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The essential role of Carbon Dioxide Removal (CDR) in mitigating further climate warming,
alongside substantial emission reductions, is undeniable. However, the actions to remove
carbon dioxide are not without consequences, necessitating the integration of external costs
into decision-making processes based on cost-efficiency. Previous literature has dominantly
focused on the private costs associated with carbon dioxide removal, excluding external costs
and their impact on society. The objective of this thesis was to identify the Negative Emission
Technologies and Practices (NETPs) that yield the lowest social costs, thereby providing
insights into which NETPs should be prioritized for investments in CDR. This evaluation was
conducted by developing a Social Marginal Abatement Cost Curve (SMACC) framework, to
examine the potentials and social costs of various NETPs. The year under analysis was 2050,
the target year for the European Union to achieve net-zero emissions.

Results of a comprehensive life-cycle analysis, including impacts on human health and
ecosystems, were monetized to establish external costs for each NETP. These external costs
were subsequently incorporated with private costs, gathered from existing literature. The final
step involved combining these social costs with NETPs’ removal potentials to construct the
SMACC curve. The SMACC identified the most feasible NETPs as Bioenergy with Carbon
Capture and Storage (BECCS) with combustion technology, Direct Air Capture and Storage
(DACCS) with High-Temperature Solid-Sorbent technology, and Enhanced Weathering.

The study found that each impact category had a considerably different impact on the SMACC
results, with human health impacts and ecosystem impacts providing distinct insights. The
socially optimal prioritization was proved to be significantly different from cost-effective
prioritization, indicating the importance of incorporating external costs into the analysis. As
key conclusions, the policies applied to NETPs necessitate careful application to avoid
supporting the implementation of NETPs associated with high negative externalities.
Furthermore, to achieve optimal outcomes across the globe, the SMACC necessitates careful
consideration of the characteristics of each region where the NETPs are to be implemented.
The thesis recommends further research on the economic valuation of LCA results.
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Tiivistelma

Hiilidioksidin  poistoa ilmakehadsta tullaan tarvitsemaan ilmaston lampenemisen
hillitsemisesséd, mittavien paastévahennysten rinnalla. Hiilidioksidin poistoon kaytettaviin
teknologioihin  ja menetelmiin  liittyy kuitenkin  ulkoisvaikutuksia, mink& vuoksi
ulkoiskustannukset on otettava huomioon kustannustehokkuuteen perustuvassa
paatoksenteossa. Aiempi aihetta koskeva kirjallisuus keskittyy yksityisiin rajakustannuksiin,
sulkien pois ulkoiskustannukset ja niiden seuraukset yhteiskunnalle. Ta&man
maisteritutkielman tavoitteena oli yksildida negatiivisten paastojen teknologiat ja menetelmat,
joiden sosiaaliset rajakustannukset ovat alhaisimmat, ja tuoda ndin néakdkulmaa siihen, mitka
teknologiat ja menetelmat tulisi priorisoida hiilidioksidin poistoon tehtavissa investoinneissa.
Analyysi toteutettiin kehittAmalla Sosiaalinen rajapuhdistuskustannuskayrda (SMACC) -
viitekehys negatiivisten paastdjen teknologioiden ja menetelmien potentiaalien, seka
sosiaalisten kustannusten tarkastelemiseksi. Analyysin viitevuosi oli 2050, Euroopan unionin
nettonollapaastojen tavoitevuosi.

Negatiivisten paastdjen teknologioille ja menetelmille toteutetun elinkaariarvion tulokset, joka
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arvoon, tuottaen ulkoiskustannukset analysoiduille teknologioille ja menetelmille. Nama
ulkoiskustannukset lisattiin  kirjallisuudesta analysoituihin yksityisiin rajakustannuksiin.
Lopuksi sosiaaliset rajakustannukset liitettiin teknologioiden ja menetelmien hiilidioksidin
poistopotentiaaleihin, visualisoiden tulokset rajakustannuskayralla. SMACC:n tuloksena
todettiin, ettd soveltuvimmat negatiivisten paastéjen teknologiat ja menetelmét vuonna 2050
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PREFACE

This thesis is written for the European Commission’s NEGEM project. The thesis is fully
funded by the European Union’s Horizon 2020 Research and Innovation Programme under
Grant Agreement No. 869192 and is commissioned by the NEGEM project coordinator VI'T

Technical Research Centre of Finland.

I would like to thank my supervisors, Kati Koponen from VTT, and Lassi Ahlvik from the
University of Helsinki for your expertise and effort in guiding me through five months of
research work. I feel grateful for the opportunity to conduct my thesis on such a remarkable

project.

The NEGEM project is a four-year research project, which will end at the end of May 2024,
to quantify and deploy responsible negative emissions by assessing the realistic potential of
Carbon Dioxide Removal and its contribution to climate neutrality. The project applies a
multidisciplinary approach that goes beyond climate physics and climate economics and

focuses on real-world perspectives. (European Commission, 2024a)
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1 Introduction

1.1 Background and Importance of the Study

The European Union (EU) finds itself at a pressing turning point as it faces the urgent
challenge of reducing its greenhouse gas emissions to keep global warming well below 2
Celsius degrees. So far, government actions aimed at emission reductions have turned
inadequate. (EEA, 2022; European Parliament, 2023) In response, the EU has shifted its
focus towards the 2040 climate targets, underscoring the pivotal role of Carbon Dioxide
Removal (CDR). The EU’s 2040 climate target primarily emphasizes reducing net
greenhouse gas emissions by 90% compared to 1990 levels. The development of effective
methodologies and practices for carbon dioxide (CO:) removal has become necessary as a
supplementary measure in order to reach the 2050 targets of net zero emissions across the
EU. (European Commission, 2024b; IPCC, 2023) CDR is firmly integrated into the EU
climate policy for the coming decades. The Intergovernmental Panel on Climate Change
(IPCC) emphasizes that CDR should be primarily used for hard-to-abate emissions (IPCC,

2022).

The annual CDR requirement for 2050 has been estimated to be around 10 Gt/year
(National Academies of Sciences, 2019). Future CDR implementation will encompass both
natural carbon sequestration mechanisms such as reforestation and sequestering carbon
into soils, as well as negative emission technologies like Direct Air Carbon Capture and
Storage (DACCS) and Bioenergy with Carbon Capture and Storage (BECCS) (Cobo et al.,
2023). These mechanisms are so-called Negative Emission Technologies and Practices
(NETPs). In an ideal realm, the way forward would be to only adopt CDR approaches that
impose no negative or harmful impacts. However, the reality in which we operate
necessitates the consideration of cost-effectiveness alongside the strive for environmental
and social impacts. As such a comprehensive analysis of the costs, benefits, and impacts of
CO: removal with NETPs is essential to find sustainable pathways to meet the collective

carbon removal commitments.

In addition, the IPCC acknowledges that missing pricing of externalities is a barrier to
fulfilling the financing gap to meet long-term climate goals (IPCC, 2023). Decisions based
on private costs solely are missing consideration of long-term impacts and their costs to

society. This highlights the need for incorporating external costs into climate policymaking.



1.2 Objectives of the Study

This thesis is targeted at supporting policymaking in the realm of climate policy, particularly
focusing on the transition to carbon-neutral and carbon-negative economies, as well as
carbon removal in forthcoming decades. The analysis will take a deeper look into NETPs and
aims to find the least harmful and most cost-efficient methods to remove CO- from the
atmosphere to prevent the impacts of climate change and target global warming to stay well

below 2 degrees, with an aim of 1.5 degrees.

While there are several tools and methods available for decision-makers to find and analyze
the most cost-efficient solution for policymaking, both the public sector and business lack
tools for socially optimal decision-making. Therefore, a key component of this analysis is the
construction of a Social Marginal Abatement Cost Curve (SMACC) framework, which is
achieved by calculating the social costs of NETPs. This process involves monetizing the
results of a Life Cycle Analysis (LCA) and aggregating them to the private costs. The analysis
brings the externalities alongside the cost-efficiency of the technologies and practices.
Benefits occurring from NETPs will decrease the social cost, whereas negative externalities

increase the social costs. The thesis aims to investigate the following research question:

Which Negative Emission Technologies and Practices provide the lowest social costs for

deployment by 2050 to limit global warming to 1.5 degrees?

The response to the research question will be provided using the Social Marginal Abatement
Curve for NETPs.

1.3 Scope of the Thesis

Carbon dioxide removal is a relatively longstanding practice, so far primarily addressed
through so to speak natural solutions, such as afforestation and soil carbon sequestration.
However, alternative practices have been explored to find the extent of their potential
implementation and to supplement the traditional CO- removal methods with technology
options. Novel technology methodologies have been developed for CDR, like BECCS and

DACCS as truly promising ones of these. (European Commission, 2023; IEA, 2022)

Given the variety of options for removing carbon dioxide from the atmosphere, further
research into their efficiency and potential externalities, both positive and negative, is
essential. This thesis will focus on both, the environmental and social impacts of CDR

methods. The research seeks to find the answer to the challenge of questioning whether



should we invest more in the latest carbon removal technologies, or should we focus on
enhancing the use of existing, natural methods that function as carbon sinks. The carbon

dioxide emission reduction actions are not part of this research.

The EU has set the year 2050 as the target for achieving net-zero CO- emissions. At the
beginning of this research work the EU’s targets for 2040 had not yet been published.

Consequently, this research is aligned with the 2050 target.
1.4 Structure of the Thesis

Structurally the analysis in this thesis proceeds in five sections. Following this introduction
chapter two provides a literature review on the Carbon Dioxide Removal and Negative
Emission Technologies and Practices and valuation of externalities. The third chapter
presents the theoretical framework of the Social Marginal Abatement Cost Curve. In chapter
four, the process of data collection and data modifications including the methodology of
incorporating external costs into the analysis is presented. This is followed by the
presentation of the results in chapter five. Furthermore, chapter six discusses and analyzes

the key findings of the thesis. The analysis is finalized with the conclusions of the thesis.

