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* Introduction to IEA Bioenergy Task 42 & biorefineries
 TEE Methodology on technical, economical & environmental Assessment

« TEE Output on selected case studies on gasification for the application in

biorefineries
« Part A: Basic technical characterization of the biorefinery concept
« Part B: Quantitative characterization with basic environmental & economic

indicators

* Conclusions and lessons learned on case study outcomes
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Actual momentum for a sustainable revovery

CO, emission allowance price Jet Fuel & Crude Oil Price 2015 - 2022 [USS$/barrel]
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Circular Economy - biorefineries as enablers

. Mining/materials manufacturing

}

Parts manufacturer

Biological nutrients

W
Biochemical . z" Product manufacturer
Biosphere feedstock <\
< R
‘\\ Service provider

”Restor tion

Biogas

Anaerobic
digestion/
composting

Collection Collection

Extraction of

biochemical
feedstock Source: Ellen MacArthur Foundation (2012)

.... Sustainable management of biogenic material flows combined with material and energy use
paths with the aim of optimising the interplay of nutrient and carbon recycling and energy supply
with favourable treatment costs and extended regional added value

IEA Task 42
= Bioenergy Bsiorefining in a circular economy
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Different processing approaches

basic processing types applied in biorefining

disintegration fractionation

...to generate small ...to utilize output of

specific molecules as photosynthesis by separation

intermediate products of bigger & functional

e.g. CO, CO,, H,, (CH,) molecules to start biorefining...

intermediates... e.g. starch, protein, lipids,
sugars, lignocelluloses....

chemical & thermal Comp[ex processing

processing chem/therm( enzymatic

pyrolysis, gasification, (pre)treatment separation /

cracking... extraction of different constituents

chem. synthesis fermentation

downstream processing downstream processing

IEA Task 42 www.ieabioenergy.com
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Task 42 Introduction

» Task 42 started in 2007 and now operates
during its 6th Triennium 2022-2024

« Member countries are: Netherlands,
U.S.A, Austria, Denmark, Germany,
Ireland, ltaly,

Sustainable
pre-
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technology / .
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 Coordination: The Netherlands

Source: De Jong, E. & Jungmeier, G. 2015.
Chapter 1 - Biorefinery Concepts in
Comparison to Petrochemical Refineries.

Biorefining: sustainable processing of biomass into a portfolio of
marketable biobased products (food and feed ingredients, chemicals,

materials, minerals, CO,) and bioenergy (fuels, power, heat)

a [EA Task 42 www.ieabioenergy.com
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Output Task 42 in 2019-2022

« Reports
o Bio-Based Chemicals: A 2020 Update

o Technical, Economic and Environmental
Assessment of Biorefinery Concepts

o Alternative sustainable carbon sources as
substitutes for metallurgical coal

o Sustainable lignin valorization (draft)

« Factsheets of Biorefinery Concepts
« Biorefinery plants database & webportal

» (Case study on barriers & incentives for
market diffusion

« Country reports
« Lectures at conferences

IE_A Task 42
Bioenergy siorefining in a circular economy

Bio-Based Chemicals
A 2020 Update

Technical, Economic and
Environmental Assessment

of Biorefinery Concepts e e
lopi ctical approach for

characterisation

-------

Alternative sustainable

carbon sources as

Zf;ﬂﬁ(’;:‘.:';u substitutes for
etallurgical coal
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\\
Output Task 42 Technical, Economic and Environmental Assessment of

Biorefinery Concepts (TEE-Assessment)

Underpin sustainability claim of integrated biorefineries
 via Technical, Economic and Environmental (TEE) Assessment

« quantitative environmental and economic assessment

stake-

shared

approach R & holder

. e e el . . . . methods ITlTeS

« with generic initial biorefinery models for iterative ment
refinement extend new bio-
impact refinery
« encourage stakeholders for the technology valuation svaliation pathways

of biorefinery technologies moroved new

results expert

data on R&D/ review

accuracy industry

IEA Task 42 www.ieabioenergy.com
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Output Task 42 Biorefining Classification System @
lad A
n . LEGEND E OA

biomass
raw
material

raw

material

process
pre-treatment/
conditioning

v
v v
conversion/ conversion/ upstream/indermediate
finishing products
Y 4 l primary refining
i co-product
energy l secondary refining

finishing
Source: IEA Task 42 / VDI directive 6310, part 1 (2016)

Motivation: Establishment of a “common language”
on biobased muliti-feedstock & multi-product systems

product, material

product energy

10004

IEA Task 42 www.ieabioenergy.com
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TEE-Assessment - Methodology

short description

system boundaries

basic flow chart

input/output balance
benchmarking reference systems

,.-/— % ‘
@

global warming potential
(GWP100) CO,-eq savings
compared to benchmark

cumulated (fossil) energy
demand

carbon-to-product/fuel
efficiency C in product/Cin
biomass input

resource (e.g water)
consumption/waste
generation tons per
reference flow/capacity

further case specific
indicators

sustainability analysis

IEA Task 42

= Bioenergy Bsiorefining in a circular economy

THeE®® @

cost /reven ue compa rison

(" . ope
levelized specific cost per
\reference flow

Net present value

(" . g
further case specific
_indicators

( )

. J

weighted evaluation of
sustainability aspects

accentuation of key
characteristics

very basic environmental comparison
» NO claim of a complete LCA
very basic economic cost/revenue estimates

» NO claim of an extensive TEA

Figure: Coherence between sustainability
assessment approaches to quantify
impact on resources and the environment

www.ieabioenergy.com
10  http://task42.ieabioenergy.com
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TEE-Assessment - Methodology

FINANCIAL IMPACT ESTIMATES

Based on VDI 6310 the Net present value (NPV) is if enough data is available

n

(Earnings — payments) very basic economic cost/revenue estimates

(1+i)t
t=0

—C, denotes all of the taken investments, n the number of years observed and | is the calculated
interest rate.

depreciation effects were incorporated over a life time of
CAPEX 10 years, 5 % interest rate and an average uptime of 8600 h/a.

