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Abstract

The negative impacts of climate change require an urgent global response to mitigate emissions and 
strengthen the adaptive capacity of our social, economic, and environmental structures. In Latin America 
and the Caribbean (LAC), within the context of high vulnerability and with the three crises affecting the 
region simultaneously, a transformation of development models that lead to a sustainable transition are 
needed. During this process, national and local policies must be able to take full advantage of the potential 
of climate action through the adoption of new technologies, innovation, productive reorganization, 
and the identification of synergies. For this reason, nature-based solutions (NbS) and carbon dioxide 
removal (CDR) measures and technologies become particularly relevant as a complement to the achievement 
of climate goals. Under this scenario, this paper examines the opportunities and challenges of large-scale 
implementation of these measures in the LAC region, emphasizing the need to accelerate the efforts 
already made, expand the research frontier, and manage risks. The results allow us to recognize the 
existing limitations and links between objectives, policies, and tools, as well as the co-benefits for their 
implementation, which can contribute to a major push towards sustainability. 
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Introduction

Climate change is emerging as an unprecedented problem with the capacity to distort social, economic, 
and environmental structures worldwide. Scientific evidence confirms the magnitude of the crisis and 
conveys a sense of urgency to implement action. It also helps to recognize the interdependence between 
climate variables, ecosystems, and human societies, thus, revealing the multidimensional nature of the 
problem. From a global and local context, this implies a profound transformation of development models, 
an accelerated adjustment process, and a sustainable transition towards decarbonization. Therefore, 
climate policy focuses on mitigating the potential effects of climate change and adapting to already 
existing risks, based on a holistic view of the problems.

However, climate and socioeconomic vulnerabilities fully determine the extent of these negative 
impacts. Variation in climate patterns and the intensification of extreme weather events relate to other 
structures in a complex way. Levels of vulnerability differ strongly between regions, people, and ecosystems. 
In addition, risks are addressed according to context and location. For example, in Latin America and 
the Caribbean (LAC), climate change is embedded in a context of low relative emissions, high climate 
vulnerability, social inequality, and fragile economic structures, which makes increasing resilience and 
strengthening adaptive capacity a high priority for the region. 

Against this backdrop, it is essential to harness the potential of climate action, technological 
innovation, and ecosystem-based adaptation. It is necessary to explore appropriate and viable alternatives 
to minimize socioeconomic costs and address the most urgent environmental needs, considering synergies 
between mitigation and adaptation measures, social inequities, and policy complementarity. 

With regard to synergies, measures that simultaneously address mitigation and adaptation 
objectives constitute a comparative advantage for LAC, and an opportunity to implement comprehensive 
actions to protect ecosystems, reduce net greenhouse gas (GHG) emissions, and improve the well-being 
of local communities.

On the other hand, many negative effects of climate change are irreversible. In such cases, mitigation 
measures are insufficient and adaptation policies become particularly important. Once climate variables 
exceed planetary boundaries, negative emissions technologies and carbon sinks will be needed. As such, 
nature-based solutions (NbS) and carbon dioxide removal (CDR) measures and technologies emerge as an 
option for increasing climate resilience in a regional context, and for building ecosystem-based adaptation.
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Currently, CDR measures are in the early stages of the implementation process and there is much 
uncertainty about their costs, and potential risks and benefits, so it is important to examine in detail the 
consequences of their implementation at the global level and in the LAC region. In addition, it would be 
necessary to create international cooperation mechanisms to transfer institutional capacities, financial 
resources, and innovation.

As background on the development of this topic, during the year 2021 the Economic Commission 
for Latin America and the Caribbean (ECLAC), the Carnegie Climate Governance Initiative (C2G), and the 
Torcuato Di Tella Foundation (FTDT) conducted a study to establish the impact that implementing CDR 
measures and technologies would have on the Sustainable Development Goals (SDGs) in the LAC region 
(Samaniego et al., 2021). The study identified knowledge gaps for the formulation of recommendations 
that would allow regional governments to consider the incorporation of CDR measures in national climate 
change strategies, such as Nationally Determined Contributions (NDCs). 

Based on the study conducted by Samaniego et al. (2021), a modeling tool was subsequently 
developed by CEPAL and C2G (2022) that includes four (4) CDR technologies relevant to the LAC region, 
allowing for the estimation of the potential economic, social, and environmental impacts that CDR options 
could have in a given country, particularly with regards to key indicators.

The objective of this document is to broaden the discussion by reflecting on the need to implement 
ecosystem-based adaptation measures in the LAC region, and the synergies between adaptation and 
mitigation, based on the measures identified as CDR. This document also discusses GHG emission reduction 
targets related to the insufficiency of NDCs and global climate targets deriving in the importance of CDR 
measures in this context. A case study on the problem of desertification in the region is added, making 
evident the need for solutions to address this problem. Existing CDR measures and technologies in the 
literature are developed, as well as their implications for governance. 

Based on a general context, ECLAC has been working specifically to create an appropriate combination 
of social and environmental policies together with economic, technological, and industrial policies to 
contribute to the development of LAC. These policies and their combinations are called the “Great Boost 
for Sustainability” (CEPAL, 2020). They make it possible to increase investment in high-productivity 
sectors without increasing vulnerability in the balance of payments and, in turn, generate benefits for 
environmental conservation, the creation of jobs, and in bringing about the radical transformation of 
production and consumption patterns that ensure the technological revolution is also at the service of 
the new development model. Based on this Great Impulse, eight technologically mature and innovative 
sectors that can be produced within the region and can generate co-benefits, with contributions to 
employment and a smaller environmental footprint, have been identified:

(i) Transformation of the energy matrix based on renewable energies

(ii) Sustainable mobility and urban spaces

(iii) The digital revolution for sustainability

(iv) The health manufacturing industry

(v) The city industry

(vi) Bioeconomy and NbS

(vii) Circular economy

(viii) Sustainable tourism

Given that agriculture, livestock, and land-use change represent 42% of the total emissions in 
the LAC region (Bárcena et al., 2021), NbS would represent a mitigation opportunity. NbS are also an 
important tool for increasing the region’s adaptive capacity, as they reduce exposure and sensitivity 
to the impacts of climate change. For example, the protection, restoration, or management of natural 
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forests and wetlands in watersheds can secure and regulate water supply and reduce the risk of floods 
and landslides, as well as soil erosion. Likewise, mangrove restoration, among other environmental 
services, can maintain a protective barrier for coastal communities against flooding, reducing storm 
damage, and coastal erosion.

In this way, NbS could replace, complement, or reduce large investments in carbon-intensive 
infrastructure, while being flexible and easily adaptable to long-term changes such as sea level rise, with 
lower conservation costs.

Restoring natural heritage through reforestation is also a key step towards decarbonizing economies. 
These investments are low-cost and safe for storing carbon and providing a global service to humanity. 
In addition, it is an effective way to generate employment, recover ecosystem services that are vital to 
reduce vulnerabilities (such as water supply and land use), and avoid ecological disasters.

This document is organized into five chapters that describe the context of the research. In Chapter I, 
the global climate goals and national commitments derived from the Paris Agreement are described, 
as well as the regional context of mitigation and adaptation and the level of ambition of the current 
NDCs. Chapter II delves into how CDRs are embedded in climate strategies and their importance for 
the region. Chapter III addresses the problem of soil desertification in the global context and in LAC. 
Chapter IV describes the CDR measures and technologies present in the literature that have reached 
certain levels of development or implementation. In this same chapter, some governance agendas 
on CDR measures at the global level are presented. Finally, Chapter V summarizes the impact of CDR 
measures and technologies on the SDGs, as a case study for LAC.
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I. Greenhouse gas emission reduction targets  
and Nationally Determined Contributions. 

The problem of insufficiency  
and global climate targets

This chapter describes the importance of NDCs in meeting the global targets of the Paris Agreement. 
It indicates the main elements of NDCs needed to achieve an emissions trajectory consistent with the 
commitments made, and to adapt to the effects of climate change emphasizing on local capabilities, 
constraints, and the multidimensional view of the problem. Subsequently, the case of LAC and the problem 
of insufficiency of the NDCs to meet the targets established in the Paris Agreement are presented.

A. The Paris Agreement and national commitments  
to meet climate goals

Climate change emerges as a global problem that produces collective challenges and requires coordinated 
actions among countries. At the individual level, anthropogenic activities generate a series of negative 
effects that are transmitted globally through diverse and complex channels with serious environmental, 
economic, and social consequences. Specifically, GHG emissions generate permanent and fundamental 
changes in the earth’s global climate and in the intensity and frequency of extreme weather events. 
Moreover, the environmental dimensions of the problem interact closely with economic and social 
considerations of equity, inclusion, sustainable development, and justice, which represents an additional 
challenge and requires efforts of a holistic nature. 

For this reason, the Paris Agreement on climate change was proposed and adopted in 2015 as 
an international mechanism to mitigate GHG emissions and build adaptive capacity to respond to the 
impacts of the climate crisis worldwide. Based on concrete actions at different time horizons, the signatory 
countries commit to keep the global temperature increase below 2°C, with respect to pre-industrial levels, 
and to make efforts to limit this increase to 1.5°C (UNFCCC, 2015).
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According to climate projections by the Intergovernmental Panel on Climate Change (IPCC), 
the commitments made in the Paris Agreement, under a future scenario of strict emissions reductions 
(RCP 2.6),1 put the global average temperature on track to meet the proposed targets by the end of 
the century. However, the current emissions trajectory, under the RCP 8.5 scenario, leads to a change 
in global average temperature well above these targets, with an increase greater than or equal to 4°C, 
which would generate devastating consequences on ecosystems, the economic structure, and the 
social fabric (IPCC, 2013). For the LAC region the historical trend is similar, and the negative effects 
of the environmental crisis are already present, with increasing intensity and frequency of extreme 
phenomena throughout the territory (Magrin, 2014). Similarly, climate models and future trajectories 
reveal the fragility of our ecosystems and the interdependence between regions. Behind the global 
goals there are local responsibilities and complementary objectives among the signatory countries, 
therefore, the effective implementation of the Paris Agreement requires an approach that recognizes 
these elements.

B. The NDCs: the main mechanism to create binding plans  
and meeting global targets

Based on the above, countries are encouraged to design and implement ambitious mitigation and adaptation 
policies, so that the Paris Agreement commitments are translated into precise and binding activities. 
Thus, the NDCs are the main mechanism for establishing individual commitments and national efforts 
to mitigate GHG emissions and adapt to the effects of climate change in a specific context. Therefore, 
NDCs embody the present conditions and capabilities that LAC countries have in contributing to the 
achievement of the Paris Agreement climate objectives (Samaniego et al., 2019). 

Every five years, members must report progress and propose progressively more ambitious 
targets. Commitments and actions are reported, after going through a rigorous institutional planning and 
implementation process, where strategies related to financing, monitoring and reporting, governance, 
and the creation of environmental programs and plans are set. Priority sectors and international assistance 
requirements are also established. 

Based on this process, countries build a roadmap to achieve carbon neutrality by the mid 21st century 
and to contribute to the reduction of global average temperature by mitigating their emissions. Once the 
NDCs of the signatory countries are reported, the true capability of the Paris Agreement to achieve the 
proposed goals at a given moment in time is revealed, since it is only through national plans that binding 
climate pacts are created (Samaniego et al., 2019).

As part of the collective effort enshrined in the Paris Agreement, it is recognized that NDCs are 
framed in a national context, where mitigation and adaptation targets are weighted according to local 
needs, and the economic and social conjuncture. In this sense, the ambition of the objectives considers a 
broad set of factors that are inserted in the climate sectors and produce impacts on other dimensions such 
as poverty, inequality, growth, and inclusion, so that the NDCs are configured differently in developed and 
developing countries. It is therefore a matter of articulating individual plans through a full appreciation 
of national conditions and cross-country linkages. 

This recognition, rather than limiting local climate action, makes it possible to maximize the 
transformative potential of policies and identify the main drivers of change. From this, the participatory 
elaboration of NDCs is sought incorporating the opinions, needs, rights, and aspirations of society as a 
whole, so that the design and implementation are relevant, timely, transparent, and inclusive (Muñoz Ávila, 
2016). According to the Paris Agreement recommendations, countries should include the following 

1 Representative concentration trajectories (RCPs) are future scenarios of GHG concentrations and emissions, and function as a guide 
for monitoring compliance with the Paris Agreement targets. They are plausible scenarios that provide insight into the potential 
consequences of climate policies (IPCC, 2018).
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information in their NDCs: planning process; sources of quantifiable information; implementation timelines; 
scope and coverage; assumptions and methodological approaches; equity and ambition considerations 
of the NDC; and details on the achievement of the UNFCCC objectives (Bakkegaard, 2015). 

More than five years after the ratification of the Paris Agreement, countries face the challenge of 
strengthening their national plans and accelerating the implementation of mitigation and adaptation 
policies. According to the latest UNFCCC NDC synthesis report, 164 plans out of 191 Parties are available 
in their most recent version, with 86 new or updated commitments, and representing 93.1% of total 
global emissions in 2019 (UNFCCC, 2021). In LAC, 17 of the 33 Parties that signed the Agreement 
submitted their updated plans in August 2021, representing more than 83% of the region’s emissions 
(Samaniego et al. 2022).

Figure 1 
Status of NDCs in Latin America and the Caribbean
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C. The ambition of the national goals and the problem of insufficiency

Globally, the poorest countries and most vulnerable regions are leading the way in implementing 
increasingly ambitious NDCs, either by updating their mitigation targets or introducing new adaptation 
actions. In 2021, Least Developed Countries and Small Island Developing States lead the way in increasing 
NDC ambition, with 86% of these countries increasing their emission reduction targets. Nevertheless, 
it is necessary to increase the efforts of the developed countries of the G20 (Group of Twenty), which 
emit more than 75% of GHGs worldwide and account for about 80% of gross domestic product (GDP). 
Currently, 16 of the member countries have communicated revised versions of their NDCs, and five of 
these have not increased the ambition of their targets (UNDP, 2021). 

Under the current state of the NDCs, the sum of national commitments would lead to a 3°C 
increase in the global average temperature of the earth in 2100, relative to pre-industrial values, and 
the maximum level would be reached by 2030. It is estimated that total GHG emissions in the countries 
that submitted their updated NDCs would be around 23.5 Gt CO2 eq in 2025 and 21.4 Gt CO2 eq in 2030, 
compared to 2019 emissions of 24.4 Gt CO2 eq. On the other hand, when the outdated NDCs are included, 
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emissions from all Parties would be 54.8 and 55.1, respectively (UNFCCC, 2021). However, the IPCC’s 
1.5°C Special Report on Global Warming suggests that countries should commit to more pronounced 
reductions in GHG emissions. 

Specifically, net anthropogenic CO2 emissions are expected to be reduced globally by 45%, relative 
to 2010 levels by 2030, and to reach carbon neutrality by 2050, so that the increase in the earth’s average 
temperature does not exceed 1.5°C (IPCC, 2018). Regarding the carbon budget, the most recent NDCs 
would use 89% in the 2020-2030 period, leaving only 55 Gt of CO2 to limit the temperature increase to 
1.5°C, with a 50% probability. Based on the above, to comply with the Paris Agreement it is imperative to 
increase the ambition levels of the NDCs to align emissions with the trajectories considered by the IPCC 
(UNFCCC, 2021).

Figure 2  
Projected CO2 emissions with the implementation of the updated NDCs
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In the LAC region, and according to a study conducted by ECLAC in 2019 (Samaniego et al., 2019), 
unconditional mitigation commitments in the NDCs would lead to a 13% reduction in GHG emissions 
by 2030, with respect to an inertial scenario. The reduction would amount to 23% with conditional targets, 
which is insufficient to achieve the 1.5°C goal, although it is moderately close to the 2°C target. Based on 
the updated study presented in 2022 (Samaniego et al., 2022), the unconditional commitments would lead 
to an emissions reduction of 22% with respect to an inertial scenario, while with the conditional targets 
the reduction amounts to 28%. This implies an increase in climate ambition of 400 MtCO2eq2, with respect 
to the NDCs presented in 2015. However, countries would need to set commitments to reduce emissions 
by 39% and 55%, respectively, to meet the 2°C and 1.5°C target of the Paris Agreement. To move towards 
a trajectory consistent with the Paris Agreement, the countries of the region would need to triple the 
speed of decarbonization in the next 10 years. However, it should be noted that approximately 60% of 
LAC emissions are concentrated in three countries: Argentina, Brazil and Mexico. 

On the other hand, most of the NDCs worldwide report other goals to redirect their economies 
towards a sustainable, low-carbon, and resilient path. The environmental, economic, and social dimension 
of the problem and their link to the SDGs are mentioned. Nearly 20% of the NDCs submitted analyze the 
relationship between the climate policies in their plans and the SDGs, emphasizing the links identified 
in each of the 17 goals. For example, the presence of gender considerations in almost half of the plans, 
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through the development of policies, programs, targets, and indicators stands out. In addition, the NDCs 
updated to 2021 make greater efforts to incorporate the opinion of civil society, the private sector, NGOs, 
and government agencies, which increases the level of ambition in mitigation and adaptation policies 
(UNDP, 2021).