2 Literature Review

The following sections provide a comprehensive introduction to the concepts of Carbon
Dioxide Removal (CDR) and Negative emission Technologies and Practices (NETPs).
Furthermore, the literature on the economic valuation of external impacts and research on
the utilization of the Marginal Abatement Cost Curve within the carbon dioxide removal

context are reviewed.
2.1 Carbon Dioxide Removal

Global warming is primarily caused by greenhouse gas emissions in the atmosphere, with
CO- accounting for a large proportion of these emissions (de Jonge et al., 2019; IPCC, 2023).
To mitigate the adverse effects of climate change, societies seek the most effective solutions,
one of which is CDR. CDR refers to a process that extracts CO- from the atmosphere and
stores it in a manner intended to be permanent (Tanzer & Ramirez, 2019). CDR processes

are the opposite of CO: emissions; thus, they can also be described as “negative emissions”.
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Occasionally the term negative emissions is extended to include the removal of other

greenhouse gases than CO., such as methane and nitrous oxide (Goglio et al., 2020).

NETPs and CDR have played a significant role in international climate policy discussions
since the IPCC’s Fifth Assessment Report (AR5) (IPCC, 2014). The IPCC mitigation
scenarios indicate that to keep global warming well below 2 degrees, CDR will be needed to
supplement drastic emission reductions. More detailed roles for the different time periods
are defined in Working Group III contribution to the IPCC’s AR6 (IPCC, 2023): In the near
term CDR is needed for reducing net emission levels further, in the midterm for balancing
residual emissions to help reach net-zero emissions, and in the long term for achieving and

sustaining net-negative emissions.

Based on Paris Agreement targets, EU countries should decrease their CO- emissions to net
zero by 2050 (Fankhauser et al., 2022). However, referring to the emission reduction
progress so far, this target is impossible to meet only with CO- emission reduction (European
Commission, 2024b; Gambhir & Tavoni, 2019). In addition, emission reductions have a long
payback time before the accumulation of CO- stops (Krieler et al. 2012); thereby to reach net
zero targets by 2050 and net negative emissions by the end of the century, CO- removal in

the atmosphere is needed on an extensive scale.

Nevertheless, relying too much on CDR poses risks; it is important to note that the aim of
CDR is not to enable further increases in CO- emissions. Rather it serves as a tool to help
decelerate the most urgent climate heating until effective actions to reduce CO2 emissions
internationally are implemented (Terlouw et al., 2021). In fact, the process of removing one
ton of CO- from the atmosphere is not “symmetrical” to the release of one ton of CO-. This
implies that removing a ton of CO- does not fully compensate for the impact of a released
ton (Zickfeld et al., 2021). Even with CDR, economies must achieve major emission

reductions.
2.2 Negative Emission Technologies and Practices

Negative Emission Technologies and Practices (NETPs) are methods to implement CDR and
can be both nature-based and technical solutions. Following the IPCC’s (2023) definition,
the CDR portfolio consists of the following NETPs: afforestation, reforestation, improved
forest management, soil carbon sequestration, biochar, BECCS, DACCS, enhanced
weathering, peatland and coastal wetland restoration, blue carbon, ocean alkalinity

enhancement, and ocean fertilization, as illustrated in Figure 1.



11

NETPs analyzed in this thesis

Bioenergy with
Afforestation, Carbon Capture
Reforestation and Storage Enhanced Ocean
(BECCS) Weathering ‘Blue Carbon Fertilisation
| Direct Air Carbon | Peatland and
Soil Carbon \ Capture and ‘ Coastal Wetland Ocean Alkalinity
Sequestration “. Biochar | Storage (DACCS) | Restoration Enhancement

Ocean
Earth Land

system Hull=
-

Vegetation, soils, and Sedlments Geological formations Minerals Vegetation, soils, sediments, and minerals
Timescale of storage: Decades to centuries ‘ +Ten thousandyearsw

Figure 1 The Negative Emission Technologies and Practices. Adapted from (IPCC, 2023).

Storage
medium

The scope of the NEGEM project has determined which NETPs will be further analyzed in
this thesis. These NETPs were chosen at the beginning of the NEGEM project and are based
on a preliminary assessment of their potential scalability, feasibility, and impact on
achieving the CDR targets (Cobo et al., 2020). Consequently, soil carbon sequestration,
peatland and coastal wetland restoration, and ocean-based NETPs are excluded from this
thesis. The technologies and practices that will be analyzed will be introduced in more detail
in the following subchapters. NETPs can be further classified into terrestrial NETPs, BECCS,
and chemical NETPs (Cobo et al., 2023).

2.2.1 Terrestrial NETPs

In this analysis, the terrestrial NETPs cover the following CDR methods: afforestation,
reforestation, and biochar. Afforestation and reforestation can sequester CO- through the
natural process of photosynthesis. The captured CO- circulates back into the ecosystem
through a series of processes such as organic matter decomposition, erosion, and wildfire
(Cobo et al., 2023). All the terrestrial NETPs utilize a biotic storage of CO- (Shahbaz et al.,

2021).

Afforestation refers to the practice of establishing forests in areas that were not originally
(or at least in 50 years) forests, while reforestation involves replanting previously harvested
areas (Fuss et al., 2018). A significant share of the potential for CO- capture in forests is
located in tropical regions (Doelman et al., 2020). Afforestation and reforestation are often

mixed and regarded as one single concept. However, it’s important to notice significant
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differences between them; due to the substantial land area occupation, afforestation has
been found to be notably harmful to indigenous people and biodiversity as it requires the
conversion of areas that have previously fulfilled functions other than being a forest. On the
other hand, reforestation has been discovered to be more resilient to future climate shocks
due to the local ecosystem’s previous existence as forests. (Kaine et al., 2023; Ota et al.,
2020) However, both afforestation and reforestation are relatively challenging in terms of

land area requirements. (Doelman et al., 2020; Fuss et al., 2018).

Forest conservation and sustainable forest management are vital for mitigating climate
change and conserving biodiversity. Nevertheless, activities aimed at preventing forest
degradation such as those under the REDD+ program, are not classified as NETPs as they
do not create new carbon sinks (Cobo et al., 2023). Despite the challenges, forestation is
considered competitive in terms of cost and easy-to-implement practice, but the
permanence of carbon storage is uncertain and dependent on external factors such as
drought, pests, and wildfires in the long term (Chiquier, Fajardy, et al., 2022; Fuss et al.,

2018).

The third type of terrestrial NETP is biochar, a carbon-rich product of a biomass process.
The primary process to produce biochar is pyrolysis, which creates a solid biochar product
at high temperatures. (Schmidt et al., 2019) Biochar is used for application to increase the
nutrient level of soil (Fuss et al., 2018; Hepburn et al., 2019). The process of converting
biomass into biochar is not highly efficient (around 30%-50%) (Schmidt et al., 2019).
However, biochar is regarded as a promising NETP because, unlike other terrestrial NETPs,
biochar has the ability to sequester CO. permanently (Shahbaz et al., 2021). This makes
biochar a unique natural CO- storage alternative. Another promising terrestrial NETP is soil
carbon sequestration. This NETP aims to store CO- in soil organic matter by increasing the
carbon content of soil through changes in land management (Cobo et al., 2023; Fuss et al.,

2018). It is outside the scope of this thesis and will not be analyzed in detail.
2.2.2 BECCS

Bioenergy with Carbon Capture and Storage (BECCS) provides two separate services:
bioenergy and CO- removal (Hepburn et al., 2019). BECCS covers a variety of technologies
for bioenergy conversion processes that are combined with CO- capture and storage (CCS).
The biomass, or bioenergy crops used for these processes may originate from forests,

agricultural lands, and residual biomass from the forest industry for instance. (Cobo et al.,
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2023; Hanssen et al., 2020) The growth of biomass involves sequestration of CO- naturally.
This CO: is subsequently captured during the processing phase and permanently stored in
geological formations, resulting in negative emissions. It is crucial to underscore the
importance of ensuring that the biomass utilized in BECCS is produced sustainably (Rosa &

Mazzotti, 2022).

BECCS technologies are relatively novel and have only been implemented on a small scale
currently (Smith et al., 2023). Value added through chemical and fuel production alongside
CO- removal makes BECCS technologies attractive NETPs (Ganeshan et al., 2023). The
BECCS technologies studied in this analysis are combustion-BECCS for power production,

Fischer—Tropsch diesel produced with CCS, and gasification to hydrogen (H:).

Combustion is a well-established thermochemical process to generate usable energy from
biomass. The process itself is mature and has been primarily used for generating electricity
and heat, but combining combustion with CCS has emerged lately. The process involves the
transformation of carbon in the biomass into CO- and capturing and storing it. (Cobo et al.,

2023; Shahbaz et al., 2021)

Gasification stands for another thermochemical energy process that can be utilized as a
BECCS technology. This process involves reacting biomass into carbon monoxide, hydrogen,
and CO- at high temperatures, without combustion. These products are further processed
into synthetic gas or hydrogen, and finally, the CO- generated from the process is captured
and stored. (Ganeshan et al., 2023; Shahbaz et al., 2021) According to Cobo et al (2023),

gasification has greater energy efficiency than combustion.

When the gasification process is primarily implemented for hydrogen production, it is
referred to as gasification to H. (Ahlstrom et al., 2022). The Fischer—Tropsch process can
also be integrated with gasification. When combined with Fischer—Tropsch synthesis,
gasification serves as an advanced technology for creating liquid end products, such as
biodiesel, from synthetic gas (Shahbeik et al., 2022). Both of these processes employ
biomass as a feedstock and incorporate gasification as a component of the process, but their
end products differ. Gasification produces gaseous H> whereas Fischer—Tropsch generates
liquid end products. A few biomass gasification plants exist already in operation, but these

facilities have not yet integrated CCS into their processes (Cobo et al., 2023).

Other promising BECCS technologies include but are not limited to, ethanol fermentation,

liquefication, and pyrolysis processes (Cobo et al., 2023). For Nordic regions that are rich in
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biomass resources and have a strong forest industry, the application of BECCS in pulp mills
presents an intriguing option (Kuparinen et al., 2023; Onarheim et al., 2017). Furthermore,
given the extensive district heating system in these regions, the application of BECCS
combined with Combined Heat and Power (CHP) plants offers an interesting solution

(Gustafsson et al., 2021).
2.2.3 Chemical NETPs

Chemical NETPs’ CO2 removal is based on the chemical reactions between greenhouse gases
and other compounds (Cobo et al., 2023). Chemical NETPs considered in this analysis are

enhanced weathering and Direct Air Carbon Capture and Storage (DACCS).

