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Talk outline

 Climate change is here!
 Carbon-constrained energy planning:
Renewables
Carbon capture and storage
Negative emission technologies

 Carbon footprint for manufacturing
 Concluding remarks 
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Kajang (8 May 2024)
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Dubai (April 2024)
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Los Angeles California (2024-2025)
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Australia (Feb 2025)
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Argentina (March 2025)

Guizhou, China (June 2025)
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Not too long ago…
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Ongoing now…
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Hottest? Or hotter?

Process Integration Techniques For Decarbonisation

Sustainable planetary boundaries
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Earth-system 
Process

Parameters Proposed 
Boundary

Current 
Status

Pre-industrial 
Value

Climate Change Atmospheric

CO2 concentration 

(ppm by volume)

350 387 280

Global freshwater 
use

Consumption of 
freshwater by 

humans

(km3 per year)

4,000 2,600 415

(Rockstrom et al., 2009)

The Keeling curve
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https://keelingcurve.ucsd.edu

• Continuous CO2 measurements at Hawaii since 1958. 
• The curve is named for the scientist Charles David Keeling, 

who started the monitoring program and supervised it until 
his death in 2005.



Paris agreement
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Other UN Climate Change Conferences 
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Decarbonisation wedges
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Some milestones
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1970sHeat exchanger network (HEN) 

1994 Water minimisation (water pinch)

1989 Mass exchange network (MEN)

2005 Property integration (property pinch)

2007 Energy planning (carbon pinch)

2002 Production supply chain

2002 Hydrogen network (H2 pinch)

An established tool
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Reduce utilitySave water

Reduce 
waste

Reduce 
emission

Reduce 
cost

Reduce 
utility

Improve 
efficiency

Increase 
throughput

The chemical industry
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Chemical industry consumes 28% of the industrial energy, where most 
of it is obtained from fossil resources (IEA, 2017).

Graphical pinch diagram
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H (MW)
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Decarbonisation wedges
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Carbon emission pinch analysis

Seminal papers on CEPA
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Region 1

Region 2

Region 3

Region 4

Oil

Coal

NG

Renew

Source Sink Problem statement
• Given a set of energy demands (e.g. geographical regions or 

economic sectors), designated as DEMANDS = {j | j = 1,2, …, M}.  
• Each demand requires energy consumption of Dj and at the same time, 

restricted to a maximum emission limit of ED, j.  
• Dividing the emission limit by the energy consumption yield the emission 

factor for each demand, CD, j. 
• Given a set of energy sources, designated as SOURCES = {i | i = 1,2, 

…, N}, to be allocated to energy demands.  
• Each source (e.g. coal, oil, etc.) has an available energy of Si and is 

characterized by a fixed emission factor, CS, i.  
• Product of the available energy and the emission factor gives the total 

emission of the source ES, i.  
• The objective is to determine the minimum CO2-neutral and/or 

low-carbon energy sources that fulfill the energy demand.  
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Decarbonisation wedges
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Energy planning pinch diagram (EPPD)
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Case study – Philippines 

• Three types of fossil fuels are to be 
supplied to three different regions. 

• Renewables may be used to supplement 
the fossil fuels. 

• Task – determine the minimum amount 
for the following renewables:

• Carbon-neutral renewables (CRE = 0 t/TJ)
• Low-carbon renewables, with intensity CRE = 

16.5 t/TJ
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(D1)

(D2)

(D3)

Case study (Tan & Foo, 2007)
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Demand j Energy, FD, j

(TJ)
Carbon intensity, CD, j

(t/TJ)
CO2 emission, ED, j

(t)
D1 1,000,000 20 20,000,000
D2 400,000 50 20,000,000
D3 600,000 100 60,000,000

Source i Energy, FS, i

(TJ)
Carbon intensity, CS, i

(t/TJ)
CO2 emission, ES, i

(t)
S1 (NG) 200,000 55 11,000,000
S2 (oil) 800,000 75 60,000,000

S3 (coal) 600,000 105 63,000,000

(b) Energy sources 

(a) Energy demands
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Demand j FD, j (TJ) ED, j (t)
D1 1,000,000 20,000,000
D2 400,000 20,000,000
D3 600,000 60,000,000

Source i FS, i (TJ) ES, i (t)

S1 (NG) 200,000 11,000,000
S2 (oil) 800,000 60,000,000

S3 (coal) 600,000 63,000,000
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CEPA applications
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Automated Targeting Model (ATM)

