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Description of the current process

Selected process

All PETCHEM processes with high heat production or consumption in the reaction
section (majority of processes)

State of the art
For example, shell and tube reactors

Needs

— Increase in energy efficiency

— Temperature control (increased safety and selectivity)
— Capital cost reduction
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Main technological limitations/bottlenecks

Radial and axial temperature gradients by insufficient heat transfer, leading to
lower selectivity and more by-products. Green wave will lead to an unblocked,
smoothly controlled high way for the desired reaction path by guiding the
introduction and optimum mixing of reactants and maintaining optimum

temperature control in the reaction environment

Improvement potential

Within 10 years Within 30-40 years
Increase in process energy efficiency 0-50%! 50%2
Selectivity increase (from 90%) 95% 99%
Reduction in capital costs per ton of product 5-10% 10-20%

Promising PI technologies

Pl technologies Energy efficiency potential

Within 10 years Within 30-40 years
1.1.1 Advanced plate-type heat exchangers
1.2.2 Micro Reactors (including Micro Mixers)
3.1- 3.3 Energy transfer

> 4% 10%

1.2 - 2.2 Structured devices
Functional design
Structured catalyst design
2.2.2 Membrane reactors 0% 10%
2.2.8 Reactive distillation 2% 5%
3.2.4 New chemical reactors 0% 10%

Possible combinations

— 1.1.1 Advanced plate-type heat exchangers and 1.2.2 Micro Reactors (including
Micro Mixers)

— 2.2.1 Heat exchange or milli reactors, 2.2.8 reactive distillation and 1.2.1.4
advanced structured packings

Barriers, required research, timing and actions
1.1.1 Advanced plate-type heat exchangers
Barriers: Customer confidence

Time until implementation: 0-10 years

1.2.2 Micro Reactors (including Micro Mixers)
Barriers: Experience and fouling
Research required: Applied

Time until implementation: 0-10 years

Overall chain energy efficiency increase: 0-10%

Overall chain energy efficiency increase: 15%
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2.2.8 Reactive distillation
Barriers: Catalyst development and lack of expertise
Research required: Applied

Time until implementation: 0-10 year

1.2 - 2.2 Structured devices

Barriers: Selection, catalyst application/loading in situ regeneration, costs of
structural elements and design rules

Research required: Fundamental and applied

Time until implementation: 0-20 years

2.2.2 Membrane reactors

Barriers:

— Role of 02 in oxidation reactions

— Controlled introduction of oxidants (oxygen)

— Temperature control

— Up-scaling of membranes and reactor concepts

— Immobilization (e.g. fouling, mechanical strength, safety and catalyst)
— Retrofitting (e.g. use of current reaction heat)

— Catalytic cracking with PI

— Knowledge/design base

Research required: Applied and fundamental materials, manufacturing and
chemical process technology

Time until implementation: 10-25 years

3.2.4 New chemical reactors

Barriers: Opportunities unknown, knowledge insufficient
Research required: Fundamental and applied

Time until implementation: > 20 years

3.3 Energy transfer

Barriers: Window of operation, design rules, engineering
Research required: Fundamental and applied

Time until implementation: 10-20 years

Functional design
Research required: Applied

Structured catalyst design

Barriers: Costs, catalyst application, regeneration and loading
Research required: Combined

Time until implementation: 5-15 years

General barriers
— Capital expensive technologies for large scale applications
— Capital investments

— TFinancing of PI pilots (“lack of technology providers and sponsors”)
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— Centralized vs. decentralized thinking throughout the organization
— Lack of knowledge about economic evaluations

— No-change mentality

— Retrofitting discipline

— Interaction between R&D and manufacturing departments

HEAT LIMITED REACTIONS ROADMAP
EXAMPLE - TBA DEHYDRATION

Description of the current process

Selected process

— Reaction: TBA a i-C4= + H,0 using catalyst
-~  Water removal

— C4= purification

— Water de-hydrocarbonizing

The reaction is in the vapor phase and endothermic with pressure at about 7 bar
and a temperature between 270 and 370 oC. Several reactors operate in the series

— Selectivity is about 90%
— Fouling, by-products and temperatures are high
— Efficient heat input

State of the art
There are reactors with pre-heating furnaces in the series. Product washing and
purification is in several distillation columns and water is cleaned by distillation

Main technological limitations/bottlenecks

— Heating is done by furnaces with limited efficiency
— Catalyst needs to be changed frequently

— TFouling creates high pressure drops

— Capacity of current unit is limited

— Purification takes place in two steps

Improvement potential

Within 10 years Within 30-40 years

Selectivity increase (from 90%) >95%

Promising PI technologies

Pl technologies

Moving bed reactor

Reactive distillation

Liquid phase reaction

Direct integration with exothermic reaction

Membrane reactor
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Possible combinations
— Heat integrated reactor and reactive distillation

Barriers, required research, timing and actions

Moving bed reactor

Barriers: Uncertainty and high cost for an expected low return
Research required: Applied/combined

Time until implementation: > 20 years

Reactive distillation

Barriers: Fouling and long term

Research required: Fundamental and applied
Time until implementation: 10 years

Liquid phase reaction

Barriers: Testing

Research required: Fundamental and applied
Time until implementation: 10 years

Direct integration with exothermic reaction
Barriers: Uncertainty

Research required: Fundamental and applied
Time until implementation: 6 years

General barriers

— Reliability

— TFouling

— Dependency of concurrence of reactions
— Only in turnaround periods

— Limited CAPEX, for profitable investment
— Market for the product is changing

— Priority for development
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MASS-TRANSFER-LIMITED FAST REACTIONS ROADMAP

Continuous high-pressure process roadmap3

Drivers Improve cost (variable cost, catalyst cost, capex, energy)
20% overall energy efficiency increase by 2050
Targets >
Energy efficiency 30% energy efficiency
Process increase of 10-20% increase with successful
biecti implementation
objective 1.2.4 Static mixers reactors Process with
Pl technologies Process with plug flow - Tubular reactor membrane reactor
High-pressure dosing, mixing
computational fluid dynamics 1-2.3
P v / Membrane
Materials (high pressure, corrosion reactor
fals (high p Y fon) Membrane
Thermodynamics, kinetics, FEW materials
v f
- Mass-transfer limitation Flux
Barriers —100% conversion of toxic gas-phase reactant Resistance
— Robustness, reliability Mechanical strength
— Multi-product plant, grade changes Sealing //
I I 7/ >
2007 2017 2050 Time
1) Prevent gas phase via continuous high-pressure process (phosgene, CI2, EO, PO)
- Em Em Em Em Em Em EE EE EE EE EE Em Em N M MmN M Em Em Em Em N RN Em R Em Em Em Em mm Em