Enhanced weathering means accelerating the natural weathering process by spreading small
grain-sized rocks to land areas. The rocks used are silicate and carbonate rocks and the
carbon removal is based on the rock’s chemical absorption which is due to the rock’s
dissolvement. (Zhang et al., 2022) The sequestration is not instant but might take from
months to decades (Beerling et al., 2020), resulting in permanent CO- storage in the rock
minerals (Chiquier, Patrizio, et al., 2022). Enhanced weathering faces challenges in its
supply chain; very large quantities of rock are needed for sequestration, and the process of
carbon removal through enhanced weathering requires excavation, rock grinding, and

transport, which in turn generate large emissions (Chiquier, Patrizio, et al., 2022).

DACCS represents a novel technical solution for CDR. DACCS facilities are designed to
capture CO- directly from the air, and the absorption of CO- is facilitated through chemical
solvents and sorbents, after which the CO. is processed onwards into permanent geological
storages (Keith et al., 2018). DACCS has been predicted to present the highest potential
capacities in the discussed NETPs.

Heavy reliance on DACCS carries significant risks, including potential CO- leakage, and
rapid depletion of global CO. storage capacities, as the potential of CO- removal is
significantly higher compared to other NETPs (Lux et al., 2023). In addition, DACCS
facilities have a high energy demand. Therefore, the technology is dependent on CO2-neutral
energy sources to reach optimal outcomes (Fuhrman et al., 2020). The primary DACCS
technologies are High-temperature Liquid-Sorbent (HTLS) and Low-Temperature Solid-
Sorbent (LTSS), (Cobo et al., 2023).
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Table 1 Summary of the NETPs.

NETPs Abbr. Description Storage Permanence
Afforestation AFF Planting forests in areas where Standing forests Low
there has not been forest before
Reforestation REF Planting forests in areas Standing forests Low
previously covered by forest
Biochar BC Solid biomaterial that stores Soil and sediment High
CO:2 in the agricultural process
Combustion COMB Production of bioenergy Geological storage Very high
(BECCS) electricity by combustion
process combined with CCS
Fischer-Tropsch FT Production of liquid biofuels by Geological storage Very high
(BECCS) FT process combined with CCS
Gasification to Hz H2-GAS H2 gas production by Geological storage Very high
(BECCS) gasification combined with CCS
HTLS-DACCS HTLS Capturing CO2 directly from the Geological storage Very high

air using high-temperature
technology with chemical liquid
sorbent combined with CCS

LTSS-DACCS LTSS Capturing CO2 directly from the Geological storage Very high
air using low-temperature
technology with chemical solid
sorbent combined with CCS

Enhanced EW Sequestering COz2 to crushed Minerals Very high
weathering rock minerals

CCS = Carbon Capture and Storage.

2.3 Economic Valuation of the Social and Environmental Impacts

While NETPs are intended to make a positive impact by reducing global warming, it is
crucial to consider both, social and environmental negative impacts from implementing
these technologies and practices. On the other hand, some NETPs have positive impacts that
occur from their usage, referred to as co-benefits. (Fuss et al., 2018; Terlouw et al., 2021)
This analysis utilizes the Life Cycle Analysis (LCA) carried out in the NEGEM project to
consider these impacts for each NETP individually. Later these impacts will be translated

into social costs using economic valuation techniques.
2.3.1 LCA in the context of CDR

LCA is an ISO 14040/44 standardized method, and it is widely employed to analyze the
environmental and social impacts of products or services, with the objective of considering
all impacts throughout their lifecycle (ISO 2006). When utilized for analyzing CDR, LCA is

implemented to identify and evaluate the external impacts of NETPs as well as compare the
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trade-offs between different CDR implementation paths. Comprehensive LCA studies
analyzing CDR are relatively scarce (Dong et al., 2019). However, Cobo et al. (2022) have
successfully conducted an assessment of various NETPs with a focus on BECCS and DACCS

technologies.

LCA is a valuable instrument to support decision-making processes for CDR deployment
(Honegger et al., 2021; Sadhukhan, 2022). Nevertheless, it is essential to be careful when
applying LCA to NETPs, especially in the accurate accounting of negative emissions. For
example, there is a risk of misinterpreting avoided emissions created through the
substitution of counterfactual products as negative emissions (Terlouw et al., 2021). Another
risk relates to the definition system boundary for the LCA, as NETPs are extensive entities

and the characteristics among technologies and practices vary largely (Goglio et al., 2020).
2.3.2 Monetizing LCA Results

Monetizing environmental and social impacts is one mechanism to transfer LCA results into
a unified, monetary value (Pizzol et al., 2017). Assigning monetary value by economic
valuation to LCA results simplifies understanding the magnitude of external impacts and
enables including LCA results alongside monetary analyses, as well as even justifies a high
price of implementation of a practice (Huysegoms et al., 2018). Economic valuation offers
incentives for mitigating environmental and social damages (Martino & Kenter, 2023). In
some instances, monetized externalities may gain even a higher price than the product or
service itself, due to the criticality or remarkability of the externality, indicating a notable
market failure (Sovacool et al., 2021). This highlights the importance of monetization as a
tool integrated with impact assessment, while also emphasizing the need for careful

consideration in its application.

The commercial sector has initiated integrating evaluation of climate-related damages into
their decision-supporting instruments utilizing cost-benefit analysis, where impacts are
assessed in monetary terms (Dong et al., 2019). Extensive studies on integrating valuated
externalities into governmental decision-making have been carried out in the EU over the
past few decades (European Commission et al., 2005). However, the integration of these
practices into policy implications has been slow at least for the challenge of quantifying

intangible aspects of environmental and social issues (Sovacool et al., 2021).
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2.4 Marginal Abatement Cost Curve in the Context of CDR

The Marginal Abatement Cost Curve (MACC) is a tool used by policymakers to make
informed decisions about pollution reduction based on cost efficiency. It graphically
represents the costs and potentials of various pollution reduction practices, demonstrating

the marginal cost of reducing an additional unit of pollution, as introduced by McKitrick

(1999).

When used in non-market policies, MACC aids in creating a portfolio for the implementation
of NETPs (Jiang et al., 2020). In CDR context the MACC estimates the direct costs of CO-
removal for each technology under consideration. The MACC has been successfully applied
with CDR in some studies, for instance in a Swedish case study (Johnsson et al., 2020)
where the NETPs were ranked based on their total CO- capture costs. As a result of this
application, there is a stepwise curve, with each bar representing one CDR technology, the
height indicating the marginal abatement cost (MAC), and the width showing the potential

of CO2 removal.

Several studies have explored the applications of MACC that incorporate the co-benefits of
technologies alongside the private cost (Huang et al., 2016; Yang et al., 2018). These studies
consider the additional benefits of CO- reduction as a part of their analysis. Yet, these studies
do not integrate negative externalities into the analysis, nor regard the co-benefit as
monetized values. Moreover, the focus of these studies is on CO- reduction rather than CO-

removal.

In this thesis, no previous research was found that combines social costs with marginal
abatement costs or includes monetized impacts alongside the costs and potentials of CDR.
Therefore, this thesis fills a gap in the literature where both negative and positive
externalities are considered as external costs and specifically seeks to provide an application

to MACC in the field of carbon dioxide or greenhouse gas emission removal.
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3 Theoretical Framework

This chapter presents the theory of the Social Marginal Abatement Cost Curve (SMACC) and
the theoretical concepts related to it. The theory has evolved during this thesis process and
is therefore a new application. The following chapters supplement the core theory by
introducing key economic concepts that are linked to SMACC theory and are vital to

understanding the theory’s connection to environmental economics.

To comprehend the motivation and economic background of the topic, it is crucial to
understand the existence of the risk of a market failure if the implementation of NETPs is
merely based on their cost-efficiency. Until investments in CDR reach a large scale globally,
understanding the impacts of technologies and practices is needed, as market prices fail to
cover the environmental and social impacts associated with the life cycle of the NETPs. It is
also notable that clean air, biodiversity, and health are considered non-market goods.

(Pigou, 1920; Stern, 2022)
3.1 Social Marginal Abatement Cost Curve

One aim of the Social Marginal Abatement Cost Curve (SMACC) is to find a balance between
the quantity of CO. emissions and the efforts to avoid or sequester these emissions to
minimize societal costs. The amount of CDR is optimal when the social marginal cost is zero
and thus a point where the costs and benefits of NETPs meet. Without incorporating the
externalities into the analysis, the marginal costs and benefits are not on a socially optimal

level, and the future costs from unwanted environmental impacts are not considered.
3.1.1 Social Costs and Benefits

An externality can be positive if a market transaction generates an external benefit, or
negative if the externality is a cost for affected agencies. The external benefits and costs are
borne by agents that are not directly part of the market transaction, as originally presented
by Meade (1973). Benefits increase an individual’s wellbeing, whereas costs are perceived to
decrease the wellbeing. These changes in wellbeing are quantified in monetary values as
external costs. Traditionally, benefits are viewed as avoided costs, meaning that by
preventing a negative externality, it is possible to avoid incurring costs. (Karlsson et al.,

2020)
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For CDR, the externalities can be positive or negative and thus they are presented as external
costs and benefits. Benefits (positive externalities) gain a negative monetary value when
economically valued while costs (negative externalities) gain a positive monetary value.
Adding harmful and advantageous effects to the investment cost adds up to the real cost of
carbon removal (Sovacool et al., 2021). Therefore, it is crucial to reflect the externalities in

the cost of a good or service, in the NETP investments as well.
3.1.2 The Theory of SMACC

SMACC is an extension of the Marginal Abatement Cost Curve (MACC) integrating social
costs and benefits with the private costs. SMACC evaluates abatement strategies not only
based on their economic efficiency but also on their societal impact and environmental
consequences. It could be said that SMACC integrates aspects of cost-benefit analysis into
cost-efficiency analysis, establishing a simple and graphical tool for communicating results
to the decision-making process. SMACC can be applied to CO- removal strategies, CO-

emission reduction, and other strategies such as those analyzed by MACC.

Unlike MACC, which only considers private abatement costs, the SMACC combines external
marginal costs (EMC) and private marginal costs (PMC) of abatement to obtain Social
Marginal Abatement Costs (SMAC). The formula for SMAC is given by:

SMAC = PMC + EMC (1)

Where PMC stands for private marginal cost, and EMC stands for external marginal cost.

