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Limiting global warming to well below 2◦C and pursuing e�orts to limit it to 1.5◦C, as

agreed in the 2015 Paris Agreement, requires global carbon neutrality by mid-century

at the latest. The corresponding carbon budget is decreasing steadily and significantly.

To phase out carbon emissions in line with the specified temperature target, countries

are formulating their mitigation e�orts in their long-term low greenhouse gas

emission development strategies (LT-LEDS). However, there are no standardized

specifications for preparing these strategies, which is why the reports published to

date di�er widely in terms of structure and scope. To consider the multiple facets of

reaching net-zero from a systemic perspective as comprehensively as possible, the

authors propose the Net-Zero-2050 System: A novel, transferrable systems approach

that supports the development of national endeavors toward carbon neutrality.

The Net-Zero-2050 System is defined by three interconnected components: The

Carbon-Emission-Based System, the surrounding Framing System and a set of system

boundaries. For both systems levels, IPCC approaches were used as a basis and

were then adjusted and supplemented by Net-Zero-2050. We suggest applying the

Net-Zero-2050 System—beyond the project environment—in carbon emission based

contexts at di�erent levels. Especially at the national level, this would improve the

comparability of the di�erent national strategies to achieve carbon neutrality.

KEYWORDS
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1. Introduction

The Paris Agreement invites signatory countries to formulate and submit their long-term low

greenhouse gas emission development strategies (LT-LEDS). The LT-LEDS frame the nationally

taken efforts toward the Paris Agreement’s long-term goal to limit the increase in global mean

temperature to well below 2◦C, with aspirations toward 1.5◦C, compared to pre-industrial

levels (UNFCCC, 2022a). Thus, they provide countries with an acknowledged “global policy

architecture” (IPCC, 2021, p. 14) to shape their vision and establish a stringent direction for

future climate development (UNFCCC, 2022a).

Frontiers inClimate 01 frontiersin.org

https://www.frontiersin.org/journals/climate
https://www.frontiersin.org/journals/climate#editorial-board
https://www.frontiersin.org/journals/climate#editorial-board
https://www.frontiersin.org/journals/climate#editorial-board
https://www.frontiersin.org/journals/climate#editorial-board
https://doi.org/10.3389/fclim.2023.1056023
http://crossmark.crossref.org/dialog/?doi=10.3389/fclim.2023.1056023&domain=pdf&date_stamp=2023-02-09
mailto:Fiona.koehnke@hereon.de
https://doi.org/10.3389/fclim.2023.1056023
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fclim.2023.1056023/full
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Köhnke et al. 10.3389/fclim.2023.1056023

As of March 2022, 51 LT-LEDS (see table “LT-LEDS” in the

Supporting Information) have been submitted to the United Nations

Framework Convention on Climate Change (UNFCCC). This means

that of the 196 Parties that adopted the Paris Agreement in

December 2015, only a little more than a quarter have submitted

their long-term strategies in response to the UNFCCC’s invitation

and, therefore, a large number of additional LT-LEDS should still

be submitted (UNFCCC, 2022a,b). The latest Assessment Report

by the Intergovernmental Panel on Climate Change (IPCC) clearly

shows that this—non-mandatory—effort would be worthwhile and

absolutely relevant: during the decade 2010–2019, global net

anthropogenic greenhouse gas (GHG) emissions were higher than

at any previous time in human history (IPCC, 2022a). To halt

global warming at a minimum in the long-term, no additional CO2

emissions should be introduced into the atmosphere from human

activities—in other words, CO2 emissions “must reach “net” zero”

(IPCC, 2022a). This is a prerequisite for stabilizing global warming,

since CO2 emissions have a long lasting warming impact on global

climate (IPCC, 2022a). Thus, deep emission cuts across all sectors

and regions are required to reach net-zero CO2 emissions globally,

unavoidably supplemented by carbon dioxide removal (CDR) from

the atmosphere to counterbalance residual emissions that are “hard-

to-abate” (IPCC, 2022a).