Mechanisms for incorporating NDCs into national legislative and regulatory processes, so that 
countries have the real capacity to implement policies, are also mentioned. It includes information on 
institutional arrangements, allocation of responsibilities, and existing gaps in the legal framework. From 
this process, national commitments begin to acquire a binding character that guarantees compliance 
with the Paris Agreement in the long term.

While there is currently scientific knowledge and a comprehensive set of tools to fight climate 
change, financing is one of the main obstacles in increasing ambition. According to IPCC (2018), between 
$1.6 trillion and $3.8 trillion per year is required between now and 2050 to meet the energy supply 
side. NDCs also expect to have between $3.5 trillion and $4.4 trillion to meet their emission reduction 
commitments, which is far from the available climate capital (UNDP, 2021).

On the other hand, the conditional commitments of developing countries will depend on access to 
financial resources, the speed with which these resources are allocated, and the alignment of their own 
capital markets with the Paris Agreement objectives. In both 2019 and 2021, countries recognize finance 
as the main barrier in accelerating implementation of their NDCs. According to the survey conducted 
by the United Nations Development Programme (UNDP) in the “State of Climate Ambition”, only 15% 
of countries have a defined financing strategy in their updated plans. Furthermore, resources come 
mainly from the public sector, which can be risky for poor countries with fragile fiscal systems, reduced 
fiscal space, and little access to international markets (UNDP, 2021). In this regard, it is vital to highlight 
the importance the private sector has in closing the resource gap and designing sustainable financing 
strategies over time (CEPAL, 2021).

At the same time, the viability of NDCs will depend on factors related to institutional capacity 
building and technology transfer. Once the countries have the financial capital to implement their 
plans, it will be necessary to eliminate climate governance barriers and create coordination mechanisms 
between the organizations in charge of implementing the plan, so that the potential of the prioritized 
actions is maximized.

D. The problem of climate change and national commitments  
in Latin America and the Caribbean

For the LAC region, information on NDCs is largely available on the Ministry of Environment’s official 
website for each country, with details of the citizen participation process and other elements of planning, 
implementation, and monitoring. In addition, the NDC LAC tool, developed by United Nations agencies 
and other organizations, compiles relevant information on commitments, the status of compliance 
with NDCs, policies developed, and key monitoring indicators (CEPAL, n.d.). More information on the 
NDC LAC tool is specified in box 1.

The process of developing NDCs in the region would require taking into account the factors that 
characterize the climate change problem and the socioeconomic contexts of the countries. At a general 
level, the LAC region suffers from a marked asymmetry between contribution to global GHG emissions 
and climate vulnerability (Bárcena et al., 2020).

The negative effects of climate change are transmitted to LAC countries in a heterogeneous and 
non-linear manner, with consequences for the productive sectors and other rural and urban sectors. It 
is estimated that, by 2050, economic losses due to climate change will range between 1.5% and 5% of 
regional gross domestic product (GDP) (Bárcena et al., 2020). 
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Box 1 
NDC Latin America and the Caribbean

The NDC LAC is an information tool for sharing commitments, progress, and the status of compliance with the 
Nationally Determined Contributions (NDCs) in Latin American and Caribbean countries. This is an initiative developed 
by ECLAC, in conjunction with EUROCLIMA+, the Inter-American Development Bank (IDB), the United Nations 
Development Programme (UNDP), the Deutsche Gesellschaft für Internationale Zusammenarbeit (GIZ), the 
Avina Foundation and the LEDS LAC Regional Platform, which seeks to generate synergies to improve the 
effectiveness and accelerate the implementation of the Paris Agreement in the region. With transparent access to 
this information, the aim is to provide feedback to the process of designing climate plans, policies, and projects, 
based on past experiences and scientific evidence. Based on the recognition of gaps, challenges, and strengths 
the platform allows visualizing the current status of NDCs in the region and outlining the next steps to increase 
the ambition of the goals.

The NDC LAC consolidates, in one place, information from three complementary efforts: 

(i)  The systematization and analysis work of the Peer Dialogue —an action financed by EUROCLIMA+, and 
executed through a strategic alliance between GIZ and ECLAC, with support from the Avina Foundation.

(ii)  The study with an overview of NDCs in the region carried out by ECLAC.

(iii)  The LEDSenLAC report conducted by the LEDS LAC platform with support from IDB and UNDP.

Source: Own elaboration based on CEPAL (n.d.).

It is essential that LAC countries include a broad portfolio of adaptation policies in their national 
sustainable development strategies, particularly in their NDCs. According to the World Bank estimates, the 
economic cost of these policies in developing countries for the middle of the 21st century is approximately 
0.12% of GDP. For the region in particular, the estimated cost is less than 0.5% of GDP, and is concentrated 
in the agriculture, water resources, coastal zones, health, and biodiversity sectors (World Bank, 2010). In 
addition, and according to the UNFCCC, financial resources of approximately US$ 23 billion are needed 
to implement adaptation policies in the water resources sector by 2030, and between US$ 570 and 
680 million in the coastal zone sector, in both cases for the construction of resilient infrastructure and 
“hard” adaptation measures (UNFCCC, 2007). 

However, this adaptation process, although essential, entails great challenges and limitations. 
While solutions to climate change must be global, adaptation strategies are based on local needs and 
capacities, as each country is responsible for and benefits from adjusting their structures to respond 
to the environmental crisis. Adaptation measures have fewer global co-benefits (or externalities), 
compared to mitigation measures, as systems are reshaped in a specific geographical area (CEPAL, 2015). 
Nevertheless, the IPCC proposes the simultaneous implementation of mitigation and adaptation policies 
in national plans, recognizing their complementarity and interconnection (Magrin, 2014). Likewise, 
it is important to ensure international cooperation so that the transition to a low-carbon economy is 
uniform throughout the world. 

Based on the above and on the updated information presented by Samaniego et al. (2022), most 
NDCs in the region prioritize adaptation sectors and actions, with 32 of 33 countries including these 
strategies in their national plans, which leaves in evidence the importance of responding to changes in 
climate conditions (table 1). In addition, 70% of LAC countries include both adaptation and mitigation 
measures in their NDCs, in accordance with the commitments made in the Paris Agreement. With respect 
to the NDCs updated in 2021, 14 of the 17 new documents strengthen the adaptation component.
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Table 1 
Mitigation and adaptation measures distributed by sector in the NDCs. Sectors included are only for countries that submitted their updated plan

Country Energy AFOLU Water Transportation Waste Industries Buildings Agriculture Health
Biodiversity, 

forests  
and EbA

Infrastructure
Cities, 

HS, and 
LuP

Oceans 
and coastal 

zones

Risk 
management

Tourism Education
Social 

development

Argentina

Brazil

Chile

Colombia

Costa Rica

Cuba

Grenada

Honduras

Jamaica

Mexico

Nicaragua

Panama

Paraguay

Peru

Dominican 
Republic

Saint Lucia

Suriname

Mitigation Adaptation
AFOLU: Agriculture, Forestry, and other Land-use
EbA: Ecosystem-based Adaptation

HS: Human Settlements
LuP: Land-use Planning

Source: Own elaboration based on Samaniego et al. (2022).
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In the case of mitigation, the most important sectors (according to their potential to reduce 
GHG emissions) are energy, transport, agriculture, and AFOLU (Agriculture, forestry and other land 
use) and focus on renewable energy deployment, sustainable biodiversity management, climate-smart 
agriculture (CSA), and regulation. This trend is consistent with the sectoral structure of emissions in the 
region, where 29% of total emissions come from the energy sector, 26% from the agriculture sector, 
20% from the AFOLU sector and 15% from the transport sector. Moreover, updating the NDCs made it 
possible to include other sectors, such as waste management, biodiversity, and the housing sector, and 
to introduce a multisector approach.

With regards to adaptation, policies focus on reducing or eliminating vulnerability in the sectors 
that are most exposed. In the NDCs of the LAC region, the most important adaptation sector is 
water resources, which includes actions for sustainability and water security, sustainable watershed 
management, wastewater sanitation, and implementation of a regulatory framework for water use and 
agricultural activities. The health, biodiversity, and agriculture sectors also stand out, which are present 
in most of the commitments in the region. On the other hand, the sectors of tourism, infrastructure, 
resilient cities, and coastal zones are limited to a small number of countries with particular conditions, 
and where the proposed measures depend on the development structure and the anticipated impacts 
of climate change.

1. Nature-based solutions (NbS) and the NDCs 

Globally, NDCs project 25% emission reductions in the AFOLU sector (Grassi, 2017), and NbSs are estimated 
to have the potential to globally reduce 30% of the emissions needed to meet Paris Agreement targets 
by 2030 (Seddon, 2020). 

Of the new NDCs submitted globally, 21% include wetland management as a mitigation strategy, 
while reforestation measures and forest management are in at least 55% of the commitments. Likewise, 
NbS are introduced in these documents as tools for coastal restoration and disaster prevention in areas 
exposed to sea level rise and ocean acidification, as well as for the construction of resilient infrastructure. It 
is equally important to have these alternatives available to address the challenges of forced displacement 
of human settlements vulnerable to climate change risks (UNFCCC, 2021). From this systemic approach, 
countries can generate larger, cross-sectoral impacts. 

In the case of LAC, the updated NDCs also reveal significant progress in the NbS. Measures related 
to forest conservation and reforestation stand out, which favor carbon sequestration, reduce vulnerability 
to extreme events, and protect the environment. For example, countries such as Costa Rica, Colombia, 
Chile, Mexico, and Panama include actions to conserve forests and reforest the territory. For LAC, these 
solutions bring environmental, economic, and social benefits, and increase the countries’ adaptive capacity. 
For example, Cuba, in its NDC, seeks to protect beaches, reefs, mangroves, and their ecosystems in order 
to reduce the human and economic impact of hurricanes (Samaniego et al., 2022).

2. Carbon dioxide removal (CDR) measures and technologies, and NDCs

The mitigation strategies considered by the IPCC in the construction of future trajectories incorporate 
CDR measures and technologies (also called negative emissions), to achieve the Paris Agreement goals. 
According to the projected scenarios, the use of these should range between 100 and 1,000 Gt CO2 during 
the 21st century, so that the earth’s global temperature does not exceed 1.5°C. Therefore, these strategies 
could prove essential to stabilizing CO2 emissions in sectors experiencing challenges in decarbonization. 
However, the adoption of these measures and technologies is subject to sustainability and feasibility 
constraints, as they are at an early stage of implementation (IPCC, 2018).
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CDR measures and technologies correspond to a set of techniques or processes to remove CO2 
from the atmosphere and offset residual emissions. These technologies can be classified into two types: 
those that enhance natural processes that remove CO2 from the atmosphere such as trees, wetlands, or 
other carbon sinks, or those that use chemical processes to directly capture CO2 and store it.2

Currently, CDR measures and technologies are not significantly present in the national strategies 
of the Paris Agreement, as they remain an exploratory field with uncertainty about costs, risks, and 
expected impacts. In LAC, the NDCs include few measures or lines of action on these technologies 
and are not part of a priority plan to strengthen adaptive capacity or reduce emissions. Only isolated 
actions are identified, such as the use of new energy generation, storage, transmission, and distribution 
technologies, but no concrete policies are developed to promote the adoption of CDR measures and 
technologies (Samaniego et al., 2022). Therefore, it is essential to develop research and innovation 
processes to evaluate the expected effects of implementing these technologies in LAC countries. This 
would make it possible to establish the steps prior to the design of a roadmap, through its consideration 
in the NDCs, which will contribute to overcoming the aforementioned obstacles.

2 Chapter IV of this document describes the CDR measures and technologies found in the literature that have some degree of 
development or implementation worldwide.
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II. Carbon dioxide removal measures and technologies, 
and their relevance to Latin America and the Caribbean: 

regional overview, challenges, and opportunities

This chapter introduces CDR measures and technologies as an alternative for meeting global climate 
goals, which can be complementary to the sectors identified in the NDCs. It discusses the challenges, 
opportunities, and the need to move towards their implementation in the LAC context. 

According to the future climate scenarios constructed by the IPCC, all trajectories consistent with 
meeting the Paris Agreement targets project the use of CDR measures, whether in the short, medium, 
or long term. In the event that global temperature rise temporarily exceeds 1.5°C, the amount of CO2 
removed from the atmosphere will be required to exceed the amount entering, resulting in “negative 
net emissions.” Given fragile climatic conditions, these technologies function as a stabilizing mechanism 
to respond to unexpected shocks, thereby increasing the adaptive capacity of countries. As biological 
ecosystems approach planetary boundaries and their tipping points, further deployment of CDR measures 
will be necessary to redirect emissions to sustainable trajectories (IPCC, 2018).

LAC is characterized by asymmetry between low emissions and high vulnerability, since the region 
contributes a small fraction to GHGs globally but suffers disproportionately from the effects of climate 
change (Bárcena et al., 2020). This scenario imposes additional pressures to improve adaptive capacity 
and resort to other types of solutions, such as, for example, more related and/or nature-based CDR 
measures (Samaniego et al., 2021).

The productive sectors that have opportunities for mitigation and adaptation in LAC are particularly 
vulnerable to climate change impacts, both due to physical and transitional risks. For example, the 
agricultural sector plays a strategic role in the countries of the region accounting for nearly 5% of GDP, 
20% of the employed population, and 25% of exports. However, its activities are particularly sensitive 
to climate change, which is expected to produce permanent changes in crop cycles, field productivity, 
structure, and yields. In fact, it is estimated that agricultural productivity in LAC may fall between 12.9% 
and 24.3% as a result of climate change, with heterogeneous impacts depending on the socioeconomic, 
geographical, climatic, and technological conditions of the countries (Bárcena et al., 2018). 
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On the other hand, the region’s energy sector accounts for less than 5% of global emissions, but it 
is highly exposed to shocks in the electricity generation system due to global climate variations and the 
intensification of extreme weather phenomena. In this sense, it is important to modify energy demand 
sustainably and redistribute sources (Bárcena et al., 2018). 

Similarly, the region is characterized by great richness in biodiversity as well as in terrestrial and 
marine ecosystems. Globally, LAC concentrates 24% of the world’s terrestrial ecoregions, 18% of the 
world’s marine ecoregions and a third of the planet’s water resources (UNEP, 2022; BID, 2018). This 
generates the potential to naturally absorb CO2 through carbon sinks such as wetlands, forests, oceans, 
mangroves, and paramos. In addition, 20% of jobs in LAC depend heavily on ecosystem services and 12% 
of housing is built with forest-derived products (CEPAL and OIT, 2018; Hickey and Wellenstein, 2020).

Table 2 
Biodiversity data in Latin America and the Caribbean

24% of the world’s terrestrial ecoregions are in Latin America and the Caribbean

18% of the world’s marine ecoregions are in Latin America and the Caribbean

1/3 of water resources are located in the region

20% of jobs in Latin America and the Caribbean depend heavily on ecosystem services

12% of homes are built with forest-derived products

Source: Own elaboration based on UNEP (2022); BID (2018); CEPAL and OIT (2018); and Hickey and Wellenstein (2020).

Therefore, the management, regeneration, and use of these ecosystems allows LAC countries to 
increase mitigation and adaptation capacity in a sustainable manner and conserve the region’s heritage. In 
addition, the management of carbon sinks directly involves community participation and simultaneously 
allows to address other social and economic objectives (BID and DDPLAC, 2019). Box 2 presents the 
summary of a study on the potential positive impacts of mangrove conservation to manage climate risks 
in coastal ecosystems.

Box 2 
Mangrove restoration as an adaptation tool in coastal ecosystems

Mangroves are coastal ecosystems that integrate the marine and terrestrial environment and produce great 
benefits for climate adaptation. In addition to being powerful carbon sinks and promoting biodiversity conservation, 
mangroves have great potential to protect coasts by reducing waves, erosion, and the intensity of extreme weather 
events. In this sense, sustainable management and restoration of mangroves stands out as a nature-based solution 
to increase adaptive capacity, mitigate CO2 emissions, and protect communities. 

With this in mind, researchers from the Institute of Environmental Hydraulics of the University of Cantabria 
conducted a study to estimate the capacity of mangroves to attenuate ocean waves and protect coasts, through a 
new methodological approach that identifies the causal relationship between mangrove age and wave attenuation. 
The study is based on Rhizophora mangrove species in Vietnam, Australia, and Japan, considering ecosystem 
characteristics, wave properties (height and period), tree morphology, forest density, and water depth levels, 
without using calibrations. The available data and the estimation method help to calculate the attenuation capacity 
throughout the life cycle of the mangroves, which makes it possible to determine the time expected for protection 
and restoration measures to have an effect on the waves.

The study finds that after restoration, the mangrove takes 5 years to obtain maximum coastal protection capacity 
and maintains it for the rest of its life. These results incentivize the restoration and sustainable management of 
mangroves, as they provide accurate estimates of the expected time horizon for perceiving the maximum potential of 
the policy, facilitating decision-making and accelerating the adoption of nature-based solutions in coastal management. 

Source: Own elaboration based on Maza et al. (2021).
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Based on the above, CDR measures and technologies would emerge as an alternative response to 
climate, economic, and social challenges of the region, so that future trajectories are consistent with the 
goals of the Paris Agreement. However, it is equally important to understand the expected impacts of the 
deployment or implementation of CDR measures and technologies from a multidimensional approach, 
considering the negative side effects that could manifest directly or indirectly. 