Increase G/L mass-transfer rate roadmap4+5

Improve cost (variable cost, catalyst cost, capex, energy)
ori Increase safety, product quality, yield
rivers N .
Reduce energy use, raw materials consumption, solvents, catalyst, etc.
o - .
Targets 20% overall energy efficiency increase by 2050
o .
Energy efficiency — .30& enerqy efficiency
/ . increase with successful
P increase of 10-20% impl tati
rc.)ces.s Convention implementation
objective alreactor 73 f 2.21
with stable | G ing 314 123 HEXreactors
' emulsions 4 m 114 Rotor Membrane
Pl technologies reactors Static Stator reactors 315 1211
Stable mixers Mixers Spinning Catalytic  1.21-2
emulsions R Disk foam  Monolith 1.2.2
Fouling + Micro
~ Modeling ~/ Reactors reactor reactor
. — Modeling — Design — Confidentiality Reactor
Barriers - Up-scaling _ yp- ’ i - Stable, solid catalyst
p-scaling - Applications
— Proof of principle  — Stabilization — Stable, — Stable, - Sta~ble,
- Materials - Counter pressure solid catalyst  solid catalyst solid catalyst
= Up-scaling — Energy use // — Fouling {>
| | 7/ T
2007 2017 2050 Time
1) Including transforming batch into continuous processes
2)Increase G/L mass-transfer rate (Hp, 03), e.g. oxygen production
- Em Em Em Em Em Em EE EE EE EE EE Em Em N M MmN M Em Em Em Em N RN Em R Em Em Em Em mm Em

Including transforming batch into continuous processes
Prevent gas phase via continuous high-pressure process (phosgene, Cl,, EO, PO)

Increase G/L mass-transfer rate (H,, 0,), e.g. oxygen production
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SHORT/MID TERM

Description of the current process

Selected process

Prevent gas phase via continuous high-pressure process (phosgene, Cl,, EO, PO)
Increase G/L mass-transfer rate (H,, O,) including transforming batch to

continuous processes

Needs

Increase product quality (e.g. better control of chain length in polymerization
reactions)

Selectivity (side-reactions) must equal variable cost and feed cost. Generally,
there is a loss of selectivity due to a slow mass transfer rate. Also, for selectivity
reasons, sometimes there is a need for some controlled mass transfer limitation
Feedstock and catalyst yield/cost: incomplete catalyst utilization due to mass
transfer limitation

CAPEX (e.g. reactors that are too large due to mass transfer limitation)

Process stability: instability due to mass transfer limitation

Reduce energy use — Energy loss due to batch reactions (no possibility for heat
integration)

Increase safety and reduce the effort required for safe operation

Main technological limitations/bottlenecks

Mass transfer rate (G/L) and mixing (L/L)

Batch reactions in several cases

Need for full conversion of toxic reactants (poor mixing, particularly in micro-
mixing)

Multi-product plants: need for grade changes

Wide residence time distribution

Improvement potential

Within 10 years Within 30-40 years
Increase in process energy efficiency 10-20%
Improved operating equipment within the batch
10%
process
Integrating continuous operating elements/units
40%
with batch reactors (structured reactors, etc.)
Reduced use of chemical (i.e. solvents)
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Promising PI technologies

Pl technologies

1.2.4 Static mixers reactors - Tubular high-pressure
reactor with multiple feed injection and efficient

heat removal via evaporative coolant

Reactor with stable emulsion

(small gas bubbles and high kLa)

1.1.4 Static mixers

3.1.4 Rotor stator mixers

3.2.3 Impinging stream reactors

1.2.3 Membrane reactors

Possible combinations

The above mentioned technologies cannot directly be combined, however there are

possibilities in:

— Combining with hybrid operation (e.g. separations): 2.2.2 membrane reactors,
2.2.3 reactive adsorption and 2.2.8.reactive distillation

— Combining with alternative energy transfer: 3.2.5 sonochemical reactors,

3.3.3.4 microwave reactors and 3.3.4 photochemical reactors

Barriers, required research, timing and actions

1.2.4 Static mixers reactors — Tubular high-pressure reactor with multiple feed

injection and efficient heat removal via evaporative coolant

Barriers: Mass-transfer limitation, 100% conversion of toxic gas-phase reactant,

robustness, reliability and changes in multi-product plant grade

—  We need to understand the thermodynamics, kinetics and reactor model

— We need to research materials (e.g. high pressure and corrosion)

— We need to learn about high-pressure dosing and mixing computational fluid
dynamics

Research required: Applied

Time until implementation: < 5 years (technology is ready for implementation)

3.2.3 Impinging stream reactors
Barriers: Modeling and up-scaling
Research required: Applied

Time until implementation: < 5 years

Reactor with stable emulsion (small gas bubbles and high kLa)
Barriers: Proof of principle, materials and up-scaling

—  We need to create stable emulsions

Research required: Applied

Time until implementation: 5-10 years
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1.1.4 Static mixers

Barriers: Modeling, design and up-scaling
Research required: Applied

Time until implementation: 5-10 years

3.1.4 Rotor stator mixers

Barriers: Stabilization, counter pressure and energy use (no increase in energy
efficiency)

Research required: Applied

Time until implementation: 5-10 years

1.2.3 Membrane reactors

Barriers: Modeling and up-scaling

—  We need to research membrane materials (high pressure, fouling, flux, etc.)
Research required: Fundamental

Time until implementation: 10-15 years

General barriers

— Robustness and reliability

— Lack of tools available to design (partially) continuous process

— Need to reinvent processes (i.e. safety procedures)

— Sufficient mixing (L/L) (high pressure reactor) and a need for full conversion of
toxic reactants

— Avoid risk of production/quality loss — Realizing grade change in multi-product
plants (fate of twilight material)

LONG TERM

Description of the current process

Selected process

Product and process development based on thinking in terms of continuous

processes — No or hardly new products in petrochemicals

— Process design (incl. catalyst development) focused on “real” chemistry instead
of “apparent kinetics” determined in stirred vessels

— All steps in the life-cycle of processes (from chemistry development to process

development to operational know-how) based on continuous processing

Vision

The processes mentioned under “short-term” might be sufficient already; otherwise,

processes should be based on:

— Membrane reactor with a feed of gaseous reactant via membrane in liquid-full
reactor

— Milli reactor (with high kLa and good heat removal)

— Production of chemicals currently produced in batch processes in a fully

continuous mode
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Main technological limitations/bottlenecks

— Fundamentally different approach is necessary in some aspects: i.e. to replace
passive temperature control by evaporation (current batch process) with active
temperature control in the heat exchanger

— Operation knowledge of the batch reactor is an accumulation of decades of
experience in specific processes. Therefore, experience with continuous reactors
is often limited

— Membrane development (selectivity, flux and fouling)

— Membrane reactor development (stability, sealing, high-pressure and plug flow)

— Development of milli reactors with good kLA (e.g. monoliths and foams) but also
with good heat removal

— Development of stable catalysts, fixed to the milli reactor walls: stable activity

and selectivity

Improvement potential

— Energy efficiency increase of 30% for a successful implementation from reduced
energy for stirring to increased heat recovery potential in continuous processes

— Reducing the use of chemicals, including feedstock (higher yield) to less solvents

Promising PI technologies

Pl technologies

1.2.3 Membrane reactor

2.2.1HEX reactors

1.2.1.1 Catalytic foam reactor

1.2.1.2 Monolith reactor

3.1.5 Spinning Disk Reactors

1.2.2 Micro reactor

Possible combinations

e Above mentioned technologies cannot be directly combined. However, we can use

possibilities similar to the short term:

— Combining with hybrid operation (e.g. separations): 2.2.2 membrane reactors,
2.2.3 reactive adsorption and 2.2.8.reactive distillation

— Combining with alternative energy transfer: 3.2.5 sonochemical reactors, 3.3.3.4
microwave reactors and 3.3.4 photochemical reactors

Barriers, required research, timing and actions

1.2.3 Membrane reactor

Barriers: Mass-transfer limitation, 100% conversion of toxic gas-phase reactant,
robustness, reliability, multi-product plant, grade changes, flux, resistance,
mechanical strength and sealing

