
TECH MONITOR • Apr-Jun 2021  29

A RoAdmAp foR decARbonizAtion of SingApoRe 
And itS implicAtionS foR ASeAn
Opportunities for 4IR Technologies and Sustainable Development

Abstract
This article presents a roadmap to decarbonize Singapore’s energy consumption 
sectors. Central to this roadmap is a carbon capture and storage (CCS) project 
involving centralized post-combustion carbon capture, CO2 transportation by 
existing pipelines or tankers, establishing a regional CCS corridor, and hydrogen 
production with CCS. Applications of fourth industrial revolution technologies will 
be important for the success of this project. They include efficient carbon capture 
using nanotechnology, autonomous vessels for CO2 shipment, digital twin and 
additive manufacturing for pipeline maintenance and repairs, and characterization 
of reservoirs for CO2 storage using big data, artificial intelligence, and machine 
learning, among others. Potential benefits of this project to ASEAN will include 
shared financing, cost reduction by leveraging economy of scale, preserving re-
gional oil and gas industries, a quicker energy transition, and creation of new 
growth industries such as CCS and hydrogen. Engineers and scientists in ASEAN 
need to be prepared for this challenge.

sion and 126th in terms of CO2 emission per 
dollar GDP. As a signatory to the Paris Agree-
ment, Singapore has pledged to achieve 
peak CO2 emission of less than 65 million 
tons by 2030, half it by 2050 and reduce it 
to zero before 2100 (NCCS, 2021b). Out of 
Singapore’s total CO2 emission, 46% comes 
from industry, 39% from power generation, 
13% from transport, and 2% from build-
ings and other sectors. Ongoing measures 
to reduce CO2 emission include improving 
energy efficiency, increased use of solar 
photovoltaic energy, zero-emission build-
ings, electrification of transport, sustain-
able urban farming, adoption of a circular 
economy, and reforestation. Possible future 
measures will include importing green 
hydrogen, importing renewable electricity 
via regional power grid, and carbon capture 
and utilization.

One unique feature of Singapore’s CO2 
emission is that it is heavily concentrat-
ed in Jurong Island, a small island in the 
southwest of Singapore (Wikipedia, 2021). 
About 71% of Singapore’s power plants, 
69% of refineries and practically all chem-
ical plants are located in Jurong Island 
which has an area of only 32 km2. Jurong 
Island is home to some of the largest re-
fineries and petrochemical complexes in 
Southeast Asia. Its refineries process 1.5 
million barrels of crude oil per day turn-
ing crude oil into gasoline, kerosene, and 
jet fuel sold domestically and abroad. 
Jurong Island’s chemical plants rank 
among the top 10 in the world and pro-
duce lubricants, resins, polymers, plastics, 
and fuel additives. In 2015, Jurong Island 
contributed to S$81 billions or one-third 
of Singapore’s total manufacturing output 
(EDB, 2021). Due to this concentration of 
industries, 54% of Singapore’s total CO2 
emission, or 27 million tons per year, come 
from Jurong Island. This creates an unique 
opportunity for centralized carbon cap-

Nexus between 
decarbonization, sustainable 
development, and 4IR 
technologies

Climate change is an existential prob-
lem facing humanity. At least eight 

of the 17 sustainable development goals 
(SDG) set by the United Nations have 
to do with combating climate change  
(Ramakrishna, 2021). They include SDG6 
(clean water), SDG7 (clean energy), SDG11 
(sustainable cities), SDG12 (responsible 
consumption and production), SDG13 
(climate action), SDG14 (life below water), 
SDG15 (life on land), and SDG17 (partner-
ship). Consequently, global decarboniza-
tion to combat climate change is one of 
the biggest engineering efforts ever in 

human history. In general, there are four 
switches to transition from an unsustain-
able high-carbon-intensity economy to a 
sustainable low-carbon-intensity econ-
omy. They are renewable energies, CCS, 
hydrogen, and adoption of a circular econ-
omy (Lau et al., 2021). In each of these four 
areas, 4IR technologies will play a key role. 
In this article we will focus on the use of 
4IR technologies for CCS and its benefits 
to ASEAN countries.

Singapore’s CO2 emission 
profile
In 2017, Singapore emitted 52 million tons 
of CO2 which was 0.1% of global emission 
(NCCS, 2021a). Singapore ranks 27th out of 
142 nations in terms of per capita CO2 emis-
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ture and processing.

Centralized post-combustion 
carbon capture and processing
Due to a high concentration of large CO2 
emitters in Jurong Island, it is possible to 
direct flue gas from multiple industrial 
plants to a central location for carbon cap-
ture and compression. Post-combustion 
carbon capture technology can be used to 
capture CO2 from several flue gas streams 
with varying CO2 concentration. Flue gas 
from power plants has a CO2 concentration 
of 10-20% whereas that from petrochem-
ical plants can be as high as 80% or more. 
These streams can be fed into a absorber 
column where CO2 will be absorbed by li-
quid solvents such as amines, NaOH, KOH, 
or ammonia. The solvent can be regenerat-
ed by stripping the CO2 out of the liquid by 
steam, allowing it to be recycled to the ab-
sorber column while producing a concen-
trated CO2 stream. In addition to chemical 
solvents, solid absorbents, membrane, or 
a combination of them may also be used 
for post-combustion CO2 capture. After 
being captured, CO2 can be compressed 
and cooled to liquid or supercritical form. 
Although post-combustion carbon cap-
ture can be retrofitted into existing in-
dustrial plants, it is cheaper to build a sin-
gle centralized plant to capture CO2 from 
multiple sources. Our roadmap calls for 
building a plant that has the capacity of 
capturing 5 Mtpa of CO2 which is on par 
with the largest post-combustion carbon 
capture plants in the world (Global CCS In-
stitute, 2020). By integrating CO2 capture, 
liquefaction, and temporary storage into a 
single centralized plant, more reduction in 
capital investment can be achieved. Cen-
tralized post-combustion carbon capture 
is only possible due to Singapore’s unique 
CO2 emission profile. A centralized post-
combustion CO2 capture plant in Jurong 
Island capable of processing several mil-
lion tons of CO2 per year will a first of its 
kind in the world.

