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“… there are known knowns… and known unknowns…”
‐Secretary Donald Rumsfeld, 2002



What we 
know

What we are 
beginning to 

know

What we don’t 
know… but urgently 

need to know



What do we know?
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Mitigation pathways
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Climate change is a global emergency



2020 2040 2060 2080 2100

Fossil fuel & industry
AFOLU
BECCS

REDUCE emissions by 
AVOIDING DEFORESTATION

REMOVE emissions by 
REFORESTATION

Nature‐based 
Climate Solutions

Peak

Net Zero

Decarbonization

Intergovernmental Panel on Climate Change
Mitigation Pathway (P3) for achieving Paris Climate Goal



Nature is Integral Part of the Solution
Nature

Mitigation pathways



What are we finding out?



“… numbers don’t lie.”
‐Dr Anthony Fauci, 2020



What is the potential of Nature‐based Solutions?
(Scale of the Solution versus Scale of the Problem)

Protect threatened 
mangrove forests

(~30 MtCO2e y‐1)

Nature Communications (2021); Current Biology (2021); Environmental Research Letters (2021)
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Americas
(~0.8 GtCO2e y‐1)

Asia Pacific
(~0.6 GtCO2e y‐1)

Africa
(~0.4 GtCO2e y‐1)

Indonesia
(~0.2 GtCO2e y‐1)

Malaysia
(~0.05 GtCO2e y‐1)Brazil

(~0.4 GtCO2e y‐1)

Bolivia
(~0.1 GtCO2e y‐1)

Carbon Prospecting Map (potential climate mitigation)

DRC
(~0.1 GtCO2e y‐1)

Nature Communications (2021)

Where is the potential of Nature‐based Solutions?
(Where to invest in forest protection to avoid carbon emissions)



Nature Climate Change (2021)

Americas
(~1.9 MtCO2e y‐1)

Asia Pacific
(~20 MtCO2e y‐1)

Africa
(~3.9 MtCO2e y‐1)

Where is the potential of Nature‐based Solutions?
(Where to invest in forest protection to avoid carbon emissions)

Blue Carbon Prospecting Map (mangrove protection)



Carbon Prospecting Map (potential financial ROI)

Americas
(~$19.1b y‐1)

Asia Pacific
(~$24.6b y‐1)

Africa
(~$2.4b y‐1)

Indonesia
(~$10.1b y‐1)

India
(~$1.7b y‐1) Malaysia

(~$2.6b y‐1)Brazil
(~$11.2by‐1)

Bolivia
(~$2.5b y‐1)

Average annual NPV over 30 y period @ $5.8 t‐1 C (5% price appreciation from 6th y)| $25 ha‐1 establishment cost | 
$10 ha‐1 y‐1 maintenance cost | 10% discount rate | alternative prices considered ($10, $15, $25, $50, $100 t‐1 C) Nature Communications (2021)

What is the ROI of Nature‐based Carbon Projects?
(Nature‐based carbon products as investible and tradable commodities)



What is the potential of Nature‐based Solutions?
(Scale of the Solution versus Scale of the Problem)

Protect threatened 
mangrove forests

(~30 MtCO2e y‐1)

Nature Communications (2021); Current Biology (2021); Environmental Research Letters (2021)
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Environmental Research Letters (2021)

Where is the potential of Nature‐based Solutions?

Climate mitigation potential from urban reforestation For 1,200 cities, urban 
reforestation can offset 
>25% of local emissions.



What are the Constraints?

Nature Climate Change (2020)

Biophysical

Unconstrained
121 million hectares

~3.4 GtCO2e y‐1

Restoration of degraded forests, peatlands and mangroves in Southeast Asia



Subsistence

Land use

Smallholders

Financial

Site maintenance

Operational

What are the Constraints?

Nature Climate Change (2020)

Unconstrained
121 million hectares

~3.4 GtCO2e y‐1

Constrained
< 8 million hectares
< 0.25 GtCO2e y‐1

Land use, direct & opportunity costs, operational constraints

Biophysical

Restoration of degraded forests, peatlands and mangroves in Southeast Asia



Policy Relevant Science

Opportunities Constraints

Nature Climate Change (2020), Nature Communications (2021), Current Biology (2021)



What we need to know



Multiple Co‐benefits of Nature‐based Solutions

Sarira et al (in progress)

thetravelintern.com



Biodiversity as Building Blocks

Develop approaches to quantify price premium of ‘beautiful carbon’

Forest monoculture Pristine rainforest



Other Ecosystems in the Carbon Rainbow

Terrestrial forest

Mangroves

Freshwater swamp forest

Peat swamp forest

Macroalgae

Blue

Green

Teal

Gold

Invest in Science of all high carbon ecosystems



Table 1. Volumes, values and average prices of voluntary carbon offsets transacted 
in 2019.