— We need to research membrane materials

Research required: Fundamental

Time until implementation: 10-15 years

1
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2.2.1 HEX reactors

Barriers: Confidentiality and stable, solid catalyst
Research required: Applied

Time until implementation: 5-10 years

3.1.5 Spinning Disk Reactors

Barriers: A stable and solid catalyst

Research required: Applied (existing technology)
Time until implementation: 5-10 years

1.2.1.1 Catalytic foam reactor

Barriers: A solid, stable catalyst , applications and fouling
Research required: Fundamental

Time until implementation: 10-15 years

1.2.1.2 Monolith reactor

Barriers: A solid, stable catalyst, applications and fouling
Research required: Applied

Time until implementation: 10-15 years

1.2.2 Micro reactor

Barriers: A stable and solid catalyst
Research required: Fundamental
Time until implementation: > 15 years

General barriers

— Lack of process design tools for continuous processes

— Achieving sufficient residence time in continuous processes

— Sufficient mass transfer (G/L) (membranes) - This might be a difficult hurdle

— Need for full conversion of toxic reactants - This can be solved

— Robustness and reliability - This will require demonstration

— Realizing grade change in multi-product plants (fate of twilight material) - This
can be done and will lead to capex

— Catalyst performance, stability of activity and selectivity (in milli reactor) - This
might be a difficult hurdle

— Heat removal in monolith, foam and milli reactors - This requires new designs
and might be a difficult hurdle
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MASS-TRANSFER-LIMITED FAST REACTIONS ROADMAP
EXAMPLE - ALLYL CHLORIDE (AC) TO DICHLOROHYDRIN (DCH)

SHORT/MID TERM

-  E Em E Em Em Em Em Em EE E Em EE E Em EE E Em EE E Em Em E Em Em Em Em Em Em Em Em
Drivers Need to improve selectivity and reduce amount of water required in process

Targets Increase process selectivity

Increase energy
efficiency by 20%

Increase selectivity/'Decrease water use
Process 222 — M/'/'W f

v

objective Membrane El ialvsi 5.1
ectro-dialysis " 2.29.2
reactors 4 S ~ Supercritical -~ Reactive
313 2.2.3 reactions extrusion
X X ~
Bl technologies ~ Non-basic Rotating Reactlye 2.25 /
9 modeling packed beds adsorption Reactive 5.1.2
o . extraction Supercritical
- Lime instead of ) - Design ) separation
. caustic (slurry with — Modeling — Module design
Barriers particles) - Up-scaling - Modeling /
- System control - Up-scaling
General:

- Proven technology; investment costs; Critical mass needed for R&D; IP protection;
Functional thinking against unit thinking; Conceptual thinking versus practical feasibility

2007 2017 Time

Description of the current process

Selected process

To improve on the AC to DCH selectivity in order to reduce the amount of water
needed for this conversion

State of the art
Make use of the 3.1.3 rotating packed beds or electro-dialysis

Main technological limitations/bottlenecks
Low selectivity and high amounts of water are required

Improvement potential
A 20% increase in energy efficiency through selectivity increase and decrease in

water use

Promising PI technologies

Pl technologies

2.2.2 Membrane reactors

3.1.3 Rotating packed beds

Electro-dialysis

2.2.3 Reactive adsorption

2.2.5 Reactive extraction

5.1.1 Supercritical reactions

5.1.2 Supercritical separation

2.2.9.2 Reactive extrusion

13



14 EUROPEAN ROADMAP FOR PROCESS INTENSIFICATION APPENDIX 2

Possible combinations
Faster and better dispersion of AC and Chlorine via 3.2.7 ultrasound with enhanced
phase dispersion/mass transfer

Barriers, required research, timing and actions
2.2.2 Membrane reactors

Barriers: Complicated (non-basic) modeling
Research required: Fundamental

Time until implementation: > 15 years

3.1.3 Rotating packed beds
Barriers: Use lime instead of caustic (slurry with particles)

2.2.3 Reactive adsorption

Barriers: design, modeling, up scaling and system control
Research required: Combined/fundamental

Time until implementation: 5-15 years

2.2.5 Reactive extraction

Barriers: Design, modeling, up-scaling and system control
Research required: Combined

Time until implementation: 5-10 years

5.1.2 Supercritical separation

Barriers: Module design, modeling and up-scaling
Research required: Combined

Time until implementation: < 5 years

General barriers

— Proven technology versus new technology

— CAPEX versus pay back time

— Critical mass needed for R&D (basic data, kinetics and mass transfer studies)
— IP protection

— Functional thinking versus unit thinking

— Conceptual thinking versus practical feasibility
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MASS-TRANSFER-LIMITED FAST REACTIONS ROADMAP
EXAMPLE - LIQUID EPOXY RESIN PRODUCTION

SHORT/MEDIUM TERM

Drivers Need to improve existing capacity in process

Targets 15% capacity and energy efficiency increase >

Increase energy

efficie/n&/ by 15%
» s T
Process Increase capacity of existing
- 3.31 2.25 / equipment by 30%
objective Electric field Reactiv /

fouling extraction
prevention  _ Design /V
Pl technologies ~ Modeling 1.1.1 Advanced
- Up-scaling . plate-type heat
_ 3.3.11 Electric
Response of System control = & | e nhanced exchangers
) the process extraction and 11.2 Advanced
Barriers streams in an droplet dispersion shell-and-tube
electric field heat exchangers

— Technology for adequate removal of colloidal particles from organic stream {>
[ [

2007 2017 Time

Description of the current process
Selected process
Liquid epoxy resin production process

State of the art
Capacity increase and energy reduction of the existing plants

Improvement potential
Increase in energy efficiency of 15-30% capacity with existing equipment

Promising PI technologies

Pl technologies

3.3.1 Electric field fouling prevention

2.2.5 Reactive extraction

3.3.1.1 Electric field enhanced extraction and
droplet dispersion

1.1.1 Advanced plate-type heat exchangers

(i.e. plate-and-shell)

1.1.2 Advanced shell-and-tube heat exchangers

15
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Barriers, required research, timing and actions

3.3.1 Electric field fouling prevention

Barriers: Design, modeling, up-scaling, system control and operating safety
Research required: combined

Time until implementation: <5 years

2.2.5 Reactive extraction

Barriers: design, modeling, up-scaling and system control
Research required: combined

Time until implementation: 5-10 years

3.3.1.1 Electric field enhanced extraction and droplet dispersion
Barriers: Design, modeling, up-scaling, system control and safe operation
Research required: Combined

Time until implementation: < 5 years

1.1.1 Advanced plate-type heat exchangers (i.e. plate-and-shell)
Research required: Applied
Time until implementation: < 5 years

General barriers

— Technology for adequate removal of colloidal particles from organic stream has
to be developed

— The response of the process streams in an electric field has to be studied

LONG-TERM

i 7/ >

2007 2050 Time

r 1

I . o I

| Drivers Need to improve selectivity of the processes 1

1 1

Targets » Transform batch into continuous process

1 1

1 Increase energy 1

1 efficiency 1

e AN
1 //;/’b 4x reduction in plant size 1
APEX

1 Prf’ces,s - 3.1.4 Rotor-stator mixers - 3.2.5/7 Sonochemical reactors/ and 1

|  objective - 3.1.5 Spinning disk reactor ultrasound enhanced phase 1

1 - 3.1.2 Centrifugal liquid-liquid dispers.ion/mass transfer -1.2.11/2 Catalytic foam reactors/ 1

contactors - 1.2.2 Micro Reactors monolithic reactors

1 - 1.1.3 Structured internals for - 1.1.1 Advanced plate-type - 2.2.9.2 Reactive extrusion 1

