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"For a successful technology, reality must take precedence over

public relations, for Nature cannot be fooled."

– Richard P. Feynman
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Summary
The Paris Agreement, adopted in 2015, sets a clear goal to limit the av-

erage global temperature rise to well below 2◦C, and ideally, to 1.5◦C above

pre-industrial levels by the end of the 21st century. This is expected to

prevent the most severe consequences of human-induced climate change.

However, the current efforts towards emission reduction and other climate

mitigation efforts have not yielded sufficient results for the set temperature

limits. In light of this, Carbon Dioxide Removal (CDR) methodologies,

entailing the artificial/human-made capture and long-term storage of car-

bon dioxide from the atmosphere, have emerged as unavoidable/necessary

and pivotal measures to achieve proclaimed net-zero emissions targets by

nations around the world.

The ocean, as the Earth’s largest long-term repository for anthro-

pogenic CO2, possesses a carbon storage capacity significantly surpassing

that of the atmosphere and terrestrial biosphere, prompting the exploration

of ocean-based CDR strategies. The utilization of macroalgae for ocean-

based CDR has attracted notable attention due to their high photosynthetic

efficiency, carbon-rich biomass, and well-established breeding and culti-

vation techniques. In this thesis, I present the assessment of the ocean-

based CDR with macroalgae as carbon courier, named macroalgae-based

CDR strategies. Macroalgae-based CDR has been studied in both open

oceans and nearshore regions via numerical modeling within an Earth sys-
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tem climate model (Chapter 2 & 3). The assessment concerned its car-

bon sequestration capacity and efficiency, as well as the interactions be-

tween macroalgae-based CDR and the global carbon cycle and marine bio-

geochemistry. Meanwhile, macroalgae-based CDR is evaluated as a vi-

able component of Germany’s Net-Zero 2050 target (Chapter 4), bridging

the theoretical assessments with practical, region-specific applications, fur-

ther contributing to the broader understanding and increased feasibility of

macroalgae-based CDR strategies in addressing climate change goals.

In Chapter 2, the focus is on the Macroalgae Open-ocean Mariculture

and Sinking (MOS) methodology as a viable macroalgae-based CDR strat-

egy. Through a synergistic approach that integrates a macroalgae growth

model into the University of Victoria Earth System Model (UVic ESCM),

the theoretical efficacy of MOS in carbon sequestration is explored, along-

side its potential biogeochemical implications. The findings reveal that

MOS, particularly when enhanced with Artificial Upwelling (AU), holds

substantial promise in sequestering carbon. However, this CDR potential

comes with significant repercussions on marine ecosystems, notably a re-

duction in Phytoplankton Net Primary Production (PNPP) due to nutrient

competition and canopy shading, and downstream alterations in Oxygen-

Minimum Zones (OMZs).

Chapter 3 transitions to evaluating the Nearshore Macroalgae Aqua-

culture for Carbon Sequestration (N-MACS) strategy, which facilitates macroal-

gae cultivation in nearshore ocean surfaces. The assessment covers the

CDR potential of N-MACS, its implications on the global carbon cycle,

marine biogeochemistry, and marine ecosystems. The macroalgae model,

initially established, is adapted to nearshore areas to align with the span of

Exclusive Economic Zones (EEZs). The simulations underscore that while

N-MACS holds promise in carbon sequestration, it also curtails marine net

primary productivity due to nutrient depletion and canopy shading, with
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a cascade of effects that diminish organic carbon export and alter certain

biogeochemical processes in upwelling regions.

In Chapter 4, the narrative extends to proposing macroalgae-based

CDR as a viable component of Germany’s Net-Zero 2050 target. The

proposition underscores macroalgae, with its rapid growth rates and opti-

mal biochemical composition, as a sustainable feedstock for third-generation

biofuels. The concept of offshore macroalgae cultivation coupled with

maturity of macroalgae cultivation technologies opens up sustainable al-

ternatives for biofuel production while potentially sequestering substantial

amounts of CO2.

Throughout this dissertation, a systematic evaluation of macroalgae-

based CDR methodologies is carried out, encompassing various deploy-

ment locations, combinations with artificial upwelling, and a case study

within Germany’s EEZ. The findings, in conjunction with existing research,

underline the significant trade-offs involved, particularly the suppression of

marine primary production which could have broader ecological ramifica-

tions. Despite being based on certain idealized assumptions, the thesis lays

a solid groundwork for further investigations, advocating for a diversified

approach in the assessment of climate mitigation strategies and emphasiz-

ing the urgency for further research, implementation, and global collabo-

ration in addressing the climate change crisis.
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Zusammenfassung
Das Pariser Klimaschutzabkommen, das im Jahr 2015 verabschiedet

wurde, setzt das klare Ziel, den durchschnittlichen globalen Temperatu-

ranstieg bis zum Ende des 21. Jahrhunderts auf deutlich unter 2◦C, ideal-

erweise auf unter 1.5◦C gegenüber dem vorindustriellen Niveau zu begren-

zen. Diese Begrenzung soll die schwerwiegendsten Folgen des vom Men-

schen verursachten Klimawandels abwenden. Die bisherigen Bemühun-

gen zur Emissionsreduktion und andere Klimaschutz-MaSSnahmen sind

allerdings nicht ausreichend um die deklarierten Temperatur-Ziele einzuhal-

ten. In Anbetracht dessen haben sich Methoden zur Entfernung von Kohlen-

dioxid (CDR), welche eine künstliche/mensch-gemachte Entnahme aus der

Atmosphäre und langfristige Speicherung von Kohlendioxid umfassen, zu

unvermeidlich/notwenige und zentrale MaSSnahmen entwickelt, um die

weltweit deklarierten Netto-Null Ziele zu erreichen.

Der Ozean ist das gröSSte Reservoir der Erde für die langfristige

Speicherung von anthropogenem CO2. Seine Kohlenstoffspeicherkapaz-

ität, welche die der Atmosphäre und der terrestrischen Biosphäre deutlich

übertrifft, legt somit die Erforschung ozeanbasierter CDR-Strategien nahe.

Die Nutzung von Makroalgen für ozeanbasiertes CDR hat aufgrund der

hohen photosynthetischen Effizienz, der kohlenstoffreichen Biomasse und

gut etablierter Züchtungs- und Anbautechniken groSSes Interesse erregt.

In dieser Arbeit stelle ich Ergebnisse bezüglich ozeanbasiertem CDR mit
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Makroalgen als Kohlenstoffträger vor, die als Makroalgen-basierte CDR-

Strategien bezeichnet werden. Makroalgen-basiertes CDR wurde sowohl

im offenen Ozean als auch in küstennahen Regionen mittels numerischer

Modellierung innerhalb eines Erdsystem-Klimamodells untersucht (Kapi-

tel 2 & 3). Die Bewertung betraf die Kohlenstoff-Sequestrierungskapazität

und -effizienz sowie die Wechselwirkungen zwischen Makroalgen-basierten

CDR und dem globalen Kohlenstoffkreislauf und der marinen Biogeo-

chemie. Unterdessen wird die Makroalgen-basierte CDR als mögliche

Komponente des Netto-Null-Ziels Deutschlands für 2050 bewertet (Kapi-

tel 4), wobei die theoretischen Bewertungen mit praktischen und region-

sspezifischen Anwendungen verknüpft werden. Diese Arbeit trägt somit zu

einem tieferen Verständnis und einer höheren Realisierbarkeit von Makroalgen-

basierten CDR-Strategien und deren Beitrag zum Erreichen der Klimaziele

bei.

In Kapitel 2 liegt der Fokus auf der Methodik der Makroalgen-Offshore-

Marikultur und Versenkung (MOS) als mögliche Makroalgen-basierte CDR-

Strategie. Durch einen synergetischen Ansatz, bei dem ein Makroalgen-

Wachstumsmodell in das Earth System Model der University of Victoria

(UVic ESCM) integriert wurde, wird die theoretische Effizienz von MOS

bezüglich der Kohlenstoffsequestrierung sowie potenzieller biogeochemis-

che Auswirkungen erforscht. Die Ergebnisse zeigen, dass MOS, insbeson-

dere wenn es mit künstlicher Aufwärtsströmung (AU) verstärkt wird, erhe-

bliches Potenzial zur Kohlenstoffsequestrierung bietet. Gleichzeitig finden

sich jedoch erhebliche Auswirkungen auf marine Ökosysteme, insbeson-

dere einer Reduzierung der Nettoprimärproduktion von Phytoplankton (PNPP)

aufgrund von Nährstoffkonkurrenz und Schattierung sowie Veränderungen

in den Sauerstoff-Minimum-Zonen (OMZs).

Kapitel 3 wechselt zur Bewertung von küstennahen-Makroalgen-Aquakulturen

für Kohlenstoffsequestrierung (N-MACS), welche den Makroalgenanbau
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in küstennahen Ozeanflächen ermöglicht. Die Bewertung umfasst das CDR-

Potenzial von N-MACS, seine Auswirkungen auf den globalen Kohlen-

stoffkreislauf, die marine Biogeochemie und marine Ökosysteme. Das ur-

sprünglich etablierte Makroalgenmodell wird an küstennahe Gebiete angepasst,

um sich an den Umfang der AusschlieSSlichen Wirtschaftszonen (EEZs)

anzulehnen. Die Simulationen verdeutlichen, dass N-MACS zwar Poten-

zial für die Kohlenstoffsequestrierung hat, aber auch die marine Netto-

primärproduktion aufgrund von Nährstoffverarmung und Schattierung ver-

ringert, gefolgt von einer Reihe von Auswirkungen, die den organischen

Kohlenstoffexport verringern und bestimmte biogeochemische Prozesse in

Auftriebsregionen verändern.

In Kapitel 4 wird die Darstellung erweitert, um Makroalgen-basierte

CDR als mögliche Komponente für das Erreichen des Netto-Null-Ziels

von Deutschland für 2050 vorzuschlagen. Der Vorschlag stützt sich auf

Makroalgen, welche sich aufgrund ihrer schnellen Wachstumsraten und

ihrer optimalen biochemischen Zusammensetzung als nachhaltigen Rohstoff

für Biokraftstoffe der dritten Generation eignen. Das Konzept des Offshore-

Makroalgenanbaus in Verbindung mit ausgereiften Makroalgenanbau-Technologien,

eröffnet nachhaltige Alternativen für die Biokraftstoffproduktion, während

potenziell erhebliche Mengen an CO2 sequestriert werden könnten.

In dieser Dissertation wird eine systematische Bewertung von auf

Makroalgen basierenden CDR-Methoden durchgeführt, die verschiedene

Einsatzorte, Kombinationen mit künstlicher Aufwärtsströmung und eine

Fallstudie innerhalb der AusschlieSSlichen Wirtschaftszone (EEZ) Deutsch-

lands umfassen. Die Ergebnisse, in Verbindung mit vorgegangenen Forschungsar-

beiten, unterstreichen bedeutende Zielkonflikte, insbesondere die Unter-

drückung der marinen Primärproduktion, welche weitreichendere ökolo-

gische Auswirkungen haben könnte. Obwohl diese Arbeit auf einigen
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idealisierten Annahmen basiert, legt sie eine solide Grundlage für weit-

ere Untersuchungen und befürwortet dabei einen diversifizierten Ansatz

bei der Bewertung von Klimaschutzstrategien. Die Dringlichkeit für weit-

erführende Forschung, der Umsetzung von MaSSnahmen und der globalen

Zusammenarbeit bei der Bewältigung der Klimakrise wird betont.
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Chapter 1

Introduction

1.1 Scientific Background: The Global Carbon Cycle and
Climate Change

The introduction of this dissertation begins by briefly introducing the global carbon

cycle and human-induced climate change, highlighting the significant role of the ocean

within the carbon cycle in the context of a changing climate. Following this, the Introduc-

tion presents the promising and essential strategy for addressing climate change, Carbon

Dioxide Removal (CDR), with a specific focus on ocean-based CDR approaches. This

forms the basis for the research explored in the forthcoming chapters. The idea of using

macroalgae in ocean-based CDR, known as macroalgae-based CDR, is introduced, along

with the significance of numerical models in assessing these strategies. This sets the foun-

dation for the comprehensive investigations conducted in this study. The introduction con-

cludes with a preview of the upcoming chapters and an acknowledgment of the respective

contributors.

1.1.1 Climate Change: Human-Induced Perturbations of the Global
Carbon Cycles

The advent of the steam engine in the 18th century marked the beginning of the in-

dustrial era, propelling humanity toward rapid industrialization. However, as moderniza-

tion progressed, it became increasingly evident that human activities significantly impacted

Earth’s climate and ecological systems. A primary consequence of these anthropogenic ac-

tivities is climate change, fundamentally driven by increased concentrations of greenhouse
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Chapter 1. Introduction

gases (GHGs) in the atmosphere of the Earth due to human activities, such as fossil fuel

combustion, deforestation, livestock farming, industrial processes, and land-use changes

(IPCC, 2018, 2022). Climate change is now widely recognized as one of the most press-

ing global challenges of the 21th century. The human-caused global surface temperature

increase in 2010-2019 is approximately 1.07◦C higher than in 1850-1900, leading to far-

reaching repercussions for ecosystems, human health, and socio-economic systems (IPCC,

2018).

The most important greenhouse gases in Earth’s atmosphere are water vapor (H2O),

carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O) and fluorinated gases (United

States Environmental Protection Agency, 2023; Ehhalt et al., 2001). These gases are ca-

pable of trapping heat because they absorb infrared radiation emitted by the Earth’s sur-

face and atmosphere before re-emitting a portion of that energy back toward the surface,

known as the greenhouse effect. Greenhouse effect helps maintain the Earth’s surface at a

warmer temperature than it would be otherwise (National Aeronautics and Space Admin-

istration, 2023). Water vapor is recognized primarily as a feedback mechanism rather than

an anthropogenic GHG, since its concentration in the atmosphere is mainly dependent on

temperature and not human activities (Held and Soden, 2000; National Aeronautics and

Space Administration, 2008). Carbon dioxide (CO2) is widely considered the primary an-

thropogenic GHG for its substantial warming effect and long atmospheric lifetime (IPCC,

2014; Archer et al., 2009; Friedlingstein et al., 2022a). The role of CO2 in the greenhouse

effect was first proposed by the Swedish scientist Svante Arrhenius in the late 19th cen-

tury (Arrhenius, 1896). About 40 years later, G. S. Callendar built on Arrhenius’ work

and established a scientific link between human activities, atmospheric CO2 accumulation,

and global warming (Callendar, 1938). Regrettably, it was not until nearly half a century

later that society became acutely aware of the reality of human-induced climate change

(e.g., Keeling (1958); Broecker (1975)), and its increasingly severe consequences are now

starkly evident, such as extreme weather events, melting polar ice caps, and rising sea lev-

els (IPCC, 2018). Since the onset of the industrial era, approximately 2,500 Gt of CO2 have

been emitted, of which around 40% has resulted in an increase in atmospheric CO2 con-

centration, while the remainder has been absorbed by terrestrial and oceanic sinks (Pörtner

et al., 2022; Friedlingstein et al., 2022b).

While the anthropogenic emission of CO2 has received numerous attention due to

its critical pivotal role in climate change, the element constituting CO2, carbon, does not

persist stationary in the atmosphere. Instead, carbon circulates throughout the Earth system

in a process known as the global carbon cycle. This cycle is a key component of the Earth’s

2



Chapter 1. Introduction

climate system, significantly influencing global climate by regulating atmospheric CO2

concentrations (Allen et al., 2009; Kump et al., 2000; Matthews et al., 2009). Therefore,

a comprehensive understanding of the global carbon cycle is essential in addressing the

climate change crisis (Falkowski et al., 2000; Ciais et al., 2013).

Table 1.1: Conversions between the weight of carbon (C) and carbon dioxide (CO2) for
commonly used units. The conversion factor is based on the molecular weight ratio of CO2

(44.01 g/mol) to C (12.01 g/mol), approximately 3.67.

Unit C Weight CO2 Weight
ton 1 tC 3.67 tCO2

kilogram (kg) 1 kgC 3.67 kgCO2

Gigaton (Gt) 1×109 tC (GtC) 3.67×109 tCO2 (GtCO2)

Given that our planet and its atmosphere form a closed system, the total amount of

carbon within this system remains unchanged. The carbon cycle is usually divided into two

main components: the endogenic (deep) cycle and the exogenic (surface) cycle (Berner,

2003; Mackenzie and Lerman, 2006, pp7).

The vast majority of Earth’s carbon (nearly 99.9%, equal to approximately 1×1023

grams) is sequestered within the lithosphere (Williams and Follows, 2011; Sarmiento and

Gruber, 2002; Mackenzie and Lerman, 2006). This carbon is stored primarily in sedimen-

tary rocks in the form of inorganic carbonate minerals (for example, CaCO3, MgCO3), and

organic compounds such as oil, natural gas, and coal, which are collectively termed fos-

sil fuels (currently known and exploitable: 3,400 to 3,700 GtCO2, Canadell et al. (2021);

Scott et al. (2015); Williams and Follows (2011, pp7)). The endogenic carbon cycle con-

nects the lithosphere with the deeper mantle and core through geological processes such as

subduction (where one tectonic plate moves under another and sinks into the mantle) and

volcanic eruptions (Fig.1.1, Orcutt et al. (2019); Foley and Fischer (2017); Williams et al.

(1992); Mackenzie and Lerman (2006)). On the surface of the lithosphere, carbon is gradu-

ally redistributed to other carbon reservoirs over millions of years through slow geological

processes such as chemical and biological weathering and sedimentation.

When CO2 dissolves in water, it forms a weak carbonic acid (Eq.1.1), which can

further react with silicate minerals (such as CaSiO3 and MgSiO3, Eq.1.2). Bicarbonate

and cations, derived from the weathering of silicate minerals, are water-soluble and thus

transported to the ocean via continental runoff. On geological timescales, these dissolved

minerals have contributed to the slightly alkaline nature of the ocean. The precipitation of

carbonate rocks (Eq.1.3) balances the ocean chemistry by removing alkalinity, thus achiev-

3



Chapter 1. Introduction

ing a relatively steady state. Historically, the global average surface pH of the ocean was

8.2 in the preindustrial era, which has since decreased to 8.1 due to anthropogenic CO2

emissions (Jiang et al., 2019; Caldeira and Wickett, 2003). In the ocean, marine calcifiers

absorb calcium bicarbonate to form shells and skeletons that contain insoluble calcium car-

bonate (CaCO3). Death and subsequent sinking of these organisms and detritus results in

sequestration of calcium carbonate in the sediment (Eq.1.3). Therefore, chemical weath-

ering of silicate minerals facilitates the burial of an equivalent amount of CO2 in CaCO3,

effectively acting as a carbon sink (Eq.1.4. This process plays an important role in the long-

term regulation of Earth’s climate by maintaining the balance of carbon in the atmosphere

(Penman et al., 2020; Winnick and Maher, 2018; Berner and Berner, 1997).

CO2 + H2O ↔ H2CO3 ↔ HCO –
3 + H– (1.1)

CaSiO3 + 2CO2 + H2O ↔ Ca2+ + 2HCO –
3 + SiO2 (1.2)

Ca2+ + 2HCO –
3 → CaCO3 + H2O + CO2 (1.3)

The rock weathering (Eq.1.2) and marine carbonate precipitation (Eq.1.3) can be collec-

tively expressed as follows:

CaSiO3 + CO2 → SiO2 + CaCO3 (1.4)

These slow carbon cycles influences the Earth’s climate over timescales ranging from mil-

lions to billions of years (Dasgupta and Hirschmann, 2010; Sleep and Zahnle, 2001), ren-

dering lithosphere a relatively inactive component of the global carbon cycle (Bates, 2019).

However, human-induced extraction and burning of fossil fuels have noticeably increased

carbon release from this passive reservoir.

Here we primarily focus on the naturally and anthropologically influenced processes

of the exogenic cycle, which incorporates active carbon reservoirs on Earth’s surface, in-

cluding the atmosphere, the hydrosphere (comprising oceanic and continental waters), the

terrestrial and aquatic biosphere, and the surface sediment layer of the lithosphere.

Carbon in the atmosphere remains in the major form of carbon dioxide (CO2) and

methane (CH4). Methane is the second most important greenhouse gas after CO2 with a

significantly stronger global warming potential (GWP = 29 in 100 years compared to 1

for CO2, Stocker et al. (2013)) than CO2 due to its superior efficiency in trapping radia-

tion (Shindell et al., 2009). The main source of natural methane is the anaerobic biolog-
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ical process named as methano-genesis by methanogenic archaea in wetlands, rice fields,

oceans, ruminant and termite digestive systems (Conrad, 2009; Nazaries et al., 2013). Hu-

man activities, including the combustion of biomass and fossil fuel, livestock farming,

and waste management, have significantly increased atmospheric methane concentrations

(IPCC, 2018). Methane is removed from the atmosphere primarily through reactions with

hydroxyl radicals (OH) in the troposphere to form CO2 and water, together with other minor

sinks, including oxidation through tropospheric chlorine radicals and microbial consump-

tion in soils Conrad (2009); Myhre et al. (2013). These fast removal processes limit the

atmospheric lifetime of methane to about 12 years (Myhre et al., 2013; Abernethy et al.,

2021; Canadell et al., 2021). Understanding the methane cycle is vital for climate change

research.

Compared to methane, the cycle of atmospheric CO2 is more complex. Atmospheric

CO2 interacts with other active reservoirs in the ocean and on land through a combination of

physio-chemical and biological pathways. In this section, we will briefly overview the cy-

cles between atmospheric and terrestrial carbon reservoirs, reserving a detailed discussion

on the oceanic reservoir for the subsequent section.

In addition to the relatively slow and long-term carbon exchange facilitated by the

chemical weathering of silicate rocks and the endogenic cycle, terrestrial ecosystems play

a pivotal role in carbon exchanges between atmospheric and terrestrial carbon pools. The

atmosphere-land carbon cycle is a complex system influenced by a myriad of factors, both

natural and anthropogenic. Understanding these influences is crucial to predict future

changes in atmospheric CO2 level and developing effective strategies for mitigation and

adaptation of climate change.

The primary mechanism of carbon uptake in terrestrial ecosystems is photosynthesis,

a process by which plants convert atmospheric CO2 into organic compounds such as sugars

and starches. This process is estimated to account for a global gross primary production

(GPP) of approximately 123 PgC per year, and tropical forests and savannas contribute to

60% of this uptake (Canadell et al., 2021). However, the carbon absorbed through pho-

tosynthesis is not permanently sequestered in plant biomass. According to Fig.1.1 (taken

from Ciais et al. (2013)), approximately 118.7 PgC, which accounts for over 95% of the

carbon captured by GPP, is reintroduced into the atmosphere through autotrophic respira-

tion by plants and heterotrophic respiration by herbivores, as well as combustion resulting

from natural events or human-initiated fires (Keenan and Williams, 2018; Canadell et al.,

2021). Therefore, the carbon dynamics of terrestrial vegetation can be roughly defined by

the balance between carbon uptake through Gross Primary Production (GPP) and the car-
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bon flux back through total respiration, combined with factors such as harvesting, erosion,

and the export of Dissolved Organic Carbon (DOC) by runoffs to the oceans (Prentice et al.,

2001).

Another critical component of the terrestrial ecosystem carbon reservoir is the soil,

which stores approximately 1,700 PgC (range: 1,500 to 2,400 PgC), more than the com-

bined carbon content of the atmosphere and terrestrial vegetation (Canadell et al., 2021;

Friedlingstein et al., 2022b). Soil organic carbon primarily originates from the decom-

position of dead plant and animal material by soil microbes and root exudates (Keenan

and Williams, 2018). Meanwhile, the respiration of soil microbial decomposers, such as

bacteria and fungi, also releases CO2 back into the atmosphere.

The dynamics of the terrestrial carbon reservoir are shaped by a multitude of natural

processes, including solar radiation, seasonal temperature fluctuations, nutrient availability,

precipitation, and soil moisture (Hari and Tyagi, 2022; Tharammal et al., 2019; Schulze,

2006), as well as large-scale climatic phenomena, such as El Niño AND La Niña (Tecken-

trup et al., 2021; Friedlingstein et al., 2022b).

However, human activities and climate change have significantly impacted the ter-

restrial carbon reservoir, leading to a complex interplay of both amplifying (positive) and

decelerating (negative) feedbacks to atmospheric CO2.

Anthropogenic CO2 emissions have stimulated terrestrial plant photosynthesis due

to elevated atmospheric CO2 levels, an effect known as ’CO2 fertilization’ Walker et al.

(2021); Reich et al. (2014). This process has dominantly enhanced the terrestrial carbon

sink, providing a negative feedback to the atmospheric carbon pool (Friedlingstein et al.,

2022b; Canadell et al., 2021). Another negative feedback arises from the deposition of

nutrients, particularly reactive nitrogen, resulting from fossil fuel combustion and fertilizer

use. This process enhances the terrestrial carbon sink by providing additional nutrients

for plant growth (Wang et al., 2017; White et al., 1999) and by suppressing soil microbial

respiration (Janssens et al., 2010).

Conversely, positive feedbacks that augment carbon outgassing from land include the

enhanced respiration of both plants and soil microbes due to rising surface temperatures

(Luo, 2007; Friedlingstein et al., 2001). Moreover, the terrestrial carbon pool is also in-

fluenced by climate change-induced global warming, extended growth seasons, alterations

in botanical community structure, surface radiation, and changes in the hydrological cy-

cle, such as rainfall patterns and permafrost thawing (Anderegg et al., 2013; Friedlingstein

et al., 2020; Walvoord and Kurylyk, 2016). According to the estimation by Friedlingstein

et al. (2022b), climate change has reduced the land sink by 17 % during the decade of 2012
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to 2021.

Furthermore, human activities related to Land Use, Land-Use Change, and Forestry

(LULUCF) significantly influence the carbon flux between terrestrial ecosystems and the

atmosphere. These activities, which primarily involve forests but also extend to croplands,

grasslands, wetlands and etc., can either donate or sink CO2, thereby altering the balance

of the global carbon cycle (IPCC, 2019). LULUCF activities, dominated by deforestation,

have been reported to contribute an emission of 205 ± 60 GtC between 1850 and 2021, rep-

resenting about 30% of the total anthropogenic CO2 emissions in this period (Friedlingstein

et al., 2022b). Meanwhile, the sequestration of the CO2 emissions can be achieved through

strategic planning and management of future LULUCF activities, such as afforestation &

reforestation and re-wetting peatlands (Sha et al., 2022; Zomer et al., 2008; Günther et al.,

2020; Schlamadinger et al., 2007).

Since the industrial era, the terrestrial carbon reservoir has sequestered about 210 GtC,

or 31% of total anthropogenic CO2 emissions (Friedlingstein et al., 2022b). The terrestrial

carbon sink has grown in line with increasing anthropogenic CO2 emissions (Friedling-

stein et al., 2022b; Walker et al., 2021; White et al., 1999; Schimel et al., 2015). However,

it is uncertain whether terrestrial ecosystems will remain a net carbon sink or become a

net carbon source due to complex feedback mechanisms within the terrestrial ecosystem,

its interactions with other carbon reservoirs, the climate change and the unpredictable tra-

jectory of human activities (Cox et al., 2000; Smith and Shugart, 1993; Joos et al., 2001;

Friedlingstein et al., 2001).
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Figure 1.1: Simplified schematic of the global carbon cycle. Numbers represent reservoir mass
in PgC (1 PgC = 1015 gC) and annual carbon exchange (in Pg yr−1). Black numbers and arrows
indicate reservoir mass and exchange fluxes estimated for the time prior to the Industrial Era. Red
arrows and numbers indicate annual anthropogenic fluxes averaged over the 2000–2009 time period.
Reprinted from Figure 6.1 in Ciais et al. (2013)

1.1.2 The Role of the Ocean in the Global Carbon Cycle Amidst Cli-
mate Change

Covering over 71% of the Earth’s surface and containing 91% of the planet’s total

water, the ocean is a critical component of the Earth’s energy budget and the global carbon

cycle (Charette and Smith, 2010). The ocean is estimated to store approximately 38,000

GtC, with approximately 900 GtC in the surface ocean (0-1,000m) and over 37,000 GtC

in the deep ocean (>1,000m, Fig.1.1). The carbon reservoir in the surface ocean alone is

comparable to the carbon content in the atmosphere (600 to 800 GtC). Consequently, even

minor perturbations in the oceanic carbon cycle and its exchange with the atmosphere could
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have significant implications for the atmospheric carbon pool and thereby influence the

climate (Bindoff et al., 2019). In this context, our primary focus will be on elucidating the

ocean’s pivotal role in the global carbon cycle and its connection with the human-induced

climate change.

The exchange of carbon between the ocean and the atmosphere is distinct from that

between the land and the atmosphere, owing to the unique physio-chemical interactions be-

tween seawater and CO2, dynamic ocean circulations, and marine biochemical processes.

Generally, atmospheric CO2, including anthropogenic emissions, is absorbed by the sur-

face ocean through physio-chemical and biological processes and further sequestered in

the deep ocean interior via ocean vertical downward transportation and the export of or-

ganic/inorganic carbon particles. These carbon sequestration processes are referred to as

oceanic carbon pumps (referred to ’solubility pump’ and ’biological pump’, Volk and Hof-

fert (1985)).

The Solubility Carbon Pump (SCP)

The primary route for atmosphere-ocean carbon exchange is through air-sea CO2

fluxes on the ocean surface, which are controlled by the gradient in air-sea CO2 partial

pressure (pCO2). The pCO2 signifies the CO2 vapor pressure. Factors such as temperature,

total dissolved CO2, and seawater alkalinity influence the pCO2 in seawater, while the con-

centration at the gas exchange interface largely affects the atmospheric pCO2. To maintain

the air-sea equilibrium, CO2 dissolves when the seawater pCO2 is lower than that the atmo-

spheric pCO2, and vice versa. According to Eq.1.1 and Eq.1.5, dissolved CO2 reacts with

H2O to form carbonic acid (H2CO3), which further dissociates into bicarbonate (HCO –
3 )

and a hydrogen ion (H+). This reaction sequence ultimately yields carbonate (CO 2–
3 ) and

another H+. Some of the H+ ions react with carbonate ions (CO 2–
3 ) to form an additional

bicarbonate ion (Eq.1.5). This carbonate buffer system enhances the ocean’s capacity to

absorb CO2 beyond what would be possible based solely on solubility, thereby helping to

maintain the ocean’s pH balance. The ensemble of bicarbonate (HCO –
3 , ∼90%), carbonate

(CO 2–
3 , ∼10%) and dissolved CO2(aq) (<1%) constitutes the total dissolved inorganic car-

bon (DIC) in the ocean (Dickson, 2010). Meanwhile, the influx of cations and bicarbonates

from terrestrial carbon weathering to the ocean over geological timescales have resulted in

a slightly alkaline ocean with an averaged surface pH exceeding 8 (Caldeira and Wickett,

2003; Jiang et al., 2019). This alkalinity contributes to the ocean chemical carbon uptake.

Another critical component of the solubility pump is the ocean thermohaline circula-
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tion, also known as the global conveyor belt (Broecker, 1991), a large-scale oceanic process

driven by global density gradients created by surface heat and freshwater fluxes. It begins

in high-latitude regions such as the North Atlantic and Southern Ocean (not in the North

Pacific due to its lower surface salinity), where reduced solar radiation and increased salin-

ity, resulting from sea ice formation and evaporation, cause the surface seawater to become

denser and cooler (Raven and Falkowski, 1999; Weaver et al., 1999; Clark et al., 2002).

Additionally, the solubility of CO2 is enhanced in cooler water, facilitating greater CO2

dissolution. Consequently, this denser, cooler water sinks and forms deep water masses

(e.g., the North Atlantic Deep Water (NADW)), transporting the dissolved inorganic car-

bon (DIC) into the deep ocean. Given the thermohaline circulation’s cycle time of nearly

1,000 years (Döös et al., 2012), the downwelled DIC can substantially be sequestered from

the atmosphere for a long period, which plays a dominant role in the ocean carbon sink

(negative feedback) of the anthropogenic CO2 emission (Heinze et al., 2015).

HCO –
3 + H+ + CO 2–

3 ↔ 2HCO –
3 (1.5)

The Biological Carbon Pump (BCP)

The ’biological carbon pump (BCP)’ is another critical component of the ocean carbon

cycle. It involves the fixation of dissolved inorganic carbon (DIC) by marine autotrophs in

the upper ocean and its vertical transport to and sequestration in the deeper ocean interior

(≥1,000m) for periods ranging from years to millennia. The BCP accounts for approxi-

mately 90% of the surface-to-deep gradient in DIC in the ocean (Sarmiento and Gruber,

2002; Passow and Carlson, 2012). Although most marine primary producers use carbon

ions (HCO –
3 ,CO 2–

3 ) in seawater rather than directly absorbing CO2, the carbon export by

BCP significantly contributes to the removal of DIC from the surface ocean. This sustains

the air-sea carbon exchange into the ocean and provides a negative feedback on the at-

mospheric CO2 pool. Without the BCP, model predictions suggest that atmospheric pCO2

levels could be nearly twice as high as current levels (Maier-Reimer et al., 1996), mean-

while a sudden hypothetical cessation of marine biology would increase the atmospheric

CO2 concentration by 200–300 ppm (Heinze et al., 2015).

Similar to their terrestrial counterparts, marine primary producers convert inorganic

carbon into organic matter through photosynthesis within the euphotic layer (0 - 200m),

utilizing nutrients such as nitrogen, phosphorus, and iron. The Net Primary Production

(NPP) by marine photosynthesis is estimated to be approximately 50 to 60 GtC yr−1, which
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accounts for nearly half of the Earth’s total annual primary production (Ciais et al., 2013;

Nowicki et al., 2022; Heinze et al., 2015). The sinking mechanism of the BCP is driven by

a combination of physical and biological processes, such as gravitational sinking of aggre-

gated phytoplankton and zooplankton fecal pellets, active vertical migration of zooplank-

ton and larger animals, and physical transportation such as mixed layer deepening and eddy

subduction (Claustre et al., 2021). The export of POC out of the euphotic layer is estimated

to be 5-25% of the total euphotic annual NPP of ∼50 to 60 GtC yr−1 with large variations

between polar regions (30% to 100%) and central gyres (1% to 10%, Ciais et al. (2013);

Nowicki et al. (2022); Heinze et al. (2015); Buesseler (1998); De La Rocha and Passow

(2007) and references within). Approximately 90% of the exported POC is reduced during

the sinking route through the mesopelagic layer via microbial decomposition, solubiliza-

tion, and feeding by zooplankton (Passow and Carlson, 2012; Turner, 2015). Therefore, the

transportation and remineralization of POC contribute significantly to the vertical oceanic

DIC gradient, which is dominated by the carbon redistribution by the BCP.

On the other hand, DOC, composed of tiny organic particles that are dissolved in sea-

water, is a type of passive tracer that can be transported as the DIC. Despite the fact that the

export of DOC from the euphotic layer is only around 2 GtC yr−1, it constitutes the largest

organic carbon reservoir in the ocean, holding approximately 700 GtC with an estimated

sequestration period ranging from centuries to millennia (Hansell et al., 2009; Hansell,

2013; Canadell et al., 2021; Nowicki et al., 2022). Approximately 95% of the dissolved

organic matter (DOM) in the ocean is refractory dissolved organic matter (RDOM), which

cannot be used as food by marine organisms. The RDOM is converted from bioavailable

DOC by marine microbes, a process known as the ’microbial carbon pump’ (Jiao et al.,

2010; Legendre et al., 2015).

However, due to the significant reduction between the base of the euphotic and mesopelagic

zones, the efficiency of the BCP in sequestering carbon in the deeper ocean (greater than

1,000m) is relatively low. Only a small fraction of the exported carbon, approximately 3%

(ranging from 1% to 5%) of the NPP in the euphotic zone, or about 0.2 PgC yr−1 as shown

in Fig.1.1, reaches the seafloor where it can be sequestered in sediments for longterm se-

questration (Menon et al., 2007; Ciais et al., 2013; Heinze et al., 2015; De La Rocha and

Passow, 2007). The BCP’s high efficiency in primary production but low efficiency in car-

bon sequestration has led to the proposition of enhancing the BCP to sequester more car-

bon, such as cultivating macroalgae, marine macrophyte photosynthesizers, on the ocean

surface with quick deep sinking of their carbon-rich biomass (e.g., Wu et al. (2023)).
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The Carbonate Pump

In addition to the solubility pump and biological carbon pump, the carbonate pump

also plays a significant role in the ocean’s carbon cycle. This process, which is consid-

ered a subset of the biological pump, involves the sequestration of particulate inorganic

carbon (PIC) by marine calcifiers, primarily coccolithophores. Coccolithophores are ma-

rine phytoplankton and a globally abundant calcifiers with contribution to roughly 50% of

the pelagic CaCO3 deposition in ocean sediments (Raven and Crawfurd, 2012; Bach et al.,

2015). These organisms form their shells or skeletons by converting two bicarbonate ions

(HCO –
3 ) and one calcium ion (Ca +

2 ) into one calcium carbonate (CaCO3) molecule. No-

tably, one CO2 molecule is released during calcification (Eq.1.6), the carbonate pump there-

fore is also known as ’the carbonate counter pump’ (Passow and Carlson, 2012; Frankig-

noulle et al., 1994; Heinze et al., 2015). Nevertheless, this carbon counter pump does not

entirely offset the biological carbon pump, given the fact that the ratio of PIC : POC is

approximately 15% on global scale (Heinze et al., 2015; Mekik et al., 2007) and less than

1 in coccolithophores (Zondervan et al., 2002; Findlay et al., 2011).