=1+ (1 + fequipment + fadmin + fpersonal + finterest)

S k
I:Z l10*<—> «(1+ IDC + PC)
i So .

OPEX are comprised of mainly raw materials, ‘
other operating expenses and maintenance

k
I, is the initial cost estimate, (g) a factor to scale cost relative to
0

equipment size, IDC includes indirect project costs and PC is used to

@ IEA Task 42 mathematically include project risks. www.ieabioeneray.com

= B|Oenergg Biorefining in a circular economy 11 http://task42.ieabioenergy.com
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TEE-Assessment - Methodology

ENVIRONMENTAL IMPACT ESTIMATES

Emissions (E) = e, .tete +ey +e,-€,,-€ €,

compared to fossil product/fuel reference

* GHG emission savings according to RED I
calulation methodology

« Allocation procedures are avoided by extending
the systems for the multi-products on the
biorefinery case and fossil reference system

-

Product A

Mass: x

_.<

x/(x+y+z)
% of total
impact

Raw
materials

i Multifunctional

process

Product B
Mass. y

ﬂ<

Yl(x+y+z)
% of total
impact

>

Product C
Mass: 2

.

Zf(x+y+z)
% of total
impact

Figure: Basic scheme of mass allocation (Cherubini et al., 2011b).

IEA

Bioenergy

Task 42
Biorefining in a circular economy

7

e..= Emissions from the extraction or cultivation of raw material
(biomass in the framework of this scheme)
e = Annualized emissions from carbon stock changes caused by land-use change per year
e, = Emissions from processing
e,y = Emissions from transport and distribution
e, = Emissions from the fuel in use
e..,= Emission saving from soil carbon accumulation via improved agricultural management
€. = Emission savings from CO, capture and geological storage
€., = Emission savings from CO, capture and replacement

very basic evironmental estimates on

* Global Warming Potential (GWP100) / CO,-eq savings compared
to benchmark

* Primary/Cumulated (fossil) energy demand,

carbon-to-product/fuel efficiency

Predominanty totally aggregated and highly case specific results are available

www.ieabioenergy.com
12 http://task42.ieabioenergy.com
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TEE-Assessment - structered output

accumulated to so called “fact sheets”

, [EA Task42 - www.ieabioenergy.com
= Bioenergy Biorefining in a circular economy 13 http://task42.ieabioenergy.com
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TEE-Assessment - the practical procedure

(1) Definition of system boundaries

LEGEND:
raw material

PrOCRs
it s gy
7 i e
xwu:i-r\-r‘ln___-'
ra Y
|, boodieed |
b =
DA FoSare)

l pheardany ring

Description of biorefinery pathway | sustern boundary Example lllustration
raw material
FRaw material corn stover
Flatform erzvrmatic budrolusis — Woonditioning +
pulping/component separation
Process lighocellulosic biomass conversion
FProduct, raterial etharol
platform
ProdoLt, energy electricibu & heat I
Upstrearninterrnediate products CHCE sugars conversion/ conversion/
finishing finishing
Food'feed e l |
¥
s

Source: WOl B210 Blatk 14 Fart 1

@ IEA Task 42
= Bioenergy siorefining in a circular economy
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TEE-Assessment - the practical procedure

(2) Definition of system boundaries

Balancing scope | Syztem boundary:

cradie-to=-grave .I

1 oradle-to-grave

M oradle-to-gate

") gate-to-gate

Additional information:

Source: WO B0 Blatt 1/ Part 1

IEA Task 42 www.ieabioenergy.com
_ Bloenergg Biorefining in a circular economy 15 http://task42.ieabioenergy.com
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TEE-Assessment - the practical procedure | |

(3) Basic characterization of biorefinery concept / development status

Development status of biorefinery concept Technological maturity (TRL)
g Systemin successful Commrci:l.{gms;]
O 9 - Systeminsuccesstul operation R
8 Cualified and complete
O & - Qualified and complete system (refersnce) system (relerence]
[¥] 7 - Demonstration in operation 7  Demonstration in operation dmnﬂr:'ﬁl:gi
[ & - Demonstration in 2 relevant operational environment g Demonstration inina relevant reference phase
eperatinrl erveonmnt (TRL 5-8)
[ 5 - Technical validationin 2 relevant operational environment
g Technical validation im a relevant
O 4 - Validationin the laboratory operational ervironment
O 2 - Proof-of-concapt 4 Validation in the Laboratary
[0 2 - Drescription of a technology concapt Labaratory-/
L : . 3 Prool-of-concept pilat plant stage
O 1 - Desaription of the functionzl prindiple (TRL 2-4)
2 Description of a
technology cancept
Description of the
funtional principle
Biorefinery concepts
= Sugar-BR = Vegetable oil-BR = Lignocellulose-BR (pulp) = Synthesis gas-BR
m Strength-BR == Algal lipid-BR Lignocellulose-BR (fermentable CH) Biogas-BR
KH: Kehlerdpdeote ™ Green BR
Sowrce: Federal Gowernment of Germany [2012) Biorefineries Roadmap -
az part of the German Federal Government action plans for the material and energetic utilisation of renewable raw materials

a [EA Task 42 www.ieabioenergy.com
B|Oenergg Biorefining in a circular economy 16 http://task42.ieabioenergy.com
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TEE-Assessment - the practical procedure