Ck Ck j FD, j i FS, i FNet, k k εk

0 = FRE

C1 j FD, j i FS, i FNet, 1  ε1 = 0

C1 1 

C2 j FD, j i FS, i FNet, 2  ε2

…

C2

… … …

2

…

… … … … … … …

… … … … … … …

Cn-1

…

j FD, j i FS, i FNet, 2

…

εn-1

Cn-1 n-1 = FEX 

Cn εn
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Constraints of ATM
• Follow Steps i - iii of the algebraic targeting technique for the first 5 

columns. 
• Energy cascade across all carbon intensity levels:

௞ ௞ିଵ Net,௞ (3.7)
• Residual emission load (εk) in the emission load cascade:

௞
௞ିଵ ௞ିଵ ௞ିଵ

(3.8)

• Residual energy entering the first (0) and leaving the last levels (n-1) 
should take non-negative values:

௞ିଵ (3.9)
• All residual loads must take non-negative values:  

௞ (3.10)

Process Integration Techniques For Decarbonisation

Objective of ATM
• To minimize renewable energy (FRE): 

ோா (3.11)
• To minimize overall cost for all renewable energy h: 

ோா,௛ ோா,௛ (3.12)
where FREh & CREh are amount & unit cost of renewable 
energy. 

• Variables: 
• Amount of renewable energy (FRE ; FREh)
• Residual energy at level k (k) 
• Residual load at level k (εk)  

• Parameters: 
• Intensity level (Ck), 
• Energy demands (FDj) and sources (FSi)  

• ATM formulation is a linear program (LP) – ensure global 
solution. 
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Case study (Tan & Foo, 2007)
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Demand j Energy, FD, j

(TJ)

Carbon intensity, CD, j

(t/TJ)

CO2 emission, ED, j

(t)

D1 1,000,000 20 20,000,000

D2 400,000 50 20,000,000
D3 600,000 100 60,000,000

Source i Energy, FS, i

(TJ)

Carbon intensity, CS, i

(t/TJ)

CO2 emission, ES, i

(t)
S1 (NG) 200,000 55 11,000,000

S2 (oil) 800,000 75 60,000,000

S3 (coal) 600,000 105 63,000,000

(b) Energy sources 

(a) Energy demands

ATM with spreadsheet
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Optimization 
objective

Solver

𝛿௞ିଵ ≥ 0  𝑘 = 1, 𝑛

𝜀௞ ≥ 0  𝑘 ≥ 2

𝛿௞ = 𝛿௞ିଵ + 𝐹Net,௞

𝜀௞ = ቊ
0  𝑘 = 1

𝜀௞ିଵ + 𝛿௞ିଵ∆𝐶௞ିଵ    𝑘 ≥ 2



Effect of biodiesel price
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Decarbonisation wedges
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(www.carbon-capture-and-sequestration.com)

Options for CCS
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Coal

Oil

Natural Gas

Oxy-Fuel 
Combustion

Post-
Combustion 

Capture

Pre-Combustion 
Capture

Geological 
Storage

Enhanced Coal 
Bed Methane

Enhanced Oil 
Recovery

Deep Ocean 
Storage

Other Storage 
Methods

Fossil Fuels

Carbon Capture 
Techniques

Carbon Storage 
Techniques

(Tan et al., 2009)



Graphical tool for CCS
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CO2  load 
(Mt/y)

Energy (TWh/y)

60

31.2

Renewables

Natural Gas

R

Compensatory 
Generation 

(R x EL)

15.0 Limit, L

18 19.2 6 16.8

9.6

14.4

CO2 load to be 
removed (due to 

RR)

Oil

Coal

(Tan et al., 2009)

ATM for CCS 
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Optimisation
objective

Non-negative 
constraints for εk

Constraints for 
sources to be 
retrofitted

Solver

Variables: Compensatory power, 
sources to be retrofitted

Superstructural model
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CO2 storage
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Decarbonisation wedges
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(McGlashan et al., 2012)

EPPD with NET
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Carbon footprint reduction

Dominic Foo, PhD
FASc, FIChemE, FIEM, PEng, CEng, FHEA, ACPE

Product carbon footprint reduction

23-Aug-25 Carbon Footprint Reduction 54

Carbon Footprint Reduction 55

Product supply chain

Raw material / 
utility supplier

Electricity 
(external)

Plant/factory
Consumer

Products

Steam 
(internal)

23-Aug-25

Scope of GHG

• Scope 1 emissions – those 
from a company's 
production & other internal 
operations. 

• Scope 2 adds most forms of 
power. 