: Pl technologies ) gti;sr\f;i;;fne; packed bed heat exchangers - 511 Supercritical reactions :

1 1

I  Barriers See details See details See details 1

1 General: 1

1 - Pl technologies have to be related to the production of liquid epoxy resins 1

- Proven technology; investment costs; R&D resources needed; IP protection;

1 Conceptual thinking vs. practical feasibility 1
// I

1

1 1

1 1

[ 8 4
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Description of the current process
Selected process
Liquid epoxy resin production

Vision

The epikote process that is now primarily performed in the batch reactors will be
transferred to a continuous reactor operation. Reactor types are most likely of the
SDR type, i.e. static mixers reactors, rotor stator mixers, etc. We must develop new
epoxy resin routes that are cheaper (CAPEX) and simpler

Main technological limitations/bottlenecks
Batch reactors need to be replaced by continuous reactors (i.e. 3.1.5 spinning disk

reactor)
Improvement potential
A liquid epoxy resin plant should be reduced in size and CAPEX with at least

factor 4

Promising PI technologies

Pl technologies

3.1.4 Rotor-stator mixers

3.1.5 Spinning disk reactor

3.1.2 Centrifugal liquid-liquid contactors

1.1.3 Structured internals for mass transfer

3.1.3 Rotating packed bed

3.2.5/7 Sonochemical reactors/ultrasound

enhanced phase dispersion/mass transfer

1.2.2 Micro-reactors

1.1.1 Advanced plate-type heat exchangers

1.2.1.1/2 Catalytic foam reactors/monolithic reactors

2.2.9.2 Reactive extrusion

5.1.1 Supercritical reactions

Barriers, required research, timing and actions

3.1.4 Rotor-stator mixers

Barriers: Stabilization, counter pressure and energy use (no increase in energy
efficiency)

Research required: Applied

Time until implementation: 5-10 years

3.1.5 Spinning disk reactor

Barriers: A stable and solid catalyst

Research required: Applied (existing technology)
Time until implementation: 5-10 years

17
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3.1.2 Centrifugal liquid-liquid contactors

Barriers: System design, process control and investment costs
Research required: Applied

Time until implementation: < 5 years

3.1.3 Rotating packed bed

Barriers: Corrosion and fouling

3.2.5/7 Sonochemical reactors/ultrasound enhanced phase dispersion/mass
transfer

Barriers: System design, up-scaling, process control and investment costs
Research required: Fundamental

Time until implementation: 10-15 years

1.2.2 Micro-reactors

Barriers: A solid, stable catalyst
Research required: Fundamental
Time until implementation: >15 years

1.2.1.1/2 Catalytic foam reactors/monolithic reactors
Barriers: Applications, fouling and a solid, stable catalyst
Research required: Fundamental and applied

Time until implementation: 10-15 years

General barriers

— Proven technology versus new technology

— CAPEX versus pay back

— Resources needed for R&D

— IP protection

— Conceptual thinking versus practical feasibility
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ETHYLENE CRACKING ROADMAP

Drivers

Targets

Process
objective

Pl technologies

Barriers

Increase yields, reduce energy cost, reduce fouling

5% overall energy efficiency increase by 2050

»
»

Upfront
gas turbine

Vapor
DeNO, and  High-efficiency ~compression
air preheat  peat exchangers (EE splitter)

for cold box

Energy efficiency
7/' increase zown

Reduce coke formation

Membrane

Hydrogenation separations

of acetylenes/
dienes

(H,+CH, from rest,
alkenes from alkenes,

Energy efficiency
increase of 25%

(incl, 5% PI)

i

Design and
Pl solutions
for new
processes

aromatics from

- Sustainability
(new feedstocks)

1.1.1 Advanced ?.1.4 Heat- 2.2.§.1 other HC)

plate-type integrated Reactive Improved coil

heat exchangers distillation distillation internals (a) and
materials
(ceramics) (b)
- Fouling (coke) - Materials - Membranes
- Implementation in existing units development developmen; /
I I 7/ >
2007 2030

SHORT/MID-TERM

Description of the current process

Selected

process

(a) Improved heat transfer, (b) Lower catalytic coking rate and reduced coil surface roughness,
higher tube wall temperatures so that coke is gasified in situ

Largely more or less “conventional” solutions (not PI):

— Use of gas turbines upfront of furnaces
— Use de-NOX with NH, (SCR) in combination with air preheated by flue gas and a

move away from less energy-efficient, low-NOx burners

— Optimize emissivity of furnace walls and coils

2050 Time

— Optimize coil inlet temperature (cracking reactions are just beginning)

— Some PI elements:

— Use of high-efficiency heat exchangers for cold box (lower temperature approach)

or reboilers (less fouling), if fouling will permit

— Use of heat pumps (e.g., vapor compression), especially for EE splitters

— Use of dividing wall column internals

— Use of reactive distillation for hydrogenation of acetylenes/dynes

State of the art
Largely existing

Main technological limitations/bottlenecks

— Ethylene plants are complex, highly integrated and capital-intensive processes

that are optimized towards the yield of high-value chemicals and the use of

energy. A significant part of the energy is required as heat reaction (endothermic

cracking reactions). Speaking short-term, there are no clear alternatives to the

current method for producing ethylene, which is done via radical reactions at

19
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extremely high temperatures with low selectivity (many products) requiring a.o.

cryogenic separations

Fouling by coke and poly-aromatics reduces heat transfer with effects on

selectivity/yield (less ethylene, more acetylene, aromatics and coke)

Improvement potential

No increase in energy efficiency is expected from PI

Promising PI technologies

Pl technologies

1.1.1 Advanced plate-type heat exchangers (hex)

2.1.4 Heat-integrated distillation

2.2.8.1 Reactive distillation

Possible combinations

None

General barriers

Fouling occurs mainly in the reaction section, but also plays a role in

downstream sections (e.g. prefractionator and distillation). In the reaction

section, fouling:

Limits heat transfer rate

Sets a minimum to tube diameters via pressure drop and plugging

Sets a maximum for reaction temperature, and consequently a minimum for
residence time

Requires cleaning (e.g. coils 1x/50 days and exchangers 2x/year)

Ethylene crackers are complex and expensive existing installations. In existing

crackers, there will only be opportunity-driven changes and only gradually over
time (up to 2030):

Only in turnaround periods

Limited capex, for profitable investment - A de-bottlenecking incentive is
needed to justify the investment in energy efficiency

Retrofitting PI technologies in existing unit operations/process schemes will

enhance the opportunity

A high level of energy integration

Some heat waste is efficiently used for separations (PP splitter), but there is a
need for steam balance

If energy is saved on the ethylene cracker side, e.g. generating excess MP
steam production, there should be a good alternative use for this MP steam
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LONG-TERM

Description of the current process

Selected process

—  We assume that, even in 2050, there will still be a strong demand for ethylene
and propylene as building blocks of the petrochemical industry

— If we could prevent the need for the lowest temperatures, significant
compression energy could be saved (-150 oC for evaporative H,/CH,
separation)