Based on the above, the study entitled “Impact of CDR measures and/or technologies on the 
Sustainable Development Goals (SDGs) in selected countries in Latin America and the Caribbean,” 
conducted by Samaniego et al. (2021) and summarized as a case study in Chapter V, rigorously assesses 
the potential benefits and impacts of large-scale implementation of CDR measures and technologies 
in the LAC region. The results highlight the importance of advancing research and implementation of 
pilot projects on these measures and technologies in the short, medium, and long term, prioritizing 
according to technological maturity and cost efficiency. These processes should begin well in advance 
of the large-scale implementation phase, in order to achieve adequate technological development and 
optimize financial costs. Diagram 1 presents a proposed process for large-scale implementation of CDR 
measures and technologies in LAC countries, as suggested in Samaniego et al. (2021).

Diagram 1 
Suggested phasing of large-scale CDR deployment in Latin America and the Caribbean countries
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Source: Own elaboration based on Samaniego et al. (2021). 

Generally speaking, the transition must recognize the links formed between the countries’ productive 
system and the natural resources that coexist in the same geographical area, so that the process is integrated, 
transformative, and inclusive, since neither the environment nor the socioeconomic structures operate 
in independently in the territory. Rather, they are part of an environment that is completely interrelated 
and sensitive to change. This raises the need to understand in detail the problems related to the use and 
management of natural resources. For this reason, the following chapter delves into the problem of soil 
desertification in LAC and how NbS, especially nature-based CDR measures such as afforestation and 
reforestation can contribute to meeting environmental, economic, and social objectives.
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III. The problem of land degradation and desertification. 
Deforestation: the global context with a focus  

on Latin America and the Caribbean

The need to propose sustainable paths for the economy of Latin America and the Caribbean that 
are consistent with the acute challenges of the 21st century, calls for the insertion of our economy 
into the limits, potentials, and productivity of our ecosystems. Prosperity, democracy, security, and 
the well-being of our communities cannot be achieved without our environmental system and its 
biophysical limits being deeply considered by regional economic development strategies. In the same 
way, productive chains, jobs, and income generation must be developed based on the sustainable 
functioning of ecosystems, maximizing the productivity offered by their goods and services. We, 
therefore, need a set of policies that are articulated and consistent with the challenges of our time, 
and that will enable us to overcome the constraints on the necessary transition towards sustainability 
imposed by current land use in LAC.

The generation of new jobs and income should consider new, more sustainable production and 
consumption processes that facilitate innovation in the urban environment, promoting the maintenance 
of agro/silvo/pastoral systems’ productive capacity and a strong transition towards renewable energies. 
The strategy of action should prioritize sectors that have the potential to disseminate impacts on the 
economy in a synergetic manner and that, therefore, constitute initial conditions for advancing/producing 
a great environmental impulse.

Efficient management of the links between water, soil, and biodiversity must find expression in a 
new rurality where integrated agroforestry systems and bioeconomic processes promote new forms of 
organization of value chains associated with natural resources (bio-chains) and the generation of circular 
economy flows. The identification/selection of the best landscape management strategies allows for 
increased productivity (animal and by area), smaller environmental footprints, and the recovery of degraded 
areas with negative emissions. The environmental conversion of agricultural production, therefore, allows 
the creation of wealth and employment with a wide distribution of economic and social benefits. 
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A. The state of forests in Latin America and the Caribbean 

From fighting poverty and hunger to mitigating climate change and conserving biodiversity, the impacts 
of forests and trees contribute to multiple goals and targets of the 2030 Agenda. Managing forests 
sustainably brings benefits to both urban and rural communities, as forests have indispensable economic 
and environmental functions for society. 

Their provision of environmental goods and services, such as water quality, is directly related to 
forest management. Changes in land cover, land use, and land management have serious impacts on the 
water supply of a country. The economic dimension of this contribution to society is not fully captured 
by the current economic measurement systems. 

The FAO (2018) indicates that three-quarters of the planet’s accessible freshwater comes from 
forested watersheds, and research highlights that 40% of the world’s 230 most important watersheds 
have lost more than half of their original tree cover. Despite this, forest area designated for soil and water 
conservation has increased globally over the past 25 years and, in 2015, a quarter of forests were managed 
for soil or water conservation. For example, the cloud forests of La Tigra National Park in Honduras, 
provide more than 40% of Tegucigalpa’s water supply, while in Ecuador, 80% of Quito’s population receives 
drinking water from two protected areas (UNCCD, 2017).

The energy sector (in addition to water production for hydropower) also receives strong contributions 
from forests. About one-third of the world’s population, that is, about 2.4 billion people, use wood for basic 
energy services such as cooking, boiling water, and the heating of homes (FAO, 2018). The same study 
notes that forests supply approximately 40% of the world’s renewable energy in the form of woodfuel; 
this is equivalent to solar, hydro, and wind combined. Attention must now turn to a more sustainable 
production of woodfuel to reduce forest degradation, as well as a cleaner and more efficient production 
to improve the health of millions of people, particularly women and children. 

Modernizing the traditional forest energy sector offers the potential to improve livelihoods, create 
sustainable value chains, and free up resources for investments in sustainable forest management. In LAC, 
15% of the population still relies on firewood and charcoal for cooking and water sterilization (FAO, 2017).

The progressive loss of forest cover is, therefore, a strong threat to the economic process. In 
global terms, from 2001 to 2018 there was a total loss of 361 million hectares of forest cover, equivalent 
to a 9% decrease in cover since 2000 and a total 98.7Gt of CO₂ emitted (World Resources Institute, n.d.). 
In a similar period of years (1999-2016), LAC lost 59 million hectares of forest cover, equivalent to a 
6% decrease (FAO, 2019).

The drivers of this process have been identified by Hosonuma et al. (2012). Two processes affect 
forests: deforestation and degradation. Deforestation is the removal of forest cover and its conversion 
to other uses, such as for agriculture and livestock. Forest degradation occurs through timber extraction, 
for example, resulting in losses of carbon, biodiversity, and forest structures. In the case of LAC, the 
agribusiness (agriculture and livestock) is responsible for 68% of deforestation, while timber extraction 
(often done illegally) is responsible for more than 70% of forest degradation (Hosonuma et al., 2012). 
Traditionally in South American tropical forests, degradation by timber extraction is the initial process 
of land use change, followed by clear-cutting (degradation) resulting from livestock and commercial 
agriculture practices (Fearnside, 2005).

In LAC, soybeans have been the main product of commercial agriculture for export, representing 
approximately 3.6% of the region’s total exports in 2017, after oil (6.1%), motor vehicles (5.7%), and 
copper ore and concentrates (3.9%) (CEPAL, 2019). Having forest conversion as an expansion mechanism  
—following the example of other cash crops for export—, soybean harvest area has increased by 40.8  million 
ha in the period from 1990 to 2016 (CEPAL, 2019) (figure 3), and land dedicated to permanent pasture 
(5 years or more) has increased by 20.6 million ha (FAO, 2019). At the same time, there has been a loss 
of 99.2 million ha of forest cover in the same period (FAO, 2019) (figure 4). 
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Figure 3 
Latin America and the Caribbean: evolution of soybean cultivated area
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Source: CEPAL (2019).

Figure 4 
Latin America and the Caribbean: evolution of forest cover
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Source: FAO (2019).

All forests and trees outside forests influence hydrology, but the loss of tropical and subtropical forests 
can be disproportionately important (FAO, 2018). Recent research suggests that tropical and subtropical 
forests play a key role in the transport of atmospheric moisture by providing a global circulation system that 
influences cloud cover and precipitation on a regional scale (Ellison et al., 2017). In the Amazon basin, this effect 
is referred to as “flying rivers”. Van der Ent et al. (2010) indicated that more than 70% of the precipitation in 
the La Plata River basin originates in the Amazon rainforest. The weakening of the “flying rivers” would have 
a devastating effect on the South American economy. Similarly, large-scale loss of these huge contiguous 
rainforests has been linked to declining regional precipitation (Donato Nobre, 2014; Ellison et al., 2017).
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However, the Amazon rainforest is going through rapid deforestation. The estimate of deforestation 
in Brazil’s Legal Amazon was 11,088 km2 for 2020, after reaching 10,120 km2 in 2019 (INPE, 2020). 
The estimate includes the so-called “clear-cutting”, i.e., areas with total forest cover suppression, and 
represents an annual increase of 9.5% over the previous year. The PRODES system, used to measure 
deforestation, uses LANDSAT satellite images (20 to 30 meters of spatial resolution and a revisit rate of 
16 days). Figure 5 shows the progressive increase in deforestation in this biome.

Research conducted by relevant Brazilian organizations (Instituto Centro de Vida (ICV), Instituto de 
Manejo e Certificação Florestal e Agrícola (Imaflora), and Universidade Federal de Minas Gerais (UFMG)) 
concluded that 94% of deforestation in the Brazilian Amazon and in Cerrado are associated with illegal 
deforestation, (without authorization of vegetation suppression), with significant economic risk implications 
for the commodities market, producers, and investors. For the states of Acre, Amapá, Amazonas, 
Maranhão, Piauí, and Roraima, the data refers to the 2018 to 2020 period. Similar reports occur in the 
rest of the Amazon countries. 

High rates of deforestation and illegal logging result in sharp declines in the abundance of mammal, 
bird, reptile, and amphibian populations. According to the Living Planet Index, in LAC there was a 94% 
decline in species abundance between 1970 and 2016 (WWF, 2020). The main cause was habitat loss. It 
is important to note that the underlying causes of the COVID-19 pandemic are the same as those driving 
climate change and biodiversity loss (IPBES, 2020). These include changes in land use, deforestation, and 
agricultural intensification that disrupt natural interactions between species and increase contact between 
wildlife, humans, and pathogens, which have generated almost all pandemics with annual global costs 
of more than USD 1 trillion (IPBES, 2020).

Figure 5 
Deforestation monitoring of the Brazilian Amazon forest by satellite: rate PRODES Amazonia, 2012–2020 
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Another region of concern in terms of deforestation is the Gran Chaco, which is the largest dry forest 
in South America and covers 100 million hectares in Argentina, Paraguay, Bolivia, and Brazil, with high rates 
of biodiversity. From 2000 to 2012, the Argentine, Paraguayan and Bolivian Chaco suffered the highest 
rate of tropical forest loss in the world, reaching 1973 hectares per day in August 2013 (Hansen et al., 2013). 
From 2010 to 2012, approximately 1.1 million hectares were cleared in these countries, three quarters of 
them in Paraguay (Cardozo et al., 2013). From 2012 to July 2018, approximately 2.9 million more hectares 
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of land were detected as cleared for change of use in the Gran Chaco due to deforestation. In 2012, peaks 
in clearing activity were observed with 539,233 ha cleared and a minimum of 375,290 ha in 2016. In June 
of 2018, 33,959 ha were detected as changes in natural cover in the Gran Chaco Americano, corresponding 
to an average of 1,095 ha/day (with 80% of clearing occurring in Argentina) (Arévalos et al., 2018).

B. Land degradation

Our ability to manage landscapes will determine the future of land resources (soil, water, and biodiversity) 
and will determine the success or failure in poverty reduction, food and water security, and climate 
change mitigation and adaptation. Indeed, integrated land and water management is recognized as an 
accelerator for achieving most of the Sustainable Development Goals.

Land degradation is a complex phenomenon, usually involving the loss of some or all the following 
factors: productivity, soil, vegetation cover, biomass, biodiversity, ecosystem services, and environmental 
resilience (UNCCD, 2017). Degradation is commonly caused by mismanagement or overexploitation 
of land resources, such as vegetation removal; nutrient depletion; overgrazing; inadequate irrigation; 
excessive use of agrochemicals; urban sprawl; pollution; or other direct impacts, such as mining, quarrying, 
trampling, or vehicle travel. Land-use change is not the same as degradation, and some land-use changes 
can be net positive in terms of benefits to humanity. However, in the current context of declining natural 
ecosystems, coupled with increasing pressures on land resources, land-use change is often associated 
with degradation that reduces biodiversity and ecosystem services.

According to the Economics of Land Degradation (ELD) Initiative, 52% of land used for agriculture, 
globally, is moderately or severely affected by land degradation, with the loss of ecosystem services 
generated by degradation, costing between US$6.3 and 10.6 billion per year (equivalent to 10-17% of 
global GDP) (ELD Initiative, 2015). These costs are unevenly distributed, with negative impacts mainly 
affecting local communities and the rural poor. The same initiative estimates 1.4 billion people are directly 
affected/impacted by land degradation. 

This is the context for the UNCCD’s Land Degradation Neutrality (LDN) initiative, which aims to 
halt the ongoing loss of fertile land to degradation. Unlike past approaches, LDN sets a degradation 
management goal to promote a two-track strategy, with measures to avoid or reduce land degradation 
combined with measures to reverse past degradation. In other words, it is a matter of balancing losses 
with gains, to reach a state where there is no net loss of fertile and productive land. 

In LAC, the large systems that dominate the region’s arid, semi-arid, and dry sub-humid lands 
and that cover large extensions within a country, or involve two or more countries, are represented 
by the diverse dry zones and deserts of Mexico; the Central American dry corridor or arc; the arid and 
semi-arid zones of La Guajira region in the Colombian Caribbean that borders Venezuela; the plains of 
Colombia and Venezuela; the Northeast of Brazil; the Gran Chaco region shared by Argentina, Bolivia 
and Paraguay; the high altitude ecosystems in Argentina, Bolivia, Chile, and Peru; the arid and hyper-arid 
coastal zones extending from southern Ecuador, along Peru and into Chile; and the Patagonian steppe 
in Chile and Argentina that reaches as far as Tierra del Fuego. In this context, it is also worth mentioning 
the semi-arid and dry sub-humid lands of minor Caribbean systems, which, although not very significant 
from the perspective of the subcontinent, are significant in the island territories; the arid and semi-arid 
zones in some islands of the Netherlands Antilles and Aruba, Hispaniola, Cuba, and some minor islands 
stand out (UNCCD, 2019).

In addition, although under different climatic conditions, other systems that are under intense 
pressure from the expansion and intensification of agricultural activities should be considered, such 
as the Amazon basin, the Brazilian Cerrado and grasslands, the Uruguayan savannah, and the humid 
pampas of Argentina.
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The Central American Dry Corridor is another example of one of the ecoregions most susceptible to 
degradation and climate change in LAC (Central American Bank for Economic Integration & FAO, 2019). 
It is 1,600 kilometers long and 100 to 400 kilometers wide stretch of land that covers the lowlands 
of the Pacific coastal zone and most of the Central Range region of Chiapas (in Mexico), Guatemala, 
El Salvador, Honduras, and Nicaragua, as well as the Guanacaste province in Costa Rica, and the Arco 
Seco of Panama. It is an ecoregion of dry tropical forest that covers almost a third of Central America’s 
territory and is characterized by periods of heatwaves or intense rainfall, exacerbated by the influence of 
the El Niño-Southern Oscillation (ENSO) phenomenon. This vast territory is home to more than 45 million 
inhabitants, 40% of whom live in rural areas. Poverty affects more than half of the region’s inhabitants, 
and approximately 20% live in extreme poverty. It is estimated that about 10% of the population in the 
region suffer from undernourishment, especially in periods of emergency and rehabilitation resulting from 
recurrent droughts and floods, which have significant consequences on the livelihoods and development 
of the countries (Central American Bank for Economic Integration & FAO, 2019).

To assess the degree of land degradation in LAC —and to guide public policies at national and 
regional levels— the development of a single indicator or index to represent or map such degradation 
poses a major challenge. The United Nations Convention to Combat Desertification (2019) used the 
land degradation assessment methodology of the World Atlas of Desertification (Cherlet et al., 2018), 
which is based on a systematic framework that provides a “sum of evidence” on human interactions 
with the environment and is appropriate to the reality of LAC. This allows for the identification of 
thematic pathways and geographic patterns of overlapping processes that can potentially contribute 
to land degradation. Neither decreasing trends in productivity per se imply land degradation, nor 
increasing trends imply recovery.

Thus, the United Nations Convention to Combat Desertification (2019) analyzed the main variables 
that can affect land degradation in eight LAC countries: Mexico, Guatemala, Dominican Republic, 
Ecuador, Peru, Paraguay, Brazil, and Argentina. To carry out the analysis, the database with which the 
World Desertification Map was developed (Cherlet et al., 2018) was processed, following their developed 
methodology called Convergence Analysis of Relevant Variables. The variables considered for the analysis 
were the following: Soil Organic Carbon, Aridity, Water Stress, Primary Productivity Decline, Land Cover 
Change and Deforestation, including all 64 possible combinations among them. All the variables indicated 
are in historical series of at least ten years and with a resolution of 1 km2.

Despite the differences between and within countries, LAC has many shared characteristics and 
similarities in its land degradation processes. In all countries, the degraded area is a significant proportion 
of the national territory and in all cases the main variables affecting this process are recurring with great 
frequency. Deforestation is present in all countries, both as an individual variable and in combination with 
other variables. The same is true of soils with low carbon content and declining productivity, although on 
a smaller scale. The aridity variable appears in most of the countries, though it is of greater importance 
in Mexico and Peru. Table 3 presents a summary of the most relevant characteristics of the countries 
analyzed, extracted from the satellite database. For each of them, the degradation variables that most 
frequently affect the territory are indicated, as well as the most affected Departments or Provinces.