There is a wide range of CDR methods and corresponding

implementation options, ranging from natural sink enhancement

to technological and chemical approaches (Borchers et al., 2022;

IPCC, 2022a). All of them have in common that they describe

human activities removing CO2 from the atmosphere and storing

it temporarily or permanently in terrestrial, geological or marine

reservoirs as well as in long-lived products (IPCC, 2022a). A look into

the submitted documents reveals that the countries’ approaches to

the CDR spectrum and corresponding feasibility considerations are

widely varying. On the one hand, there is consensus on the relevance

of CDR. On the other hand, detailed specifications of how and to

what extent CDR should be used are predominantly not provided

(Buylova et al., 2021). In line with this, it is relatively challenging

to compare the individual LT-LEDS with one another and to really

assess the expected contribution to the global goals. Germany, for

example, highlights in its Climate Action Plan 2050 the importance of

forests and wetlands, soil carbon sequestration. Additionally, carbon

capture and utilization (CCU) and long-term carbon capture and

storage (CCS) are mentioned as possibilities for the future but are

not further developed (BMUB, 2016, pp. 9, 57; Thoni et al., 2020,

p. 3). While the plan provides partial insight into the IPCC’s six

feasibility considerations (see de Coninck et al., 2018) of the proposed

CDR options, it does not provide much insight into the nature of

the efforts required to reduce or eliminate barriers to improve the

feasibility of each option. Germany’s climate targets and policies

are, however, despite interim updates, considered insufficient to be

consistent with the Paris Agreement’s 1.5◦C temperature goal (CAT,

2021).

The Net-Zero-2050 project, Cluster I of the Helmholtz Climate

Initiative, has therefore set itself the task of underpinning Germany’s

path toward carbon neutrality with scientific evidence. The project

results included the calculation of national CDR potentials (Borchers

et al., 2022; Mengis et al., 2022) and associated implementation

recommendations as well as the design of an energy system

transformation path in agreement with a predefined 1.5◦C-budget

for Germany (Simon et al., 2022). As an overarching action

FIGURE 1

Schematic overview of the Net-Zero-2050 System.

step, the Net-Zero-2050 System was developed to comprehend the

anthropogenic systems that need to be transformed in order to

achieve national carbon neutrality. A transformation as stated in

IPCC’s Special Report on 1.5◦C global warming (SR1.5) would

require scaling up and accelerating the implementation of far-

reaching, cross-sectoral and multi-level climate action and removing

barriers (IPCC, 2018a, p. 315). To consider the multiple facets from

a systemic perspective as comprehensively as possible, the authors

propose the Net-Zero-2050 System: a novel, transferrable systems

approach that supports the development of national endeavors

toward carbon neutrality. It consists of three interconnected

components (see Figure 1):

• Boundary conditions: Net-Zero-2050 System Boundaries to

define general framework conditions and draw clear boundaries.

• Inner level: Carbon-Emission-Based System to comprehensively

and transparently capture anthropogenic CO2 emissions, CO2

removal and circular CO2 usage.

• Outer level: Framing System to consider relevant feasibility

dimensions to enable rapid implementation.

The aim of this study is to present an approach to design net-

zero strategies at different levels. To this end, we have explored

methodological options using Germany as a form of testing ground.

This study is about the initial step—before a net-zero strategy can

be designed. This raises the following core questions: What is an

approach to creating a net-zero strategy (at different levels)? What

conditions must be in place before a strategy can be developed?What

elements must be included in the strategy and what are the key focal

points? We address these questions by presenting our approach, the

Net-Zero-2050 System.

There are several studies on how to create net-zero strategies

for specific sectors or industries. However, to our knowledge, this

is the first study that integrates these system components into

one comprehensive system, with a strong focus on CO2 removal

and circular CO2 usage. While it was created for the German
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context, its strong reference to internationally recognized documents

(particularly the IPCC) allows other nations to use it as a template

for their own net-zero efforts. We are not aware of a study that can

be used as guidance for creating a national net-zero strategy that

combines the mentioned elements with a focus on CDR and CCU.

In view of this lack of commonly available instructions, a commonly

used guidance could enhance the comparability of net-zero strategy

reports. On this account, we propose the Net-Zero-2050 System.