A Regional CCS Corridor
An important part of Singapore’s decar-
bonization roadmap is a detailed CO2 

source-sink mapping exercise to identify 
large industrial CO2 sources and subsur-
face reservoirs for permanent CO2 storage 
(Li et al., 2021). Initially, such a source-sink 
mapping exercise should identify CO2 
sources and sinks within a 1,000-km radius 
from Singapore. Besides Jurong Island in 
Singapore, large stationary CO2 sources 
within this area include power plants, re-
fineries, and factories in Sumatra Island of 
Indonesia and Peninsula Malaysia. It is in-
teresting to note that four (North Sumatra, 
Riau, Lampung, South Sumatra) of the top 
provinces for CO2 emission in Indonesia 
are located in the Sumatra Island. 

Major CO2 sinks are subsurface layers of 
porous media (reservoirs) which include 
saline aquifers as well as depleted or par-
tially depleted oil and gas reservoirs (Lau 
et al., 2021). They are formed by the depos-
ition of eroded materials (sediment) and 
precipitation of chemicals and organic 
debris within a water environment. Over 
geological time, continuous sedimen-
tation will produce stacked reservoirs in 
the basin. For CO2 storage, three types of 
reservoirs are particularly important. They 
are saline aquifers, oil reservoirs, and gas 
reservoirs. For oil and gas reservoirs to 
exist, five factors must be present. They 
are the existence of a porous layer to pro-
vide the pore space for water, oil or gas 
to accumulate, an impermeable caprock 
(seal) to prevent leakage of hydrocarbon 
to a shallower layer, a structural or strati-
graphic trap to prevent lateral migration 
of hydrocarbon, a source rock for the con-
version of organic matter into hydrocar-
bon, and a migration path from the source 
rock to the reservoir. Three factors must 
be present for the existence of an aquifer. 
They are the presence of a porous layer to 
provide the pore space for water to accu-
mulate, the presence of an impermeabil-
ity base layer (underburden) preventing 
water to flow into deeper strata, and the 
presence of trap to prevent lateral migra-
tion of water. Aquifers are further classified 
into two types: confined and unconfined. 
A confined aquifer has an impermeable 
caprock (seal) to prevent upward migra-
tion of water. An unconfined aquifer has 
no such caprock. The existence oil and 

gas reservoirs in a sedimentary basin are 
usually well studied by oil companies in 
their exploration and production of oil and 
gas. However, the existence of aquifers is 
generally poorly studied. It has been esti-
mated that there is ample pore space in 
subsurface reservoirs in the world’s sedi-
mentary basins to store more than two 
and a half centuries of anthropogenic CO2 
emissions (Lau et al., 2021). 

There are eight major sedimentary basins 
within a 1,000-km radius from Singapore 
(Figure 1). They are the North Sumatra, 
Central Sumatra, South Sumatra, North-
west Java, East Natuna, West Natuna, Pe-
nyu, and Malay basins. The first six basins 
are in Indonesia whereas the last two are 
in Malaysia. There are many oil and gas 
reservoirs of varying degree of depletion 
in these eight sedimentary basins. Our 
preliminary estimates show that the total 
CO2 storage capacity in these seven basins 
exceeds 100 Gt of which 90% resides in sa-
line aquifers and the remaining in oil and 
gas reservoirs (ADB, 2013; Hedriana et al., 
2017). It should be noted that injection of 
CO2 into an oil or gas reservoir may lead 
to production of incremental oil or gas by 
processes known as enhanced oil recovery 
(EOR) or enhanced gas recovery (EGR) due 
to total or partial miscibility of the CO2 with 
the oil or gas condensate in the reservoir 
(Li et al., 2021). This makes the economics 
of CO2 EOR or EGR more attractive than 
pure geological storage of CO2 in a saline 
aquifer.

A detailed regional source-sink mapping 
will involve ranking by CO2 emission sourc-
es by amount and CO2 concentration. Like-
wise, CO2 sinks are ranked by storage cap-
acity, reservoir type, and readiness for CO2 
storage.  Mapping of potential sources to 
potential sinks is done based on factors 
such as distance, capacity, and readiness 
(Li et al., 2021). 

CO2 transportation via pipeline 
or marine vessel
CO2 is usually transported either in super-
critical form by pipelines or in liquid form 
by marine vessels (Al Baroudi et al., 2021). 
In pipeline transport, the pipeline is usu-
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ally pressurized to above 10.3 MPa to 
ensure CO2 is in supercritical form with 
a density close to 800 kg/m3. There are 
two existing pipelines supplying natural 
gas to Singapore from Indonesia. One 
of them is a 654-km-long West Natuna-
Singapore pipeline that supplies natural 
gas from the Indonesia’s West Natuna 
gas field to Jurong Island. The gas deliv-
ery contract for this pipeline will end in 
2022 and it is not certain whether it will 
be renewed. The second is the 470-km-
long South Sumatra-Singapore pipeline 
that supplies natural gas from Indonesia’s 
Suban gas field in South Sumatra to Singa-
pore. This pipeline will cease to operate by 
2023 when the existing gas contract ends. 
Indonesia plans to use the gas for domes-
tic consumption. If one or both of these 

pipelines cease to be used for natural gas 
delivery, they may be used instead for 
shipping CO2 from Singapore to subsur-
face reservoirs in either the South Suma-
tra or West Natuna Basin for permanent 
CO2 storage. In addition, Singapore’s gas 
transmission network is connected to 
Petronas’ Peninsula Gas Utilization Pipe-
line. This network was used to supply 
natural gas from Malaysia to Singapore. 
These existing natural gas pipelines may 
be used to transport industrial CO2 from 
Singapore to Indonesian or Malaysian sub-
surface reservoirs for permanent storage. 
In such a scenario, shipment of CO2 from 
Singapore will be relatively inexpensive 
as no or limited new pipeline needs to be 
constructed.  For transportation of CO2 
over long distances where existing pipe-

lines are unavailable, marine shipment 
can be used.  Currently, small quantities 
(capacity of 1,000 m3) of liquefied CO2 are 
being transported by ships by the food 
and beverage, and chemical industries.  
Marine shipment of large quantities of CO2 
can be done by LPG tankers with capacity 
of 100,000 m3 (80,000 tons) of liquid CO2.  
The existing LNG terminal in Jurong Island 
may be modified to handle offloading of 
liquid CO2.  As Singapore is a hub for ship 
building, modifying LPG tankers or build-
ing new tankers for liquid CO2 shipment in 
Singapore’s shipyards is feasible. 