It is important to highlight the relationship between high levels of degradation and land productivity. 
In the case of degraded rangelands in Brazil, for example, Strassburg et al. (2014) demonstrated that a 
more sustainable use of these lands could meet the projected increase in demand for meat, crops, timber, 
and biofuels to 2040 without the use of new areas and recovering the current ones. They concluded that 
current productivity is at 32-34% of its potential and that sustainable intensification could raise this 
productivity to 49-52%, providing an adequate supply of these goods until at least 2040, without further 
land or ecosystem degradation and with notable benefits for carbon storage. They further identified that, 
if the recovery of degraded grasslands is deepened, which would raise productivity to 70% of its potential, 
36 million hectares could be released from production. 
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Table 3 
Land degradation in selected countries as a percentage of the territory and its degradation drivers

Country

Estimated 
degradation 

(Percentage of  
land area)

Main degradation factors Most affected territories

Mexico 32.9 Water Stress, Aridity,
Deforestation, and Low Soil  
Carbon Content

Baja California Sur, Chihuahua, Sonora, 
Guanajuato, and Zacatecas

Guatemala 55.6 Deforestation and Productivity Decline Peten, Alta Verapaz, Chiquimula

Dominican 
Republic

59.9 Deforestation, Water Stress and Low Soil 
Carbon Content

Monseñor Nouel, Santiago, La Vega,  
and Samana Provinces

Brazil 36.0 Deforestation, Productivity Decline,  
and Low Soil Carbon Content

States in the northern region linked  
to the Amazon and the Cerrado

Argentina 40.0 Productivity Decline, Low Soil Carbon 
Content, and Land Cover Change

Santa Cruz, San Luis, and Santa Fe Provinces

Paraguay 62.3 Deforestation, Lower Productivity, Plant 
Cover Change, and Loss of Productivity 

Departments of San Pedro, Ñeembecú, 
Guairá, Caaguazú, and Alto Paraná

Peru 58.1 Deforestation, Aridity, Water Stress,  
and Low Soil Carbon Content

Departments of Ucayali, Pasco y Callao, 
Madre de Dios, Apurimac, and Moquegua

Ecuador 49.9 Deforestation, Low Soil Carbon Content, 
and Land Cover Change

Provinces of the East region (Morona 
Santiago, Sucumbíos, Orellana, Zamora 
Chinchipe, and Napo)

Source: Own elaboration based on United Nations Convention to Combat Desertification (2019).

With new sustainable production methods, agricultural production can, in fact, work in the opposite 
direction from what it has done so far: it can reduce emissions, add carbon to the soil and recover it, 
adding value and productivity at the same time.

Among the methods already evaluated economically and environmentally are silvopastoral systems, 
which are agroforestry arrangements that combine forage plants, grasses, and legumes, with shrubs and 
trees for animal feed, and other complementary uses (Chará et al., 2019). These productive systems allow 
the intensification of production based on natural processes, being considered a more sustainable use 
of land compared to conventional land use. Ecological interactions increase productivity, efficiency, the 
provision of environmental services and, finally, the economic performance of properties. They directly 
contribute to increased income from timber, animals, animal products and agricultural products sales, 
and indirectly add the benefits of soil conservation, provision of environmental services, provision of 
shelter for animals and improvement of their welfare (Peri et al., 2016). Changes in this direction will be 
necessary throughout the rural production chain, aiming at a new rurality —especially in our region, where 
agricultural goods are a strong component of the economy and exports. Integrated agrosilvopastoral 
systems therefore have an important role to play in the future of rural production chains.

Chará et al. (2019), highlights that the benefits appear in the form of better-quality forage, reducing 
the need for supplementation from external sources and increasing up to 4 times the number of livestock 
per hectare. In addition, it provides increased carbon absorption in soil and in plants; better availability of 
nutrients due to improved soil conditions and more nitrogen fixation; improved water infiltration capacity 
and regulation of the hydrological cycle; increased biodiversity of birds and insects improving pollination 
and pest control. Different names are used in the literature to identify the variations in the method, but 
the most common are agrosilvopastoral systems, silvopastoral integration, and agriculture-livestock 
integration, depending on the characteristics of each initiative.

Similarly, Oliveira et al. (2018) evaluated carbon sequestration in different cattle productive systems 
(figure 6) in southeastern Brazil, in homogeneous area from the point of view of relief and edaphic, where 
a greater incorporation of carbon in soils and plants is perceived in integrated systems. 
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Figure 6 
Carbon sequestered in different beef cattle production systems in Brazil
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Source: Own elaboration based on Oliveira et al. (2018).

A large-scale agricultural intensification experience in Brazil should also be analyzed, due to its 
dimension and potential for change in the production system. It is the ABC Plan - Low Carbon Agriculture 
(Observatório ABC, 2017). The recovery of pastures and implementation of integrated systems, 15 + 4 million 
hectares respectively, allow increase in land use efficiency and productivity. Based on the results so far, this 
change would allow the reduction of up to 1.4 million hectares in plant cultures and between 4 to 5 million 
hectares in pastures, which could be removed from the production system, allowing the recovery of forests. This 
increase in productivity is also revealed in the increase in the animal load per hectare. While in degraded areas 
the rate is 0.7 AU/ha, in recovered areas it is 1.5 AU/ha and in areas with silvopastoral integration it is 2.5 AU/ha.

Finally, as long as policies focused on forest restoration and recovery of degraded areas are not 
applied on a massive scale, the population living in degraded areas tends to increase. Between 2000 
and 2010, an increase of 12.4% of people living in degraded areas worldwide was recorded (Barbier and 
Hochard, 2016), while in LAC this increase was 18.4%, only behind the increase of populations in degraded 
areas in Sub-Saharan Africa (table 4). Barbier & Hochard (2016) estimated for the year 2000 a population 
of 1.33  billion living in degraded areas, of which 1.26 billion in developing countries.

There is no doubt that the high concentration of population in degraded areas is a strong obstacle 
to poverty reduction and economic growth in developing countries, as persistent land degradation reduces 
the productivity of the agricultural systems on which the rural poor depend. 

Table 4 
People living on Degraded Agricultural Land (DAL) as percentages of the rural population

Region Rural population in DAL–year 2000 Variation of rural population in DAL for 2000–2010
World 34.0 +12.4
Developed countries 17.9 -2.8
Developing countries 32.4 +13.3
Latin America and the Caribbean 13.0 +18.4
East Asia and the Pacific 50.8 +8.4
Europe and Central Asia 38.5 +1.0
Middle East and North Africa 22.3 +14.3
South Asia 26.2 +17.8
Sub-Saharan Africa 20.6 +37.8

Source: Own elaboration based on Barbier and Hochard (2016).
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C. A resilient, low-carbon post-pandemic economic recovery 

Generally speaking, according to the IPCC (2018), both the 1.5°C and 2°C targets will require that we 
reach zero net carbon dioxide equivalent (CO2e) emissions by 2050, and with sharp reductions by 2030. 
Zero net emissions means that anthropogenic CO2e emissions are balanced globally with the removal 
of anthropogenic CO2 through CO2e capture activities such as afforestation.

Therefore, bearing in mind the sharp reductions required by 2030, an economic recovery with the 
same environmental effects as we had before the pandemic will lead us to a deepening of the climate 
and water crises, with long-term effects on our ability to maintain a healthy and productive economic 
and social process. In other words, we would be emerging from one crisis to enter another of an even 
more global nature, much longer term and with much more lasting and deleterious impacts. Economic 
recovery must then focus on low-carbon sectors that generate jobs and environmental resilience while 
strengthening the social capacity to generate prosperity. How do we respond regionally to these challenges? 

Latin America and the Caribbean possesses a significant portion of the planet’s natural wealth, 
and its economy and exports are largely dependent on that natural resource base. At the same time, the 
future of the regional economy and the region’s ability to deal with inequalities and economic growth 
will depend not only on the maintenance of its natural resource base and environmental services, but 
also on the recovery of the productive capacity of already degraded resources, i.e., increasing resilience. 
Effective public policies for the management of low-carbon economic sectors will therefore be key to 
ensure a new cycle of development, growth, and employment in the region for post-pandemic recovery.

It is also important to note the high dependence of jobs on the natural resource base. Approximately 
64 million jobs in LAC (19% of employment) depend directly on ecosystem services. Agriculture and 
livestock, as well as food, beverage, and tobacco processing, are the sectors with the largest number of 
workers dependent on ecosystem services (with more than 40 million and 10 million workers, respectively). 
Other sectors that also depend on the natural environment are textile, chemical and paper manufacturing, 
as well as environmental tourism (CEPAL & OIT, 2018). This indicates that the maintenance and recovery 
of the material/natural base of the economy is fundamental in economic recovery.

The IDB elaborates on the issue of jobs in a zero net emissions future in Latin America and the Caribbean 
(Saget et al., 2020), using the decarbonization scenario that is based on the “below 2°C “2 scenario published 
by the IEA in 2017 (IEA, 2017). Such a scenario would put the world on a path to zero net carbon emissions 
by 2060 and contribute to climate stabilization at the level of 1.75 °C above pre-industrial levels, which is the 
midpoint of the Paris Agreement target range. The high-emissions scenario —which we use as a benchmark 
for comparison— is based on the IEA’s “Reference Technology Scenario” (RTS) in the same publication, in 
which global carbon emissions, instead of decreasing, increase by 15% compared to current levels by 2040.

According to the IDB, the figures confirm that decarbonization can create net jobs. Simulations 
show that, compared to the high emissions scenario, GHG emissions are reduced by 35% and 15 million 
jobs are created by 2030 (representing 4% of total employment in the region). Net jobs hide the winners 
and losers. The decarbonization scenario has 22.5 million more jobs in the plant-based food, construction, 
manufacturing, renewable electric power, and forestry sectors, and 7.5 million fewer jobs in the animal-based 
food, mining and fossil fuel extraction, and fossil fuel-based power generation sectors.

Agriculture that is more sustainable dominates job creation. The sector employs 19 million more 
employees, equivalent to full-time in the decarbonization scenario for 2030 compared to the high-emissions 
scenario, an increase of 54% over the high-emissions scenario.

It should be noted that the number of jobs that could be created in the forestry sector in a 
decarbonization scenario is underestimated. In fact, this is based on the typical labor intensity of existing 
forestry work in the region. But reforestation efforts would be much more labor intensive than current 
forest harvesting. For example, if countries planted forests on a large scale as a green recovery measure, 
many more jobs could be created in the short term.
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In conclusion, the decarbonization of the economy, in a transformative recovery process, could be 
a real driver of economic reactivation while promoting a low-carbon and resilient economy, thus avoiding 
new future crises, and overcoming the negative effects of the COVID-19 crises. Therefore, to develop 
an intelligent transition towards sustainability as the basis for a new economic development cycle in 
LAC, it is necessary to consider the interrelationships between productive systems and their natural 
resource bases in the different geographical areas. Based on this analysis and taking into account the 
immediate reality of the COVID-19 pandemic, transition planning will be needed, promoting progressive 
changes in order to overcome initial barriers, articulate key actors and create virtuous circles/flows with 
increasing benefits.

Post-pandemic economic recovery packages should include conditionalities for changing the 
agricultural production system in LAC towards the integration of agroforestry and pastoral production. 
The degradation of forests, land, and water resources undermines the potential for economic development 
and deepens inequality. The provision of environmental goods and services, such as water supply, are 
directly related to sustainable forest and land management. The challenge in LAC is to build sustainable 
agricultural production processes, since degradation affects productivity and employment and, therefore, 
the regional economy. 
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IV. Carbon Dioxide Removal: techniques and rationales

Recent assessments by the Intergovernmental Panel on Climate Change (IPCC, 2021; 2018) indicate 
that large-scale Carbon Dioxide Removal (CDR) is required in all pathways to limit global warming to 
1.5–2 degrees Celsius (oC) with limited or no overshoot. In this chapter, the main CDR techniques covered 
in the scientific literature are described. The relative strengths and weaknesses of each are explored and 
the socio-economic and governance issues pertinent to these large-scale interventions are discussed. 

A. An introduction to Carbon Dioxide Removal

Carbon Dioxide Removal (CDR) is defined by the Intergovernmental Panel on Climate Change (IPCC) 
as "Anthropogenic activities removing CO2 from the atmosphere and durably storing it in geological, 
terrestrial, or ocean reservoirs, or in products" (IPCC, 2018). It is also known as carbon removal, carbon 
drawdown or anthropogenic CO2 removal. Negative Emissions Technologies (NETS) and Greenhouse Gas 
Removal (GGR) are terms that encompass CDR, but which also include other greenhouse gases such as 
methane. It should be noted that there are currently no well-developed methods for removal of non-CO2 
greenhouse gases (GHGs). 

There is often confusion between CDR and Carbon Capture and Storage (CCS). CCS entails capturing 
CO2 emissions at source (such as a fossil fuel power plant) and then durably storing it. Attached to a fossil 
fuel power plant, this could be considered part of cutting emissions by avoiding new emissions being 
released into the atmosphere. Therefore, CCS stops the volume of CO2 in the atmosphere growing, whilst 
CDR removes CO2 that has already been emitted, reducing the total volume of CO2 in the atmosphere.

CDR techniques may use a range of different approaches to remove and store carbon. Some 
would use engineering techniques to remove carbon directly from the air around us, some would use 
a combination of natural systems in conjunction with engineering and others would use nature-based 
approaches, for example the growing of trees or changing land use management practices to improve 
carbon uptake.
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B. Why should we be discussing CDR now?

Five years after the Paris Agreement on climate change entered into force (UNFCCC, 2015), recognition 
is growing that without a rapid acceleration in action, limiting global average temperature rise to 1.5–2oC 
will not be possible. Indeed, the World Metrological Organisation finds there is a 40% chance of the 
annual average global temperature reaching 1.5oC above preindustrial levels in at least one of the next 
five years (WMO, 2021), posing significant risk to natural and human systems and our ability to delivery 
sustainable development (IPCC, 2018).

Progress towards achieving the Paris Agreement goals has been slow. Even if all the current Nationally 
Determined Contributions (NDCs) under the Paris Agreement were implemented, the Earth is still expected 
to warm by 3oC by the end of the century (range 3.0–3.5 Co with 66% probability) (UNEP, 2020). 

This collective failure to adequately respond to global warming is reflected in the emission pathways 
presented in the IPCC Special Report on Global Warming of 1.5°C (IPCC, 2018). These all require the removal 
of CO2 from the atmosphere using CDR, if warming is to be limited to 1.5°C. These scenarios indicate the 
need to remove between 100 billion and 1,000 billion tonnes (Gt) of CO2 by the year 2100 (IPCC, 2018), 
demonstrating the necessity of rapid and unprecedented global action. In the most recent IPCC report, 
only two of the five scenarios assessed indicate the possibility to limit average global temperature rise 
to 1.5–2oC, with both relying on transformational emissions reductions and CDR to reach net zero and 
subsequently net negative emissions (IPCC, 2021). It is in this context that CDR options are increasingly 
being proposed (UNEP, 2019), but, removing and permanently storing CO2 is not a new idea, it has 
been embedded in global climate agreements since at least 1992, when the United Nations Framework 
Convention on Climate Change (UNFCCC) established that mitigation included both emission reductions 
and removals (UN, 1992). What is new is the scale and pace with which these removals are now required 
to avoid 1.5-2oC warming (IPCC, 2021; Mace et al, 2021).

If CDR were ever implemented at a multiple Gigatonnes scale, it would be expected to have climate 
cooling effects, but only over decadal times scales. Such effects are modelled in the IPCC pathways (IPCC, 
2021; 2018). If global net negative CO2 emissions were achieved and sustained, global surface temperature 
increase would be gradually reversed but other climate changes (such as sea-level rise) would continue 
in their current direction for decades to millennia (IPCC, 2021). 

Many of the techniques explored in this chapter are either theoretical, or in very early stages of 
development and unless affordable and environmentally and socially acceptable CDR becomes feasible 
and available at scale well before 2050, 1.5°C-consistent pathways will be difficult to realize (IPCC, 2018). 
Considerable uncertainties remain about many of the techniques regarding, for example, their potential for 
carbon removal over time, any potential climate scale impacts they may have and the likely environmental, 
social and economic costs of deployment. These uncertainties are compounded by researchers’ divergent 
choices regarding a complex range of factors including, for example, decisions about likely future 
adaptation strategies, climate change scenario choices, innovation timelines, opportunity costs and 
future innovation cost discounting. All of which are likely to affect the outcomes of their assessments. 
Pending more research, through which more rigorous assessments may become available, this chapter 
recognises these challenges and therefore provides ranges for costs, carbon removal (sequestration) 
potentials and other factors for each technique, reflecting the evidence in current literature. The techniques 
are summarised in table 5.