(4) transparent primary data mining

f inputs and input intermediate calculations results in
data for different calculation or using emission another unit and

process steps information factors other input data

Motivation:

case specific adaption via
input from individual
expert/stakeholder is aspired

@ IEA Task 42 www.ieabioenergy.com
= Bioenergy siorefining in a circular economy 17 http://task42.ieabioenergy.com
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\\
Output TEE Technical, Economic and Environmental Assessment of

Biorefinery Concepts (TEE-Assessment)

Underpin sustainability claim of integrated biorefineries
 via Technical, Economic and Environmental (TEE) Assessment

« quantitative environmental and economic assessment

stake-
holder
involve-
ment

shared

approach models &

methods

« with generic initial biorefinery case studies

for iterative refinement extend new bio-

impact refinery
evaluation pathways

« encourage stakeholders for the technology valuation

new

of biorefinery technologies improved results expert

data on R&D / review
accuracy industry

IEA Task 42 www.ieabioenergy.com
) Bloenergg Biorefining in a circular economy 18 http://task42.ieabioenergy.com
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CASE STUDY: Gasification for the application in biorefineries -

Integration of renewables into existing refineries

Variant A: Fischer-Tropsch (FT) process for high-quality diesel

Figure. Processing of the FT Syncrude in the refinery structures.

Synthesis
gas

_

IEA

Bioenergy

Refinery system

— —

Source: R. Rauch und X. Koroveshi, ,,Gasification for the application in biorefineries”, Karlsruher Institut fir Technologie, Feb. 2021.

Fischer Syncrude
Tropsch | — &
reactor
Task 42

|
Hz2 ‘
Raw \
Naphtha i
p Splitter gaftalytlc & [
crormer 1] icscia
[
Atm. |
Distillation [ ?
[
Diesel C11-C20 |
[
Wax FCC or |
¥ Hydro- >
cracker :‘
\

Biorefining in a circular economy

www.ieabioenergy.com
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CASE STUDY: Gasification for the application in biorefineries iy

Integration of renewables into existing refineries

biomass
wood
Variant A: Fischer-Tropsch (FT) process for !

high-quality synthetic diesel & gasoline mechanical processing &
dryin
3-platform (biocrude, synthesis gas, electricity&heat) i

biorefinery using wood biomass for FT-diesel, FT-gasoline,
refinery gas, propylene, electricity&heat with entrained Flow
Gasification and Fischer-Tropsch Synthesis

short description @

basic flow chart -

pyrolysis

Bio crude

The case study analyses possibilities for integration of ot Flow
gasification systems into conventional oil refineries for
the production of synthetic bio-fuels. The wood biomass
feedstock is gasified with steam to produce synthesis gas synthesis gas
containing CO and H,, which is then converted to raw
FT-biofuels via a catalytic reaction system (FT-synthesis). m S S —

www.ieabioenergy.com

The final quality of the transportation FT-biofuels (diesel
20 : ieabi
electrcity & heat http://task42.ieabioenergy.com
hydroprocessing

& gasoline) is reached in the refinery upgrading. Refinery
Bioenergy

gas and propylene are valuable side products.
Biorefining in a circular economy
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TEE-Assessment - results communication

(4) Basic characterization of biorefinery concept / development status

Part A: Biorefinery plant Variant A: Fischer-Tropsch (FT)
Table: Detailed overview over in- and outputs (in kt/a), energy inputs and outputs in process for high-quality diesel
(PJ/a) and efficiencies. & gasoline

Biomass 766.849 687.050 B LE 46.027 34.053 C o srondesrpton @
- e
263.014 235.971 B 53.973 65.947 ey cose sty charactestes
O Propylene 2.466 0
Energy Inputs Energy Outputs ]
b b b -
O 0 0
L ] 0.40 0.29
L 1 C3-C4 products 0.12 0.06 Reference case normalized/scaled
L ] Synthetic gasoline 2.02 2.91  to 100,000 tons of synthetic fuel
] Synthetic diesel 2.39 1.50  per anno
Overall efficiency 78.45 % 79.22%
Product efficiency 42.58 % 46.97% FCC...catalytic cracker
Fuel efficiency 41.47 % 46.29% HG ... hydrocracker
[EA Task 42 www.ieabioenergy.com

Bloenergg Biorefining in a circular economy 21 http://task42.ieabioenergy.com
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TEE-Assessment - results communication

Part A: Biorefinery plant mass and energy balance

‘short description
1400 12 ‘
[ Biomass [ Biomass basic flow chart -
1200 N Oxygen - 10 B Steam H j 5‘%*
1000 (= Synthetic Diesel [0 Synthethic Diesel ke case study characteristics [ O [
g i @ Synthethic Gasoline | S 3 : E:cﬂ;ic“l‘ i ' '
c 800 53 Propylene i I:IE. [0 Synthetic Gasoline
@ 150 z °
(1] [T}
= 100 5 4
50 2
0 ' ' 0 l
Input Qutput Demand Generation
1400 12
[ Biomass [ Biomass
1200 - oxygen | 10 ] Steam -
1000 [0 Synthetic Diesel | : Electricity
o ; ; C3-C4 . .
= 800 —:- 5 Synthethic Gasoline | 5 8 B synthetic aasoline || 1 19UI€S on top display the mass
£ 600- | £ W Synthothic Diesel and energy balances of the FT
@ 150 z 6 :
0 = FCC system. Figures on the
= 100 g 4 bottom  shows the  same
50 2 information for the FT HG
model.
0 ' ' 0 l
Input Qutput Demand Generation
IEA Task 42 www.ieabioenergy.com