CCS as an enabler of a 
hydrogen economy
The fourth step of the roadmap is to use 
CCS as an enabler of a hydrogen economy 

Figure1: Major sedimentary basins with 1,000 km distance from Singapore to be considered for permanent stor-
age of CO2
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(Lau, 2021a, 2021b).  It is to build a steam 
methane reforming (SMR) plant in Jurong 
Island to produce hydrogen from natural 
gas (Lau and Ramakrishna, 2021).  This is 
done by mixing steam with natural gas to 
a high temperature in the presence of a 
catalyst. This process converts natural gas 
into hydrogen and CO2.  The hydrogen 
may be sold as a clean energy carrier for 
use in hydrogen fuel cell vehicles, as well as 
heating and as feedstock for industrial use.  
The produced CO2 can be removed by CCS. 
This process will allow Singapore to be a 
producer of hydrogen for domestic con-
sumption and export.  Already, countries 
like Japan and South Korea are planning 
to import hydrogen from overseas and 
include it in the future energy mix. It is 
estimated that the global market for in-
dustrial hydrogen will increase from the 
current 87 million tons to over 200 million 
tons in 2030.  There is much for Singapore 
to benefit if it can become a regional hub 
for exporting hydrogen. CCS will be a key 
enabling technology for this to happen.  
New industries such as CCS and hydrogen 
may well become one of the new growth 
engines for the Singapore economy.

Decarbonization timeline
Table 1 gives the decarbonization timeline 
based on our roadmap.  The CO2 emission 
rate in 2019 was historical whereas those 
in 2050 and 2100 are projected.  The as-
sumptions are Singapore will half its 2017 
CO2 emission by 2050 and reduce it to only 

10% of its 2019 value by 2100 or sooner.  
Total elimination of CO2 emission is prob-
ably too expensive. Consequently, we use 
10% of current emission as the goal.

Also shown in Table 1 are the ways to 
achieve CO2 mitigation in various sectors 
of the economy.  

In the power sector, the chief migration 
method is by post-combustion carbon 
capture.  Secondary methods will include 
importing electricity from the regional 
power grid and increased use of solar 
photovoltaic (PV).  

In the road transport sector, the chief 
method is to replace internal combustion 
engine (ICE) passenger cars by electric ve-
hicles (EV) and long-haul ICE vehicles by 
hydrogen fuel cell vehicles (HFCV).  For 
the marine transport sector, the migration 
method is to replace fossil-fuel based fuels 
by hydrogen or biofuels.  For the aviation 
transport sector, the mitigation method 
is to replace current fossil-fuel based jet 
fuel with biofuels.  Singapore already has 
one of the biggest biofuel refineries in the 
world with a capacity of 1.3 Mtpa (The 
Chemical Engineer, 2019).

The refining sector is the heaviest emitter 
of CO2 in Singapore.  The chief CO2 miti-
gation method is to reduce the output of 
Singapore’s refineries. Shell has recently 
announced cutting the capacity of its 
Bukom refinery from 500,000 bbl/d to 
300,000 bbl/d by July 2021 (Argusmedia, 
2021).  On the other hand, ExxonMobil has 

plans to expand the capacity of its larg-
est refinery in Jurong Island from 592,000 
bbl/d by another 48,000 bbl/d (The Straits 
Times, 2020).  The overall reduction in re-
finery capacity in Singapore will reduce 
CO2 emission in this sector.  Post-com-
bustion carbon capture will still be the 
mainstay of CO2 mitigation for refineries.  
Another suggestion is to gradually replace 
crude oil refining by hydrogen production 
using SMR of natural gas and using CCS to 
remove the emitted CO2.  This will require 
a structural change in the overall refining 
industry in Jurong Island.  However, it will 
align with the overall goal of transitioning 
from a fossil fuel based economy to a low-
carbon-intensity economy.

Post-combustion carbon capture will 
continue to be the main CO2 mitigation 
method for the petrochemical business 
in Jurong Island.  As for the building and 
other sectors, the introduction of low or 
zero-emission building, of which Singa-
pore already has one, and adoption of a 
circular economy to reduce demand for 
high-carbon-intensity material will be im-
portant CO2 mitigation methods.

If we make the assumption that CO2 emis-
sion in Singapore has already peaked at 
around 53 Mtpa today, then achieving 
90% reduction in CO2 emission will re-
quire a reduction of 48 Mtpa.  One pos-
sible scenario for achieving this is given 
in Figure 2 wherein 59% of the reduction 
will be achieved by CCS, 24% by reducing 
refinery output and industry restructuring, 

Table 1: Current and projected CO2 emission from Singapore based on roadmap

Sector CO2 emission (Mtpa)
CO2 mitigation methods2017 2050 2100 or 

sooner

Power 19.16 9.58 1.92 (1) post-combustion CCS, (2) import electricity from regional grid, 
(3) more solar photovoltaic 

Refinery 22.32 11.16 2.23 (2) reduced refinery capacity, (3) post-combustion CCS, (3) 
substituting crude refining by hydrogen production with CCS

Petrochemical 2.91 1.46 0.29 (1) post-combustion CCS

Transport 6.71 3.35 0.67 (1) Less internal combustion engine vehicles, (2) electric vehicles, 
(3) hydrogen fuel cell vehicles, (4) biofuels for aviation, (5) hydrogen 
and biofuel for marine vessels

Building & others 0.99 0.49 0.10 (1) zero-emission buildings, (2) adoption of circular economy

Total 52.09 26.04 5.21
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Figure 2: Relative contributions to 90% reduction in Singapore’s CO2 emis-
sion from 2019 level 

Figure 3: Southern Lights: A cross-border ASEAN CCS project 

and 12% by fueling transport by electri-
city, hydrogen, and biofuels.  Achieving 
this will require ramping up CCS from 
zero to 28 Mtpa between now and 2100 
or sooner. This is feasible if a ASEAN open 
access CCS corridor is established in the 
next decade.  Other scenarios, for example 
using CO2 to produce building materials 
and chemicals, are possible.  However, 
regardless of which scenario is chosen, 
CCS will be the major contributor to Sin-
gapore’s decarbonization.