Ca2+ + 2HCO−
3 → CaCO3 + CO2 + H2O (1.6)

Some of the CO2 released during this process can be utilized by coccolithophores for

photosynthesis. The calcification process consumes two carbon atoms, trapping one within

the mineral. Over time, coccolithophores significantly contribute to reducing atmospheric

CO2 levels by precipitating carbonate in the deep ocean. Similar to their terrestrial coun-

terparts involved in weathering, the burial of sunken CaCO3 in deep-ocean sediment serves

as a primary buffer, mediating the CO2-rich deep waters and subsequently reducing atmo-

spheric CO2 over geological timescales. This process provides a crucial negative feedback

to climate change. Furthermore, as he denser CaCO3 platelets (’coccoliths’) always com-

bine with organic carbon, the ’ballast hypothesis’ suggests that coccoliths could enhance

organic carbon sequestration through accelerated precipitation and reduced remineraliza-

tion (Hofmann and Schellnhuber, 2009; De La Rocha and Passow, 2007; Klaas and Archer,

2002).

Climate Change and the Ocean Carbon Cycle

Anthropogenic CO2 emissions and the ensuing climate change have been, and will

continue to influence various facets of the Earth’s system. The ocean carbon cycle, being an
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integral part of this system, is not immune to these effects. A multitude of climate change-

induced impacts on oceanic carbon cycle have been identified and extensively studied.

The ocean’s primary response to the ongoing emissions of CO2, a process that is well-

understood, is ocean acidification (Doney et al., 2009; Gattuso et al., 2015). The esca-

lating partial pressure of CO2 in the atmosphere has resulted in the ocean absorbing more

CO2, which alters the carbonate chemistry of seawater (Sect.1.1.2). Observations indi-

cate that the pH of open ocean surface water has declined by approximately 0.1 relative

to pre-industrial levels, and projections suggest a further decrease of 0.04 to 0.29 by 2100,

contingent on future emission scenarios (Caldeira and Wickett, 2003; Pörtner et al., 2019).

Ocean acidification not only diminishes the ocean’s equilibrium carbon capacity (DeVries,

2022) but also undermines the stability of mineral forms of calcium carbonate (CaCO3) by

reducing carbonate ion concentrations, especially in upwelling and high-latitude regions of

the ocean (Pörtner et al., 2019). Concurrently, it poses substantial threats to marine ecosys-

tems and organisms, particularly calcifying species such as corals, shellfish, and certain

types of plankton (Orr et al., 2005; Riebesell et al., 2000).

The second most significant factor influencing the ocean carbon cycle is ocean warm-
ing and stratification. As the Earth’s climate warms, the ocean has absorbed absorbed

more than 90% of the excess heat trapped in the climate system since the 1970s, leading to

a rise in sea surface temperatures (Myhre et al., 2013; Levitus et al., 2000). The impacts of

ocean warming on the oceanic carbon cycle are profound and multifaceted. Warmer ocean

temperatures can decrease the solubility of carbon dioxide in seawater, reducing the ocean’s

capacity to absorb CO2 from the atmosphere and thus exacerbating global warming. Ad-

ditionally, ocean warming can lead to increased stratification of ocean layers, which can

disrupt the vertical mixing of waters and the transport of carbon to the deep ocean (Pört-

ner et al., 2019). Increased ocean stratification and reduced overturning also decrease the

supply of nutrients to surface waters from the mixing and upwelling of deep waters. This

reduction in nutrient supply, combined with warmer ocean surface temperatures, will lead

to declining biological productivity in the surface ocean and declining carbon export, which

will weaken the BCP. Furthermore, ocean warming can have significant impacts on marine

life, including changes in species distribution and productivity, which can further alter the

oceanic carbon cycle. Ocean warming and stratification, in conjunction with various bio-

geochemical feedbacks, instigate a process known as ocean deoxygenation. This term

refers to the decrease in oxygen levels within the world’s oceans (Keeling et al., 2010; Os-

chlies et al., 2018; Falkowski et al., 2011). As the ocean’s surface waters become warmer,

their capacity to hold oxygen diminishes, leading to an overall reduction in oceanic oxygen

13



Chapter 1. Introduction

content. Furthermore, the stratification of the ocean, a consequence of warming, disrupts

the vital mixing of surface and deep waters. This disruption hinders the transfer of oxy-

gen from the atmosphere into the ocean’s deeper layers. The ensuing ocean deoxygenation

has significant implications for the ocean carbon cycle, particularly through its effects on

nutrient cycling and the BCP (Pörtner, 2008).

The ocean has already absorbed 175 ± 35 GtC CO2, more than 25% of the total

anthropogenic emissions (Friedlingstein et al., 2022b). In the future, the ocean carbon sink

is projected to continuously grow with increasing atmospheric CO2 concentrations, mainly

driven by the solubility pump by ocean circulation and carbonate chemistry (Canadell et al.,

2021). However, the fraction of atmospheric emissions taken up by the ocean is expected

to decline due to the decreased ocean buffering effects (Pörtner et al., 2019).

1.2 Unlocking the Blue Potential for Climate Change Mit-
igation: the Potential of Ocean-Based CDR Strategies

1.2.1 Carbon Dioxide Removal (CDR): a promising and vital option
for combating climate change

The escalating threat of climate change necessitates the implementation of both adap-

tation and mitigation strategies to alleviate its impacts and risks. Adaptation measures,

encompassing technological, social, and institutional options, aim to bolster the resilience

of human and natural systems against climate change effects, such as rising sea levels,

extreme weather events, and shifting ecosystems (IPCC, 2014).

Mitigation strategies, on the other hand, directly address the issue by reducing green-

house gas (GHG) emissions and enhancing atmospheric GHG sinks. These strategies con-

tribute to the deceleration of global warming and its associated impacts (IPCC, 2014). The

proliferation of renewable energy sources, such as solar and wind power, has significantly

reduced reliance on fossil fuels, contributing to a more sustainable energy sector (REN21,

2022; Agency, 2021). The electrification of transportation, particularly in the automotive

industry, has also gained momentum, supported by major companies’ commitments and

government policies (Agency, 2020).

Besides mitigation and adaption approaches, one proposed geoengineering approach

to address climate change is the Solar Radiation Modification (SRM). SRM techniques
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aim at increasing surface albedo to reflect solar radiation (e.g., stratospheric aerosol in-

jection (SAI, Smith and Wagner); marine cloud brightening (MCB, Latham et al.)) and

enhancing Earth’s long-wave radiation emissions (e.g., thinning cirrus clouds via ice nu-

cleating particles seeding (TCC, Ulrike Lohmann)). Thus, SRM cools the Earth by altering

its radiation budget (Shepherd, 2009). However, SRM only masks global warming with-

out addressing the root cause, rising GHG concentrations. It also does not mitigate other

effects of high atmospheric CO2, such as ocean acidification. Meanwhile, SRM carries po-

tential risks, including abrupt climate changes and severe impacts after termination (IPCC,

2018; Pathak et al., 2022). Therefore, SRM can only be involved as a complement to ef-

forts to achieve sustained Net Zero or Net Negative emission globally (Pörtner et al., 2022;

Shepherd, 2009).

The Paris Agreement, adopted in 2015, underscores the need for deep and rapid re-

ductions in gross emissions (UNFCCC, 2015). This agreement introduced the concept of

‘Net Zero’, referring to the balance between the amount of GHGs emitted and removed

from the atmosphere. The achievement of Net Zero is a key target for many countries un-

der the Paris Agreement, with more than 100 countries having adopted, announced, or are

discussing Net Zero GHGs/CO2 emissions commitments, covering more than two-thirds of

global GHG emissions.

Carbon Dioxide Removal (CDR), also known as Negative Emission Technologies

(NETs), plays an indispensable role in the achievement of Net Zero. CDR refers to an-

thropogenic activities removing CO2 from the atmosphere and securely store it in geolog-

ical, terrestrial, or oceanic reservoirs, or incorporate it into products (Pathak et al., 2022).

CDR techniques remove CO2 from the atmosphere, thus reducing the overall greenhouse

effect and stabilizing the global surface temperature induced by emissions of CO2 and other

GHGs (IPCC, 2022). The necessity of CDR arises from the fact that even with aggressive

mitigation strategies, it is unlikely that the world can achieve the necessary reductions in

GHG emissions to limit global warming to 1.5◦C or even well below 2◦ C, as described in

the Paris Agreement, without some form of CDR (Pathak et al., 2022). This is due to the

cumulative nature of CO2 in the atmosphere, which means that even if all emissions were

to stop immediately, the already emitted CO2 would continue to drive global warming for

some time. Therefore, to achieve the temperature goals of the Paris Agreement, it is not

enough to simply reduce the emissions of GHG, but it is also necessary to actively remove

CO2 from the atmosphere (Pathak et al., 2022).

The IPCC has highlighted the importance of CDR in its 2018 report, stressing that a

large-scale deployment of these technologies would be necessary to achieve the goals of the
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Paris Agreement (IPCC, 2018). More recently, the IPCC AR6 report reiterates the grow-

ing urgency of mitigation and adaptation measures, accentuating the critical role of CDR

in combating climate change (IPCC, 2022). Most pathways to reach the Paris Agreement

targets involve not only urgent and deep decarbonization, but also large-scale CDR imple-

mentation on scales of 100 to 1,000 GtCO2 by 2050 (Rogelj et al., 2018; Fuss et al., 2020;

IPCC, 2022). CDR can fulfill three complementary functions: lowering net CO2 or net

GHG emissions in the near term; counterbalancing ’hard-to-abate’ residual emissions (i.e.,

some emissions from agriculture, aviation, shipping, industrial processes) to help reach

Net Zero CO2 or GHG emissions, and achieving net negative CO2 or GHG emissions if

deployed at levels exceeding annual residual emissions (IPCC, 2022). The amount of CDR

required to meet the Paris Agreement targets varies depending on the emission reduction

pathways. However, according to IPCC AR6, in most pathways that limit global warming

to 1.5◦ C, the median deployment of CDR is 730 GtCO2 over the 21st century, with a wide

range of 100–1200 GtCO2 across different scenarios (Pathak et al., 2022). This underscores

the significant role that CDR is expected to play in future climate change mitigation efforts.

The concept of CDR has can be traced back to the 1960s, when initial ideas emerged

about extracting CO2 from the atmosphere to counteract the rising concentrations of green-

house gases (GHGs) (e.g., Marchetti (1977)). As climate change concerns have intensified

over time, research into CDR has broadened, resulting in the evolution of diverse natural

and technological methods. CDR strategies include existing and potential anthropogenic

enhancement of biological, geochemical, or chemical carbon sinks. In this dissertation,

CDR methods are categorized based on the enhancement of their target carbon reservoirs,

specifically land-based CDR and ocean-based CDR.

Land-based (or terrestrial) CDR strategies leverage carbon sinks within geological

or ecological systems on land. These strategies can be categorized into those that utilize

chemical processes and those that are biomass-based, with some strategies combining both.

Chemical process-based strategies include direct air capture and carbon storage (DACCS)

and enhanced weathering (EW). DACCS employs specialized machinery to capture CO2

from ambient air using chemical reactions with sorbents or alkaline aqueous solutions

(Keith et al., 2018; Kumar et al., 2015). EW, on the other hand, accelerates the breakdown

of minerals that react with CO2 to form stable carbonates (see Eq.1.1 - Eq.1.4), effectively

sequestering CO2 from the atmosphere (Taylor et al., 2016b; Goll et al., 2021).

Biomass-based terrestrial CDR strategies, such as afforestation and reforestation, peat-

land and wetland restoration, soil carbon sequestration and biochar, increase the carbon

storage potential of ecosystems (Lal, 2004; Griscom et al., 2017; Günther et al., 2020;
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Lenton, 2010; Lehmann et al., 2021). These strategies also offer co-benefits, including

enhanced biodiversity, water quality, and soil health (Smith, 2016; Griscom et al., 2017).

Other terrestrial CDR strategies integrate both chemical and biological processes. For

instance, Bioenergy with Carbon Capture and Storage (BECCS) combines the growth of

bioenergy crops, which absorb CO2 from the atmosphere, with carbon capture and storage

(CCS) technologies. The biomass of these crops is used as fuel material and the CO2

emissions generated during energy production are captured and stored in a deep geological

burial (Hanssen et al., 2020; Fridahl and Lehtveer, 2018).

Land-based CDR strategies offer significant CDR potential, with biomass-based ter-

restrial CDR strategies currently capable of sequestering 1-1.5 PgC per year and potentially

increasing to 4-6 PgC per year by 2050 (Lenton, 2010). However, these strategies are con-

strained by factors such as the availability of suitable land and water resources, and the

potential for competition with food production. These limitations underscore the impor-

tance of a balanced and diversified approach to addressing climate change, incorporating

a combination of strategies to reduce GHG emissions and enhance carbon sequestration

(Pathak et al., 2022).

1.2.2 Ocean-based CDR: unleashing the Blue Potential

Encompassing 70% of the Earth’s surface, the ocean is the most substantial active

carbon sink, serving as a long-term repository for anthropogenic CO2. Its capacity for

carbon storage is significantly higher than those of the atmosphere and terrestrial ecosys-

tems, positioning it as a crucial asset in combating climate change. Consequently, there is

growing interest in ocean-based CDR strategies. In contrast to terrestrial CDR strategies,

ocean-based CDR does not compete for land space, thus avoiding potential conflicts with

agricultural or urban development. Most ocean-based CDR strategies primarily enhance

the natural carbon sequestration processes that already exist in the ocean. Additionally,

certain ocean-based CDR methods can locally mitigate ocean acidification. This dual ben-

efit for climate mitigation and marine ecosystem health underscores the importance and

timeliness of investigating the ocean-based CDR potential (Keller et al., 2018; Bach and

Boyd, 2021; Gattuso et al., 2018). Therefore, the exploration and development of ocean-

based CDR strategies are both essential and opportune in the context of global climate

change mitigation. Fig.1.2 depicts a selection of representative ocean-based CDR strate-

gies. These strategies can be broadly divided into two primary categories: biological and

abiotic. Each category targets specific ocean carbon pumps, namely the biological carbon
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pump and the solubility carbon pump, as discussed in Section 1.1.2 (Gattuso et al., 2021;

Taylor et al., 2016b; Goll et al., 2021; Lenton et al., 2018b).

Figure 1.2: An illustrative diagram showcasing the conceptual approaches of Ocean-based Carbon
Dioxide Removal (CDR), or Ocean Negative Emission Technologies (Ocean NETs). The artwork
is credited to Rita Erven, OceanNETs/GEOMAR

Abiotic ocean-based CDR focuses on enhancing the solubility carbon pump, which

represents the physical and chemical mechanisms facilitating inorganic carbon sequestra-

tion in the ocean. Several strategies have been proposed within this category, including

ocean alkalinization enhancement (OAE) and direct CO2 injection.

Ocean alkalinization enhancement (OAE), depicted as ocean alkalinization in Fig.1.2,

is a proposed ocean-based CDR strategy by increasing the alkalinity of the ocean, thereby

enhancing its capacity to absorb and store CO2. The concept of OAE is inspired by the

Earth’s natural regulation of alkalinity over geological timescales (Kheshgi, 1995). The

process involves the addition of carbonate-containing minerals or alkaline solutions to the

ocean, which react with CO2 and water to form bicarbonate (HCO –
3 ) and carbonate (CO 2–

3 )

ions. This not only increases the ocean’s CO2 uptake but also mitigates the acidity of sea-

water caused by excess anthropogenic CO2 (Köhler et al., 2010; Ilyina et al., 2013; Taylor

et al., 2016a; Lenton et al., 2018a; Bach et al., 2021a). OAE has been suggested to se-

quester more than 1.0 Gt CO2/yr when implemented globally, and nearly double the CO2

uptake after 30 years since implementation (Butenschön et al., 2021; National Academies

of Sciences, Engineering, and Medicine, 2022, Table 7.3). Additionally, the increase in
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CO 2–
3 ion concentration enhances the calcium carbonate (CaCO3) saturation state of seawa-

ter, which is crucial for promoting and maintaining the precipitation of calcium carbonate

in shell-producing organisms (Riebesell et al., 2007). However, OAE also presents sev-

eral challenges. The mining and transportation of the necessary alkaline materials require

substantial infrastructure, potentially leading to significant environmental impacts. Fur-

thermore, the potential impacts of alkalinity addition on marine ecosystems are not fully

understood, necessitating further research (Gattuso et al., 2018; Bach et al., 2019; Taylor

et al., 2016b; Lenton et al., 2018a).

Direct CO2 injection is a more direct approach to augmenting the ocean’s inorganic

carbon pool (Orr et al., 2001; Reith et al., 2016a). This technique captures CO2 from the

atmosphere or point sources and injects it into deep ocean waters or sub-seabed geological

formations, where it can be stored long-term without re-entering the atmosphere. The high

pressure and low temperature at these depths promote the formation of CO2 hydrates or

dissolution in seawater, thus effectively storing CO2 (Reith et al., 2016a). However, this

method raises concerns about potential leakage, ecological impacts on deep-sea ecosys-

tems, and long-term storage stability, requiring additional research and careful monitoring

(Reith et al., 2016a; Seibel and Walsh, 2001; Haugan and Drange, 1992).

Conversely, biological ocean-based CDR strategies aim to augment the ocean’s or-

ganic carbon pool by enhancing the biological carbon pump. These strategies primarily in-

volve boosting the primary production by supplying exogenous nutrients to marine primary

producers, such as phytoplankton. These methods also involve restoration or intentional ex-

pansion of productive ecosystems in coastal regions or open oceans, such as mangroves,

salt marshes and macroalgae.

Nutrient fertilization involves the addition of micro (e.g., iron (Fe) and/or macro

(e.g., phosphorus (P), nitrogen (N) nutrients to the ocean, in order to increase photosyn-

thesis by marine phytoplankton, and thus enhance uptake of carbon dioxide (CO2) from

surface waters. The purpose of this strategy is to stimulate photosynthesis in marine phy-

toplankton, thereby enhancing the uptake of carbon dioxide (CO2) from surface waters.

Subsequently, it facilitates the transfer of newly formed organic carbon to the deep sea,

effectively sequestering it away from the surface layer in immediate contact with the atmo-

sphere Boyd (2008); Keller et al. (2014b); Harrison (2017). Several large-scale iron fertil-

ization experiments have shown that the addition of iron to high-nutrient, low-chlorophyll

(HNLC) regions can lead to substantial increases in primary production and carbon export

to the deep ocean (Aumont and Bopp, 2006; Boyd, 2008; Buesseler et al., 2004). Nu-

trient fertilization is estimated to have a CDR potential in the order of GtCO2 per year
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(Keller et al., 2014b; Oschlies et al., 2010a; National Academies of Sciences, Engineering,

and Medicine, 2022, Table 3.3). However, concerns about potential unintended ecological

consequences, scalability, and the efficiency of carbon sequestration have led to calls for

further research and careful regulation (Keller et al., 2014b; Oschlies et al., 2010a; Gattuso

et al., 2021).

Restoration and protection of blue carbon ecosystems: Blue carbon ecosystems,

such as mangroves, seagrass meadows, and salt marshes, are highly efficient carbon sinks

due to their high rates of primary production and carbon sequestration in sediments Nelle-

mann et al. (2009); McLeod et al. (2011). The restoration and protection of these ecosys-

tems could significantly enhance the ocean’s organic carbon reservoir while providing

co-benefits such as habitat provision, coastal protection, and water quality improvement

(Macreadie et al., 2021; Duarte et al., 2013). It is estimated that the restoration and

protection of blue carbon ecosystems could potentially draw down 841 GtCO2 by 2030

(Macreadie et al., 2021).

Artificial upwelling and downwelling represent ocean-based CDR strategies that ef-

fectively combine both abiotic and biological methods. Artificial upwelling aims to bring

nutrient-rich deep waters to the surface, promoting phytoplankton growth and increasing

primary production (Oschlies et al., 2010b; Keller et al., 2014a; National Academies of Sci-

ences, Engineering, and Medicine, 2022, Sect. 4). These systems can potentially enhance

the biological carbon pump by stimulating the growth of phytoplankton in nutrient-limited

surface waters. Artificial downwelling, on the other hand, involves the use of engineered

systems to increase the downward transport of carbon that has been taken up in the surface

ocean water, potentially enhancing the sequestration of carbon in the deep ocean for long

geological period. Both Artificial upwelling and downwelling require further research to

assess their potential CDR efficacy, impacts on ecosystem, and optimal operational param-

eters (Jürchott et al., 2023; Keller et al., 2014b; Oschlies et al., 2010c; Feng et al., 2020).

Other ocean-based CDR strategies encompass methods such as terrestrial biomass

dumping, which involves the harvesting of terrestrial biomass with sequestered carbon

through photosynthesis during growth. The harvested biomass is then either deposited in

the deep ocean or buried within coastal sediments, effectively sequestering the carbon away

from the atmosphere (Fig.1.2). While ocean-based CDR strategies hold significant poten-

tial for mitigating climate change, they also necessitate further research. A comprehensive

understanding of the environmental impacts and long-term efficacy of these approaches is

crucial to ensure their sustainable and effective implementation (Gattuso et al., 2018; Keller

et al., 2021).
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1.3 Research motivation: evaluating the potential and con-
sequences of macroalgae-based CDR through Earth
system climate model simulations

1.4 Macroalgae-based CDR

As descried in the previous section, ocean-based CDR strategies primarily function by

enhancing the photosynthetic activity of primary producers, thereby facilitating the seques-

tration of carbon in organic forms. In this context, macroalgae, a type of marine macrophyte

primary producer, emerges as a potential carbon fixer. This expands the scope of ocean-

based CDR strategies beyond microphytes such as phytoplankton, offering a broader range

of options for carbon sequestration in the marine environment. In this dissertation, the term

’macroalgae-based CDR’ is specifically used to denote ocean-based CDR strategies involve

the macroalgae cultivation or augmentation of natural macroalgae for carbon sequestration

purposes.

Macroalgae, commonly known as seaweed, are highly efficient natural carbon fixers,

characterized by a high carbon-to-nitrogen (C:N) ratio and elevated net primary produc-

tion (NPP) rates (Pessarrodona et al., 2022; Fernand et al., 2017a; Atkinson and Smith,

1983; Buck and Buchholz, 2004; Zhang et al., 2016). Global estimates of natural macroal-

gae NPP reach up to 1.32 PgC yr−1 (Duarte et al., 2022), and it is suggested that car-

bon storage through the transport and subsequent sinking of macroalgal biomass to ocean

sediments could account for approximately 0.17 PgC yr−1 (Canals et al., 2006; Krause-

Jensen and Duarte, 2016; Luo et al., 2019; Macreadie et al., 2019). This process can be

viewed as an enhancement of the biological carbon pump, aiming to sequester more carbon

by circumventing the significant loss (around 70% to 85%) of particulate organic carbon

due to consumption and respiration during its slow descent through the mesopelagic zone

(Ducklow et al., 2001; Riebesell et al., 2009; Briggs et al., 2020). Furthermore, macroalgal

biomass has been identified as resistant to microbial degradation, suggesting the potential

for long-term carbon storage (Sichert et al., 2020). These characteristics underscore the

potential of macroalgae cultivation for CDR in terms of its efficacy, scalability, and the

durability of carbon sequestration.

Moreover, the technologies for macroalgae breeding and aquaculture are well-established

and have been refined over the years (Tseng, 1987; Qin et al., 2005; Kim et al., 2017).

This is evidenced by the impressive global production of macroalgae, which reached 34.7
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million tonnes in 2019 (Cai et al., 2021). Many cultivated macroalgae species possess rhi-

zoids, root-like structures that enable the macroalgae to anchor themselves to substrates

(FAO, 2023). This characteristic simplifies the operational aspects of macroalgae cultiva-

tion, making it a more feasible option for CDR compared to methods involving microalgae

cultivation or open ocean fertilization.

In addition, macroalgae-based CDR offers a range of enticing co-benefits. Similar

to other proposed ocean-based CDR strategies, it does not directly compete with land,

freshwater or fertilizer resources (Cai et al., 2021). It also offers potential ecological ad-

vantages, including mitigation against ocean acidification, helping to alleviate heavy metal

contamination, deoxygenation and eutrophication (Xiao et al., 2017; Kim et al., 2019; Jiang

et al., 2020). Other co-benefits with potential greenhouse gas reductions include the use of

macrophyte biomass in animal feeds, which could reduce methane emissions (Maia et al.,

2019).

The idea of employing macroalgae cultivation as a strategy for climate change mit-

igation has been under consideration for an extended period (e.g., Gao and McKinley

(1994); Chen et al. (2015); Fernand et al. (2017b); Jung et al. (2013); Chung et al. (2013)).

Meanwhile, the implementation of such practices has also been initiated in various parts

of the world. For instance, the U.S. Department of Energy’s Advanced Research Project

Agency-e (ARPA-e) MARINER program is developing prototypes for scalable farmed sys-

tems that can be deployed in deeper waters to grow biomass stocks for biofuels (ARPA-

e, 2023). Navarrete et al. (2021) tested the depth-cycling strategy, in which macroalgae

are physically towed into the deep nutrient-rich water at night. Several organizations, in-

cluding companies such as Running Tide (www.runningtide.com) and MACROCARBON

(www.macrocarbon.world), as well as non-profits such as Ocean Visions (www.oceanvisions.org),

are focusing on the development and commercialization of macroalgae-based CDR. On a

global scale, seaweed aquaculture production surpasses 30 million wet metric tons, with a

market value exceeding $5.6 billion (Cai et al., 2021; National Academies of Sciences, En-

gineering, and Medicine, 2022, Sect. 5.3). As such, macroalgae-based CDR is transition-

ing from a theoretical concept to a promising and practical carbon sequestration approach,

warranting further research and exploration.
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1.5 Why simulating macroalgae-based CDR in an Earth
system climate model?

Modeling has been widely employed as an essential tool for analyzing CDR ap-

proaches due to its ability to handle the scale and complexity of the various interacting

components of the Earth’s climate system, including the atmosphere, oceans, terrestrial

carbon cycles and ecosystems, as well as human activities such as land-use and GHG

emissions. Models provide a platform for virtual experimentation and intercomparison

for various CDR methods and climate change scenarios, circumventing the practicalities of

conducting real-world, large-scale experiments (e.g., the Carbon Dioxide Removal Model

Intercomparison Project (CDRMIP) by Keller et al. (2018)), which is vital for assessing the

potential of various CDR strategies and planning future climate mitigation efforts. They

also aid in understanding the potential and possible side effects or risks (e.g., Oschlies

et al. (2010c); Keller et al. (2014b); Siegel et al. (2021)). Additionally, the integration of

CDR models with other types of models, such as economic or energy system models, offers

a more comprehensive view of the potential impacts and benefits of CDR methods (e.g.,

Rickels et al. (2018); Schenuit et al. (2021); Hepburn et al. (2019)). Thus, models are a

critical tool in the analysis of CDR methods, providing a means to understand, predict, and

experiment with these methods in a way that would be otherwise impossible.

The research conducted in this dissertation utilizes the University of Victoria Earth

system climate model (UVic ESCM), an Earth System Model of intermediate complex-

ity (EMIC), fully integrated with a carbon cycle, and cutting-edge Integrated Assessment

Models (IAMs). EMICs serve as a bridge between the most basic and the most intricate

climate models (Claussen et al., 2002). EMICs are sufficiently complex to simulate crucial

climate processes and feedbacks, but they often simplify one or more components of the

climate model, such as the atmosphere and marine sediments (Keller et al., 2012). Never-

theless, EMICs are capable of integrating processes that operate within the Earth System

over extremely long timescales. The primary benefit of EMICs, in comparison to more

complex models, is their computational efficiency. They can run simulations several orders

of magnitude faster and can be operated on standard computers. As such, these models are

particularly suitable for studying the efficacy and impacts of CDR strategies over extended

timescales (e.g., Keller et al. (2014b); Reith et al. (2016b); Mengis et al. (2016); Oschlies

et al. (2010c)).

Similar to other CDR strategies, modeling studies can be employed to investigate the

potential and impacts of macroalgae-based CDR on the Earth system carbon cycle, marine
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biogeochemistry, and ecosystems prior to large-scale real-world deployments (Boyd et al.,

2022; Berger et al., 2023; Ricart et al., 2022). Several processes involved in macroalgae-

based CDR require further investigation, such as carbon capture capacity, impacts on phy-

toplankton and the fate of cultivated macroalgae biomass. Indeed, several modeling studies,

apart from those presented in this dissertation, have been undertaken to explore this topic.

For instance, Berger et al. (2023) modified a high-resolution ocean biogeochemical model,

revealing that Eastern boundary upwelling systems, the Northeast Pacific and the Southern

Ocean as potentially promising locations. However, the macroalgae-based CDR efficiency

is limited to 58% (0.21 PgC yr−1) considering physiochemical, nutrient limitations and de-

pression on phytoplankton primary production. Bach et al. (2021b) analyzed the CDR po-

tential of the belts of the floating macroalgae Sargassum in the (sub)tropical North Atlantic

(GASB) as a natural analogue for ocean afforestation. The research revealed that: 1) two

biogeochemical feedbacks, nutrient reallocation and calcification by encrusting marine life,

can reduce the macroalgae-based CDR efficacy by 20% to 100%; 2) the atmospheric CO2

influx into the surface seawater takes longer time than the CO2-deficient seawater’s contact

time with the atmosphere, and 3) the increased ocean albedo due to floating Sargassum

could have a greater impact on climate radiative forcing than Sargassum-CDR. The study

concludes that the efficacy of macroalgae-based CDR is determined by multifaceted Earth-

system feedbacks. Arzeno-Soltero et al. (2023) utilized a dynamic seaweed growth model,

incorporating growth-limiting mechanisms like nitrate supply, to estimate the global poten-

tial yield of four different seaweed species. Their findings suggest that to sequester 1 GtC

through macroalgae-based CDR, farming would be required in approximately 1 million

km−2 of the most productive Exclusive Economic Zones (EEZs) in the equatorial Pacific.

However, they also noted a significant decrease in carbon harvest efficiency beyond these

highly productive waters.

The existing modeling studies evaluating macroalgae-based CDR exhibit several lim-

itations. Firstly, the simulation time length in these studies is often short (e.g., 1 to 5 years

(Berger et al., 2023; Arzeno-Soltero et al., 2023)), which is not sufficient to assess the long-

term impacts of deploying and terminating macroalgae-based CDR. Secondly, these studies

do not simulate the fate of macroalgae biomass and the associated impacts, which typically

involve sinking to the deep ocean or harvesting for further CDR purposes such as Bioen-

ergy with Carbon Capture and Storage (BECCS) or biochar (Wu et al., 2023; National

Academies of Sciences, Engineering, and Medicine, 2022, Sect. 5). Moreover, some of

the macroalgae growth models used in these studies are overly simplified, lacking dynamic

interactions with marine biogeochemical systems or the global carbon cycle. In addition,
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the ocean-only models employed in some of these studies lack a land component, thereby

excluding a fully coupled carbon cycle from their simulations (e.g., Berger et al. (2023)),

which is crucial as a comprehensive evaluation of any ocean-based CDR must account for

alterations in carbon fluxes between the Earth’s carbon reservoirs.

The primary impetus for the research undertaken in this dissertation is to scrutinize

the potential and repercussions of macroalgae-based CDR from a global and long-term

standpoint. This encompasses an examination of its scalability, efficacy in terms of carbon

sequestration, and potential impacts on various facets of the marine environment, includ-

ing marine ecosystems, marine biogeochemistry, and the oceanic and global carbon cycles.

Comprehending these factors is crucial for assessing the overall feasibility and sustainabil-

ity of macroalgae-based CDR. The macroalgae-based CDR strategies in this dissertation

include deployments in both global open ocean (Chapter 2) and global coastal regions

(Chapter 3), specifically the Exclusive Economic Zones (EEZs). Additionally, an estima-

tion of utilizing macroalgae cultivation as BECCS feedstock for the Net Zero 2050 target

in Germany has also been conducted as part of this research (Chapter 4).

1.6 Chapter synopsis and author contributions

In Chapter 2 we introduce and investigate the maximum physical and biogeochem-

ical potential of a macroalgae-based CDR strategy: macroalgae open-ocean mariculture

and sinking (MOS). The concept of MOS is to cultivate macroalgae in the open ocean and

the sinking the carbon-rich macroalgal biomass to the deep seafloor for long-time carbon

sequestration. For this purpose, we for the first time embed and validate a dynamic macroal-

gae growth model into the UVic ESCM. We also explores the combination of MOS with

artificial upwelling (AU), which fertilizes the macroalgae by pumping nutrient-rich deeper

water to the surface. The model simulated remineralization of the sunk biomass in the

deep ocean, as well as the further physical and biogeochemical processes of the released

carbon and nutrients. The simulations are under a moderate-emissions pathway, RCP 4.5.

MOS is simulated to be deployed from the years 2020, either with termination at 2100 or

continuous till 3000. Our results indicate that the carbon captured and exported by MOS

is 270 PgC, which is further boosted by AU to 447 PgC. However, due to feedbacks in

the Earth system, the oceanic carbon inventory only increases by 171.8 PgC (283.9 PgC

with AU) in the idealized simulations. Our simulations also reveal the major side effects of

MOS, including reducing the atmospheric and terrestrial carbon reservoirs while enhanc-

ing the ocean carbon reservoir, depression on pelagic phytoplankton, nutrients distribution
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and alleviated middle depth oxygen concentrations. We conclude that while MOS holds

considerable theoretical CDR potential, its large-scale deployment would have significant

impacts on marine ecosystems.

Chapter 2 is based on the paper Wu, J., Keller, D. P., & Oschlies, A. (2023), Carbon

dioxide removal via macroalgae open-ocean mariculture and sinking: an Earth system

modeling study published in the journal Earth System Dynamics. JW, DPK and AO con-

ceived and designed the experiments. JW implemented and performed the experiments and

analyzed the data. JW wrote the paper with contributions from DPK and AO.

In Chapter 3, we analyse the CDR potential and impacts of macroalgae-based CDR

in coastal regions, that is, the Nearshore Macroalgae Aquaculture for Carbon Sequestration

(N-MACS). The macroalgae growth model in the UVic ESCM established in Chapter
2 is migrated to the global ocean Exclusive Economic Zones (EEZs), where macroalgae

biomass is cultivated and harvested from the ocean. To explore the theoretical maximum

potential of N-MACS with macroalgae species from global coastal regions, we carry out an

additional sensitivity simulation where the growth of macroalgae is not influenced by water

temperature. Our findings suggest that N-MACS could potentially sequester between 0.71

to 1.10 GtC per year. However, the implementation of N-MACS also leads to a significant

reduction in marine net primary productivity (NPP) due to nutrient competition and canopy

shading effects, which in turn reduces the CDR capacity of N-MACS by about 30%. This

suppression of surface NPP decreases organic carbon export to the deeper ocean, leading to

increased dissolved oxygen concentrations and reduced denitrification in the middle layers.

It also results in a decrease in surface ocean alkalinity due to nutrient removal. Several

effects, such as the removal of phosphate and a reduction in global oceanic net primary

production, persist for centuries even after the discontinuation of N-MACS. The chapter

concludes by emphasizing the need for a careful evaluation of the potential benefits and

impacts of macroalgae-based CDR, given the significant alterations it can cause in marine

biogeochemistry and ecosystems.

Chapter 3 is based on the paper Wu, J., Keller, D. P., Yao, W& Oschlies, A. (2023),

Nearshore Macroalgae Cultivation for Carbon Sequestration by Biomass Harvesting: Eval-

uating Potential and Impacts with An Earth System Model submitted to the journal Geo-

physical Research Letters. JW, DPK and AO conceived and designed the experiments. JW

implemented and performed the experiments and analyzed the data. JW wrote the paper

with contributions from DPK, WY and AO.

In Chapter 4, we explore the concept of using macroalgae cultivation as a feedstock

for bioenergy with carbon capture and storage (BECCS with macroalgae) in the context of
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Germany’s Net Zero 2050 target. Our analysis suggests that the maximum theoretical CDR

potential of BECCS with macroalgae is approximately 0.79 million tonnes of CO2 per year,

a significant contribution to the overall BECCS CDR potential in Germany. However, we

also highlight several challenges and uncertainties, including the scalability of macroalgae

cultivation, the efficiency of carbon sequestration, and the potential impacts on marine

ecosystems and biogeochemistry. In comparison with 12 other CDR concepts available in

Germany, BECCS with macroalgae is at the pilot-scale maturity level. We emphasize the

need for further research, socio-economic analysis, clear regulations, and policy incentives

to fully realize the potential of this approach.

