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Talk outline

0 Climate change is here!

0 Carbon-constrained energy planning;:
v’ Renewables
v’ Carbon capture and storage
v'Negative emission technologies

Q Carbon footprint for manufacturing

0 Concluding remarks
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Dubai (April 2024)

Scientists find the fingerprints of climate

Dubai deluge likely made worse by warming

i’ . . .
change on Dubai’s deadly floods world, scientists find
By Angela Dewan, GNN Powerful rainstorm in the desert linked to climate change, though connection isn't
© 4 minute read - Published 11:04 AM EDT, Thu April 25, 2024 .

OX=e®

. Benjamin Shingler - CBC News - Posted: Apr 25, 2024 4:21 PM EDT | Last Updated: April 26

Vehicles drive through standing floodwater caused by heavy rain in Dubai, United Arab Emirates, Thursday,
April 18, 2024. It was the heaviest rain the desert nation has ever recorded, a deluge that flooded out Dubai
International Airport and disrupted flights and left four people dead in the UAE. (Christopher Pike/Associated
Press)

Abandoned vehicles on a flooded highway in the city of Dubai after record rain, on April 17, 2024,
Christopher Pike/Bloomberg/Getty Images
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By TimStelloh,

Los Angeles Califorma (2024-2025)

California wildfires: What we know about
L.A.-area fires, what caused them, who is

ferocious wildfires erupted the second
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LA fire areas brace for ‘life-threatening’
debris flows from the worst storm in a year
as heavy snhow hits the Midwest

= N Weather Video Ciimate
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the forecast, which

(GNN) — Southern California’s most significant storm in more than a year is incoming,
stoking fears of lfe-threatening debris flows in the Los Angeles area torched by historic
wildfires last month.
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Austraha (Feb 2025)

= @WWorld Afica Americas Asia Australia China Europe India More v

Australia braces for more destruction as
deadly floods devastate northeast

a 8 chelford, ONN
- ebruary 3, 2025
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Northeast Queensiand residents evacuate due to fiooding in Townsville on February 3, 2026. Scof
Radford-ChisholnVAAP Image/Reuters
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ow- Record warm seas supercharging Australia’s weather
from heatwaves to floods to cyclones
Weather

4hago

NSW has been hit with violent thunderstorms. (ABC News: Andrea Jonson)

Process Integration Techniques For Decarbonisation

r University of
y S Nottingham
UK | CHINA | MALAYSIA

Argentina flooding: 16 killed as two girls
swept away by rising waters

Argentina (March 2025)
E@) ALAZEERA  Newsw

~ Trending

MiddleEast  Explained  Opinion  Sport Video M

Waron Gaza ~ Russia-Ukraine War  Donald Trump

News | Climate

Argentina mourns 16 killed in floods

Government pledges $9.2m in financial aid for Bahia Blanca, a port
city of 300,000 people south of Buenos Aires.

Authorities warn more fatalities expected as a year's worth
of rain falls on Bahia Blanca in eight hours

o Firefighters and volunteers help pecple out of flooded areas in Bahia Blanca, Argentina, on 8
March 2025. Photograph: Pablo Presti/EPA

“The deadly floods struck on Friday when a year's worth of rain, estimated to be 260 millimeters (10 inches), ell in a matter
of hours in and around Bahia Blanca [Pablo Presti/EPA]
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Guizhou, China (June 2025)

Rescue underway in flood-affected
counties of Guizhou

Source: Xinhua  Edltor: huaxia  2026-08.26.07 2322

oeon

An aerial drone photo shows people clearing silt at a football field of the Cun Chao stadium in
Rongjiang County, southwest China's Guizhou Province, June 25, 2025. Continuous heavy rainfall and
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Over 80,000 people flee severe flooding in
southwest China

Story by AFP + 49m + @ 2 minread & summarise
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Not too long ago...
MENAFN 3 dead as S. Korean region hit by most rain in

HOME NEWSv  PRESSDISTRIBUTION v  MARKET DATAv RESEARCH - COUNTRIESv  SECTIONS: 120 yea Irs

Story by AFP - 4h « O 3 minread &l summarise

L. The western Seosan area was hit by rainfall peaking at 114.9mm per hour. (EPA Images pic}

SEOSAN CITY: At least three people were killed and more than 1,000 evacuated today after

ougw Korga was hit by torrential rains, officials said, with one region pummelled by the
ecarbonisation

Heavy Rains Batter Western Venezuela
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Ongoing now...

WORLDNEWS

Torrential rains in southern Japan
cause flooding, mudslides and travel

disruptions

Extreme heatwave hits Europe with
temperatures expected up to 44°C

Story by Euronews « 4d « (J 2 minread &b summarise A
Europe is bracing for an exceptional heatwave expected on the weekend, with

temperatures expected to be as high as 44 degrees Celsius in some countries,

According to France's official weather service, four southern departments including the
Bouches-du-Rhone, Gard, Hérault and Pyrénées-Orientales are under heatwave alerts,

while 14 departments are expected to be on Saturday.

Alerts of "severe" risks of wildfire, have also been issued

One French meteorologist, Jérome Cerisier, says they are expecting 10 to 15 degrees
above the seasonal average

A new anticyclone is settling over France, and we'll once again have what we call a ‘heat
dome’, with temperatures rising by 1 to 2°C day after day. The warm air is self-sustaining,
the skies are clear, so we'll once again see exceptional values, often 10 to 15°C above
seasonal averages, and for the long term," said Cerisier.