B|Oenergg Biorefining in a circular economy 22 http://task42.ieabioenergy.com
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TEE-Assessment - results communication

Part A: Biorefinery plant mass and energy balance

t FCC *
cos revenues FCC 166%

28.57%

53.73%

OPEX (€/1) & (€/kg) & % 74.12
' ' 44 61%
71.439% [ Synthetic Gasoline

:g:;'ta:l':::ﬁ’;‘l’;’:;“:”’“ ' :gf:;:'l’:‘n"e“‘“"' Top figures show the share of total costs

between CAPEX and OPEX and the revenue
generated by different products for the FCC
design. Bottom figures shows the same data
for the HG process.

cost HG ** revenues HG *

98.57% 33.46%

66.54%
*based on approximated revenue of

1.19 €/ biodiesel / 1,434 €/t;
800 €/t renew. propylen;
300 €/m3 (590 €/t) for renew. propan/butan;

[ Operational Expenditures 71.43% [ Synthetic Gasoline 730 €/t fOI‘ Synth' gGSO”ne
I Capital Expenditures I Synthetic Diesel .
**OPEX based on approximated 80 €/tDM feedstock cost
IEA Task 42 www.ieabioenergy.com

Bloenergg Biorefining in a circular economy 23 http://task42.ieabioenergy.com
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TEE-Assessment - results communication

Part Bo Value Chain Assessment Gasification with Fischer-Tropsch (FT) Conventional reference system
° for high-quality diesel process

value chain wmmbm:y
uuuuuu

benchmarking
PartB
& e to reference systems
:hl:ﬁmriukie:of
- . . . . . . - . iorefinery pathway Basic Environmental Indicatos
Value chain: pyrolysis - entrained gasification - Walue chain: Extraction — refinery - gasoline Al

water-gas-shift-rection - Fischer-Tropsch

Biomass Crude oil

Basic Economic Indicators

[LFD rest operations Extraction
—— -'_‘—-—-_._____-_._.___._-—-—'_'-.
 won BB [m]
!
Biorefinery Refinery

Figure on Biorefinery and | |
reference system value . .

) [ Propylene ] [ Synthetic gasoline ] [ Synthetic diesel l [ Gasoline ] [ Other hydrocarbons l

chain (cradle to gate) g P 7 )
Biomass Okt CO,-eq/a
Biorefinery auxiliary materials and supplies 1.48 1.48kt CO2 eq/a
Crude oil refinery reference system 49.43 42.18kt CO,-eq/a
Savings 47.95 40.70kt CO,-eq/a
Cumulated (total) Primary energy demand s
Fossil Reference system 5.43 5.23PJ/a
Biomass 10.6 9.53PJ/a
Reference system versus biorefinery total
primary energy demand +5.14 +4.3PJ/a
Reference system versus biorefinery fossil
primary energy demand savings -5.32 -4.45PJ/a

IE,A Task 42 www.ieabioenergy.com
= Bioenergy Biorefiningin a circular economy 24

http://task42.ieabioenergy.com
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Part B: Value Chain Assessment

TEE-Assessment - results communication %@%

60
@ Gasoline 0 Gasoline 49.43
6| = Diesel 543 523 © 50| 1 Diesel
o || =D Propylene | | - 3 Propylene
h-_,-- - 40
a, B o
® 2
E 2177 339 @ 30
L f=
E ) ; 20
T
O 10
0.15 1.48
0 ' 0 —-
Biorefinery FTHCC FTHG Biorefinery FTHCC FTHG

Figure left shows the fossil primary energy demand compared between the benchmark reference system and the
biorefinery case study; The Figure in the right the GHG emissions of the reference products compared to the biorefinery
case study

IEA Task 42 www.ieabioenergy.com
X Bloenergg Biorefining in a circular economy 25 http://task42.ieabioenergy.com
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TEE-Assessment - results communication @
Part B: Value Chain Assessment o oy

pans (]
12 Basic Economic Indicators Q
10.6 [ 1Biomass
[ Gasoline |
[IDijesel

=3 Propylene |

10

©
(3]
@D

PED Total PJ/a
w
3
(3]
8

Strong increase in energy
L density from educt to products

Biorefinery HCC FT HCC Biorefinery HG FT HG

Figure on the total primary energy demand including renewable
energy is compared between the benchmark and the
biorefinery.