Chapter 4 is based on the paper Borchers, M., ..., Wu, J. et al., (2022), Scoping

carbon dioxide removal options for Germany − What is their potential contribution to

Net-Zero CO2? published in the journal Frontiers in Climate. JW and NM contributed

to section BECC–macroalgae farming for biogas production for co-generation of heat and

power (concept 6) and associated content about utilization of macroalgae.
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Abstract

In this study, we investigate the maximum physical and biogeochemical potential of

macroalgae open-ocean mariculture and sinking (MOS) as an ocean-based carbon dioxide

removal (CDR) method. Embedding a macroalgae model into an Earth system model, we

simulate macroalgae mariculture in the open-ocean surface layer followed by fast sink-

ing of the carbon-rich macroalgal biomass to the deep seafloor (depth > 3000m), which

assumes no remineralization of the harvested biomass during the quick sinking. We also

test the combination of MOS with artificial upwelling (AU), which fertilizes the macroal-

gae by pumping nutrient-rich deeper water to the surface. The simulations are done under

RCP 4.5, a moderate-emissions pathway. When deployed globally between years 2020 and

2100, the carbon captured and exported by MOS is 270 PgC, which is further boosted by

AU of 447 PgC. Because of feedbacks in the Earth system, the oceanic carbon inventory

only increases by 171.8 PgC (283.9 PgC with AU) in the idealized simulations. More than

half of this carbon remains in the ocean after cessation at year 2100 until year 3000. The

major side effect of MOS on pelagic ecosystems is the reduction of phytoplankton net pri-

mary production (PNPP) due to the competition for nutrients with macroalgae and due to

canopy shading. MOS shrinks the mid-layer oxygen-minimum zones (OMZs) by reducing

the organic matter export to, and remineralization in, subsurface and intermediate waters,

while it creates new OMZs on the seafloor by oxygen consumption from remineralization

of sunken biomass. MOS also impacts the global carbon cycle by reducing the atmospheric

and terrestrial carbon reservoirs when enhancing the ocean carbon reservoir. MOS also en-

riches dissolved inorganic carbon in the deep ocean. Effects are mostly reversible after

cessation of MOS, though recovery is not complete by year 3000. In a sensitivity exper-

iment without remineralization of sunken MOS biomass, the whole of the MOS-captured

carbon is permanently stored in the ocean, but the lack of remineralized nutrients causes a

long-term nutrient decline in the surface layers and thus reduces PNPP. Our results suggest

that MOS has, theoretically, considerable CDR potential as an ocean-based CDR method.

However, our simulations also suggest that such large-scale deployment of MOS would

have substantial side effects on marine ecosystems and biogeochemistry, up to a reorgani-

zation of food webs over large parts of the ocean.

54



Chapter 2

2.1 Introduction

Anthropogenic emissions are rapidly increasing the global atmospheric CO2 concen-

tration. In the last decade (2011 to 2020), global fossil CO2 emissions averaged ∼ 9.49 PgC

yr−1 (equivalent ∼ 34.8 Pg CO2 yr−1) with a growth rate of 0.4 % yr−1 (Friedlingstein et al.,

2022). In 2019, CO2 emissions reached a record high of 9.71 ± 0.49 PgC yr−1 (equivalent

35.6 ± 1.8 Pg CO2 yr−1), and there is no sign of a peak (Edo et al., 2022; Friedlingstein

et al., 2022). The slow speed of emission reductions until now makes it difficult to reach

the promised climate goals to keep global warming within the guardrail of 2 ◦C (Peters

et al., 2013), much less the recent agreement to seriously consider an even more ambitious

1.5 ◦C goal (UNFCCC, 2015).

In addition to mitigation efforts to reduce greenhouse gas (GHG) emissions, it is in-

creasingly realized that carbon dioxide removal (CDR), sometimes also called negative

emissions technologies (NETs), will likely be a necessary step to achieve the targets of

the Paris Agreement (Minx et al., 2017; Rogelj et al., 2018). CDR aims to remove CO2

from the atmosphere and to store it, ideally permanently, in either the terrestrial, marine

or geological carbon reservoirs, thereby mitigating global warming (Glaser, 2010). Due to

the limited remaining emission budget (650 ± 130 Pg CO2 to 1.5 ◦C and 1300 ± 130 Pg

CO2 to 2 ◦C), deployment of CDR is required in most pathways studied in the scientific lit-

erature to achieve these ambitious targets (Lawrence et al., 2018; Masson-Delmotte et al.,

2018). As the second-largest inorganic carbon reservoir on the planet, the ocean plays a

pivotal role in naturally regulating the atmospheric CO2 concentration. Since the beginning

of the industrial era, the ocean has taken up more than 560 Pg CO2, about 25 % of the an-

thropogenic CO2 emissions (∼ 2030 Pg CO2; Gruber et al., 2019; Ciais et al., 2013; Heinze

et al., 2015). Its high carbon storage capacity could theoretically match or exceed fossil fuel

resources (Scott et al., 2015). Thus, a variety of ocean-based CDR methods have been pro-

posed to take advantage of this potential storage capacity. The proposed ocean-based CDR

approaches aim to increase the rate of oceanic CO2 uptake and storage by either enhancing

abiotic processes (i.e., chemical or physical, e.g., ocean alkalinization; Keller et al., 2014;

Taylor et al., 2016; Köhler et al., 2013; Albright et al., 2016) or biotic processes (e.g., ocean

fertilization; Keller et al., 2014; Smetacek et al., 2012; Oschlies et al., 2010b; Matear and

Elliott, 2004; Robinson et al., 2014). Some technologies also seek to remove CO2 directly

from seawater and to store it in some other reservoir, e.g., a geological one (Eisaman et al.,

2012).

Macroalgae species (also known as “seaweed” or “kelp”) are highly efficient carbon
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fixers with a high C:N ratio (Atkinson and Smith, 1983; Fernand et al., 2017) and observed

net primary production (NPP) rates of 91–522 gC m2 yr−1. In the 1970’s, the concept

of ocean farming using macroalgae for marine carbon sink and bioenergy production was

studied with an actual small test farm established off the coast of southern California. These

research activities were abandoned due to the damage of the test farm by winter storms and

for several technical and economic reasons (Ritschard, 1992). Utilizing macroalgae for

biological ocean-based CDR has recently received renewed interest (Duarte et al., 2017;

Chung et al., 2011; Gao et al., 2020; Fernand et al., 2017; Raven, 2018). The macroalgae

aquaculture industry is well established globally, with an annual harvest of over 30 million

t wet weight (WW, FAO, 2018). Thus, some proposals have focused on using harvested

macroalgae for producing biochar (Roberts et al., 2015; Bird et al., 2011) or bio-energy

combined with carbon capture and storage (BECCS, Chung et al., 2011; Buschmann et al.,

2017; Gao and McKinley, 1994; Chen et al., 2015; Fernand et al., 2017). However, as

current macroalgae aquaculture facilities are mainly located in coastal regions, the scope to

expand macroalgae aquaculture is limited by the shortage of suitable coastal areas due to

nutrient availability and shifting temperature regimes (Duarte et al., 2017; Oyinlola et al.,

2020). To address these issues, several offshore macroalgae aquaculture facilities have been

designed and evaluated (e.g., the SeaweedPaddock by Sherman et al. (2019), the offshore

ring by Buck and Buchholz (2004) and the depth-cycling strategy by Navarrete et al. (2021),

in which macroalgae are physically towed into the deep nutrient-rich water at night). More-

over, the Advanced Research Projects Agency–Energy (ARPA-E) of the US Department of

Energy (DOE) has committed more than 60 million dollars on the Macroalgae Research

Inspiring Novel Energy Resources (MARINER) program to develop the technologies for

macroalgal biomass production, including integrated ocean cultivation and harvesting sys-

tems (APAR-e, 2021). Thus, the ideas of expanding macroalgae cultivation to the open

oceans (mariculture) are ambitious but no longer fictional, and they provide a theoretical

possibility to expand macroalgae aquaculture to the open ocean for CDR.

In this study, we evaluate “macroalgae open-ocean mariculture and sinking (MOS)” as

an ocean-based CDR method that is designed to artificially enhance the macroalgae-based

carbon dioxide removal. The aim of this study is to investigate (1) the maximum physical

and biogeochemical CDR potential of MOS, (2) the side effects of such large-scale deploy-

ment, and (3) to understand where offshore macroalgae farming would be viable if done at

a large scale. This information is needed to help prioritize further research into CDR, to

understand if there are potential MOS side effects that become evident only at a large scale

and to provide information on the viability of large-scale offshore macroalgae farming in
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different regions over time by accounting for the implications of nutrient utilization and

climate change.
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Figure 2.1: Schematic illustrating the biogeochemical fluxes and physical impacts of MOS on nu-
trients (NO3 and PO4), oxygen, dissolved inorganic carbon (DIC), ordinary phytoplankton (PO in
green), diazotrophs (PD in pale brown) and zooplankton (Z).

To do this, simulated macroalgae are seeded and cultivated on offshore floating plat-

forms that are moored to the seabed (e.g., see platform designs in Buck and Buchholz,

2004). The platforms are also assumed to float below the open-ocean surface (at 5 m depth)

to avoid storm damages. At the end of an annual cycle, platforms with matured macroal-

gae are rapidly sunk to the seafloor and unload the biomass there. This can be thought

of as a short circuiting of the biological pump by bringing marine biomass directly to the

seafloor without having it remineralized along the way. Afterwards, the sunken biomass

is assumed to continue remineralization at the seafloor, consuming oxygen and releasing

dissolved inorganic carbon (C), nitrogen (N) and phosphate (P) into the deep ocean where

it ideally remains for centuries to millennia (Fig. 2.1). The macroalgae used here is an

idealized genus. The assumed constant C:N:P ratio is 400:20:1, which is higher than the

stoichiometric ratio of the general phytoplankton in the University of Victoria Earth system

climate model (UVic ESCM; C:N:P = 106:16:1, the Redfield ratio). In practice, some of

the biomass may also be permanently buried in sediments (Luo et al., 2019; Sichert et al.,

2020), and we will explore the extreme case of zero remineralization in the water column

in a sensitivity experiment. In another sensitivity experiment, we investigate combining

MOS with artificial upwelling (AU) to alleviate nutrient limitation in the open-ocean sur-
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face (Duarte et al., 2017; Kim et al., 2019; Laurens et al., 2020).

To investigate the biogeochemical and climatic implications of MOS, we use an Earth

system model of intermediate complexity. Though the idea of massive macroalgae cul-

tivation and biomass offsetting for CDR has been assessed in some earlier publications

(Orr and Sarmiento, 1992; Gao and McKinley, 1994; Froehlich et al., 2019; Lehahn et al.,

2016), as far as we are aware it has not been evaluated using an Earth system model (ESM).

ESM-based assessments are required for studying the response of the global carbon cycle

to such perturbations and for estimating the efficacy of such methods in a global carbon

cycle context (with regards to atmospheric CO2 removal). Furthermore, such models can

dynamically simulate macroalgae growth and the permanence of carbon storage (i.e., the

fate of sunken biomass on the seafloor), as well as their interactions with global marine

biogeochemistry. It is essential to clarify these issues before any decisions about eventual

implementation of MOS can be made.

2.2 Methods

2.2.1 Model description

In this study, we employ the University of Victoria Earth system climate model (UVic

ESCM) version 2.9 (Weaver et al., 2001; Eby et al., 2009; Keller et al., 2012), which

consists of three dynamically coupled components: a three-dimensional ocean circulation

model (Pacanowski, 1996) including a dynamic–thermodynamic sea-ice model (Bitz and

Lipscomb, 1999), a terrestrial model (Meissner et al., 2003; Weaver et al., 2001) and a sim-

ple one-layer atmospheric energy–moisture balance model (Fanning and Weaver, 1996).

The model has a fully coupled carbon cycle including dynamic terrestrial, atmospheric

and oceanic carbon inventories. The horizontal resolution of all components is 3.6◦ lon-

gitude × 1.8◦ latitude, and the ocean component has 19 vertical layers. The descriptions

of air–sea gas exchange and seawater carbonate chemistry are based on the Ocean Carbon

Cycle Model Intercomparison Project (OCMIP) abiotic protocol (Orr et al., 1999). The

ocean biogeochemistry is presented with a nutrients–phytoplankton–zooplankton–detritus

(NPZD) model that includes one general phytoplankton, diazotrophs, and one zooplankton

type (Keller et al., 2012; Eby et al., 2013). The UVic ESCM has been evaluated in several

recent studies (e.g., Keller et al., 2014; Mengis et al., 2016; Reith et al., 2016; Kvale et al.,

2021).
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2.2.2 Modeling MOS in the UVic ESCM

In this study, the modeling of macroalgae is done with a macroalgae growth model

coupled into the UVic ESCM. The aim of the macroalgae model is to investigate the carbon

sequestration capacity of MOS and the potential impacts on marine biogeochemistry. In

the macroalgae model, the net growth rate is affected by several limiting factors, including

nutrients, temperature and solar radiation intensity. The cellular C:N:P ratio of macroalgae

is fixed. The loss of macroalgal biomass includes erosion and grazing by zooplankton.

The deployment of MOS is done with an algorithm that considers spatial and temporal

conditions.

The macroalgae model is also connected to global marine biogeochemical processes,

including the inorganic carbon and nutrient pools. In the surface layers, it impacts phyto-

plankton via nutrients competition and canopy shading. The single, aggregated zooplank-

ton compartment of the biogeochemical model, which represents higher trophic levels, is

also designed to graze on macroalgae. In the bottom layers, the remineralization of sunken

macroalgal biomass will consume the dissolved oxygen, which in turn limits the rate of

remineralization.

Macroalgae model

The macroalgae model is an idealized generic model of genus Laminaria and Saccha-

rina, mainly based on Martins and Marques (2002) and Zhang et al. (2016). The rate of

biomass change is governed by Eq. (2.1) as the imbalance of NGR (net growth rate, d−1)

and LR (loss rate, fraction of daily biomass loss due to mortality, erosion and grazing by

zooplankton, d−1).

Modeled macroalgae is seeded 5 m below sea surface, considering the light require-

ment and reduction of damaging risks by surface wave activity (Eq. 2.11). The deployment

of macroalgae considers ambient nutrients availability and avoidance of winter periods

(Sect. 2.3.1).
dBiomass

dt
= (NGR − LR) × Biomass (2.1)

The NGR is regulated by

NGR = Rgrowth −Rresp, (2.2)

where Rgrowth is the gross growth rate (d−1), and Rresp is the respiration rate (d−1). The

growth rate of macroalgae (Rgrowth) is given by Eq. (2.3), regulated by water temperature
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(T ), solar irradiance (I) and dissolved nutrient concentrations (NO3 and PO4, NP).

Rgrowth = µmax × f(Tw) × f(NP) × f(Ima) (2.3)

In the current model, the macroalgal growth rates are controlled by external concentra-

tions of available nutrients via assumed Michaelis–Menten kinetics with half-saturation

constants KN and KP for NO3 and PO4, respectively:

f(N) = NO3

KN + NO3
, (2.4)

f(P) = PO4

KP + PO4
, (2.5)

f(NP) = Min{f(N), f(P)}. (2.6)

The need for iron is not considered in our macroalgae growth model. Although iron is

utilized during macroalgae growth (e.g., Suzuki et al., 1995; Kuffner and Paul, 2001), iron

limitation on macroalgae is not widely discussed, especially for the genus Saccharina.

Besides, as iron is a micronutrient needed in low quantities, the MOS platform could be

designed with an iron supply for the macroalgae, in which case MOS could be considered

to include a targeted variant of the ocean iron fertilization concept.

The temperature limiting factor used here is an optimum curve following Bowie et al.

(1985). Topt is the species-specific optimum temperature at which the growth rate is maxi-

mized. Tmax and Tmin define the upper and lower temperature limits above and below which

macroalgae growth ceases. The temperature optimum curve of the macroalgae is shown in

Fig. A.3.

f(Tw) = e−2.3×X2
T (2.7)

XT = Tw − Topt

Tx − Topt
(2.8)

Tx =

 Tmin if Tw ≤ Topt

Tmax if Tw > Topt
(2.9)

Respiration is described by an Arrhenius function considering water temperature Tw in

degrees Celsius (Duarte and Ferreira, 1997; Martins and Marques, 2002):

Rresp = Rmax20 × r(Tw−20), (2.10)

60



Chapter 2

where Rmax20 is the maximum respiration rate of the simulated macroalgae species at 20
◦C, and r stands for the empirical coefficient for macroalgae respiration (Table 2.1).

The limiting factor of solar irradiance density for macroalgae photosynthesis (f(Ima))
is given in Eq. (2.11) (Steele’s photo-inhibition relationship – Kirk, 1994):

f(Ima) = Ima

Iopt
× e

(1− Ima
Iopt

)
, (2.11)

where Ima stands for the shortwave radiation intensity reaching the depth Z (given by

Eq. 2.12), and Iopt stands for the optimum light intensity for macroalgae growth (constant,

Table 2.1).

Ima = Is × e

(
−kwZm−

∫ Zm
0 (Po+PD)kc×dZm

)
× df (2.12)

Equation (2.12) calculates the shortwave radiation (Ima) reaching the depth Zm. This is

modified from Keller et al. (2012) and Schmittner et al. (2005), with Zm denoting the

depth of MOS macroalgae platforms beneath the water surface. Zm is assumed to be 5 m,

compromising the empirical depth with sufficient light for macroalgae photosynthesis (1 to

2 m for cultivation (Buck and Buchholz, 2004), 0 to 10 m for wild communities (Eriksson

and Bergström, 2005)) and the depth to reduce the risks of damage by stressful turbulence

or severe weather events (e.g., hurricanes). df denotes the day length as a fraction of 24

h. Is stands for the shortwave radiation density at the top of the layer. PO and PD are

the biomass of ordinary phytoplankton and diazotrophs, respectively, in the layers above

the macroalgae. kw is the light attenuation coefficient for water. Iopt is the optimum light

intensity for macroalgae growth. kc is the light attenuation coefficient of phytoplankton

and also accounts for co-varying particulate and dissolved inorganic and organic materials

(Kvale and Meissner, 2017). As described in Sect. 2.2.2, the morphology of the frond will

not be considered, and the self-shading effects by fronds are not considered here (Duarte

and Ferreira, 1997; Brush and Nixon, 2010).

The loss rate LR is regulated by the following:

LR = ER + Grazema, (2.13)

ER = Biomass ×Rerosion, (2.14)

Grazema = µmax
Z Z × ψma × Biomass, (2.15)

where the erosion of biomass (ER) is controlled by the individual erosion rate Rerosion. As

the frond morphology of macroalgae is not modeled here, we set the Rerosion as a constant
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independent of physical impacts (Trancoso et al., 2005; Zhang et al., 2016). The eroded

macroalgal biomass will be directly converted back to nutrients and DIC (dissolved inor-

ganic carbon) according to the macroalgae stoichiometry ratios without remineralization

or further degradation by zooplankton. We set this parameterization of erosion, a small

biomass loss of 0.01 % per day, pragmatically as instantaneous remineralization rather

than introducing another finite remineralization and finite sinking parameterization with

difficult-to-constrain parameters. It was used to minimize the computational expense of

the model and to avoid having to add another state variable that is subjected to physical

transport.

Grazema is the biomass loss due to grazing by zooplankton. Z is the zooplankton

biomass which is calculated by the NPZD model. µmax
Z stands for the maximum potential

growth rate of zooplankton, defined in Keller et al. (2012, Eq. 28). The zooplankton grazing

preference on macroalgae (ψma) is defined in Sect. 2.2.2.

For simplicity and to limit the number of state variables, we made the following mod-

ifications to the macroalgae model:

1. We did not include a dynamic C:N:P ratio or a representation of luxury nutrient

uptake and storage (Broch and Slagstad, 2012; Hadley et al., 2015). Instead, the

C:N:P ratio of the macroalgae biomass was set as a constant (Table 2.1), which is

based on seasonally averaged measurements of the biomass composition of these

genera (Zhang et al., 2016; Martins and Marques, 2002).

2. The macroalgae life cycle processes (e.g., alternations of generations) are also not

considered in our model (Brush and Nixon, 2010; Trancoso et al., 2005; Duarte and

Ferreira, 1997). We thus assumed that the plantlet (e.g., sporophytes for Saccharina)

will be reseeded annually on the MOS infrastructure. The assumed deployment strat-

egy, i.e., timing of seeding and sinking, of MOS is latitude dependent according to

the seasonality of solar irradiance (see Sect. 2.3.1). Whenever conditions are unfa-

vorable for macroalgae and no growth occurs during an annual cycle, no re-seeding

of macroalgae will occur in these regions.

The parameterization of DOC release by macroalgae could not be included because of

the lack of enough information. Few studies exist, and the uncertainties about the release of

DOC are large. For example, Barrón et al. (2014) reported a release of DOC by macroalgae

from a few species of 23.2 ± 12.6 mmol C m−2 d−1 with no information on bioavailability.

Meanwhile, refractory DOC dynamics are difficult to include in a global Earth system
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model and are beyond the scope of this study (Anderson et al., 2015; Mentges et al., 2019;

Zakem et al., 2021). Thus, the DOC release from macroalgae is not included in this study.

Remineralization of sunken macroalgal biomass

Biomass sinking is simulated by instantly transferring the macroalgal biomass from

the surface grid cell to the deepest grid cell at the respective location at the end of each cul-

tivating period. This assumes that the harvested biomass could be engineered to sink to the

seafloor in a rapid and efficient manner with no remineralization along the way. Afterwards,

the next macroalgae generation will start to grow in the surface layer. Equation (2.16)

calculates the temperature-dependent remineralization rate of sunken macroalgal biomass

(µma) following the function of remineralization of detritus in the UVic ESCM (described

in Schmittner et al., 2008, Eq. A16). Remineralization consumes oxygen and returns DIC,

PO4 and NO3 from the sunken macroalgal biomass to the sea water and is described as

µma = µma0exp (Tw/Tb) [0.65 + 0.35tanh (O2 − 6)] , (2.16)

where µma0 is the remineralization rate of sunken macroalgal biomass at 0 ◦C. Tw and Tb

represent the sea water temperature and e-folding temperature of biological rates, and O2

is the dissolved-oxygen concentration in mmol m−3. When the dissolved oxygen is insuffi-

cient (< 5 mmol m−3), aerobic remineralization will be replaced by oxygen-equivalent, but

slower, denitrification via reduction of NO3 (Keller et al., 2012). Note that remineralization

will cease when NO3 is also completely consumed.

There are considerable uncertainties concerning the fate of sunken macroalgae (Sichert

et al., 2020; Krause-Jensen and Duarte, 2016; Luo et al., 2019). A sensitivity simulation

explores the situation where µma0 is set to zero, which would assume permanent deposition

of the sunken biomass on (or in) the seafloor without decaying (Sect. 2.3.2).

Interactions with pelagic microbial ecosystems

Besides the competition for nutrient resources, the macroalgae canopies may also re-

duce solar irradiance downward (“canopy shading”) and thus limit phytoplankton photo-

synthesis beneath the macroalgae (Jiang et al., 2020). Equation (2.17) (modified from

Eq. 14, Keller et al., 2012) describes the shortwave radiation attenuation (Iphyt) through

the macroalgae layer, as well as through phytoplankton and water (MOS is not deployed in
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areas covered by sea ice):

Iphyt = Is × e−kwZ−
∫ Z

0 (PO+PD)kc×dZ−kma×hma×Biomass, (2.17)

where kma, the macroalgae light extinction coefficient (m−1), is calculated based on the

biomass of macroalgae in carbon as follows:

kma = ama × Biomass × MRC:N. (2.18)

Here, ama is the macroalgae carbon-specific shading area (m2 kgC−1; Trancoso et al.,

2005), hma is the thickness of macroalgae layer, and MRC:N stands for the molar C:N ratio

of macroalgal biomass.

The original NPZD model in Keller et al. (2012) is extended by allowing zooplankton

to graze on macroalgae. Our assumption that zooplankton can graze on macroalgae is

based on the notion that the marine biogeochemical component of “zooplankton” in UVic

ESCM represents all higher trophic levels, including known macroalgae grazers such as

amphipods (Jacobucci et al., 2008), gastropods (Chikaraishi et al., 2007; Krumhansl and

Scheibling, 2011), sea urchins (e.g., Yatsuya et al., 2020) and fishes (e.g., Peteiro et al.,

2014). Thus, we included this food web pathway to assess the sensitivity of macroalgae

to potential grazers in the ocean, assuming that with large macroalgae farms the pelagic

larvae of some grazing organisms like fish or urchins would settle within the farms.

The grazing preference for macroalgae (ψma) is set to 1×10−4 according to obser-

vational studies (Trancoso et al., 2005). Macroalgae thus provide a grazing option for

zooplankton in addition to the traditional NPZD-type model food sources (phytoplank-

ton, diazotrophs, detritus and zooplankton via self-grazing). Therefore, the four original

grazing preferences (0.3 on phytoplankton, 0.1 on diazotrophs, 0.3 on detritus and 0.3 on

zooplankton; Keller et al., 2012, Table 1) are reduced by 1
4 ψma each. In the areas where

MOS is absent (i.e, in the ice-covered ocean surface), the zooplankton grazing will follow

the original description in Keller et al. (2012, Table 1) without the preference for macroal-

gae. No CaCO3 formation by macroalgae is simulated here (Bach et al., 2021; Macreadie

et al., 2017, 2019), as calcareous macroalgae species and epibiont calcifiers are not con-

sidered. Therefore, the only alkalinity impact of growing and remineralizing macroalgae

comes via changes in nitrate and phosphate.
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Mass conversions

In order to parameterize and validate the model, it is necessary to convert from com-

monly measured macroalgae variables (often in wet- and dry-weight units) to the model

units. These conversions include the calculation of carbon and CO2 sequestered in macroal-

gal biomass (Cma, gram carbon), as well as the conversions of dry weight (DW, gram) and

wet weight (WW, gram):

Cma = Biomass × MRC:N × 12.011, (2.19)

CO2ma = Cma × 3.67, (2.20)

DW = Cma ÷ MRC:DW, (2.21)

WW = DW × MRDW:WW, (2.22)

where 3.67 is the ratio between the atomic mass of CO2 (44 g mol−1) and carbon (12 g

mol−1), Biomass is in moles of nitrogen, and 12.011 is the relative molecular weight of

carbon (g mol−1).

MOS carbon retained in the ocean and outgassing

The DIC from remineralization of sunken biomass will eventually be conveyed back

to the ocean surface and may leak back to the atmosphere. Equation (2.23) calculates the

ocean-retained fraction (FR, %) of MOS-captured carbon (MOS-C), where the Ccaptured is

carbon in the cumulative sunken biomass, CSunk Biomass is the carbon in sunken macroalgal

biomass that still remains on the seafloor.

FR = Cretained

Ccaptured
= (DICremineralized + CSunk Biomass)

Ccaptured
(2.23)

In order to track the leakage of MOS-C after remineralization, a tracer of remineralized

MOS-C (MOS_DIC) is added to the UVic ESCM in addition to the original DIC tracer.

MOS_DIC participates in the inorganic ocean carbon cycle (Weaver et al., 2001, Sect. 3e).

When reaching the surface, the outgassing of MOS_DIC will follow the air–sea gas ex-

change process in UVic ESCM, which is given in Weaver et al. (2001, Sect. 3e). The

air–sea exchange flux of MOS-C is also calculated for analyzing the location and quantity

of outgassing. The results of MOS-C outgassing are shown in Sect. 2.4.6.
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2.3 Experiment design

The UVic ESCM is spun up for > 10000 years to an equilibrium state under pre-

industrial (year 1765) atmospheric and astronomical boundary conditions and is then inte-

grated for another 250 years without prescribing atmospheric CO2 concentrations to allow

the carbon cycle to equilibrate. Afterwards, the model is run from 1765 until 2005 and

forced with historical fossil fuel emissions and land-use changes (crop and pastureland;

Keller et al., 2014). From year 2005 to 2100, simulations are forced with CO2 emissions

represented as a direct adjustment to radiative forcing, land-use change by agriculture,

volcanic radiative forcing and sulfate aerosols which are prescribed according to the Rep-

resentative Concentration Pathway 4.5 (RCP 4.5; Meinshausen et al., 2011; Thomas, 2014;

Keller et al., 2014; Partanen et al., 2016). Solar insolation at the top of the atmosphere,

wind stress and wind fields are varied seasonally. After the year 2300, CO2 emissions are

assumed to decrease linearly until the end of year 3000 with other forcing held constant to

zero.

The full list of simulations is given in Table 2.3. To test the maximum potential,

as well as the global carbon cycle and biogeochemical responses, we simulate MOS for

1000 years, beginning in year 2020 (MOS_Conti). Additionally, termination experiments

(MOS_Stop) are performed to analyze the response of the ocean and climate to an abrupt

termination of MOS at year 2100.

2.3.1 Deployment strategies of MOS

The current study focuses on estimating the maximum carbon sequestration potential

of MOS and assumes instantaneous seeding on floating infrastructure in the open ocean.

The macroalgae is represented as a biogeochemical tracer (Eq. 2.1) that is not subject to

physical transports and remains fixed in the top (first) ocean layer of the UVic ESCM,

which is assumed to be well mixed. In our idealized experiments, MOS deployment must

fulfill the following requirements:

• The water depth must be ≥ 3000 m; according to the assessment by Reith et al.

(2016), leakage of dissolved inorganic carbon added to deep waters (in this case from

remineralization of sunken macroalgal biomass) is small at such depths compared to

shallower ones.

• The ambient surface NO3 concentration is greater than Seed plus KN (Table 2.1);

this ensures sufficient nutrients for initial growth, as Seed is directly transferred from
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dissolved NO3, and KN is the half-saturation constant for NO3 uptake. Note that in

this calculation, Seed has been converted from the unit of kgC km−1 in Table 2.1, the

unit of concentration of nitrogen (mmol N m−3).

• It must be spatially located between 57◦ N and 72◦ S to remain in sea-ice-free waters.

Note that the DIC, N and P components of the initial Seed are directly removed from the

inorganic-matter pool of the respective grid box in order to maintain model mass balance

and to avoid adding extra nutrients and/or carbon to the ocean at the time of seeding.

During the MOS simulations, the seasonality of temperature and of solar radiation

is an essential limiting factor of the primary productivity of MOS in various latitudinal

regions. In order to avoid the unnecessary loss of macroalgal biomass during winter periods

when solar radiation is insufficient and when the ambient water temperature is low, we

partitioned the global ocean surface into three belts (N, M and S) and pragmatically applied

farming strategies according to Table 2.2. The period between the seeding and sinking of

macroalgae is set as 6 months, from May to October in belt N and from November to the

next April in belt S. In belt M, the macroalgae is seeded at the beginning of the year, and

sinking occurs after 12 months. The geographical locations of the three belts are shown in

Fig. 2.2.

Table 2.2: Latitudinal division of MOS deployment regions.

Belt Latitudinal range Date for
seeding sinking

N 51.3◦ N to 17.1◦ N 1 May 31 Oct
M 17.1◦ N to 18.9◦ S 1 Jan 31 Dec
S 18.9◦ S to 56.7◦ S 1 Nov 30 Apr∗

∗ In the following year.

The maximum yield of Biomass is set to a constant value of Y max (Table 2.1). When

the biomass reaches Y max in a grid cell, macroalgae will stop growing and wait for sinking.

After an annual cultivation cycle, the macroalgal biomass is instantaneously delivered to the

seafloor, except for a small fraction (equivalent to Seed) that remains at the surface for re-

seeding. In some regions where conditions are unfavorable and no net macroalgae growth

had occurred during the last cultivation period, the total Biomass will be sunk once without

any further re-seeding. In order to prevent MOS from removing too much atmospheric CO2

in long-term simulations where emissions eventually reach zero, MOS deployment will be

terminated once atmospheric CO2 concentration hits 280 ppm, assuming that there is no

need for more CDR once pre-industrial CO2 values have been reached.
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2.3.2 Sensitivity studies

As test simulations indicated that the CDR potential of MOS is, in many ocean re-

gions, limited by the availability of nutrients in the surface layer, sensitivity simulations

were performed with MOS combined with artificial upwelling (AU) that pumps up nutri-

entrich deeper waters to the surface and thereby relaxes nutrient stress and enhances the

macroalgae growth.

The simulated MOS-AU system is based on Oschlies et al. (2010b) and Keller et al.

(2014). We placed modeled “pipes” that pump deeper water to the ocean surface in areas

where MOS is deployed. The simulated upwelling works by transferring water adiabati-

cally from the grid box at the lower end of the pipe to the surface grid box at a rate of 1 cm

d−1. These pipes will function continuously until the termination of MOS (in year 2100 or

3000). However, because these earlier studies have revealed a dominant effect associated

with the low temperatures of the upwelled colder waters, we here concentrate on the nutri-

ent aspect and simulate a hypothetical MOS-AU system that keeps temperatures at ambient

levels (e.g., via heat exchangers).

In the simulated AU system, water, together with dissolved tracers, is transferred from

the grid box at the lower end of the pipes to the surface grid box, resulting in a model grid

box-average upwelling rate (w, set to 1 cm d−1; Table 2.1). The lower end of the pipes

is fixed at a depth of 1000 m. Similarly to the normal MOS simulations without AU, the

MOS-AU simulations are deployed from year 2020 and then terminated at either year 2100

in a discontinuous run or at year 3000 in a continuous one (Table 2.3).

The MOS-AU joint system is deployed using the following strategies: AU pipes will

be deployed everywhere with depth ≥ 3000 m and start upwelling immediately. If surface

nutrient concentrations are raised to the initial seeding condition (Sect. 2.3.1) in any grid

box, MOS will be deployed, thereby expanding the range where MOS can grow.

Another model parameter selected for sensitivity studies is the remineralization rate of

sunken macroalgal biomass (µma, Eq. 2.16). µma is a critical factor impacting the residence

time of MOS-captured carbon in the ocean and associated benthic oxygen consumption

by remineralization. Macroalgal biomass has been reported to be recalcitrant to microbial

degradation; however, the fate of macroalgal biomass in the deep sea is uncertain (Krause-

Jensen and Duarte, 2016; Luo et al., 2019; Sichert et al., 2020). Thus, an extreme and

idealized situation with µma set to zero is tested in sensitivity simulations (MOS-NoRe,

MOS with zero mineralization of sunk macroalgal biomass). This can be thought of as a

case where all biomass is permanently buried upon reaching the seafloor. This sensitivity
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study can also simulate an extreme case of infinitely slow remineralization, which can

help in estimating the range of possible fates of remineralized organic matter. Meanwhile,

this sensitivity study also represents a different macroalgae farming approach – that of

harvesting the biomass to create bioenergy with carbon capture or storage (BECCS) or

biochar (e.g., Kerrison et al., 2015; Laurens et al., 2020; Roberts et al., 2015), with the

assumption that all harvested biomass was permanently removed from the ocean. While

this is a very idealized case, it serves the useful purpose of providing information on how

marine biogeochemistry is impacted by the permanent removal of fixed C, N and P.

The stoichiometric C:N ratio of macroalgal biomass (MRC:N) may also influence the

CDR capacity of MOS. In the current study, the MRC:N (400 : 20, Table 2.1) is set as 20,

nearly 2 times higher than the phytoplankton stoichiometric biomass C:N ratio in the UVic

ESCM (C:N 106:16, the Redfield ratio). However, the difference between the macroalgae

and phytoplankton stoichiometric C:N ratio may have strong influences on the CDR po-

tential of MOS. For instance, Bach et al. (2021) have indicated that the CDR potential

of a floating-macroalgae (Sargassum) belt may be reduced by 7 % to 50 % due to the

nutrient reallocation caused by the variation of gaps of C:N between macroalgae and phy-

toplankton. Thus, sensitivity experiments of macroalgal C:N ratios (MOS_Conti_CNHigh

and MOS_Conti_CNLow) have been performed to investigate the impacts of MRC:N on the

MOS CDR capacity.

Table 2.3: Description of the model experiments. “Stop” represents the termination of the
simulation in year 2100; “Conti” represents the continuous MOS deployment till year 3000;
“AU” represents artificial upwelling; NoRe represents zero remineralization of sunken
macroalgal biomass; CN represents the molar C:N ratio of macroalgal biomass (MRC:N

in Table 2.1).

Category Experiment Description
Normal MOS Control_RCP 4.5 Control simulation under RCP 4.5
simulations MOS_Conti As Control_RCP 4.5 but MOS deployed from year 2020 to year 3000

MOS_Stop As Control_RCP 4.5 but MOS implemented from year 2020 to year 2100
Sensitivity MOS_Conti_NoRe As MOS_Conti but with zero-remineralization rate
simulations MOS_Stop_NoRe As MOS_Stop but with zero-remineralization rate

MOS_AU_Conti MOS synergy with AU; area-averaged upwelling velocity(w) is 1 cm d−1

MOS_AU_Stop As MOS_AU_Conti, but MOS implemented until year 2100
MOS_Conti_CNHigh As MOS_Conti, but the MRC:N increases by 20 % from 20 to 24
MOS_Conti_CNLow As MOS_Conti, but the MRC:N decreases by 20 % from 20 to 16
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2.4 Results

2.4.1 Evaluation of MOS

To evaluate if the simulated MOS systems have plausible macroalgae growth char-

acteristics, we evaluate the seasonal dynamics of the simulated MOS system for a 30 d

averaged time slice from 2020 to 2024 under the RCP 4.5 emission scenario and without

artificial upwelling.