Decarbonisatig

Hottest? Or hotter?

2024 on Course to Outpace
2023 as the Hottest Year Ever

As of May 31, over 100 daily global surface
temperature records have been set in 2024.
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WHY 2023 B Hottest days of the year on record
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HOTTEST YEAR %

ONRECORD o i
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Areport by EU scientists has confirmed what Apr
a series of extreme-weather events and FHH muma"l"
temperature anomalies were indicating last year: May
2023 is the warmest calendaryear in global Jun TEEEEIE M3
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Sustainable planetary boundaries

r University of
§_ B Nottingham
UK | CHINA | MALAYSIA

Parameters Proposed

Earth-system Current | Pre-industrial
Process Boundary Status Value
Climate Change Atmospheric 350 387 280
CO2 concentration
(ppm by volume)
Global freshwater Consumption of 4,000 2,600 415
use freshwater by
humans
(km?® per year)

g o

=5 (Rockstrom e all., 2009)
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The Keeling curve
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Carbon dioxide concentration at Mauna Loa Observatory*
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Full record ending August 13, 2025 *Latest CO, reading: 424.92 ppm——

*Mauna Kea data in blue
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.

The Mauna Loa Observatory in Hawaii

UC San Diego &ﬁ"{ L

https://keelingcurve.ucsd.edu
0 5 o i O o O i o oy o o i i o g | o o o e e
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025
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Paris agreement

Key points of the Paris Agreement

196 signatories, will take effect from 2020

2.0°G/1.5°C 1 Temperatures

1

I The agreement aims to keep :

I the global temperature rise this |
century below 2.0°C above

! pre-industrial levels, and “pursue !

: efforts” to limit the rise to 1.5°C. |

Emissions

Parties aim to reach a global
peak of greenhouse gas emis-
sions as soon as possible, and
achieve zero net emissions in
the second half of the century.
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COP21- CMP11

N

CHANGE CONFERENCE

$100 bin  Financing

The agreement affirms the obli-
gations of developed countries
to maintain a $100bIn per year
funding pledge from 2020, with
the amount to be updated by
2025.

Review mechanism

Parties are to make the first as-
sessment of their efforts to cut
emissions in 2018, with further
reviews every five years. First
world review is 2023.

Canvrinht © 2017 CGTN  Kelend
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Some milestones Nottiaham An established tool Nottiaham
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— 1970sHeat exchanger network (HEN)
[ ] Save water T Reduce utility
] 1989 Mass exchange network (MEN) ‘
1994 Water minimisation (water pinch) R;::tie Riz:: ¢
2002 Production supply chain
Reduce Improve
2002 Hydrogen network (H2 pinch) emission efficiency
2005 Property integration (property pinch)
Reduce Increase
2007 Energy planning (carbon pinch) utility throughput
Process Integration Techniques For Decarbonisation Process Integration Techniques For Decarbonisation

The chemical industry Nottingham Graphical pinch diagram Nottinghem

UK | CHINA | MALAYSIA UK | CHINA | MALAYSIA

Chemical industry consumes ~28% of the industrial energy, where most 40 @ 150 2503
o . . =t
of it is obtained from fossil re ‘ urces (IEA, 2017). . O 0
% ;8 7(°C)
250 1120 140 180
230 65 175
3 1140 @ 230,
125 70 75
AT, = 10°C
40
20
""""""""" H(MW)
Qcmin =10 Qrec =511 Qupin=7.5 (Smith,2016)
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Seminal papers on CEPA Source - Nottingham Problem statement s—

Available online at www.sciencedirect.com

*22*"ScienceDirect ENERGY

ELSEVIER Enerey 32 (2007 1422142

* 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 D, and at the same time,
restricted to a maximum emission limit of Ep, ;.

¢ Dividing the emission limit by the energy consumption yield the emission
factor for each demand, Cp, s

* Given a set of energy sources, designated as SOURCES = {i | i =1,2,
.., N}, to be allocated to energy demands.
Pinch analysis techniques have been developed for a wide range of applications ranging from process plant thermal or water . . .
D o e S o e e Sl e s o e s S * Each source (e.g. coal, oil, etc.) has an available energy of S; and is
A procedure for identifying the minimum amount of zero-carbon energy resource required to achieve the overall emissions target for a

Contents lists available at ScienceDirect
country o region, given that the amount of fossil energy resources available are already known. The pinch analysis method can be used

APPLIED
AERtiED characterized by a fixed emission factor, Cg ;.
for a single overall emissions target, or for cases wherein separate sectors or geographic regi distint targets but share a common Applied E 2
energy resource. For the latter case the procedure allows the allocation of the energy resources to meet both the overall emissions limit pplied Energy
and the individual targets of the different sectors or location. Numerical examples are provided to illustrate the technique, which is

: » * Product of the available energy and the emission factor gives the total
s e lsovier , emission of the source Eg ;.

ww elsev

om/locate/encrgy

Pinch analysis approach to carbon-constrained energy sector planning
Raymond R. Tan®*, Dominic C.Y. Foo®

*Chemical Enginecring Department,
“Faculiy of Engineering and Compuer S

enue, 1004 Manila. Philppines
wpus, Jalan Broga, 43500 Semenih

Abstract

Applied Energy 86 (2009) 60-67

Kepwords: Pinch analysis; Energy planning; Emissions; Carbon constraints

. ; . A _ : . * The objective is to determine the minimum CO,-neutral and/or
xtended pinch targeting techniques for carbon-constrained energy sector planning R
B low-carbon energy sources that fulfill the energy demand.