IEA Task 42 www.ieabioenergy.com
Bloenergg Biorefining in a circular economy 26 http://task42.ieabioenergy.com
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TEE-Assessment - results communication

Part B: Value Chain Assessment eSS
Basic Economic Indicators ;‘3
100 » Considered conservative revenue estimates not
89.17 87.05 g587 | JCAPEX :
o e i =8 OPEX based on actual product market price
@ 80 | . .| developments & strong fluctuations
5 0 Synthetic Gasoline ; . .
= . e * + 3 % revenue increase (+2.6 Mio €/a)
= I Synthetic Diesel :
= 60 P | ! completely changes the picture towards + NPV
o ropylene « CO, emission certificates are at levels that can
§ 40 be considered tipping points to generate
> _
- business cases (e.g. + 2.04 - 2.40 Mio.€/a at 50
=
- €/ton CO,eq)
g 20 « Expansion of the material product portfolio
can bring additional value creation
0 » Additional valorization of waste heat can

Costs Revenue HCC Revenue HG . L. .
bring additional value creation

Figure on basic costs and revenues structures in the base vase

a [EA Task 42 www.ieabioenergy.com
, Bloenergg Biorefining in a circular economy 27 http://task42.ieabioenergy.com
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Interaction with technology specific Tasks

CASE STUDY: Gasification for the application in biorefineries - Integration of renewables into
existing refineries

Variant B: Dimethoxyethane(DME) processes for high-quality gasoline blend

Figure. Processing of the MtG and DtG gasoline blends in the refinery structures.

Refinerysystem = = -~ === —=. = ~
c1-ca | |
il Refinery gas |
\ /
------ N\
: |
ﬁre?g:jrﬁtagg: s cs-c1o_ | Gasoline '
Catalytic unit Stabilization | blend/Reformate :
Reformer > column | ;
Y ————
~ |
> Propylene,

! Butane, Propane

] Synthetic MtG/DtG Gasoline

MtG or
DtG
Process

Source: R. Rauch und X. Koroveshi, ,,Gasification for the application in biorefineries”, Karlsruher Institut fir Technologie, Feb. 2021.

a [EA www.ieabioenergy.com

Task 42
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CASE STUDY: Gasification for the application in biorefineries

Integration of renewables into existing refineries

short description

Variant B: Methanol/Dimethoxyethane (DME) processes for high-quality gasoline blend ;mﬁgﬁmman R
of biorefinery pathway :

AL ) — Key case study characteristics Lj?fi
3-platform (biocrude, synthesis gas, electricity&heat)
biorefinery using wood biomass for -gasoline, refinery gas, ——
propylene, electricity& heat waxes with entrained Flow

Gasification and Methanol/DME Synthesis

pyrolysis

The case study analyses possibilities for integration of
gasification systems into conventional oil refineries
for the production of synthetic bio-fuels. The wood

biomass feedstock is gasified with steam to produce
synthesis gas containing CO and H,, which is then
converted to methanol/DME via a catalytic reaction
system (methanol/DME synthesis).
The final quality of the transportation synthetic m
biofuels is reached in the refinery upgrading. Butane,
propane & polypropylene are valuable side products. i
www.ieabioenergy.com
S il 79 http://task42.ieabioenergy.com

Bio crude

IEA Task 42 eleclt‘::itty&
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TEE-Assessment - results communication
Part A: Biorefinery plant

Variant B:
dimethoxyethane(DME)-to-

commercial/concept

EU 27 gasoline process processes for

IEA Task 33

high-quality gasoline blend

Products Auxilliaries (external)

synthetic

gasoline
blend/reformate 100 000t/a 0, (from air) 364 653t/a -
Butane 13 757t/a

Propylene 265t/a
Propane 4 233t/a

Feedstock
capital
Biomass 889 153t/a expenditures 31.08 Mio.€/a
operational
expenditures 70.27 Mio.€/a

Efficiencies
Reference flow
production of

r‘|syn.gasoline

rlproducts
Neots

IEA Task 42 www.ieabioenergy.com
X Bloenergg Biorefining in a circular economy 30 http://task42.ieabioenergy.com
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TEE-Assessment - results communication -

Part A: Biorefinery plant mass and energy balance

1400 16
[ Biomass 14 ) Biomass i
1200 + N Oxygen B B Steam
[ Propane 12 0 District Heat B
= 1000 - [ Propylene B ) B E|ectricity
f:: [ Butane o 10 : C3-C4 -
c 800 P7 || @0 Synthetic Gasoline | = 8 Refinery Gas |
- A > 3 Synthetic Gasoline
w 150 =
o s 6
= 100 (5
4
20 2
0 ' 0 |
Input Output Demand Generation

Figure left displays the mass balances of the DtG system. Figure right shows the energy
input as biomass compared with the energy content of the products and energy carriers
obtained in the transformation.

IEA Task 42 www.ieabioenergy.com
Bloenergg Biorefining in a circular economy 31 http://task42.ieabioenergy.com
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TEE-Assessment - results communication

Part A: Biorefinery plant mass and energy balance

cost DtG** revenues DtG* - -
2619 0.22% S e

25.88%

E.f
I

[ Synethic Gasoline
I Butane

3 Propane 88 69%
I Fropylene

[ Operational Expenditures 74.12%

I Capital Expenditures

Figure left shows the share of total costs between CAPEX and OPEX. Figure
right shows the share of revenues generated by the products types.