The external costs incorporated in SMACC are costs related to human health and
ecosystems. These costs can be both positive and negative. If the net impacts of an abatement

action are positive, the SMAC falls below the private abatement cost.

SMACC can significantly alter the ranking order of the technologies compared to MACC,
indicating that some NETPs that are not attractive in terms of cost-efficiency alone may
prove to be socially more optimal choices than the cheaper NETPs when externalities are
included, or vice versa. In essence, the net costs of private and external costs determine the

SMACC curve, leading to a marginal cost curve divergent from traditional MACC.

SMACC plots the abatement actions, or in CDR context the CO- removal technologies and
practices along the x-axis, with the y-axis representing the social marginal abatement cost

of achieving an additional unit of CDR ($/tCO-). The x-axis is the abatement potential of
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CO: (GtCO2/year), where the width of each step represents the CDR potential of the NETP
during the analysis period. All the NETPs are ordered from least costly to most costly in

terms of social costs (from left to right), as shown in Figure 2.

Abatement Total CDR
cost required by SMACC
(S/tC0O2) target year B
. _
Social Marginal |- . . . . . ... :
Abatement Cost for i
the targer year —|!
NETPs : _ E;tst;:mal
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Private : | Private
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cost i

Cumulative abatement potential

Figure 2 The Social Marginal Abatement Cost Curve (SMACC).

The economically efficient abatement actions with minimal negative externalities are on the
left side of the curve. As we move to the right, the social costs of the actions increase. This is
not necessarily due to an increase in abatement cost, but rather the amount of negative
externalities that lift the NETP higher on the curve, illustrated with positive external costs.
NETPs with a mix of high abatement cost and high negative externalities appear on the far
right, whereas NETPs with relatively high abatement costs may move to the left if they have
positive or low negative externalities. Even if there are no NETPs with negative abatement
costs, the high quantity of positive externalities may lead to a negative social cost. The point
where the SMACC intersects the x-axis denotes the socially optimal quantity of CDR. At this

intersection, the social cost of CDR is zero. Any further CDR incurs a social cost.

SMACC allows for identifying the optimal combination of actions considering both cost-

effectiveness and societal impact. Consequently, governments may replace MACC with
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SMACC to design climate policies that account for external impacts. Simultaneously,
companies may assess cost-effective emission reduction strategies while anticipating social
and environmental consequences. SMACC highlights actions that benefit society as a whole
and ensures equity considerations regarding the fair distribution of costs and benefits. This
approach does not incorporate all social costs, such as the recreational value of NETPs, but
only the social costs that can be generated from the externalities analyzed in this context,
enabling focusing on human health and ecosystem impacts solely. However, compared to
MACC, SMACC faces the challenge of accurate estimation of external costs. Economic
valuation of externalities is difficult due to their far-reaching effects that are not

straightforward to measure and therefore require careful analysis (Naime et al., 2020).

To conclude, the SMACC guides toward more resilient decision-making that not only
mitigates climate change at the time of implementation but also anticipates the impacts that
occur from utilizing the NETPs. Furthermore, it promotes social well-being alongside
minimal environmental effects while leading to a more optimal order of NETP
implementation to meet the CDR target. SMACC creates a bridge, linking the fields of

economics, environmental science, and policy.
3.1.3 SMACC'’s Connection to Traditional Cost-Benefit Analysis

Cost-benefit analysis is used to include environmental impacts in the cost-efficiency analysis
of projects or policies. Cost-benefit analysis measures all consequences of a project, such as
effects on users and non-users, and externalities. (Manso et al., 2021) Furthermore, Cost-
benefit analysis is used to justify the importance of considering externalities resulting from
a decision or a policy and it is widely incorporated into environmental policy. In the context
of CDR, this analysis delves into the cost of abating CO. emissions from the atmosphere, as
it requires funding from businesses or governments for implementation. SMACC brings the
benefits of the actions alongside cost-efficiency analysis but does not follow the traditional
framework of cost-benefit analysis. SMACC offers a visually intuitive method for comparing

various actions, while cost-benefit analysis does not inherently visualize the results.
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4 Methodology and data

This thesis examines applying external costs to the Marginal Abatement Cost Curve in the
context of various NETPs. Thereby the data for the SMACC are the private costs for NETPs,
specifically the costs incurred in capturing one ton of CO2 ($/tCO-), the abatement potentials
or CO: capture potentials for each NETP (GtCO-/year), and the external costs generated by
conducting an economic valuation of the Life Cycle Assessment results for NETPs. The
values used are projected for the year 2050. The methodology of incorporating externalities

into the SMACC will be presented in the following sections.
4.1 Private Costs of NETPs
4.1.1 Data on the Costs of NETPs

The estimations of the private costs of removing one ton of CO- for each NETP have been
carefully gathered from relevant research papers and reports. These sources, authored by
NETP experts, provide cost estimates that consider the dynamic nature of cost landscapes
with a particular emphasis on projections for this thesis’ target year 2050. It is noteworthy
that the costs associated with new technologies tend to decline along with research and
development, creating uncertainty for relatively long-term estimates. In addition, the
novelty of a technology has a significant effect on the estimates; the maturity of the
technology aids in narrowing the range of cost estimates whereas cost estimation for more
novel technologies is more challenging. (Roussanaly et al., 2021) Table 2 provides an
overview of the cost data for NETPs, see Appendix 1 for a comprehensive list of estimations
by reference. The minimum and maximum values in Table 2 represent the range of values

across the entire body of literature cited.



23

Table 2 The range of costs in the literature for NETPs in 2050.

NETPs Minimum and maximum values References

of the cost estimations

$/tCO,

REF -40 to 50 (Baker et al., 2020; Fuss et al., 2018; Hepburn et al., 2019)
AFF -40 to 50 (Baker et al., 2020; Fuss et al., 2018; Hepburn et al., 2019)
BC -70to 133 (Baker et al., 2020; Fuss et al., 2018; Hepburn et al., 2019)
FT 20to 76 (Fuss et al., 2018; Shahbaz et al., 2021)
H2 29to 64 (Baker et al., 2020; Fuss et al., 2018)
COMB 47 to 288 (Baker et al., 2020; Fuss et al., 2018)
EW 50 to 200 (Beerling et al., 2020; Fuss et al., 2018; Hepburn et al., 2019)
HTLS 100 to 440 (Baker et al., 2020; Lux et al., 2023; Young et al., 2023)
LTSS 101 to 730 (Baker et al., 2020; Lux et al., 2023; Young et al., 2023)

NETPs: Reforestation (REF), Afforestation (AFF), Biochar (BC), Fischer-Tropsch (FT), Gasification to H, (H2), Combustion-BECCS
(COMB), Enhanced Weathering (EW), HTLS-DACCS (HTLS), LTSS-DACCS (LTSS)

4.1.2 Assumptions and Modifications for Costs

The distinction between afforestation and reforestation is often indefinite, and all the
references cited handle afforestation and reforestation as a singular concept. However, in
this analysis, afforestation and reforestation will be considered as distinct NETPs.
Consequently, both NETPs are assigned with same cost estimate value for private cost.
Additionally, in some instances for DACCS technologies, a reference only provides a cost
estimate for carbon sequestration, excluding the cost of CO- storage. In such cases, a storage
cost of 10 $/tCO-, as per estimates provided by Smith et al. (2021) and Lux et al. (2023) has
been added to the private cost. Another modification considers costs presented in a currency
other than USD. These values have been converted to USD using the average currency

exchange rate for 2023. The exchange rate from € to $ utilized was 1,0788 (OECD, 2023).
4.1.3 Mean Values for Costs

Most of the provided estimates in the literature are presented as ranges. To construct
visually interpretable marginal cost curves, a single cost value for each technology is
required. In this study, to formulate a robust abatement cost, mean of minimum and
maximum values have been employed from each NETP’s costs for 2050, derived from
inspected sources presented in Appendix 1. This statistical approach, assuming uniform
distribution and utilizing midpoints of the sources’ ranges, generates mean values from the
entire data. Figure 3 presents the minimum and maximum values across the literature and

indicates where the mean values fall within all the values examined in the literature.
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Figure 3 The range and mean of private costs for NETPs in 2050.

NETPs: Reforestation (REF), Afforestation (AFF), Biochar (BC), Fischer—Tropsch (FT), Gasification to H, (H2), Combustion-BECCS
(COMB), Enhanced Weathering (EW), HTLS-DACCS (HTLS), LTSS-DACCS (LTSS).

4.2 Carbon Capture Potentials for NETPs
4.2.1 Data on NETP Potentials

The methodology employed for the estimation of CDR potentials for NETPs has been
conducted in a manner similar to that of cost estimates. The data sources have been
literature and comprehensive reports. From these sources, mean values have been derived
using the midpoints of the provided ranges. These estimates are grounded in expert
predictions and are projected for the year 2050. Table 3 provides an overview of the data of
potentials for NETPs, see Appendix 2 for a comprehensive list of estimations by reference.
The minimum and maximum values in Table 3 represent the range of values across the

entire body of literature cited.
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Table 3 The range of the global potentials in the literature for NETPs in 2050.

NETPs Minimum and maximum values References
of the estimations of potentials
GtCOylyear

REF 0,5t0 10,1 (Austin et al., 2020; Cobo et al., 2023; Fuss et al., 2018; Roe
et al., 2019)

AFF 0,5t0 10,1 (Austin et al., 2020; Cobo et al., 2023; Fuss et al., 2018; Roe
et al., 2019)

BC 0,3t0 6,6 (Fuss et al., 2018; Hepburn et al., 2019; Roe et al., 2019;

Shahbaz et al., 2021)

FT 0,1t05,8 (Cobo et al., 2023; Hanssen et al., 2020)

H2 0to 0,02 (Hepburn et al., 2019)

COMB 2,5t010 (Cobo et al., 2023)

EW 0,5to 4 (Beerling et al., 2020; Fuss et al., 2018; Hepburn et al., 2019)

HTLS 0,5t0 40 (Fuss et al., 2018; Hepburn et al., 2019)

LTSS 0,5to0 40 (Fuss et al., 2018; Hepburn et al., 2019)

NETPs: Reforestation (REF), Afforestation (AFF), Biochar (BC), Fischer-Tropsch (FT), Gasification to H, (H2), Combustion-BECCS
(COMB), Enhanced Weathering (EW), HTLS-DACCS (HTLS), LTSS-DACCS (LTSS)

4.2.2 Assumptions and Modifications for Potentials

The potentials presented are technical potentials representing the maximum amount of CDR
that can be achieved under ideal conditions. However, the potentials that will be utilized in
2050 can vary significantly depending on a variety of factors such as economic, social, and
environmental constraints for the NETP implementation. Furthermore, the potentials vary
widely depending on the geographical location where the NETP has been implemented.
Therefore, it is crucial during the actual implementation phase to consider the specific
characteristics of the region. The sources used in this analysis primarily focus on Europe and

the United States.

