 1.78 Mt
> CO:2 to co-electrolysis

12.27 TWh
excess electricity

biofuel 18.3 TWh
wood

14 TWh I uscful heat 1.94 TWh

v aste heat

CHF + P2G without CO2 storage

For wood boiler (WB) 0.3 kg of fossil carbon are substituted per kg of biogenic carbon

winter

electricity ~— ——> (O: to storage

CHF
Plant biofuel
wood

I Useful heat

m—— \\3ste heat 3 O
3.19 Mt [ ]

SOEC
CO: stored

—> (02 to co- eIectronsns
1.78 Mt

summer _syngas
33.6 TWh

excess electricity wood boiler

biofuel 34.7 TWh

wood

14 TWh I uscful heat 1 94 T\Wh

E— \\aste heat
CHF + P2G with CO2 storage

Celebi, et al.Chemical Engineering Science 204 (2019): 59-75.



SNG from biomass potential in Switzerland

Natural gas 201 |

Energy (PJ/y)

160

140

120

100

80

60

40

20

Primary Energy
Content

i

SNG Production

SNG Production with Stored Electricity (P2G)
P2G

<{IPESE
160
m High Temp Heat from Wood Gasif.
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=Pr~L The integated energy system design : sizes and smart operation
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A NEW GAS BOILER
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CARBON CAPTURE - REUSE - SEQUESTRATION
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=PFL Decarbonization of the Swiss Energy System
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=P ~L Multiple solutions for the energy systems :
Net zero CO2 Switzerland : collection of options

Energy flows in GWh, storage volumes in ms3, CCS in kt/y, total cost in CHF/MWh.

2

N
é
~
o N > <) $ & 3
e > & e & § @ O S o &S Total System Costs
F ¥ £ ¢ S & o ¥ & 9 ¢ & S X 79 - 112
¥ I @ o S $ o o > 0 S ¢ § > S O
o & & » & & & &5 T J o 58 & E s CHF/MWh
? L .
S8 §F 5 dp FFEET T xS 5§ "

5500 \\‘-‘Iy

0 | "\\\\.‘1.\. am ! 7 .
I\ \\\\Vg‘\‘ \ O\ 1570 - 2250
';\\\ /; "“‘%i\\\"vl . N CHF/y/cap

L 25 \‘
3 ‘ ) “A /\&" "j/ A\ !

q{ \ \ . A O 1\
'.\\‘,""‘}Q. % A ) "/‘\\‘ \ 82 - 117 A
Y i VA ' of today’s energy system

/At\ % I'
’\!‘

CO, Sequestrated
1.05 - 1.26

Li, X., Damartzis, T., Stadler, Z., Moret, S., Meier, B., Friedl, M., & Maréchal, F. (2020). Decarbonization in complex t/y/cap
energy systems: a study on the feasibility of carbon neutrality for Switzerland in 2050. Frontiers in Energy Research,
8, 274.



EPFL 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