— A significant part of the compression could be prevented if there were an
upfront alkane/alkene separation or separation of aromatics from other
hydrocarbons

— Alternative feedstocks and processes: In an environment with higher cost of
crude oil (naphtha), and higher cost of CO,, new routes (some based on other
feeds such as natural gas, coal and biomass) might be used. Moreover, the
competition between the use of fossil feedstock for chemicals (e.g. naphtha for
ethylene) and fuels may change in the favor of chemicals production at higher oil
prices and increased energy costs

— The existing alternative routes are:

— Production of syngas from natural gas, coal or biomass followed by
production of lower olefins from syngas, e.g. via methanol (MTO, MTP) or via
synthetic naphtha (MTG or Fischer-Tropsch), and conventional cracking of
such feed

— Deep catalytic cracking (FCC with new catalysts giving lower olefins than
gasoline, especially C3-C4)

— Production of ethanol from biomass, followed by production of ethylene and
PE (e.g. Dow announcement for j.v. in Brazil in 2011)

Vision

Increase use of sustainable feedstock

Main technological limitations/bottlenecks
— Reduce fouling/coke formation via improved heat transfer (lower wall
temperatures, or higher temperatures in combination with shorter residence
times)
— Use of new coil materials (to be identified, incl. ceramics; attention to
ceramics/metal material transitions)
— Use of internals giving increased turbulence but without concomitant higher
pressure drop
— Reduce coke adhesion to walls and improve run-off of condensates
— Use smoother materials (materials to be identified, e.g. ceramics) or energy
(e.g. ultrasound)
— Separation of H,, CH, and CO from ethylene,via membranes, and for only H, via
adsorption or reaction
— Separation of alkenes from alkanes via membranes or adsorption
— Separation of aromatics from alkanes/alkenes via membranes or adsorption

— Design and use for PI in new process routes
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Improvement potential

Ethylene cracker technology: ca. 25% energy efficiency in 2030, including a
contribution of PI technologies of 5%. Currently, no quantification is possible for
alternative processes. Research is required to determine the energy/CO, efficiency
of alternative processes, including those using bio feeds

Promising PI technologies

Membrane separations will help, but are not PI (link to DSTI roadmap for
development of membrane materials). Perhaps membrane adsorption (2.1.5.2) or
membrane extraction (2.1.5.6) could occur in a later stage. Use of PI techniques will
depend on the character of new process routes for alternative feeds

Possible combinations
None

General barriers
See short/mid-term
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AMMONIA ROADMAP

Ammonia reforming roadmap®

Ammonia CO, removal roadmap

P Em mm mm mm mm mm Em Em Em Em E Em Em Em Em EE Em EE EE EE EE EE EE EE EE B B Em Em Em Em Em Em Em
1
| Drivers Reduce energy costs
I . o .
| Targets 30% overall energy efficiency increase >
1 _Enerqy efficiency Energy efficiency
1 / increase — ) increase of 30%
1
I  Process Auto-thermal
I objective processes Reacti
Higher T and P eactive

: resistant corﬁgressesor rl-éz’ %8a| Low

equipment ; temperature
I Pltechnologies ek combgstlon P t

Existing air reactors
1 technology
I Membranes Plasma
- : reactors

1 ; Catalyst - NOx issues Pulse
I Barriers availability - Reduced heat reactor
" reuse efficiency T resist

R . - T resistance
I R gteet;cr)'::ltal?;nce - Costs - Pressure pulses

- Flux - Power supply //

! I 7/ >
: 2007 2027 2050 Time
I oo o M e M M M M M M e mm e m Em

6 Also applicable for hydrogen production

r
I .
| Drivers Increase yields, reduce energy costs
I TPN] .
| Targets 30% overall energy efficiency increase »
1 Energy efficiency Energy efficiency
1 / increase —p increase of 30%
I High
I Process temperature
| objective CO, removal
1 Low pressure
I €O, removal H, removal
1 Pltechnologies lonic
I liquids
1 Membranes Membranes
I Barriers /
1 Cost - T resistance
1 . - Costs
" Not removing H, - Flux
1 //
I 7/ >
: 2007 2027 2050 Time
9
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Ammonia synthesis roadmap

P e o mm mm o mm mm mm mm mm m mm mm Em Em mm Em Em Em Em Em mm Em Em Em Em Em Em Em Em Em Em Em Em Em Em oEm gy
1 1
| Drivers Reduce compression energy required, increase synthesis yield, reduce energy costs 1
I TPN] . I
| Tergets 30% overall energy efficiency increase > 1
1 / Energy efficiency Energy efficiency 1
; —» o
1 Isobaric increase increase of 30% 1
1 process 1
I Process . 1
I objective Removal of ) Heat' Direct _HZ 1
Low P/T NH. to shift integration production,
1 reactors equilibrium reformer and Su:)sequent 1
synthesis reactions (Urea)
. . reaction !
1 Pltechnologies 1.2.1 Structured Plasma 1
1 catalyst based Pulse . Absorption 1
1 reactors reactors Adsorption Membrane Membrane I
reactors reactors
I Barriers 1
1 1
1 - T resistance 1
-HighP&T - Pressure pulses - Costs - Mechanical &
1 required - Power supply - Flux /) chemical strength 1
1 1
| I 7/ > |
2007 2027 2050 Time
1 1
I oo e mm mm mm mm mm e Em Em Em Em Em Em Em Em Em Em Em R e e e mm mm mm em e wm o

SHORT/MID-TERM

Description of the current process
Selected process

Reformer: CH,+H,0—>CO+3H,

CO shift: CO+H,0—>CO,+H,

CO, removal:  Removal of CO, from the H,, N,, H,0 and CH, mixture by liquid
absorption

Methanation: CO + CO, + H,—> CH, + H,0 to remove traces of CO and CO,
in the H,

Compression: Increase system pressure from 30 to about 200 bar

Synthesis: 3H,+N,—> 2NH,

State of the art

The theoretically minimum energy demand for ammonia production with regards to
feedstock consumption is 20,65 GJ/ton NH,. Current operated units are at about 30
GJ/ton NH,. The Best Available Technology (BAT) processes are at about 28-29 GJ/
ton NH,.,so the potential for energy reduction is 7-30% BAT (theoretical minimum)

Main technological limitations/bottlenecks

— Steam reforming (endothermic) is the major energy consumer and equipment
design is at metallurgy limits

— It seems inefficient to produce pure high pressure H, in five-steps

— Compression is a major energy consumer (however, it reuses steam from other
stages)

— Synthesis process has a 15-20% yield per pass
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Improvement potential
Implementing BAT can potentially yield a 7% increase in energy efficiency

Promising PI technologies

Reformer step

— Higher T and P resistant equipment to shift the equilibrium

— Auto-thermal reforming to limit loss of flue gas - This is the existing technology
— Reuse compressor combustion air in the reformers

-~ H, or CO removal with membranes

— Low-temperature reactors with plasma or pulsed compression reactors

CO shift & CO, removal steps

-~ High temperature CO, removal with ionic liquids

— Low pressure CO, removal with membranes

- H,removal with membranes

Synthesis step

e Structured catalysts to allow for lower T&P conditions (isobaric process enabler)
e Smart heat removal from synthesis reaction by integration with the reformer step
in one counter flow reactor/heat exchange system

e Removal of NH, to shift equilibrium with adsorption, absorption and subsequent

reactions (Urea)