In addition to the uncertainties about CDR techniques, there is considerable debate about the 
appropriateness of available governance for both CDR generically, and for each of the individual techniques. 
Florin, et al. (2020) have produced in-depth overviews of international law and governance relevant to 
CDR and the Carnegie Climate Governance Initiative (C2G) has explored governance issues in a range of 
briefings and educational materials (C2G, 2021) for those who wish this explore further. 
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Table 5 
Overview of CDR techniquesa

Technique

Range of 
theorectical 
sequestration 
capacity 
(gigatonnes/yeara)

Estimated 
cost USD ($) 
per tonne 
sequestered co2

Permanency of 
sequestration

Readiness
Active research 
area

Governance framework Social acceptabilityb

Afforestation 
and 
reforestation

Planting of forests 
and restoration of 
ecosystems that 
result in long-term 
storage of carbon.

1–18 Gt. $15 to $30 
although the 
IPCC give a 
range of 5 to 
50, but only for 
abatement.

Medium term. Already widely 
practiced. Could be 
deployed at scale 
with little further 
development. 

Yes. Exploring gas 
fluxes from trees, 
land use change 
effects and 
albedo changes. 

The United Nations Framework 
Convention on Climate Change 
(UNFCCC), Kyoto Protocol, 
Paris Agreement, the Food 
& Agricultural Organization 
(FAO). Questions remain 
regarding social justice (i.e., 
land use issues). A requirement 
for better monitoring, 
verification and reporting.

Competing demands 
for land use need 
governance. A lack of 
financial incentives 
to encourage 
afforestation.

Artificial 
upwelling 

Pumping oceanic 
waters from deep 
waters to enhance 
carbon uptake.

Potentially 
counterproductive 
in some 
circumstances–and 
no more than a 
maximum 20 Gt by 
2100.

Unknown. Long term. Not currently 
practical, even 
in principle in 
engineering terms, 
to deliver cooling.

Limited research 
activity exploring 
engineering 
challenges.

Unresolved. Unknown.

Biochar Biomass burning 
under low-oxygen 
conditions 
(pyrolysis) creates 
“biochar”, which is 
then added to the 
soil to enhance soil 
carbon levels.

0.3 to 35 Gt. $18 to $166. Long term. A well-established 
technique with an 
evolving market.

Yes, explorations 
of decomposition 
rates and the 
relationship with 
feedstock and 
temperature.

State and customary law, 
UNFCCC and FAO. Better 
monitoring, reporting and 
verification (MRV) is required.
A transboundary trade in biochar 
may require international 
agreement regarding carbon 
credit allocation.

No major social 
concerns.

Bioenergy 
with carbon 
capture 
and storage 
(beccs)

Feedstock is burnt 
producing energy 
or heat. Gases 
released from 
combustion are 
then captured.

1 to 85 Gt. $65 to $240, 
although most 
costs are below 
$200.

Dependent 
on location-
potentially 
permanent.

An established 
technology.

Yes, whole 
systems analysis, 
feedstock 
production  
& combustion 
techniques.

Unresolved. The UNFCCC,  
Paris Agreement and FAO.  
Land use trade-offs. A 
requirement for better MRV  
of achieved sequestration.

Land-use change issues 
may create tensions.

Carbon 
sequestration 
in soils

Land management 
changes that 
increase 
soil’s carbon 
concentration.

1 to 11 Gt. $12. Medium to long 
term.

No significant 
barriers. Limited 
knowledge 
technique in 
the agriculture 
community.

Yes. A better 
understanding of 
gas fluxes from 
enhanced soil is 
required.

The UNFCCC and Paris 
Agreement, the FAO and  
the 4p 100 initiative. A 
requirement for better MRV  
of achieved sequestration.

No major social 
concerns.
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Technique

Range of 
theorectical 
sequestration 
capacity 
(gigatonnes/yeara)

Estimated 
cost USD ($) 
per tonne 
sequestered co2

Permanency of 
sequestration

Readiness
Active research 
area

Governance framework Social acceptabilityb

Crop residue 
oceanic 
carbon 
sequestration

Crop residues 
and biomass are 
gathered and 
deposited into the 
ocean to sink.

Up to 1 Gt. Uncertain. Long term. No technical 
constraints to 
deployment. 
Scale up and 
infrastructure 
developments 
required.

Not an active 
area of research. 
More evidence 
regarding 
environmental 
impact is 
required.

Covered by the London 
Protocol and the Convention on 
Biological Diversity (CBD).

It is uncertain how 
publics would respond 
to this technique.

Direct air 
capture 
with carbon 
storage 
(DACCS)

Chemical 
processes that 
separate CO2 from 
air for subsequent 
storage.

0.5 to 5 Gt  
(by 2050).

$20 to $1 000. Dependent 
on location–
potentially 
permanent.

No technical 
constraints to 
deployment aside 
from scale up and 
energy supply/use.

Yes. 
Demonstrator 
projects 
improving 
energy, heat and 
water efficiency. 
Modelling to 
understand scale 
up needed.

With amendments may be 
relevant to UNFCCC, Kyoto 
Protocol and Paris Agreement.

It is uncertain how 
publics would respond 
to this technique.

Enhancing 
ocean 
alkalinity 

Additional 
alkalinity in 
ocean surfaces 
will increase the 
uptake of CO2.

3,500 Gt. $50 to $450. Permanent. Reduction of 
carbon and energy 
footprint required.

Very limited. Would be subject to the United 
Nations Convention on the Law 
of the Sea (UNCLOS) and the 
London Protocol in the future,  
if named in annex 4. The CBD.

Limited research 
on broadly similar 
techniques suggest  
it is unlikely  
to be welcomed.

Enhanched 
terrestrial 
weathering

Minerals added 
to the land which 
react with the 
atmosphere and 
remove carbon.

0.72 to 92 Gt. $15 to $3,460. Permanent. No technical 
constraints to 
deployment.

Yes. Limited 
research 
underway.

Subject to nation state law. May 
be relevant to UNFCCC, Kyoto 
Protocol and Paris Agreement 
and the London Protocol.

Limited evidence 
regarding how publics 
would respond to this 
technique.

Macroalgal 
cultivation 

Intensive farming 
of microalgae.

With 9% global 
coverage 12 Gt pa 
of bio digested 
methane could 
be captured. If 
burned for power, 
with gas capture, a 
maximum of 34 Gt 
equivalent may be 
captured.

Not available. With robust 
CCS, potentially 
long-term.

Technologies are 
readily available. 
Development may 
be required to 
maximise methane 
and CO2 capture 
and use.

Yes. Limited 
research 
underway.

Dependent on the location of 
cultivation which could be in  
in-shore or off-shore waters. 

As an extant farming 
method, a proliferation 
of the technique may 
pose insurmountable 
challenges.
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Technique

Range of 
theorectical 
sequestration 
capacity 
(gigatonnes/yeara)

Estimated 
cost USD ($) 
per tonne 
sequestered co2

Permanency of 
sequestration

Readiness
Active research 
area

Governance framework Social acceptabilityb

Ocean 
carbon 
capture 
and storage 
(OCSS) 

The chemical 
removal of 
dissolved inorganic 
carbon which is 
taken to storage 
sites.

Uncertain. Not available. Long term. The principles are 
well understood. 
Chemical 
engineering 
research is 
required before a 
viable technology 
becomes available 
for testing.

Mainly technical 
and economic 
modelling.

If conducted EEZ waters, OCSS 
would be subject to nation 
state terms. On the high seas, 
the storage of CO2 beneath the 
seabed would be covered by 
the London Protocol.

There is no evidence to 
indicate the nature and 
scale of any responses. 

Ocean 
fertilisation

Placing iron in 
ocean surface 
water encourages 
plankton growth, 
which takes up CO2 
during growth.

IPCC include 
estimates up to 
44 Gt whilst other 
later assessments 
suggest 3.7 Gt.

$2 to $457. Long term. Technically feasible 
and the industrial 
infrastructure 
required is well 
understood.

Yes. 
Environmental 
impacts and 
capacity to 
uptake CO2.

Research addressed under the 
London Protocol and UNCLOS. 
The CBD.

Limited research 
suggests it is not 
welcomed.

Ocean 
fertilisation 
with macro-
nutrients

Placing nutrients 
in ocean surface 
water encourages 
plankton growth, 
which takes up CO2 
during growth.

Uncertain. $20. Long term. Technically feasible 
and the industrial 
infrastructure 
required is well 
understood.

Yes. 
Environmental 
impacts and 
capacity to 
uptake CO2.

Research addressed under the 
London Protocol and UNCLOS. 
The CBD.

Limited research 
suggests it is not 
welcomed.

Restoring 
wetlands

Rewetting and 
reclaiming of 
wetlands, e.g., 
peatlands to 
enhance carbon 
storage.

1.2 Gt. $10 to $100 
although costs 
per tonne 
of saltwater 
restoration are 
unavailable.

Medium term. Requires little new 
technology. 

Yes. Reducing 
methane release 
and its capture.

The UNFCCC, Kyoto Protocol, 
Paris Agreement the Ramsar 
Convention on Wetlands and 
FAO. Land use trade-offs. 
Better MRV required.

A key barrier may be 
the lack of financial 
incentives to encourage 
land-use change.

Source: Own elaboration.
Note: Key: Medium term–Multi Decadal; Long term: Multi Century.
a  There is considerable uncertainty regarding potential removal capacity and costs reflecting a wide range of model and theoretical deployment assumptions (IPCC, 2018). This information should 

be treated with caution pending more rigorous comparative assessments which may become available if understandings of the techniques mature. Uncertainties in assessments is explored in the 
following text.

b  It is important to note that most research evidence regarding social acceptability is based on European or North American citizens only.
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C. Afforestation and reforestation 

The intentional planting of new trees in places where they have not traditionally grown (afforestation), 
or replanting where they have been cropped, died, or been removed by other means (reforestation) 
that results in a net uptake of CO2 as the trees grow, plays an important role in current climate change 
response measures (Doelman et al., 2020). However, once a tree or forest reaches maturity, the uptake 
of CO2 slows (Houghton, 2013) and when a tree’s life cycle is complete it decomposes, and CO2 is returned 
to the atmosphere (Read et al., 2009). This release of CO2 may be avoided through forest management, 
with mature trees being harvested and the biomass stored in long-lived wood products such as within 
buildings, McLaren (2012), for example, has suggested that between 0.5 and 1 GtCO2 per annum of biomass 
could be sequestered into buildings for long term storage. Managed forestation by product may also be 
used for bioenergy or biochar (RS/RAE, 2018). Following harvesting, new planting and subsequent forest 
regrowth, or natural revegetation allows for continuing CO2 removal.

The net removals capacity of forestation is uncertain and multiple issues regarding its efficiency, 
locational questions and effects remain, including effects on biodiversity and soils, changes to watersheds 
and water resource management. A better understanding of the balance of effects of planting trees 
between their carbon sequestration and warming effects is required. For example, shading by trees where 
dark leaved conifers predominate may have a net warming effect (Lundquist et al., 2013). More research 
on climate models is therefore required to better understand the full effects of changes to forestry cover 
(Winckler et al., 2019).

Griscom et al. (2017) suggests forestation removals capacity ranges from between 3 to 18 GtCO2 
per year, with the variation dependent on assumptions about the land available for planting ranging from 
350-to 1780 million hectares (MHa). Earlier evidence which informs the IPCC estimate indicates a global 
capacity of 1 to 7 GtCO2 per year by 2050 (IPCC, 2018). In a more conservative assessment Smith et al. 
(2015) estimate a maximum sequestration through forestation of 12 GtCO2 per annum by the year 2100. 

The cost estimates for afforestation and reforestation have been assessed at between USD $15 
and $30 per tonne of CO2 (Smith, 2015) whilst the IPCC only provide abatement costs of $5 to $50 per 
tonne, demonstrating the considerable uncertainty regarding potential costs that also remains. 

The planting of forests will create trade-off tensions related to land use change, or future land use 
opportunities, including, for example, for food production and other approaches to removing CO2. Policy 
trade-offs may therefore become an important future governance agenda of forestation (Hammad, 2020). 
A better understanding of how to balance trade-offs between, for example, land use options, such as 
biomass and bio-fuel production, cropping and grazing with forestation whilst also protecting the culture 
and rights of indigenous peoples in the most equitable, economically viable and socially acceptable way 
is required (Rouse, 2020). 

No "one size fits all" approach can be taken to forestation and careful consideration of local circumstance 
may be important, before taking any decisions about where to afforest, or not (RS/RA, 2018). Importantly, 
planting may undermine capacity for landowners to generate income in the short term, meaning they may 
seek certainty regarding any payments to bridge the period between planting and harvest.

Currently, globally, forestation is planned to meet 25% of all committed NDCs mitigation to 2030 
(UNFCCC, 2015). In addition, the Bonn Challenge (IUCN, 2011), a global effort to reforest 350 MHa of 
forest by 2030, has been endorsed and extended by the New York Declaration on Forests at the 2014 UN 
Climate Summit (UN, 2014). To date, the Declaration has been endorsed by 40 national governments, 
56 companies, and more than 70 civil society and indigenous peoples’ organisations.

The monitoring of rates of both afforestation and deforestation needs to be improved and a precise 
global accounting system agreed upon (IPCC, 2018). This is challenging and will require resourcing to be 
effective. Examples of monitoring challenges include the accounting for variable species uptake capability 
over time in multiple environments and with complex soil and irrigation differences, and the complexities 
of reporting and verifying gas fluxes across a sector that is, simultaneously, a sink for and source of CO2 
and other greenhouse gases from both natural and human sources (Welch, 2019). 
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D. Artificial ocean upwelling

Across much of the mid and low latitude oceans, nutrients are depleted in the surface waters, limiting 
biological production (Moore et al., 2013). Artificial upwelling would use engineering interventions to 
bring deeper, nutrient-rich waters up toward the surface stimulating phytoplankton growth and the 
absorption of carbon. Upwelled waters would be cooler than surface waters, and therefore cool the 
surface waters increasing their capacity for heat absorption from the atmosphere at local scales (i.e., 
providing "air-conditioning" for coastal cities nearby) (GESAMP, 2019). 

There is no scalable technology available to date, although some field experiments, using very 
small scale devices have been successfully deployed for several months in Qiandao Lake, China and in 
one sea trial in the East China Sea (Pan, 2016). Other studies and field experiments (Aure et al., 2017, 
Fan et al., 2020) suggest a robust and efficient artificial upwelling device, utilising self-powered energy 
may be possible (Pan, 2016). 

It has been estimated that the theoretical maximum carbon capture and storage of this 
technique would be less than 20 Gt by 2100 (GESAMP, 2019) whilst the IPCC (2019) have concluded 
that long-term large-scale interventions could be counterproductive in some circumstances. There 
has not been any experimental measurement of achieved carbon sequestration using the technique 
to date and the engineering challenges which must be surmounted to deliver meaningful carbon 
sequestration using this technique are substantial, including questions about the water transportation 
methods, and the design and construction of the tubes. 

The extent of any environmental impacts of the technique are unknown but it is known that artificial 
upwelling may affect biomass productivity (GESAMP, 2019). In addition, there may be undesirable climatic 
consequences, including disruption of regional weather patterns and long-term warming rather than 
cooling, if enhanced upwelling is deployed at large scale (Kwiatkowski et al., 2015). In addition, some 
simulations suggest that if artificial upwelling were stopped, surface temperatures and atmospheric CO2 
concentrations would rise quickly (Oschlies et al., 2010).

How citizens might respond to the technique is unknown and how it might be governed is unresolved. 
It would likely be within the scope of the London Protocol and UNCLOS if outside Exclusive Economic 
Zones (EEZs). However, the London Convention and Protocol are unlikely to have a bearing on the 
technique as it doesn’t include the dumping of materials. Were it to effect biodiversity, the Convention 
on Biological Diversity (CBD) may be applicable.

E. Biochar production and deposition

Biochar is a stable, long-lived form of carbon which is a well understood and established method. Biochar 
is formed, in pyrolysis, when biomass is heated in a closed container, with little or no available air, to 
above 250oC. In combination with sustainable biomass production, it can be carbon negative. If stored 
in soil for long periods biochar is expected to not only store carbon, but to also improve soil quality and 
crop yields (Lehmann, 2015), as well as water quality and nutrient levels (Smith, 2016). 

It is suggested that a tonne of biochar may remove between 2.1 to 4.8 tCO2 (Lehmann, 2015, 
Hammond et al., 2011), although uncertainty remains, for example, the IPCC estimate a global potential 
removal of between 0.3 and 35 GtCO2 yr−1 in 2050 (IPCC, 2018) whilst others suggest a cumulative removals 
potential that ranges from between 78 and 477 GtCO2 this century (ICRLP, 2018). Costs of biochar removal 
is also uncertain with Woolf et al. (2010) estimating cost ranges from $18 to $166 per tCO2 produced and 
Fuss (2018) estimating a cost per tonne of between $90 and $120.

There is a wide range of on-going biochar research activity helping to better understand what 
constitutes "good" biochar in agronomic and environmental management applications. Areas of current 
research include exploring uncertainties associated with decomposition rates of the various types of 
biochar, depending upon the pyrolysis feedstock and temperature (Anderson, 2020).
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There are not expected to be major social concerns with the deployment and scale up of biochar, 
although there may be some social reticence and concerns about any effects on forests or food supply 
(Smith et al., 2010). It may be important for those developing infrastructure, that they be clear to the 
wider local community about the nature of the combustion methods and its by-products.