To present the Net-Zero-2050 system approach extensively, this

paper is structured into four further chapters: Section 2 presents

the methods applied for developing the Net-Zero-2050 system

perspective; Section 3 describes the system components in detail

and discusses the system perspective and its transferability; Section

4 provides concluding remarks.

2. Materials and methods

Two main methods were used to develop the Net-Zero-2050

System: (1) A preparatory literature research to lay the foundations

for the system and incorporate the most recent developments from

research and relevant gray literature; (2) Dialogues and consultations

with internal project partners and with external experts. With regard

to the internal project partners, it is referred to an interdisciplinary

team of nearly 80 scientists with expertise on the global and national

remaining carbon budgets, integrated analyses on scenarios of the

German energy system, on circular carbon approaches, carbon

dioxide removal and related technologies such as Direct Air Carbon

Capture and Storage/Use (DACCS/DACCU) and Bioenergy with

Carbon Capture and Storage/Use (BECCS/BECCU) as well as on

legal and economic framework conditions. Moreover, the project

combined expert knowledge on the potential and integration of

subsurface storage solutions with foci on storage and provision of

heat/chill in urban areas and the storage and re-use of CO2 and H2.

Lastly, the Net-Zero-2050 project partners worked on nature-based

storage systems, in particular on carbon storage in seagrasses and

in organic and agricultural soils. For the dialogues, various formats

with different group sizes were chosen to have goal-oriented and

constructive discussions. In summary, our research design using

different methods and approaches facilitated the integration of the

expertise involved in the project into the system development process

in the most effective way.

The approaches to set up the Net-Zero-2050 System consisting of

system boundaries and two system levels, which interact closely with

each other, are outlined in the following sections. Net-Zero-2050 first

established the system boundaries, which represent the underlying

boundary conditions with regard to the Net-Zero-2050 System. The

“inner level” of the Net-Zero-2050 System comprises the Carbon-

Emission-Based System and the “outer level” constitutes the Framing

System. The chosen approaches to define these system components

are briefly outlined below.

2.1. Boundary conditions: Net-Zero-2050
System Boundaries in the German context

The System Boundaries describe the basic scope for action that

the interdisciplinary Net-Zero-2050 team was intended to exploit

during the project work. Since the System Boundaries decisively

determined further project work, they were defined right at the

beginning of the project. This enabled the team to work purposefully

toward the net-zero target for Germany by the middle of the century

and to use the available resources efficiently.

To establish the System Boundaries, i. e. to identify and justify

which aspects of national carbon neutrality were to be included,

two methods were combined: first, various gray literature sources

were studied to find out which System Boundaries were drawn in

similar projects. These materials included the studies “RESCUE—

Wege in eine ressourcenschonende Treibhausgasneutralität”

(UBA—Umweltbundesamt, 2019) and “Unser Fahrplan für ein

klimaneutrales Deutschland” (GermanZero, 2020), which were

the prevailing net-zero studies in Germany at that time. The desk

research was complemented with the IPCC glossary, namely the one

of the SR1.5 (IPCC, 2018b), to incorporate definitions of specific

terms that are internationally recognized. Based on the results, a

draft for the System Boundaries was developed. This proposal was

subsequently discussed in detail with the entire project team at a

workshop, adjusted and ultimately finalized. This second step was

important in order to map relevant aspects from the point of view of

the project participants, given their respective expertise.

2.2. Inner level: The Carbon-Emission-Based
System

The Carbon-Emission-Based System was created to be able to

identify where CO2 emissions and removals may occur within

defined System Boundaries. To approach the complex task of

assembling the system, five steps were performed, which are set out

in the following.

As a first step, research on gray literature was conducted to

examine recent publications at the international level. In particular,

a number of national roadmap reports were studied to obtain an

overview of the system approaches that are taken internationally.

To this end, a number of LT-LEDS reports were examined. As

mentioned above, Parties to the Paris Agreement are invited to

formulate and communicate LT-LEDS in accordance with Article

4, paragraph 19 of the Paris Agreement. LT-LEDS are officially

submitted via the UNFCCC and should comprise equitable transition

strategies to net-zero emissions, while considering different national

framework conditions. Parties are encouraged to update their

strategies periodically, as appropriate, in line with the most recent

scientific research (UNFCCC, 2022a). The LT-LEDS, examined in a

first step for this system definition by Net-Zero-2050, included all

reports that were submitted to the UNFCCC by 28 February 2020.