Nature‐based offsets 
most highly sought after 
product in the voluntary 
carbon market

Nature‐based credits 
command highest price

Nature‐based Carbon Offsets in High Demand



Nature‐based Carbon Credits in High Demand



Risks of Nature‐based Carbon



Permanence
(Governance, operations, land use, tenure, 

carbon rights, funding, natural risks)

Carbon yield estimates
(Generic allometric models and assumptions, 
labor‐intensive and costly methodologies)

Leakage
(Shifts in location, commodity/market, 
from deforestation to degradation)

Additionality
(Challenges of benchmarking additional 
CO2 emissions reduction and removal)

Project 
Credibility

Environmental 
Integrity

Risks of Nature‐based Carbon



Risks of Nature‐based Carbon

Let’s not throw the baby out 
with the bath water.



Leverage opportunity…

Nature for Climate 
Research Programme

(NCRP):
An innovative technology 
and data driven research 
programme led by NUS

…for desired outcome

Nature‐based carbon storage and 
sequestration potential

Stable supply of high quality carbon 
credits to meet market demands

Project 
Credibility

for accurate estimation 
of annual carbon yield 

to ensure

New 
Methodologies

Environmental 
Integrity

for prompt identification 
& mitigation of risks to 

enhance

New 
Standards

New Carbon Methodologies & Standards



1. To produce data‐driven, policy‐relevant & decision‐supporting science
that informs climate strategies & actions in Singapore & the region

2. To empower leadership in public, private & people sectors by building 
capacity to respond to climate challenges & opportunities

nus.edu.sg/cncs



Centre Research Interests & Expertise
Core Researchers:

Affiliate Researchers:

The Asian School of the Environment

Scientific Advisory Board:



Prioritise
Actions

What?

Where?

How? Communications, 
education, outreach

Leverage Technology

Credibility & 
integrity

Reduce costsRemove GHG

Reduce emission

Increase resilience

Identify
Solutions

Economy

Society

Environment

Understand 
Impacts

Economy

Society

Policies &
politics

Overcome
Barriers & Risks

Strategic Research
on Nature‐based Solutions



Lab experiments

Fieldwork

Remote sensing

Spatial analyses 
and mapping

Scenario analyses 
and prioritization

Research Techniques

Analytics

Data collection



Ongoing Research Programmes

Forest 
protection

Mangrove 
protection

Reforestation 
in SE Asia

Urban 
reforestation

Co‐benefits 
of NbS

Valuing biodiversity 
in NbS

Nature for Climate (NCRP)
Enhancing credibility & integrity of 

solutions

Urban NbS & 
sustainability

2020 2021 & beyond

Blue carbon

Potential & limitations Barriers & opportunities
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Public Outreach

Signages to deliver content

Gardens by the Bay

Jurong Lake Gardens

Sentosa

Wildlife Reserves Singapore



Stakeholder Engagements







Nature for Climate (N4C) Programme



Compliance (binding targets; $40‐120b)

Voluntary (CSR, PR; $300m) Industry specific

Kyoto Protocol (pre‐2020) Paris Agreement (post‐2020)

Offsetting:
• Clean Development Mechanism (rich countries buy 

Certified Emission Reductions from poor)
• Joint Implementation (trade Emission Reduction Units 

between rich countries)

Cap and trade
• International Emissions Trading (trade Assigned 

Amount Units between rich countries)

Offsetting:
• Article 6.4 (Sustainable Development 

Mechanism)

Cap and trade
• Article 6.2 (bilateral agreements to trade 

Internationally Transferred Mitigation 
Outcomes, based on Nationally Determined 
Contributions)

• Carbon Offsetting and Reduction Scheme 
for International Aviation (CORSIA)

• Verified Carbon Standard
• Gold Standard



RECs
vs

Offsets



Problems with BECCS
Opportunity costs

Direct costs

Biodiversity costs

Water costs

Land costs
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IPCC Pathway narratives



Forest Protection ROIs



Countries
Extent 

(ha)

Climate mitigation 
potential 

(tCO2e yr-1)
Net present value 

($ y-1) 
World 1,054,900 (± 78,000) 26,164,000 (± 4,664,000) 1,188,889,000 (± 241,216,000) 

Americas 58,800 (± 17,800) 1,871,000 (± 718,000) 47,749,000 (± 21,718,000) 
Brazil 17,300 (± 4,900) 678,000 (± 217,000) 15,645,000 (± 6,071,000)
Cuba 10,000 (± 5,400) 332,000 (± 224,000) 6,704,000 (± 6,548,000)
Colombia 5,700 (± 1,500) 196,000 (± 60,000) 5,416,000 (± 1,993,000)
French Guyana 4,800 (± 400) 96,000 (± 16,000) 3,932,000 (± 813,000)
Guyana 1,300 (± 100) 96,000 (± 16,000) 3,932,000 (± 815,000)
Venezuela 3,000 (± 700) 131,000 (± 37,000) 2,962,000 (± 1,037,000)
Nicaragua 3,900 (± 600) 51,000 (± 14,000) 1,760,000 (± 645,000)
Suriname 2,800 (± 1,200) 61,000 (± 31,000) 1,369,000 (± 905,000)
Ecuador 2,100 (± 600) 51,000 (± 18,000) 1,322,000 (± 576,000)
Honduras 2,600 (± 500) 38,000 (± 11,000) 1,286,000 (± 452,000)
Haiti 1,900 (± 400) 23,000 (± 10,000) 1,056,000 (± 537,000)
Panama 1,000 (± 300) 45,000 (± 15,000) 796,000 (± 346,000) 
El Salvador 1,000 (± 300) 16,000 (± 5,000) 561,000 (± 167,000)
Costa Rica 200 (± 100) 10,000 (± 5,000) 211,000 (± 106,000)
Jamaica 200 (± 100) 10,000 (± 5,000) 196,000 (± 154,000)
Mexico 400 (± 400) 14,000 (± 16,000) 188,000 (± 242,000)
Belize 300 (± 100) 7,000 (± 3,000) 128,000 (± 86,000)
Cayman Islands 200 (± 100) 6,000 (± 6,000) 106,000 (± 138,000)
Dominican Republic 200 (± 100) 6,000 (± 4,000) 100,000 (± 114,000)
Guatemala 100 (± 0) 2,000 (± 0) 48,000 (± 17,000)