The monitoring, reporting and verification of the take up and use of biochar may be difficult, both 
at the state and international level (RS/RAE, 2018). Improved accounting will, though, be important in the 
future and it is possible that biochar will, in the longer term, become subject to international governance 
mechanisms such as the CBD and UNFCCC. 

F. Bioenergy with carbon capture and storage (BECCS)

BECCS entails burning biomass to generate electricity, heat, or liquid fuel. The CO2 emitted during combustion 
is then captured and stored in long-term underground reservoirs, effectively removing it from the carbon cycle  
(RS/RA, 2018). Despite its widespread inclusion in the integrated assessment models assessed by the IPCC, BECCS 
remains a fledgling technology and although each part of the technology has been proven at demonstration 
and commercial scale, very few commercial-scale projects exist worldwide (Brack and King, 2020). 

Successful BECCS relies on a secure, regular supply of biomass, which may be grown for the purpose 
or derived from waste, sourced locally to minimise emissions from transport. If cropped, it is important 
that the crop is quick growing, rapidly replaced and that the BECCS crop doesn’t undermine cropping 
for secure food supply or other purposes (RS/RA, 2018).

The IPCC have identified estimates for BECCS total mitigation potentials by the year 2050 in the 
range 1 to 85 GtCO2 (IPCC, 2018) whilst Fuss et al (2018) suggest that BECCS may have the potential to 
remove between 0.5 and 2 GtCO2 per annum by 2050. Behave et al. (2017) suggest that costs are likely to 
be in the range $140 to $270 per tonne of CO2 captured whilst the IPCC notes that most cost estimates 
are below $200 (IPCC, 2018).

BECCS at climate effecting scale will require land-use change (Fajardy and Mac Dowell, 2017) 
creating competition with food supply, potentially leading to increases in food prices or effects on 
food security (Hasegawa et al., 2018). In addition, fresh water and nutrients will be required to enable 
biomass crops to flourish potentially creating further tensions, including in relation to the Sustainable 
Development Goals (SDGs).

Land use change issues may create tensions and policy will need to find ways to balance the demands 
for land to support BECCS against needs for settlements, energy, carbon removal and food. Given several 
countries already have national policy commitments and bioenergy and BECCS deployment strategies 
(RS/RAE, 2019), these, and the environmental implications need urgent resolution. 

BECCS governance is generally considered to comprise two elements, biomass production and 
usage and the CCS elements (Torvanger, 2019). The latter relates predominantly to capture and storage 
monitoring, reporting and validation (MRV), as well as the safety and permanence of long-term storage. 
The Biomass agenda encompasses accounting for sustainability and resource use related to biomass 
energy production, processing and use, and interactions with the global carbon cycle. Trade-offs between 
BECCS biomass production and competing land and water use will also require governance attention, 
normally at the local level (Torvanger, 2019).

G. Carbon sequestration in soils

Carbon can be captured and sequestrated in soil, depending on soil type, usage and resource availability 
and there are no significant technical barriers to soil carbon sequestration, the practices are understood 
and in some cases already in practice in farming (RS/RAE, 2018) and measures are already in play that aim 
to promote the method as a contributor to the climate change targets of the Paris Agreement including 
the "4 per 1000 initiative" (Soussana et al., 2019). 
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The technique can be undertaken in several ways (ICRLP, 2018, RS/RAE, 2018): 

• improved crop varieties and changes in their rotation and cropping;

• the use of novel biotechnologies;

• managing nutrients and optimising fertiliser use though careful timing and precise applications;

• minimising tillage and maximising the retention of organic material;

• improving grasses, especially by promoting and planting those with deep roots, and grass 
density; and,

• improving grazing management, paying attention to feed sourcing/production and stock density.

Assessing the global capacity to sequester carbon in this way is complex, estimates derived from 
modeling are therefore varied, ranging from 1 to 11 GtCO2 per annum ((Lal, 2011, Lal, 2013, Minasny, 2017). 
If we are to accurately quantify the volume of carbon sequestered and any non-carbon greenhouse gasses 
releases (Lal, 2011) through this approach, rapid and reliable methods are needed for the measurement 
of soil carbon and gas fluxes (RS/RAE, 2018). 

Smith (2016) suggests taking forward the required practices has the potential to create profit of 
up to $3 per tonne of CO2 through improved productivity. In other circumstances, dependent on soil and 
environmental conditions, Smith suggests deployment may cost up to $12 per tonne.

However, and importantly, the longer term the capacity to store additional carbon year on year will 
decline as soils become saturated and sequestration can only be expected to continue for approximately 
20-years, after which it becomes impossible to sequester additional carbon through these types of 
intervention (Zomer et al., 2017). 

There is a lack of knowledge about the benefits of the approach among some quarters of the 
farming/land management community, which will need to be overcome with education and training, if 
deployment is to be scaled up (Minasny, 2017). 

H. Crop residue oceanic carbon sequestration 

Crop waste or other biomass would be grown, gathered centrally and taken to appropriate ports for 
transport to be dumped into the deep ocean or off the deltas of large rivers. With suitable additional 
ballast, biochar, timber and other organic matter could also be deposited in the deep ocean seabed 
(GESAMP, 2019).

Allowing for an average land transport distance of 200 km, and a combined average river and ocean 
shipping distance of 4,000 km, Strand and Benford (2009) suggested that 30% of global annual crop 
residues of 2 Gt could be available sustainably without harming soils. However, Keith (2001) suggested 
that the use of such biomass to produce electricity in a power plant that captures the CO2 and sequesters 
it in geological formations would be a more effective option. Lenton and Vaughan (2009) suggest that 
an annual sequestration rate of up to 1 Gt C of material per annum, half the global annual crop residues, 
would only make a very modest contribution to slowing climate change.

The environmental impacts of depositing crop wastes in the deep ocean are uncertain. It is, 
though, known that, if deployed in shallow water (below 1,000 m), its impacts on ecosystem services 
could be more significant, particularly on deep-sea fisheries. In addition, long-term oxygen depletion and 
potential increases in hydrogen sulphide, methane, nitrous oxide and nutrients (nitrogen and phosphorus 
compounds) arising from the degradation of the organic matter would occur and could be regionally 
significant (GESAMP, 2019).

This potential technique is not currently subject to significant research, and it is uncertain how 
publics would respond to this technique. To deliver enough mass of material to the deep oceans to have a 
material effect a new, very large-scale infrastructure and market mechanism would need to be constructed 
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(GESAMP, 2019). How much material would be taken, and from where would require monitoring and 
regulation to protect soils and crop productions as well as to inform the market mechanism (GESAMP, 2019). 
In addition, crop residues provide multiple services within agricultural systems. This technique might then 
have important, unintended, and harmful consequences for those systems; however, this has not been 
subject to systematic research to date. 

The technique may be permissible under the Organic Material of Natural Origin category in Annex 1 of 
the London Protocol and the Uncontaminated Organic Material of Natural Origin category in Annex I of the 
London Convention (IMO, 2016), subject to satisfactory assessments of the potential impacts (GESAMP, 2019).

I. Direct Air Carbon Capture & Storage (DACCS) 

DACCS includes a family of technologies which use chemical engineering to remove CO2 from the air 
around us. The carbon is then sequestrated in ways that will not contribute to global warming. Potential 
sequestration methods referenced in the literature (GESAMP, 2019; IPCC, 2005), include:

• injecting liquid CO2 into the oceans;
• injecting into the seabed, seabed depressions, sediments or trenches; and,
• mineralisation of injected CO2 within geologic structures.

Because the concentration of CO2 around the world is in equilibrium (Goeppert, 2012) the location of 
DACCS units would not have to be tied to specific locations such as GHG emitting industrial infrastructure. 
DACCS plants could therefore be located near renewable or low emissions energy sources to power the 
process, over geological formations suitable for storing CO2, and in areas that are neither environmentally 
sensitive nor densely populated (RA/RAE, 2018). 

To extract CO2, two DACCS approaches receive most attention in the literature. Adsorption, in 
which a chemical gathers molecule on to its surface from another substance, or absorption, in which 
CO2 is taken up into the volume of another material, i.e., absorbed. Other emerging approaches include 
electro-swing, humidity-swing, carbonate looping, and membrane separation (Voskian and Hatton, 2019, 
Fasihi, 2019, Samari, 2019, Fujikawa et al., 2021).

Currently DACCS technologies are situated between the pilot plant stage and small scale or 
prototype demonstration in the field. Conservative assumptions, such as Viebahan et al. (2019), suggest 
that DACCS is unlikely to be available on a large-scale before 2030. Hanna et al., (2021) have suggested 
that investing 1.2 to 1.9% of global Gross Domestic Product (GDP) in DACCS would only lead to the 
removal of in the order of 2 GtCO2 per annum. 

Before the technologies can be scaled up, some outstanding issues, including energy requirements, 
the longevity of CO2 storage, and the natural resource requirements, require resolution (RS/RAE, 2018). 
It is suggested that, in the long term, DACCS has a global sequestration potential of between 0.5 and 
5 Gigatons of CO2 per annum by 2050 (Fuss, 2018). 

Both adsorption and absorption approaches have high heat or energy requirements to provide 
an air supply through the plant and to reactivate the agents and release the CO2. Daggash et al. (2019) 
suggests that absorption based DACCS would require an energy input of 1500-2500 kWh for heat and a 
further 220-500 kWh of electricity per tonne of CO2 removed. Adsorbent energy requirements are in the 
range 200-1000 kWh electricity and 640-1700 kWh for heat per tonne of CO2 (Climeworks, 2020). Having 
extracted CO2, sequestration, in whatever form is chosen, will have some additional energy resource 
demands. For example, for transportation to, and pumping into reservoirs. 

To maximise the net carbon removal potential of DACCS, the energy required would be best 
drawn from low-carbon, low impact sources such as solar, wind and nuclear power or by co-locating 
plants with industrial processes that emit waste heat, such as gas power plants. However, if large scale 
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DACCS is to rely on renewable energy sources, greater efficiency and a step change in global renewables 
capacity is required. In addition to the energy and heat requirements, there are other costs that require 
consideration, for example:

• water resources–between 1 and 30 M3 of water per tonne of CO2 (Climeworks, 2019, 
Smith, 2016);

• natural resources-whilst DACCS does not require biomass and it would not harm ecosystems, 
a life cycle assessment of DACCS technologies is required (RS/RAE, 2018);

• sorbent replacement costs and other maintenance (Fuss, 2018);
• CO2 sequestration costs–including preparation for deposition, transport and, depending on 

location and type of storage, storage costs; and,
• capital investment and opportunity costs.

Estimates of financial costs of scaled up DACCS range widely. For example, Sanz-Pérez et al., 
estimate costs at $30 to $1,000 per tonne of CO2 captured (Sanz-Pérez, 2016) whilst Fuss et al. (2018) 
estimate a cost of between $100 and $300 per tonne. Small scale pilot projects are currently operating 
at less than $600 per tonne (Climeworks, 2019). 

A reading of research needs assessments (Sandalow, 2018, Gambhir, 2019, NAS, 2019) suggests 
the following are key areas for DACCS research in the future, in no order of priority:

• Achieving greater energy, heat and water efficiency.
• Developing a better understanding of the sustainability impacts of DACCS. 
• Resolving remaining carbon cycle uncertainties. 
• Improving the production of synthetic renewable fuels using captured carbon.
• Gaining a better understanding of how to deliver environmentally neutral secure, permanent 

carbon removal and storage.
• The economics and policy of a DACCS compatible carbon market.
• The social acceptability of DACCS. 
• Understanding interactions between DACCS and mitigation policy.
• Global carbon accounting and governance.

DACCS plants are likely to have a small footprint, compared to medium sized industrial facilities, 
and they will not create any threats regarding land availability, including to ecosystems services or food 
security (RS/RAE, 2018). Further, because DACCS plants are not geographically constrained, aside from 
having access to energy and water supplies, facilities need not be in sensitive areas or close to populations. 
The locating of DACCS plants is not then expected to give rise to significant social acceptability issues, 
aside from those that arise from the proposals for any medium-size industrial facility (RS/RAE, 2018). 

J. Enhancing ocean alkalinity

Given the CO2 absorbed in oceans is acidic, adding additional alkalinity to the surface of the ocean will 
result in an increased uptake of CO2 by the ocean from the atmosphere. Enhancing alkalinity would also 
help reduce the effects of ocean acidification on the marine ecosystem (GESAMP, 2019). 

No field trials have been undertaken, however, enhancing alkalinity would not require any novel or 
new technology —the raw materials required are already available from cement and other industries or 
naturally occurring minerals, or electrochemical enhancement of carbonate and silicate mineral weathering 
might be used using ships for distribution (RS/RAE, 2018). However, there is a very large carbon and 
energy footprint in the current manufacturing processes of some of the materials (RS/RA, 2018). These 
techniques can also be conducted on land (see Enhanced Terrestrial Weathering below), avoiding the costs 
of transport to and across the oceans. 
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The impacts of introducing particles from these materials into the oceanic environment are 
unknown suggesting further examination prior to implementation would be required (GESAMP, 2019).

The IPCC do not estimate a theoretical removals capacity for chemically enchaining alkalinity 
(IPCC, 2018) although theoretical studies have suggested that enhancing ocean alkalinity could remove 
as much as 3,500 GtCO2 by 2100 (Gonzalez and Lilyina, 2016). Cost estimates range from $50 to $400 per 
tonne (GESAMP, 2019).

Currently, there is very limited research underway on the technique (Bach et al., 2019) and further 
research is required to develop understanding about which minerals or other materials would deliver 
the best net CO2 return, the likely impacts on ocean ecosystems, the longevity of any sequestration, 
the economics and resource efficiency of the methods and how both deployment and its effects would 
be monitored (GESAMP, 2019). Corner et al. (2014) indicate that publics may not be supportive of 
ocean-based interventions of this nature, suggesting acceptability research about the technique may 
also be warranted.

The technique could fall under Annex 4 of the London Convention and London Protocol and UNCLOS 
(Hubert, 2020a). Other interested parties may include intergovernmental or civil society organisations 
and commercial interests related to chemical engineering.

K. Enhanced terrestrial weathering 

The weathering of carbonate and silicate rocks, in which rocks react with CO2 to form carbonates, 
removing carbon from the atmosphere, is the primary way in which CO2 is removed from the atmosphere 
over geologic timescales (RS/REA, 2018). Enhanced weathering would seek to artificially replicate and 
accelerate this process through the spreading of minerals on to the surface or by adding them to soil 
used for agriculture. It is expected that current mining, grinding and farm machinery technology would 
be capable of extracting, preparing and distributing the mineral. However, a large scale up of available 
machinery and infrastructure globally would be required (Florin et al., 2020).

The underlying understanding of the chemistry of enhanced weathering of carbonate or silicate 
minerals to decrease CO2 is very well understood (NAS, 2015) meaning the key barriers to deployment 
are questions about how to scale up, cost, possible environmental or other consequences alongside 
several governance issues rather than technical questions about method. It should be noted that, if a 
sufficient volume of minerals could be processed, distributed and deployed at large enough scale the 
capacity of enhanced weathering to contribute to CO2 mitigation is virtually unlimited (IPCC, 2013). 
Smith et al. (2015) have estimated that if two-thirds of all croplands were treated with between 10 and 
30 tonnes of material per hectare per annum, between 0.4 and 4 Gt could be removed by enhanced 
weathering by 2100. 

The IPCC suggests a range for the potential to remove carbon of 0.72 to 95 GtCO2 per annum 
(IPCC, 2018), whilst noting more evidence is required before estimates can be agreed. A recent enhanced 
weathering experiment has suggested the technique maybe up to three times less efficient than had 
been previously suggested (Amann, 2020). 

A significant issue associated with enhanced weathering is the requirement to mine, grind-
up, transport and spread very large quantities of material. The Royal Society and Royal Academy 
of Engineering (2018) have estimated that with a 100% efficient process, at least 7 km3 per year of 
material, double the volume of all mined coal in 2018, would be required to remove as much CO2 as 
we are currently emitting.

Cost estimates range from between $15 and $3,460 per tonne (McQueen et al., 2020, Beerling, 
2020, IPCC, 2018 and Renforth, 2011). It is also suggested that enhanced weathering on the surface may 
have positive benefits on crop growth through changes in nutrient availability (De Oliveira, 2020). 
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The technique may have negative effects, from, for example, fine particulate pollution and 
nickel and chromium accumulation and release into aquatic and marine systems (Edwards et al., 2017) 
meaning additional environmental impact research is required in addition to recent proof of concept 
and small-scale field trials (McQueen et al., 2020; Kelemen, 2020; GGREW, 2020). 

Despite low levels of understanding about the approach (Pidgeon and Spence, 2017, Wright 
et al., 2014) and whilst noting that what has been done has focussed on Europe and the United States, 
research has suggested that enhanced weathering may be seen as being too slow a response, although 
research in well controlled conditions is likely to be acceptable (Cox et al., 2020). Cox et al. (2020) also 
suggest that publics require greater clarity about the processes that would be involved and would wish 
to see evidence that the current scientific uncertainties can be resolved. Further, the study also indicates 
there may be a preference for the use of mine by-products for enhanced weathering rather than the 
sinking of new mines to access materials.