* based on approximated revenue of 800 €/t renew. propylen;
300 €/m3 (590 €/t) for renew. propan/butan; 730 €/t for synth. gasoline

**OPEX based on approximated 80 €/tDM feedstock cost
[EA Task 42 www.ieabioenergy.com

: Bioenergg Biorefining in a circular economy 32 http://task42.ieabioenergy.com
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TEE-Assessment - results communication

Part B: Value Chain Assessment DME-to-gasoline process Conventional reference system value chain sustainabilty
Value chain: pyrolysis - entrained gasification - Value chain: Extraction — refinery - gasoline Basic Economic Indicators
water-gas-shift-rection - DME-to-gasoline
|__"\Fore:»t operatians‘J Extraction
- S —
[ oeon B [m]
Figure on Biorefinery and diorefnery | Refnery
reference system - value | |
i ! | ] l | }
Cha] n (Crad le to gate) [ Propane ] [ Propylene ] [ Synthetic gasoline ][ Butane l [ Gascline ] [ Other hydrocarbons ]

Greenhouse gas emissions | [ [ |
Biomass Okt CO,-eq/a
Biorefinery auxiliary materials and supplies 4.29kt CO,-eq/a
Crude oil refinery reference system 85.78kt CO,-eq/a
Savings -81.49kt CO,-eq/a
Cumulated (total) Primary energy demand s
Fossil Reference system 6.74PJ/a
Biomass 12.33PJ/a
Reference system versus biorefinery total primary energy
demand +5.59PJ/a
Reference system versus biorefinery fossil primary energy

IEA demand savings -6.37PJ/a

@ i Task 42 www.ieabioenergy.com
= Bioenergy Biorefiningin a circular economy 33 : :

http://task42.ieabioenergy.com
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TEE-Assessment - results communication

Part B: Value Chain Assessment

15

12.33

10

PED Total PJ/a

CBiomass
0 Gasoline
CPropane
3 Propylene

Biorefinery

I Butane

=

value chain sustainability |
assessment

6.74

Reference

Basic Economic Indicators 9—.
10
@ Gasoline 120 mmm Gasoline
81| I Propane S 100-{ &= Propane
5 [ Propylene ; 3 Propylene 85.78
= 6-{| BN Butane o 80| @ Butane
@ S
o o 60
Ly 2
o
w 5 40
o <)
2 S5 20
0.13 O 4.29
0 ' 0 L
Biorefinery Reference Biomass  Reference

Figure left shows the fossil primary energy demand and figure right the GHG emissions of the
reference products.

IEA
Bioenergy

Task 42
Biorefining in a circular economy

34

www.ieabioenergy.com
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Interaction with technology specific Tasks

CASE STUDY #4: Gasification for the application in biorefineries - Integration of renewables
into existing refineries

Variant C: Methanol (MtG/DtG) processes for high-quality gasoline blend

Figure. Processing of the MtG and DtG gasoline blends in the refinery structures.

Catalytic
Reformer

Source: R. Rauch und X. Koroveshi, , Gasification for the application in biorefineries”,

a EA
Bioenergy

Product from
reformation
unit
_

Task 42

Refinery system = = - - = = = —. = ~

ci-ca4 | |

> Refinery gas |

S e /

I N\

: |

. cs-c1o_ | Gasoline '

Stabilization " | blend/Reformate :
column | -
Y ————— /

> Propylene, :

] Synthetic MtG/DtG Gasoline

MtG or
DtG
Process

Biorefining in a circular economy

! Butane, Propane

Karlsruher Institut fir Technologie, Feb. 2021.
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TEE-Assessment - results communication
Part A: Biorefinery plant

methanol-to-gasoline process

Variant C: Methanol to-
commercial/con Gasoline (MtG) processes for

£ 27 high-quality gasoline blend

Main data source IEA Task 33

Products Auxilliaries (external)
synthetic gasoline

blend/reformate 100 000t 0, (from air) 364 653t
butane 31722t
propylene 906t
propane 13 293t

Feedstock
capital
biomass 1061934t expenditures 31.08 Mio.€
operational
expenditures 70.27 Mio.€

Efficiencies
I"syn.gasoline REference f|OW

production of

I']produc'ts

I"total

IEA Task 42 www.ieabioenergy.com
) Bloenergg Biorefining in a circular economy 36 http://task42.ieabioenergy.com
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TEE-Assessment - results communication

Part A: Biorefinery plant mass and energy balance

Energy in PJ/a

C cwcr
Y 673
< mm«m Wn@x@} Do

16

14

12

10

[ Biomass
B Steam

(= District Heat
B Elcctricity
3 c3-c4

@ Refinery Gas

3 Synthetic Gasoline ||

Demand

Generation

Figure left displays the simplified mass balances of the MtG system. Figure right shows the simplified energy
input in form of biomass compared with the energy content of the products and energy carriers obtained in the

1600
[ Biomass
1400 I Oxygen i
1200 - ] Propane =
o [ Propylene
= Py
X 1000 || B Butane i
£ / || 0 Synthetic Gasoline |
w1504
(O
=
100
50
0- | :
Input Output
transformation.
[EA Task 42

Bioenergy

Biorefining in a circular economy
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TEE-Assessment - results communication

Part A: Biorefinery plant mass and energy balance

30.67

OPEX (€/1) & (€/kg) 0.52

CAPEX (€/1) & (€/kg) 02 [ 031 |
30.67
0.70

cost MtG*

30.67%

0 Operational Expenditures

69.33%
B Capital Expenditures ’

2 synethic Gasoline
B Butane

2 propane

B Propylene

revenues MtG*

6.99% 0.65%

75.67%

strong influence on
process economics

by the price

(& availability) of
feedstock/raw material

Figure left shows the share of total costs between CAPEX and OPEX. Figure right shows the share of revenues

generated by the product types®.

* based on approximated revenue of 800 €/t renew. propylen;
300 €/m3 (590 €/t) for renew. propan/butan; 730 €/t for synth. gasoline

[EA Task 42 **OPEX based on approximated 80 €/tDM feedstock cost

= Bioenergy Bsiorefining in a circular economy

www.ieabioenergy.com
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TEE-Assessment - results communication

.