Africa 240,500 (± 14,900) 3,940,000 (± 597,000) 211,323,000 (± 35,007,000) 
Madagascar 71,600 (± 1,600) 1,557,000 (± 158,000) 92,629,000 (± 9,997,000)
Nigeria 73,100 (± 8,300) 1,056,000 (± 250,000) 48,202,000 (± 13,821,000)
Cameroon 33,500 (± 1,100) 524,000 (± 76,000) 29,597,000 (± 4,707,000)
Tanzania 13,500 (± 400) 391,000 (± 38,000) 22,035,000 (± 2,348,000)
Guinea Bissau 15,800 (± 1,200) 107,000 (± 19,000) 4,867,000 (± 1,089,000)
Mozambique 7,500 (± 300) 63,000 (± 9,000) 3,326,000 (± 540,000)
Sierra Leone 8,900 (± 500) 60,000 (± 12,000) 3,153,000 (± 711,000)
Gabon 1,400 (± 300) 52,000 (± 13,000) 1,611,000 (± 427,000)
Angola 900 (± 100) 29,000 (± 4,000) 1,294,000 (± 214,000)
Kenya 2,000 (± 300) 29,000 (± 6,000) 1,239,000 (± 316,000)
Equatorial Guinea 500 (± 0) 19,000 (± 2,000) 1,093,000 (± 116,000)
Guinea 9,300 (± 300) 19,000 (± 2,000) 1,093,000 (± 117,000)
Ghana 800 (± 100) 16,000 (± 4,000) 580,000 (± 182,000)
Gambia 900 (± 100) 5,000 (± 1,000) 181,000 (± 67,000)
Senegal 500 (± 200) 4,000 (± 2,000) 107,000 (± 64,000)
Liberia 100 (± 0) 2,000 (± 0) 96,000 (± 14,000)
Somalia 100 (± 0) 1,000 (± 0) 33,000 (± 11,000)

Asia 703,600 (± 42,600) 19,153,000 (± 3,183,000) 874,468,000 (± 175,033,000) 
Indonesia 325,400 (± 21,100) 11,262,000 (± 1,889,000) 513,327,000 (± 106,538,000)
Myanmar 124,500 (± 3,100) 2,946,000 (± 404,000) 157,135,000 (± 24,841,000)
Vietnam 75,900 (± 3,200) 1,635,000 (± 272,000) 75,208,000 (± 16,171,000)
Bangladesh 98,900 (± 2,800) 808,000 (± 75,000) 42,079,000 (± 4,484,000)
Malaysia 23,500 (± 5,000) 940,000 (± 256,000) 24,854,000 (± 9,019,000)
Andaman And Nicobar 6,100 (± 100) 444,000 (± 47,000) 24,284,000 (± 2,966,000)
Philippines 12,000 (± 1,500) 511,000 (± 105,000) 17,600,000 (± 4,836,000)
Thailand 8,800 (± 1,700) 262,000 (± 66,000) 6,623,000 (± 2,312,000)
India 18,900 (± 2,800) 192,000 (± 43,000) 6,553,000 (± 1,918,000)
Cambodia 7,200 (± 300) 116,000 (± 16,000) 5,722,000 (± 991,000)
Pakistan 2,300 (± 700) 24,000 (± 10,000) 715,000 (± 394,000)
Sri Lanka 200 (± 100) 10,000 (± 4,000) 239,000 (± 139,000)

Oceania 51,900 (± 2,700) 1,199,000 (± 156,000) 55,349,000 (± 8,833,000) 
Papua New Guinea 48,600 (± 2,500) 1,009,000 (± 134,000) 47,240,000 (± 7,706,000)
Solomon Islands 3,200 (± 100) 189,000 (± 22,000) 8,091,000 (± 1,235,000)
 

Mangrove blue carbon ROIs



Figure 2. Percentage of city carbon emissions that can be offset by urban 
reforestation for each world region. Only biophysically reforestable areas were 
considered. Unsuitable types of land uses were excluded.