*School of Chemical and Environmental Engineering, University of Nottingham Malaysia. Broga Road, 43500 Semenyih, Selangor, Malaysia
®Chemical Engineering Department, De La Salle University, 2401 Taft Avenue, 1004 Manilo, Philippines
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Energy planning pinch diagram (EPPD)

Demand Demand
composite composite
curve curve
E Pinch B Pinch
Z point \/ Z point \/
g g
8 8 Sourcc?
composite
Source curve
composite B Low-carbon
curve g source
Minimum Maximum usage Excess of Minimum Maximum usage Excess of
CO,-neutral of available carbon-based low-carbon of available carbon-based
energy source source energy source sources source

sources
Energy quantity

Carbon neutral energy resource

Energy quantity

Low-carbon energy resource
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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 (Crg =0 t/TJ)

* Low-carbon renewables, with intensity Cyp =

16.5 t/TJ
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Case study (Tan & Foo, 2007)

(a) Energy demands
Demand j

(b) Energy sources

Energy, F; ;
(1))
S1(NG) 200,000

800,000
600,000

Energy, Fj, ;
(1)
1,000,000
400,000
600,000

Carbon intensity, C;, ; | CO, emission, E, ;

(L740) (t)

20 20,000,000

50 20,000,000

100 60,000,000

Carbon intensity, C; ;

(L740) (t)

55 11,000,000

75 60,000,000

105 63,000,000
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CEPA applications

3 Energy
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Applied Energy

e N

Journal nomepage: www.lsevier.comlocate/apaneray

Emissions targeting and planning: An application of CO, emissions pinch
analysis (CEPA) to the Irish electricity generation sector
Damien Crilly, Toshko Zhelev *

Carbon Emissions Pinch Analysis (CEPA) for emissions reduction
in the New Zealand electricity sector

Martin J. Atkins *, Andrew S. Morrison, Michael RW. Walmsley

Sl Reowatia anmicee | [T, ArTicLE INFo Avsraner
Strategic pathways to sustainable energy: Carbon e e ety ercr o 6741 2007 compt

emission pinch analysis for Bangladesh's electricity
sector
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Emission constrained power system planning: a pinch analysis
based study of Indian electricity sector

€. 8. Krishna Priva - Santanu Bandsopadhyay
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Journal of Cleaner Production
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Weihua Su*, Yujing Ye *, Chonghui Zhang **, Tomas Balezentis *, Dalia Streimikiene
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Prospects of green growth in the electricity sector in Baltic States: Pinch [ %)

analysis based on ecological footprint =

Tomas Balezents, Dalla Sreimikiend”, Rasa Meikiend", Shouzhen Zeng™
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Multi-period Carbon Emission Pinch Analysis
(CEPA) for reducing emissions in the Trinidad and
Tobago power generation sector
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Automated Targeting Model (ATM)

AC, : B B

(=2
N

%F 2i FS,i FNet, 2
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Constraints of ATM Nottigham
* Follow Steps i - iii of the algebraic targeting technique for the first 5
columns.
* Energy cascade across all carbon intensity levels:
6k = 6k—1 + FNet,k Vk (37)
* Residual emission load () in the emission load cascade:

0k=1
&k = {ek_l 48, 1AC, k=2 (3-8)

* Residual energy entering the first (J;) and leaving the last levels (5, )
should take non-negative values:

6](_1 >0 k= 1,Tl (39)
* All residual loads must take non-negative values:
& =20k>2 (3.10)

Process Integration Techniques For Decarbonisation

Objective of ATM

* To minimize renewable energy (Fgg):
minimiseFpg (3.11)
» To minimize overall cost for all renewable energy h:
minimiseFrg p,Cre (3.12)
where Fyp), & Cgrp, are amount & unit cost of renewable
energy.
* Variables:
* Amount of renewable energy (Frg ; Frgp)
* Residual energy at level k (&)
* Residual load at level k (g)
* Parameters:
* Intensity level (Cy),
* Energy demands (Fp,;) and sources (Fg)

* ATM formulation is a linear program (LP) - ensure global
solution.

Process Integration Techniques For Decarbonisation
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Case study (T'an & Foo, 2007)

r University of
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(a) Energy demands

Energy, F Carbon intensity, C,, ; | CO, emission, E}, ;
(TJ) (t/TJ)

[ 1,000,000 20,000,000

400,000 50 20,000,000

600,000 100 60,000,000

(b) Energy sources

Energy, F, Carbon intensity, Cg ; | CO, emission, E ;
(TJ) (t/TJ)

200,000 11,000,000

800,000 75 60,000,000

600,000 105 63,000,000
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ATM with spreadsheet

S =0kq t F timization
k = Ok-1 + FNet,x Op

Solver Parameters ob jec tive x
AA[ B [ & [ 0o [ E [ F B H - o
Z » setobjecthe: [sess =
3 & AC: | ZFy | 3iFs | Fres o = B O | @We  Otsiuecs o ]
4| ) @t ) () amn () (U]
- T By Changing Variable THT
3 o || b= =
7| 2 §1333 Heris
8| 20 1,000,000 ~1,000000 16.266.667 $G5197=0 _ I T
9 | 30 18667 iy 6p-120 k=1n ’7‘
10| 50 400000 -400.000 10,666,667 L. [ Cnange
| s 58667 e, =20 k=2 o
12 55 200,000 200,000 7,733333 $HE00=
2| SHssoso
h - s
14 7 800,000 800.000 0 ’7
o Loatrseve
15 25 413333 [Pinch_| Lot |
- 2 Moke Unconstrined Variables Nor Negatve
16 | 100 600000 600,000 1033338