Distribution of MOS

The red contours in Fig. 2.2a delineate the occupied area that basically follows the

pattern of the simulated NO3-rich ocean surface (Keller et al., 2012, Fig. 9; Garcia et al.,

2010, WOA2009 Dataset) in the northern and the equatorial Eastern Pacific, as well as in

the Southern Ocean. Except for the coastal regions and Arctic areas, which are not con-

sidered for MOS here, the distribution pattern of MOS agrees with the other estimation

of potential open-ocean macroalgae farming locations (e.g., Lehahn et al., 2016, Fig. 2a;

Froehlich et al., 2019, Fig. 1). Another powerful limiting factor is the ocean surface temper-

ature (Garcia et al., 2010, WOA2009 Dataset) which is too warm for our idealized species

in many places, i.e., temperatures are above the Topt (20 ◦C) and nearly reach Tmax (35 ◦C).

At the beginning of year 2020, a surface area SMOS of 72 × 106 km2 was selected by

the MOS algorithm according to the requirements described in Sect. 2.3. This is equivalent

to a total cultivated rope length (LMOS) of 7.2 × 106 km (Eq. A.1, Sect. A.1.1). When the

macroalgae start to grow and to consume nutrients, regions with nutrient levels insufficient

for further growth are gradually abandoned. By the end of year 2024, the MOS coverage

has declined by about 3 % to 69.6 × 106 km2 (Table 2.4).

Despite the similar distribution patterns, MOS-occupied area (69.6 × 106 km2, ∼ 19.7
% of the world ocean) is larger than the assessments of ∼ 10 % of the world ocean by

Lehahn et al. (2016) and ∼ 48 × 106 km2 by Froehlich et al. (2019). Compared to the

static estimation based on historical nutrient levels and temperature suitability (Lehahn

et al., 2016, Fig. 2a), the dynamic processes redistributing nutrients, as well as the explicit

macroalgae growth module in our simulations, contribute to the simulated larger potential

area for MOS, especially in the equatorial Eastern Pacific and the Southern Ocean (Ta-

ble 2.3). Besides, the adequate area for macroalgae cultivation was limited to the Economic

Zones (EEZs) delineated by Froehlich et al. (2019) due to limitations of cost and political

feasibility. This constraint has been ignored in the current study. Thus, our simulated
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Figure 2.2: Annual vertically integrated macroalgae biomass of MOS (a) and MOS-AU (b) in year
2024. Solid red lines outline the MOS-occupied area at year 2024 in both, while dashed red lines
outline the initial MOS seeding area at year 2020 in (a). The simulated MOS area generally covers
the NO3-rich ocean surface (a) and can be expanded with nutrients supplemented by AU (b), making
it larger than the estimated adequate area for macroalgae in previous studies Lehahn et al., 2016;
Froehlich et al., 2019). Results for Areas I (blue circle), II (yellowish pentagon) and III (cyan
rectangle) are discussed in the text and displayed in Fig. 2.3. Braces indicate the belts of N, M
and S with various seeding strategies of macroalgae (Table 2.2), which are designed to avoid winter
periods.

MOS-adequate area is 45 % larger than the estimation by Froehlich et al. (2019).

Macroalgae model validation

Validation of the macroalgae model is crucial, as the productivity and macroalgal

biomass yield are vital for CO2 sequestration. Here, we examine the simulated seasonality,

NPP rate and biomass yield of MOS in comparison with available observations and assess-

ments. Simulated NPP is high in the first year of deployment in many regions because

nutrients are abundant, and then it sharply declines in the following years as a new local

biogeochemical state is reached. Thereafter, NPP gradually reaches a relatively steady state

by 2024 (Fig. A.2). To provide some validation of the macroalgae model, we select three
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Figure 2.3: Vertically integrated macroalgae NPP simulated by experiment MOS (solid lines) for
year 2024 and with representative Areas I (dark blue circle), II (yellow pentagon) and III (cyan
rectangle) highlighted by rectangles with corresponding colors in Fig. 2.2. The NPP of macroalgae
of experiment MOS_AU (dashed) shows an enhancement of NPP as expected.

areas named Area I, II and III from Belt N, M and S and analyze their performance in year

2024 (Fig. 2.3). Each area covers four grid boxes in the uppermost ocean layer of the UVic

ESCM.

According to Sect. 2.3.1 and Table 2.2, the seeding date for MOS is 1 May in Area I,

1 January in Area II and 1 November in Area III, while the sinking dates are 31 October, 31

December and 30 April the next year, correspondingly. As a result, shown in Fig. 2.3, the

macroalgae NPP in Area I peaks around September with the accumulation of macroalgae

biomass in that area. In Area II, due to the nutrient limitation and nutrient competition

with ambient phytoplankton, macroalgae biomass grows slower than in the other two areas,

leading to a later peak of NPP around October. In Area III, which is located in the Southern

Ocean where the nutrients are rich, the macroalgae NPP peaks in February. These results

indicates a plausible seasonality of our macroalgae model.

In our simulations, simulated macroalgae NPP rates are comparable to the observed

ranges in the productive areas that we selected here. Observed wild macroalgae NPP varies
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widely, ranging from 91 to 750 gC m−2 yr−1 (Krause-Jensen and Duarte, 2016). Our

model reproduces the macroalgae NPP of 159.2–199.3 gC m−2 yr−1 in the selected areas

(Table 2.4). Simulated biomass yields in these areas are in the previously reported range as

well. Reports of the biomass yield of aqua-cultured Laminaria saccharina (now regarded

as a synonym of Saccharina latissima) range from 40 t DW km−2 yr−1 in an offshore culti-

vation experiment by Buck and Buchholz (2004) to 456 t DW km−2 in a coastal cultivation

experiment by Peteiro et al. (2014). In our simulations, the yield of selected areas ranges

from 492.4 to 648.2 t DW km−2 yr−1. The selected Area I yields 648.2 DW km−2 yr−1. In

regions with similar latitudes to that of Area I, the biomass yield of aqua-cultured Saccha-

rina japonica (formerly classified as Laminaria japonica) was ∼ 300 t DW km−2 yr−1 in

China (Zhang et al., 2016) and reached 7280 t DW km−2 yr−1 in Japan (Yokoyama et al.,

2007). Nevertheless, some simulated low values from the globally averaged and latitudinal

belt-averaged results are not surprising considering that the open ocean tends to be more

nutrient limited than coastal or near-shore regions where the aforesaid observed macroal-

gae NPP was measured. Our results provide some confidence that our idealized model can

simulate macroalgae well enough with respect to typical biomass yield, seasonality and

geographical distribution.

Table 2.4: Properties of globally implemented MOS. Selected areas are from data of year
2024, whereas belt areas are values averaged from 2020 to 2024. Areal NPP rates and
“Biomass yield” refer to the respective MOS area. The observational data come from the
references.

Property Unit Observations Selected area (103 km2) Belt (106 km2)
Exp. Area I Area II Area III N M S Global

MOS occupied area (SMOS) km2 – MOS 218.8 320.3 204.2 9.1 15.7 44.8 69.6
– MOS_AU 17.4 44.3 64.6 126.3

NPP gC m−2 yr−1 91–7501 MOS 159.2 176.9 199.3 50.8 52.0 67.5 61.8
MOS_AU 202.2 231.1 217.7 45.5 32.2 56.9 46.7

Biomass yield t DW km−2 yr−1 40–4562 MOS 648.2 492.4 579.7 173.2 160.3 206 191.4
Area I: 300–72803 MOS_AU 715.3 615.4 597.0 142.2 85.4 169 136

Total CO2 captured in biomass Pg CO2 yr−1 – MOS 0.14 0.16 0.12 1.6 2.5 9.2 13.3
– MOS_AU 0.15 0.20 0.12 2.5 3.8 10.9 17.2

a: Krause-Jensen and Duarte (2016); b: Buck and Buchholz (2004); Peteiro et al. (2014); c: Zhang et al.
(2016); Yokoyama et al. (2007)

2.4.2 Evaluation of MOS with artificial upwelling (AU)

As expected, AU increases the area occupied by MOS from 69.6 × 106 km2 in the run

without AU to 129.6 × 106 km2 in the run with AU (Fig. 2.2). Obvious expansions of areas

with suitable growing conditions are found in the eastern tropical Pacific and the North

Atlantic. AU also expands S_MOS to the Indian Ocean, which was almost abandoned
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in regular MOS simulations. In Areas I, II and III, both NPP rate and biomass yield are

enhanced due to the upwelled nutrients (belt column, Table 2.4 and Fig. 2.3). A closer

look into the belt N, M and S areas shows that both the NPP rate and biomass yield per

square meter of the deployment area decrease in simulation MOS_AU when compared

to the standard MOS simulation (belt column, Table 2.4). This is related to a “dilution

effect”: in the new adequate areas made accessible for MOS by AU, the available nutrients

are limited, thus the MOS NPP is relatively low compared to the original nutrient-rich

NPP areas. Despite of this, the expanded MOS area in MOS_AU increases the total CO2

captured by about ∼ 30 % (Table 2.4).

2.4.3 MOS deployment until year 2100

This section showcases the CDR and climate change mitigation capacities of MOS

within the 21st century. Impacts of MOS on marine biogeochemistry (nutrients, dissolved

oxygen and pelagic ecosystem) and global carbon cycles will also be examined.

CDR & climate change mitigation capacities

Over the 80 years between year 2020 and year 2100, MOS will mainly be deployed

in nutrient-rich regions such as the Southern Ocean and the northern and eastern equatorial

Pacific (Fig. A.4a), although some contraction of initially occupied areas occurred due to

the removal of nutrients.

By the year 2100, MOS (MOS_Stop and MOS_Conti) has sequestered 270 PgC (990

Pg CO2; Table 2.5), representing ∼ 37 % of the cumulative CO2 emissions in the RCP 4.5

pathway. Essentially all of MOS-captured carbon is retained in the ocean over this period

as either remineralized dissolved inorganic carbon or organic carbon in the sunken biomass.

The CDR capacity of MOS is sensitive to the MRC:N (molar C:N ratio of macroalgal

biomass; Table 2.1). Compared to MOS_Conti, the carbon captured by MOS (MOS-C) in

MOS_Conti_CNHigh is raised by 22 % (by the year 2100) and by 19 % (by the year 3000)

when the MRC:N is increased by 20 %, to 24. When the MRC:N is 20 % lower than the

original value, MOS-C decreases by 13 % (by the year 2100) and by 18 % (by the year

3000). Our results agree with the range of CDR potential reduction by nutrient reallocation

(7 %–50 %) reported in Bach et al. (2021).

In the model, MOS thus gradually reduces atmospheric CO2 and thereby also limits

global warming with respect to the pre-industrial period (∆SAT; Fig. 2.4); i.e., the temper-

ature increase of 2.14 ◦C by the year 2100 is 0.38 ◦C lower than ∆SAT of Control_RCP 4.5
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but is still missing the 2 ◦C target.

When AU is deployed in conjunction with MOS, the CDR capacity and mitigation ef-

fects of MOS are enhanced (Figs. 2.4a, c, 2.5). By the end of year 2100, 446.8 Pg carbon is

sequestered by MOS_AU, an increase of 39.5 % relative to normal MOS. Correspondingly,

MOS_AU successfully achieves the 2 ◦C target of the Paris Agreement by maintaining a

∆SAT at 1.89 ◦C relative to pre-industrial (Fig. 2.4c and Table 2.5). As in the run without

AU, essentially all of the carbon captured via MOS is stored in the ocean until the end of

the 21st century (FR, Table 2.5).

Global carbon cycle impacts

The net effect of the MOS-induced climate–carbon cycle perturbation is an increase

of the oceanic carbon reservoir (Coc) and a decrease of the atmospheric and terrestrial

carbon reservoirs (Catm, Cter). MOS enhances oceanic carbon uptake by increasing the

atmosphere to ocean carbon flux (Fig. A.14), which is driven by the DIC removal by MOS

in the oceans’ surface layers. However, the terrestrial carbon reservoir declines (relative

to Control_RCP 4.5) in all MOS simulations (Table 2.5). The atmosphere-to-land carbon

flux is reduced in MOS simulations (Fig. A.13). One cause is the photosynthesis that is

reduced by lower CO2 fertilization of land biota (Keller et al., 2018). This result is in line

with other studies showing that CDR can lead to a weakening and even reversal of natural

carbon sinks (Keller et al., 2018). For instance, by the year 2100 (Table 2.5), due to the

declined terrestrial carbon pool (Cter, −29.7 PgC), the reduction in atmospheric carbon

pool (Coc, −142.6 PgC) is less than the gain in the ocean (Coc, 171.8 PgC). Besides, it is

also worth noting that the increment of Coc in MOS and MOS_AU is 171.8 and 283.9 PgC,

which is less than the cumulative amount of carbon sunk out of the surface layer via MOS

by year 2100 (Table 2.5). One reason is that the reduced oceanic carbon uptake by declined

PNPP (phytoplankton net primary production; Sect. 2.4.3) offsets the MOS-induced carbon

sequestration. As shown in Fig. 2.9, by the year 2100, global PNPP has been reduced by

20 %, while POC export has been reduced by 30 % in MOS_Stop.

MOS also impacts the distribution of DIC in the ocean. The DIC profiles in Fig. 2.6

illustrate that the general effect of MOS is to move more DIC to a greater depth (z ≥ 3000
m). By the end of year 2100, MOS simulations show an increased total DIC concen-

tration in the deeper oceans when compared to Control_RCP 4.5 (except for the zero-

remineralization sensitivity runs discussed below). For instance, in the deep Southern

Ocean, the DIC concentration is, on average, nearly 80 µmol kg−1 higher than the Con-
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Figure 2.4: Simulations of (a, b) annual global mean atmospheric CO2 concentration and (c, d)
surface-averaged temperature relative to the pre-industrial (average of year 1850 to year 1900) level
of 13.18 ◦C (∆SAT). Under RCP 4.5 scenario, MOS reaches the 2 ◦C target in conjunction with
AU, while the 1.5 ◦C cannot be met in all MOS simulations. Note that MOS is terminated whenever
pre-industrial concentrations of atmospheric CO2 are reached, as seen for MOS_AU_Conti (solid
orange) and MOS_Conti_NoRe (dotted blue) in (b, d). Both atmospheric CO2 and ∆SAT remain
lower than control after MOS termination.

trol_RCP 4.5 in year 2100 (Fig. 2.6). The conjunction of MOS with AU increases average

deep-ocean DIC even more. An example is the simulated increase of DIC in the deep Pa-

cific Ocean and Atlantic Ocean basins by MOS_AU in year 2100 (orange line in Fig. 2.6,

DIC panel). In contrast, DIC concentrations are reduced in shallower waters (depth <

1000m), as the air–sea carbon flux is unable to fully compensate for the carbon removal

78



Chapter 2

20
20

20
40

20
60

20
80

21
00

0

100

200

300

400

500
Cu

m
ul

at
iv

e 
su

nk
en

 M
OS

 b
io

m
as

s
 P

g 
C

MOS_Stop
MOS_Stop_NoRe
MOS_Conti
MOS_Conti_NoRe
MOS_AU_Stop
MOS_AU_Conti

22
00

24
00

26
00

28
00

30
00

Year

21
00

22
00

24
00

26
00

28
00

30
00

0

500

1000

1500

2000

Area of main figure

Figure 2.5: Temporal evolution of globally integrated sunken macroalgal biomass on the seafloor.
Biomass generally increases with fertilization by AU. In the idealized zero-remineralization sim-
ulations, all sunken macroalgal biomass remains on the seafloor, and globally integrated sunken
macroalgal biomass shows a monotonous increase.

by MOS. The current model results provide additional evidence that the CDR potential of

MOS is partly offset by its negative impacts on the pelagic biological production and the bi-

ological carbon pump. In an additional model run (not shown) without MOS but with CO2

emissions reduced by the annual equivalents of the MOS-induced carbon exports, yielding

a total amount of 270 PgC by year 2100, the 270 PgC emissions removal yields a reduction

of atmospheric CO2 by 171.5 GtC by year 2100. This reduction is 20 % higher than the

atmospheric CO2 reduction of 142.6 PgC realized in the original MOS simulation where

the MOS-induced shading and removal of nutrients from the surface layers reduce the bio-

logical carbon pump and the associated carbon storage in the ocean. When CO2 emissions

are instead cut by an amount corresponding to 80 % of the MOS-induced carbon export, at-

mospheric CO2 concentrations simulated by the MOS-free emission-cut runs agree closely

with those of the respective MOS experiments. That is, each tonne of CO2 sequestered in

the ocean by MOS is, in our model and on a 100-year timescale, equivalent to an emission

cut of about 0.8 t of CO2.
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Figure 2.6: Global and basin-wide averaged vertical profiles of various model tracers in year 2100
and year 3000 under the RCP 4.5 emission scenario. In general, MOS (except for the zero-
remineralization one) transports DIC and nutrients in the surface layer to the deep ocean. The
oxygen levels are increased in the mid layers due to the declined downward organic-particle flux
(Sect. 2.4.3), but they are decreased in the deep ocean as a result of the remineralization of sunken
biomass. These impacts are strengthened when MOS is deployed continuously and/or in conjunc-
tion with AU.

Impacts on global nutrients distributions

By the year 2100, the deployment of MOS has changed the global patterns of NO3

and PO4. At the surface, NO3 and PO4 concentrations decrease due to MOS nutrient con-

sumption. In the deep ocean (depth ≥ 3000 m), PO4 and NO3 increase due to the rem-

ineralization of sunken macroalgal biomass (except for in the MOS_NoRe simulations).

The largest increase in deep-ocean PO4 appears in the Southern Ocean, while the smallest

increase is found in the Indian Ocean (PO4 yr2100 groups in Fig. 2.6). This is caused by
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the distribution of MOS in the surface layer, which, in our simulations, occupies large areas

in the Southern Ocean but only a relatively small region in the Indian Ocean (Fig. 2.2).

The remineralization of sunken biomass consumes dissolved oxygen and releases NO3

and PO4. However, low-oxygen environments and the associated switch from aerobic rem-

ineralization to denitrification occupy relatively small areas so that this impact is not easily

detectable in global nutrient profiles.

In addition to the localized depletion of nutrients by MOS, the MOS-induced Southern

Ocean uptake and transport of N and P to the deep ocean act as a type of “nutrient trapping”

(Fig. A.5). These dynamics thereby reduce nutrients and productivity in middle to low

latitudes because less N and P are available to be transported out of the Southern Ocean.

A similar dynamic has been seen in modeling studies of ocean iron fertilization (Oschlies

et al., 2010a; Keller et al., 2014).

Impacts on simulated pelagic ecosystems and the organic particle export

In our simulations, large-scale deployment of MOS has an impact on pelagic ecosys-

tems, mainly on phytoplankton NPP (PNPP) and biomass.

In the MOS simulations (MOS_Conti/Stop), globally integrated annual PNPP de-

creases by 20 % (9.5 PgC yr−1) by year 2100 (Table 2.5). One reason is the canopy shading

effect of the floating macroalgae farms, which reduces downward solar radiation available

for the phytoplankton community below. In addition, there is nutrient competition between

macroalgae and phytoplankton. As shown in Fig. 2.7a, by the end of the 21st century, PNPP

will declined in MOS areas, e.g., the northern and eastern equatorial Pacific and the South-

ern Ocean. Intriguingly, in a few regions outside the MOS deployment region, PNPP has

increased instead. For instance, a “halo” of enhanced PNPP can be observed surrounding

the eastern equatorial Pacific MOS region (Fig. 2.7a). Similar circumstances are simulated

in the North Pacific, in the Southern Ocean (60◦ E:120◦ E, 30◦ S) and off the equatorial west

coast of Africa. This PNPP enhancement is sustained by the outflow of residual nutrients

from MOS deployment regions (see Fig. A.12). One reason is that the macroalgae growth

is constrained by the maximum biomass yield, as described in Sect. 2.2.2. Macroalgae nu-

trient uptake thus cannot compensate for the loss of nutrient consumption by light-limited

PNPP within the MOS region, which results in enhanced surface nutrients compared to the

simulation without MOS, especially when AU supplies additional nutrients to the surface.
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Figure 2.7: Vertically integrated annual PNPP in year 2100. (a, b) MOS minus Control_RCP 4.5,
with red boundaries contouring the MOS-occupied area; (c) Control_RCP 4.5; (a) illustrates a de-
cline in PNPP in MOS-occupied areas accompanied by a “halo” of enhanced PNPP surrounding
MOS areas, particularly in the ETP caused by the leakage of residual nutrients (Sect. 2.4.3). These
impacts on PNPP are amplified in MOS_AU (b).

In the MOS_AU simulations, the PNPP “halo” can be seen in almost the entire MOS-

free ocean surface (Fig. 2.7b). The AU fertilization effect enhances the nutrient leakage
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from the MOS area. This leads to a higher PNPP in MOS_AU than in the normal MOS sim-

ulations (Fig. 2.7c), but one that is still lower than in the Control_RCP 4.5 run (Fig. 2.9a1).

Changes in the global particulate organic carbon (POC) export flux generally follow

the pattern of PNPP changes (Fig. 2.9b1). Thus, when MOS is present, the PNPP reduction

results in a weakened POC flux.
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Figure 2.8: Proportion of MOS NPP in the global oceanic NPP by year 2100
(MOS_NPP/(MOS_NPP + PNPP)× 100 ). Note that the NPP values are converted to carbon using
the respective C:N ratio. The MOS_NPP generally amounts to more than 70 % of total oceanic NPP
where MOS is deployed, indicating an obvious NPP shift from phytoplankton PNPP to MOS_NPP.

Figure 2.8 illustrates the shift of oceanic NPP from PNPP to MOS_NPP. In regions

where MOS is deployed, 70 % of the total NPP is macroalgae NPP. The macroalgal NPP

is thus nearly twice as high as PNPP. This may lead to additional ecological and biogeo-

chemical issues. One of them is the decline of zooplankton led by the reduced PNPP in this

study. We performed an additional simulation, in which the zooplankton grazing on MOS

is turned off, and the grazing preferences follow the original settings in Keller et al. (2012).

As shown in Fig. A.15, the grazing by zooplankton on MOS has no significant effect on

either the zooplankton biomass or the MOS_NPP. As the zooplankton grazing preference

for macroalgae is lower than for phytoplankton, the zooplankton community is still mainly

fed by phytoplankton. Therefore, the decline in zooplankton biomass (Fig. A.7) follows

the declining phytoplankton biomass trend (Fig. A.9).

Impacts on dissolved oxygen

The two major impacts of MOS on oceanic dissolved oxygen are as follows: (1) in-

creased deoxygenation at the seafloor by the remineralization of sunken macroalgal biomass

(except for in MOS_NoRe) and (2) increased dissolved oxygen at middle depths (e.g., 300

m depth) caused by the reduction of the downward POC flux and the associated decline in
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Figure 2.9: Temporal evolution of globally integrated PNPP (a1, a2); downward POC flux at 2
km depth (b1, b2). The termination runs branch off of the continuous ones in year 2100 and are
identical up to that point. Through the 21st century, MOS reduces PNPP and POC export due to
canopy shading and competition for nutrients. Obvious rebounds followed by quick decline can be
observed right after terminations of MOS.

oxygen consumption by POC remineralization.

In Control_RCP 4.5, the global oceanic dissolved oxygen inventory decreases through-

out the simulation. The two main driving mechanisms are the reduced solubility in the

warming ocean and the decelerating overturning circulation. The long-term decline of

oxygen is especially obvious at depth (1200 m), which is induced by increasing deep-water

residence times and the accumulation of respiratory oxygen deficits under global warming

(Oschlies et al., 2019; Oschlies, 2021).

As a result of reduced respiration in the upper water column, the size of the oxygen-

minimum zone (OMZ) in the eastern tropical Pacific (ETP) shrinks substantially, and the

volume of water with O2<80 mmol m−3 in the North Pacific even disappears. In the South-

ern Ocean, dissolved oxygen increases as well (Fig. 2.10c). This is more pronounced when

AU is applied (Fig. 2.10e). The increase in dissolved oxygen is caused by decreased micro-
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bial remineralization of POC, a consequence of the reduced downward POC flux resulting

from the inhibition of PNPP in the surface layer (Sect. 2.4.3). Some decrease in oxygen

concentrations occurs in the western Pacific and the Indian Ocean (Fig. 2.10g), where the

surface PNPP is enhanced by the surplus nutrients that leaked out from the MOS-occupied

area (see Sect. 2.4.3 and Fig. 2.7c).

Figure 2.10d, f and the O2 yr2100 panel of Fig. 2.6 illustrate how MOS changes dis-

solved oxygen in the deep ocean. Within the normal MOS simulations, the decline of

benthic dissolved oxygen has mainly happened in the Southern Ocean by year 2100, with

the appearance of a few new areas with oxygen concentrations of less than 80 mmol m−3

(Fig. 2.10d). However, when AU is also deployed, the increased macroalgal biomass sink-

ing and remineralization creates even more benthic low-oxygen zones (Fig. 2.10f) in the

ETP and North Pacific Ocean. These new locations correspond to MOS-occupied surface

areas.

2.4.4 Long-term effects of MOS

Here, we will analyze the long-term effects of hypothetical massive MOS deployment

beyond the Paris Agreement timeframe on a millennial timescale.

Even after a simulated continuous millennial-scale deployment, the distribution of

MOS in year 3000 is nearly identical to the one in year 2100 with only a minimal decrease

in biomass (Fig. A.4b). When deployed beyond the year 2100 (MOS_Conti), MOS will

continue to sequester carbon and reduce atmospheric CO2 on millennial timescales or, in

our setup, until atmospheric CO2 falls back to the pre-industrial level of 280 ppm. The

MOS_Conti simulation ultimately sequesters 2533 PgC and decreases atmospheric CO2 to

318.5 ppm CO2 by the year 3000 but never achieves the pre-industrial CO2 level. Notably,

atmospheric CO2 stops decreasing by year 2780 and rebounds afterwards even though MOS

continues to sequester carbon. This can be explained by a recurrent deep convection in the

Southern Ocean around year 2800 that accelerates oceanic carbon leakage back to the at-

mosphere (Martin et al., 2013; Reith et al., 2016; Oschlies, 2021). Meanwhile, the leakage

of MOS-captured carbon eventually offsets the MOS carbon sequestration (Sect. 2.4.6).

In the sensitivity simulations MOS_Conti_NoRe and MOS_AU_Conti, atmospheric

CO2 reaches 280 ppm by the years 2820 and 2475, respectively. After reaching 280 ppm,

MOS is stopped, and atmospheric CO2 increases again as remineralized carbon leaks out

of the ocean and as the surface ocean adjusts to the no-MOS situation. The largest increase

in CO2 is found in MOS_AU_Conti. Meanwhile, when MOS is deployed (uninterrupt-
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Figure 2.10: Dissolved O2 concentration distribution in year 2100 at 300 m depth (a, c, e) and at
the seafloor (b, d, f); lines delineate boundaries of OMZs at any location within the water column
with less than 80 mmol m−3 oxygen (dashed white) and less than 20 mmol m−3 oxygen (solid
red). At 300 m depth, elevated dissolved-oxygen levels in MOS simulations are caused by the
decline in POC export (c); exceptions are the reduced oxygen concentrations in regions outside the
MOS_AU deployment (e). On the seafloor, remineralization of sunken biomass creates several new
low-oxygen areas (d, f).

edly or till the CO2 280 ppm trigger), the land carbon uptake is constantly lower than the

control level owing to the reduced CO2 fertilization effect. Due to the permanent stor-

age of MOS-C in sunken biomass, rebounds of atmospheric CO2 are relatively gentle in

MOS_Conti_NoRe (Fig. A.14). Nevertheless, the atmospheric CO2 levels in continuous

MOS simulations are significantly lower (35 % to 50 % of Control_RCP 4.5) by the end of

year 3000.
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The side effects of MOS also persist and often grow in magnitude with continuous

deployment. Though PNPP is enhanced around MOS areas by means of nutrient leakage

(PNPP “halo”; see Sect. 2.4.3), the global reduction of surface nutrients and local canopy

shading by MOS leads to continuous but gentle lowering of global PNPP after the sharp

decreases in the initial 20 years (Fig. 2.9a2). For instance, in MOS_Conti, PNPP drops

by ∼ 60 % by the end of year 3000 (Table 2.5). Correspondingly, in MOS_Conti POC

export eventually declines by 50 % relative to Control_RCP 4.5 (Fig. 2.9b2). In sensitivity

run MOS_AU_Conti, the nutrient supply by AU, which initially maintains a higher phyto-

plankton biomass and NPP than in MOS without AU (Sect. 2.4.3), declines with time as

source waters of the upwelling become reduced in nutrients. Therefore, PNPP and the POC

export levels drop after year 2200 (Fig. 2.9a2, b2).

The redistribution of DIC and nutrients is intensified in the continuous simulations. As

shown in Fig. 2.6, when remineralization of MOS sunken biomass is turned on, the Pacific

deep ocean and the Southern deep ocean show the highest DIC and PO4 enrichment by year

3000. The accumulations depend on ocean circulation (e.g., thermohaline circulation) and

the distribution of MOS at the surface. In MOS_Conti_NoRe, the ocean DIC decreases

globally relative to Control_RCP 4.5. This results from the continuous DIC removal into

biomass via MOS with no remineralization. Another cause of the declined global DIC is

the declining downward POC flux owing to the PNPP reduction caused by the declining

nutrient levels in the surface layer (see Sect. 2.4.3). NO3 enrichment in the deep ocean is

considerably smaller than that of DIC and PO4 because of enhanced denitrification in the

developing benthic low-oxygen regions (Sect. 2.4.3, Fig. A.6). In the zero-remineralization

situations, deep-ocean PO4 and NO3 concentrations decrease compared to the control levels

due to the reduced remineralization of POM resulting from the weakened downward flux

of POM.

As shown in Fig. 2.11 and the O2 yr3000 panel of Fig. 2.6, dissolved oxygen concen-

trations at middle depth (e.g., 300 m) increased during millennial MOS deployment due

to reduced PNPP and associated downward flux and remineralization of POM in the water

column. In benthic waters, regions with very low dissolved oxygen are shown in Fig. 2.11f,

j in the Pacific and Southern oceans. In contrast, increased oxygen concentrations are found

in MOS_Conti_NoRe (Fig. 2.11h), especially in the Atlantic, the Indian and the Southern

oceans. Besides the absence of oxygen consumption by macroalgal biomass remineraliza-

tion, another reason for these oxygen increases lies in the reduction of POC downward flux

described in Sect. 2.4.3.
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Figure 2.11: Dissolved O2 concentrations at depth ∼ 300 m (left panel) and the ocean bottom (right
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2.4.5 Termination effects

After termination of MOS_Stop in year 2100, the atmospheric CO2 concentrations

and SAT (surface-averaged temperature) both rise but generally remain lower than those

of the Control_RCP 4.5 simulation (Fig. 2.4b, d). More than half (FR ranges from 58.6 %

to 64.4 %, Table 2.5, calculated by Eq. 2.23) of MOS-captured carbon is still stored in the

ocean by the end of year 3000. As shown in Fig. 2.4b, d, in the termination simulations

MOS_Stop and MOS_AU_Stop, CO2 concentration and SAT gradually converge against

the Control_RCP 4.5 run as a result of DIC from remineralized macroalgal biomass be-

ing transported to the ocean surface and into the atmosphere (see subsequent Sect. 2.4.6).

By year 3000, the atmospheric CO2 in MOS_Stop is only 28.5 PgC less than in Con-

trol_RCP 4.5, while ∆SAT rebounds slightly from −0.38 to −0.23 ◦C. In MOS_AU_Stop,

the differences between pCO2 and ∆SAT are smaller than the normal MOS, as AU has aug-

mented MOS carbon sequestration, and 64.4 % of it is retained in the ocean. As expected,

the idealized non-remineralization condition (MOS_Stop_NoRe) is able to permanently

store the sequestered carbon; thus, the rebounds of CO2 and ∆SAT are less than the normal

MOS_Stop.

In all MOS termination simulations, PNPP and POC export rebound abruptly follow-

ing the cessation of MOS, but they sharply drop over the subsequent decades (Fig. 2.7a1).

The sharp increase in PNPP and POC export results from the sudden absence of macroal-

gae as a main competitor for nutrients and light. The subsequent decline in PNPP and

POC export results from the consumption of the surface nutrients and the lack of sub-

surface nutrients that had previously been exported directly to the seafloor with the sink-

ing of macroalgae biomass (Fig. A.10). Afterwards, PNPP recovers gradually due to the

slow returning of remineralized nutrients to the upper ocean. By the year 3000, PNPP in

MOS_Stop recovers to 97 % of the control level (Table 2.5), with the only differences being

attributable to the slightly different climate state. In the MOS_NoRe simulation, the PNPP

recovery is slower due to the permanent nutrient removal from the upper water column. In

the MOS_AU_Stop simulation, PNPP rebounds to higher levels than the normal MOS but

drops to lower levels afterwards. The amplified oscillation of PNPP results from the simul-

taneous termination of AU and MOS: when MOS_AU_Stop is suddenly terminated, the

canopy shading and nutrient competition by MOS are removed. Meanwhile, the surplus of

nutrients from AU still remains. This boosts PNPP rapidly. However, once these nutrients

are consumed, the natural nutrient supply to surface waters is insufficient to maintain the

high PNPP.
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After the termination of MOS, the rate of oceanic carbon uptake falls abruptly (Fig. A.14).

After a short peak caused by the abrupt rebound of PNPP, it remains slightly lower than the

control level due to the declined PNPP rates and lower atmospheric CO2 levels. Oppositely,

the MOS-induced reduction in terrestrial carbon uptake starts to rebound after MOS cessa-

tion (Fig. A.13) due to the rise of atmospheric CO2, which tends to enhance the terrestrial

photosynthesis.

When MOS deployment is stopped, the elevated (compared to Control_RCP 4.5)

dissolved-oxygen concentrations at middle depth generally decline as the downward POC

flux recovers (O2 yr3000 panel in Fig. 2.6). The lowered oxygen concentrations in the

deep ocean are also reversible after cessation of MOS. For instance, by year 3000, the

benthic dissolved oxygen of MOS_Stop (Fig. 2.10d) is similar to that of Control_RCP 4.5

(Fig. 2.10b).

2.4.6 Leakage of MOS-sequestered carbon

The leakage of MOS-sequestered carbon (MOS-C) occurs mostly in the Southern

Ocean (Fig. 2.12, A.8). The explanation lies in the dynamics of Southern Ocean up-

welling, where Pacific deep water (PDW), Indian deep water (IDW) and Antarctic deep

water (AADW), laden with DIC of remineralized MOS biomass, reach the subantarctic

ocean surface (Talley, 2013; Weber and Bianchi, 2020; Anderson and Peters, 2016). More-

over, the recurrent deep convection (see Sect. 2.4.4) in the Southern Ocean around year

2600 accelerates the carbon leakage, which can be observed in Fig. 2.12 as an enhanced

outgassing around year 2600.

The outgassing of MOS-C in discontinuous simulations (e.g., MOS_Stop) starts from

year 2100, while the continuous ones starts from year 2300 (Fig. 2.12). Thus, by the

end of the 21st century, nearly all the MOS-C in all MOS simulations is retained in the

ocean. However, by the year 3000, even in the continuous MOS simulation, only about 75

% of MOS-C remains in the ocean, while the accelerated vertical water transport by AU

slightly reduces this portion to 73 %. In run MOS_Stop, 59 % of MOS-C remains in the

ocean by year 3000, whereas the additional sunken macroalgal biomass in MOS_AU_Stop

results in more MOS-C (64 %) being retained (Table 2.5). When sunken biomass is free

from remineralization (NoRe runs), the contained carbon is permanently isolated from the

atmosphere and stored in the ocean.
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Figure 2.12: Zonally averaged MOS-captured carbon outgassing in the simulation (a) MOS_Conti
and (b) MOS_Stop. When conveyed back to the surface, the DIC from MOS remineralization
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2.5 Concluding discussions

In this study, we have tested the potential of the “macroalgae open-ocean mariculture

and sinking (MOS)” as a carbon dioxide removal method. Although environmental condi-

tions (e.g., nutrients, temperature) in the open oceans differ considerably from the coastal

and/or near-shore regions where macroalgae aquaculture is currently applied in reality, our

simulations suggest that, in certain open-ocean regions, macroalgae may successfully grow

and sequester carbon (if engineering constraints can be overcome).

Even for continuous deployment at a maximum scale currently deemed possible, MOS

alone is not able to reduce the warming to the 2 ◦C target by the end of the 21st century

under the RCP 4.5 moderate-mitigation scenario. This finding is consistent with conclu-

sions from previous studies that no single carbon dioxide removal (CDR) method alone can
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ensure that the current climate goals are reached (Keller et al., 2014; Anderson and Peters,

2016; Fuss et al., 2020; Masson-Delmotte et al., 2018). Clearly, emissions reductions must

be the primary means of mitigation; a portfolio of CDR options can only complement these

other efforts.

In order to estimate the maximum CO2 removal potential, the possible synergy of

MOS with artificial upwelling (AU) has been investigated. The employed AU concept

aims at piping nutrient-rich deep water to the surface to enhance the growth of macroalgae

in MOS. As expected, AU is found to have the potential to successfully enlarge the growing

area of MOS and to enhance the CDR capacity of MOS.