“Southern Lights” project
In this roadmap we propose a “Southern 
Lights” project wherein industrial CO2 from 
Singapore will be transported to a nearby 
country for permanent storage in a sub-
surface reservoir through the establish-
ment of a ASEAN CCS corridor (Lau and 
Ramakrishna, 2021).  Figure 3 illustrates 
the concept behind the project.  Industrial 
CO2 from Singapore is transported by mar-
ine vessels or pipelines to a host country.  
This CO2 together with CO2 from the host 
country will be temporarily stored in an 
onshore facility.  CO2 from this facility will 

be piped to either an onshore or offshore 
reservoir for geological storage in a saline 
aquifer, EOR in an oil reservoir or EGR in 
a gas reservoir.  The choice of the target 
reservoir will be the result of a detailed 
CO2 source-sink mapping exercise.   This 

project will be the first cross-border CCS 
project in ASEAN and will involve multiple 
companies and governments.  

The name “Southern Lights” is inspired by a 
similar “Northern Lights” CCS project sanc-
tioned by the Norwegian government in 
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September 2020 (Equinor, 2019).  Costing 
2.7 billion dollars, the Northern Lights pro-
ject will capture 0.8 million tons per year of 
CO2 from a cement factory and a waste-to-
energy power plant in the southwest of Nor-
way. The captured CO2 will be shipped by 
tankers over approximately 1,000 km to the 
west coast of Norway for temporary storage.  
From there, the CO2 will be piped to one or 
two subsea wells where it will be injected 
into a saline aquifer for permanent storage.  
The project will be operational by 2024 and 
will expand to 5 million tons of CO2 per year. 
There are also plans to accept CO2 from other 
European countries in future.

Table 2 illustrates the major technical work 
components in the different phases of the 
project.  Commercial, financial, social, and 
governmental aspects of the project are not 
included.  Many learnings from the Northern 
Lights project in Norway should be captured 
to shorten the learning curve.  Following the 
best practice used by petroleum industry, the 

Southern Lights project will be divided into 
six phases: identify, feasibility, select, define, 
execute, and operate (Lau, 2008). In the Iden-
tify Phase, data are assessed to determine if 
the project is worth pursuing.  If the answer 
is positive, then the project goes into the 
Feasibility Phase where all available options 
to pursue the project will be identified and 
evaluated.  In the Select Phase, the optimal 
project concept is selected for detailed de-
sign.  In the Define Phase, detailed engineer-
ing design of the project will be performed 
to provide the basis of design for the project. 
Also final investment decision will be made 
at the end of this phase.  In the Execute Phase, 
construction begins and the assets are in-
stalled.  In the Operate Phase the assets are 
operated to achieve permanent CO2 storage 
as planned.

Benefits to ASEAN
The following are some potential ben-
efits of the Southern Lights project to 

participating ASEAN countries.  It is ex-
pected this project will cost several bil-
lion dollars and the project will last two 
to three decades.   As the project will in-
volve at least Singapore and a host country 
for CO2 storage, its cost will be shared by 
both governments.  Initially, construction 
of the carbon capture plants will be capital 
expensive.  However, part of the cost of 
these plants can come from a carbon tax.  
At present, Singapore has a carbon tax of 
S$5/ton which may be increased to S$10 
to $15/ton by 2030. This revenue can be 
used to partially finance the construction 
of the carbon capture plant in Singapore.  
Other countries may also use a carbon 
tax to raise finances for CCS projects.  In 
addition, financing through international 
agencies such as the Asian Development 
Bank or the Asian Infrastructure Invest-
ment Bank may be worth considering. 

Another benefit of the Southern Lights 
project is to reduce CCS cost by the estab-

Table 2: Work for different phases of Southern Light project

Project 
component

Identify Phase Feasibility 
Phase

Select Phase Define Phase Execute Phase Operate Phase

CO2 capture Identify suitable 
CO2 sources in 
Singapore for 
post-combustion 
carbon capture

Identify CO2 
capture 
technologies, 
plant locations, 
capture volume 
over time. 

Select CO2 
capture 
technology and 
location for 
carbon capture 
plant in 
Singapore and 
host country

Perform 
detailed design 
of carbon 
capture plant 
in Singapore 
and host 
country.

Construct 
carbon capture 
plant in 
Singapore and 
host country.

Operate carbon 
capture plant 
as designed.

CO2 transport Determine CO2 
transport options 
from Singapore 
and host country.

Assess local and 
international 
regulations 
controlling 
movement of 
CO2 across 
borders. 
Determine 
showstopper.

Select mode of 
CO2 transport 
from Singapore 
and host 
country to 
target reservoir.

Detailed design 
of CO2 storage 
facility in host 
country. Define 
specification of 
CO2 tankers or 
pipelines.

Build CO2 
tankers and/or 
pipelines

Deliver CO2 
through 
pipelines or 
tankers as 
planned.

CO2 storage Perform regional 
CO2 source-sink 
mapping within 
1,000-km radius 
from Singapore

Assess storage 
capacity of 
target reservoirs 
by numerical 
simulations. 
Assess 
injectivity and 
number of wells 
needed. 
Investigate risk 
of CO2 leakage.

Select the best 
target reservoir 
for CO2 storage.

Perform 
detailed design 
of drilling, 
construction, 
and operation 
of wells.

Construct and 
test CO2 
injection wells.  
Install CO2 
monitoring 
equipment.