Seectasoning [Simplectp - o

17 s -186.667 SHigasaihaSinp [ opt
18| 105 600000 600000 9400000
19 4395 413,333 olver
0 S oo storsoher st s ot et et e
8 Q

o =

& = {5k—1 + 6k—1ACk—1 k=2
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Effect of biodiesel price

Decarbonisation wedges

r

University of
Nottingham
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Cy AC, I Fy I, Fy Frer Lh & 1,600,000 25,000 80
(G0 wTD an a a’ a ®
L (e 2773
s Hinimum low- Hinimum 1400,000 23,000
. carbon ene arbodacutin 21897
16.5 9 " energy 20,855 i
163 1042735 7 1,042,735 1.200,000 21,000 CCS industry and
35 1,042,735 042,735 60 transformation
20 1,000,000 -1,000,000 3,640,573 =
S : it 1,000,000 19,000 —_
» a7 b 2 = CCS power generation
50 400,000 400,000 4931624 g 813333 = Nuclear
5 357265 % 800,000 17,001 E
55 200,000 200,000 3,145299 E __ﬁ - Renewables
20 -157.265 600,000 15,000 © g
75 $00,000 800,000 0 240
b:] 642735 [Pinch | R
400,000 13,000 —
100 600,000 -600,000 16,063,376 qE) — End-use fuel switching
5 275 B iy
2 nd-use electricit
105 600,000 600,000 16282,051 200,000 11,000 ON [ e Y
yrT s 3 efficiency
5000 m s o 9,000 20 End-use fuel efficiency
% 20,000 21,000 22,000 23,000 24,000 25,000 26,000 27,000 28,000
: Biodiesel price ($/TJ)
Energy = Unitcost  Cost |
) (T) _ (miion$) ==aHydropower (TJ) =Biodiesel (TJ) =#=Cost (million $) (CO, removal or
Carbon-neutral energy (hydro): 0 28,000 0 negative emission
Low-carbon energy (biodiesel): 1,042,735 20000 20855 technologies
Total cost 20,855 0 :
2010 2020 2030 2040 2050
Energy (TWh/y)
Process Integration Techniques For Decarbonisation Process Integration Techniques For Decarbonisation
C C C r University of . f C C r University of
I o ) ™
arbon capture & storage (CCS) ) ol Norinanam Options for CCS ) ol Nottingham

Power Plant

Petrochemical Faciity

CO, Storage n
Sakne Aquifier

CO, Storage n
Coal Beds
CO, Storage in Salt Bed
CO; Storage in (www.carbon-capture-and-sequestration.com)
Depleted Oi & Gas Reservors
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Deep Ocean
7 Storage
[——
: Oxy-Fuel Geological
Coal \ Combustion ! Storage
- | Post- Enhanced Coal
Oil ] Combustion T Bed Methane
Capture
Natural Gas Pre-Combustion 1 Enhanced Oil
: Capture T Recovery
T 1 |
Fossil Fuels [ ‘
Carbon Capture Other Storage
Methods

Techniques

Carbon Storage
Techniques

(Tan et al., 2009)
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Graphical tool for CCS

CO, load
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Journal of Cleaner Production
bl

Pinch analysis approach to carbon-constrained planning
for sustainable power generation

ic Chwan Yee Foo®

(Mtly) Sineci
31.2
Coal
Compensatory
CO2 load to be Generation
(R x EL)
removed (due to [
ol
150 | ML |
14.4
Oil
9.6
Natural Gas
Renewables
: i 9!
18 i 19.2 6 16.8

(Tan et al., 2009)

Energy (TWh/y)
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ATM for CCS
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4 Cy AC Fp I; Fg Fza i |SelverParameters Optimisation %
5 EWh JWh) | (TWhy) (TWhy) (TWhy s

(kgkWh) (kgkWh) (TWhy) (TWhy) (TWhy) - objective

6 Set Objective: | sregl

z < Value OF: 0

8 000 1800 204

9 0.09 Natural gas H 5

LR /— s | 0\00 | Variables: Compensatory power,

sources to be retrofitted
m 0.05 Oi (retrofitted) |_ 8 Subject to the Constraints:
12 0.14 240 SF518 <= SES16) R N =
" A [sesiea0 Constraints for |

13 0.04 Coal (retrofitted) SFS20 <= SES20

14| 018 1428 | [Seeos0 sources to be £henge
15 0.07 5 e retrofitted Detete

16| 025 60.00 i

514 5= :
7 025 go-0 | —Non-negative LT
18] 0:50 0 i i) constraints for &,v Lonasave
19 0.30 - Make Unconstrained Variables Non-Negative
20| o080 600 | -
= 550 Sglect a Solving Method: Simplex LP - Dalion:
2| 100 1680 | 16.80 Salving Method Solver
23 9.00 Select the GRG Nonlinear engine for Solver Problems that are smooth nonlinear. Select the LP
o simplex engine for linear Solver Problems, and select the Evolutionary engine for Salver
24 10 problems that are nan-smooth.
25
Process Integrd telp [ e