• Scope 3 captures the rest of 
the value chain and is more 
complex; it has more 
overlap between companies 
and their customers. 
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Carbon Footprint Reduction

Case 1 – external < internal CF intensity 

Total CO2

emission

External 
footprint 
(scope 2)

Internal 
footprint 
(scope 1)

Cost Value added

Carbon intensity benchmark

Source 
composite 

Demand 
composite 

Economic 

CO2

emission 

(Tjan et al., 2010)
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Case 2 – external > internal CF intensity

Economic

External 
footprint
(scope 2)

Internal 
footprint 
(scope 1)

Cost Value added

Carbon intensity benchmark

Source 
composite 

Demand 
composite 

Reduced 
external 
footprint

Increased 
internal 
footprint

CO2

emission 

(Tjan et al., 2010)
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Case Study:
Edible oil refinery

Process flow diagram for an edible oil refinery
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Process simulation
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Deodorising section 

Bleaching section
Identification of CO2 emission
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Process equipment grouped as one unit in IOA

CO2 emission from electricity 

Energy source
Mix 

contributi
on (%) 

Carbon 
intensity (kg 

CO2/kWh)

Overall carbon 
intensity (kg 
CO2/kWh)

Coal 42.8 1.001 0.428
Natural gas 40.2 0.469 0.189
Hydropower 14.8 0.004 0.001
Bioenergy 1.7 0.018 0.000
Diesel 0.5 0.84 0.004
Overall mix 100 - 0.622
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Unit
Power required 

(kWh)
CO2 emission 

(kg CO2/h)
Pump-01 0.507 0.315
Pump-02 3.236 2.013
Bleaching vacuum system 27.000 16.794
Pump-03 0.670 0.417
Pump-04 4.155 2.585
Deodorisation pump-around & 
vacuum system

21.600 13.435

PFAD circulating pump 0.390 0.242
Total 57.56 35.801

• Steam carbon 
intensity (kg CO2/ 
kg steam)

• LP steam: 0.274
• HP steam: 0.202
• Motive steam: 

0.282
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CO2 emissions from steam

Unit Steam type
Amount of 
steam (t/h)

CO2 emission 
(kg CO2/h)

Bleacher LP steam 180.00

Pressure leaf filter LP steam 3000.00

Final heater HP steam 2892.00

Deodorising column LP steam 420.00

Deodorisation pumparound and 
vacuum system

Motive steam 2604.00

Total 9096.00

49.361

822.680

582.955

115.175

733.993

2304.163
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Economic values for products

Stream
Market 

value ($/t)
Mass flow 

(t/h)
Economic 

Value ($/h)
CO2 emission 

(kg)

CPO 847.32 60.0 50,839

RBDPO product 916.90 56.9 52,143 1,992

PFAD output

697.770

73.1 51,012

PFAD recycle 70.2 48,971

PFAD product 2.92 2,040 348

Main 
products

Economic values of RBDPO and PFAD products = _____________________52,143 + 2,040 = $ 54,183 /h
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CFP pinch diagram
• Economic values of 

products: $ 54,183/h. 
• Total CFP: 2340 kg CO2

• Average carbon intensity: 
________ kg CO2/$

• Reduction target: 20% of 
current carbon intensity: 
________________ kg 
CO2/$

• Targeted CO2 emission: 
________________ kg/h.

• Targeted CO2 reduction: 
________________ kg/h.

0.0432

0.0432 x 0.8 = 0.0345
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Economic value (US$)

PFAD

0.0345 x 54183  = 1872

Targeted emission 

2,340

54,183

1,872

2340 – 1872 = 468

Scenarios for CFP reduction
• Scenario 1 – Improved energy recovery
• Scenario 2 – Heat recovery from hot vapour of deodorising column

• Option 1 – preheat CPO
• Option 2 – LP steam generation

• Scenario 3 – Implementation of biomass boilers
• Scenario 4 – Co-firing of biomass with LNG
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Scenario 1 – Improved energy recovery

Hot stream (H1)

Cold stream 
(C1)

Cold stream 
(C2)
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Scenario 1 – Improved energy recovery

∆Tmin = 21.5 ºC ∆Tmin = 10 ºC∆Tmin = 15 ºC

(Note: see appendix for details)
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Scenario 1 – Improved energy recovery

• For ∆Tmin = 15 ºC:
• CAPEX: $544,331

• Final heater: $19,985
• Economiser-302: $57,868 
• Economiser-201: $29,030
• Boiler: $437,448

• AF: 0.2374 (6% interest for 5 years)
• OPEX saving: 24,804 $/y
• TRC = ____________________________

∆Tmin

(°C)
C2 outlet 
temp (°C)

Area of heat exchanger (m2) Boiler 
duty 

(MW)
Economise

r-302
Final 

heater
Economis

er-201
21.5 230.0 175.63 79.27 80.54 2.52
15.0 235.5 230.07 68.63 106.25 2.17
10.0 239.7 294.86 63.18 141.34 1.89