Operate CO2 
injection wells 
and optimize 
injectivity 
based on well 
and reservoir 
data.
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Table 3: Nexus between decarbonization and 4IR technologies

Decarbonization technology Technology 
subcategory Examples of 41R technology Reference

Post-combustion carbon capture

Chemical solvent
Materials informatics to identify new 
solvents

Rajan (2013)

Solid sorbent Solid sorbet using nanotechnology Fryxell and Cao (2017)

Membrane New membrane using nanotechnology Mueller et al. (2012)

Absorber and stripper Smart sensors  to improve efficiency Fryxell and Cao (2017)

CO2 transport

CO2 pipeline

Smart sensors to monitor flowrate, 
corrosion and leakage with real-time 
data transmission using IoT

Algarni and Zwawi (2019)

Digital twin to schedule maintenance Xue and Gai (2020)

Additive manufacturing for repair and 
applying coating

Pathak and Saha (2017)

Liquid CO2 tanker

Weather and metocean prediction using 
big data, AI, machine learning

Liu et al. (2020)

Zero-emission vessel using hydrogen or 
biofuels

de-Troya et al. (2016)

Digital twin of key equipment in tanker Bondarenko and Fukuda (2020)

Autonomous tanker Bassam et al. (2019)

CO2 storage

Characterization of 
subsurface reservoir

AI and big data for seismic data 
processing

Pandey et al. (2020)
Data analytics for seismic data 
interpretation

AI and data analytics for well log 
interpretation

Quantum computing for geophysics Moradi et al. (2018)

Reservoir engineering

Quantum computing for reservoir 
simulation

Ottaviani et al. (2019)

Nanotechnology for wettability 
alteration of reservoir

Li et al. (2019)

Nanotechnology for increasing heat 
transfer for geothermal heat mining by 
CO2

Yang et al. (2005)

Field operation

Intelligent wells to control CO2 injection 
and production of water and 
hydrocarbon

Lau (2008)

Smart field technologies (4D seismic, 
intelligent wells) with real time history 
matching using quantum computing

Engberg et al. (2014)

Smart sensor to detect downhole 
seismic activity

van Dok et al. (2016)

Post-injection CO2 plume 
monitoring

Smart sensor to monitor CO2 plume 
movement

Bathellier and Czernichow (1997)

Hydrogen production

Catalyst
Improved catalyst for SMR using 
nanotechnology

Rodriguez et al. (2004)

Membrane reactor
Improved membrane using 
nanotechnology

Mueller et al. (2012)

Plant efficiency
Smart sensors to enhance plant 
efficiency

Mukhopadhyay and Gupta (2008)
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lishment of a regional CCS corridor.  This 
corridor has a shared CO2 collection and 
transportation network which will reduce 
CO2 transportation cost for participating 
countries.  If existing natural gas pipelines 
and oilfield infrastructure such as storage 
facilities and wells are used, further cost 
reduction can be achieved.   Many ASEAN 
countries have substantial oilfield infra-
structure which may be usable for future 
CCS projects.  In addition, the large-scale 
removal of CO2 by CCS will play an import-
ant role in preserving many industries in 
ASEAN countries, such as oil and gas, coal 
mining, marine, and offshore.  This is im-
portant for sustaining the economies of 
ASEAN in the post pandemic era.

Another purpose of the Southern Lights 
project is to accelerate the transition to a 
hydrogen economy in participating coun-
tries.  As a clean energy carrier, hydrogen 
is one of four important levers of the on-
going energy transition (Lau et al., 2021).  
If CCS on a large scale in ASEAN is proven 
by the Southern Lights project, it can be 
the basis for the production of hydrogen 
from either natural gas or coal.  By using 
coal gasification or SMR, coal and natural 
gas can be converted to hydrogen and 
CO2.  If the emitted CO2 is removed by CCS, 
then ASEAN countries can produce “blue” 
hydrogen for both domestic consumption 
and export.  Already, countries including 
Japan and South Korea have announced 
their intention to import hydrogen and 
include it in their future energy mix.   By 
upgrading coal and natural gas to hydro-
gen and getting rid of the emitted CO2 by 
CCS, ASEAN countries like Singapore, In-
donesia, and Malaysia may transition to a 
hydrogen economy much faster than buy-
ing hydrogen from other countries. There 
is much to gain for ASEAN countries to be-
come exporters of this valuable commod-
ity.  A key part of the Southern Lights pro-
ject is for Singapore to build a hydrogen 
plant next to its post-combustion carbon 
capture plant in Jurong Island. This will be 
a demonstration project for combining 
hydrogen production with CCS in ASEAN.

As ASEAN countries recover from the COV-
ID-19 pandemic, they need new growth 
engines.  This is especially important 

because of the decline of the oil and gas, 
and marine and offshore industries caused 
by the collapse of oil price since 2014.  A 
successful CCS demonstration project like 
Southern Lights will revive not only these 
industries but also provide impetus for 
new growth industries such as CCS and 
hydrogen.   

Challenges to the project
According to the Global CCS Institute 
there are only 28 large-scale CCS in oper-
ation in 2020 (Global CCS Institute, 2020). 
Together they store 41 Mtpa of CO2 and 38 
more are being planned with a capacity 
of 76 Mtpa.  However, even countries that 
implement CCS project only store less 
than 1% of their emitted CO2. This slow 
pace of CCS implementation is concern-
ing and is due to many reasons (Lau et al., 
2021).  First is the lack of carbon pricing.  
Outside of northern Europe and U.S.A., 
most countries have low or no carbon 
tax or credit.  Within ASEAN, Singapore 
is the only country with an established 
carbon tax although Malaysia is consider-
ing imposing one.  Consequently, there is 
little incentive for companies to conduct 
CO2 geological storage projects.  A high 
enough carbon tax will create a strong 
incentive for CCS.  However, the level of 
carbon tax is sensitive to energy price and 
cost of capital which varies from country 
to country.  In addition, a consistent and 
predictable national energy policy will 
go a long way toward encouraging com-
panies to invest in CCS.  Subsidy for low 
carbon technologies, such as CCS, electric 
or hydrogen fuel cell vehicles, is beneficial 
to investment in these technologies.  Lack 
of CCS regulations is also a potential chal-
lenge.  Cross-border CO2 movement is con-
trolled by the London Protocol and Basel 
Convention (Dixon et al., 2015).  However, 
ASEAN countries are not signatories to 
them.  Therefore, both national and inter-
national laws need to be passed to govern 
the movement of CO2 in ASEAN, its dis-
posal and monitoring in subsurface res-
ervoirs.  Long-term liability of CO2 disposal 
and whether it can be transferred from the 
operator to the state after a certain period 
of time also needs to be addressed.  Per-
mitting of CO2 disposal also needs to be 