Possible combinations
Membrane integration with new reactor designs

Barriers, required research, timing and actions

Reformer step

— Auto-thermal processes: Retrofitting and steam balance

— Reuse compressor combustion air: NOx issues and reduced efficiency for heat
reuse

— Membranes: T resistance, costs and flux (no fouling issues)

— Plasma and pulsed compression reactors: Use of a catalyst in these systems and
design and control issues

CO, removal steps

— Membranes: Removal of CO and CO, without the removal of H, and mechanical
strength at high T&P

Synthesis step

— New reactor designs

— Membranes: Removal of NH; without the removal of N, or H, and mechanical
strength at high T&P

General barriers

In existing facilities, there will only be opportunity-driven changes:

— Units are highly integrated so the total energy system has to remain in balance
— Only in turnaround periods

— Limited CAPEX for profitable investment - Generally, there must be a de-

bottlenecking incentive to justify investment in energy efficiency
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— Retrofitting PI technologies in existing unit operations/process schemes will

enhance the opportunity

LONG-TERM

Description of the current process

Vision

We envisioned three scenarios

— Biomass-based fertilizer or melamine production eliminating large-scale
ammonia facilities. Direct production of urea, nitric acid or even nitrates from
direct oxidation of N, are developed. Then, no new ammonia facilities would be
required. This scenario was not further considered for this PI Roadmap

For the two other scenarios we assumed that in 2050, there will still be a strong

demand for ammonia (e.g. an ammonia based fuel economy combined with higher

agricultural demands and ammonia for chemicals)

— Ammonia synthesis from direct Hydrogen production routes, i.e. nuclear
electrolysis of water reacting. These processes, which involve fuel cells, will
require separation techniques for oxygen removal from hydrogen

— The current feedstock basis is methane or coal based processes. However, coal
based routes will produce more CO,. Smart combination of the heat effects of the
reforming and synthesis reactions lead to direct energy savings. A counter
current single reactor combined with a membrane for smart transfer of the H,
from the reforming side to the synthesis side will drive the equilibrium
reactions to higher levels

— Production of hydrogen (through syngas) from biomass fits well in the current
systems

Main technological limitations/bottlenecks

As all process steps are equilibrium reactions, it will be beneficial to design better
catalysts that operate at milder conditions to drive the equilibrium reactions to
completion. This will benefit the ammonia production significantly. Systems to
separate H,, CO, or NH; from the reaction/reactors (membranes, adsorption, ionic

liquids or reaction)

Improvement potential

A 25% increase in energy efficiency through direct H, production, with the energy
required for making Hydrogen en heat input for the endothermic synthesis will
remain. Additionally, there will be a 50% increase in energy efficiency through

selective increase in the synthesis step
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Promising PI technologies

Pl technologies

1.2.3 Membrane reactors

2.1.5.x Membrane technologies

2.2.2 Catalytic membrane reactors

2.2.5 Reactive extraction

2.2.6 Reactive adsorption

3.2.4 Pulsed compression reactors

3.3.5 Plasma (GlidArc) reactors for direct oxidation

Possible combinations
Various technologies, as given above, to influence the equilibrium reactions

General barriers
Ammonia production facilities are expensive, existing installations, which limits
improvement potential. The chance that significant capacity from recently

constructed facilities will come on-stream in Europe
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ENERGY EFFICIENT SEPARATION ROADMAP

Drivers

Targets

Process
objective

Pl technologies

Barriers

20% overall energy savings

Need to improve cost competitiveness through energy efficiency

5% overall energy

»
»

20% overall energy

o

7’ savings?® savings
214 //v
2.2.81 >

Divided wall 2.1 Hybrid non-
column') Reactive 214 512 reactive
max. 45%  2.1.5.5 distillation Heat- Supercritical technologies X
Distillation max. 60% | integrated sepgaorg/tlon 226 (e.q. extractive 22 H\{})nd
? Pervaporation distillation o Reactive  crystallization) teEi?\%llc‘)/geies
max. 60% HIDIC absorption ologi
4 max. 50% 37% Cenctive
- Limited / f K crystallization)
_ ;gg,l.lffalalll,:g - Catalyst life - Investment - High pressure - Storage
- Limited payback - Solvent and/or
applicability - Retrofitting availability recycling i
- Retrofitting - Non-basic
- Retrofitting modeling
// - Unknown modeling
! 7/ >
2007 2017 2050 Time

1) Already applied by BASF
2) A number of technologies are already applied
3) Convincing management is a general barrier

Note: Replace last distillation step (for 95 to 99% purity) by a filtration step (5% energy savings increase)

Description of the current process

Selected

process

The current separation processes require large amounts of steam energy. Every

sequential process step needs steam and will waste this energy content by cooling

Main technological limitations/bottlenecks

In general, the implementation of new technologies is only possible if it concerns

retrofitting in existing processes

Improvement potential

Over-all energy saving potential compared to present process: 5-10% in 10 years and
20% in 30-40 years

Promising PI technologies

Pl techno

logies

Energy efficiency potential

Within 10 years

Within 30-40 years

2.1.4 Divided wall column3 Max. 45%
2.1.5.5 Distillation/Pervaporation Max. 60%
2.2.8.1 Reactive distillation Max. 60%
2.1.4 Heat-integrated distillation (HIDIC) Max. 50%
5.1.2 Supercritical separation Max. 90%
2.2.6. Reactive absorption Max. 37%

2.1... Hybr

id non-reactive technologies

2.2...Hybrid reactive technologies
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Possible combinations
2.1.5.5 Distillation/pervaporation, 2.1.4 heat-integrated distillation (HIDIC) and
2.2.8.1 reactive distillation might be combined in specific cases

Barriers, required research, timing and actions

2.1.4 Divided wall column

Barriers: Limited applicability and retrofitting

Research required: Applied (already commercially available)
Time until implementation: < 5 years

2.1.5.5 Distillation/Pervaporation

Barriers: The applicable current membrane technology is limited due to membrane
instability in applications other than methanol or water pervaporation

Research required: Applied (already commercially available)

Time until implementation: < 5 years

2.2.8.1 Reactive distillation

Barriers: The short life of the catalyst, which is only for exothermic and equilibrium
reactions and retrofit difficult

Research required: Applied (already commercially available)

Time until implementation: < 5 years

2.1.4 Heat-integrated distillation (HIDIC)

Barriers: Long payback on investment, limited applicability
Research required: Combined

Time until implementation: 10 years

5.1.2 Supercritical separation

Barriers: High-pressure techniques and, other than CO,, limited solvent availability
Research required: Fundamental

Time until implementation: 15 years

2.2.6 Reactive absorption

Barriers: Storage and recycling of solvents

Research required: Applied (since the 1980’s by Lurgi, BASF)
Time until implementation: < 5 years

2.1... Hybrid non-reactive technologies
Barriers: Unknown modeling

Research required: Fundamental

Time until implementation: > 15 years

2.2... Hybrid reactive technologies
Barriers: Complicated (non-basic) modeling
Research required: Fundamental

Time until implementation: > 15 years
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ENERGY EFFICIENT SEPARATION ROADMAP
EXAMPLE - DICHLOROHYDRIN (DCH) TO EPICHLOROHYDRIN (ECH)
SELECTIVITY