The aim was to derive key points that were relevant for assembling

the system. It was also important to identify that most of the LT-LEDS

reports solely take biological CO2 removal options into account,

while chemical and hybrid options are considered but not elaborated

or incorporated into the national long-term strategy. Furthermore,

the included sectors were specifically examined which resulted in

the finding that the sectors presented in the national reports are

not congruent.

Subsequently, it was examined how science approaches the topic,

searching for a unified approach to the issue, i. a., considering

different sectors. The first step was thus supplemented by studying

peer-reviewed research, using mainly sources from the IPCC. These
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included the comprehensive Assessment Reports on climate change,

the Special Report on global warming of 1.5◦C and specifically the

Methodology Reports (IPCC, 2006, 2019a), which are also the base

for the UNFCCC submitted National Inventory Reports (UNFCCC,

2022c). In line with this, the inner level of the Net-Zero-2050 System,

the Carbon-Emission-Based System, is hence based on the categories

of the IPCC Guidelines for National Greenhouse Gas Inventories

(IPCC, 2006) and its refinement (IPCC, 2019a). In particular, the

2006 methodology report and the 2019 refinement functioned as the

starting point for assembling the inner level of the Net-Zero-2050

System, which was thus grounded on a solid scientific foundation

for supporting the preparation of national GHG inventories (IPCC,

2019b). The primary reason for modifying the categories of the IPCC

guidelines was to place an emphasis on the importance of CDR and

CCU for achieving the net-zero goal. Therefore, respective categories

were added as main categories (see chapter 3.2).

The third step involved project-internal stakeholders. By means

of several discussion rounds, the IPCC-based structure of the

Carbon-Emissions-Based System was supplemented and rearranged

in collaboration with project partners, who are experts on multiple

research topics, to detect potential gaps and, thus, incorporate

additional main categories and subcategories. The focus of the

internal view represents the expertise that was available in the project

itself. It was ensured that all points are listed comprehensively. To

prevent a one-sided view, in the next step, the system was presented

to external experts having a broad overview of the topic. Moreover,

it was agreed with the project partners that the system should be a

“living document.” This enabled further developments in research to

be adequately taken into account at a later date.

To facilitate assessing and evaluating the system’s categories,

external high-level experts, i.e., experts authoring significant

publications in the field and holding leadership positions in leading

research institutions were consulted. This step was used to assure that

all crucial categories and elements were included and considered. The

three consulted experts are internationally acknowledged in the field

of carbon neutrality research and, thus, have extensive knowledge

about current developments of how countries are aiming to achieve

net-zero CO2 emissions. These four steps were performed in the first

year of the project phase.

As described in step three, the Carbon-Emission-Based System

was considered a living document. In this last step, the system was

thus discussed with the project partners throughout the project at

regular intervals to ensure that it was kept up-to-date. In this way,

the system composition could be adjusted to adapt it to current

developments in the area of CO2 removal and after a first use case.

In particular, a taxonomy for CO2 removal options was created.

This classification required a reallocation of the system categories

according to this definition. Hence, two different versions of one of

the main categories were established (category 6, see chapter 3.2).

2.3. Outer level: The Framing System

In Germany, a transformation of all economic and social systems

is required in complex and interconnected ways to achieve the net-

zero target by mid-century. Feasibility of mitigation options is key,

thus, a framing system was developed to emphasize what dimensions

have to be regarded for accelerated transformation.

To set up the framing system, three methods were combined.