Potentials for combustion-BECCS, gasification to H., and Fischer—Tropsch have been
integrated into the total BECCS potential, given that they all fall under BECCS technologies
and the quantity of biomass and capacity of BECCS facilities is a limiting factor for their
simultaneous implementation. The literature gives estimates for each of these three
technologies, but because they do not consider the fact that all these technologies are
deployed concurrently, and thus, the potentials cannot reach such high potentials for all of
them simultaneously. Consequently, the mean value for BECCS has been allocated using the
proportions modeled in the NEGEM project, which reflect the realistic extent of the

potentials when in simultaneous use, see Appendix 3 for accurate values (Lehtila et al.,
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2022). After all, these proportions align with the intermediate potential estimates presented

in the literature.

Again, the potential for afforestation and reforestation has been estimated as a singular
entity. Therefore, the entire potential for afforestation and reforestation has been equally
divided, under the assumption that both of these NETPs will be employed in future CDR
scenarios. A similar constraint occurs for DACCS potentials. No references were found that
were able to provide separate estimates for main DACCS technologies. As a result, the entire
DACCS potential has been evenly divided between HTLS and LTSS technologies.

4.2.3 Mean Values for Potentials

Figure 4 illustrates the ranges presented in cited sources of CO- capture potentials. The
darker circle shows the minimum estimates for the capture potential whereas the lighter
circle presents the maximum potential estimated in 2050. Here, as well the novelty of
technology widens the gap between the minimum and maximum potentials. However, the

sources indicate that the technologies can be ranked in order of magnitude in terms of the

potential.
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Figure 4 Minimum and maximum potentials for NETPs in 2050 presented in the literature, and averages
calculated for NETPs.

NETPs: Reforestation (REF), Afforestation (AFF), Biochar (BC), Fischer—Tropsch (FT), Gasification to H, (H2), Combustion-BECCS
(COMB), Enhanced Weathering (EW), HTLS-DACCS (HTLS), LTSS-DACCS (LTSS).

4.3 NETP’s Externalities and LCA Data

Life Cycle Assessment for the NETPs analyzed in this thesis has been conducted within the
NEGEM project and the results will be examined further and economically valued into

monetary values. The next chapters describe the process and data in more detail.
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4.3.1 Data on NETPs’ LCA Results

There are several different LCA frameworks, of which ReCiPe will be examined further in
this analysis. Some of the LCA frameworks concentrate on environmental impacts solely,
whereas ReCiPe’s focus is on human health damage, loss of species, and damage to resource
availability. In addition, ReCiPe considers both, terrestrial and water ecosystems. (Van der

Giesen et al., 2020) (ISO 14040/44 (ISO 2006))

The NEGEM LCA is created using the ReCiPe 2016 framework, including 23 impact
categories (midpoints), as illustrated in Figure 5. All these midpoints are included in the
overall social cost. These midpoints are further divided into three endpoint categories:
Damage to human health, Damage to ecosystems, and Damage to resource availability. Each
impact within the midpoint category is first assigned a separate unit, which are then
converted into one of three units at Endpoint level: Damage to human health is measured in
Disability-Adjusted Life Years (DALYs/tCO-), Damage to ecosystems is measured in local
species loss integrated over time (Species.year/tCO-), and Damage to resource availability
is measured in resource scarcity surplus cost ($/tCO-.). (Huijbregts et al., 2017) A more
severe negative impact on human health, ecosystem, or resource availability, results in a
higher endpoint value. The NEGEM LCA was implemented using a hierarchic perspective,
which inspects a time horizon of 100 years. The results in this LCA are exclusively expressed

in terms of endpoint units, no midpoint units are available (Cobo, 2024).
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Figure 5 Links between NETPs and the damage caused to ReCiPe assessed areas. Adapted from (Cobo,
Serrano, et al., 2022; Huijbregts et al., 2017).

Several critical limitations for the NEGEM LCA results are as follows: Firstly, forests under
analysis are presumed to be tropical forests. Secondly, the biomass utilized for BECCS
technologies is miscanthus and land for the crops planted has initially been grassland.
Thirdly, the energy source for DACCS plants is derived from renewable wind energy. And

lastly, the mineral employed for the enhanced weathering process is dunite (Cobo, 2024).

The summarized results of LCA, which are available to the public, are displayed in Table 4.
The analysis within the thesis contains more comprehensive LCA results that enabled the
calculation of external costs for each midpoint separately. However, due to confidentiality

constraints, these detailed findings cannot be disclosed.



29

Table 4 Summarized LCA results (Cobo, 2024).

Endpoint

Human health Ecosystems Resources
NETPs species.year/

DALYs/ MtCO, MtCO> USD;013/ MtCO;
AFF 11,8 26,7 30600000
REF -541 10,2 3000000
BC 381 7,61 -35000000
COMB-MISC -1250 -0,647 -2100000
H2-GAS-MISC -1030 1,84 16700000
FT-MISC -885 1,95 -70000000
HTLS-DACCS-WIND -763 -2,43 47800000
LTSS-DACCS-WIND -576 -2,35 8200000
EW-DUN -151 -2,6 3800000

NETPs: Reforestation (REF), Afforestation (AFF), Biochar (BC), Fischer-Tropsch (FT), Gasification to H, (H2), Combustion-BECCS
(COMB), Enhanced Weathering (EW), HTLS-DACCS (HTLS), LTSS-DACCS (LTSS). Biomass: Miscanthus (MISC), Energy source: Wind
energy (WIND), Rock mineral: Dunite (DUN)

4.3.2 Assumptions and Modifications for LCA Data

The only alteration to the LCA data is the exclusion of the Damage to resource availability
impact category from this analysis. This decision is predicated on the assumption that the
market price of resources utilized in the implementation of NETPs accounts for the damage
to resource availability. The reasoning behind this assumption is that market prices typically
reflect resource scarcity, and the private cost of a resource can be seen as a proxy for its
scarcity or damage to its availability. To avoid double-counting in the monetizing phase of
LCA results, Damage to resource availability cannot be included in the external costs.
Consequently, the analysis focuses only on the endpoints Damage to human health, and

Damage to ecosystems, derived from the LCA results to ensure a more accurate assessment.
4.4 Economic Valuation of Externalities

The next section explains the process of deriving the external costs to calculate the social
costs for all the NETPs analyzed. It introduces the sources of monetary values for the
external impact units and finally combines the LCA data with those values to achieve the

external costs to be utilized further in the analysis.
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4.4.1 Understanding Monetizing Externalities

When the impacts assessed in LCAs are translated into endpoint units, they can be weighted
to generate the impacts on a common matrix for decision support. This is an optional step
in LCA and may be implemented in non-monetary weighting principles as well. Commonly
economic valuation for impacts has been conducted in traditional cost-benefit analyses.
(Dong et al., 2019) For instance, following the EU Commission’s updated Economic
Appraisal Vademecum (2021), the impacts are often monetized. In this thesis, the purpose

is to generate social costs, so the externalities are needed in monetary units.

Economic valuation for ReCiPe LCA results has been assigned earlier in a few contexts (Dong
et al., 2019; Sadhukhan, 2022) to express impacts in the monetary unit. The monetization
for ReCiPe endpoint results has been applied by weighting LCA results with monetization
factors adapted from the ReCiPe model.

4.4.2 Economic Valuation

Within the scope of this research, there were no primary valuation studies conducted.
Instead, values derived from other studies have been adapted for use in this research,
utilizing weighting in non-monetary units. This approach enables assigning monetary values

to the endpoint units generated in the LCA.

Weidema (2009) originally conducted an economic valuation for ReCiPe endpoint results.
These values have been estimated by the budget constraint method. Dong et al. (2019) have
further analyzed the economic valuation for DALYs and species.year units based on
Weidema’s research, yielding values of 109,000 US$2017/DALY and 39,000,000
US$2017/species.year. Due to the time divergence between the primary valuation and this
analysis, a future value adjustment is necessary to transfer these values in a novel analysis.
No other adjustments were made, as the primary study’s context was compatible with this

research context; Weidema’s study has been applied in a global context as well.

The values for DALY and species.year have been discounted to future value for the year
2050. For this analysis, a discount rate of 2% has been utilized, as it has been recommended
for cost-benefit analyses of long-term problems (Emmerling et al., 2019), a category into
which this analysis falls. Additionally, discount rates of 1% and 3% were examined, resulting
in no significant differences in the values. Therefore, the monetized values used to value the

LCA results in this analysis are 210,000 US$2050/DALY and 75,000,000
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US$2050/species.year. These values were applied as coefficients to the DALY and species.year
results to derive external costs. The monetized values as external costs are presented in the
results section. The external costs of human health encompass all the monetized midpoint
impacts that fall under the Damage to Human Health category from the ReCiPe framework,
as depicted in Figure 5. Similarly, the external costs for ecosystems include all monetized

midpoint impacts that are categorized under Damage to Ecosystems.

5 Results

The next chapter introduces the findings of the thesis focusing on the resulting Social
Marginal Abatement Cost Curve (SMACC). First, the SMACC and a cost breakdown for social
costs are presented, supplementing the results with some applications to enhance the
understanding of the effect of each impact and finally presenting a sensitivity analysis of the

results.
5.1 Social MACC for NETPs

The SMACC employed in this thesis is depicted in Figure 6.
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Figure 6 The Social Marginal Abatement Cost Curve for NETPs in 2050.
Reforestation (REF), Afforestation (AFF), Biochar (BC), Fischer—Tropsch (FT), Gasification to H, (H2), Combustion-BECCS (COMB),
Enhanced Weathering (EW), HTLS-DACCS (HTLS), LTSS-DACCS (LTSS).
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Figure 6 illustrates the SMACC for CO: capture for the nine NETPs under examination,
paralleled with the CDR requirements projected for 2050. The NETPs are arranged along
the x-axis, from the lowest to the highest social cost, taking into account both health and
ecosystem impacts. In total, all the nine NETPs account for up to 22,9 Gt/year CDR

potential.