SHORT/MEDIUM TERM

P Em mm mm mm mm mm mm Em Em Em Em Em Em Em Em Em Em EE EE EE EE EE EE EE R Em Em Em Em Em Em Em Em Em g
1

| Drivers Need to improve separation and reduce amount of lime, caustic and heat required 1
I in process I
| Targets Increase process selectivity » 1
1 Increase energy 1
1 efficiency by 20% |
1 _— 1
I Process Increase Decrease I

- separation caustic and
| objective / lime use Decrease heat 1
required
1 2154 Pl 4 1
1 Membrane 2.2.81 1
1 Pltechnologies 2.1.4 Heat distillation reactive 1.1.1 Advanced plate- "
integrated 21.51 distillation type heat exchangers
1 distillation = Membrane (plus heat-pump) 1
1 absorption 3.2.7 Ultrasound- 1
“Corrosion ¥, . enhanced phase 2.2.8.2 Pervaporation-
I Barriers - Fouling dispersion/mass transfer assisted reactive 1
1 distillation 1
1 General: 1
- Proven technology; investment costs; Critical mass needed for R&D; IP protection;
1 Functional thinking against unit thinking; Conceptual thinking versus practical feasibility 1
1 1
1 l ! 1
2017 ime

" 2007 Ti "
I oo o M M e e e mm mw mw mw mm mm o

Description of the current process

Selected process

To improve the reactive stripping process in which DCH is converted into ECH by
the use of caustic or lime, and at the same time stripped from the liquid phase. ECH
is lost either via hydrolysis, a failure to convert DCH or a failure to strip ECH
completely from the liquid

State of the art
Technology that intensifies the contact between hydroxide and DCH, while
effectively separating ECH

Main technological limitations/bottlenecks
— Overcome mass transfer limitations, and subsequently reduce holdup
— to prevent hydrolysis reaction of ECH
— as aprerequisite to be able to separate ECH as effectively as possible
— Reduce caustic and lime consumption
— Integrate heat or heat recovery from effluent stream

Improvement potential

A 20% increase in energy efficiency through
— Separation increase

— Decrease in caustic and lime use

— Decrease in heat use
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Promising PI technologies

Pl technologies

2.1.4 Heat integrated distillation

2.1.5.1 Membrane absorption

2.1.5.4 Membrane distillation

3.2.7 Ultrasound-enhanced phase dispersion/-

mass transfer

2.2.8.1 Reactive distillation

2.2.8.2 Pervaporation-assisted reactive distillation

1.1.1 Advanced plate-type heat exchangers (plus

heat-pump)

Possible combinations
Process improvements are linked to the improvements in the AC to DCH process

Barriers, required research, timing and actions

2.1.4 Heat-integrated distillation (HIDIC)

Barriers: Long payback on investment and limited applicability
Research required: Combined

Time until implementation: 10 years

2.1.5.1 Membrane absorption

Barriers: Corrosion, fouling, up-scaling and module design
Research required: Combined

Time until implementation: 5-10 years

2.1.5.4 Membrane distillation
Barriers: Corrosion, fouling and costs
Research required: Combined

Time until implementation: 10 years

3.2.7 Ultrasound-enhanced phase dispersion/mass transfer
Barriers: Corrosion, fouling, up-scaling and cavitations
Research required: Combined

Time until implementation: 10 years

2.2.8.1 Reactive distillation

Barriers: Short life of catalyst, only for exothermic and equilibrium reactions and
difficult retrofit

Research required: Applied (already commercially available)

Time until implementation: < 5 years

2.2.8.2 Pervaporation-assisted reactive distillation
Barriers: Short life of catalyst, only for exothermic and equilibrium reactions and
difficult retrofitting for membrane stability



32 EUROPEAN ROADMAP FOR PROCESS INTENSIFICATION APPENDIX 2

Research required: Applied (already commercially available) for limited

applications

Time until implementation: 5 years

1.1.1 Advanced plate-type heat exchangers (plus heat-pump)

Barriers: Corrosion and fouling

Time until implementation: 10 years

General barriers

Proven technology versus new technology

Capex versus pay back time

Critical mass needed for R&D (basic data, kinetics and mass transfer studies)
IP protection

Functional thinking versus unit thinking

Conceptual thinking versus practical feasibility

LONG-TERM

Drivers

Targets

Process
objective

Pl technologies

Barriers

Need to improve selectivity of the processes

Selection of new catalysts will increase selectivity >
Increase energy
efficiency by 75%

1.2.1 Structured Increase selectivity
catalyst-based
reactors
‘T i 12.4 /
icro
Reactors 1253 Static
Membrane mixer
reactors reactors
(non-selective)
2.2.2 3.27
Membrane Ultrasound
reactors enhanced
(selective) phase dispersion

and mass
3.34
transfer Microwave
enhanced
operations
Barriers:
- See details //
7/ 1>
2007 2050 Time

Description of the current process

Selected process
AC to DCH and DCH to ECH selectivity

Vision

Select the corresponding reactor and separation line-up based on the right

homogeneous/heterogeneous catalysts

Improvement potential

A 75% increase in energy efficiency through increase of selectivity
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Promising PI technologies

Pl technologies

1.2.1 Structured catalyst-based reactors

1.2.2 Micro-reactors

1.2.3 Membrane reactors

1.2.4 Static mixer reactors

2.2.2 Membrane reactors

3.2.7 Ultrasound enhanced phase dispersion and

3.3.4 Microwave enhanced operations

Possible combinations
None

Barriers, required research, timing and actions

1.2.2 Micro-reactors

Barriers: A solid, stable catalyst, fouling and up-scaling
Research required: Fundamental

Time until implementation: > 15 years

1.2.3 Membrane reactors

Barriers: Mass-transfer limitation, 100% conversion of toxic gas-phase reactant,
robustness, reliability, multi-product plant, grade changes, flux, resistance,
mechanical strength and sealing

— We need to research membrane materials

Research required: Fundamental

Time until implementation: 10-15 years

1.2.4 Static mixer reactors

Barriers: Mass-transfer limitation, 100% conversion of toxic gas-phase reactant,
robustness, reliability and multi-product plant grade changes

— We need to understand the thermodynamics, kinetics and reactor model

— We need to research materials (e.g. high pressure and corrosion)

— We need to learn about high-pressure dosing and mixing computational fluid
dynamics

Research required: Applied

Time until implementation: < 5 years (technology is ready for implementation)

2.2.2 Membrane reactors (selective)

Barriers: Complicated modeling, cost and robustness
Research required: Fundamental

Time until implementation: > 15 years

3.2.7 Ultrasound enhanced phase dispersion and mass transfer
Barriers: Design, modeling, up-scaling, system and applications control and

cavitations
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Research required: Fundamental

Time until implementation: 15 years

3.3.3 microwave enhanced operations
Barriers: Design, modeling, up-scaling, system control and safe operation
Research required: Combined

Time until implementation: 10-15 years
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2.2 FINEPHARM ROADMAP

el e e e e e e e e e e e e e L L L |
1 1
1 Pl Technologies I
Reduction in production costs
1 through higher selectivity, I
1 material yield and shorter lead time. 1
1 — 5-10 years: 20% reduction 1
1 —10-15 years: 50% reduction 1
1 1
1 FINEPHARM processes - Pl Roadmaps 1
1 1
1 Proces Analytical Technology - enabling Manufacturing Technology enabling Proces Control - enabling 1
1 — Full control of production and — Full inductrial scale-up and piloting of — Full controllable continuous 1
1 downstreamprocessing novel Pl equipment within two years multi-step processes on inductrial 1
I after lab scale proof -of-concept scale within six years I
L] ol