streamlined to avoid long delay. In add-
itional, public awareness of CCS is low in 
ASEAN.  Support for CCS can be increased 
if economic benefits, such as creation of 
new industries and new employment op-
portunities, are clearly articulated.  Public 
engagement by trusted experts is needed 
to raise awareness on the benefits of CCS.  
Trusted experts should include those from 
institutes of higher learning, technology 
practitioners, and government officials. In 
addition, a lack of local expertise can be a 
barrier to a large-scale CCS project. There-
fore, transfer of knowledge from foreign 
technology providers to local companies 
should be an important element of a CCS 
project. In addition, research collaboration 
between institutes of higher learnings and 
local and foreign technology providers will 
facilitate technology transfer and creation 
of local expertise in ASEAN.  Implemen-
tation of a large-scale CCS project can be 
facilitated by a public-private partnership 
(PPP) which brings multiple industries, 
government agencies, and investors to-
gether.  A stable, cooperative framework 
that lasts for two to three decades will be 
needed for a project like Southern Lights.  
This framework should encourage sharing 
of risks and rewards, and protection from 
political risks of governments changing 
their minds. A PPP may be a better vehicle 
to achieve this than a purely commercial 
partnership. 

Decarbonization and fourth 
industrial revolution 
technologies
As one of the biggest engineering chal-
lenges ever for humanity, global decar-
bonization is an sustainable development 
issue which has a strong connection to 
many 4IR technologies.  Table 3 gives an 
incomplete list of 4IR technologies that 
will likely be used in the decarbonization 
of Singapore. 

Post-combustion carbon capture will likely 
utilize 4IR technologies such as materials 
informatics, nanotechnology, and smart 
sensors for improved plant efficiency. 
Nanotechnology is one of the 4IR tech-
nologies which has captured worldwide 
attention and has found many applica-
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tions (Lau et al., 2017). CO2 transport 
through pipelines will likely utilize smart 
sensors with internet of things (IoT), digi-
tal twin and additive manufacturing. CO2 
transport by tankers will likely involve big 
data, artificial intelligence (AI), machine 
learning, and quantum computing for 
weather and metocean prediction.  In add-
ition, digital twin can be used to monitor 
ship equipment for preventive mainten-
ance. Other 4IR technologies may include 
zero-emission and autonomous ships.  
Subsurface CO2 storage will likely use big 
data, AI, machine learning, and quantum 
computing for seismic and well log data 
processing and interpretation and nu-
merical reservoir simulations.  Hydrogen 
production will likely use nanotechnology 
for new catalysts and reactor design and 
smart sensors for improved plant effi-
ciency.   Indeed the list will go on and on. 

Research and development on some of 
these 4IR technologies have already been 
conducted in Singapore.  Singapore’s 
government-supported Advanced Re-
manufacturing Technology Centre (ARTC) 
has been conducting research in additive 
manufacturing since its establishment 
in 2017. The Technology Centre for Off-
shore and Marine Singapore (TCOMS) was 
launched jointly by Singapore’s Agency 
for Science, Technology and Research 
(A*STAR) and the National University of 
Singapore (NUS) in 2016 to conduct ad-
vanced research in marine technologies 
including the use of digital twin and au-
tonomous vessels.  Since 2016 NUS re-
searchers, supported by the Petroleum 
Engineering Professorship programme 
of Singapore’s Economic Development 
Board (EDB), have been conducting re-
search on the use of nanotechnology for 
enhanced oil recovery and new stainless 
steel-carbon nanotube composites for 
downhole tools. Other research areas in-
clude use of AI, machine learning, big data 
and data analytics in the processing and 
interpretation of seismic data for reservoir 
characterization.

Conclusions
Herein, we have presented a roadmap for 
decarbonization of Singapore which will 

allow the country to half its current CO2 
emission by 2050 and reduce it to only 
10% or less before the end of the century.   
The chief elements of this roadmap in-
clude decarbonizing Singapore’s power 
and petrochemical sectors by post-com-
bustion carbon capture, decarbonizing 
the transport sector by switching to elec-
tric and hydrogen fuel cell vehicles, using 
hydrogen fuel for marine vessels and bio-
fuels for aviation.  In the industrial sector, 
both reduction in Singapore’s refining 
output and restructuring of the refining 
industry to hydrogen production are sug-
gested.  In addition, adoption of a circular 
economy will reduce demand for energy 
and high-carbon-content materials. 

It is proposed that the majority of CO2 
mitigation (about 60%) will be provided 
by post-combustion CCS technologies.  To 
this end, implementation of a Southern 
Lights CCS project is proposed.  This pro-
ject will include centralized post-combus-
tion carbon capture in Singapore, estab-
lishing a regional CCS corridor, shipment 
of CO2 from Singapore and other regional 
sources via existing natural gas pipelines 
or liquid CO2 tankers to a target location 
for permanent storage, and building a 
SMR hydrogen plant in Singapore and 
removing the emitted CO2 by CCS. This 
project will be ASEAN’s first cross-border 
CCS project.  Potential benefits will in-
clude shared financing, reduced cost of 
decarbonization by leveraging economy 
of scale, preserving regional oil and gas 
industries, enabling a quicker transition 
to a hydrogen economy, and creation of 
regional growth industries such as CCS 
and hydrogen.  

Many challenges to the implementation of 
this CCS project exist.  Solutions to them 
will include public engagement on CCS, 
establishing a PPP for project financing, 
management, and execution, formulating 
consistent energy policies by participating 
governments and international cooper-
ation for transfer of knowledge to local 
entities.

A number of 4IR technologies will also 
play a key role in the success of this pro-
ject.  Research and development on some 
of them have already being conducted 

in Singapore.  Working together, ASEAN 
countries can benefit from harnessing 
many 4IR technologies to implement a 
regional CCS project which may become 
the catalyst for sustainable development 
in the region.

References
 9  Al Baroudi, H., Awoyomi, A., Patchig-
olla, K., Jonnalagadda, K. and Anthony, 
E. J. 2021. A Review of Large-scale CO2 
Shipping and Marine Emissions Man-
agement for Carbon Capture, Utilisa-
tion and Storage, Applied Energy, 287, 
116510.

 9  Algarni, M. and Zwawi, M. 2019. Smart 
Sensor Interface Model Using IoT for 
Pipeline Integrity Cathodic Protection, 
J. Management & Engineering Integra-
tion, 12 (1), 1–8.