As the annual CDR requirement for 2050 has been estimated at around 10 Gt/year,
therefore, utilizing the first three NETPs: combustion-BECCS (COMB), HTLS-DACCS
(HTLS), and Enhanced Weathering (EW), the global CDR requirement will be achieved at
the cost of EW, i.e., -59,565 $/tCO.. The middle segment of the curve consists of the
remaining BECCS technologies (H2-GAS and FT) and LTSS-DACCS. Finally, all the
terrestrial NETPs are located at the end of the curve, resulting highest social costs among
the compared NETPs. The social costs remain negative until 16,46 GtCO:/year, and

therefore implementing CDR up to this point is beneficial to society.

The variety between the social costs for CDR is significant, ranging from -183,88 $/tCO- to
2015,17 $/tCO-, and will be further analyzed with a cost breakdown.

Table 5 presents all the External Costs (EC) incorporated into the above SMACC, the private
costs (PC), and the Marginal Social Cost (MSC) as the sum of these costs.

Table 5 Cost breakdown for NETPs, arranged from lowest MSC to highest.

NETPs PC EC for human EC for EC for Land MSC

SHE) health ecosystems Use $/tCO2

$/tCO, exc|uding LU $/tCO,
$/tCO,

COMB 126,65 -262,03 -227,96 179,45 -183,88
HTLS 217,17 -159,91 -182,50 0,35 -124,90
EW 166,83 -31,55 -199,45 4,60 -59,57
H2-GAS 45,65 -215,11 -166,42 304,22 -31,66
LTSS 268,89 -120,65 -178,20 2,34 -27,61
FT 41,50 -185,34 -163,26 309,38 2,28
BC 26,23 -0,31 19,41 217,23 262,56
REF 9,63 -113,42 -137,22 901,04 660,03
AFF 9,63 2,48 -69,23 2072,28 2015,17

NETPs: Reforestation (REF), Afforestation (AFF), Biochar (BC), Fischer—Tropsch (FT), Gasification to H, (H2), Combustion-BECCS
(COMB), Enhanced Weathering (EW), HTLS-DACCS (HTLS), LTSS-DACCS (LTSS). Biomass: Miscanthus (MISC), Energy source:
Wind energy (WIND), Rock mineral: Dunite (DUN)
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Land use (LU) presents a significant portion of ecosystem impacts occurring from land use,
and hence, it has been examined separately from the social costs for ecosystems. The
subsequent figure (Figure 7) provides a visual breakdown of the costs presented in Table 5.
This visualization offers a more comprehensive understanding of the factors contributing to

the high social cost for some NETPs and highlights which external costs occur as negative.
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Figure 7 Visual breakdown of Social Costs for the NETPs.
Reforestation (REF), Afforestation (AFF), Biochar (BC), Fischer—Tropsch (FT), Gasification to H, (H2), Combustion-BECCS (COMB),
Enhanced Weathering (EW), HTLS-DACCS (HTLS), LTSS-DACCS (LTSS).

5.1.1 Terrestrial NETPs on SMACC

The terrestrial NETPs, which have the smallest private costs, are positioned at the end of the
SMACC. The positioning is primarily attributed to the high land use requirement in the case
of reforestation and afforestation. Biochar, despite having a lower land use cost, incurs a
high net social cost due to not reaching any negative costs. It is noteworthy that afforestation
is the only NETP that incurs a positive external cost for human health, although minor (2,48
$/1CO-).

5.1.2 BECCS on SMACC

Combustion-BECCS locates the initial position on the SMACC. This placement is due to its
lowest external cost in both for human health and for ecosystems excluding land use, both
less than -200 $/tCO.. Other BECCS technologies (gasification to H» and Fischer—Tropsch)
are in fourth and sixth position respectively. Although these NETPs do have lower private
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costs than combustion, they have higher external costs for land use and do not achieve as
low external costs for other categories, as combustion does. For all BECCS technologies,
although their private costs are higher than terrestrial NETPs’, the negative costs and lower

land requirements contribute to their feasible positioning.
5.1.3 Chemical NETPs on SMACC

Chemical NETPs are notably the least demanding in terms of land use. DACCS technologies
also indicate competitive negative costs from ecosystem and human health externalities.
However, as their private costs are the highest, they fall in the middle of the SMACC.
Enhanced weathering is the least competitive with the external costs of the chemical NETPs,

particularly related to human health.
5.2 Applications of SMACC

Given the significant proportion of land use costs, this section presents an analysis of the
SMACC excluding external costs occurring from land use. Additionally, to gain a more
comprehensive understanding of health impacts’ significance in the total external costs, a
version of SMACC that includes only health costs of all the external costs, is presented as
well. A common observation for both these applications is that negative social costs are
reached to a greater extent compared to the initial SMACC. In both cases, at least the first

four NETPs along the curve reach negative social costs.
5.2.1 SMACC without Land Use

Figure 8 depicts the SMACC excluding land use costs. The order of the NETPs on the curve
is notably different in this scenario compared to the SMACC presented in the previous
chapter. The terrestrial NETPs have moved down the curve, with reforestation now
appearing first and afforestation being the fifth NETP. The BECCS NETPs position between

afforestation and reforestation, while the chemical NETPs have moved further to the right.

With this order of the NETPs, more technologies and practices are needed to reach the
annual CDR need; now six NETPs, reforestation, Fischer—Tropsch, gasification to Ho,
combustion, afforestation, and enhanced weathering, fulfill the target. In the earlier version,
the NETPs with high potentials were at the beginning of the curve, resulting in the CDR
target with fewer NETPs.
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This application allows for a more accurate examination of the ecosystem impacts. It is
evident, that the BECCS technologies, afforestation, and reforestation are the most feasible

in terms of cost efficiency and low ecosystem impacts.
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Figure 8 The SMACC including externalities on human health and ecosystems without land use.
Reforestation (REF), Afforestation (AFF), Biochar (BC), Fischer—Tropsch (FT), Gasification to H, (H2), Combustion-BECCS (COMB),
Enhanced Weathering (EW), HTLS-DACCS (HTLS), LTSS-DACCS (LTSS).

5.2.2 SMACC Including Only Externalities for Human Health

In the application of SMACC that includes health externalities only, the order of NETPs
along the curve varies slightly again, as presented in Figure 9. The chemical NETPs position
the last. The order of BECCS and terrestrial NETPs varies slightly, but none surpass chemical
NETPs. In terms of health externalities, enhanced weathering moves even higher up the
curve. After all, this application draws the same conclusion about the feasibility of BECCS

and terrestrial NETPs, as seen in 5.2.1.
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Figure 9 SMACC including only externalities on human health.
Reforestation (REF), Afforestation (AFF), Biochar (BC), Fischer—Tropsch (FT), Gasification to H, (H2), Combustion-BECCS (COMB),
Enhanced Weathering (EW), HTLS-DACCS (HTLS), LTSS-DACCS (LTSS).

5.3 Comparison of MACC and SMACC

In an analysis of the NETPs using traditional MACC, we can contrast the cost of CDR without
the inclusion of externalities. The traditional MACC, which is illustrated in Figure 10 solely
considers private costs. The arrangement of NETPs in the traditional MACC deviates from
the SMACC, as anticipated. This deviation prioritizes terrestrial NETPs and positions
chemical NETPs at the end of the curve. From an economic standpoint, the implementation
of DACCS would not be financially judicious according to this MACC.

400,0
= 350,0
8 ' Annual CDR
;—‘;'; needin 2050
300,0 i 2
C)
| >
1
250,0 ! v
' N
2 ! &
o 1
o 1
3 2000 o
S <
) T
c 150,0 O\‘g’ !
] € :
€ .
a 1
m 100,0 1
e ! W
< & I
1
50,0 G <</\ !
é ({( D 1
& Nei |
0,0 L
o] 5 10 15 20 25
Abatement potentialzoso GtCO2/year

Figure 10 Traditional MACC, presenting only the private costs.
Reforestation (REF), Afforestation (AFF), Biochar (BC), Fischer—Tropsch (FT), Gasification to H, (H2), Combustion-BECCS (COMB),
Enhanced Weathering (EW), HTLS-DACCS (HTLS), LTSS-DACCS (LTSS).
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The next figure (Figure 11) draws the SMACC and MACC in parallel to enable another
perspective for observation. A significant difference between SMACC and MACC suggests
that extending MACC with social costs as SMACC can greatly affect the perceived cost-
effectiveness of NETPs. When examining the level that needs to be removed in 2050, the
cost of CDR is still negative for 10 GtCO-/year as read from the SMACC, whereas cost the of
MACC is more than 200 $/tCO- higher. Interpreting this, CDR could therefore be seen as

gaining benefits to society, whereas MACC demonstrates CDR to be a cost.

The SMACC graph remains below MACC for a long time, up to CDR of 19,7 GtCO-/year.
Above that point SMACC finally exceeds MACC. In this transition point, the social cost of

NETPs starts to surpass their benefits, when analyzed with the method used in this thesis.
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Figure 11 Comparison of the MACC and the SMACC.

5.4 Sensitivity Analysis

Finally, the results present a sensitivity analysis for the costs and potentials of NETPs in
2050. The estimates span a wide range, pointing out the importance of considering the

possibility of the lowest and highest potentials and private costs across various scenarios.

The cost sensitivity is analyzed regarding the lowest and highest private costs given in the
literature, including all external costs as in Table 5. The cost difference for removing 10
GtCOz/year is as high as 293 $/tCO-, as depicted in Figure 12. In a low-cost scenario, the
optimal CO- removal would exceed 17 Gt/year, whereas in a high-cost scenario, it would only

be beneficial up to 3,8Gt/year.
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Figure 12 Sensitivity analysis of the social marginal abatement costs.