Superstructural model

B Linge 16.0- [Lingo Model - CH 5 - Ex 53]
BF file Edit Solver Window Help

De(|(S] &[5 | vlerol BREIR BlsE el
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FS1+ FSIRET = 200;

min = COMP; FS2+ FS2RET = 250;
FS3+ FS3RET = 150;
PRICE <= 1.3+3100 ; FS4+ FS4RET = 600;
PRICE = 1.4%FRE + 1.0%FS + 1.64FRET ; FSS+ FSSRET = 500;
FSE+ FSERET = 250;

T = 300;
FS8+ FSSRET = 400;
FSe+ FSSRET = 200;

COMP + FS + FRET = 3100;

F5 =
FS1 + FS2 + FS3 + FS4 + FSS +
FS6 + FS7 + FS8 +

FS9 + FS10 ;

2004 (1 - X)*
2504 (1 - X)*
1504 (1 - X)*
600+ (1 - X)*
500% (1 - X)*

FRET =
FRETL + FRET2 + FRETS + FRET4 + FRETS +
FRETG + FRET7 + FRETS +

FRETS + FRET10;

200%(1 - X)* BS

£ 250%(1 - X)* Blo

COMP*0.1 + FSCO2 + RCO2 <= 3100%0.355; FS1¥(1-B1) + FSIRET*BL = 200;

FS2%(1-B2) + FS2RET*B2 = 250;
Fsc0z = FS3*(1-B3) + FS3RET*B3 = 150;
(FS1 + FS2 + FS3 + FS4 + FS5)°1 + FS4*(1-B4) + FS4RET*B4 = 600;
(FS6 + FS7 + FS8)10.5 + FS5*(1-BS) + FSSRET*BS = 500;
(FS9 + FS10)%0.7 ; FS6*(1-B6) + FSERET*B6 = 250;

EST*(1-B7) + FSTRET*B7 = 300;
RCOZ = FS8*(1-B8) + FSSRET*BS = 400;

(FRET1 + FRET2 + FRETS + FRET4 + FRETS)* CRETCOAL +
(FRET6 + FRET7 + FRETS)* CRETNG +
(FRETS + FRET10)* CRETOIL ;

FSS* (1-B9) + FSSRET*BS = 200
FS10%(1-B10) + FSIORET*B10 = 250;

CRETCOAL = 1* (1-RR)/ (1-X)
CRETNG = 0.5* (1-RR) / (1-X)

@bin(Bl) ; @bin(B2) ; @bin(B3) ; @bin(B4) ; Gbin(BS) ;
CRETOIL = 0.7*(1-RR)/ (1-X); @bin(B6) ; @bin(B7) ; @bin(B8) ; @bin(B9) ; @bin(BLO) ;
X =0.25 ;
RR = 0.5 ;
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Planning of carbon capture and storage with pinch
analysis techniques

Raymond E.H. Ooi*, Dominic C.Y. Foo®*, Denny K.S. Ng*, Raymond R. Tan®

2 Departmentof 9 of
Malaysa, 1093 Road, 43500 Semensih,Selangor, Melaysia
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Additional Region for matching power Excess
storage plant with storage storage
requirement capacity
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Decarbonisation wedges
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Bioenergy with CCS (BECCS) ) ol Notinsnom

Item Amount/0.1 ppm CO, Cost.
Energy
Heat 102.2 GWe (80.2) $/t€0.0 Electricity production
- generated by biomass
Material displacing fossil fuels -
Biomass incl. . L= 0 O 2
et 0.64Bt 86.9 5/tC0.e captured,
Equipraent compressed
= and injected
G o
tm mﬂ e 52.1104.25/ Uncaptured emissions / into CO, network
wees L
= ~10% of CO,
“Total ngmsm

sustainable biomass feedstock

e.g. Agricultural residues

- Dedicated bicenergy crops
(McGlashan et al., 2012)  _5rganic waste TR

Crop establishment, harvesting,
storage, processing and transport

C0,injected to storage
formation / structure
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Extended Graphical Approach for the Deployment of Negative
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Product carbon footprint reduction

Contents iss available at ScienceDirect =

Journal of Cleaner Production

journal homepage: www.slsevier.com/locateljclopro

A graphical representation of carbon footprint reduction for chemical processes

Wendy Tjan*, Raymond R. Tan ", Dominic C.Y. Foo ** proces sty andEnvronmetal =

University of
Nottingham
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Aveia s sciencaditet com

L] L]
Process Safety and Environmental Protection IChemE & Chemical Engineering Research and Design  |ChemE &
Einro s
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n N\ A graphical method for carbon dioxide emissions reduction in “3' fntegiaied.enveiphise gl oatpunaGdicabon &
S, 3 '! multi-product plants s emission pinch analysis for carbon intensity
k. > i = b y reduction in edible oil refinery
v Jane Y. Yap? Jully Tan®", Dominic C.. Foo, Raymond R. Tan',
S 3 Stanvres Papacalanstanials', Sars s Tamelarasan Ramanath®, Dominic C.Y. Foo®, Raymond R. Tan”,
% Jully Tan®
Mala o
3 \,\@}‘ prp——
5
X2 staa
& REgTRAE
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Cor iy 5 e DTAD) o th et cuon ety o b
e in CD; emissions based on heat integration and process changes were examined.
=3 o
i
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Product supply chain

Electricity
(external)

UK | CHINA | MALAYSIA

Steam
(internal)

Consumer

Raw material /
utility supplier

Plant/factory
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* 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.