In the first 80 years of deployment, the maximum MOS carbon sequestration potential

is 3.38 PgC yr−1 for regular MOS, but it can be boosted up to 5.56 PgC yr−1 with assistance

from AU. If deployment is discontinued from year 2100, about 58.6 % to 70.2 % (normal

MOS and MOS_AU, respectively) of MOS-sequestered carbon would be retained in the

ocean by year 3000.

Several potential side effects have also been revealed and analyzed. One side effect is

the reduction in phytoplankton NPP (PNPP) due to canopy shading and nutrient removal

from the sea surface to the bottom by MOS. The declined PNPP in turn offsets ∼ 37 % of

the MOS CDR. Intriguingly, some areas with enhanced PNPP (PNPP “halo”, Sect. 2.4.3)

are found surrounding the major areas occupied by MOS, fueled by the residual NO3 that

leaks from MOS areas.

Another strong side effect of large-scaled MOS is the impact on oxygen distributions.

Dissolved-oxygen concentrations increase in near-surface and intermediate waters, as MOS

reduces the downward flux of plankton-derived organic matter by restraining the surface

PNPP. On the other hand, the massive amount of sunken biomass from MOS at the ocean

bottom and its subsequent remineralization consumes oxygen and can create large benthic

OMZs.

An uncertain factor is the fate of the sunken biomass. It will affect the benthic fauna by

depositing large amounts of organic matter, as well as by expanding low-oxygen regions on

the seafloor upon oxygen consumption by remineralization. Therefore, we performed ad-

ditional sensitivity simulations focusing on the macroalgal biomass remineralization rate.

When macroalgal biomass does not undergo microbial remineralization, the captured CO2

can be permanently stored without leakage. This increases the CDR potential of MOS.

The benthic OMZs created by remineralization of sunken biomass would also be avoided,

while the shrinking of intermediate water OMZs persists. However, other side effects can-

not be neglected: in zero-remineralization simulations, the constant removal of nutrients
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in the surface will impede the recovery of PNPP. This may eventually affect the marine

surface ecology and ocean services such as food provision. These potential side effects are

also noteworthy for another macroalgae farming approach, i.e., harvesting the macroalgae

biomass for bioenergy with carbon capture or storage (BECCS) or biochar (Sect. 2.3.2).

The impacts of MOS on oxygen distributions may also influence the oceanic sources

of N2O, an atmospheric GHG gas and a major ozone-depleting compound (Ravishankara

et al., 2009). The increased and decreased oxygen levels in the middle and bottom layers

impact denitrification and may weaken the N2O sources in the subsurface but increase those

in the deep waters (Bange et al., 2019).

Moreover, attention should also be paid to the calcification by calcareous macroalgae

(if cultivated) and/or associated epibionts that grow on macroalgae. Bach et al. (2021) have

suggested that epibionts living on Sargassum offset 16.5 % of the POC fixed by Sargas-

sum and therefore decrease its natural carbon sequestration potential if the biomass was

intentionally sunk for CDR purposes. These calcification rates and the response to ocean

acidification of macroalgae are also species specific (Koch et al., 2013). These factors need

to be investigated with further research if macroalgae are to be considered for ocean-based

CDR methods.

The production and export of DOC is also an area of further study for large-scale

farmed macroalgae for carbon sequestration. Macroalgae have been reported to release

considerable amounts of DOC and to contribute to the global DOC export from coastal to

open-ocean waters. The estimated global DOC release of macroalgae habitats is 355 Tg

C yr−1 (Krause-Jensen and Duarte, 2016). The averaged DOC release rate by macroalgae

is of 23.2 ± 12.6 mmol C m−2 d−1 (equivalent to 8.5 ± 4.6 mol C m−2 yr−1) but with a

wide range of 8.4 to 71.9 mmol C m−2 yr−1 (Barrón et al., 2014). If we simply multiply

this annual-averaged DOC release rate with the MOS-occupied area (SMOS, Table 2.5), the

estimated annual DOC release by MOS would be 7.1 ± 3.8 PgC (MOS) or 12.9 ± 7.0
PgC (MOS_AU). Although the refractory DOC released by macroalgae could potentially

be an additional contribution of carbon sinking by MOS, the available information on the

generation and composition of the macroalgae DOC is not enough to parameterize a model

of this process, and more research on the topic is needed (Krause-Jensen and Duarte, 2016;

Barrón et al., 2014; Barrõn and Duarte, 2015).

Another side effect not investigated here is the production and emission of halocarbons

from macroalgae farms. Macroalgae species have been reported to generate halocarbons in

polar, temperate and tropical coastal regions, with a highest producing rate of 6000 pmol

CHBr3 gFW−1 h−1 (Leedham et al., 2013; Baker et al., 2001; Carpenter and Liss, 2000;
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Latumus, 1995). These volatile low-molecular-weight halocarbon compounds (e.g., CH3I,

CHBr3 and CHCl3) are potent greenhouse gases (Meinshausen et al., 2011). They also in-

fluence stratospheric ozone destruction when transported by deep atmospheric convection

into the stratosphere (Ziska et al., 2013; Tegtmeier et al., 2012, 2013), therefore enhancing

radiative forcing (Ramaswamy et al., 1992; Daniel et al., 1995). Large-scale MOS culti-

vation might release a significant quantity of halocarbons. However, as MOS also reduces

global phytoplankton NPP, it is likely that the production of halocarbons by phytoplankton

decreases. Further studies are needed to investigate the possible effects of halocarbon emis-

sions from large-scale macroalgae cultivation and how this is offset by a potential decrease

in phytoplankton halocarbon production.

Meanwhile, here, we only discuss the CDR potential of the MOS-AU combination

under an idealized situation, where the artificial upwelling (AU) upwells nutrients without

changing the ambient water temperature on the surface. The aim of deploying akin AU to

MOS is to assess the maximum potential of CDR, as AU can upwell nutrient-rich deeper

water. However, it can be expected that the NPP of MOS will be slower if the ambient

water temperature is reduced by the upwelled cold water, which will further limit the CDR

potential of MOS_AU. Moreover, several dominant side effects due to the upwelled cold

water in ordinary AU have been revealed, such as the quick rebound or even surpassing of

CO2 concentrations and surface temperatures after the termination of AU (Oschlies et al.,

2010b). If the cold-water upwelling was included, there would be extra analysis on the

associated impacts on planetary radiation budget imbalance, marine biogeochemistry and

global carbon pool (e.g., the enhanced terrestrial carbon sequestration due to the cold ef-

fects by AU), which are beyond the scope of this study. Thus, we used the hypothetical

AU systems excluding thermal exchange to address the nutrients supplementation of AU

to MOS and to avoid the unnecessary complexities and side effects in the meantime. How-

ever, further studies are required if ordinary AU should be considered in association with

macroalgae farming.

Besides the CDR effect of MOS, in the case of large-scale deployment, the macroal-

gae farms are likely to increase the albedo of the oceans’surfaces, especially when they

occur near the sea surface (Fogarty et al., 2018; Bach et al., 2021). Meanwhile, we have

not considered possible hydrodynamic impacts on ocean circulation, as the thick macroal-

gae layers and the farming infrastructures may influence the momentum and mixing of the

ambient flow fields (Liu and Huguenard, 2020; Nepf, 2012; Thomas and Mclelland, 2015).

The MOS model analysis presented here clearly has some limitations that future studies

might improve on. One of the most critical issues is to improve the realism of the model
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design by including more representative macroalgae species for various regions. Another

aspect is the consideration of dynamic cellular stoichiometry of macroalgae. With a bet-

ter simulation of the cellular quota, we could improve our understanding of the relation

of nutrient and carbon fluxes to MOS and the environment. Explicit consideration of the

variable morphology of the macroalgae, as well as of the impacts of currents on frond

erosion (Broch and Slagstad, 2012), would also improve the representation of macroalgae

loss rates in the model. Further optimization of deployment timing and location for MOS

are achievable by evaluating data from field tests or implementations of macroalgae mar-

iculture in the open oceans. Another aspect that needs improvement is the modeling of

benthic macroalgal biomass remineralization. Here, we treated macroalgal biomass homo-

geneously as particulate organic matter. Though the degradation of macroalgal fragments

under deep-sea conditions (e.g., low temperature and unique microbial colonies) remains

unclear, it might be different from POC in terms of remineralization rate and oxygen con-

sumption. Tracking of macroalgae-sequestered carbon will be required to record its fate

and possible carbon leakage after sinking (e.g., by an eDNA method to trace macroalgae

carbon in marine sediments, such as that by Anglès d’Auriac et al., 2021). The economic

perspectives of developing and deploying MOS also need to be investigated. Furthermore,

more research on how large-scale macroalgae mariculture will impact human activities

(e.g., ocean shipping, fisheries) needs to be undertaken. Associated legal and political is-

sues regarding the usage of international waters for MOS deployment should be considered

as well.

Overall, this study adds to the rapidly expanding field of considering macroalgae cul-

tivation for CO2 removal. The evidence from this study suggests that macroalgae maricul-

ture and sinking has a considerable CDR potential under these idealized conditions, but

it brings about substantial side effects on marine ecosystems and marine biogeochemistry.

Given this, the concept requires further research with less idealized experimental settings

to determine if its CDR benefits outweigh the side effects (Dean et al., 2021).
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Chapter 3

Nearshore macroalgae cultivation
for carbon sequestration by
biomass harvesting: evaluating
potential and impacts with an
Earth system model

This chapter is based on the paper ’Nearshore Macroalgae Cultivation for Carbon

Sequestration by Biomass Harvesting: Evaluating Potential and Impacts with An Earth

System Model’ submitted to the journal Geophysical Research Letters.
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Abstract

This study introduces an ocean-based carbon dioxide removal (CDR) approach: Nearshore

Macroalgae Aquaculture for Carbon Sequestration (N-MACS) by biomass harvesting. By

cultivating macroalgae in nearshore ocean surface areas, N-MACS aims to sequester CO2

with subsequent carbon storage. Utilizing an Earth System Model with intermediate com-

plexity (EMIC), we explore the CDR potential of N-MACS alongside its impacts on the

global carbon cycle, marine biogeochemistry and marine ecosystems. Our investigations

unveil that coastal N-MACS could potentially sequester 0.7 to 1.1 GtC yr−1. However,

it also significantly suppresses marine phytoplankton net primary productivity because of

nutrient removal and canopy shading, counteracting approximately 30% of the N-MACS

CDR capacity. This suppression of surface NPP, in turn, reduces carbon export out of the

euphotic zone to the ocean interior, leading to elevated dissolved oxygen levels and di-

minished denitrification in present-day oxygen minimum zones. Effects due to harvesting-

induced phosphorus removal continue for centuries even beyond the cessation of N-MACS.

3.1 Introduction

The IPCC’s Sixth Assessment Report ((IPCC, 2022)) stipulates global net-zero CO2

emissions by the early 2050s to restrict global warming to 1.5◦C, recognizing Carbon Diox-

ide Removal (CDR) as essential to counterbalance residual emissions. Ocean-based CDR

approaches are gaining traction due to the ocean’s inherent carbon sequestration capacity

IPCC (2022); Keller et al. (2021); GESAMP (2019). As the Earth’s largest dynamic carbon

reservoir Falkowski et al. (2000); Sarmiento and Gruber (2013), the ocean’s expanse and

natural carbon absorption capacity, combined with measures like ocean fertilization, ocean

alkalinity enhancement, can substantially augment carbon sequestration efforts Buesseler

et al. (2004); Bach et al. (2019).

Macroalgae offer an avenue for ocean-based CDR due to their notable net primary

production rates and high carbon-to-nutrient ratios, facilitating effective carbon sequestra-

tion N‘Yeurt et al. (2012); Fernand et al. (2017); Gao et al. (2022). The global potential

carbon export by macroalgae has been estimated as 1.4 GtC per year Krause-Jensen and

Duarte (2016); Ortega et al. (2019); Barrón and Duarte (2015). Cultivation technologies

for macroalgae are well-established (e.g., (Buck and Buchholz, 2004; Goecke et al., 2020;

Zhang et al., 2016)), with a global harvest reaching 34.7 million tonnes wet weight (WW)

in 2019 FAO (2018); Cai et al. (2021). Macroalgae cultivation for ocean-CDR has been
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considered recently Wu et al. (2023); Fernand et al. (2017). Based on geographic location,

macroalgae-based CDR can be categorized into two categories: open-ocean cultivation

with deep-ocean carbon storage Wu et al. (2023); Bach et al. (2021), and nearshore culti-

vation for harvesting, followed by subsequent carbon storage achieved outside of the ocean

such as biochar and Bioenergy with Carbon Capture and Storage (BECCS, (Roberts et al.,

2015; Bird et al., 2011; Fernand et al., 2017; Gattuso et al., 2021; Capron et al., 2020;

Borchers et al., 2022; Chen et al., 2015)).

Prior to the large-scale implementation of ocean-based CDR strategies, comprehen-

sive evaluations are essential to understand their potential and impacts on the marine en-

vironment IPCC (2022); Gattuso et al. (2021). Particularly, numerical simulations with

Earth system models are pivotal as they, in contrast to field experiments pose, have no

direct environmental impact Oschlies et al. (2010); Keller et al. (2014, 2018b); Siegel

et al. (2021). Several modelling studies have examined macroalgae-based CDR strate-

gies, revealing CDR capacities ranging from Mega (106) to Giga (109) tonnes depending

on location and species. These studies, referenced as (Wu et al., 2023; Bach et al., 2019)

for open-ocean and (Arzeno-Soltero et al., 2023; Berger et al., 2023) for nearshore areas,

also underscore the constraints posed by marine physical and biogeochemical feedbacks

on CDR capacity and efficiency. Furthermore, they highlight the potentially significant

impacts on the global carbon cycle, marine biogeochemistry, and ecosystems through the

alteration of ocean nutrient distributions and primary production patterns.

Here we evaluate ‘Nearshore Macroalgae Aquaculture for Carbon Sequestration’ (here-

inafter N-MACS), operating under the assumption that the harvested carbon content will be

sequestered from atmosphere and hence achieving CDR. The evaluation employs an Earth

System Model of intermediate complexity, encompassing an explicit macroalgae compo-

nent, to rigorously assess implications and carbon sequestration efficacy of N-MACS from

2020 to 3000, with N-MACS deployment from 2020 to 2100. Our objectives are to: a)

examine the idealised large-scale CDR potential of N-MACS, and b) evaluate its effects

on the global carbon cycle and marine biogeochemistry, including termination effects and

millennial long-term effects.

3.2 Methods

We employ the University of Victoria Earth System Climate Model version 2.9 (UVic;

(Keller et al., 2012; Weaver et al., 2001)), an intermediate complexity Earth system model

coupling a three-dimensional ocean circulation model Pacanowski (1996) including a dy-
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namic thermodynamic sea ice module Bitz and Lipscomb (1999), a terrestrial model Meiss-

ner et al. (2003); Weaver et al. (2001) and a one-layer atmospheric energy-moisture model

Fanning and Weaver (1996). The horizontal resolution is 3.6◦ longitude × 1.8◦ latitude, and

the ocean component has 19 vertical layers with thicknesses ranging from 50 m near the

surface to 500 m in the deep ocean. The ocean biogeochemistry module includes nutrients

(nitrogen and phosphate), one general phytoplankton type, and one diazotrophic phyto-

plankton (i.e., nitrogen fixers), one general macroalgae (see below section), one type of

zooplankton, dissolved inorganic carbon, oxygen, and total alkalinity Keller et al. (2012);

Eby et al. (2013).

Upon spinning up the model under pre-industrial conditions, we employed CMIP5

forcing data for the historical period Eby et al. (2013). From 2005 to 2100, we aligned the

inputs of CO2 emissions, land-use changes, volcanic radiative forcing, and sulfate aerosols

with the RCP4.5 scenario. For the period post-2300, CO2 emissions are projected to decline

linearly, reaching zero by 3000, with other forcings maintained at constant levels. RCP4.5

is a moderate emissions trajectory with a radiative forcing of 4.5 W/m2 by 2100 Thomson

et al. (2011); Meinshausen et al. (2011).

N-MACS is an extension of the Macroalgae Open-ocean Mariculture and Sinking

(MOS) framework developed by Wu et al. (2023), featuring an idealized generic model

of the Phaeophyceae (brown algae) Sacharina integrated with UVic. Macroalgae growth is

controlled by multiple limiting factors (erosion, nutrient availability, light, and temperature)

with a fixed C:N:P stoichiometric molar ratio of 400:20:1. Initial seed biomass is deployed

in each surface ocean grid box with adequate nutrients to be converted into seed biomass.

The initial plantlet biomass in each N-MACS grid cell is equivalent to 0.02 mmol N m−3,

sourced directly from the grid box’s inorganic N, P, and C pools without extra nutrient or

carbon input. A constant maximum biomass yield of 3,300 tDW km−2 is set, focusing on

large-scale impacts rather than optimizing farming strategies. Once biomass in a grid cell

reaches this limit, macroalgae growth halts until end-of-season harvesting. In temperate

zones, seeding starts on May 1st and harvesting occurs on October 31st in the northern

hemisphere, while in the southern hemisphere, seeding begins on November 1 with har-

vesting on April 30, aligning with macroalgae growth phases. The model annually selects

grid boxes with ample nutrients for reseeding, implying no further reseeding post-harvest in

nutrient-depleted regions (detailed in Section 3.1, (Wu et al., 2023)). Additionally, surface

layer macroalgae create canopy shading effects on phytoplankton communities. Potential

grazers like amphipods and gastropods Jacobucci et al. (2008); Chikaraishi et al. (2007)

are modeled within the UVic’s zooplankton compartment Keller et al. (2012). Further
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macroalgae model specifics, including parameters, functions, and cultivation strategies, are

delineated in (Wu et al., 2023, Sect. 2).

3.2.1 Experimental design

Our study contains a control run (Ctrl_RCP4.5) and two N-MACS simulations: the

standard N-MACS simulation with all growth constraints, and a sensitivity simulation

(No_Temp) with temperature constraint removed to examine the uncertainty in temperature-

dependant growth rate in the modeled macroalgae. In both N-MACS simulations, macroal-

gae farms are limited to ocean surface zones directly along coasts between 60◦S and 60◦N,

with grid boxes 200 to 400 km wide, aligning with Exclusive Economic Zones (EEZs)

extending to 200 nautical miles from sovereign state coasts Froehlich et al. (2019); Feng

et al. (2017). It’s presumed that all macroalgae production is promptly harvested post cul-

tivation for biochar conversion or BECCS feedstock on land, indicating permanent carbon

sequestration from the biomass with no nutrient return to the ocean. Meanwhile, natural

macroalgae habitats are globally distributed along coastlines with species exhibiting var-

ied temperature sensitivities Duarte et al. (2022). The No_Temp simulation investigates

the theoretical maximum coastal macroalgae biomass production with species optimally

adapted to local temperatures. N-MACS CDR capacity is defined as the total carbon in har-

vested biomass, while its CDR efficacy is defined by the changes in combined oceanic and

macroalgae carbon reservoir relative to the harvested macroalgal biomass carbon content.

Our focus is on the the cultivation process outcomes, excluding possible carbon leakages

in post-harvest CDR applications like biochar or BECCS Chen et al. (2015); Fernand et al.

(2017); Bird et al. (2011); Chen et al. (2022).

3.3 Results & Discussions

3.3.1 Macroalgae model validation

The employed macroalgae model was validated against literature data and used in

idealized open-ocean cultivation simulations by (Wu et al., 2023). Given the notable nu-

trient availability differences between nearshore regions and open oceans, we compare the

productivity of simulated nearshore macroalgae with relevant observational and modeling

data.

Fig.3.1 illustrates the N-MACS distribution and its mean annual biomass yield from
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2020 to 2100. Simulations indicate a total N-MACS footprint of about 24 million km2,

with 14 to 15 million km2 yielding significant productivity (over 100 tonnes DW km−2yr−1;

Tab.3.1). These values are lower than other model-based estimates ranging from 48 to 100

million km2 Froehlich et al. (2019); Lehahn et al. (2016); Berger et al. (2023), hence pre-

senting a more conservative N-MACS productivity. The reduced macroalgae farming areas

in our model result from several factors: suboptimal UVic simulation of nutrient concentra-

tions in nearshore regions without land run-off Eby et al. (2009); Keller et al. (2012); Tivig

et al. (2021), unique parameters for chosen brown algae species in our dynamic growth

model Froehlich et al. (2019), consistent nutrient feedback consideration unlike earlier as-

sessments Froehlich et al. (2019); Lehahn et al. (2016), and the assumption that farms are

located within EEZs Lehahn et al. (2016). Despite these differences, the N-MACS distribu-

tion pattern aligns with those in (Lehahn et al., 2016, Fig. 3. A), (Berger et al., 2023, Figure

4), (Duarte et al., 2022, greenish pattern of Figure 1(a)), and (Froehlich et al., 2019, Figure

1). While the total N-MACS area remains steady over time, regions of significant produc-

tivity (significant N-MACS areas) expand during the initial deployment decade (Fig.A11),

resulting from dynamic nutrient cycling. Here, N-MACS suppresses phytoplankton due

to canopy shading (Fig.A3), creating a nutrient surplus within its habitat that fertilizes N-

MACS (see Sect.3.3.3).

In productive N-MACS regions, simulated macroalgae productivity averages 165 tonnes

DW km−2 yr−1, rising to 223 tonnes DW km−2 yr−1 in No_Temp (Tab.3.1). Farmed sea-

weed productivity, including the modeled Saccharina species, varies significantly depend-

ing on species, cultivation techniques, and environmental conditions. Reported Saccharina

yields in Europe range from 4 to 450 tonnes DW km−2 yr−1 Peteiro et al. (2014); Buck and

Buchholz (2004), while in northeast Asia, yields can reach 2,400-3,000 tonnes DW km−2

yr−1 Yokoyama et al. (2007); Zhang et al. (2011).

Although N-MACS farms were initially established in all ocean grid boxes adjacent to

land between 60◦S and 60◦N in year 2020, sustainable biomass harvests are mainly found

in four regions with high nutrient availability: the Eastern Boundary Upwelling Systems in

the nearshore Pacific regions of South America and the Atlantic coasts of Africa Chavez

and Messié (2009); Fréon et al. (2009), the northeast Pacific and the Southern Ocean. This

is consistent with the findings of (Berger et al., 2023), (Arzeno-Soltero et al., 2023), and

(Duarte et al., 2021).

In the sensitivity study (No_Temp), where temperature no longer affects macroalgae

growth, the N-MACS distribution mirrors the base case, albeit with increased biomass

productivity in mid to high latitudinal coastal regions (Tab.3.1, Fig.A2). By employing
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local macroalgae species better adapted to specific temperature ranges, optimization of

macroalgae cultivation and enhancement of the CDR potential of nearshore macroalgae-

based strategies may be achievable.

Table 3.1: Summary table of N-MACS simulations. Significant N-MACS area is area
with ≥100 tonnes DW per km2 per year. The changes are N-MACS variations relative to
Ctrl_RCP4.5.

Unit N-MACS No_Temp
Total yield Gt DW 188.96 293.40

N-MACS total area
106 km2 24.34 23.65

Significant N-MACS area 14.29 15.97

Total carbon fixation in N-MACS GtC 56.7 88.0

Annual carbon fixation (avg. 2020 to 2100) GtC yr−1 0.7 1.1

Annual unit area carbon fixation tC km−2 yr−1 29.1 46.5

Change of global climate system in 2100 (3000 in parentheses)
Surface averaged temperature (SAT) ◦C -0.07 (-0.08) -0.12 (-0.13)

Atmospheric CO2 concentration ppm -14.2 (-12.0) -22.6 (-18.3)

Change of global carbon reservoirs in 2100 (3000 in parentheses)
Atmosphere -30.1 (-25.5) -47.9 (-38.9)

Ocean (including carbon fixation by N-MACS) GtC 35.9 (31.4) 57.1 (48.8)

Land -5.8 (-5.9) -9.2 (-9.9)

Change of integrated marine biogeochemical parameters in 2100 (3000 in parentheses)
POM export at 2km depth GtC yr−1 -4.151 (0.37) -7.245 (0.58)

PO4 (full depth) Tmol -11.64 (-11.91) -18.10 (-18.49)

NO3 (full depth) Tmol 7.68 (15.78) -62.51 (-6.01)

Phytoplankton NPP GtC yr−1 -0.36 (-0.52) -0.50 (-0.82)

∗ DW: dry weight; POM: particle organic matter; tC: tonnes of carbon (103 Kg);

GtC: Giga (109) tonnes of carbon; Tmol: Tera moles (1012 moles).
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Figure 3.1: Annual macroalgae biomass yield (averaged from year 2020 to year 2100). Dashed red
lines outline the initial seeding locations in year 2020. Regions with high macroalgae productivity
include: Coasts of North Western Pacific (near northern China, Japan and Korean Peninsula), South
Eastern Pacific (coasts of South America), South Eastern Atlantic (mid-south Africa coast), coast of
New Zealand, and South Eastern of Australia. Yellowish areas indicate relatively lower yield (≤100
tonnes DW per km2 per year).

3.3.2 CDR capacity and impacts on carbon cycle

The CDR capacity of the N-MACS approach can be quantified as the carbon contained

(and securely stored) within the harvested macroalgae biomass. From 2020 to 2100, the

N-MACS simulation demonstrates a total sequestration of 56.7 GtC (equivalent to 207.9

GtCO2). In the No_Temp simulation, this capacity increases to 88 GtC due to elevated

macroalgal productivity. The atmospheric CO2 sequestration in N-MACS/No_Temp sce-

narios translates to a reduction in global-mean surface air temperature (SAT) by 0.07◦C/0.12◦C

(Tab.3.1, Fig.A1). While this reduction in SAT alone does not enable the RCP 4.5 emis-

sion scenario to align with the Paris Agreement, the annual carbon removal (equivalent to

2.60/4.03 Gt CO2eq) is, for example, on par with the 2022 annual CO2 emissions from the

global building sector (2.94 Gt CO2, (IEA, 2023)).

The simulated global average unit-area CDR capacity is 29.1 to 46.5 tC km−2 within

N-MACS occupied regions (106.8 to 170.7 tCO2 km−2, Tab.3.1). Conversely, the global
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dynamic seaweed growth model of (Arzeno-Soltero et al., 2023) suggested that macroalgae

farming, particularly in the equatorial Pacific, could yield about 1 GtC for 1 million km2 of

EEZ waters, translating to 1,000 tC km−2 yr−1. These differences stem from model differ-

ences and experiment setups. Their model, incorporating four types of macroalgae species

with high carbon content and yield, operates independently from dynamic nutrient changes,

which we find often limits N-MACS growth, and runs for one year. Our estimation is also

lower than the globally averaged per-unit-area CDR capacity of 57 tC km−2 yr−1 in (Wu

et al., 2023), where the identical macroalgae model of N-MACS is applied to open-ocean

regions. This difference primarily arises from the diverse distribution of macroalgae farms

across varying nutrient fields, as depicted by (Wu et al., 2023) for open-ocean regions, con-

trasted with the current N-MACS in nearshore areas. The discrepancy is exacerbated by

the coarse grid resolution in UVic, likely underestimating coastal productivity Keller et al.

(2012); Tivig et al. (2021). Nevertheless, the annually averaged carbon sequestration of

N-MACS is estimated at 0.7 to 1.1 GtC yr−1 (2.6 to 4.0 GtCO2 yr−1), surpassing the 0.37

GtC yr−1 reported by (Berger et al., 2023), something again attributable to the different

dynamic macroalgae growth and Earth system modeling approaches.

The net increase in the oceanic carbon reservoir, consisting of water-column carbon

content and the harvested macroalgae in the N-MACS (No_Temp) simulations, is 35.9

(57.1) GtC in 2100 (Tab.3.1), equivalent to the N-MACS induced air-sea carbon flux in

the model (Fig.A6, Fig.A7). However, the increase in the oceanic plus macroalgae carbon

reservoir is approximately two-thirds of the harvested macroalgae carbon, corresponding to

63.3% (64.9%) of the net carbon removed by harvesting the macroalgae. The disparity be-

tween the increase in the ocean plus macroalgae carbon pool and the carbon harvested in the

form of macroalgal biomass is largely caused by backfluxes from the ocean into the atmo-

sphere due to diminished atmospheric pCO2 Oschlies (2009) and partially by the reduced

phytoplankton net primary production (PNPP) from canopy shading and nutrient compe-

tition effects introduced by N-MACS (see Sect.3.3.3). This efficiency is somewhat higher

than the CDR efficiency of 58% in (Berger et al., 2023), who employed a dynamic macroal-

gae growth model in conjunction with a high-resolution ocean biogeochemical model with

prescribed atmospheric CO2, i.e. without back-fluxes from the ocean into the atmosphere

due to diminished atmospheric pCO2, for 5-year simulations.

Meanwhile, the increase in the oceanic plus macroalgae carbon reservoir induced by

N-MACS until 2100 leads to a corresponding decline in the terrestrial carbon reservoir of

5.8 to 9.2 GtC (see Tab. 3.1) via an atmospheric carbon climate feedback. This response

illustrates the Earth system’s endeavor to maintain equilibrium, with carbon cycling be-
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tween terrestrial and oceanic reservoirs, primarily mediated by atmospheric interactions.

This finding aligns with other studies, suggesting that ocean-based CDR could potentially

weaken terrestrial carbon sinks, especially through the reduction of the CO2 fertilization

effect on terrestrial photosynthesis Keller et al. (2018a).

During the implementation phase, an enhancement of approximately 29% (37%) in the

air-to-sea downward carbon flux was observed within the macroalgae-occupied areas in N-

MACS (No_Temp)(Fig.A5), aligning with the 52% enhancement reported by (Berger et al.,

2023). The lesser degree of carbon flux enhancement observed in our simulation within the

macroalgae-occupied areas is attributed to 1) the canopy shading effect on phytoplankton

in our model, reducing PNPP and subsequent carbon flux into the ocean (Fig.3.2d & Fig.

A3); and 2) the dynamic atmospheric pCO2 in our model compared to prescribed fixed

pCO2 in (Berger et al., 2023), as well as different biogeochemical properties of macroalgae

and phytoplankton in the two models. Our results further highlight the potential challenges

inherent in the measurement, reporting, and verification processes when assessing carbon

flux enhancements. Additionally, a slight decrease in DIC in mid and deep waters is evident

in Fig.A4a, stemming from reduced water column remineralization due to the diminished

downward particulate organic carbon (POC) export (see Sect.3.3.3).

3.3.3 Impacts on global marine biogeochemistry

In our simulations, the 80-year implementation of N-MACS has significantly impacted

global marine biogeochemistry. This includes ocean surface nutrient distributions, surface

ocean alkalinity, and dissolved oxygen concentrations at mid-depth (Fig. 3.2). Addition-

ally, simulated net primary production and the distributions of ordinary phytoplankton and

diazotrophs are also affected by N-MACS deployment. Notably, some of these impacts

persist until the year 3000, despite the cessation of N-MACS in 2100 (see below).

The N-MACS macroalgae model delineates two primary impacts of macroalgae on

phytoplankton: nutrient competition and canopy shading (Wu et al., 2023, Sect.2.2.3).

Harvesting macroalgae not only sequesters carbon but also extracts nutrients within the

harvested biomass, leading to an immediate drop in global PNPP post N-MACS initia-

tion in 2020, with a gradual reduction during N-MACS deployment till 2100 (Fig.3.3e).

This PNPP decline predominantly occurs along coast-adjacent N-MACS areas (Fig.3.2d).

Additionally, certain open-ocean regions beyond coastal farms exhibit a PNPP increase,

notably in the Indian Ocean, eastern Atlantic near Africa, and eastern equatorial Pacific.

This is attributed to nutrient leakage from N-MACS areas (see Fig.3.2d; further details in
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the subsequent paragraph). N-MACS implementation suppresses oceanic nitrogen fixers,

diazotrophs, due to canopy shading and phosphate competition by macroalgae (Fig.A9).

Although certain regions exhibit heightened diazotroph biomass due to increased phos-

phate levels (Fig.A10a&c), the overall nitrogen fixation relative to DNPP diminishes during

N-MACS deployment (Fig.3.3h). Zooplankton, assumed capable of grazing on macroal-

gae Wu et al. (2023), primarily feed on phytoplankton due to a lower macroalgae grazing

preference, hence their biomass trends closely with those of phytoplankton (not shown).

Fig.3.3a illustrates a notable increase in surface ocean PO4 concentrations (top 50m)

following N-MACS initiation, followed by a decrease. Three primary factors underlie this

PO4 rise. Firstly, the suppression of phytoplankton by macroalgae leads to a decreased

organic carbon export out of the euphotic zone. Secondly, macroalgae cannot fully utilize

the in-situ PO4 due to the limited growth rate and maximum macroalgae biomass Wu et al.

(2023). Lastly, the higher stoichiometric N:P ratio of 20:1 in macroalgae, compared to

the Redfield ratio of 16:1 in phytoplankton, entails less PO4 consumption per nitrogen unit

for growth. This explains the increases in surface PO4 levels in N-MACS regions shown

in Fig.3.2c (Fig.A8c for No_Temp). Nitrate concentrations in N-MACS regions also rise

due to phytoplankton inhibition and unexhausted available nitrate from macroalgae growth

(Fig.3.2a). These disparities consequently induce lateral nutrient leakage from N-MACS

areas, fertilizing the aforementioned downstream area of coastal N-MACS farms. Here,

augmented PNPP consumes the displaced nutrients, driving a regional PO4 concentration

reduction (Fig.3.2c).

A reduction in surface PNPP within N-MACS regions triggers a decline in particu-

late organic matter (POM) export to ocean depths, as observed at 2000 m in Fig. 3.3f

and Tab.3.1. This decline subsequently diminishes oxygen consumption via aerobic rem-

ineralization of organic carbon, thus elevating the oxygen concentration across middle and

bottom waters (Fig.A4d, Fig.A12d). Notable increases in dissolved oxygen concentrations

at 300m depth are apparent in the northwestern Pacific, eastern equatorial Pacific, and

southern Atlantic near the South American continent (Fig.3.2e & Fig.3.3). Specifically,

oxygen minimum zones (OMZs) in the North Pacific and equatorial Atlantic Ocean have

shrunk compared to Ctrl_RCP4.5. The increased oxygen levels inhibit denitrification in the

subsurface and the upwelling system in the eastern equatorial Pacific (Fig.3.2f&i, (Bange

et al., 2019; Ravishankara et al., 2009)), and diminished remineralization of organic carbon

curtails nutrient regeneration, reducing nutrient upwelling (Fig.3.2g&h). This results in

elevated NO3 but reduced PO4 compared to the Ctrl_RCP4.5 in the open ocean of the east-

ern equatorial Pacific (Fig.3.2a, c, d & f). Another factor contributing to the reduced PO4
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in the source waters of the upwelling regions is the decreased PNPP in the N-MACS ar-

eas, which lessens export and thereby reduces the PO4 source from POM remineralization

(Fig.3.2d,Fig.3.3f). Furthermore, the aforementioned decreased denitrification increases

the NO3 supply in the upwelling system to the surface, especially in oxygen-depleted re-

gions off Peru where reduced POM remineralization leads to lesser denitrification and ni-

trogen loss. However, in the No_Temp simulation, amplified macroalgae growth utilizes

upwelled NO3 before export to the open ocean, mitigating the NO3 increase in the eastern

equatorial Pacific (Fig.A8a).

Despite the reduction in mid-depth denitrification (Fig.3.2i), which also diminishes

alkalinity production, the surface alkalinity in N-MACS increases about 1% or 10 to 20

mmol m−3 by 2100 (Fig.3.2b), due to reduced CaCO3 generation from the PNPP reduction

induced by continuous phosphate removal by N-MACS (Fig.A12, (Schmittner et al., 2008,

Eq.2)). Post N-MACS discontinuation in 2100, which effectively terminates canopy shad-

ing and nutrient competition effects, results in a marked resurgence in PNPP and thereby

also a decreases in global surface nutrient concentrations (Fig3.3a, b&e). Additionally, di-

azotroph biomass, DNPP, and nitrogen fixation recover (Fig.A9, Fig3.3h). The export of

PNPP and POC as well as the subsurface oxygen consumption via organic carbon rem-

ineralization also recovers (Fig3.3g). Additionally, the air-sea CO2 flux reverts to baseline

levels after cessation of the carbon sequestration by macroalgal harvest from the ocean

(Fig.A6, A7).