° Methanol-to-gasoline process i valie chain sustainability
Part B: Value Chain Assessment gasoline p Conventional reference system o t
[ 1o referance systems

characterisation of
biorefinery pathway Basic Environmental Indicators
Basic Economic Indicators

Value chain: pyrolysis - entrained gasification - Walue chain: Extraction — refinery - gasoline

water-gas-shift-rection - methanol-to-gasoline

Biomass Crude oil

[LForest operationsJ Extraction

o R —

T [m]

N . N iorefine - efine
Figure 5: Biorefinery and Hersnen Feineny
reference system - value chain | |
(cradle to gate) | I | } | ]
[ Propane l [ Propylene H Synthetic gasoline H Butane ] [ Gasoline ] [ Other hydrocarbons l
Greenhouse gas emissions - ]
Biomass Okt CO,-eq/a
Biorefinery auxiliary materials and supplies 3.46kt CO,-eq/a
Crude oil refinery reference system 115.19kt CO,-eq/a
Savings -111.73kt CO,-eq/a
Cumulated (total) Primary energy demand D
Fossil Reference system 8.4PJ/a
Biomass 14.73PJ/a
Reference system versus biorefinery total
IEA primary energy demand +6.33PJ/a 39
@ X Task 42 Reference system versus biorefinery fossil abi
N= Bloener i ini i H 3 . i wwv{.lea ioenergy.com
JY Biorefiningin a circular economy  primary energy demand savings 7.94PJ/a http://task42. ieabioenergy.com
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TEE-Assessment - results communication

Part B: Value Chain Assessment R |
20 £ ! o
[ Biomass
[ Gasoline
15 1473 E ﬁfopﬂre - 10
ropyiene . 120 H . 115.19
© =8 Butane [ Gasoline _ [ Gasoline
.~ 81| 0 Propane < 400-| =2 Propane
£ 10 S E=1 Propylene ; 3 Propylene
= = 6| EENButane @ 80 -|| mm® Butane
g ; a 60
o
o 4 E
5 1T} o 40
o
o]
’ 5 204
0.16 © 3.46
0 | 0 : ] : 0 A
Biorefinery Reference Biorefinery Reference Biorefinery Reference

Figure left shows the total primary energy demand including renewable energy compared between the benchmark
reference system and the biorefinery case study; The Figure in the middle shows the fossil primary energy demand and
right Figure the GHG emissions of the reference products compared to the biorefinery case study

a [EA Task 42 www.ieabioenergy.com
, Bloenergg Biorefining in a circular economy 40 http://task42.ieabioenergy.com
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TEE-Assessment - results communication

Part B: Value Chain Assessment

120

—

o o oo =)

F=) = P=} P=
| | | |

Costs and revenue in million Euro

[
(=]

I CAPEX

0 OPEX

[ Synthetic Gasoline
I Propylene

[ Propane

[ Butane

Figure on simplified costs and revenues and their detailed composition

Costs Revenue

for the specific reference case.

IEA
= Bioenergy

Task 42
Biorefining in a circular economy

;
{
i
i
i

in Million €/a
el Cost |  Revenue
31.08 0

70.27 0
Synthetic 0 84.37

0 0.73

0 7.80

0 18.60
101.35 111.50

strong impact of the anticipated specific
revenue for the main fuel producs

revenues of > 25 €/GJ is essential

The variables are of course highly
sensitive to current subsidies and
legal framework conditions for
advanced biofuels

www.ieabioenergy.com
41  nhttp://task42.ieabioenergy.com
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Lessons learned from TEE

development & case Studies What kind of data & information could you provide?
16 out of 34 answered /\/“/
. . (Ml
« Qutreach to stakeholder via an online survey for ’
d t .. g d t . t 'I Qualitative description of the biorefinery system 75% /12 resp
ata mining provides restrictions on .
quantitative data
- 5 Qualitative description of the technologies 56% /9 resp.
 only “classic” measurements such as global ——————————
warming potential (GWP) or primary energy ot iotive date ot ote o stote oot
dantitative data o |npu S ana ou pU SInTterms ol masses
demand (PED) but, also more abstract 3 (mass balance) 50% /5 rosp
-]
parameters such as land-use need to be
Considered 4 OTHER (to be specified afterwards) 18% / 3 resp
. : 1
* no real standard operating procedure dealing
with the combinability & scalability of results B mernendoupuisintemecTeneE KN e one
 mathematical uncertainty analysis in order to )

est'i mate the robustness Of the resu lts Obta'i ned Figure: Question & answers on Data and information provided by the stakeholders

IEA Task 42 www.ieabioenergy.com
B|Oenergg Biorefining in a circular economy 42 http://task42.ieabioenergy.com
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TEE-Assessment - technical conclusions

« The integration of gasification in biorefineries offer flexibility in end products by
predominant formation of gases rich in calorific value CO, H, (and less CO,) and thus high
net energy and organic chemicals production potential

« target variable is a high overall efficiency and feedstock valorization towards high value

20 - 50
v 48.00
86.89
80 S . i 0462 ;4838
. 78.45 79.22 F v 4500
a; 70 - o447 * 41.30
> Y g4 38.60 38.70 e
oy 66.94 = R HEY 33810
s 60 ) 37.90 37.90 :
S 518 235
= 50 2 @3
L 50 : 4697 £ ke
s 4322 119 42.58 T 3
o C - T @28.94
S 40 . =2 + 28.00
295 382 30 25 = 2580
30 v = 2340
20 T T T T 20 T T T T T
MtG DtG FT FCC FT HG MtG DtG FTFCC FTHG FT Lit
. . @ Fuel Efficiency = Gonzales et al, (2011) + Dimitrou et al, (2018) « Haro et al, (2013) « Ali & Dasappa, (2016)
@ Overall Efficiency = Product Efficiency ¥ Gonzalez et al, (2011) v Haro et al, (2013) « Trippe et al, (2013) * Rafati et al, (2017)
Figure: Overall and product efficiencies for the biorefineries compared with relevant literature. Figure: Fuel efficiency for the biorefineries compared with relevant literature.