23-Aug-25

Carbon Footprint Reduction

Scope 3 Scope2 Scopel Scope 3
Investments
Leased assets E—
>< m Licenses
Employee
travel and Process
‘commuting emissions
= — Further
- ‘steam, heating, __ products
i et i vehicles RE—-1
Production, - Transportation
transportation, and distribution
and distribution I
of raw materials =
Research and ?
development Use
Capital goods.
End-of-life

treatment

Purchased services.
Upstream activities Reporting company. Downstream activities
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* M ° Jll University of
Case 1 - external < internal CF intensity Ntinghan
CO,
emission__| .
Carbon intensity benchmark

Internal
footprint
(scope 1) Total CO,

Demand emission

composite
External
footprint Source
(scope 2) composite

Cost Value added  ~ Economic
(Tjan et al., 2010)
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Case 2 - external > internal CF intensity

CO,
emission
Carbon intensity benchmark /
Internal | |-----emoioie e TS
footprint Source
(scope 1) composite Increased
internal
footprint
External
footprint Reduced
(scope 2) : external
Demand footprint
composite :
Cost Value added ¢ Economic

23-Aug-25

(Tjan et al., 2010)

Carbon Footprint Reduction
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Case Saidy
Edible o1l refinery

9 Cary,
Ot N

Process flow diagram for an edible o1l refinery Nottingham

Refined, bleached, deodorised .
palm oil (RBDPO) Bleaching

earth Electricity

‘Wastewater

UK | CHINA | MALAYSIA

Electricity

(1) Bleaching

LP steam LPsteam Spent
bleaching
earth

(2) Deodorisation

HP steam LP steam I

v v
5 . Deodorising  |204'C| Vacuum
3 Ec 302 Final heater
monir o =
; 3

Electricity

23-Aug-25

Electricity PFAD circulating e ‘Wastewater
4 pump)
| 4
Electricity i
Electricity

—-l Palm fatty acid distillate (PFAD) |

Carbon Footprint Reduction

- Electricity
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Process simulation tingram | | [dentification of CQ, emission Notimabem
Bleaching section aid U HNETMALAYSIA Réfthed, bleached, deodorised palm oil (RBDPO) UK | CHINA | MALAYSIA

Bleaching earth
" 1679 ke €O,
From deodorising > g CO;
Cooler-304 e 27.00 KWh
032 kg CO.
RO Bleaching wnit
] 201 kg CO;
i H;PO, LP steam,
0.51 kWh !
> dosing LP steam, 49.36 ke 3.00 th Spent
o < VACUUM SYSTEM 0.18th  CO, bleaching
- (1) Bleaching earth
deodorising
- cton T4 léadhing (2) Deodorisation 747.43 kg CO,
| (s s210299) 3
! G .
i 0.42 kg CO, 582.96 kg CO, 115.18 kg CO; ol 21.60 kWh
I 4 N N cuum system
! t 4 4 ... Motive steam.
‘ | ; 260 th
| o | | ;
| H
{ < ‘Wastewater
| fastewat
| + T
g I i HP steam, LPsteam, ...} 1423
rom . 042 th —
bleachingv 0.67 kWh 2894 Jesieco Deodorising unit
58kgCO, 4=
section * -
Process equipment grouped as one unit in IOA X :
D d - . ! C quip! groupe: 4.16 kWh 039 kWh
eodorising section G
g .
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CO, emission from electricity Nottingham CO, emissions from steam Nottingham

st . Amount of |CO, emission ¢ ’Steam.carbon
€aM WYPE | Gteam (t/h) | (kg CO,/h) intensity (kg CO,/
kg steam)
paon ST
. steam: 0.
com wom wmon e (O

Final heat HP 2R - i
seam - 2ss200 52055 M pjorive steam:
e Deodorising column LP steam 420.00 115.175 0.282

‘Woh 150MW

Ulu Jelai 37200 Deodorisation pumparound and
vacuum system

Mix Carbon Overall carbon

Kenering 120MW

Energy source contributi intensity (kg intensity (kg
on (%) CO,/kwh) CO,/kwWh)
Coal . 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
0.5 0.84 0.004
= 0.622
(kWh) (kg CO,/h)

Pump-01 0.507 0.315

Teknologi Tenaga Perlis :
Consortium G5OMWN Bersia 72MW

Temenggor 348MW

Pergaul G0OMW

Paka 257MW
Janamanjung &
Manjung 4 3,080MW .

Manjung 5 1 000MWT ¢ [ ot - O
Motive steam 2604.00 733.993

3.236 2.013

Bleaching vacuum system 27.000 16.794 d 9096.00 2304.163
0.670 0.417 o e s ahrl G

Pump-04 4.155 2.585 BRI Tatem Pasir Gudang

Deodorisation pump-around & Powertek 434MW & G
21.600 13.435 Panglima 720MW

vacuum system
PFAD circulating pump 0.390 0.242 3/100MW
>7:56 35.801 cen o 23-Aug-25 Carbon Footprint Reduction o