First, gray literature was examined to attain an overview of studies on

how to achieve carbon neutrality in Germany. The most recent and

relevant studies on German net-zero scenarios, which are currently

subject of debate in the literature and in the media, include the

following five studies: The Ariadne-Report “Deutschland auf dem

Weg zur Klimaneutralität 2045” (Kopernikus-Projekt Ariadne, 2021),

the Dena—Leitstudie “Aufbruch Klimaneutralität” (Dena, 2021),

the modeling commissioned by the German Federal Ministry for

Economic Affairs and Energy on the future development of the

energy system (Sensfuß et al., 2021), the study “Klimaneutrales

Deutschland 2045” (Prognos Öko-Institut, Wuppertal-Institut, 2021)

and the study “Klimapfade 2.0—EinWirtschaftsprogramm für Klima

und Zukunft” (BDI and BCG, 2021). In addition, peer-reviewed

literature was consulted to learn more about scientific approaches to

the feasibility of CDR options. In particular, SR1.5 was a valuable

source of knowledge for this purpose, as it presents six different

feasibility dimensions (see de Coninck et al., 2018). Subsequently,

these six dimensions’ fit to the German context was assessed in

light of the studies presented earlier and slightly adjusted. In a final

step, external experts from the field were consulted to evaluate the

developed framework and improve the reliability and completeness

of the defined dimensions.

3. Results and discussion

After presenting the methods and the process of how the

Net-Zero-2050 System was created, this chapter presents the

corresponding results and discussion. In particular, the three system

components of the Net-Zero-2050 System, namely the System

Boundaries, the Carbon-Emission-Based System, the Framing

System and the respective system elements, are outlined and

discussed in the following.

3.1. System boundaries: Net-Zero-2050
System Boundaries in the German context

The system boundaries describe the basic scope for action that

the interdisciplinary Net-Zero-2050 team exploited in its project

work. First, the consortium agreed on a science-based definition of

net-zero that reflects the current state of knowledge. It was jointly

decided to take this from the glossary of SR1.5 and adapt it to the

German context: Net-zero CO2 emissions, also referred to as carbon

neutrality, signify that by deploying CDR, the residual anthropogenic

CO2 emissions in Germany are counterbalanced by mid-century at

the latest (see IPCC, 2018b).

Regarding the temporal boundary, 5–10 years intervals until

2050 were set to be included in the project’s results and findings.

Geographically, the project focused on Germany as a starting point

to achieve carbon neutrality within national boundaries. However,

the energy system’s interconnection to neighboring countries is also

considered. A constraint of the Net-Zero-2050 project was to have the

year 2050 set as the target year for reaching carbon neutrality. During

the course of the project, an amendment to the Climate Change Act

was passed by the German Federal Government that enshrines in law

the goal of achieving GHG neutrality already by 2045. However, this

discrepancy in the boundary condition was of minor relevance as our
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results show that the next few years up to 2030 are crucial (Mengis

et al., 2022). By 2030, all preconditions must be created and strategies

must be implemented to maximally reduce and avoid CO2 emissions.

This is a mandatory prerequisite for achieving the goal of a CO2- or

climate-neutral Germany by 2050 or earlier.

Reducing the complexity of the Net-Zero-2050 System, the focus

was set on CO2, being the largest contributor to global warming

(IPCC, 2021). The decisive contribution of other greenhouse gases,

such as CH4 or short-lived climate forcers, was examined in this phase

of Net-Zero-2050 in a qualitativemanner. Being themain contributor

to global warming of approximately 0.8◦C in the period 2010–2019

relative to 1850–1900 (IPCC, 2021), the GHG CO2 is responsible

for about 54% of current anthropogenic climate warming (Martin

et al., 2021). An alternative approach could be to include other GHGs,

such as CH4. Their relative importance may increase significantly

when global CO2 emissions are reduced to (net) zero. At around

0.5◦C, CH4 is the second highest contributor to global warming

in the period 2010–2019 relative to 1850–1900 (IPCC, 2021). A

common concept is to convert such gases into CO2-equivalent

emissions using the global warming potential metric. This concept

is deeply embedded in climate policy but does not exist without

criticism in terms of misrepresentation of the impact of short-

lived climate pollutants on global temperature (Allen et al., 2018).

Furthermore, CO2 was understood as a waste product. Accordingly,

CO2 emissions were understood as “waste streams,” which are treated

in the hierarchy of the circular economy approach, first to avoid

the emissions (i. e. by energy saving or increasing energy efficiency),

second to reduce the emissions (i. e. by substituting fossil fuels by less

emitting renewable fuels) and then third to remove emissions (Thrän

et al., 2021; Mengis et al., 2022). All project activities considered the

distinction between avoided and removed CO2 emissions (Förster

et al., 2021).