By year 3000, the average surface temperature in the N-MACS/No_Temp simulations

is slightly lower by -0.08/-0.13 ◦C, respectively, compared to Ctrl_RCP4.5, maintaining the

temperature reduction achieved by N-MACS in 2100 (Tab.3.1). After N-MACS termination

in year 2100 and until year 3000, both oceanic and terrestrial carbon reservoirs shrink,

with oceanic plus macroalgae carbon storage decreasing by 4.5 GtC in N-MACS and 8.3

GtC in No_Temp, and terrestrial carbon storage declining by 0.1 GtC and 0.7 GtC in N-

MACS and No_Temp scenarios respectively. This leads to a 4.6 / 9.0 GtC or 2.2 / 4.3 ppm

atmospheric CO2 increase (tab.3.1). Decreased global temperatures slow photosynthesis

and soil respiration, in combination yielding a small reduction in the terrestrial carbon

pool. The decrease in the oceanic carbon pool mainly arises from the PNPP reduction as

a consequence of permanent phosphate removal during the operation of N-MACS. This

enduring PO4 removal leads to long-term alterations in marine biogeochemistry, as shown

by extended simulations until year 3000 (Fig.3.3). Though only 0.4% of total oceanic

phosphate is removed by 2100 (Fig.3.3c), it induces a persistent reduction in PNPP, DNPP,

and nitrogen fixation (Fig.3.3a&h, A10b&d). This prevents PNPP and DNPP recovery to
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RCP4.5 levels from 2100 to 3000 (Fig. 3.3 e), leading to increased oxygen due to overall

POC export reduction (Fig.3.3d&g, Fig.A12).

Figure 3.2: Differences in simulated oceanic properties in year 2100 after continuous N-MACS
deployment from 2020 to 2100, with respect to Ctrl_RCP4.5 without N-MACS deployment (data
averaged over this period, except for d and e representing data in 2100): a: Surface-layer nitrate
(top 50m); b: Surface-layer alkalinity; c: Surface-layer phosphate; d: Phytoplankton net primary
production (PNPP); e: Dissolved oxygen concentrations and oxygen minimum zones (OMZs) at a
depth of 300m; f: Oceanic denitrification rates. Subfigures g, h & i represent latitudinally averaged
data from 20◦S to 0◦, relative to the Ctrl_RCP4.5 scenario depicted in subfigures a, c, & f (high-
lighted by red rectangular regions between latitudes 20◦S to 0◦ and longitudes 80◦W to 120◦W): g:
Phosphate concentrations, h: Nitrate concentrations, i: Annual denitrification rates.
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Figure 3.3: Temporal evolution of globally integrated nutrients, Phytoplankton Net Primary Pro-
duction (PNPP), and Particulate Organic Carbon (POC) Export at 2,000m depth: Comparison of
N-MACS (solid blue), No_Temp (dashed blue), and Ctrl_RCP4.5 Baseline Simulation (orange).
Insets in each panel extend the timeline to the year 3000. a & c: Permanent removal of PO4 from
the surface, b & d: Surface NO3 levels and global NO3 trends (increase in N-MACS, decrease in
No_Temp). e: Surface PNPP (see also Fig.3.2d). f: The export of POC at 2,000m depth. g: The
averaged O2 concentration at 300m depth. h: Globally integrated Nitrogen fixation.
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3.4 Conclusion & Outlook

Our analysis highlights the substantial annual gigatonne-scale CO2 sequestration po-

tential of N-MACS, though with marine biogeochemical and global carbon cycle feedbacks

reducing the additional air-sea CO2 flux by 35% compared to carbon removal via harvest-

ing. Large-scale N-MACS deployment considerably alters marine biogeochemistry and

ecosystems, suppressing PNPP, elevating dissolved oxygen concentrations, reducing deni-

trification, and decreasing surface ocean alkalinity. Terminating N-MACS in 2100 triggers

a transient rebound in surface PNPP and a decrease in the air-sea CO2 flux, yet long-term

effects like nutrient depletion and increased oxygen levels persist for centuries. Promis-

ing regions for macroalgae production include the upwelling systems in South America,

Africa’s Atlantic coasts, the Northeast Pacific, and the Southern Ocean.

Our simulations have certain limitations: Given that the UVic operates on a coarse grid

resolution (1.8◦ × 3.6◦), it inadequately represents the physical and biogeochemical pro-

cesses of the coastal ecosystem in the marine ecosystem model Keller et al. (2012). While

not significantly impacting our current global and millennial scale simulations, it may af-

fect coastal macroalgae farming simulations when considering nutrient fluxes in coastal

areas (e.g., (Van Der Molen et al., 2018)). Possible improvements to our model include a

consideration of a wider range of macroalgae species Arzeno-Soltero et al. (2023); Duarte

et al. (2022), explicit accounting of iron limitation Paine et al. (2023); Anton et al. (2018),

dynamic cellular stoichiometry, and current impacts on macroalgae frond erosion Frieder

et al. (2022); Broch and Slagstad (2012). Acknowledging both remineralization-resistant

particulate and dissolved organic carbon release from macroalgae and subsequent deep-

water may be crucial for comprehending the CDR capacity Pedersen et al. (2021); Ortega

et al. (2019); Duarte and Krause-Jensen (2017); Wada and Hama (2013). Further con-

siderations include macroalgae halocarbon emissions Baker et al. (2001); Leedham et al.

(2013); Jia et al. (2021) and alterations in ocean surface albedo and local ecosystem Bach

et al. (2021); Boyd et al. (2022). Herein it’s assumed that no nutrients from the harvested

biomass are returned to the ocean, which significantly impacts the simulated biogeochem-

istry. THus, evaluating nutrient extraction and return strategies is imperative if N-MACS is

pursued as a sustainable CDR approach.

Governance and societal facets need consideration in macroalgae-based CDR, partic-

ularly due to potential spatial competition between macroalgae cultivation and fisheries,

especially along the Peruvian coast Gattuso et al. (2021); Ricart et al. (2022); Merk et al.

(2022). A Comprehensive Life Cycle Analysis (LCA) considering energy consumption
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biomass conversion efficiency, and financial cost is pivotal Fernand et al. (2017); Melara

et al. (2020); Capron et al. (2020); Hughes et al. (2012); Aitken et al. (2014).
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Abstract

In its latest assessment report the IPCC stresses the need for carbon dioxide removal

(CDR) to counterbalance residual emissions to achieve net zero carbon dioxide or green-

house gas emissions. There are currently a wide variety of CDR measures available. Their

potential and feasibility, however, depends on context specific conditions, as among others

biophysical site characteristics, or availability of infrastructure and resources. In our study,

we selected thirteen CDR concepts which we present in the form of exemplary CDR units

described in dedicated fact sheets. They cover technical CO2 removal (two concepts of

direct air carbon capture), hybrid solutions (six bioenergy with carbon capture technolo-

gies) and five options for natural sink enhancement. Our estimates for their CO2 removal

potentials in 2050 range from 0.06 to 30 million tonnes of CO2, depending on the op-

tion. Ten of the thirteen CDR concepts provide technical removal potentials higher than

1 million tonnes of CO2 per year. To better understand the potential contribution of an-

alyzed CDR options to reaching net-zero CO2 emissions, we compare our results with

the current CO2 emissions and potential residual CO2 emissions in 2050 in Germany. To

complement the necessary information on technology-based and hybrid options, we also

provide an overview on possible solutions for CO2 storage for Germany. Taking biophys-

ical conditions and infrastructure into account, northern Germany seems a preferable area

for deployment of many concepts. However, for their successful implementation further

socio-economic analysis, clear regulations, and policy incentives are necessary.

4.1 Introduction

In order to meet the climate protection goals of the Paris Agreement (PA) and to keep

global warming well below 2◦C, global action to reduce greenhouse gas (GHG) emissions

to zero (or net-zero) is needed (UNFCCC, 2015). To limit global warming to 1.5◦C, the

remaining carbon budget from 2020 onwards would allow us to emit another 440 (230,

670) gigatonnes (Gt) CO2 globally (Matthews et al., 2021). The median amount of Carbon

Dioxide Removal (CDR) included in the IPCC’s 1.5◦ scenarios with limited overshoot

amounts to 7 Gt CO2 per year in 2050, high overshoot scenarios are at 9 Gt CO2 per year

in 2050 (Rogelj et al., 2018). The CDR measures in these scenarios have two functions: 1)

they compensate for emissions up until the point net-zero is reached, potentially allowing

more time to transition to a carbon neutral system, and 2) reaching substantial net-negative

emissions (especially in overshoot scenarios) by removing previously emitted carbon diox-
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ide. However, as stated by Zickfeld et al. (2021), one tonne emitted might not equate to

one tonne removed.

Next to far-reaching mitigation actions, which would require systems transformation

in the areas of energy, industry, land use, and transportation, CDR measures would com-

pensate for remaining, hard-to-abate emissions to reach net-zero. However, the implemen-

tation of such CDR measures would require its very own infrastructure. To achieve the

global goals of the PA, countries need to fulfill ambitious GHG reduction targets in line

with their national carbon budgets. The revised Germany’s Climate Change Act (KSG,

2021) pushes the climate neutrality goal to 2045 and strives for negative emissions after

2050. The permissible emission budget per sector for the years 2020-2030 has been set to

5.53 Gt CO2-eq. For the years beyond 2030 the annual reduction targets will be announced

in 2024 for the period 2031-2040, and no later than in 2032 for the period 2041-2045 (KSG,

2021).

Allocation of emission quota is a pivotal element of a country’s emission reduction

strategy. This distribution at the national level is a balance of many factors, including

environmental effectiveness, equity, political feasibility, economic efficiency and technical

requirements (Gignac and Matthews, 2015; Höhne et al., 2003; Höhne et al., 2014). Given

Germany’s capacities, abilities and responsibilities, a remaining CO2 budget of 6.9 Gt (1st

January 2021 until net-zero) seems to be a reasonable option (Mengis et al., 2021). It takes

into account the infrastructural lock-in in Germany that needs to be overcome and reaches

equal-per-capita emissions by 2035 (Mengis et al., 2021). Nevertheless, to stay within the

assumed carbon budget of 6.9 Gt CO2 for Germany, net-zero CO2 emissions have to be

achieved. This implies that supportive mitigation efforts such as the deployment of CDR

measures are inevitable as some residual emissions sources, e.g. agriculture, industrial

process, or aviation, will be hard to completely eliminate (cf. Geden and Schenuit, 2020).

The amount of CDR required will depend on the progress in reducing emissions. In case

we succeed in reducing fossil fuel and industry emissions by 85% in 2050, 1.9 Gt CO2/year

would need to be removed through CDR in Germany (Mengis et al., 2021). Other studies

range between 36 to 63 megatonnes (Mt) of CO2 per year for remaining, hard-to-abate

emissions in Germany (Ariadne Report, 2021; Mengis and Kalhori et al., 2022), which

in turn translates into the CDR needed for reaching net-zero. Pozo et al. (2020) allocate

a cumulative CDR quota of 5-18 Gt CO2 between 2018 and 2100 to Germany based on

responsibility, capability and equality considerations.

In contrast to“conventional”mitigation where emissions from the use of fossil fuels

or industrial processes are reduced or avoided, Carbon Dioxide Removal measures, some-
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times referred to as “unconventional”climate change mitigation measures (Geden and

Schenuit, 2020), take CO2 directly out of the atmosphere. Such atmospheric CO2 removal

can occur by enhancing natural sinks of ecosystems or through technological processes. If

anthropogenic carbon sinks exceed anthropogenic emissions to the atmosphere, so-called

net negative CO2 emissions can be achieved.

Natural sink enhancement (NSE), also called nature-based solutions or natural climate

solutions, encompasses a variety of ecosystem-based options, which focus on ecosystem

restoration or the increase of naturally occurring processes that sequester carbon. Those

measures may relate to forests (re- and afforestation), wetlands (e.g. peatland rewetting),

seas (seagrass meadows, salt marshes), or soils (restorative agriculture). Depending on the

measure the captured CO2 is then sequestered in above ground biomass, top-soils, peats or

sediments, which influence the permanence of the CO2 storage.

Technology-based solutions (or geochemical-based CDR (Schenuit et al., 2021)), like

direct air carbon capture and storage (DACCS), remove CO2 by using either chemical or

physical processes to separate CO2 from the ambient air. Unlike NSE (and bioenergy with

carbon capture and storage - BECCS), DACCS requires large amounts of energy and is

thus a costly CDR measure. While the plants are expected to become cheaper in the future

due to economies of scale and mass fabrication, energy demand and associated costs may

remain high. However, in case of DACCS, the area demand per tonne of CO2 captured is

smaller compared to other CDR options.

Bioenergy with carbon capture and storage is a hybrid approach of the two previ-

ously mentioned concepts (Bellamy and Osaka, 2020; UNEP, 2017). In this process, CO2

is captured from the atmosphere by biological net primary production (nature-based cap-

ture) which is further used to generate bioenergy. The CO2 which could be released in

this conversion process, is captured (technology-based capture) and stored underground. If

the biomass life cycle emissions are lower than the carbon captured, BECCS may provide

negative emissions. BECCS is not a one-technology concept, it encompasses a wide port-

folio of technological options, which follow the same principle: they convert biomass into

energy (electricity, heat, fuels), capture CO2 generated in this process, and store it under

the ground or in long-lived products. The most common BECCS technology applied to

date is bioethanol production with CCS, since it delivers high-purity fermentation CO2 and

thus provides a cost-competitive CDR solution with sequestration cost of $60 or less per

tonne of CO2 (Sanchez et al., 2018). At such rate this option may compete with some nat-

ural sink enhancement solutions, such as afforestation, biochar, soil carbon sequestration

or enhanced weathering (Minx et al., 2018). Other promising bioenergy technologies to
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be coupled with CCS include direct combustion of biomass for generation of heat and/or

power (CHP), biomass gasification or pyrolysis for biofuels production, or anaerobic di-

gestion for biogas production with CHP or for upgrading to biomethane. Unlike DACCS,

BECCS produces energy, but its land demand (and related impacts) is higher.

Although CDR provides a wide range of highly differentiated solutions, none of them

can be treated like a silver bullet for addressing climate change (Minx et al., 2018). They

need to become a part of national GHG removal strategies and be incorporated into existing

national infrastructures, among further development of renewable energies or improvement

of energy efficiency. Only in such combinations can they enable countries to achieve their

national emission targets.

CDR options are at different stages of maturity, including both well researched and

widely deployed options (e.g. afforestation) as well as options in a relatively early stage

of development (e.g. ocean alkalinity enhancement). These differences between the vari-

ous CDR option maturity levels lead to many uncertainties around the feasibility of their

deployment, especially at larger scales (Low and Schäfer, 2020).

There is no“one-fits-all”solution. Thus, the deployment of CDR measures in each

country or region needs to be tailor-made, both in terms of selecting best-fitting CDR op-

tions and defining their individual parameters and implementation aspects. This infor-

mation needs to cover more than just techno-economic elements and be coherent among

different CDR concepts. Therefore, in this study we present a portfolio of CDR options

(technology-based, hybrid and NSE), which we embed specifically into the German con-

text (e.g. biophysical and techno-economic). Each option is presented along a possible

implementation example and assessed with regard to the following two analytical ques-

tions:

• How do experts envision and describe exemplary CDR concepts in Germany?

• What is the technical potential of the CDR concepts and their individual contribution

to a net-zero carbon dioxide emission in Germany?

Our aim is to provide a harmonized dataset on different CDR options. These struc-

tured considerations can further serve as a basis for comparison and deeper evaluations of

different CDR options as well as indicate pathways with the highest potential to support

achieving net-zero CO2 emissions in Germany.
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4.2 Materials and Methods

In the following section we will describe how we selected CDR options that we iden-

tified for Germany, how we collected and checked the data for the CDR concepts, and how

we finally calculated CO2 removal potentials for Germany.

Our methodological approach is presented in the following steps:

1) Selection of CDR options available in Germany

2) CDR concepts development and description

3) Data collection review and quality control

4) Calculation of CO2 removal potential

4.2.1 Selection of CDR options available in Germany

There are many CDR options already identified and described in the scientific litera-

ture (e.g. Oschlies and Klepper, 2017; Fuss et al., 2018; IPCC, 2018; IPCC, 2021). In this

paper we selected and described options that are or likely will be available for deployment

in Germany.

To provide a possibly wide portfolio of options, our selection was based on their gen-

eral availability:

• Spatial availability –occurrence of geographical conditions which enable or facilitate

their deployment, e.g., natural presence of seagrass meadows or areas suitable for

peatlands, availability of biomass (type and amount), etc.

• Technology and market availability –maturity of CDR option in terms of its readiness

to be deployed, e.g., state-of-the-art technologies.

However, our selection does not aim to provide an exhaustive list of options but rather

is targeted to present possible examples.

4.2.2 CDR concepts development

There is vast information available on individual CDR options (Minx et al., 2018).

Yet, it is scattered across many different research fields and levels of assessment (from

laboratory to global scale). Putting this information into context by designing dedicated

CDR concepts makes it not only more manageable but also increases the relevance of their
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assessment for decision making since national (German) conditions (such as land avail-

ability, biomass potentials, existing infrastructure, or priorities in energy policy) shape and

influence their prospective implementation.

On the basis of a literature review, experts’knowledge on CDR options and an analysis

of German conditions, we prepared exemplary concepts of selected CDR options, which

can be implemented in reality. For each CDR concept, we created a tabular fact sheet with

a unified set of indicators (see Supplementary Materials) that serves as a tool for organizing

the collected information. This allowed us to achieve a coherent description across selected

CDR options.

In the fact sheets, information on the CDR concepts is further classified into eight

categories which cover different aspects of the CDR systems:

• Concept characteristics - addresses general parameters of the concept

• Input - specifies the option’s resources requirements

• Output - specifies expected CO2 removal and co-products generated by the CDR

• Environmental parameters –address impacts on, among others, soils, water system

and biodiversity

• Economic parameters - address the economic performance of the option

• Systemic parameters - consider potentials, permanence and verifiability

• Permission –addresses compliance with regulations

• Scalability - expresses reproducibility of the CDR unit

Each above mentioned category comprises a set of specific parameters which are listed

and described in Table 1.

A limitation of the current study is that we have not considered socio-political param-

eters for the development of the CDR concepts. The main reasons behind this choice is that

1) there is relatively little socio-political information available on CDR options in Germany,

2) for this paper we focus on quantitative information whereas much of the available infor-

mation about socio-political parameters comes from qualitative studies. Within the overar-

ching research project (Cluster I of the Helmholtz Climate Initiative1), broader assessments

including socio-political parameters are carried out. In other words, the focus on quanti-

tative information about the different CDR options is a delimitation of scope rather than
1https://www.netto-null.org/index.php.en (accessed on: November 2, 2021)
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a normative statement about what parameters are most important. Clearly, socio-political

parameters matter for the deployment of CDR options (see e.g., Buck, 2016; Honegger et

al., 2020; Morrow et al., 2020; Waller et al., 2020).

4.2.3 Data collection review and quality control

The data collection process has been conducted on each CDR option by dedicated

assessment teams and CDR experts. Diverse data channels have been used by CDR experts

including peer-reviewed literature, reports, results of simulation exercises and modeling

and expert assessment for the data collection. For a literature review, a standard literature

surveying (hand-selection process) as well as a systematic review using the search engine

of Scopus has been carried out.

Since the data collected concerned different CDR options, it was essential to ensure

a coherent integration of data into the fact sheets. Therefore, the units used in individual

parameters have been standardized across all options and their integrity and quality has

been checked with the respective experts.

4.2.4 Calculation of CO2 removal potential

The ability of CDR options to avoid or remove CO2 from the atmosphere is a key pa-

rameter which describes their CO2 emission mitigation potential. In our study, we adopted

the approach of Mengis and Kalhori et al. (2022), and focused on “(...) CO2 rather

than CO2-equivalent emissions, following the scientific reasoning of (net) zero CO2 tar-

gets based on the transient climate response to cumulative CO2 emissions (Matthews et al.,

2009; Rogelj et al., 2018).”as a necessary condition for temperature stabilization.

Avoided emissions express the amount of CO2 that has not been emitted to the atmo-

sphere as a result of actions which lower or prevent CO2 emissions, i.e., shift to the renew-

able energies use, change in land-use practices or human behavior. Removed emissions

express the amount of CO2 removed from the atmosphere and durably stored in geological,

terrestrial, or ocean reservoirs. These individual storage options provide a certain band-

width for the storage durability as, e.g., for soil carbon sequestration a minimum 100 years

is reached (Dynarski et al., 2020), whereas for geological CO2 storage, several thousands

of years may be achieved (Kempka et al., 2014). Such removal may be realized through en-

hancement of biological or biochemical sinks and DACCS. The natural CO2 uptake, which

is not caused by human intervention, is not regarded here as CO2 removal (IPCC, 2018).

If the overall process removes more emissions from the atmosphere than it emits, it can
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be addressed as a negative emissions technology (NET). In this paper we quantify the CO2

removal potential of selected CDR options by multiplying the emissions removed by one

CDR unit by a number of possible units deployed by 2050 (Equation 1):

emissions removed through CDR option per unit
Mt CO2

year × scalability [number of units]

= CO2 removal potential of CDR option [Mt CO2
year ]

Apart from the option’s emission reduction potential, we also estimate its technical

implementation potential by taking into consideration the option’s maturity level, avail-

ability of infrastructure, biophysical conditions, and scalability. Such a combination allows

both the assessment of the possible dynamics of option implementation and the designation

of the general readiness of the system for deployment.

The maturity level of a certain technology is often expressed as the Technology Readi-

ness Level (TRL) (DOE, 2011). The TRL categorizes technologies into nine levels accord-

ing to their maturity and scale of deployment: from being formulated (TRL1-2), through

laboratory tests (TRL 3-4), demonstration (TRL 5-6), and pilots in a relevant environment

(TRL 7-8) to market rollout (TRL 9). Progression to a higher TRL comes with an effort of

further research, financial investment and/or policy support (Bui et al., 2018). Estimating

a TRL of a CDR measure is not a straightforward task. First, not all concepts are strictly

technology-based, and second, sometimes separate components of individual measures dif-

fer in their development stage (Hepburn et al., 2019). For this reason, in this study we do

not adhere strictly to the common TRL classification (e.g. as defined by EC in HORI-

ZON 2020 Work Programme2). Instead, we express the maturity of a certain concept by

indicating the maturity of its components and level of their integration (see Annex 1 in

Supplementary Materials).

Taking these factors into consideration, 13 CDR exemplary options were selected for

this study as being prospective for deployment in Germany by 2050. The options are shortly

described in Section 3, whereas the details are displayed in the fact sheets (see Supplemen-

tary Materials). Additionally, a fact sheet on CO2 storage solutions has been created, com-

plementing the information for the hybrid and technology-based options. This separation

of the carbon storage component was dictated by the current legal situation in Germany,

which does not allow underground storage of CO2 and thus limits the full application of

BECCS and DACCS in Germany (see Section 3.1.12). Because of this separation, we refer

2https://ec.europa.eu/research/participants/data/ref/h2020/other/wp/2016_2017/annexes/
h2020-wp1617-annex-g-trl_en.pdf (accessed on: November 3, 2021)
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to BECC and DACC when we talk about exemplary CDR concepts presented in our study,

which do not have an integrated CO2 storage component, and to BECCS and DACCS when

we talk about the general concepts with the storage component. We use expert knowledge

from different CDR fields to further identify some of the key characteristics of these op-

tions (e.g., concerning their economic parameters, permanence of storage, or scalability)

and to develop the fact sheets and dedicated CDR concepts (see Section 3.1).

4.3 Results

4.3.1 CDR concepts portfolio

Following selection criteria (Section 2.1), our portfolio includes six technology op-

tions for BECC, two concepts of DACC, and five NSE options. Storage solutions were

described as an additional concept (Figure 1).

BECC is considered as one of the most viable and cost-effective options to achieve

negative emissions (Babin et al., 2021), but there are concerns related to its possible nega-

tive impacts on land use (competition for arable land and water) and biodiversity (IPBES-

IPCC, 2021). To avoid negative interactions with the environment, only sustainable sources

of biomass should be taken into account. This can include considerations such as favor-

ing the usage of by-products, residues and waste, sourcing the biomass from sustainable

agricultural and forestry practices, including novel approaches like paludiculture, or grow-

ing biomass in marine environments (e.g. macroalgae farming). In Germany, thanks to

favorable geographical conditions and supporting funding programs for bioenergy provi-

sion (e.g., Renewable Energy Act (EEG, 2000 and later modifications), Biofuels Quota

Act (BioKraftQuG 2006 and later modifications)), various types of biomass are already

available and used for energy production (e.g., waste and residues, woody and agricultural

biomass, energy crops). However, the German natural conditions also show a potential for

growing new types of biomass, i.e., macroalgae or paludiculture biomass, and therefore,

they have also been included in our portfolio. We also describe four terrestrial and one

marine NSE (so-called “Blue Carbon”, Nellmann et al., 2009) options - all based on

ecosystems that naturally occur in Germany. They include practices which either restore

(e.g., peatland rewetting) or manage (e.g., soil carbon sequestration) existing ecosystems

to increase their CO2 capture and storage properties. Considering the coastal regions of

Germany, we also examined coastal vegetation systems like seagrass meadows and salt

marshes due to their ability to capture CO2 from the air and store it as organic carbon
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Figure 4.1: Overview of the selected CDR options. Circled numbers correspond to the numbering
of CDR concepts in the paper and represent following options: 1 - BECC: biomass combustion
CHP; 2 - BECC: biogas CHP; 3 - BECC: paludiculture for biogas CHP; 4 - BECC: macroalgae
for biogas CHP; 5 - BECC: pyrolysis for biocoal production; 6 - BECC: gasification for biofuels
production; 7 - DACC: centralized; 8 - DACC: decentralized; 9 - NSE: peatland rewetting; 10 -
NSE: afforestation of cropland; 11 - NSE: SOC, cover crops; 12 - NSE: SOC, ERW; 13 - NSE:
seagrass meadows Baltic Sea; 14 - geological storage solutions.

in biomass and below the ground. In our portfolio we also include DACC technologies,

which are geographically independent with prerequisites being free space and access to

energy sources.

Because climate mitigation requires immediate action, our portfolio consists exclu-

sively of options whose maturity level is high enough to ensure possible implementation

within a decade or sooner (assuming no social and legal constraints/barriers).

We shortly describe our CDR concepts below and enclose their details in the fact

sheets provided in the supplementary materials.

BECC - Combustion of woody biomass for heat and power co-generation (Concept 1)

As Germany planned a coal phase-out by 2038 (KVBG, 2020), the conversion of coal-

fired power plants to biomass may not only make a substantial contribution to the rapid re-
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duction of CO2 emissions but also support on multiple levels (e.g. economic, social) a sys-

tem with largely existing infrastructure. Our concept assumes the use of a 500 megawatts

electric (MWel) CHP plant fueled by wood pellets equipped with post-combustion, mo-

noethanolamine (MEA)-based capture units, which could remove 2.99 Mt CO2 per year.

If 10 out of 18 currently operating coal-fired CHP plants (with minimum 500 MWel ca-

pacity) (BNetzA, 2021) would be converted to biomass and retrofitted with CCS units,

approximately 30 Mt of CO2 could be removed annually (Donnison et al., 2020). However,

the use of woody biomass in large power plants is likely to significantly increase the overall

demand for biomass including the need for biomass imports (Erlach et al., 2019). This is

likely to cause direct and indirect land use impacts with negative environmental effects on

forest ecosystems within and outside of Germany including additional carbon emissions

resulting from land use change (Birdsey et al., 2018; Schlesinger et al., 2018).

BECC - Gasification of woody biomass for biofuels production (Concept 2)

Gasification is a well-developed technology for the conversion of fossil fuels and

waste. Biomass as feedstock has been investigated intensively and large pilot and demon-

stration plants have been erected and operated worldwide (Rauch et al., 2014). The tech-

nology is mature for market implementation. Small scale facilities for CHP applications in

the kilowatt (kW)-range are already commercialized (Patuzzi et al., 2021). Large scale con-

version plants would aim at the production of several hundred thousand tonnes of synthetic

hydrocarbon fuels per year. CO2 is an inevitable by-product in autothermal gasification

but can be separated by common means as already conducted in existing plants with fossil

fuels. Our concept - a gasification plant of 100 megawatts thermal (MWth) capacity - could

remove 60 kilotonnes (kt) CO2 per year. If scaled up, it could provide removal of 3.72 Mt

CO2 by 2050 However, if this application leads to an increase in the use of woody biomass,

it can also lead to direct and indirect land use impacts with negative environmental effects

on ecosystems and additional carbon emissions from land use change (Birdsey et al., 2018,

Schlesinger et al., 2018).

BECC - Pyrolysis of woody biomass for biocoal production (Concept 3)

Pyrolysis is well established for fossil fuels, but also for biomass feedstocks. Fast

pyrolysis aims at the production of liquid fuels, which are used as heating oil today. CO2

is a by-product here as well as in slow pyrolysis, which favors the production of biocoal

(Tripathi et al., 2016). This product can be used energetically, but also for carbon storage
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in soil applications. The impact of biocoal additions to soil have been investigated in a

number of studies, considering a variety of soil-physical factors like dry density, water and

nutrient exchange, pore volume and distribution and the like (e.g., Lehmann and Joseph,

2015). Naturally, long term investigations have not been finished so far. Also the number of

studies investigating biocoal stability is constantly increasing (Lehmann et al., 2006; Leng

et al., 2018). Biocoal stability can serve as an indicator to assess the carbon sequestration

potential of biocoal. There are several methods for estimating the stability of biocoal, one

of which is pyrolysis temperature (Leng et al., 2018). According to a rule of thumb, biocoal

produced at higher temperature is expected to be more stable and thus persistent then low

temperature char like hydrochar. While for the latter some decades have been derived

as medium life time, for pyrochar average life times between 100 and over 1000 years

have been estimated, depending on a number of parameters (environmental conditions,

type of coal and feedstock used, soil use/treatment, investigation method). The presence

of volatile, accessible organic molecules favors microbial attack, consequently leading to

faster decomposition than mineralization by slow oxidation of the carbon by air. Derived

from the existing studies, correlations for the mean residence times were suggested. As an

example, Lehmann et al. (2009) estimated a carbon loss by around 20% in 500 years when

10 % of labile carbon was contained in the pyrochar. Other studies gave similar results

(Kuzyakov, 2009, 2014) using biochar from grass pyrolysis (mean residence time > 400

yr). Interestingly it was found that incubation test in a laboratory environment led to higher

biocoal degradation rates than open air tests. However, comparison and interpretation of

the existing studies is difficult and for sure further investigations are required. Anyhow,

in terms of carbon storage related to climate effects, biocoal stabilites of several hundred

years can be reasonably assumed or need to be assured by appropriate processing and soil

application.

Several technology providers entered the market already offering small to medium

size conversion technologies. Our concept - a 50 MWth plant - could provide removal of

100 kt CO2 per year. Assuming the use of 10 Mt of wood per year, which equals 15.5%

of 66.8 Mt of wood used energetically today (FNR, 2018), 12.2 MtCO2 could be removed

annually if this technology would be implemented. Both the gasification and pyrolysis

CDR numbers are based on the assumption that the around 10 Mt wood used energetically

today in Germany are utilized. The lignocellulose feedstock potential is around twice as

much, if non-woody biomass is included.
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BECC - Biogas production for co-generation of heat and power (Concept 4)

With around 9 000 operating biogas plants (FNR, 2020), Germany has the biggest

potential to explore this technology as a prospective option for bio-CCS in Europe. As

estimated by Billig et al. (2019), in 2050 around 11.3 Mt of biogenic CO2 could be captured

from both biogas CHP and biogas upgrading plants based on wastes and residues. However,

due to the upcoming termination of feed-in tariffs, limitations of support for“post-subsidy

plants”and no long-term alternative support mechanisms (EEG, 2021), sustaining this

potential can be possible only in a short term period (until approximately 2024-2027),

and the future is highly uncertain (Scheftelolwitz and Thrän, 2016). Our concept uses a

medium sized, 500 kilowatts electric (kWel), biogas CHP plant which generates biogas

from a mixture of feedstock, i.e., 50% wastes and residues, 20% cow manure and 30%

energy crops, as described by Thrän (2019). CO2 is separated in a post-combustion, MEA-

based process. The annual removal per plant equals 3.15 kt CO2. Assuming that until 2050

approximately 4,000 biogas plants with minimal capacity of 500 kWel would be retrofitted

with carbon capture units, around 12.6 Mt CO2 could be removed. The technical parameters

of the biogas plant and capture unit described in this section have also been adapted for

further two biogas-based concepts which differ in the type and amount of biomass used

(concept 5 and 6, Sections 3.1.5 and 3.1.6, respectively).

BECC - Paludiculture-sourced biomass for biogas production for co-generation of
heat and power (Concept 5)

Paludiculture is the use of wet ecosystems such as wetlands and peatlands for multi-

ple purposes, including biomass and bioenergy production (Wichtmann et al., 2015). In our

concept, we use it as a feedstock for biogas production with heat and power co-generation.

Restored wetlands and peatlands can be used for paludiculture including the production of

biomass for bioenergy, which is already practiced in a pilot site (Agrotherm GmbH3). Com-

bining bioenergy production from paludiculture with CCS has not been done yet. However,

using biomass from paludiculture could generate multiple benefits not only for generating

negative emissions but also for CO2 mitigation, climate change adaptation and biodiver-

sity conservation. In Germany, large areas of wetlands and peatlands have been drained

in the past for agricultural production. These drained areas are causing large carbon emis-

sions - 43 Mt CO2 per year in Germany alone (Tanneberger et al., 2021), and 2 Gt globally

(Joosten, 2009; Joosten et al., 2016) - due to the ongoing degradation of the peat soils.

3http://www.niedermoor-nutzen.de/ (accessed on: November 3, 2021)
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Restoring these peatlands and wetlands by reversing the drainage and increasing the water

table to the soil surface reduces carbon emissions substantially (Günther et al., 2020). In

addition, establishing paludiculture on restored wetlands has considerable benefits for bio-

diversity by resembling more natural habitats, restoring the natural water cycle benefiting

climate change adaptation (buffering impacts of droughts and floods) and retaining nutri-

ents with benefits for water quality (Tanneberger et al., 2020; Tanneberger et al., 2022).

Given the substantial benefits of paludiculture for addressing multiple challenges related to

climate change, biodiversity and water quality, the use of paludiculture for BECCS could

be considered a sustainable biomass source and a low-risk / low-regret option for CDR. In

Germany paludiculture is estimated to be applicable on an area of at least 215,000 hectares

(Scholwin and Siegert, 2020). Such an area could provide feedstock for approximately 156

biogas CHP plants with 500 kWel capacity each, which would provide a removal of 0.49

Mt CO2 per year.

BECC - Macroalgae farming for biogas production for co-generation of heat and
power (Concept 6)

A BECC feedstock which could bypass the problem of competition for land is macroal-

gae (seaweed) biomass cultivated in the marine environment. Seaweeds have proved suit-

ability for bioenergy production because of their notably high growth rates and high polysac-

charide and negligible lignin content (Chung et al., 2013; Kim et al., 2017; Fernand et

al., 2017). Thus, macroalgae biomass, together with microalgae biomass, are regarded as

a feedstock for the third generation biofuels production (Montingelli et al., 2015). The

macroalgae breeding and cultivation technologies have been well developed and matured

with successful deployment, especially in Asian countries (e.g. China, Japan and South

Korea). In Germany, a new structure for mariculture of brown macroalgae (Saccharina

latissima) has been developed and tested off the North Sea coast (so-called ‘Offshore

Ring’, e.g., Buck and Buchholz, 2004). A preference for offshore locations for macroal-

gae cultivation in Germany have also been suggested by Fernand et al. (2017). The German

North Sea exclusive economic zone (EEZ) covers 20,600 kmš, which could potentially be

utilized. Meanwhile, the increasing number of offshore wind farms in the German North

Sea EEZ could expand the feasible area for anchoring cultivation infrastructures (Deutsche

WindGuard GmbH, 2020). Cultivation of macroalgae does not require use of arable land

or freshwater. Combined with ecological engineering aquaculture (e.g. the Integrated

Multi-Trophic Aquaculture, IMTA), macroalgae cultivation can bring further ecological
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and socioeconomic benefits by alleviating eutrophication and increasing bioremediation

capability and aquaculture productivity (Wartenberg et al., 2017; Gao et al., 2020). There

are approximately 250 biogas power plants with >400 kWel capacity each operating in

the North Sea coast area in Germany (coastal districts in the states of Lower Saxony and

Schleswig-Holstein). If those plants would be retrofitted with CCS units, it could provide

removal of approximately 0.79 Mt CO2/year.

DACC: centralized and decentralized options (Concepts 7 and 8)

Processes called Direct Air Carbon Capture, or short DACC, are technological solu-

tions to filter CO2 from the atmosphere. The systems use specific chemical interactions of

the CO2 with special materials to bind it and therefore remove the greenhouse gas from

the air. DACC-processes generally function as a two-step process: capture and regenera-

tion (HeSS et al., 2020). While captured, air is moved along the specialized material, called

sorbent. This sorbent can be either a strong alkaline solution or a solid. Only the CO2 reacts

with the sorbent and forms covalent bonds, while most other components of the air are inert

to the sorbent. Only water vapor also bonds to the sorbent. The CO2-depleted air leaves

the DACC-unit and the loaded sorbent is left behind. When sufficient loading is reached,

the DACC changes to the regeneration step and the flow of air is shut down (Fasihi et al.,

2019). To release the CO2, the strong bonds must be broken by heating the sorbent. There

are two different designs: on the one hand the Low Temperature (LT)-DACC uses solid

amine sorbents, which are regenerated using steam at around 100řC (Deutz and Bardow,

2021), and on the other hand, High Temperature (HT)-DACC uses an alkaline solution,

which must be regenerated at 900řC (Keith et al., 2018). While LT-DACC can use numer-

ous heat sources, the high temperatures for HT-DACC can only be reached by combustion

processes. The amount of heat needed is very similar for the two systems with roughly 1500

kilowatt-hour per tonne of CO2 removed (HeSS et al., 2020). In addition, DACC needs to

be supplied with 300 kilowatt-hour electric power per tonne of CO2 removed, mainly for

the fans, driving air through the absorber and the vacuum pumps in case of LT-DACC and

the combined power demand of the process equipment at HT-DACC plants (such as pumps,

fans, stirred tanks, etc.) (HeSS et al., 2020). The application of DACC units is, therefore,

heavily dependent on external constraints like energy supply or available construction land.