The sensitivity for potentials is illustrated in Figure 13, utilizing the lowest and highest
estimates found in the literature. The difference between these two scenarios is substantial;
the low-potential scenario achieves only 4,3 GtCO:/year removal, falling short of the CDR
needed in 2050. Conversely, the high-potential scenario extends up to 72,3 GtCO-/year
presenting an unrealistic scale. In this scenario, the optimal quantity of CDR is 54,2
GtCO2/year, and the annual target is met using only one NETP at a social cost of -183
$/tCOo.
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Figure 13 Sensitivity analysis of the CDR potentials.
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6 Discussion

Finally, this chapter discusses the findings derived from this thesis along with the research
limitations. The insights gained from the findings form a set of recommendations on policy

implications for the deployment of NETPs and provide suggestions for future research.
6.1 Interpretation of Results
6.1.1 Identifying the NETPs with the Lowest Social Costs

The SMACC enables the prioritization of abatement options or in this context the NETPs
from least harmful and economically viable to most harmful and inefficient in terms of cost.
The NETPs that present the lowest social costs are Combustion-BECCS, DACCS-HTLS, and
enhanced weathering. Consequently, these technologies emerge as the most viable NETPs
in this analysis, considering their externalities on human health and ecosystems, based on

the evaluation with the ReCiPe framework.

To enable a more comprehensive analysis of the various applications, Table 6 provides a
ranking of the NETPs with each application of SMACC analyzed in this study. The NETPs
are given a ranking from 1 to 10, with 1 being the lowest social cost and 10 being the highest.
The NETPs are arranged in descending order based on the average ranking of all three
applications, indicated in brackets beside the NETP name. Placement on MACC is not

counted in this, the corresponding MACC position is indicated in the last column.

Table 6 Ranking of the NETPs for all the SMACC applications.

NETP (average ranking) SMACC SMACC SMACC with MACC
excluding LU only health
impacts

Gasification to H2(2,67)
Combustion-BECCS (2,67) 1
Fischer Tropsch (3,33)
Reforestation (4,33)
DACCS-HTLS (5,33)

3
4 3
2
1

Enhanced weathering (5,67)
Afforestation (6,33)

Biochar (7)

DACCS-LTSS (7,67)

o N P O NP Ww o s




40

If we look at the placements of NETPs throughout the whole analysis, gasification to H. and
combustion-BECCS achieve the same overall ranking and place first, followed closely by
Fischer Tropsch. These technologies confer positive impacts on human health and
ecosystems, and if expert forecasts hold, their abatement cost will also be feasible.
Reforestation ranks highly in the applications of SMACC and is therefore placed after the
BECCS options. Reforestation is followed by DACCS-HTLS and enhanced weathering which
benefit from their smaller land requirements. Afforestation, biochar, and DACCS-LTSS
places last and do not yield favorable results in any of the SMACCs. These NETPs do not
offer sufficient benefits to offset their private costs. This is crucial to observe, as afforestation
and biochar represent positions 1 and 2 based on the MACC curve, and therefore they might
be prioritized in NETP implementation if the decision was to be based on cost-efficiency

solely.
6.1.2 Advantages of SMACC

Utilizing SMACC instead of MACC offers several advantages as an instrument for decision-
making in CDR implementation. One key insight derived from the results of this analysis is
that following cost-efficiency in the implementation of CDR may not always lead to socially
optimal outcomes. The differences between SMACC and MACC become apparent when
considering the incentives provided by SMACC for CDR investments. This becomes
particularly evident at the beginning of the curve where negative costs are visible. The early
investment in CDR not only is important to initiate large-scale CO- removal and thereby
mitigate global warming, but it also brings benefits in terms of affluent ecosystems and

human health, and thus cost benefits to society.

Moreover, SMACC fosters a more resilient approach to CDR implementation. The
implementation utilizing SMACC can lead to a more stable transition, avoiding pitfalls in
investments in NETPs. This is due to its ability to take a more comprehensive view of the
costs and benefits associated with each NETP. Under the MACC approach, investments
might be directed towards NETPs that appear to have low cost or high CO- removal potential

but could turn out to be detrimental after the investments have been made.

However, it is important to note that the benefits derived from positive externalities are not
immediate, and occur as benefits to society rather than profits from CDR. The benefits

materialize for example as avoided costs from damages but may take years to become
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apparent. Consequently, the SMACC requires a more careful interpretation compared to the

MACC, which has more direct monetary effects.
6.1.3 Land Use in the Results

In this research, land use was observed to constitute a significant share of the external costs
associated with ecosystem impacts. While high land area requirements are a critical factor
in ecosystem damage, an analysis excluding this factor provides insights into the ecosystem
impacts beyond that. When land use is excluded from the results, the order of MACC and
SMACC exhibit similar patterns; terrestrial and BECCS NETPs emerge as the most feasible

to implement.

Regardless of how land use is valued, it will be imperative to consider land use as an
ecosystem impact, as the availability of land will present challenges in the future. Land
requirements for food production, for instance, will significantly influence the amount of
land available for CDR. If land availability worsens, which is likely with increasing
population growth, the valuation of land will escalate, and other positive impacts may not
offset this deficiency. In such a scenario, DACCS technologies will likely gain more favorable
positions in SMACCs, making their implementation more probable compared to, for

instance, reforestation.
6.2 Limitations of the Study
6.2.1 Economic Valuation of Impacts

A primary limitation of this study arises from the uncertainties related to the economic
valuation of LCA results. The data was solely available in endpoint units, restricting the
valuation to DALYs and species.year. The availability of midpoint units could have facilitated
a more precise valuation, as it would have enabled the determination of equivalent prices
for each impact, thereby yielding more realistic external costs. For instance, if land use
would have been evaluated in square meters instead of species.year, it might have played a
less significant role in the external costs, leading to a more straightforward comparison of

the results.

Moreover, the SMACC presented in this analysis only accounts for ecosystem and human
health impacts. It does not consider other factors such as the recreational value of the

NETPs, which could have significantly reduced the social cost of afforestation and
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reforestation. However, this analysis focuses solely on ecosystem and health impacts,

enabling a concentrated perspective on these aspects.

While the concept of pricing environmental and social impacts has been controversial, this
thesis from an economist’s perspective, acknowledges that economic valuation is not beyond
dispute. Instead, it seeks to provide insights into decision-making heavily reliant on the

monetary value of CDR.
6.2.2 Geographical Considerations and Resource Ultilization

Another critical observation is that the geographical location significantly influences the
SMACC results. For instance, afforestation and reforestation as NETPs are highly location
dependent, and their impacts are remarkably different in for instance habituated areas than
in an undisturbed wilderness (Kaine et al., 2023). A similar observation can be made for the
biomass cultivated for the use of BECCS. The impact of NETP is influenced by the location
of the crop site and the type of soil. (Jones & Albanito, 2020) On the other hand, DACCS

offers more flexibility in terms of location.

Given the influence of regional differences on the SMACC results, it is imperative to adopt a
region or country-specific approach when implementing SMACC. This country-tailored
approach would enable the identification and prioritization of the most feasible NETPs for
each region at the beginning of the curve. The uniqueness of each NETP’s externalities, such
as the type of local biomass utilized and the land area available for the purpose of CDR,
further highlights the necessity for a country-specific SMACC. Moreover, the geographical
characteristics of each country, particularly the distance of CO- storage location, should be
taken into account, especially when NETPs are applied at point sources of CO- emissions

(Kujanpaa et al., 2023).

This analysis considers the phasing out of fossil fuels, so only renewable energy sources are
handled. Therefore, the prospect that DACCS would be operated by fossil fuels is not
considered, but it is important to acknowledge the possibility of it and ensure that fossil fuels
will not be enabled in DACCS utilization. Careful considerations need to be made when
interpreting the results for the NETP implementation, and the LCAs need to be conducted

again considering the NETP implementation location and resources utilized.



43

6.3 Implications for Policy and Practice
6.3.1 Subsidies and Incentives

As the main research question of this thesis was to identify the most feasible NETPs, the
identified NETPs must be implemented at a scale that can significantly impact carbon
dioxide removal. For instance, the example of the successful promotion of wind power to
become the dominant energy source underscores the importance of incentives to facilitate
the adoption of technologies, such as NETPs, even if they were not initially the most cost-

efficient options in terms of their private costs (Nicolini & Tavoni, 2017).

Externalities, currently excluded from market considerations, need serious attention.
Without market intervention, NETPs at the beginning of SMACC should receive incentives
to ensure their implementation does not falter due to high private costs. The positive impacts
of these NETPs will justify the investments. Furthermore, incentivizing these NETPs will
trigger scale effects, eventually driving down their costs. Similar policy instruments as wind
turbines have gained in the beginning of their deployment could be presented for BECCS
technologies; a tax benefit for generating bioenergy with certain BECCS technologies and
utilizing the most sustainable, and feasible biomass sources. These investment tax credits
could help the energy industry to incorporate BECCS more into their operations as well.
Other incentives could be government funding of the most feasible NETPs or subsidy
schemes following Denmark or the United Kingdom’s targeted subsidy programs (Fajardy
& Greenfield, 2023), or a reversed auctioning system adopted in Sweden (Kujanpaa et al.,

2023).

If a NETP is positioned in the middle of the curve mainly due to its high private cost, policies
should encourage their research, development, and innovation (R&D&I) aimed at cost
reduction. As soon as the private cost decreases as much as the social cost reaches zero, the
implementation of these NETPs should be highly promoted. Therefore, R&D&I resources
should be allocated to DACCS technologies to ensure large-scale capture potentials,

particularly in case the future CDR demand significantly exceeds projections.

On the other hand, the NETPs at the end of the curve necessitate further research to
minimize their negative externalities. It is essential to explore potential improvements in
their implementation to mitigate damage to ecosystems and human health. If the negative

externalities are not deductible, utilization of these NETPs should be prohibited.
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Regional differences require careful consideration in the incentive policy. For instance,
BECCS should not be subsidized in areas where it is not sustainable to grow biomass for the
purpose. In addition, while reforestation in former forests is likely safe, afforestation

requires thorough analysis to prevent damaging an area’s cultural or ecological significance.

Finally, this analysis underscores the need to secure sufficient land for CDR. This could be
achieved by reducing land use for food production, a current major occupier that could be
minimized (EAT-Lancet Commission, 2019). Policies promoting so-called planetary diets
should be emphasized, as this could free up land for CDR (Werner et al., 2022). Figure 14

summarizes the policy instruments for sustainable CDR.