Furthermore, Net-Zero-2050 defined a carbon budget for
Germany, which amounted to 6.9 Gt CO2 from 2021 onward (Mengis

et al., 2021). The remaining budget is estimated and provided,
however, in CO2 emissions only, based on a robust scientific basis

of carbon budgets. In particular, the IPCC’s remaining global CO2

budget (after 2018) for a global mean near-surface air temperature
change of 1.5◦C (relative to the 1850–1900) ranges between 420 to
840 Gt CO2 (67th to 33rd percentile, respectively; Rogelj et al., 2018).

Newer estimates of the remaining carbon budgets with improved
uncertainty constraints amount to 315 to 755 Gt CO2 from 2018
(Matthews et al., 2021). The Net-Zero-2050 approach for allocating

a carbon budget for Germany included three phases. The first phase

is the convergence phase from 2021 until 2035, where German CO2

emissions are decreased most strongly to meet their equal-per-capita

share of global emissions in 2035. As of 2035, the German share of

emissions is based onGermany’s equal-per-capita share of global CO2

emissions and population projections according to the 1.5◦C scenario

from the IPCC SR1.5 (Rogelj et al., 2018). In the last phase, Germany

follows a net-zero CO2 emissions trajectory after 2050 until 2100.

In this project, it was also determined that CCS is assessed only in

combination with carbon removal approaches. Storage of fossil-based

carbon (i. e., fossil CO2 emissions avoidance) was not considered a

viable mitigation strategy due to the social acceptance of this option.

In terms of mitigation deterrence, this combination could lead to

postponing the end of using fossil fuels.

The boundary conditions presented here are only valid for

the research context of the Net-Zero-2050 project. Other research

projects or applications in other national contexts would need to

adapt the boundary conditions for their purposes in a first step.

3.2. Inner level: The Carbon-Emission-Based
System

The Carbon-Emission-Based System is based on the IPCC’s

categories of the Greenhouse Gas Inventory Guidelines (2006; 2019)

consisting of the five main categories, (1) Energy, (2) Industrial

Processes and Product Use, (3) AFOLU (Agriculture, Forestry and

Other Land Use), (4) Waste, (5) Other. Net-Zero-2050 extended

the system by two additional main categories: (6) Carbon Dioxide

Removal (CDR), and (7) Circular Carbon Approaches. These

categories were rearranged or added to the Carbon-Emissions-Based

System to match the research areas and topics of Net-Zero-2050.

CO2 removal is considered to be of crucial importance for

reaching net-zero and halting anthropogenic climate change (IPCC,

2022b). In line with this, the purpose was to reflect the importance of

these methods for achieving the net-zero goal. To avoid duplication

and double counting, the rearranged categories were removed from

their initial position in the system. If categories appear twice, e.g.,

forests, they either include carbon sources (category 3) or sinks

(category 6). Up to our knowledge, this is the first study that

puts CDR and CCU on the same level as the other categories for

CO2 emission accounting. To emphasize the significant relevance

when developing net-zero strategies, these methods should not be

found divided into subcategories, but listed prominently in the

main categories. Each main category contains several subcategories,

detailing the included processes. The system was developed for the

German context, thus, the subcategories are in accordance with the

prevailing circumstances in Germany. In particular, this entails that

subcategories on country-specific emissions that do not apply to the

German context, e. g., emissions from rice cultivation, were omitted

from the system.

Transitioning the electricity system away from fossil fuels is a

crucial task and inevitable to reach the carbon neutrality goal (IPCC,

2022a). The Energy category (1) encompasses emissions from Fuel

Combustion Activities (1A), from Fugitive Emissions from Fuels

(1B), from Heat Storage (1D) and from CO2 Separation (1E). Thus,

this category includes emissions from all energy demands and sectors

and does not solely include emissions resulting from the electric

energy generation sector. The two latter categories are additional

subcategories that were supplemented to the categories of the IPCC’s

National Greenhouse Gas Inventories by Net-Zero-2050.