While HT-systems are usually only feasible at large scales (approximately 1 Mt of CO2 per

year), LT-DACC could potentially be fit into small scale systems and deployed in a decen-

tralized application, e.g., into ventilation systems of buildings, reducing the required area
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(Dittmeyer et al., 2019).

Since the deployment of DACC is heavily dependent on external factors, giving a

potential is rather difficult. In the case of a decentralized implementation, an approximation

via the current installed ventilation rate is possible (HI-CAM, 2020). For this parameter

there are only numbers for the EU available (Kemna et al., 2014). If calculated per capita,

it would be possible to filter up to 100 Mt of CO2 per year in Germany (Eurostat Press

Office, 2015; Kemna et al., 2014). If only large buildings would be equipped (over 2500

m2 of floor space), the number would shrink to 15 Mt CO2 a year (Stottrop and Flüshöh,

2007). Other constraints such as space requirements or lower capture rates could further

decrease the potential, yet, if compared to the DACC needed in Germany, it could play

a significant role. Prognos et al. (2021) calculate the demand for DACC in Germany

to be somewhere between 20 and 600 Mt CO2 a year, depending on the decarbonisation

scenario. The remaining DACC would have to be installed in big DACC farms, which are,

large centralized DACC plants with several adsorber/absorber units and a large combined

capture capacity in the Mt range. Considering the typical size of such a farm of approx.

1 Mt CO2 captured per year and the associated energy demand, it is questionable if this

technology is possible within the German territorial boundaries.

NSE - Peatland rewetting (Concept 9)

Peatlands are areas with naturally accumulated thick layers of dead organic material

(peat) (Joosten and Clarke, 2002). Undrained peatlands, situated between upland and wa-

ter as a subclass of wetlands, accumulate peat in soils owing to incomplete decomposition

of plant material and animal remains under water-saturated conditions (Rydin and Jeglum,

2013). Degraded peatlands, largely caused by drainage for agriculture and forestry, are re-

sponsible for 5% of the total 2014 global anthropogenic CO2 emissions despite their mere

0.4% coverage of global land surface (Joosten et al., 2016). In Germany, more than 5%

(47 Mt CO2-eq per year) of GHG emissions originate from drained organic soils. Across

the globe, both public and private efforts to restore degraded peatlands are increasing as

their benefits for providing multiple ecosystem services including carbon storage and the

avoidance of CO2 emissions are increasingly recognized and acknowledged to outweigh

the needs for drainage-based agriculture and forestry on peatlands (Bonn et al., 2016). In

Germany, more than 98% of the organic soils (about 1.8 Mha) are drained mainly for agri-

cultural use (Trepel et al., 2017; Tanneberger et al., 2021). With appropriate planning to

reconcile with the demands of agricultural land use and water use, rewetting these drained
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peatlands offers cost-effective low-hanging fruits to avoid up to 43 Mt of CO2 emissions in

the agricultural sector along with additional multiple benefits for biodiversity and ecosys-

tem services.

NSE - Afforestation of cropland (Concept 10)

Forests are land areas >0.5 ha with trees >5 m height and canopy cover >10% and

without predominant agricultural or urban use (MacDicken, 2013). The anthropogenic land

use change (LUC) of forests substantially affected carbon emissions over the last centuries.

It was estimated that LUC from natural forests to cropland and pastures globally emitted

on average 1,569 Gt CO2-eq between 1765 and 2005 (Kim and Kirschbaum, 2015). Af-

forestation is the LUC to forest by active seeding/planting or natural rejuvenation of trees

(MacDicken, 2013). The focus here is on afforestation of cropland because this LUC has

reportedly the highest sequestration rates (Kim and Kirschbaum, 2015). The afforestation

of cropland to secondary forests will sequester atmospheric carbon as soil organic carbon

(SOC) and in biomass at rates of 2.2 and 2.8 tonnes of CO2 per ha per year, respectively

(Kim and Kirschbaum, 2015). The focus for afforestation measures should lie on marginal

agricultural land, which has been subjected to land use change in the past years (Meyer and

Früh-Müller, 2020). There is an estimated 3.3 Mha of marginal land in Germany suitable

for plant production (Gerwin et al., 2018), of which a fraction may be also appropriate for

afforestation. This estimate may also include non-cropland, however, this is outside the

scope of this proposed concept. Winter cereals and winter rapeseed, apart from maize, are

the most common field crops in Germany, covering 6.97 Mha of agricultural land (Griffiths

et al., 2019). Winter crops can often not be combined with cover crops (see Section 3.1.10),

and are considered here for afforestation. A proposed conversion of 10% of the area at a

rate of 0.5% per year to secondary forests could sequester 72 Mt CO2 between 2020 and

2050 in Germany.

NSE - Soil organic carbon sequestration - cover crops (Concept 11)

Soil organic carbon sequestration as a natural sink enhancement measure for atmo-

spheric CO2 capture has gained interest in the past years. Especially cropland soils have

been of interest, because these soils (1) are highly managed, (2) are generally SOC de-

pleted compared to natural ecosystems, and (3) cover vast areas on the planet. Including

cover crops into the cropping cycle can reportedly increase SOC with a mean sequestra-

tion rate of 1.2 tonnes CO2 ha/year (Poeplau and Don, 2015). In Germany, approximately
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2.2 Mha cropland are already grown with cover crops (Griffiths et al., 2019; DESTATIS,

2018), meaning that growers have implemented this management option. Another 2 Mha

of cropland (potato, sugar beet, summer cereals, and corn) may be suited for cover crops

in crop rotations. Assuming that an additional 2 Mha of cropland are seeded with cover

crops by 2050 with an annual 2% increase in cover crops, approximately 44 Mt CO2 can

be removed from the atmosphere.

NSE - Terrestrial enhanced weathering (Concept 12)

Increased weathering, both on land and on the seafloor, is one of the major natural

responses of the Earth system to elevated atmospheric CO2 concentrations or temperature

(Archer, 2005). This naturally occurring weathering process is the main drawdown of an-

thropogenic CO2 emissions over time scales of thousands to hundreds of thousands years

(Archer and Brovkin, 2008). Enhanced rock weathering as a CDR measure accelerates

this process to capture CO2 by weathering carbonate and silicate minerals that are spread

in powdered form on terrestrial surfaces like agricultural soils. In principle, a variety of

natural or artificial sources of alkalinity can be used, but the focus here is on limestone or

silicate rocks, like basalt. These rocks release positively charged magnesium or calcium

ions when weathered. During this reaction, CO2 is converted into carbonate and bicar-

bonate ions by consuming protons (i.e. "acid"), allowing the soils to absorb atmospheric

CO2 (Beerling et al., 2020). Basalt is mined mainly in the central part of Germany (BGR,

2017), with annual production rates per quarry of between 0.1 to 4.9 Mt rock with a max-

imum mining capacity of 32 Mt. There is substantial electric energy demand associated

with this CDR option from extraction (18.8 MJ/t), crushing (510 MJ/t), and grinding (0.6-2

GJ/t) of silicate rocks. Taking one of the larger quarries as a reference, 4 Mt of basalt spread

over cropland in Germany would allow for 0.727 Mt CO2 to be removed from the atmo-

sphere, at a cost of about 120-140 million $US and an energy demand of 2.492 - 8.112*106

GJ (calculations based on Moosdorf et al., 2014 and Beerling et al., 2020). If scaled up to

maximum mining capacity (i.e., 32 Mt silicate rocks), approximately 5.82 Mt CO2/year

could be removed by enhanced rock weathering applied on 0.6 Mha of cropland by 2050.

NSE - Terrestrial enhanced weathering (Concept 12)

In addition to increasing associated biodiversity, seagrass meadows and salt marshes

are already making an important contribution to mitigating man-made climate change. In

Germany, these ecosystems absorb an estimated amount of around 132 kt of CO2 annually.
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As natural CO2 sinks, the existing ecosystems are valuable resources for Germany. Salt

marshes are among the most efficient carbon sequestering ecosystems in the world and

occur naturally along the German Wadden Sea coast on an area of about 23,250 ha. Salt

marsh sediments provide an environment that allows long-term storage of organic carbon

derived either from autochthonous primary production in the salt marsh or from imported

allochthonous organic material from adjacent ecosystems (Müller et al., 2019).

Similarly, seagrass can sequester significant amounts of carbon. Seagrasses are found

in the southeastern North Sea (area about 18,000 ha), where they grow on tidal flats, and

on the German Baltic coast, where sublittoral seagrasses occur (area about 28,500 ha).

A large part of the CO2 is absorbed by the seagrass during photosynthesis. Another part

comes from organisms that live in these systems and absorb CO2 via respiration. When

seagrasses die, they sink to the sea floor where the CO2 is stored as carbon. Still another

portion comes from particles such as plankton that the dense seagrass canopy trap.

The expansion of natural CO2 sinks is considered a carbon removal measure and can

make an additional contribution to achieving climate goals. However, almost the entire

Wadden Sea is under nature protection, and thus active measures aiming at the reestablish-

ment or new establishment of seagrass beds or salt marshes are not allowed. By improving

the general conditions, e.g., water quality through sewage treatment plants or adjustments

to regulations of fertilizer use on agricultural land, the seagrass bed area can increase and

the natural CO2 uptake by seagrass could amount to a total 19.1 kt in the North Sea each

year.

In the Baltic Sea, natural seagrass meadow expansion of up to 5672 ha is also possible

through consistent implementation of EU-wide nutrient reduction targets (defined in the

Baltic Sea Action Plan, BSAP) (Bobsien et al., 2021). In order to accelerate the slow

recolonization, it is also possible to actively renaturalize such habitats in the Baltic Sea.

The goal of these measures is also to increase the size of the existing seagrass meadows

nearby, and essentially restore an area that once had seagrass. Already today one can

implement such activities to increase the natural CO2 sink. Assuming an additional 42,750

ha would be colonized with seagrass by 2050, doubling the existing area, about 103 kt of

CO2 could be sequestered from the atmosphere annually. However, these values are still

subject to great uncertainty because there is little data on the rate of carbon sequestration,

in stark contrast to information available on carbon pools. It is important to understand that

seagrass beds reach their full potential after approximately 18 years (Marbà et al., 2015;

Eriander et al., 2016; Infantes et al., 2016; Infantes and Moksnes, 2018; Moksnes et al.,

2018). This means that the sooner we implement this measure, the sooner we can realize
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the full potential of seagrasses.

Seagrass meadows and salt marshes in the North Sea and Baltic Sea hold the seafloor

together because their complex roots and root stems prevent water movement from stirring

it up. This creates fine-grained sediments that are virtually devoid of oxygen. These inhibit

microorganisms from breaking down the carbon stored in the soil into its component parts,

which would produce CO2 that would be released into the ocean.

As a result, the carbon in the sediment and biomass is basically stored for several

centuries to millennia. However, the actual storage capacity of seagrass beds depends on

multiple factors. Temperature and depth are generally the most important limiting factors

for seagrass beds. Thus, warming waters and sea level rise may affect their distribution

and reduce their range. In addition, increased wave action and storm surges due to ex-

treme weather events associated with climate change are detrimental to seagrass habitats.

Strong movements due to storms also stir up the soil and expose buried carbon fixed in the

sediment.

Assuming that by 2050 the entire area that can potentially sustain seagrass beds is

vegetated (97,750 ha) and healthy seagrass beds absorb CO2 according to their maximum,

mature sequestration potential, approximately 122 kt of CO2 could be removed from the

atmosphere annually. As the development of salt marshes and their CO2 uptake potential

depend on many factors and as it is unknown whether erosion predominates or they in-

crease in area, we assume that salt marshes absorb by 2050 as much CO2 as they do today.

Altogether, a total of 200 kt CO2 could be removed from the atmosphere at the coasts of

Germany every year.

Geological carbon dioxide storage solutions (Concept 14)

Geological storage at an industrial scale (i.e., captured CO2 >400,000 tonnes/year)

offers the capacity to lock CO2 outside of the atmosphere within the vast porous space of

the Earth’s underground. Technological CDR solutions, such as BECCS and DACCS, are

associated with this CO2 storage option and enable large-scale removal of CO2 from the

atmosphere as a significant negative emission contribution to climate mitigation efforts. In

this context, the chapter only deals with geological CO2 storage.

Captured CO2 can be permanently stored into a deep underground geological reser-

voir of porous rock (e.g., sandstone) overlaid by an impermeable layer of cap rocks, sealing

the reservoir and preventing the CO2 from upward migration out of the storage formation.

Worldwide, there are several types of suitable CO2 storage reservoirs available, e.g., deep
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saline aquifer formations, depleted oil and gas reservoirs, unmineable coal beds and basalt

rock formations (IPCC, 2005). Deep saline aquifer formations, offering the largest storage

capacity, are layers of porous and permeable rocks saturated with saline formation water

(brine). They are widely distributed across the globe in onshore and offshore sedimen-

tary basins, and in Germany, the North East German Basin provides the major part of the

country’s saline aquifer assets. When CO2 is injected into a reservoir, it flows through

the rock pores, filling the pore space and displaces the saline formation water. Usually,

the captured CO2 is compressed into a liquid of increased density for efficient transport,

ease of injection and reduced storage space requirement. The reservoir must be located

at depths greater than 800 meters to retain the CO2 in a dense liquid (supercritical) state

(IPCC, 2005). The injected CO2 is permanently trapped in the reservoir through several

mechanisms: (i) structural trapping by the geological formation and its seal, (ii) solubility

trapping in the formation water, (iii) residual trapping as gas in the rock pores, and (iv) min-

eral trapping by reacting with the reservoir rocks to form carbonate minerals. The shares of

trapping mechanisms and their dominance depend on the individual storage site’s charac-

teristics and contribute to a safe, reliable and effective CO2 storage over the years (Kempka

et al., 2014). Environmental parameters are required to be controlled by a long-term mon-

itoring program along the whole storage life-cycle, and energy and economic parameters

depend on the location, size and site specific characterization of the storage project. De-

pending on the regional conditions and the technical parameters of the project, the resulting

additional expenses for CO2 conditioning and storage are indicated in the literature within

cost bandwidths (Smith et al., 2021; Chen and Morosuk, 2021).

Until the end of 2019, a number of 19 large-scale CCS facilities with permanent CO2

storage were in operation worldwide (GCCSI Report, 2019). The most prominent and

longest running project is the Sleipner CCS facility with off-shore storage in the North Sea

since 1996 and with about 20 Mt of CO2 stored so far, offering a technology readiness level

of TRL 9 (Kearns et al., 2021). A comparable on-shore CO2 storage in a saline aquifer

formation is presented by the Quest project, with a storage of about 4.8 Mt CO2 since 2015

(Shell Canada Ltd. Report, 2019). In Kearns et al. (2017), a total global storage capac-

ity has been estimated at between 8,000 Gt and 55,000 Gt, based on a methodology of

estimated average CO2 storage capacity per cubic kilometer of sedimentary rock. For Ger-

many, Knopf and May (2017) used an updated volumetric CO2 storage capacity approach

which provided an estimate of about 40 Gt of regional aquifer based capacity assessment.

Due to the given constraints of the national act of carbon dioxide storage (KSpG,

2012) in Germany, the only currently available option to permanently store larger amounts

158



Chapter 4

of CO2 is seen in transportation to the North Sea fields, which is offered by the industrial-

scale offshore projects, e.g., Northern Lights (Norway), Porthos (The Netherlands), and

Net-Zero Teesside (UK) - also known as projects of common interest (PCI).

Table 4.1: Fact sheet design and description of individual parameters.

Category Parameter Description

Technology Readiness Level

(TRL)

The technological maturity of a particular CDR option. An extent to which it is available on the market and can, therefore, be

used.

Energy concept Describes whether a given CDR option produces and/or consumes energy.

Infrastructure The necessary infrastructure for a concept application, e.g., power grid, gas grid, CO2-grid, other transportation pathways, etc.
Concept characteristics

Siting conditions Describes the necessary biophysical conditions of a concept (e.g., access to the sea, availability of certain biomass, etc.) and

its possible location (Where in Germany can this CDR option be implemented? Where do favorable conditions occur and what

are they?).

Land How much area is necessary for unit deployment? What kind of area is required? (e.g., agricultural area, forest area, urban

area, marine area, etc.)

Natural resources Are there raw materials (e.g. biomass) necessary to run the concept? If yes, what kind and in what amount?

Energy What is the specific energy demand of the unit?

Water How much water is necessary to run the unit?

Input

Labor How many jobs are expected to build and operate the unit

CO2 removal potential Expected yearly CO2 reduction (removal) of the unit (under the assumption that the system is fully established)
Output

Co-products Additional products generated by the CDR option, including energy (electricity, heat, fuels).

Biodiversity Impacts on species and ecosystems.

Soils Substances released into the soil and changes of soil physical state

Water Substances released into the groundwater, runoff water, seawater

Air Substances released into the air (including non-CO2 GHGs)

Environmental parameters

Noise Generation of noise (can impact air, water, soils)

CO2 removal costs Marginal removal cost (under the assumption that the system is fully established)

Investment Capital expenditure

(CAPEX)

Investment costs to build the unit (e.g., new machinery, real estate, administration).

Operational expenditure

(OPEX)

Elements: fixed and variable running costs, on-power costs, storage maintenance, monitoring costs.
Economic parameters

(Regional) Value added Additional economic value generated, e.g. by increasing wages, taxes, land values, effects by attracting labor.

Long term CO2 emissions re-

moval potential

Deployed net CO2 emissions removed (with assumption of permanent storage) in 2050

Average CDR potential be-

tween 2020-2050

The average rate at which CO2 is removed/sequestered between 2020 and 2050

Range and trend of CO2 re-

moval rates

Temporal variability in annual CO2 removal rates (i.e., what is the min-max value?) and expected trend in CO2 removal rates

from the CDR option between 2020 and 2050

Permanence In what form (gaseous, liquid, solid) is the CO2 stored and where (what kind of carbon reservoir, i.e., geological, terrestrial or

marine biomass, terrestrial or marine soils/sediments?). What is the expected length of storage?

Storage integration Does the concept provide only removal or storage of CO2 or both?
Systemic parameters

Verifiability
Ability to confirm the amount of CO2 removed

Can fluxes, carbon stock changes or leakages be measured or estimated?

Permission Compliance with BImschV* and/or other regulations

Scalability What is a possible scale of deployment of the CDR option? How many such units could be deployed in Germany? What are the restrictions?

*BImschV - Ordinance for the Implementation of the Federal Immission Control Act (Verordnung zur

Durchführung des Bundes-Immissionsschutzgesetzes), available at: https://www.gesetze-im-internet.de/

bimschv_1_2010/

Another option would be an intermediate storage of CO2 together with its subsequent

usage as part of a decarburization cycle. For this application, the already injected CO2 is

back-produced on demand from the storage reservoir and returned into a chemical cycle as

raw material for further chemical reactions, e.g., together with hydrogen for a methanation

process towards synthetic fuels (Graves et al., 2011). In Germany the demonstration of

efficient CO2 back-production has been successfully conducted at the Ketzin CO2 pilot

storage site (Martens et al., 2015).
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4.3.2 Data collection

The collected data for the 13 CDR and storage concepts is presented in tabular fact

sheets included in supplementary materials.

4.3.3 Technical potential of options deployment

CDR options, whether technology- or ecosystem-based, come at different stages of

development - some have been demonstrated as viable and are already widely deployed

(e.g. afforestation), some may need more research and/or investment to advance and be put

on the market (e.g. decentralized DACC).

In our portfolio, we present options which have been largely successfully demon-

strated at different scales in deployment environments - e.g., from small projects to commercial-

scale projects (Table 2). All selected ecosystem-based options are proven practices which

could be implemented and/or expanded in Germany immediately. On the other hand, most

technology-based options would require a few years to be successfully deployed (Table 2).

This is related to the fact that some of their elements, even though they are mature, still

need to be integrated (e.g. retrofitting bioenergy plants with CCS). Only DACC and ERW

would require more time for implementation, due to a need for their further development.

In case of DACC, a pilot application in real ventilation systems would be necessary, and

ERW would need to be further tested to deliver conclusive results.

However, an option’s implementation time is not only a function of their maturity,

but is also influenced by societal factors such as public acceptance and/or political support.

Those factors may either speed up or slow down their deployment (see Section 4).

Carbon dioxide removal potential of options for Germany

The amount of CDR that will be deployed in the next 30 years is highly uncertain. Es-

timates as to what would be the appropriate amount of CDR deployment in Germany range

from 3 to 18 Gt CO2 between today and 2100, depending on the historical responsibility,

capability and global equity (Pozo et al., 2020). In addition, annual CO2 removal demand to

reach net-zero CO2 emissions strongly depends on the actions to reduce and avoid emission

in the coming years. In the following paragraph we will accordingly discuss the CDR op-

tions through the perspective of their respective system utility, i.e., how much CO2 can they

remove to achieve national net-zero targets. With regards to annual CO2 removal potential,

160



Chapter 4

our concepts differ widely, ranging from 34 tonnes to 2.9 million tonnes per year per con-

cept (Figure 2). The by far highest specific removal potential of a single CDR concept can

be realized with BECC, specifically with biomass combustion for CHP in former coal-fired

power plants, followed by centralized DACC (1 Mt CO2/year) assuming that effective CO2

storage can be implemented. Other BECC and DACC options present smaller CO2 capture

potential which ranges between 3,150 and 100,000 tonnes CO2 per unit. For NSE, the po-

tential is expressed in the amount of CO2 removed per hectare per year, and varies from 1.5

to 9.5 tCO2/ha/year, with enhanced rock weathering having the highest removal potential

per area. It is also important to consider the near-term deployment potentials of the different

options. While NSE are partly already deployed today, and could potentially be expanded,

most of the high-tech options would need 5-10 years to reach market readiness (see Section

3.3.1). This lower maturity level is an important characteristic considering the cumulative

CDR potential between 2020 and 2050, as delays in the deployment of CDR options cause

reduced cumulative CDR potential. Considering scalability of the CDR options, a more

comprehensive picture of CDR potential can be drawn. Large-scale BECC deployment is

limited by the amount of available biomass and number of bioenergy plants that would

be available for retrofitting. DAC is mostly limited by its cost and access to renewable

energy supply. Most of the NSE are limited by the available area. Taken each of these

limiting factors into account, the BECC potentials range from 0.5, 0.8, 3.72, 12.6, 14, 29.9

Mt CO2/year for paludi- and macroalgae-fed biogas CHP, gasification, mixed feedstock

biogas CHP, pyrolysis and biomass combustion CHP, respectively. For the DACC options

the potential ranges between 15 to 150 Mt CO2/year, for the decentralized and centralized

approach, respectively. The potential is based on the assumption that 15% of the largest

15% buildings in Germany can be equipped with DACC units and an area one hundredth

as big as the agricultural area (115100 ha) can be utilized to install DACC farms. And

finally, the projected CDR potentials for the NSE measures are found to be between 0.06,

2.3, 3.3, 3.5 and 5.8 Mt CO2/year for seagrass restoration, cover crops, peatland rewetting,

afforestation and enhanced rock weathering, respectively. In Figure 2 we present the effi-

ciency of the different CDR concepts to remove CO2 with regard to their potential to scale

up, energy provision and demand (for the hybrid and technical solutions) and land/water

area (for NSE).
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Figure 4.2: Overview of CO2 removal potential of selected options. A: Scalability of options ex-
pressed as a number of units available for deployment by 2050 and CO2 removal potential. B:
Amount of CO2 removed per unit of energy generated by BECC technologies. C: Amount of CO2
removed per unit of energy used by DACC technologies. D: Amount of CO2 removed per hectare
by NSE options.
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Table 4.2: Overview of the CDR concepts considered in the study with current scale and
estimated time of deployment of CDR options. Estimation of implementation time for
concepts 1-8 has been performed assuming allowance for CO2 storage either on German
territory under a German law (which currently is unfeasible due to restrictions in KSpG
(2012)), or transportation of CO2 for storage in other countries.

CDR option Maturity
Concept No. Name Size of the model unit Deployment scale Implementation time
1 BECC: biomass combustion CHP 500 Mwel commercial possible deployment in a few years
2 BECC: gasification for biofuels production 100 MWth pilot possible deployment in a few years
3 BECC: pyrolysis for biocoal production 50 MWth pilot possible deployment in a few years
4 BECC: biogas CHP 500 kWel pilot possible deployment in a few years
5 BECC: paludiculture for biogas CHP 500 kWel demonstration possible deployment in a few years
6 BECC: macroalgae for biogas CHP 500 kWel pilot possible deployment in a few years
7 DACC: centralized 1 MtCO2/year pilot possible deployment within a decade
8 DACC: decentralized 9 ktCO2/year demonstration possible deployment within a decade or longer
9 NSE: peatland rewetting 650 ha commercial possible immediate deployment
10 NSE: afforestation of cropland 1 ha commercial possible immediate deployment
11 NSE: SOC, cover crops 1 ha commercial possible immediate deployment
12 NSE: SOC, ERW 76700 ha demonstration possible deployment within a decade or longer
13 NSE: seagrass meadows Baltic Sea 23.8 ha commercial possible immediate deployment

4.4 Discussion

4.4.1 Bringing CDR options closer to deployment - bottlenecks and
open questions

There are many different options for CDR available today –from technological to hy-

brid and natural solutions. The principles of many options are already well researched.

However, their real-life implementation is a process which cannot be based only on gen-

eral assumptions. Our CDR concepts combine German framework conditions with their

respective performance parameters to help bring CDR from the general conceptual level to

the ground. They show not only the possible methods of CDR in Germany but also how

they could look like in reality, in a more manageable, one-unit scale (i.e., easier to locate,

run necessary calculations, evaluations and scaling).

In principle, German natural conditions and technology availability enable the imple-

mentation of diverse CDR options. While we are aware of the fact that some, if not all,

of the CDR options discussed here will cause various side-effects, e.g., GHG generation

in peatlands and short-lived halocarbons from macroalgae farming (Leedham et al., 2013;

Ziska et al., 2013; Tanneberger et al., 2021), we wanted to concentrate on the technological

readiness and potentials of these options within the German context. More comprehensive

assessments will need to follow (see Thoni et al., 2020). Using our CDR concepts in combi-

nation with the analysis of German geophysical conditions, we determined an approximate

area on which a given option could be applied and how much CO2 per hectare it could

remove. Such information represents a crucial first step to understanding the feasibility

163



Chapter 4

of CDR deployment and can be understood as a measurement for maximum potential. To

better understand the actual removal potential, social, political, and legal parameters need

to be considered as well, as these may represent hurdles to deployment and thus reduce the

actual removal potential (cf. Boysen et al., 2017; Geden et al., 2018; Wieding et al., 2020).

Economic viability of CDR options is also highly variable and dependent on the tech-

nologies and their characteristics. Regarding renewable energy-based options, the Budget

Scenario by Simon et al. (2022), which aims at implementing a 100% renewable energy

system by 2050 for Germany, requires considerable investment in technologies and infras-

tructure. In the short term, fuel costs determine overall costs to two thirds, whereas their

share decreases from 2030, while power exchange costs increase. This is due to CO2 emis-

sion costs being eliminated while phasing out fossil fuels. Considering energy security,

increasing costs for energy imports also highlight that different energy systems are subject

to dynamic changes of the economic circumstances. Future viability and reliability of CDR

options are therefore sensitive and must be considered in a holistic approach, which, as a

downside, increases the number of uncertainty parameters in modeling and for interpreta-

tion of feasible outcomes.

In this section, we highlight some of the most important bottlenecks and open ques-

tions that need further consideration, as highlighted in previous literature, focusing on the

German context (Hahn et al., 2020). In other words, we see that the CDR potential of a

single approach is limited under incremental implementation of the CDR concepts within

an existing landscape and infrastructure. Hence, in addition to technological feasibility,

a portfolio of concepts needs to be demonstrated and tested with regard to market imple-

mentation as well as socio-political acceptance. For example, the most mature option with

an additionally high CDR potential is biomass combustion with CHP –an option which

assumes retrofitting a coal-fired plant to burn biomass, which for certain industry actors

can be attractive, especially in the light of the upcoming coal-phase out (KVBG, 2020).

Such concepts can thus build on pre-existing infrastructure, as well as already tested tech-

nology, e.g., in the UK (Drax Group, 2018) or Denmark (Orsted Media Relations, 2016).

However, if deployed at scale, their demand for resources (e.g., wooden pellets) may be a

limiting factor, if no imports are taken into account (Thrän and Schindler, 2021). More-

over, previous research indicates that model assumptions for future biomass production for

BECCS rely on optimistic views on increased agricultural efficiency, as well as land-use

changes that may interfere with other societal goals such as food security, biodiversity,

and cultural services, and could cause, inter alia, loss of ecosystems, replacement of nat-

ural ecosystems for monocultures, and pollution (Dooley et al., 2020; Dooley and Kartha,

164



Chapter 4

2018; Daggash et al., 2019). These are all important factors that would need to be critically

reviewed if BECCS options were to be moved closer to deployment in Germany. If such

risks are deemed insurmountable and the impacts socially and ecologically unacceptable,

they will, consequently, reduce the potential for BECCS. However, in comparison with the

other CDR options, the integrated energy provision of BECCS is a significant advantage,

especially in the light of ongoing energy transition and related strong need for renewables.

Scaling is not only an issue in sustainable biomass sourcing for large scale BECCS

application. NSE are typically implemented in smaller units and therefore need different

support and permission schemes than technical facilities. Some practices are already in use

or tested in Germany, especially in urban areas (e.g. Kabisch et al., 2016) but the scale on

which they could be implemented to maximize CO2 capture has not been evaluated yet.

The CDR concept approach clarifies the options for CO2 removal for Germany with

regard to BECC, DACC and NSE under the consideration of technical, infrastructural and

biophysical conditions. However, the relevant bottleneck for long term storage, which en-

ables BECC to BECCS and DACC to DACCS is carbon storage, which is still not fully

addressed in Germany. Theoretically, Germany has large potential for permanent CO2 stor-

age as well as multiple storage scenarios - local storage, offshore storage or a combination

of these may all be envisaged. The choice of storage options is in turn closely tied to the

organization of CO2 emitters and CO2 transportation networks around the storage sites. In-

deed, the establishment of a CO2 transportation network and CO2 source clustering could

represent a strategic opportunity for economic development. For instance, proximity to a

storage site or even a CO2 transportation network may offer an easy path to carbon neutral-

ity for hard-to-abate industries such as cement or lime (Hills et al., 2017). Emitters may

be clustered regionally, as spatial clusters in view of a local onshore storage site, or instead

form a unique national network with a large unique storage location (or neighboring stor-

age locations). While both scenarios are technically feasible, varying costs, political will

and social acceptance will determine the chosen implementation. CO2 storage is currently

restricted to pilot-scale research endeavors and no new storage sites can currently be pro-

posed (KSpG, 2012), although some emerging signs seem to indicate that politicians are

reconsidering German CO2 subsurface storage (Drucksache 19/25295, 2020; Drucksache

19/30724, 2021). Offshore storage in a select few, large North Sea storage sites may re-

duce geological prospection and storage costs but a significant CO2 transport network will

be required. On the other hand, onshore regional storage may require less infrastructure

investment but storage availability is not uniform among German federal states and there is

no legal support for CO2 storage in Germany (KSpG, 2012). Moreover, public acceptance
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of CO2 storage in Germany is currently low (Tcvetkov et al., 2019) while acceptance for

CCU is higher (Linzenich et al., 2019). In addition to low public support for CCS, the pub-

lic’s knowledge about CCS is also low (Merk et al., 2019). Hence, all options which rely

on CCS may face a delay of unknown duration or insurmountable hurdles if acceptance is

never generated. Early CCS projects generally faced limited public acceptance or outright

public opposition for underground storage and transportation of CO2 in pipelines, although

research indicates that public acceptance is higher for Bio-CCS than CCS of fossil fuel

emissions (Dütschke, 2011; Otto and Gross, 2021; Wallquist et al., 2012). Previous re-

search suggests that reintroducing CO2 storage firmly within the public debate may require

a fine balancing of communication and lobbying to inform of the low risks and numerous

opportunities associated with CO2 storage, while avoiding association with the failed CCS

impetus in Germany of the late 2000s (Linzenich et al., 2019).

When it comes to public acceptance of CDR in general, interfering with nature is

often seen as problematic, and thus less technology heavy options could be more accept-

able (Wallquist et al., 2012; Wolske et al., 2019, e.g. afforestation preferred over BECCS

and DACCS). For instance, in addition to perceived risks of storage especially related to

leakage, data from Germany shows that BECCS-options are also seen as problematic by

the public because of concerns with regards to biodiversity impacts4. Similarly, data from

the US and UK shows that for enhanced weathering people are generally concerned about

downstream effects on oceans (Spence et al., 2020). That being said, also NSE like rewet-

ting peatlands can be perceived as interfering with nature, if areas have been drained for a

long time and thus perceived as naturally dry (Ziegler et al., 2021). In general, many CDR

options could potentially cause trade-offs to other societal goals, such as energy- and food

security, or cause health implications, or land-use conflicts (Honegger et al., 2020). This

includes NSE like afforestation, which can have negative social and ecological impacts,

such as loss of biodiversity, land-use conflicts, and high resource use, in particular, if for-

est plantations are established in previously non-forested areas, replace natural ecosystems

and are established without the consent of local communities (e.g., Smith and Torn, 2013;

Honegger et al., 2020). Societal impacts are, however, highly dependent on scale of imple-

mentation and need to be understood within their specific local context (Honegger et al.,

2020). Acceptance is often associated with trust and seen as something that is built over

time (e.g. Waller et al., 2020). Public participation in the decision making process has been

highlighted as important for building trust and acceptance (e.g., Cox et al., 2021; Dütschke,

2011; Merk et al., 2019). According to Honegger et al. (2021), while Germany has well
4https://www.spp-climate-engineering.de/index.php/buergerforum.htm (accessed on: November 4, 2021)
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developed participatory governance processes in general, not enough has been done for

public engagement around CDR, which in turn makes it more challenging to build social

acceptance around these measures.

Table 4.3: Distribution patterns of CDR options.

Region of Germany Type of area
N E S W C urban rural marine

BECC

BG_CHP

Depending on biomass availability
(no clear priority regions)

+ + + +
(bio-waste) (agriculture)

BM_CHP + + + +
(bio-MSW) (forestry)

SP_BC + +
(forestry)

G_BtL + +
(forestry)

MA_BG + + + +
PC_BG + + + + + +

DACC
centralized Depending on renewable energy availability + +wind PV

decentralized Depending on renewable energy availability + + +wind PV
Afforestation of cropland ++ + ++ + + + +
Peatland rewetting + + ++ + +

Soil Carbon Sequestra-tion Cover Crops ++ + ++ + + + +
ERW + +

Seagrass meadows Baltic Sea + + + +
Storage solutions + + + + + + ++

the North: Schleswig-Holstein, Hamburg, Mecklenburg-West Pomerania, Lower Saxony, and Bremen; the
East: Brandenburg, Berlin, and Saxony; the South: Bavaria and Baden-Württemberg; the West: North
Rhine-Westphalia, Rhineland-Palatinate, and the Saarland; the Center - Saxony-Anhalt, Thuringia, and
Hesse. BG_CHP - biogas for CHP; BM_CHP - biomass combustion for CHP; SP_BC - slow pyrolysis
for biocoal production; G_BtL - gasification for fuels production; MA_BG - microalgae biogas for CHP;
PC_BG - paludiculture for biogas with CHP; ERW - Enhanced Rock Weathering; N - north, E - east, S -
south, W - west, C - central; PV - photovoltaics; MSW - Municipal Solid Waste; + + particularly suitable, +
moderately suitable

4.4.2 Distribution patterns

The location of different CDR options depends to a large extent on biophysical con-

ditions occurring in the country of deployment. This parameter is inextricably linked to

NSE, as these options are based directly on the occurrence of certain natural conditions

and ecosystems. However, hybrid options like BECC and purely technology-driven options

like DACC also rely to a different degree on natural conditions (e.g., proper conditions to

grow different types of biomass in case of BECC, and intensity of insolation and wind for

production of electricity for DACC).