Cogeneration
400MW

-
=




Economic values for products

University of

Nottingham CFP pinch diagram , E Nottingham
UK | CHINA | MALAYSIA 2,500 54,183 ° Economlc Values UK | CHINA | MALAYSIA
S products: $ 54,183/h.
Market Mass flow Economic CO, emission
prap | © Total CFP: 2340 ke CO
value (Slt) (t/h) Value (S/h) (kg) 2]0:)72 Targeted |emission //,/ . g 2
: S * Average carbon intensity:
50,839 B / . 0.0432 kg CO,/$
= 1,500 v .
RBDPO product 52,143 1,992 T £ e(\«;\‘>/ = * Reduction target: 20% of
] L ox& -7 . .
Main E eSS current carbon intensity:
PFAD output 51,012 products & 1,000 >§ ,/ 0.0432 x 0.8 =0.0345 kg
e 7
PFAD recycle 697.770 48,971 / [@ CO,/$
PFAD product 2.92 2,040 348 500 e « Targeted CO, emission:
0.0345 x 54183 = 1872 ko /1.
Fconomic Values Of RBDPO and PFAD prOdUCts ) 52,143 ' 2,040 - $ 54,183 /h 0 10,000 20,000 30,000 40,000 50,000 60,000 : Targeted COZ redUCtion:
, , Econon{icrvaluc (USS; , , 2340 — 1872 = 468 kg/h .
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Scenarios for CFP reduction Nottmanam Scenario 1 - Improved energy recovery Nottmanam
UK | CHINA | MALAYSIA W Refined, bleached, deodorised palm oil (RBDPO) UK | CHINA | MALAYSIA

* 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

23-Aug-25 Carbon Footprint Reduction

032 kg CO,
4

Bleaching earth

[RE— + 16.79 kg CO,

eees 27.00 KWh
Bleaching unit

201 kg CO 822,68 kg CO,

Y
ser-201 Bleacher o/ Pump-02
- — * i
Cold stream * -| B [ LPsteam, |
s ; -
(C 1 ) Ll dosing LP steam, 49.36 kg Heh: Spent
018Uh €O, bleaching
(1) Bleaching I Hot stream (H1) carth
(2) Deodorisation I
§52.142.99 747.43 kg CO,
(s 521029) ) 3
042 kg CO, I 582,96 kg CO, 115.18 kg CO, : B i
A s ;
I -s 4897119,

i (ssasies) | (sstoiies
iser-302 Final heater Deod iy
column

Yacwm ‘Wastewater
Cold st scrubber
— — 1 S =
old stream d I HP steam, | Lé’:;cx;u_ =
K o th
(€ 580

4.16 kWh 039 kWh

Lo-» 024 kg CO,

Process equipment grouped as one unit in I0A
23-Aug-25

—» Palm fatty acid distillate (PFAD)
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Scenario

0.0 1.0 20 30 40 50 60 70 80 90 00 1.0 20 30 40 50 60 7.0 80 90
Heat flow (MW) Heat flow (MW)
= ) —15¢
AT, =215¢°C AT, =15°C
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1 - Improved energy recovery

r University of
§ S Nottingham
UK | CHINA | MALAYSIA

Oc=
0.46

0u=
1.07

i
1
:

I

1

1

1

1

1

I

!

i

=1

—

500 N Q=695

00 10 20 30 40 50 60 70 80 90
Heat flow (MW)

AT, =10°C

(Note: see appendix for details)

University of

Nottingham

~

Area of heat exchanger Boiler |

Scenario 1 - Improved energy recovery
C2 outlet

ATmin
COTRC ($/y) —==CO2 (kg/h) -1+ {9} Economise Final Economis | L[4/
180,000 583 600 r-302 heater  er-201 (MW)
Pl 2300 175.631 79.27. 80.54 [ 2.52
100000 e wo HEXE 2355 ﬂ 230.o7ﬂ ss.saﬂ 1os.25ﬂ 2.17ﬂ
140,000 437 L0 2397 7 294.86 0 6318 14134 1.89
B 120,000 \0a,a18 400 E, » For AT, =15°C:
Z 100,000 <+ CAPEX: $544,331
g 20,000 76615 %03 « Final heater: $19,985
= £ » Economiser-302: $57,868
60,000 200 8N ¢ Economiser-201: $29,030
20,000 e Boiler: $437,448
' 100 » AF: 0.2374 (6% interest for 5 years)
20,000 .
* OPEX saving: 24,804 $/y
0 s . i 0 « TRC = 544,331*0.2374 — 24,804 = 104,420 $/y
AT, (°C)
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Scenario 2 - Heat recovery from deodorizing

Refined, bleached, deodorised
palm oil (RBDPO)

vapour

Bleaching

Bleacher

earth Electricity

r University of
§ S Nottingham
UK | CHINA | MALAYSIA

‘Wastewater

LPsteam Spent
bleaching
earth

(2) Deodorisation

HP steam LP steam I
. v ‘
e 264°] s5°c
Economiser-302 Final heater Deodorsng| 20 Ve | ] e Electricity
: 5
|
|
Electricity Electricity T
Sty PFAD circulating DT Wastewater
H pump,
H 4
Electricity i
Electricity
©  —  Palm fatty acid distillate (PFAD)
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n University of
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Scenario 2 (option 1) - preheat C"P()

Hee Bleacher ‘ 0. 0.94 iR

,,,,,,,,,,,,,, o New heat —
] i |
Economiser-302 }—4-{ Economiser-201 H: Cooler-304 3000 1 : exchanger :

: I
ot 25004 | |
“2! New s ; -

i B Ty
Vapous 2610 Heat exchanger (1 units /—’ system S 20004 : :
| Cooled Vapour, e r
acil  2000°C BoE b | l
Bleached palm ! 15001 | !
oil Deoe:orismg Vac\:‘:m I I
column : scrubber
: Cooler-305 100.0 4 : :
I
o L:)west PFAD recycle 500 4 Onsc =709 ! :
._‘ em " *
HOIRBDFO P v 0°c 00 10 20 30 40 50 60 70 80 90
READ Heat flow (MW)