The category Industrial Processes and Product Use (2) covers a

wide range of activities and processes, including the subcategories

Mineral Industry (2A), the Chemical Industry (2B), the Metal

Industry (2C), Non-Energy Products from Fuels and Solvent Use

(2D), the Electronics Industry (2E), Product Uses as Substitutes for

Ozone Depleting Substances (2F) and Other Product Manufacture

and Use (2G). On account of the still small range of technological

options, several countries emphasize the challenge that this sector

constitutes, which is why it is also referred to as a “hard-to-treat”

sector, and its emissions are often referred to as “hard-to-abate”

(CCC, 2019; Government of Costa Rica, 2019; Republic of Portugal,

2019).
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Being particularly affected by climate change impacts and

providing opportunity for source-to-sink transitions, the Agriculture,

Forestry and Other Land Use (AFOLU) (3) sector is one of the

major components to be included to achieve the decarbonisation

target (UBA—Umweltbundesamt, 2021). This category consists of

the five subcategories Livestock (3A), Land (3B), Aggregate Sources

on Land (3C), Harvested Wood Products (3D) and Marine (3E).

Existing natural carbon sinks like existing forests are not included

in the portfolio because the system focuses on anthropogenic carbon

sources and sinks, again following the best scientific reasoning

(Matthews et al., 2009; Rogelj et al., 2018).

The category Waste (4) covers emissions of CO2 from Solid

Waste Disposal (4A), Biological Treatment of Solid Waste (4B),

Incineration and Open Burning of Waste (4C) and Emissions from

Wastewater Treatment and Discharge (4D). The primary GHG

emitted in this sector is methane (CH4), however, this category needs

special scrutiny when non-CO2 GHG trends are being assessed.

The category Other (5), as specified in the IPCC Guidelines is

intended to indicate all emissions and sinks that do not fall into the

categories described above (IPCC, 2019a). Since Net-Zero-2050 did

not want to change the IPCC’s numbering, we kept the category as is

and continued to extend the framework subsequently.

Due to the wide range of Carbon Dioxide Removal (CDR) (6)

approaches and the corresponding research focus of the project, Net-

Zero-2050 established this additional category based on scientific

findings, as described in Section 2.2. Category 6 summarizes all

processes, activities and mechanisms that remove CO2 from the

atmosphere and store it in the terrestrial, marine or geological

reservoirs, constituting key options for removing residual CO2

emissions. Anthropogenic carbon sinks are now mainly included in

category 6 (and partly in category 3). In the final version of the

Carbon-Emission-Based System, which was adjusted and finalized

during the fifth step of the system composition, the subcategories of

category 6 were classified by type of CO2 capture process. Specifically,

the distinction was made between biological or eco-system based

carbon capture, chemical CO2 capture options, and options that

employ first biological carbon capture, which is followed by chemical

point source carbon capture (“hybrid options”) (see Figure 2). Hence,

the main subcategories are Chemical Carbon Dioxide Removal (6A),

Biological/Chemical Carbon Dioxide Removal (6B) and Biological

Carbon Dioxide Removal (6C).

Since the Carbon-Emission-Based System is, as described earlier,

a “living document,” there are several classification possibilities. At

the beginning of the project (see chapter 2.2), the CO2 removal

options were categorized according to the CO2 storage location:

Carbon Storage in the Geological Reservoir—Technological CDR,

Carbon Storage in the Terrestrial Reservoir, Carbon Storage in

the Marine Reservoir. This first classification corresponded to the

structure of the Net-Zero-2050 project and its sub-projects. During

the running time of the project and the intensive internal discussions,

the classification changed toward the focus on the act of CO2 removal.

In the future, other divisions may also be appropriate.

It is important to highlight that Net-Zero-2050made a distinction

betweenmeasures that contribute to negative emissions (see Figure 2,

category 6) and measures for the circular use of carbon (see Figure 2,

category 7), i. e. the difference between carbon dioxide removal

(CDR) and carbon capture and utilization (CCU). Thus, the category

Circular Carbon Approaches (7) was also added to the categories

of the IPCC’s National Greenhouse Gas Inventories by Net-Zero-

2050. Transport of CO2 (7A) covers carbon emissions that result

from transporting CO2, a process that can be part of carbon dioxide

removal as well as circular carbon approaches. The subcategory

Carbon Capture and Utilization (7B) covers several methods, which

are divided by CO2 emission source. The term carbon dioxide capture

and utilization (CCU) describes the process of CO2 capture and

subsequent use to produce valuable, new products (IPCC, 2018b).