Apart from biophysical conditions, some CDR options are accompanied by additional

energy demand (especially DACC), and some generate energy (like BECC). Therefore, the
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energy supply also plays an important role. The required transformation of the energy sys-

tem on the path to achieve net zero CO2 emissions by 2050 will further accelerate extensive

societal and economic changes. The extension of the electrical grid, pipeline siting, various

storage potential to be exploited and resistance against the phase out of coal-fired power

plants affect different regions of Germany to varying degrees and scales. This, together

with diverse levels of acceptance for decarbonization measures across Germany, could lead

to strong regional differences in application potentials of technologies, which in turn could

restrict a speedy transition. For instance, divergences can result from different resource al-

location, which is especially important considering renewable energy. German photovoltaic

(PV) power potential is allocated mostly in the South (The World Bank, 2019), whereas

the northern regions can provide less of this resource. Contrastingly, the mean wind power

density is located mostly in the North-West coastal regions and in few mountainous areas

(except the South of Germany) (DTU Wind Energy et al., 2021). These natural resource

occurrences are determining CDR options availability as well as future changes in energy

supply by illustrating requirements for expansion in installations and infrastructure (Simon

et al., 2022). Corresponding to PV potential, storage options needed for CO2 are mostly

allocated in the northern half of the country, with some locations also in the center and

South of Germany (Müller and Reinhold, 2011).

The energy intensive industries are located mostly in the West and South of Germany

and in several highly agglomerated regions, which coincide with the density of population

(GTAI 2020; BBSR 2021). These agglomerations also correspond to the highest emissions,

which is where CO2 storage should be located to minimize transport. However, capacities

for that are not matching the geographical location of emitters (Emissionshandelsstelle,

2018). For the CDR concepts presented in the preceding sections, a regional allocation

scheme that illustrates explicitly the implementation potential in Germany can be devel-

oped (Table 3). This scheme is based on the current status of biomass and renewable

energy availability, type of area (terrestrial or marine) and degree of urbanization. In this

table, concerning the geographic distinction, the country has been split into five main areas:

the north, east, south, west, and center. Generally, the cardinal direction provided by the

regional classification and the distinction according to federal states should be understood

only as a fluid concept and not as a fixed distinction, since resources and potentials cannot

be measured by administrative boundaries. Assigning the CDR options to the mentioned

regions further depends on technological flexibility, scale of the options deployment, de-

gree of decentralization, and the nature of the concept itself (e.g., marine options are not

implementable on land). The latter also informs the additional distinction of the area type
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in Table 3, as urban and rural areas are characterized by different implementation abilities

(e.g., concepts with need for agricultural products are relatively infeasible to implement in

highly urbanized regions). Additionally, marine areas are introduced to capture the needs

of concepts which use offshore-based technologies or marine CDR processes.

The applicability of the regional disaggregation is marked by either a ‘+’, which

stands for moderate implementation in the specific area that may be limited on certain

conditions,‘++’stands for high implementation potential.

For BECCS, different options depend strongly on suitable biomass availability. As

agricultural and forestry residues and waste are widely occurring feedstocks, it is diffi-

cult to set clear regional restrictions for implementation of technologies based on these

resources. Among BECC concepts, an exception can be macroalgae- and paludiculture-

based concepts, which have stronger limitations as they can only work in marine or rural

areas with specific biophysical conditions (e.g., suitability for restoring peatland). DACC

implementation is connected to the specific renewable energy potential and thus follows

along the power potentials of either wind (relatively higher potential in the north) or PV

(relatively higher potential in the south). For larger, centralized DACC-facilities one of the

most important location factors is the availability of renewable energy in sufficient quan-

tities. Therefore we assume these plants will follow the potential of renewable energy

sources, with a secondary preference for less expensive construction land in rural areas

(HeSS et al., 2020). On the other hand, decentralized HVAC-integrated DACC-systems

primarily require suitable buildings in which they can be implemented. The selection of

renewable energy supply must be decided on a more local, case-by-case basis. On-site gen-

eration of renewables has to be complemented with other energy sources, such as industrial

waste heat, which is more readily available near industrial and urban centers (Dittmeyer et

al., 2022; Dittmeyer et al., 2019).

If there are further specifications of the type of region where a concept can be imple-

mented, it is noted in brackets in Table 3. For instance, with biogas for CHP, regions of

deployment in Germany are generally not restricted to either north, south, etc., but in urban

areas the option depends on bio-waste, and in rural regions, agriculture is a prerequisite for

implementation.

Overall, it is important to account for the different perception of concepts that are

implementable and spatially diffused (Rhoden et al., 2021). Especially considering the ex-

pansion of renewable energy, and depending on the context of a concept, the regional effect

on the landscape, and thus on the need of environmental conditions, can differ strongly.
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4.4.3 Setting the CO2 removal potential in context

Beyond the different bottlenecks and hurdles for implementation, in order to under-

stand the potential contribution of CDR options to reaching net-zero CO2 emissions, the

estimated CO2 removal potentials should be compared with the actual CO2 emissions in

Germany. In 2020, Germany emitted 644 Mt CO2, mostly coming from the energy sector

(211 Mt CO2), industry sector (163 Mt CO2), and transport sector (144 Mt CO2) (UBA,

2021). Noteworthy in this context is that energy production by fossil fuel combustion

across sectors amounts to over 90% of current CO2 emissions in Germany.

If Germany would achieve its 88% reduction in emissions relative to 1990 by 2040,

this amounts to annual emission of 130 Mt CO2, which would have to be entirely eliminated

or compensated for within 5 years (KSG, 2021). While central DACC units could theoret-

ically provide 150 Mt CO2 capture per year if limited by area demand alone, constraining

DACC by energy provision limits its potential to about 16 Mt CO2 (Ariadne Report, 2021).

No other CDR option alone can provide the necessary order of magnitude of carbon re-

moval to compensate for 130 Mt CO2/year. In total, BECC options could provide about

62 MtCO2, half of which would be provided by biomass CHP. This option however, would

need large amounts of woody biomass as feedstock. As for the enhancement of natural car-

bon sinks, we find that enhanced rock weathering, afforestation and peatland rewetting are

the options which show the highest CDR potentials (5.8, 3.5 and 3.4 Mt CO2/year, respec-

tively). In total, we assess the CDR potential of the five selected NSE options in Germany

to be in the order of magnitude of 15 Mt CO2/year. Our overall estimated CDR potential

in the year 2050 amounts to about 240 Mt CO2/year, which is reduced to 91 Mt CO2/year

if the central DACC option were constrained by energy supply. While single CDR options

are constrained differently and therefore single potentials vary, our estimate of the overall

CDR potential agrees well with the order of magnitude of 103-116 Mt CO2/year identified

in the Ariadne Report (2021).

This conclusion clearly illustrates that CO2 removal can only compensate for a very

small share of today’s emissions in Germany. Moreover, the maturity of the options illus-

trates that most of the CDR options might only be deployed in 5-10 years’time. In other

words, in the coming decade, the focus should be laid on mitigating emissions in the first

place rather than relying on negative emission technologies for removing emissions after

they have been emitted. In Figure 3, we present the potentials of analyzed CDR concepts,

along with their relation to current German CO2 emissions and projected residual emissions

in 2050.
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4.4.4 Limitations and further research demand

The definition and description of exemplary CDR concepts was performed with ex-

perts in the different fields, using the - to our knowledge - best available information. How-

ever, we know that also within the expert fields there are uncertainties in the optimized

design and performance of the concepts, which is also affecting the data quality of our fact

sheets. Larger data collections can help to reduce these uncertainties in the future, and we

propose to use this study as a starting point to broaden the database of CDR concepts for

CO2 removal in Germany.

Additionally, in our assessment we focused mainly on technical and CO2 removal

related criteria. For implementation of CDR concepts, a broader view on societal and

political aspects is necessary. With regard to economic, environmental or social aspects,

the fact sheets will need more harmonization, e.g., by commonly agreed indicators (see

Fridahl et al., 2020, Förster et al., 2022).

We also did not consider interactions between the CDR concepts, especially when it

comes to their upscaling. In general, for each concept, competition by increased market

potential is facilitating market penetration and ensures cost-efficiency. In technologies,

further innovation support enables efficiency gains and cost reductions (Hepburn et al.,

2019). Among that, concepts can compete for land and resources, and the deployment of

one option may reduce the potential of implementation of another concept. This makes it

essential that a regionally specific CDR portfolios are developed in order to avoid possibly

conflicting solutions.

4.5 Conclusion

CDR is discussed as a relevant measure to reach the temperature goals of the Paris

Agreement not only globally but also in national contexts. Different CDR measures are

available and their implementation depends on site specific conditions, such as biophysical

conditions, existing infrastructure and regulations. In our study, we investigated near-to-

market-options for CDR in Germany, which we depicted in 13 concepts and systematically

described in fact sheets (see Supplementary Materials). These concepts are based on the

current situation and allow incremental implementation of CDR options during the next

decade. The CDR concepts cover technical, hybrid, and natural sink enhancement op-

tions with CO2 removal in a range from 34 tonnes (Baltic Sea seagrass meadows) to 3

megatonnes CO2 (biomass combustion CHP) per concept, and with costs ranging from -45
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Figure 4.3: CDR potential of analyzed concepts in comparison with estimates of current CO2 emis-
sions in Germany (UBA 2021), projected residual emissions for 2050 (Mengis and Kalhori et al.,
2022) and CDR potential in Germany (Ariadne Report, 2021). BECC: based on all analyzed BECC
concepts, likely requiring imports of woody biomass. DACC: based on decentralized DACC con-
cept, excluding centralized DACC due to energy constraints. NSE: based on all analyzed NSE
concepts. The indicated potentials for BECC and DACC do not include possible constraints by the
feasibility of geological CO2 storage.

172



Chapter 4

(minimal estimate for cover crops; Fuss et al., 2018) to 800 (maximal estimate for DACC;

HeSS et al., 2020) per tonne of CO2 removed (see Supplementary Materials for details).

With their elaboration in fact sheets, a substantial database has been generated which can

be further used in climate research and policy actions, such as research and demonstration

of CDR options, as well as climate and energy scenario development.

With regard to the overall CO2 removal potential, 10 of the 13 CDR concepts provide

technical removal potential of at least 1 million tonnes CO2 per year, so a combination of

concepts is necessary to achieve the necessary impact for the climate targets. Options with

the highest CO2 removal potentials are: DACC farms (150 Mt CO2/year), BECC: biomass

combustion with CHP (29.9 Mt CO2/year), DACC combined with HVAC systems (15 Mt

CO2/year), BECC: pyrolysis (14 Mt CO2/year), BECC: biogas CHP (12.6 Mt CO2/year),

NSE: enhanced rock weathering (5.82 Mt CO2/year), NSE: afforestation of cropland (3.49

Mt CO2/year), NSE: peatland rewetting (3.35 Mt CO2/year), and NSE: cover crops (2.34

Mt CO2/year). Our overall, maximized estimation of CDR potential of analyzed options

in 2050 varies from 91 to 240 Mt CO2/year, mostly depending on the scale of deployment

of DACC farms. However, it should be noted that this potential can further decline, e.g.,

if the future availability of biomass for BECC application decreases, there are further con-

straints in renewable energy supply for DACC or limitations in CO2 storage. Compared to

Germany’s total actual CO2 emissions of 644 Mt CO2 (data from 2020; UBA, 2021) and

the estimated hard-to-abate emissions of 36 - 63 Mt CO2 in 2050 (Ariadne Report, 2021,

Mengis and Kalhori et al., 2022), it seems that CDR could theoretically provide sufficient

potential to counterbalance the residual emissions. However, it should not be considered

as a primary mitigation measure, but as a complementary option following emission reduc-

tions and avoidance.

Taking biophysical conditions and infrastructure into account, northern Germany seems

preferable for many concepts. Necessary next steps needed to enable their successful im-

plementation and include consideration of economic aspects, societal perception and polit-

ical frameworks (Nemet et al., 2018; Cherry et al., 2018). Therefore, in general, a compre-

hensive framework like the SDGs can foster political action to deployment and give guid-

ance to a German approach to bring technology concepts to the market (see also Honegger

et al., 2020). Participatory processes and a focus on good governance can relieve some

of the barriers to implementation (Honegger et al., 2018). They need to be applied highly

region-specific as the federal structure of the political background and the geographical

feasibility potentials of technologies (centralized or decentralized) differ strongly and re-

quire careful place-based consideration. Specifically for the hybrid and technical carbon
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dioxide removal options (BECCS and DACCS), implementation strongly depends on the

availability of carbon storage options, which are currently constrained by laws in Germany

and can only be unlocked by changing the current regulations on carbon storage.
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BGR (2017) Karte derăBergbau- und Speicherbetriebe (BergSP), Stand 31.12.2017, 48. Auflage, zusam-

mengestellt vom Referat L 2.7 des Landesamt für Bergbau, Energie und Geologie Hannover, veröffentlicht

von den Bergbehörden der Länder und der Bundesanstalt für Geowissenschaften und Rohstoffe

Billig, E., Decker, M., Benzinger, W., Ketelsen, F., Pfeifer, P., Peters, R., et al. (2019). Non-fossil CO2

recycling - The technical potential for the present and future utilization for fuels in Germany. J. CO2 Util. 30,

130 –141. doi: 10.1016/j.jcou.2019.01.012

BioKraftQuG (2006). Biofuels Quota Act. Gesetz zur Einführung einer Biokraftstof-

fquote durch Änderung des Bundes-Immissionsschutzgesetzes und zur Änderung energie- und

stromsteuerrechtlicher Vorschriften (Biokraftstoffquotengesetz). BGBI I, 3180. Available on-

line at: https://www.bgbl.de/xaver/bgbl/start.xav?start=//*%5B@attr_id=%27bgbl106s3180.pdf%27%5D#

__bgbl__%2F%2F*%5B%40attr_id%3D%27bgbl106s3180.pdf%27%5D__1658772578431 (accessed on:

July 28, 2022)

Birdsey, R., Duffy, P., Smyth, C., Kurz, W. A., Dugan, A. J. and Houghton, R. (2018). Climate,

economic, and environmental impacts of producing wood for bioenergy. Environ. Res. Lett. 13. doi:

10.1088/1748-9326/aab9d5

BNetzA (2021). Kraftwerksliste Bundesnetzagentur, Stand 19.01.2021. Available online at:

https://www.bundesnetzagentur.de/SharedDocs/Downloads/DE/Sachgebiete/Energie/Unternehmen_

174

https://www.inkar.de/
https://www.bgbl.de/xaver/bgbl/start.xav?start=//*%5B@attr_id=%27bgbl106s3180.pdf%27%5D#__bgbl__%2F%2F*%5B%40attr_id%3D%27bgbl106s3180.pdf%27%5D__1658772578431
https://www.bgbl.de/xaver/bgbl/start.xav?start=//*%5B@attr_id=%27bgbl106s3180.pdf%27%5D#__bgbl__%2F%2F*%5B%40attr_id%3D%27bgbl106s3180.pdf%27%5D__1658772578431
https://www.bundesnetzagentur.de/SharedDocs/Downloads/DE/Sachgebiete/Energie/Unternehmen_Institutionen/Versorgungssicherheit/Erzeugungskapazitaeten/Kraftwerksliste/Kraftwerksliste_2021_1.xlsx?__blob=publicationFile&v=4
https://www.bundesnetzagentur.de/SharedDocs/Downloads/DE/Sachgebiete/Energie/Unternehmen_Institutionen/Versorgungssicherheit/Erzeugungskapazitaeten/Kraftwerksliste/Kraftwerksliste_2021_1.xlsx?__blob=publicationFile&v=4


Chapter 4

Institutionen/Versorgungssicherheit/Erzeugungskapazitaeten/Kraftwerksliste/Kraftwerksliste_2021_1.xlsx?

__blob=publicationFile&v=4 (accessed on: November 2, 2021)

Bobsien, I.C., Hukriede, W., Schlamkow, C., Friedland, R., Dreier, N., Schubert, P.R., et al. (2021).

Modeling eelgrass spatial response to nutrient abatement measures in a changing climate. Ambio 50, 400-

412. doi: 10.1007/s13280-020-01364-2

Bonn, A., Allott, T., Evans, M., Joosten, H., Stoneman, R. (2016). Peatland restoration and ecosystem

services: an introduction, In: Bonn, A., Joosten, H., Evans, M., Stoneman, R., Allott, T. (Eds.), Peatland

Restoration and Ecosystem Services: Science, Policy and Practice, Ecological Reviews. Cambridge Univer-

sity Press, Cambridge, 1–16. doi: 10.1017/CBO9781139177788.002

Boysen, L. R., Lucht, W., Gerten, D., Heck, V., Lenton, T. M., and Schellnhuber, H. J. (2017).

The limits to global-warming mitigation by terrestrial carbon removal. Earths Fut. 5, 463–474. doi:

10.1002/2016EF000469

Buck, H.J. (2016). Rapid scale-up of negative emissions technologies: social barriers and social impli-

cations. Clim. Change 139:2, 155-167. doi: 10.1007/s10584-016-1770-6.

Buck, B.H. and Buchholz, C.M. (2004). The offshore-ring: A new system design for the open ocean

aquaculture of macroalgae. J. Appl. Phycol. 16, 355–368. doi: 10.1023/B:JAPH.0000047947.96231.ea

Bui, M., Adjiman, C.S., Bardow, A., Anthony, E.J., Boston, A., Brown, S. et al. (2018). Carbon capture

and storage (CCS): the way forward. Energy Environ. Sci. 11:1062, doi: 10.1039/c7ee02342a

Cherry, C., Scott, K., Barrett, J. and Pidgeon, N. (2018). Public acceptance of resource-efficiency

strategies to mitigate climate change. Nat. Clim. Change 8, 1007-1012. doi:10.1038/s41558-018-0298-3

Chen, F. and Morosuk, T. (2021). Exergetic and Economic Evaluation of CO2 Liquefaction Processes.

Energies 14. doi: 10.3390/en14217174

Chung, I.K., Oak, J.H., Lee, J.A., Shin, J.A., Kim, J.G. and Park, K.S. (2013). Installing kelp

forests/seaweed beds for mitigation and adaptation against global warming: Korean Project Overview. ICES

J. Mar. Sci. 70, 1038–1044. doi: 10.1093/icesjms/fss206

Cox, E., Pidgeon, N., and Spence, E. (2021). But They Told Us It Was Safe! Carbon Dioxide Removal,

Fracking, and Ripple Effects in Risk Perceptions. Risk Anal. 0:0. doi: 10.1111/risa.13717

Daggash, H.A., Fajardy, M., Heptonstall, P., Mac Dowell, N., Gross, R. (2019). Bioenergy with car-

bon capture and storage, and direct air carbon capture and storage: Examining the evidence on deployment

potential and costs in the UK. UKERC Technology and Policy Assessment, April 2019. Available online

at: https://d2e1qxpsswcpgz.cloudfront.net/uploads/2020/05/UKERC-TPA-Negative-Emissions-V3-Final.

pdf (accessed on: November 2, 2021)

DESTATIS (2018). Land- und Forstwirtschaft, Fischerei - Bodennutzung der Betriebe (Struktur der
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Chapter 5

Conclusion and Outlook

5.1 Summary and Conclusion

The amplified recognition of Carbon Dioxide Removal (CDR) methodologies under-

scores their pivotal role in counteracting climate change anomalies (IPCC, 2022). Ocean-

based CDR approaches, also termed as ocean NETs (Net Emission Technologies), ex-

ploiting the ocean’s robust carbon sequestration capability, exhibit significant promise. A

pivotal endeavor in advancing these ocean-based CDR approaches is the identification of

proficient carbon carriers, proficient in carbon capture with reduced environmental ramifi-

cations and superior maneuverability. Subsequently, macroalgae have attracted substantial

attention due to their elevated photosynthetic performance and carbon-rich biomass, their

propensity to thrive without occupying agricultural land, and the entrenched breeding and

cultivation protocols (Chung et al., 2013; Bach et al., 2021). Within this thesis, the com-

prehension of ocean-based CDR employing macroalgae was expanded, herein termed as

macroalgae-based CDR. The investigation and assessment of macroalgae-based CDR are

executed through numerical modeling. By embedding a macroalgae growth model within

an Earth system model, a thorough assessment encompassing the facets of carbon seques-

tration capacity, the interplay between oceanic carbon sequestration and the global carbon

cycle, as well as the potential ancillary impacts on marine biogeochemistry, was conducted.

In Chapter 2, we investigated the theoretical CDR efficacy and the biogeochemical

implications of macroalgae open-ocean mariculture and sinking (MOS) as an macroalgae-

based CDR methodology. Employing a synergistic approach by incorporating a macroal-

gae growth model into an Earth system model, University of Victoria Earth System Model

(UVic ESCM), the study simulated the potential of macroalgal mariculture in the open-
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ocean surface, and subsequent rapid sinking of carbon-rich macroalgal biomass to the pro-

found seafloor, assuming no remineralization during the descent. Additionally, the en-

hancement of MOS with Artificial Upwelling (AU) was examined, revealing a significant

increase in carbon capture and sequestration. Projected globally from 2020 to 2100 under

a moderate-emissions pathway (RCP 4.5), the data illustrated that MOS could sequester

270 PgC, further amplified to 447 PgC with AU, although the oceanic carbon stock only

increased by 171.8 PgC (283.9 PgC with AU) due to Earth system feedbacks. The dis-

cernible effects of MOS on pelagic ecosystems encompassed a reduction in Phytoplankton

Net Primary Production (PNPP) due to nutrient competition and canopy shading, along

with alterations in Oxygen-Minimum Zones (OMZs) both at mid-layers and the seafloor.

Moreover, a notable alteration in the global carbon cycle was observed, highlighting a

reduction in atmospheric and terrestrial carbon reservoirs, while augmenting the oceanic

carbon reservoir. Although effects were largely reversible post cessation of MOS, a com-

plete recovery was not observed by year 3000. A sensitivity analysis further disclosed that

in the absence of remineralization, all MOS-captured carbon is permanently stored in the

ocean, albeit at the cost of long-term nutrient depletion in surface waters, thus reducing

PNPP. Collectively, the findings underscore the substantial theoretical CDR potential of

MOS as an ocean-based strategy; however, they also delineate significant repercussions on

marine ecosystems and biogeochemical cycles, potentially leading to a reorganization of

marine trophic structures across extensive oceanic expanses.

In Chapter 3, we evaluated another macroalgae-based CDR strategy titled Nearshore

Macroalgae Aquaculture for Carbon Sequestration (N-MACS) by facilitating macroalgae

cultivation with biomass harvesting in nearshore ocean surfaces. This chapter assessed the

CDR potential of N-MACS alongside its implications on the global carbon cycle, marine

biogeochemistry, and marine ecosystems. The macroalgae model, initially established in

the UVic ESCM in Chapter 1, was adapted to nearshore areas to simulate the cultivation

and harvest of macroalgae biomass, aligning with the span of Exclusive Economic Zones

(EEZs). The simulations indicate that coastal N-MACS holds the potential to sequester

approximately 0.7 to 1.1 GtC yr−1. Nevertheless, a notable downside emerged, where N-

MACS significantly curtails marine net primary productivity by phytoplankton (PNPP) due

to nutrient depletion and canopy shading, offsetting about 30% of the N-MACS CDR ca-

pacity. This reduction in surface PNPP, in turn, diminishes organic carbon export from the

euphotic zone to the deep ocean, subsequently elevating dissolved oxygen levels and re-

ducing denitrification in current oxygen minimum zones in upwelling regions. The effects

triggered by harvesting-induced phosphate (PO4) removal exhibited a lasting impact, per-
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sisting for centuries even after ceasing N-MACS operations. The findings from this chapter

not only contribute to a deeper understanding of the N-MACS approach but also underscore

the necessity for a balanced evaluation of its ecological impacts, hinting at pivotal areas for

further research and refinement in the quest for viable CDR strategies.

In Chapter 4, the focus shifts to applying macroalgae-based CDR within a specific

context, proposing its use in BECC–Macroalgae farming for biogas production as part of

Germany’s Net-Zero 2050 target (concept 6 among 13 selected CDR concepts). Macroal-

gae, with its rapid growth and favorable biochemical composition, is identified as a viable

feedstock for third-generation biofuels. The marine environment, especially offshore, is

suggested for cultivation, thereby conserving arable land and freshwater resources. This

chapter also highlights the maturity of macroalgae cultivation technologies, primarily in

Asian nations, and explores potential expansion in Germany’s North Sea exclusive eco-

nomic zone (EEZ), integrated with offshore wind farms. Furthermore, coupling this ap-

proach with Integrated Multi-Trophic Aquaculture (IMTA) could mitigate eutrophication

and enhance bio-remediation and aquaculture productivity. The chapter concludes with the

potential of retrofitting biogas plants on Germany’s North Sea coast with CCS units, facili-

tating the removal of approximately 0.79 Mt CO2 per year, thus integrating carbon removal

with sustainable energy and ecological benefits.

In this dissertation, through numerical simulations utilizing an Earth system model,

we conducted a systematic evaluation of the macroalgae-based CDR methodologies from

the perspectives of marine biogeochemistry and the global carbon cycle. We examined this

method under 1) various deployment locations from the open ocean to nearshore areas; 2)

in combination with artificial upwelling, and 3) through a case study within the Exclusive

Economic Zone (EEZ) of Germany as a conceptual CDR option.

Our findings, in conjunction with previous research, further indicate that macroalgae-

based CDR entails a significant trade-off: a suppression in marine primary production by

plankton. This suppression is primarily caused by the canopy shading effect and nutrient

competition of macroalgae. This repercussion on NPP, in turn, limits the CDR efficiency of

macroalgae-based strategies. The perturbation to marine primary productivity may induce

cascading effects, potentially instigating alterations to marine food webs and ecosystems

as a whole. Nutrients, particularly in the surface ocean, serve as a kind of ’currency’ in

all ocean-based biotic CDR approaches that aim to enhance the biological carbon pump.

Utilizing these nutrients for the desired export and storage of biomass can impoverish the

remaining marine ecosystem.

While our analyses are predicated on certain idealized assumptions, and the execution
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techniques and frameworks of such marine CDR methods may diverge from the concepts

presented herein in future endeavors, the preliminary explorations in our estimations and

simulations are poised to contribute to subsequent in-depth investigations. Concurrently,

Our findings, in conjunction with previous studies concerning CDR and other climate mit-

igation strategies, further indicate that no singular solution emerges as a panacea for the

climate change crisis. This advocates the emergency for accelerating and amplifying re-

search and implementation of diverse mitigation and adaptation strategies, alongside fos-

tering more rigorous and synergistic collaborations globally.

5.2 Outlook

The inquiries conducted in this dissertation underscore the necessity for an enriched

understanding of macroalgae-based CDR methods. As we navigate a period that demands

immediate and efficient climate action to mitigate the escalating impacts of anthropogenic

emissions, the improvement and optimization of such environmentally-sustainable CDR

approaches become utterly pivotal. This urgent need highlights the substantial potential that

macroalgae-based CDR methods hold, given their natural ability to both capture CO2 and

offer extra environmental benefits. However, tapping into this potential requires thorough

evaluation and assessment of the related methods, extending from biological underpinnings

of macroalgae to the technological and logistical frameworks required for large-scale im-

plementation.

From a modeling perspective, there are several areas that warrant improvement. Re-

fining the macroalgae model is crucial for accurately simulating macroalgae growth and

its interaction with surrounding marine ecosystems. Specifically, the incorporation of dy-

namic stoichiometric ratios (C:N:P) in biomass within the model can offer a more realistic

portrayal of nutrient cycling and macroalgae physiology, thereby enhancing the model’s ro-

bustness and reliability in predicting the outcomes of macroalgae-based CDR approaches

(Van Der Molen et al., 2018; Broch and Slagstad, 2012). The consideration of poten-

tial iron limitation on macroalgae growth is also noteworthy (Paine et al., 2023). Fur-

thermore, extending the modeling to encompass the generation of various chemicals from

macroalgae and assessing their role within the CDR scheme could be enlightening. For

instance, macroalgae generate recalcitrant dissolved and particulate organic matter (DOM

and POM), releasing them into the ocean, which could significantly augment the ocean car-

bon pool (Pedersen et al., 2021; Watanabe et al., 2020; Chen et al., 2020). By integrating

observational or lab-measured data, modeling the quantity and fate of these carbon mate-
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rials will foster a more robust evaluation of the method. Conversely, certain macroalgae

species emit halocarbons, a greenhouse gas, which could potentially diminish the CDR

efficiency (Baker et al., 2001; Jia et al., 2021; Tegtmeier et al., 2012). Moreover, inte-

grating the existing or refined macroalgae models into Earth system models or regional

ocean models with enhanced resolutions could also aid in the evaluation and assessment

of macroalgae-based CDR. Higher resolution models will yield a more nuanced depiction

of oceanic and atmospheric processes, crucial for complements the current studies by pro-

viding additional insight into the efficacy and impacts of macroalgae-based CDR strategies

on global or regional marine biogeochemistry and the carbon cycle (e.g., Berger et al.;

Arzeno-Soltero et al.).

On a broader strategic level, the goal is to expand the area of macroalgae farms for

CDR while reducing competition with nutrient-rich ocean surfaces and associated human

activities like fisheries. The vast Low Nutrient-Low Chlorophyll (LNLC) regions, includ-

ing the subtropical gyres in the North and South Atlantic (Antoine et al., 1996), stand out

as competitive locations for macroalgae-based CDR. These regions provide a compromise

between maximizing CDR potential and minimizing interference with existing oceanic ac-

tivities and ecosystems. Overcoming the nutrient deficiency in surface waters within these

regions could be achieved through the implementation of artificial upwelling in conjunc-

tion with seaweed farms (see Chapter 2), pumping nutrient-rich deep water to promote

seaweed growth in the farms. Concurrently, the floating seaweed species, Sargassum, epit-

omizes an ideal candidate. Possessing an entirely pelagic life cycle, rapid growth rates,

high carbon to nutrient biomass ratios (C:N of around 50, Lapointe et al.), and the poten-

tial to produce recalcitrant carbon-rich biomass (Sichert et al., 2020), pelagic Sargassum

holds promise for carbon sequestration. The sequestered carbon can be permanently stored

or at least retained on the seafloor for an extended duration. Additionally, the harvested

biomass could be processed using CDR methods such as Bioenergy with Carbon Capture

and Storage (BECCS). The recent recurrence of the Great Atlantic Sargassum Belt (GASB)

and the golden wave in the East China Sea serve as natural analogues (Wang et al., 2019;

Smetacek and Zingone, 2013), illustrating the potential for executing macroalgae-based

CDR by leveraging the synergy between Sargassum and subtropical gyres. Furthermore, to

mitigate the impacts of long-term nutrient removal, the nutrients extracted within the har-

vested macroalgae biomass could potentially be reintroduced to the ocean. This approach

not only facilitates a cyclical nutrient process but also exemplifies a sustainable strategy

to bolster the efficacy of macroalgae-based CDR. The model and methodologies rooted in

this dissertation possess the potential for application in evaluating this specific macroalgae-
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based CDR approach.
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Appendix

A.1 MOS validations

A.1.1 MOS yield calculation

For the convenience of calculation, we assume that, when MOS occupies a surface

grid cell, the area is covered by parallel cultivation ropes (lines) with an interval distance

of d (see Table 2.1 and Fig. A.1). The total length of the cultivation lines (LMOS, in meters)

of MOS in the grid cell is then

LMOS = SMOS ÷ d, (A.1)

where SMOS (m−2) is the area of ocean surface occupied by MOS. Accordingly, the conver-

sion between macroalgal biomass yield on ropes (Yrope in kg DW m−1) or in fields (Yfield in

kg DW m−2) can be calculated as follows:

Yrope = Yfield × d. (A.2)
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Figure A.1: Sketch of key features of MOS.

A.1.2 MOS NPP

A.2 Impacts of MOS on global biogeochemistry

Code & Data Availability

The model codes are available online at https://git.geomar.de/jiajun-wu/wu_esd_cdr_

mos.

The data used to generate the contents, tables and figures are available online at https:

//data.geomar.de/downloads/20.500.12085/d88214cc-43aa-40d4-be40-f26aa346e8fa/
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Figure A.2: Hovemoeller plot of latitudinally and vertically integrated MOS NPP. High NPP are
found in the Southern Ocean. The change of MOS NPP follows the seasonal solar radiation in UVic
ESCM.
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Figure A.3: Temperature optimum curve of the macroalgae in MOS.
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Figure A.4: MOS biomass distributions. Red lines contour the maximum MOS-occupied area
during the previous years. The annual macroalgal biomass of MOS in this figure is an average over
a 10 year period, which includes times of low and high biomass due to the sinking of biomass. Thus,
the biomass shown here is less than the biomass shown in Fig. 2.2.
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Figure A.5: Nutrients horizontal-distribution changes in the Pacific & Atlantic basins (MOS_Conti)
relative to RCP 4.5 at year 2100. The nutrients trapping by MOS can be observed on the upper layers
at, e.g., the Southern Ocean and mid–high latitudes in the Northern Hemisphere. The nutrients are
enriched at the ocean bottom by the remineralization of MOS biomass, especially in the Southern
Ocean deep waters.
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Figure A.6: Denitrification rate at depth 3000–6000 m in year 3000, where the oxygen level is lower
than 5 µmol m−3, caused by the remineralization of continuously sunken MOS biomass.
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Figure A.7: Plot of global averaged biomass of zooplankton.

201



A. Supporting Information for Chapter 2

180° 120°W 60°W 0° 60°E 120°E 180°
Longitude

60°S

30°S

0°

30°N

60°N

La
tit

ud
e

0 15 30 45 60

Accumulated(year 2020 to 3000) 
 MOS-captured CO2 leakage(kg m 2)

Figure A.8: Cumulative (year 2020 to 3000) leakage of MOS-captured carbon in the simulation
MOS_Stop.
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Figure A.9: Plot of global averaged phytoplankton biomass.
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Figure A.10: Plot of upper-ocean 0–2000 m averaged detritus remineralization rate.
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Figure A.11: Upper-ocean 3000–6000 m averaged dissolved-oxygen concentrations.
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Figure A.12: Redistributions of NO3 avg. 0–200 m depth relative to RCP 4.5.
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Figure A.13: Global averaged carbon flux from atmosphere to land.
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Figure A.14: Global averaged carbon flux from atmosphere to ocean.
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Figure A.15: Global profiles of zooplankton biomass (left y axis) and macroalgal NPP of MOS
(right y axis) with and without zooplankton grazing on macroalgae. The “zooplankton” communi-
ties do not have large effects, via grazing, on macroalgae NPP or its own biomass.
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Appendix

Figure A1: Global temporal evolution of atmospheric CO2 concentration and surface averaged
temperature (SAT)
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Table A1: Macroalgae biomass annual productivity (t DW km−2 yr−1) in N-MACS regions.

N-MACS No_Temp
Mean of all N-MACS areas 97.02 155.10

Significant N-MACS areas 165.25 229.67

Northeast Asia 143.67 214.37

South America 413.46 610.10

Oceania 60.75 77.49

South Africa 196.54 205.14

Figure A2: Annual macroalgae biomass yield (averaged from year 2020 to year 2100) of sensitivity
simulation without temperature limiting factor. Dashed red lines outline the initial seeding locations
in year 2020. Yellowish areas indicate relatively lower yield (≤100 tonnes DW per km2 per year).
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Figure A3: The most limiting growth factor for ordinary phytoplankton in N-MACS simulation
from 2020 to 2100.

Figure A5: Yearly averaged variations in global oceanic carbon flux between 2020 and 2100, com-
paring (a) N-MACS and (b) No_Temp relative to RCP4.5 scenario. Positive values indicate net
oceanic carbon uptake from the atmosphere.
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Figure A4: Globally averaged vertical profiles of dissolved inorganic carbon (DIC), dissolved phos-
phate (PO4), dissolved nitrate (NO3), and dissolved oxygen (O2).
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Figure A6: Global profile of air-sea carbon fluxes, N-MACS harvested biomass and oceanic carbon
reservoir (GtC yr−1).
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Figure A7: Global profile of air-sea carbon fluxes, No_Temp harvested biomass and oceanic carbon
reservoir (GtC yr−1).
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Figure A8: Changes relative to RCP4.5 caused by the deployment of No_Temp (data averaged from
year 2020 to 2100, except for d which represents data in 2100): a: Nitrate distribution in the ocean’s
surface layer (top 50m); b: Alkalinity in the ocean’s surface layer; c: Phosphate distribution in the
surface layer; d: Phytoplankton net primary production (PNPP); e: Dissolved oxygen concentra-
tions and oxygen minimum zones (OMZs) at a depth of 300m; f: Oceanic denitrification rates;
Regions within red rectangles (between latitudes 20◦S to 0◦ and longitudes 80◦W to 120◦W) indi-
cate latitudinal averaged data relative to the Ctrl_RCP4.5: g: Phosphate concentrations, h: Nitrate
concentrations, i: Annual denitrification rates.
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Figure A9: Globally integrated diazotroph biomass of N-MACS (bluish line) and No_Temp (green-
ish line) relative to RCP4.5.
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Figure A10: Variation in global vertically integrated diazotrophs biomass (mmol N m−2): N-MACS
vs. RCP4.5 at year 2100 (a) and 2200 (b); No_Temp vs. RCP4.5 at year 2100 (c) and 2200 (d).
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Figure A11: The globally assumed total occupied areas (solid lines) and significant production areas
(dashed lines) areas of N-MACS (green tones) and No_Temp (blue tones) simulations.
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Figure A12: Vertical profiles comparing global horizontal averages of (a) alkalinity, (b) phosphate,
(c) carbonate export, and (d) dissolved oxygen between N-MACS and RCP4.5 in 2100.
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