544,331*0.2374 – 24,804 = 104,420 $/y

142,160

104,418

76,615
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Scenario 2 – Heat recovery from deodorizing 
vapour
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Scenario 2 (option 1) – preheat CPO 

 Hot utility: 0.94 MW (36.2% lower than base case)
 Steam requirement reduces to 1.92 t/h  CO2 reduction: 387.02 kg/h 
 CAPEX: $ 2,684 (HEX) + $ 45,240 (Economizer 201)
 OPEX saving: 57,853 $/y
 AF: 0.2374 (6% interest for 5 years)
 TRC = _____________________________________

New heat 
exchanger

New 
units

Lowest 
temp

(2,684 + 45,240)*0.2374 – 57,853 = -46,476 $/y (cost saving)



• 3.6 t/h of LP steam are needed 
for bleacher, deodorising 
column, & pressure leaf filter.

• Simulation results: 
• 1,281 kg/h of 1 barg steam can be 

generated. 
• Emission factors: 0.274 kg CO2/kg 

steam 
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Scenario 2 (option 2) – LP steam generation

 Pump incurs 0.131 kW electricity  additional CO2 emission = 0.131 kW × 0.622 kg 
CO2/kWh = 0.08 kg/h CO2. 

 Net total CO2 emissions reduction = avoidance from steam generation – CO2 from pump 
usage = _______________________________ . 

 CAPEX: $ 14,928
 OPEX saving: 502,945 $/y
 AF: 0.2374 (6% interest for 5 years)
 TRC = _____________________________________

New 
units

1281 x 0.274 – 0.08 = 350.9 kg/h

14,928*0.2374 – 502,945 = -499,401 $/y (cost saving)
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Scenarios 3 & 4 – options with biomass 

Biomass 
boiler

Steam

Steam

LNG 
boiler

Steam

LNG 
boiler

Gasifier

Scenario 3 Scenario 4

Scenario 3 – Implementation of biomass 
boilers
• Emissions from combustion of biomass is offset by CO2 intake 

during photosynthesis  carbon-neutrality.
• Example: LNG boiler can be replaced with palm biomass (e.g. 

empty fruit bunches, palm kernel shells) complete removal of CO2
emissions of 582.96 kg/h (24.9 % reduction). 

• Issue with direct biomass-powered boiler: 
• High CAPEX (~$ 1.26 M, i.e. 3x of liquified NG boiler )
• Ash adhesion on boiler surface 
• Large space requirement for biomass storage 
• Entangling issue of fibres in the boiler 

• Possible solution: convert biomass into syngas via gasification as 
fuel source for the boiler.
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Palm fiber

palm kernel shells

Scenario 4 – Co-firing of biomass with LNG
• Advantage: reduce the CAPEX
• To calculate LHV of mixture: 
• Example: co-combustion of 50% palm kernel shell (PKS) with LNG:

• LHV: 15,594 kJ/kg (PKS); 44,200 kJ/kg (LNG)
• LHVmix = 0.5(15,594)+0.5(44,200) = _____ kJ/kg

• CAPEX calculation:
• Biomass boiler: 997,451 $
• Gasifier: 493,229 $
• AF: 0.237 (6% interest for 5 years)
• Annualised CAPEX: 236,791 $/y

• Cost saving: 18,160 $/y
• Total retrofit cost (TRC) = _____________________

23-Aug-25 Carbon Footprint Reduction 76

29,900

0.0

100.0

200.0

300.0

400.0

500.0

600.0

700.0

0

50,000

100,000

150,000

200,000

250,000

0.0 5.0 10.0 20.0 25.0 40.0 50.0

Biomass co-firing (%)

TRC CO2 emissions

23,6791 – 18,160 = 218,631 $/y



• Targeted CFP reduction: 468 kg/h 
CO2

• Scenario 3 achieves target (538 kg 
CO2 reduction), however too costly.

• Proposal 1: combine Scenarios 4 & 
2 (option 2):

• TRC: _______________________
• CO2 reduction: ______________ kg

• Proposal 2: combine Scenarios 3 & 
2 (option 2):

• TRC: _______________________
• CO2 reduction: ______________ kg
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Scenarios comparison
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TRC Reduction in CO2 emissions

152 + 350.9 = 502.9 

218,628 – 499,401 = 280,773 (saving)

583 + 350.9 = 933.9 

229,447 – 499,401 = 269,954 (saving)
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Initial and revised CECC (Scenarios 4 & 2 
(option 2))
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Reduction: 503 kg 
(target: 468 kg)

Concluding Remarks
• There is a broad global consensus that climate change is a grave environmental 

issue
• Decision support tools based on PSE can help professionals to effectively plan 

various decarbonisation options.
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Carbon Management Networks
(Tan & Foo, 2007. Energy 32: 1422)
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