Drivers Increase cost competitiveness
50% production cost reduction through higher
Targets selectivity, material yield and shorter lead time" >
Process - Couple several Pl modules
objectives - Make multipurpose reactors

- Integrate process steps
- Move from batch to continuous (for parts of the process)
- Achieve homogenous reaction with shorter reaction time

Technologies n Pl Technologies

Enabling Process Analytical Manufacturing Process Control
Technologies Technology Technology

I I >

2007 2017-22 Time

1) Lead time is the time between supply of raw material and completion of end product -
can be up to 2 months due to high number of production steps (in some cases 50)
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Pl TECHNOLOGIES ROADMAP
TOWARDS A MULTIPURPOSE SERIAL PRODUCTION TRAIN

SHORT/MID TERM

Drivers Increase cost competitiveness
Targets 20% production cost reduction through higher selectivity,
material yield and shorter lead time? >

Process In Reaction In Down Stream
objectives / v\/vProcessing
PI 1.2.2  Micro channel reactor2 21.51-21.5.5 Selective membranes
Technologies 1.2.3 Membrane reactors 2.2.5  Reactive extraction

2.21 HEX reactors2 2.2.8.1 Reactive distillation

3.1.2 Centrifugal liquid-liquid contactors

2.2.3.1 Simulated moving bed !
3.1.3 Rotating packed beds

411  Continuous oscillatory
baffled reactors

Barriers - Need for multipurpose reactors

- High capital costs of reactors

- High costs of inefficient solvent handling
- Low performance of adsorbant

[ I >

2007 201217 Time

1) Lead time is the time between supply of raw material and completion of end product -
can be up to 2 months due to high number of production steps (in some cases 50)
2) Micro Reactors

Description of the current process

Needs

Production cost reduction through higher selectivity, material yield and a shorter
lead time

Main technological limitations/bottlenecks:
Limited heat and mass transfer of batch reactor and low batch operation
productivity

Improvement potential
20% reduction of production cost through higher selectivity, material yield and a
shorter lead time, resulting in a 20% reduction in energy consumption.
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Promising PI technologies

Reaction part Production cost reduction
Within 5-10 years Driver

1.2.2 Micro channel reactor 40-80% Space-time yield
1.2.3 Membrane reactors 20-50% In situ product removal
2.2.1HEX reactors 30-70% Space-time yield
2.2.3.1Simulated moving bed 30-70% Separation and

equilibrium shift
4.1.1 Continuous oscillatory baffled reactors 20-50% Space-time yield
Reaction and down stream processing part Production cost reduction

Within 5-10 years

2.1.5.1. - 2.1.5.5 Selective membranes 50%
2.2.5 Reactive extraction 50%
2.2.8.1 Reactive distillation 50%

2.2.8.2 Pervaporation-assisted reactive distillation 50%

3.1.2 Centrifugal liquid-liquid contactors 50%

3.1.3 Rotating packed beds
50%

(incl. rotating foam reactors)

Possible combinations
PI unit operations are modular units - The process is reconfigurable using these

modular units

Barriers, required research, timing and actions
All listed PI technologies have achieved proof-of-concept on the lab scale

Barrier: Development of multi-purpose, lower capital cost reactors
Research required: Applied

Time until implementation: 5 years

Barriers: Up-scaling and piloting
Research required: Applied
Time until implementation: 5 years
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LONG TERM
P o mm e o mm e mm e mm mm mm mm Em Em mm mm mm Em mm Em Em Em Em Em Em Em Em Em Em Em Em Em Em Em Em mm
1 . 1
j Drivers Increase cost competitiveness I
| Targets 50% production cost reduction through higher selectivity, 1
I material yield and shorter lead time? > I
1 Process - Create homogenous conditions, reduce hold-up 1
1 objectives time and integrate process steps 1
1 / - Move to continuous instead of batch processes 1
1 ) 1
Pl Alternative energy transfer:
1 Technologies 3.2.5 Sonochemical reactors (ultrasound and 1
1 low-frequency sonics) 1
I 3.2.6 Ultrasound-enhanced crystallization I
3.27 Supersonic shockwave for phase dispersion
1 3.3.3 Microwave-enhanced operations 1
1 3.3.4 Photochemical reactions 1
1 / 1
1 Barriers - Need for multipurpose reactors 1
1 - High capital costs of reactors 1
1 - High costs of solvent handling 1
1 1
I | | > 1
1 2007 2017-22 Time 1
1 1) Lead time is the time between supply of raw material and completion of end product - 1
1 can be up to 2 months due to high number of production steps (in some cases 50) 1
1 1
oo oo oo oo o e e o o e e e e e e e O O O O O O O O e e Em E o e e mw omw o

Description of the current process

Vision

Intrinsically safe, fully continuous, multi-purpose production trains with a lead
time of days instead of months

Main technological limitations/bottlenecks:
Limited heat and mass transfer of batch reactor and low productivity of batch

operation
Improvement potential
50% reduction of production cost through higher selectivity, material yield, and a

shorter lead time, resulting in a 50% reduction of energy consumption

Promising PI technologies

Reaction part Production cost reduction

Within 10-15 years

3.2.5 Sonochemical reactors (e.g. ultrasound and 50%

low-frequency sonics)

3.2.6 Ultrasound-enhanced crystallisation 50%

3.2.7 Supersonic shockwave for phase dispersion 50%

3.3.3 Microwave reactors for heterogeneous
50%
catalyzed processes

3.3.4 Photochemical reactions 50%
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Reaction and down stream processing part

Production cost reduction

Within 10-15 years
2.1.5.1- 2.1.5.5 Selective membranes 30-70%
2.2.5 Reactive extraction 20-50%
2.2.8.1 Reactive distillation 20-50%
3.1.2 Centrifugal liquid-liquid contactors 30-60%
3.1.3 Rotating packed beds 30-60%
(incl. rotating foam reactors)

Possible combinations

PI unit operations are modular units - The process is reconfigurable using these

modular units

Barriers, required research, timing and actions

Barriers: Proof-of-concept validation on a lab scale is necessary for listed PI

technologies
Research required: Fundamental

Time until implementation: 10-15 years

Barriers: Switch from batch to continuous production

Research required: Applied
Time until implementation: 5 years

Barriers: Up-scaling and piloting
Research required: Applied
Time until implementation: 5 years
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PROCESS ANALYSIS TECHNOLOGY
ENABLING ROADMAP

Drivers Increase cost competitiveness
Targets Introduction of Process Analytical Technology for several specific processes
Objecti Full control of production
jective and down-stream processing
Technologies Analytical Modeling of (turbulent, often Definition of
measurement non-linear/non-homogenic) Process Analytical Technology
methods transport processes
A system for designing, analyzing and
controlling manufacturing through timely
measurements of critical quality and
performance attributes of raw and
in-process materials and processes,
Barriers Measurement at Full kinetic and thermodynamic with the goal of ensuring final
"molecular” level characterization of chemical product quality
process on molecular level

I I >

2007 2017 Time

Description of the current process
State of the art
— Measurement technology
— Methods for in situ measurement of reactions are not readily available. The
most common methods are able to measure bulk compositions at some
equilibrium point. Development of in situ measurement technology is
necessary
— Modeling
— Detailed model