 9  Argusmedia. 2021. Shell to Cut Singa-
pore Bukom Refinery Capacity in 
July. Published 5 May. https://www.
argusmedia.com/en/news/2211860-
shell-to-cut-singapore-bukom-refin-
ery-capacity-in-july#:~:text=Shell%20
announced%20in%20November%20
2020,reduce%20its%20emissions%20i-
n%20Singapore.

 9  Asian Development Bank (ADB). 2013. 
Prospects for Carbon Capture and Stor-
age in Southeast Asia, Mandaluyong 
City, Philippines. 

 9  Bassam, A. M., Phillips, A. B., Turnock, S. 
R. and Wilson, P. A. 2019. Experimental 
Testing and Simulations of an Autono-
mous, Self-Propulsion and Self-Measur-
ing Tanker Ship Model, Ocean Engineer-
ing, 186, 106065.

 9  Bathellier, E. J. M. and Czernichow, J. 
A. 1997. Permanent Downhole Seis-
mic Sensors for Reservoir Monitoring: 
A Review, Paper presented at the Off-
shore Technology Conference, Houston, 
Texas, USA, 5–8 May. Paper OTC 8309.

 9  Bondarenko, O. and Fukuda, T. 2020. De-
velopment of a Diesel Engine’s Digital 
Twin for Predicting Propulsion System 
Dynamics, Energy, 196, 117126.

 9  The Chemical Engineer. 2019. Neste 
Expands Singapore Biofuels Refinery. 



A roadmap for decarbonization of Singapore and its implications for ASEAN

38  TECH MONITOR • Apr-Jun 2021

https://www.thechemicalengineer.
com/news/neste-expands-singapore-
biofuels-refinery/.

 9  de-Troya, J. J., Alvarez, C. and Fernandez-
Garrido, C. 2016. Analyzing the Possibili-
ties of Using Fuel Cells in Ships, Hydro-
gen Energy, 41, 2853–2866.

 9  Dixon, T., McCoy, S. T. and Havercroft, I. 2015. 
Legal n Regulatory Development on CCS. 
Int. J. Greenhouse Gas Control, 40, 431–448.

 9  Economic Development Board of Singa-
pore (EDB). 2021. Energy and Chemicals, 
assessed 6 June, https://www.edb.gov.
sg/en/our-industries/energy-and-
chemicals.html.

 9  Engberg, P., Male, P. and Chai, C. F. 2014. 
Smart Field Deployment – Towards the 
Appropriate Level of Smartness, Paper 
presented at the International Petrol-
eum Technology Conference, Kuala 
Lumpur, Malaysia, 10–12 December, 
IPTC-17830-MS.

 9  Equinor. 2019. Northern Lights Project 
Concept Report RE-PM673-00001. Sta-
vanger, Norway, https://northernlight-
sccs.com/assets/documents/Norhtern-
Lights-Project-Concept-report.pdf.

 9  Fryxell, G. E. and Cao, G. (editors). 2007. 
Environmental Applications of Nano-
materials: Synthesis, Sorbents and Sen-
sors, Imperial College Press, London, UK.

 9  Global CCS Institute. 2020. Global Status 
of CCS 2020. Melbourne, Australia.

 9  Hedriana, O., Sugihardo and Usman. 
2017. Assessment of CO2-EOR and Stor-
age Capacity in South Sumatera and 
West Java Basins, Energy Procedia, 114, 
4666–4678. 

 9  Lau, H. C. 2008. Good Practices in Progress-
ing a Smart Well Portfolio, presented at the 
International Petroleum Technology Con-
ference, Kuala Lumpur, Malaysia, 3–5 De-
cember, paper IPTC 12255.

 9  Lau, H. C. 2021a. The Role of Fossil Fuels 
in a Hydrogen Economy, presented at 
the International Petroleum Technology 
Conference, 23 March to 1 April, paper 
IPTC-21162-MS.

 9  Lau, H. C. 2021b. The Color of Energy: 
The Competition to be the Energy of the 

Future, presented at the International 
Petroleum Technology Conference, 23 
March to 1 April, paper IPTC-21348-MS.

 9  Lau, H. C. and Ramakrishna, S. 2021. 
Why Carbon Capture Should be in Sin-
gapore’s Green Toolkit, The Straits Times, 
3 June, https://www.straitstimes.com/
opinion/why-carbon-capture-should-
be-in-singapores-green-toolkit.

 9  Lau, H. C., Ramakrishna, S., Zhang, K. 
and Radhamani, A. V. 2021. The Role 
of Carbon Capture and Storage in the 
Energy Transition, Energy & Fuels, 35, 
7364–7386.

 9  Lau, H. C., Yu, M. and Nguyen, Q. P.  2017. 
Nanotechnology for Oilfield Applica-
tions, J. Petroleum Science and Technol-
ogy, 157, 1160–1169.

 9  Li, H., Lau, H. C., Wei, X. and Liu, S. 2021. 
CO2 Storage Potential in Major Oil and 
Gas Reservoirs in the Northern South 
China Sea, Int. J. Greenhouse Gas Con-
trol, 108, 103328.

 9  Li, S., Dan, D., Lau, H. C., Hadia, N. J., 
Torsaeter, O. and Stubbs, L. P. 2019. In-
vestigation of Wettability Alteration by 
Silica Nanoparticles Through Advanced 
Surface-Wetting Visualization Tech-
niques, Paper presented at SPE Annual 
Technical Conference and Exhibition, 
Calgary, Alberta, Canada, 30 September 
to 2 October, SPE-196192-MS.

 9  Liu, M., Zhou, Q., Wang, X., Yu, C. and 
Kang, M. 2020. Voyage Performance 
Evaluation Based on a Digital Twin 
Model, Materials Science and Engineer-
ing, 929, 012027.

 9  Moradi, S., Trad, D. and Innanen, K. A. 
2018. Quantum Computing in Geophys-
ics: Algorithms, Computational Costs 
and Future Applications, Proceedings of 
SEG International Exposition and 88th 
Annual Meeting, 4649. 

 9  Mueller, N. C., van der Bruggen, B., 
Keuter, V., Luis, P., Melin, T., Pronk, W., 
Reisewitz, R., Rickerby, D., Rios, G. M., 
Wennekes, W. and Nowack, B. 2012. 
Nanofiltration and Nanostructured 
Membranes – Should They be Consid-
ered Nanotechnology or Not? J. Hazard-
ous Materials, 211–212, 275–280.