0 Hot utility: 0.94 MW (36.2% lower than base case)

Q Steam requirement reduces to 1.92 t/h = CO, reduction: 387.02 kg/h
0 CAPEX: $ 2,684 (HEX) + $ 45,240 (Economizer 201)

0 OPEX saving: 57,853 $/y

0 AF: 0.2374 (6% interest for 5 years)
O TRC = (2,684 + 45,240)*0.2374 — 57,853 = -46,476 $/y (cost saving)

23-Aug-25 Carbon Footprint Reduction 72




Scenario 2 (option 2) - LP steam generation Nottimgham
s St * 3.6 t/h of LP steam egded ™

for bleacher, deodorising
column, & pressure leaf filter.

e Simulation results:

Vapour, 264.0 °C N EW Vacuum
— Heat exchanger ﬁunlts ’—’ system

| Cooled Vapour,
| 2000 °C

550 °C

Bleached palm

oil Deodorising -Pum Voomm
— M P scrubber . 1,281 kg/h Of 1 barg steam can be
generated.
Water PEAD recycle . .. )
HotRBDPO <—‘ -------------- e SEtrenalfglon factors: 0.274 kg CO,/kg

v Pump incurs 0.I13T kW electricity = additional CO, emission = 0.131 kW x 0.622 kg
CO,/kWh = 0.08 kg/h CO,.
v Net total CO, emissions reduction = avoidance from steam generation - CO, from pump

usage = 1281 x 0.274 - 0.08 = 350.9'kg/h. .
O CAPEX: $ 14,928
0 OPEX saving: 502,945 $/y

Q AF: 0.2374 (6% interest for 5 years)
Q TRC = 14,928*0.2374 — 502,945 = -499,401 $/y (cost saving)
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Steam Steam

Scenarios 3 & 4 - options with biomass

Scenario 4

Scenario 3

LNG LNG
boiler boiler
_ Steam t
5 b (]
3 Biomass
boiler

23-Aug-25 Carbon Footprint Reduction

Scenario 3 - Implementation of biomass W
bOilerS ,t Nottingham
* Emissions from combustion of biomass is offset by CO, 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 CO
emissions of 582.96 kg/h (24.9 % @Huction). GF

* 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

palm kernel shells

. . . . . Palm fier
* Possible solution: convert biomass into syngas via gasification as
fuel source for the boiler.
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Scenario 4 - Co-firing of biomass with LNG ot
* Advantage: reduce the CAPEX I
* To calculate LHV of mixture: LHV,,;,, = fLHVpiomass + (1 — f)LHV n¢

* Example: co-combustion of 50% palm kernel shell (PKS) with LNG:
» LHV: 15,594 k] / kg (PKS); 44,200 kJ/ kg (LNG)

« LHV,,, = 0.5(15,594)+0.5(44,200) =29,900 kJ/ kg« e
» CAPEX calculation: o o
+ Biomass boiler: 997,451 $ 150000 o %

TRC ($)

* Gasifier: 493,229 $ - w000
* AF: 0.237 (6% interest for 5 years) e o g
* Annualised CAPEX: 236,791 $/y 1000 §
* Cost saving: 18,160 $/y W oo w we &5 o |u

* Total retrofit cost (TRC) = 79— 18160 = 218,631 $/y:m‘ o2 emisions
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Scenarios comparison

r University of
§ S Nottingham
UK | CHINA | MALAYSIA

TRC ($)

100000 330 swo e Targeted CFP reduction: 468 kg/h
300,000 C02
218,628 229447 5000 . .
200,000 z * Scenario 3 achieves target (538 k
i 2 CO,reduction), however too cost
100,000 ﬂ 000 2 hIre ), Vv y.
0 ; E * Proposal 1: combine Scenarios 4 &
13509 £ . .
-100,000 300.0 o 2 (optlon 2) .
8 « TRC: 218,628 —499,401 = 280,773 (saving)
-200,000 = .
100000 200.0 é ° C02 reduction: 152 + 350.9 =502.9 kg
00000 % * Proposal 2: combine Scenarios 3 &
’ 100.0 2 (option 2):
-500,000 499,401 « TRC: 229,447 — 499,401 = 269,954 (saving)
-600,000 0.0

* CO,reductionn3 +350.9=9339 kg

Scenario 1Scenario 4Scenario 2Scenario 2Scenario 3
(Option 1)(Option 2)

CITRC  —e—Reduction in CO2 emissions
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Initial and revised CECC (Scenarios 4 & 2

e O\
(Opt] 2500
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—=—New source composite curve ——New sink composite curve
- -Source composite curve

23-Aug-25

Economic value ($)

-+ -Sink composite curve

Carbon Footprint Reduction

Reduction: 503 kg
(target: 468 kg) n

60000
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Concluding Remarks Nottingham
* 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.

Process Integration Techniques For Decarbonisation

Carbon Management Networks

(Tan & Foo, 2007. Energy 32: 1422)
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o2 st

The Chemical Engineer

Using pinch analysis for lower emissions

FEATURE PINCH ANALYSIS

Carbon: Feeling the Pinch

techniques can be used to optimise decarbonisation techniques

Raymond Tan and Dominic Foo explain how pinch analysis

Process Integration Techniques For Decarbonisation

Process Integration
Approaches to
Planning Carbon
Management Networks

Dominic C. Y. Foo and Raymond R. Tan
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