« Flexible fuel gasifiers with high feedstock flexibility lower requirements for raw material

| ualit
IEA d y Task 42 www.ieabioenergy.com
N B|Oenergg Biorefining in a circular economy 43 http://task42.ieabioenergy.com



http://www.ieabioenergy.com/
http://task42.ieabioenergy.com/

N —_— -
TEE-Assessment - environmental conclusions

« Main focus is to showcase the significant carbon dioxide / global warming reduction
potential via emission factor-based calculation including upstream emissions

* Allocation procedures are avoided by extending the systems for the multi-products on the
biorefinery case and fossil reference system

- all variants investigated here showed CO,eq savings potentials of > 90 % compared to
fossil reference product systems based on the biogenic feedstock and process integration

« Environmental performance highly dependent on process energy supply. An integrated set-
up based on renewable supply in the plant may lead to higher primary energy consumption,
but it is essential for a comprehensive sustainability claim.

« As with all renewables scale up and market division needs to be linked to stringent
sustainability criteria to take full advantage. A framework for analysis is currently evolving.

IEA Task 42 www.ieabioenergy.com
X Bloenergg Biorefining in a circular economy 44 http://task42.ieabioenergy.com
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TEE-Assessment - economic conclusions

« there are few high TRL projects in operation for which little economic data has been
published, so economic considerations are reserved for difficult prediction and simulation-
based analysis

« to charcterise biorefinery technologies, specific production costs from input/raw material
to standardized products based on HHV (higher heating value) can be used, but for such
multi-product systems, the overall balancing of reference plants in case studies appears to
be anyhow equally adequate

« The main factors influencing the economic evaluation are the full-load operating hours, the
time horizon, the scaling of the reference plant

« Despite significant investments, we deduce from our case studies that it is necessary to focus
more on OPEX optimization in the sense of favorable feedstocks

« Current price increases for fuel commodities and CO, emission certificates are at levels that
can be considered tipping points to generate business cases

IEA Task 42 www.ieabioenergy.com
) Bloenergg Biorefining in a circular economy 45 http://task42.ieabioenergy.com
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»In an early design stage of a technologicial implementation usually the degree of
freedom for design choices is high, while the costs for adaptions are low*

4

- Derive recommendations for an environmental sustainable & economical
beneficial set up & implementation
« Support decision making, give advice to policy makers, ensure compliance

TEE in early implementation stages

- Striking comparison of alternatives and scenarios
* Modular definition of unit processes, process energy sources, decide on materials, etc...
» ldentification of hotspots and opportunities towards sustainable processes

Hotspots: relevant for internal decision making concerning process design and
at company level

stage electrolysis, etc...) (e.g- €Oz, CHs, NO,, etc...)

(e.g- GWP)

Most relevant impact
P Most relevant life cycle Most relevant p.roc&ss Most relevant
category (e.g. energy generation, elementary flow

Relevant for decision making and data

IEA Task 42 Relevant for external communication requirements WWW.ieab'ioenerg\/. com
B|Oenergg Biorefining in a circular economy 46 http://task42.ieabioenergy.com
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More information TEE methodology & factsheets

Actually a report & factsheets on the TEE case studies

are in finalization & to be published this summer @

IEA Bioenergy

Technical, Economic and

« Task 42 report “Technical, Economic and e e sament
Environmental Assessment of Biorefinery Gasifctin asedorfinery cse s
Concepts’: o Somnr ek 28 7 2
https://task42.ieabioenergy.com/publications/tee- —

Jitka Hrbek, University of Natural Resources and Life Sciences Vienna, on behalf of Task 33

« |EA Bioenergy Annual report 2020 ‘Technical, ecological and
economic assessment of biorefinery cases’ (page 7-22):

https://www.ieabioenergy.com/blog/publications/new-publication-iea-
bioenergy- annual-report-2020/

 Factsheets
https://task42.ieabioenergy.com/document-category/factsheets/

IEA Task 42 www.ieabioenergy.com
B|Oenergg Biorefining in a circular economy a7 http://task42.ieabioenergy.com



https://task42.ieabioenergy.com/publications/tee-2019/
https://www.ieabioenergy.com/blog/publications/new-publication-iea-bioenergy-annual-report-2020/
https://task42.ieabioenergy.com/document-category/factsheets/
http://www.ieabioenergy.com/
http://task42.ieabioenergy.com/

The collective of IEA bioenergy is always warmly welcome to provide input!

Johannes Lindorfer \ :

Applied R&D project manager

IEA Bioenergy

Technology Collaboration Programme

AltenbergerstraBe 69 Task 42
) Biorefining in a circular economy
4040 Linz

Tel.: +43 (0)732 24685653

lindorfer@energieinstitut-linz.at

Energieinstitut an der Johannes Kepler Universitat Linz, Austria
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http://task42.ieabioenergy.com

Technology Collaboration Programme