 9  Mukhopadhyay, G. S. and Gupta, G. S. 
(editors). 2008. Smart Sensors and Sens-
ing Technology, Berlin, Springer.

 9  National Climate Change Secretariat of 
Singapore (NCCS). 2021a. Singapore’s Emis-
sion Profile, assessed 6 June 2021, https://
www.nccs.gov.sg/singapores-climate-
action/singapore-emissions-profile/.

 9  National Climate Change Secretariat 
of Singapore (NCCS). 2021b. Singapore 
and International Efforts, assessed 6 
June 2021, https://www.nccs.gov.sg/
singapores-climate-action/singapore-
and-international-efforts/.

 9  Ottaviani, D, Cavaoni, C., Amendola, 
A., Carminati, S., Cinquini, F., Floriello, 
D. and Tagliaferri, C. 2019. Paving the 
Way for the Next Digital Revolution: 
Using Quantum Computer to Solve 
Optimization Problems in the Energy 
Sector, presented at the 14th Offshore 
Mediterranean Conference and Exhib-
ition, Ravenna, Italy, 27–29 March.

 9  Pandey, Y. N., Rastogi, A., Kainkaryam, 
S., Bhattacharya, S. and Saputelli, L. 
2020. Machine Learning in the Oil and 
Gas Industry: Including Geosciences, 
Reservoir Engineering, and Produc-
tion Engineering with Python, Apress, 
Berkeley, CA.

 9  Pathak, S. and Saha, G. C. 2017. De-
velopment of Sustainable Cold Spray 
Coatings and 3D Additive Manufactur-
ing Components for Repair/Manufac-
turing Applications: A Critical Review, 
Coatings, 7, 122.

 9  Rajan, K. 2013. Material informatics: An 
Introduction, In Informatics for Materials 
Science and Engineering, Rajan, K. (ed-
itor), Elsevier, 1–16.

 9  Ramakrishna, S. 2021. Nexus of Fourth 
Industrial Revolution (4IR) and Carbon-
Neutral Circular Economy for Progress 
in UN SDGs, Asia-Pacific Tech Monitor, 
United Nations Economic and Social 
Commission for Asia and the Pacific, 
April–June Issue.

 9  Rodriguez, R., Nava, R., Halachev, T. and 
Castano, V. M. 2004. Mesogeneous Cata-
lysts: A New Concept in Nanotechnology, 
Macromol. Rapid Commun., 25, 643–646.



A roadmap for decarbonization of Singapore and its implications for ASEAN

TECH MONITOR • Apr-Jun 2021  39

 9  The Straits Times. 2020. Exxon Says 
It Remains Committed to Singa-
pore Refinery Expansion, assessed 
6 June 2021, https://www.argusme-
dia.com/en/news/2211860-shell-
to-cut-singapore-bukom-refinery-
capacity-in-july#:~:text=Shell%20
announced%20in%20November%20
2020,reduce%20its%20emissions%20i-
n%20Singapore.

 9  van Dok, R., Fuller, B. N. Kramer, N., Wal-
ter, L. A., Richards, T. and Anderson, P. 
F. 2016. Permanent Borehole Sensors 
for CO2 Injection Monitoring – Hasting 
Field, Texas. Proceedings of SEG Inter-
national Exposition and 86th Annual 
Meeting, 5511.

 9  Wikipedia, 2021. Jurong Island, assessed 
6 June 2021. https://en.wikipedia.org/
wiki/Jurong_Island.

 9  Xue, X., Li, B. and Gai, J. 2020. Asset Man-
agement of Oil and Gas Pipeline System 
Based on Digital Twin, IFAC Papers On-
line, 54–55, 715–719.

 9  Yang, Y., Zhang, Z. G., Grulke, E. A., An-
derson, W. B. and Wu, G. 2005. Heat 
Transfer Properties of Nanoparticle-in-
fluid Dispersions (nanofluids) in Lam-
inar Flow, Int. J. Heat & Mass Transfer, 
48, 1107–1116.

Centre for the Fourth Industrial Revolution of the World Economic Forum
The Centre for the Fourth Industrial Revolution of World Economic Forum is a hub for global, 
multistakeholder co-operation to accelerate the benefits of science and technology. With Cen-
tres in 13 countries around the world, the C4IR Network is working with government, business, 
academia and civil society to develop, prototype and test pioneering collaborations and gov-
ernance models to ensure the benefits of technology are maximised, and the risks accounted 
for. The Centre is co-designing and piloting policy frameworks and governance protocols across 
six areas of focus.
As the world undergoes a great reset, our ability to harness and disseminate the new technolo-
gies of the Fourth Industrial Revolution (4IR) will play a key role in ensuring our recovery from 
the pandemic and the avoidance of the future crises.
The possibilities of new 4IR technologies, deployed appropriately, should be used as the base-
line to reinvent the way we operate in the new context: everything from government services, 
education and healthcare, to the way business interacts and provides value to its customers.
However, if not directed with purpose, the 4IR has the potential to exacerbate inequality. Human-
centricity, Inclusion and Trust must be key principles guiding action - we must take proactive 
steps to ensure technology adoption does not heighten abuse of power, bias, wealth disparities, 
exclusion and loss of livelihoods. Whilst technology comes with risks, such as cybersecurity or 
fraud, it can also provide vast opportunity, such as enhancing education systems, reducing cor-
ruption in supply chains or accelerating the adoption of clean energy.
Affiliate Centres selected to join the Centre for the Fourth Industrial Revolution Network can 
access and share research and analysis across our Centres and portfolio areas. Combined with 
emerging technology policy initiatives managed locally, Affiliate Centres will play a vital role 
in helping to shape the development of national Fourth Industrial Revolution strategies and 
public-private initiatives.
Organizations eligible to join the C4IR Network as Affiliates include governmental offices, advi-
sory commissions or related research bodies, academic institutes or universities, non-profit or-
ganizations or business associations. Affiliates will actively engage with their host government 
in the policy design and piloting activities.

For more information access:

https://www.weforum.org/centre-for-the-fourth-industrial-revolution