USD/tCO2

SMACC

Costzo50

Potentialzoso GtCO2z/year

Figure 14 Policy instruments for NETP implementation.

6.3.2 CDR in Emissions Trading Systems

Integrating CDR into the EU Emissions Trading System (EU ETS) as well as other regional
emissions trading systems, has recently emerged as a point of discussion of negative
emissions (Bednar et al., 2023; Rickels et al., 2021). The concept of CO- removal could be
incorporated into these emissions trading systems either as an integral part of their scope
resulting in negative emissions in the system, or in the form of carbon credits or certificates
(Hickey et al., 2023). Such an integration could serve as an additional incentive for CDR to

achieve carbon removal targets.

However, from this analysis’ perspective, noting CDR in emissions trading is a rather
controversial issue. It could potentially encourage the use of NETPs that have high negative

externalities, with the sole aim of maximizing the CO- removal potential to benefit from the
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trading. It could also lower the threshold for releasing emissions and then recapturing them,
as they could be easily compensated with CO- removal within the scope of the emissions

trading system.

Therefore, if the CDR were to be linked to emission trading systems, it is crucial to establish
a framework that specifies which NETPs are permitted to perform CDR to be accepted as
negative emissions to minimize the change of utilizing harmful NETPs. In this context, a
regional SMACC could serve as a useful tool, as it could assist in identifying feasible NETPs
for a given region. This would help to exclude NETPs with high negative externalities from
the trading system and thereby assist in defining the NETPs that would be accepted to result
in negative emissions. This approach would subsequently aid in the equitable distribution
of CDR responsibilities among regions, a topic that has been recognized by Fyson et al.

(2020)

Furthermore, since CDR should be specifically employed for the effort-sharing sector, CO-
removal should be targeted only in sectors that cannot further reduce their emissions but
require removals to achieve net zero emissions. This would ensure that the benefits of CDR

and emissions trading systems are maximized while minimizing potential misuse of CDR.
6.3.3 Recommendation for Future Research

For future research, this thesis could serve as a foundation for the SMACC utilizing a more
precise valuation of impacts. The utilization of midpoint LCA units could yield more precise
results, and the probability of reaching more realistic external costs would be higher.
Primary valuation studies of the impacts could be implemented further to reach the desired
outcomes with externalities valuation. In addition, the SMACC could be extended to
consider social impacts beyond human health and to environmental impacts beyond
ecosystems, to create even more comprehensive social costs. Furthermore, the
implementation of methods, such as Monte Carlo simulations or robust decision-making
(Koponen & Le Net, 2021; Wealer et al., 2021) would instill a degree of certainty for long-
term forecasting of costs and potentials for CDR, thereby providing a robust framework for
future investments by generating multiple possible outcomes, encompassing future

scenarios of CDR scale-up and various socio-economic trajectories.
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7 Conclusions

Carbon Dioxide Removal will feature prominently in climate policy in the coming decades
and is increasingly becoming a focal point across various industries, such as bioenergy,
forestry, and industries with emissions hardest to abate. Given that NETPs constitute
significant and longstanding investments, their implementation necessitates particularly

careful planning and execution.

The objective of this research was to determine the NETPs that exhibit the lowest social
costs, thereby identifying the most feasible technologies and practices for implementation
to fulfill CDR requirements. This approach considered a comprehensive range of factors,
including the external impacts of the NETPs, their costs, and their potentials for CO-
removal. The analysis was conducted through the SMACC framework, a novel methodology

developed within the scope of this thesis.

The analysis identified the most and least feasible NETPs within the SMACC framework
applied in this study. According to the SMACC framework and, the top three NETPs in terms
of their social costs in 2050 are combustion-BECCS, HTLS-DACCS, and Enhanced
Weathering. These results are based on the technology assumptions and LCA results from
the NEGEM project. The three NETPs referred to are projected to be capable of achieving
the target of 10 Gt CO2 removal in 2050. In SMACC, reforestation and afforestation emerged
as the least feasible NETPs, primarily due to their extensive land use requirement. This
underscores land use as one of the factors contributing to significant regional variation in
the SMACC results. Therefore, it is emphasized that the SMACC should be applied on a

regional basis, with careful consideration of local characteristics and conditions.

The ranking of the NETPs along the curve exhibited slight variations depending on the
perspective, with chemical NETPs resulting in the highest social costs related to human
health, whereas DACCS technologies and biochar resulting the highest social costs when
land use was not included in ecosystem impacts. In both of these applications reforestation,

afforestation, and BECCS technologies were positioned at the beginning of the curve.

As CDR is an action to offset hard-to-abate emissions, it is crucial to ensure its effective and
responsible implementation. However, the most efficient and sustainable mitigation
measure is to limit further CO- emissions to the greatest extent possible, thereby minimizing
the need for CDR. This is also substantiated by the fact that the removal of one ton of CO-

does not fully offset the impact of an emitted ton of CO.. Furthermore, the sensitivity
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analysis of the CDR potential of NETPs potentials revealed that, under a scenario of low
potentials, the implementation of all NETPs analyzed would be insufficient to meet the

requirement of 10 Gt of CDR.

The NETPs identified as most feasible are not efficient in terms of their private costs yet.
Consequently, there is a pressing need for subsidies and incentives in the application of
CDR. It is also crucial to ensure that these policies do not unintentionally support NETPs

that could have detrimental effects in a certain region.

In conclusion, the application of SMACC can lead to more informed and conscious decision-
making in the deployment of NETPs. It offers a more comprehensive framework than MACC
in terms of regarding the externalities, providing a holistic view of the issue analyzed.
SMACC is an invaluable tool for decision-makers in domains of climate change mitigation,
especially in the realm of CDR. It provides readily interpretable results, highlighting
important aspects of external impacts to consider when prioritizing investments in NETPs

and initiates the discourse on responsible implementation of NETPs.
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Appendix 1 Costs of CDR in 2050
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Technology Smith et al. Other literature Mean of all cost
(2023)@ ($/tCO2) estimates
($/tC0Oy) ($/tCOy)
DACCS 100-300
LTSS-DACCS 101,4-225,5(bc 268,89
170-730@
193,26
HTLS-DACCS 111,1-250,3(be 217,17
100-440@
200,86
Enhanced weathering 50-200
50-200¢ 166,83
157-1946
max. 2006
BECCS 15-400
Gasification to H2 28,7-63,9G 45,65
30-60¢
FT Gasification 20-40¢ 41,5
30-76(
Combustion 88-288¢ 126,65
46,6-84C
Afforestation/Reforestation 0-240
5,0-50¢ 9,63
-40-106
16,4G
Biochar 10-345
30-120¢ 26,23
(-70)-(-60)®
4,4-1336

1) (Lux et al., 2023) 2) (Young et al., 2023) 3) (Baker et al., 2020) 4) (Fuss et al., 2018) 5) (Beerling et al., 2020) 6) (Hepburn et al., 2019)
7) (Shahbaz et al., 2021) 8) (Roe et al., 2019) 9) (Cobo et al., 2023) 10) (Hanssen et al., 2020) 11) (Austin et al., 2020)

a) Smith et al. (2023) are presented separately as a benchmark, as the report presents wide ranges for estimates in 2050 and is one of
the most recent comprehensive reports on CDR. b) Converted from € to $ ¢) 10$/tCO2 storage cost added



Appendix 2 CDR Potentials in 2050
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Technology Smith et al. Other literature Mean of all potential
(2023)@ (GtCOglyear) estimates
(GtCOglyear) (GtCOglyear)
DACCS 5-40
0,5-5¢ 12,63
5-406
HTLS-DACCS & 12,63/2
LTSS-DACCS =6,31
Enhanced weathering 2-4
2-4(4 2,42
0,5-2,06
2-46
BECCS 0,5-11
0,5-5¢ 3,07
0,7@
0,5-116
Gasification to Hz 0,006 0,01*3,07
percentage of BECCS = 1%(® =0,02
FT Gasification 0,1-5,80 0,41*3,07
0,1-0,2(10 =1,24
percentage of BECCS = 41%(®
Combustion 2,5-100 0,46*3,07
percentage of BECCS = 46%(® =1,40
Afforestation/Reforestation 0,5-10
0,5-3,6¢ 3,20
2,6-5,60
1,2-2,6(1
0,5-10,1@
Afforestation & 3,20/2
Reforestation =1,6
Biochar 0,3-6,6
0,5-2¢ 2,01
0,3-26
3,456
2,20

1) (Lux et al., 2023) 2) (Young et al., 2023) 3) (Baker et al., 2020) 4) (Fuss et al., 2018) 5) (Beerling et al., 2020) 6) (Hepburn et al., 2019)
7) (Shahbaz et al., 2021) 8) (Roe et al., 2019) 9) (Cobo et al., 2023) 10) (Hanssen et al., 2020) 11) (Austin et al., 2020)

a) Smith et al. (2023) are presented separately as a benchmark, as the report presents wide ranges of estimates in 2050 and is one of
the most recent comprehensive reports on CDR. b) The percentages of different BECCS technologies are derived from NEGEM modeling
results for BECCS applications in 2050 (Lehtila et al., 2022). This model comprises three distinct scenarios on NETP applications. To find
the realistic potential for each BECCS technology, an average has been computed from these three scenarios. Subsequently, the
proportion of each technology was calculated about the total BECCS application. These proportions were then applied to the central
tendency estimate, which was derived from the literature reviewed. For more information, see Appendix 3



Appendix 3 BECCS Potentials from NEGEM modeling

1.5-Tec 1.5-Env 1.5-Sec

[ Biogases

M Bioliquids

& combustion

BECCS gross CO, capture, Gt(CO,)

2030
2040
2050
2060
2070
2080
2090
2030
2040
2050
2060
2070
2080
2090
2030
2040
2050
2060
2070
2080
2090

Contribution of BECCS by application (Lehtila et al., 2022).

Scenario Tec Env Sec Average of three %
BECCS scenarios
technology Mt Mt Mt Gt
Biogases 448 445 452 0,45 14 %
H2-GAS 0 19 36 0,02 1%
Bioliquids 1504 988 1447 1,31 41%
FT 752 494 724 0,66 41 %
COMB 1721 669 2046 1,48 46 %
Total 3673 2102 3945 3,24 100 %

Values for the contribution of BECCS by application in 2050 (Lehtila et al., 2022).