Given enhanced weathering on land would be conducted within the boundaries of countries, 
national law and other national governance norms would apply. However, were enhanced weathering 
to be deployed at a significant scale, new international mechanisms for monitoring, verification, and 
reporting, including mechanisms that account for transboundary effects of the approach would be required.

L. Macroalgal cultivation for sequestration

The large-scale farming at sea of macroalgae, or seaweed, to capture carbon through photosynthesis 
with subsequent harvest for sequestration or bio-fuel production with carbon capture could, theoretically, 
result in net CO2 removal (N’Yeurt et al., 2012), and play a role in enhancing the biological pump, the 
ocean’s natural biologically driven process of absorbing and circulating carbon dioxide to the deep ocean 
(Sigman, 2006).

Nearshore macroalgal aquaculture for food is a well-established industry globally (Pereira, 2013) and 
may already account for the accumulation of ~0.8 Mt of organic carbon annually in the Asia-Pacific region 
(Sondak, 2017). If scaled up, it has been estimated that, were 9% of the oceans converted to macroalgal 
aquaculture they could potentially generate 12 Gt per annum of bio digested methane (N’Yeurt et al., 2012). 
This could subsequently be burned as a substitute for natural gas. The biomass involved would capture 
19 GtCO2 and the CO2 produced by burning the methane would be captured and sequestrated. 

Research is underway exploring the effect of ocean acidification on macroalgae growth (Rodríguez, 2018), 
which may diminish the value of the technique if acidification continues, and the conversion of seaweed 
to bio-products which use captured carbon in ways to sequester it for the long term (BMRS, 2019).

As an extant farming method, it has been suggested that its proliferation in the Asia-Pacific region 
would not raise novel socio-economic challenges (Pereira, 2013). Pereira also suggests diversification to 
other regions is likely to be practical although scale up would require significant infrastructure investment 
and policy commitment (RS/RA, 2018). In addition to environmental benefits, the technique may have 
economic value from sale for nutrition, energy and fertiliser, although some of these uses may mean the 
approach does not capture GHGs in the long term and, as such, may not qualify as CDR (RS/RA, 2018). It 
is noteworthy that this technique would avoid the competition for land resources of other afforestation 
methods and, dependent on location, may not be in competition for marine resources and may, potentially, 
enhance them (GESAMP, 2019).

The FAO may be positioned to play a role in some aspects of the monitoring of macroalga production 
by building on its regular assessments of aquaculture, which include details on the global production 
of various types of aquatic plants (FAO, 2014). For waters outside EEZ, the technique would fall under 
customary international law, the London Protocol and the UNCLOS, within inshore waters, the approach 
would be a nation state governance issue. 
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M. Ocean carbon capture and storage (OCCS)

OCCS would remove dissolved inorganic carbon from the oceans to be taken to long term storage sites, 
increasing the capacity of the oceans to absorb CO2 from the atmosphere driven by a natural return to 
equilibrium. The principles underlying the technique are well understood and are used at small scale in 
laboratories during sea water analysis (Willauer et al., 2017). However, many critical research issues remain, 
most importantly the feasibility of large-scale engineering development of OCCS and the associated costs 
and whether a scaled-up system would be suitable for climate mitigation (GESAMP, 2019). 

It is unclear what incentives would be required to encourage up-take were a technology proven. 
Which institutions would develop this and why is unknown? It is also unknown where the captured carbon 
would be stored and at what opportunity cost, nor whether the technique would be socially acceptable. 
However, some limited technical and economic modelling is underway (Eisaman et al., 2018) exploring 
the cost and infrastructure challenges of OCSS. 

If conducted in inshore waters, OCSS would be subject to nation state regulation, customary law 
and wider governance dialogue. In international waters, the governance frameworks are uncertain. 

N. Ocean fertilisation with iron (OFI)

Photosynthesis by plankton in the ocean removes around 40 Gt CO2 per year from the ocean surface 
and transports it downward to the deep ocean (RS/RA, 2018). Iron ocean fertilisation seeks to enhance 
this process by introducing additional micronutrients to drive greater plankton growth. Distributing 
iron into the oceans is technically feasible and the industrial infrastructure required is well understood 
(GESAMP, 2019). 

Estimates for the capacity for ocean iron fertilisation to remove and store CO2 are extremely 
uncertain. For example, the IPCC estimates a range of 15.2kt for small interventions to 44Gt, (IPCC, 2018) 
whilst the Royal Society and the Royal Academy of Engineering, adopts an estimate of 3.7 GtCO2 per 
annum (RS/RA, 2018). Cost estimates for this technique also vary and contain significant uncertainty. The 
IPCC, for example, estimate a cost range of between $2 and $457 per tonne of CO2 removed (IPCC, 2018). 

Some potential side-effects have emerged during testing, including population increases of toxic 
species of single-celled algae diatoms (Silver et al., 2010 and Trick et al., 2010). If iron fertilisation is carried 
out over large areas, there may be reductions as well as increases in productivity, affecting fisheries 
and potentially nutrient robbing from downstream regions, potentially with geopolitical and economic 
implications (GESAMP, 2019).

The technique falls under annex 4 of the London Protocol (IMO, 2013). Other interested parties 
could include civil society and commercial interests; however, the London Protocol has asserted authority 
for regulation of ocean fertilization which is widely viewed as a de facto moratorium on commercial ocean 
fertilization activities (IPCC, 2018).

O. Ocean fertilisation with macro-nutrients, nitrogen,  
and phosphorus (OFM)

The underlying principle of this technique is the same as for iron fertilisation (above), it simply uses 
nitrogen and/or phosphorus in place of iron. It has been suggested that nitrogen fertilisation, when 
additional costs including manufacture, transport, and distribution by vessels on the ocean are included, 
is potentially a more efficient means of sequestration than iron fertilization (Harrison, 2017; Matear and 
Elliot, 2004). Harrison (2017) suggests that the technique has a theoretical capacity to offset up to 15% 
of annual global CO2 emissions (as at 2017).
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Research is still required to understand the viability of this approach and the supply chain infrastructure 
and market mechanisms that would be required to underpin deployment. Because phosphorus stocks are 
in decline, there are concerns regarding future capacity to fertilise crops, limited supply and price volatility 
may also be important factors for the geo-politics of phosphorus use with this technique (GESAMP, 2019).

The technique would fall under the scope of Annex 4 of the London Protocol which restricts 
dumping (Hubert, 2020a). Intergovernmental and civil society organisations, and commercial interests, 
especially those associated with food production and mining/minerals may have a particular interest in 
the governance of the technique.

P. Restoring peatlands, wetlands, and coastal habitats

The restoration of peatlands, wetlands and coastal habitats requires little in the way of new technology 
(Zedler, 2005). It centres on rewetting or re-establishing environments, normally through practices to 
block excessive draining including constructing dams, managing vegetation, and restocking with plants, 
to colonise and hence enhance the carbon capacity (SNH, 2019). Coupled with this, measures to protect 
the ecosystems against further exploitation and degradation are required (Bain et al., 2011). 

Current estimates of the maximum long-term carbon sequestration that can be achieved through 
improving wetlands, indicate a potential of between 0.4 and 18 tons of CO2 per hectare per annum, scaling 
to a global potential of approximately 1 GtCO2 per annum by 2030 (Bain et al., 2011). Coastal ecosystem 
restoration could theoretically remove 0.2 GtCO2 per annum (Griscom et al., 2017). However, this may 
be challenging, because of the semi-permanent and on-going nature of most coastal land-use change 
(Li et al., 2018). Carbon sequestration costs in freshwater wetlands have been estimated to be in the range 
of $10 to $100 per tonne of CO2 (Kayranli, 2010) and estimates for saltwater environment restoration 
range from $2,508 to $383,672 per hectare (Bayraktarov et al., 2016).

Restoring wetlands can have a range of, non-climate related benefits, including enhancing 
resilience to flooding and the effects of storms, improved water quality, biodiversity, and employment and 
recreational benefits —some of which may contribute to wider global sustainability goals (Zedler, 2005). 

The release of methane and nitrous oxide from wetlands may release between 20% to 25% of 
global emissions (Whiting, 2001). Whilst reviews of methane mitigation technologies indicate that this 
may be a challenging task (Stolaroff, 2012, Lockley, 2012), it is known that such releases can be reduced 
significantly by planting of mosses and other plant coverage on non-coastal wetlands. The technique 
may then be able to both remove CO2, but also reduce GHG emissions.

Despite the useful review of the mitigation potential of coastal wetlands prepared by the IPCC (2019), 
if wetland restoration is to be fully understood and any potential for CDR fully realised, more research 
may be beneficial to improve understandings of the technique’s potential.

The key barriers to large-scale wetland restoration are largely financial. Frequently, the direct economic 
value of co-benefits that accompany restoration, such as water quality and availability improvements, and 
greater biodiversity, can be insufficient to offset the value of the loss of land (RS/RAE, 2018). Financial 
incentive mechanisms may then, be required, and, maintained over the long-term (Kayranli, 2009). 

Challenges also remain regarding the monitoring, verification and reporting of achieved carbon 
sequestration, cost-effective monitoring of fluxes, and the effects, positive or negative, of land-use 
change (Kayranli, 2009, RS/RAE, 2018). 
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V. Some CDR governance agenda  
for global consideration

In addition to governance issues related to the techniques discussed above, several generic governance 
issues cut across all the techniques discussed. The following provides a snapshot of these issues: 

A. Research governance

CDR research may help reduce some uncertainty, easing some of the governance challenges described 
(Mace et al., 2018). Addressing this research need is a governance challenge in its own right, for example, 
it is unclear how knowledge gaps will be identified, research agenda set, and funding will be secured and 
provided to appropriate researchers.

It has been suggested that high-quality integrated assessments of CDR will be a key tool in 
addressing some of the CDR uncertainties (Fuss, 2018). However, these are lacking and whilst over 
200 CDR review articles were published by 2017 (Minx et al., 2017) and a number have sought to assess 
a portfolio of techniques (e.g., RS/RA 2018, Fuss 2018, NAS 2015, McLaren 2012) these assessments 
have been fragmented with each selecting a different set of techniques and assessing them against 
different metrics. 

CDR research may cause harms. For example, field trials may harm local biodiversity and demonstration 
scale DACCS infrastructure may impact on water resources availability (for a review of potential CDR 
harms see Dooley et al., (2020)). As such, not only does the research and science policy process require and 
have implications for governance, but project level governance will also require consideration. Reflecting 
this, several non-binding codes of conduct have been developed, such as the Oxford Principles (Rayner 
et al., 2013), the Asilomar Principles for Research into Climate Engineering Techniques (Asilomar, 2010), 
the Academic Working Group on Climate Engineering Governance (AWG, 2018) and the Code of Conduct 
for Responsible Geoengineering Research (Hubert, 2020b). However, although such codes encourage 
researchers to act in measured responsible ways, given they are voluntary and have no forfeiture available, 
they may not deter a committed researcher. 
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Image 1 
Governing CDR–a summary of key governance agenda and CDR techniques

Source: C2G2 (2018).

B. Monitoring, Reporting and Verification (MRV)

It is suggested that the MRV of removals will require a global accounting system (Honegger, 2020) and 
that, given the range of approaches to CDR and the variation with which they remove and store carbon, 
and the challenges associated with permanency and leakage, any future MRV will have to function in the 
context of considerable uncertainty (Honegger, 2020). It is then, unclear how the international community 
may resolve the environmental, policy and research challenges that remain for MRV, and whether and 
how this might be done within the context of existing frameworks (Florin et al., 2020).

C. "Moral hazard" or "mitigation deterrence"

McLaren et al. (2016), Wagner (2020) and others have discussed the issue of moral hazard —the idea that 
the use of CDR and its potential cooling effect could provide stakeholders with an excuse to either fail 
to ramp up efforts to reduce emissions or to continue using fossil fuels at current, or even accelerated 
rates. It is suggested that this could also happen because of theoretical modelling, if the promise of any 
CDR techniques identified in studies deters near-term emissions reductions, by reducing the perceived 
future social cost of carbon (McLaren et al., 2016).

In the context of the modelled emissions scenarios that meet the Paris Agreement goals, including 
large scale deployment of CDR and the delivery of net-zero emissions (IPCC, 2018), it is apparent that any 
indications that mitigation deterrence, in the form of moral hazard, may occur could create an important 
governance consideration (Florin et al., 2020). 
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D. Risk-risk trade-offs

Risk-risk trade-offs, which apply to all CDR techniques to some extent, characterise both emergent 
governance and policy design choices, as well as how research is conducted and communicated. They 
involve risk-risk trade-offs in terms of both outcomes as well as governance choices (Honegger, 2020).

Within the policy context, risk trade-offs identified by Honegger (2020) include: effective governance 
versus governance efficiency, at the local, regional and global level; transboundary effects of CDR 
approaches as challenges to sovereignty of domestic policies; achieving the most effective mitigation 
verses securing and maintaining the benefits of sustainable development; and, balancing centralised 
and polycentric governance.

In relation to research, it is suggested that potential trade-offs include: balancing academic and 
innovation knowledge with lay and cultural knowledge and understandings, particularly in relation to 
nature-based approaches to CDR; research driven mitigation deterrence set against mitigation stalling 
or potentially cessation; limited international research co-operation and dialogue undermining capacity 
for governance cooperation; and, unbalanced research capabilities, both in terms of resources and 
underpinning infrastructure generating significant power differentials (Honegger, 2020).

To date how to resolve these trade-offs is uncertain, however in his comprehensive analysis of 
the issues, Honegger (2020) suggests, in relation to policy-design, the strengthening of capacities for 
international inter-agency collaboration; improving understanding of how specific governance challenges 
match particular international agencies’ mandates; and, conducting policy assessments in the context of 
national mitigation policy planning. In relation to trade-offs related to research Honegger (2020) suggests 
enabling more diverse, transdisciplinary research; the exchange of expertise; science-policy conversations; 
and, conducting research on potential interlinkages in the context of the SDGs.

E. Potential implications of CDR  
for the sustainable development goals

The potential implications of CDR upon the delivery of the SDGs are uncertain (Mace et al, 2021) with 
insights about implications only available from pilot activities or by inference from other practices 
(Honegger et al., 2020). Climate change mitigation and co-benefits from CDR may benefit delivery of 
the SDGs, yet poorly designed CDR policies could also challenge their successful delivery (Honegger 
et al., 2020). Specific CDR options could, for example, generate conflicts over land, water, biomass, 
or electric power resources, and exclude communities from policy benefits with negative cascading 
effects for a range of SDGs (Honegger et al., 2020, Mace et al., 2021). In a detailed study of the potential 
interrelationships between CDR and the SDGs, Honegger et al (2021) identified four key policy insights 
for consideration:

(i) the stabilization of global climate is a precondition for at least partially achieving the SDGs 
and CDR may help deliver this;

(ii) CDR techniques can generate both positive and negative local and regional impacts on 
SDGs via physical, social, economic, and political channels;

(iii) the scale of CDR implementation and the implications for the SDGs are highly dependent on 
policy design and national planning processes; and,

(iv) more research on CDR policy design would help identification of synergies between, and 
prevent harm across, multiple SDGs.
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F. Incentives

It is unclear how the international community might agree, set and stabilise, over the long-term, 
atmospheric CO2 concentrations and other mitigation measures (Honegger, 2020). Neither is it clear 
how this process, and the outcomes of the decisions taken, can balance the individual interests of 
nation-states with the global need to reduce CO2 concentrations in the atmosphere (Honegger, 2020). 
Addressing such policy challenges may warrant some incentivisation, but to date it is uncertain how 
that might evolve (Florin et al., 2020). 

It is also unclear how the scale and speed of implementation implied by IPCC scenarios 
(IPCC, 2021; 2018) might be achieved and it is suggested that the substantial incentives to secure 
such rapid change, in terms of new financial and policy options are either very weak, or do not yet 
exist (Mace et al., 2021; Florin et al., 2020). 

G. Sequestration and permanency

Some techniques described do not have the capability to sequester captured carbon durably or permanently. 
If large quantities of CO2 were to re-enter the atmosphere, due to storage failure or leakage, this would 
reverse the gains from achieved CDR. This issue creates important research, engineering and governance 
challenges, as identified by the National Academy of Engineering (NAS, 2019), including, for example, 
the long-term management of sequestered carbon over century timescales, the prevention of leakage 
from hard to reach or challenging environments and financing or incentives (NAS, 2019). 

H. Other remaining governance challenges

In addition to the technique specific and generic governance issues noted, a recent review of CDR 
governance challenges (Mace et al., 2021) identifies two further topics of relevance to CDR governance 
that require attention:

(i) the attribution of responsibility and ethical questions around implementation; and,

(ii) mechanisms to identify liability and make redress.

I. The role of international law and frameworks

A range of international frameworks are relevant to CDR, including:

• UN Framework Convention on Climate Change (UNFCCC) (UN 1992);

− Paris Agreement 2015 (UNFCCC 2015);

− Kyoto Protocol;

• Convention on Biodiversity (CBD) (CBD, 2008);

• London Convention 1972 and the 1996 London Protocol (IMO 2016);

• the International Convention for the Prevention of Pollution from Ships, 1973 as modified by 
the Protocol of 1978 (MARPOL, 1978); and,

• UN Convention on the Law of the Sea (UNCLOS) (UN 2009).

How these may evolve in the context of the increasing use of CDR remains uncertain. Hubert (2020a) 
provides an analysis of these instruments and how they may relate to CDR.
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VI. Case study: impact of carbon dioxide removal 
measures and/or technologies on sustainable 

development objectives in Latin America  
and the Caribbean

The study titled “Impact of CDR measures and/or technologies on the Sustainable Development 
Goals (SDGs) in selected countries in Latin America and the Caribbean”, conducted by Samaniego 
et al. (2021) documents the effects of the six carbon dioxide removal (CDR) measures and/or technologies 
on economic and environmental indicators with respect to the results of the respective BAU (Business as 
usual) scenarios, as well as their impact on the Sustainable Development Goals (SDGs), in selected LAC 
countries (Argentina and Colombia). This study includes a full version of the document, plus a summary 
for decision-makers (in three languages: Spanish, English and French). 

The objectives of the study were focused on identifying knowledge gaps and formulating 
recommendations for consideration by the governments of the region in order to stimulate and organize 
the incorporation of CDR approaches into national climate change strategies. To respond to these 
objectives, the study is subdivided into three main items, which are addressed for each of the measures, 
technologies and/or approaches:

(i) State of the art-knowledge, plans and development.

(ii) CDR analysis, scenarios for selected technologies and countries.

(iii) Analysis of economic, social, and environmental implications.

Regarding point (a), state of the art, an intense bibliographic search was carried out to identify, 
in three broad outlines, the following: Policies, Plans and Programs implemented at the national level; 
scientific research carried out; initiatives and development of large-scale projects. Each measure was 
evaluated, resulting in the gap between knowledge and empirical development in LAC countries (using 
methodology developed by C2G). To summarize these results, see table 6. 
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Table 6 
Current status of knowledge and development in Argentina and Colombia–scoring methodology

Afforestation BECCS Biochar
EW & Ocean 

Alkalinization
DACCS

Ocean 
Fertilization

Scientific and technical 
knowledge
Mainstreaming in 
government plans
Implementation of 
initiatives and projects

Afforestation BECCS Biochar
EW & Ocean 

Alkalinization
DACCS

Ocean 
Fertilization

Scientific and technical 
knowledge
Mainstreaming in 
government plans
Implementation of 
initiatives and projects

Not Developed Under development 
not directly/partially 
related to DRC

Less than 10 items/
programs not yet 
implemented/small-
scale initiatives

More than 10 articles/
programs under 
implementation or 
executed/completed 
large-scale initiatives

Source: Own elaboration based on Samaniego et al. (2021).

Based on the results reported in the table above, Afforestation and Reforestation and Enhancing 
soil with Biochar are the most explored CDR approaches in the scientific and academic field in LAC. The 
main results are summarized (table 7).

Table 7 
Knowledge, planning, and implementation gaps of CDR approaches  

in Latin America and the Caribbean countries

Afforestation • Supported by Laws, regulations, and national plans both in Argentina and 
Colombia and in most LAC countries

• Several large-scale projects have been identified

• Policies and plans promoting the use of wood from sustainably managed forests 
for industry and construction (mainly Argentina, Brazil, and Chile)

Enhancing soil C content 
Biochar and Enhanced 
Weathering (Land)

• Academic and research activity identified, but mainly on small lab scale tests

• Enhancing soils C content and techs that include the use of biochar and soil 
enhancer as well as EW should be worth analyzing deeper in order to qualify  
its impacts and risks

BECCS • There is a good basis of research on the BE side, still there is no integral research 
on BECCS

• Incipient but rapidly increasing installed capacity of biomass and biogas power 
generation plants and biofuels production plants are being observed (focus on BE)

Other CDRs • Indirect academic research on ocean behavior and characterization and CO2 
dynamics, but no specific examination or projects on Ocean alkalinization/fertilization

• Brazil leads CCS research capabilities in Latin America and the Caribbean, mainly 
focused I geological storage in salt caverns in ultra-deep water

• Knowledge developed on FACCS is almost null in LAC countries

Source: Own elaboration on the bases Samaniego et al. (2021).
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In general, and with rare exceptions, a significant knowledge and empirical development gap of 
CDR has been identified in Latin American and the Caribbean (LAC) countries: 

• LAC countries efforts on climate change mitigation are primarily focused, as is appropriate, 
on emissions reductions and replacement of fossil fuels production and use, and only in a 
largely incipient manner carbon removal efforts are being considered.

• Deployment of large-scale CDR approaches would be expected to have physical side-effects 
and socio-economic or governance implications on the delivery of SDGs. 

• The broader implications of CDR technologies in contributing to delivering or hindering 
sustainable development efforts are so far insufficiently explored and understood, 
predominantly from a planning perspective. 

• LAC countries face a persistent climate finance gap, the decision on the potential 
development of those options would require accurate abatement costs information and 
careful consideration of implementation risks in order to avoid misallocation of resources. 

• A comprehensive research and technical development effort for each technology should 
be undertaken. 

Part (b) of the study on the analysis of CDR, scenarios for selected technologies and countries 
evaluated the BAU scenario for each measure, comparing it with environmental, social, and economic 
indicators. The results for Argentina are shown (table 8).

Table 8 
Argentina: impact of CDR deployment on key variables

Potential GHG 
emissions 
(sequestered)

Avg 
Investment 
requirements

Cost
Net Changes in 
Employment 
created

Contribution  
to GDP

Mega t CO2/year MM USD/yr USD/t CO2

# Jobs created/ 
Mega t CO2 seq

∆ MMUSD GDP/ 
Mega t CO2 seq

Afforestation Baseline 5.6 (avg)
7.7 (2050)

29 (avg) 5.1 73 direct
117 indirect

22

Sc1 10.3 (avg)
11.3 (2050)

59 (avg) 5.6 80 direct
127 indirect

24

Sc2 15.9 (avg)
14.4 (2050)

100 (avg) 6.1 85 direct
136 indirect

26

BECCS Baseline No CCS adoption in baseline scenario, only bioenergy

Sc1 0.1 (avg)
0.3 (2050)

35 (avg) 256.5 733 permanent
258 constr.

1 075

Sc2 0.7 (Avg)
2.0 (2050)

163 (avg) 239.0 1 037 permanent
360 constr.

1 000

Biochar Baseline No biochar deployment in baseline scenario

Sc1 0.1 9avg)
0.2 (2050)

3 (avg) 25.4 102 industrial 110

Sc2 1.5 (avg)
2.5 (2050)

30 (avg) 19.3 77 industrial 84

Source: Own elaboration based on Samaniego et al. (2021).
Nota: ∆ MMUSD: million US dollars.

The main results for Argentina for each of the indicators evaluated are listed below:

• Afforestation and reforestation present the lowest cost per ton sequestered (~6 USD/tonCO2e) 
and the largest emissions removal for Argentina and should be prioritized in the near term. In 
spite of its abatement low cost, the scenarios estimate investments of around 60-100 million 
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USD/yr. and provide a significant source of direct employment. Larger investments, effects 
in employment and Gross Domestic Product (GDP) than estimated might be possible if the 
wood industrial value chain is significantly developed. 

• Changes in livestock production practices, in particular those increasing soil carbon stocks 
can provide further means to rising mitigation ambition in the short to medium term. 

• Similarly, changes in current but evolving agricultural practices (and thus technically and 
culturally feasible) can contribute to incremental emission reductions. 

• The application of biochar on soils could sequester up to 2.5 Megatons of CO2e/yr. by 2050, 
considering only fruit trees. Further expansion to other intensive crops and later to extensive 
crops might be an upside to explore with further research and pilot projects. Moreover, 
biochar deployment exhibits the second lowest abatement cost. 

• There is uncertainty about the feasibility of timely upscaling of BECCS. CCS is largely 
absent from the Argentinean NDC and lowly ranked in investment priorities. It is 
estimated that BECCS could sequester up to 2.0 Megatons of CO2e/yr. by 2050 with over 
1,300 MegaWatts (MW) of additional installed capacity. 

• BECCS deployment in the mid-term implies large investments in capital intensive 
industrial facilities, and therefore exhibits high GDP and employment multipliers. 
However, BECCS is still an immature technology in Argentina with the largest abatement 
cost (240 to 260 USD/tonCO2e), among CDR approaches analyzed. 

Table 9 below shows the results for Colombia:

Table 9 
Colombia: impact of CDR deployment on key variables

Potential GHG 
emissions 
(sequestered)

Avg 
Investment 
requirements

Cost
Net Changes in 
Employment 
created

Contribution  
to GDP

Mega t CO2/year MM USD/yr USD/t CO2

# Jobs created/ 
Mega t CO2 seq

∆ MMUSD GDP/ 
Mega t CO2 seq

Afforestation Baseline 4.7 (avg)
6.3 (2050)

48 (avg) 9.7 76 direct
122 indirect

62

Sc1 7.5 (avg)
8.1 (2050)

78 (avg) 10.1 74 direct
118 indirect

65

Sc2 13.4 (avg)
12.0 (2050)

144 (avg) 10.5 66 direct
106 indirect

67

Mangrove 
restauration

Baseline Null or marginal mangrove restoration in Colombia

Sc1 0.4 (avg)
0.8 (avg)

5 (avg) 11.1 65 direct 69

Sc2 1.4 (avg)
2.9 (2050)

15 (avg) 10.9 69 direct 68

BECCS Baseline No CCS adoption in baseline scenario, only bioenergy

Sc1 0.1 (avg)
0.4 (2050)

12 (avg) 72.9 271 permanent
104 construction

453

Sc2 2.1 (avg)
4.7 (2050)

146 (avg) 69.2 259 permanent
101 construction

429

Biochar Baseline No biochar deployment in baseline scenario

Sc1 0.3 (avg)
0.4 (2050)

7 (avg) 25.0 100 industrial 161

Sc2 3.1 (avg)
4.8 (2050)

58 (avg) 18.0 72 industrial 116

Source: Own elaboration based on Samaniego et al. (2021).
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• Controlling deforestation is key for lowering national emissions. Further, given the need 
to produce additional food and biomass by intensifying agriculture and cattle production, 
halting deforestation emerges as an imperative to facilitate the adoption of a deep 
decarbonization and long-term sustainable food production. 

• Afforestation also presents the largest Greenhouse Gases (GHG) emissions potential in 
Colombia, with an average of over 13 Megaton of CO2e/yr. in the 2020-2050 period. 

• Colombia is one of the world’s top 20 countries in terms of mangrove coverage, with nearly 
300,000 ha of mangrove trees in the Pacific and Caribbean Coasts. Mangroves are well known 
for their high capacity to capture carbon stock per unit of land compared with terrestrial 
forests. It is expected that mangrove restoration at a 0.7% annual rate (58 thousand ha 
restored in the next 30 years) could sequester up to 3 Megaton of CO2e/yr., with relatively 
low investments and costs per ton of CO2. 

• Effects in employment and GDP contribution of afforestation and mangrove restoration 
interventions might be underestimated if other indirect economic activities derived from 
its value chain and ecosystem respectively were also considered (not included in the figures 
below) beyond primary plantations activities. 

• Only considering deployment in fruit tree plantations, Biochar application on Colombian 
soil could sequester up to 5 Megatons of CO2e/yr by 2050. As mentioned in Argentina, 
further expansion to other intensive crops and later to extensive crops might be an upside 
to explore with further research and pilots in Colombia. Although higher than Afforestation 
and Mangrove restoration, Biochar application cost per ton is expected to remain below 
25 USD/ton CO2e. 

• Over 1,100 MW of BECCS installed capacity are forecasted for Colombia by 2050 in a 
high adoption scenario, potentially sequestering nearly 5 Megatons of CO2e/yr. BECCS is 
constrained by sustainable bioenergy potential and availability of safe storage for CO2. 
Similar to Argentina, in Colombia there is also uncertainty about the feasibility of timely 
upscaling of BECCS. CCS is largely absent from the Colombian NDC and lowly ranked 
in investment priorities. BECCS competes with other land-based CDR approaches and 
mitigation measures for resources. 

• Larger investments requirements like capital intensive BECCS deployment and Biochar 
production plants generate larger effects in employment creation and GDP contribution. 
Although significantly lower than in Argentina, BECCS present the highest CDR abatement 
cost in Colombia at an estimate of about 70 USD/ ton CO2e. 

To develop point (c) on the analysis of the economic, social, and environmental implications, the 
limitations of the analysis carried out in the study are developed. To this end, the considerations and/
or caveats and limitations to be considered in addressing CDR measures in the region are generated 
(diagram 2).
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Diagram 2 
Limitations of the analysis
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Challenges 

Large-scale CDR deployments are a 
novel field of research/ 
implementation

Over the long-term, new 
breakthrough technologies not yet 
fully developed today would 
significantly impact scenarios

Investment and operation costs may 
see significant decreases, as each 
technology is massively deployed

Relative level of potential effects may 
also be a function of the level of 
maturity of the literature available, 
plans and projects

Understanding impacts 
(socio-economic) is at least scarce

Historical statistics and their accuracy 
depend on data collection

Comparison between countries can be 
affected by differences in 
statistical bases

Assessment of technologies’ relative 
risk is not yet possible

There are large uncertainties from 
incomplete knowledge, complexity of 
ecosystems involved and interactions 
emerging from combinations of options

Source: Own elaboration based in Samaniego et al. (2021).

The following recommendations aim to enable better informed decision-making on the potential 
deployment of applicable large-scale CDR approaches in LAC. 

• Given the complexities and remaining uncertainties associated with some of the CDR 
approaches analyzed, progress is required at least in: 

− Elaboration of integrated assessment models at the national and sectoral level

− Cost-benefit analysis

− Risk analysis

− Intensification of ongoing scientific and technical research

− Multiple pilot projects

• LAC countries might face a persistent finance gap 9accentuated by the pandemic). The 
decision on the potential CDR development would require accurate abatement costs 
information and careful consideration and assessment of implementation risks.

• Overall assessment of the technical and economic feasibility of the CFR approaches should 
be embedded in the framework to be provided by long-term strategies elaborated by LAC 
countries, including next generation of NDCs.

• Collaborative platforms and programs of work and a common requirement for additional 
international climate finance to address the need for additional resources.

• The potential for coalescing robust finance flows in the context of Article 6 might contribute 
to finance the required long-term transitions in LAC countries.

• More transdisciplinary and geographically diverse research is required on the linkages of 
large-scale CDR deployment and the delivery of the Sustainable Development Goals, which 
may include development of common assessment principles or metrics.

• Integrated policy impact assessments are needed to understand potential policy designs to 
mobilize CDR and what implications they would have for delivery of the SDGs.



ECLAC Nature-based solutions and carbon dioxide removal 63

VII. Conclusion

If global warming is to be limited sufficiently to achieve the Paris Agreement targets, the IPCC scenarios 
(IPCC, 2021; 2018) clearly imply that, in addition to transformational emission reductions, CDR techniques 
would need to be adopted as part of the response. In this paper, the global climate targets and national 
commitments derived from the Paris Agreement have been described inserting, in turn, the regional 
context of mitigation and adaptation and the current NDCs ambition levels. In this development, we 
have delved into how CDRs are inserted in NDCs and their importance for the region which, based on 
recent studies for LAC, opportunities in more nature-based sectors will predominantly be implemented 
and considered in national NDCs. 

In the case study that addresses the problem of soil desertification at the regional level, the need to 
consider the interrelationships between productive systems and their natural resource bases in the different 
geographic areas becomes evident, where degradation affects productivity and jobs and, therefore, the 
regional economy. The exploration of a number of CDR measures and technologies commonly discussed 
in the literature has provided insight into the possibility of available options for these measures, but at 
the same time on the knowledge gaps that still exist for their implementation. Based on this, guidelines 
are provided on a number of governance programs that should be considered to inform future decisions 
on the development, implementation, or long-term management of CDR measures and technologies. 
Finally, a summary of the study done on the impact that the deployment of these measures would have 
gives an overview of the co-benefits that these measures would bring. 

Regardless of one’s concept of how to combat climate change, the challenges of mitigation and 
adaptation require consideration of all options. Because of their complexity, CDRs need to deepen 
their technical knowledge of policies and instruments in order to be in a position to participate in the 
international debates that are already taking place and to take the necessary measures in as informed 
a manner as possible. In this context, Latin America and the Caribbean need to deepen their knowledge 
and debates on CDRs.
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The negative impacts of climate change call for an urgent 

global response, to mitigate emissions and strengthen the 

adaptive capacity of social, economic, and environmental 

structures. In Latin America and the Caribbean, in a context 

of high vulnerability and three simultaneous crises affecting 

the region, development models need to be transformed, 

to bring about a sustainable transition. During this process, 

national and local policies must harness the full potential 

of climate action, through adoption of new technologies, 

innovation, productive reorganization, and identification of 

synergies. This is why nature-based solutions and carbon 

dioxide removal measures and technologies are critical to 

achieving climate goals. Against this backdrop, this paper 

examines the opportunities and challenges of large-scale 

implementation of such measures in the region, emphasizing 

the need to accelerate ongoing efforts, expand the research 

frontier and manage risks. The results outline the existing 

limitations and links between goals, policies and tools, as 

well as the joint benefits of their implementation, which can 

contribute to a big push for sustainability.
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