CCU can also be used in Other Industries (7B3), e. g., in the mineral

industry. In addition, the category Source independent CCU (7B4)

includes activities where the CO2 emission source is not decisive

for the application of the method or refers to direct air carbon

capture and use (and to methods that are not covered by the

aforementioned categories).

As all components of the Carbon-Emission-Based System need

to be considered, it is important to disclose when expertise is

available or where research gaps exist. Thus, the Carbon-Emission-

Based System was the backbone of a gap analysis carried out to

identify all research topics of the involved Net-Zero-2050 project

partners that are connected to net-zero research fields (Köhnke et al.,

2020). This way it became apparent that the project consortium

had expertise to assess major parts of the emissions of Germany.

Simultaneously, all project partners were consulted to identify

potential partners for future collaboration. On these grounds, it is

promoted to apply the Carbon-Emission-Based System within the

context of a project or similar as a first step to investigate carbon

neutrality strategies.

With regard to applying the Carbon-Emission-Based System

on a national level, the context of the LT-LEDS guidelines and

requirements was investigated. The Paris Agreement creates a

framework for making voluntary pledges that can be compared

and reviewed internationally, with the aim of increasing global

ambition through a process of “naming and shaming” (Falkner,

2016). This means that—besides overriding distributional aspects in

relation to the remaining global CO2 budget (IPCC, 2021)—there

is no internationally agreed unitarian system or benchmark set of

criteria given to formulate and assess climate mitigation measures or

strategies that could be considered binding on all nations. As a result,

the range of criteria within the LT-LEDS submitted so far is rather

heterogeneous. LT-LEDS often reflect numerous special requirements

and challenges to be addressed depending on the countries’ structural

prerequisites and needs with regard to climate action. Thus, the Paris

Agreement’s bottom-up principles of climate diplomacy are based

on international negotiation and cooperation instead of obligation

and enforcement.

This is also reflected in the bottom-up process of LT-LEDS

formulation and official submission: For Net-Zero-2050, 17 LT-LEDS

have been analyzed in a first step for this system definition in the

Net-Zero-2050 framework (i. e., LT-LEDS submitted to UNFCCC

by 28 February 2020). Criteria such as sector and carbon budget

definitions, base years for the definition of GHG reduction pathways,

stakeholder engagement and behavioral change, for instance, and

their individual focus and weighting differ between each LT-LEDS to

a partly considerable extend (Net-Zero-2050 Team, 2021). Moreover,

there is no LT-LEDS submitted so far that takes all elements of

the Carbon-Emission-Based System into account. According to the

UNFCCC roadmap analysis visualized in the Net-Zero-2050 web

atlas (Net-Zero-2050 Team, 2021), at least one element is missing in
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FIGURE 2

Composition of the Net-Zero-2050 Carbon-Emission-Based System. The categories of the Carbon-Emission-Based System are divided into seven main

categories with associated subcategories. Categories highlighted in gray are based on the IPCC’s categories and elements (2006, 2019). Categories

marked in green were added or restructured and supplemented by Net-Zero-2050: The categories on CO2 removal and circular carbon approaches (6

and 7) were rearranged or added as main categories incl. subcategories.
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each LT-LEDS. In view of this, there is a need for globally uniform

standards for both the formulation and evaluation of LT-LEDS, in

particular from the systemic point of view. This is followed by the

question of whether and to what extent this uniform evaluation

will then allow an appropriate comparison of national climate

mitigation strategies.

In response, Net-Zero-2050 developed the comprehensive

and flexible Carbon-Emission-Based System. It must be adapted

appropriately when applied to the given national structures and

potentials. Despite these country-specific adjustments, a general,

international application of the Carbon-Emission-Based System

would allow national strategies to be compared and evaluated more

effectively. Furthermore, by means of this system, carbon emissions

can be allocated comprehensively and unambiguously. The respective

measures and national strategies for their reduction, which can be

derived from this process, can be developed in a subsequent step.

3.3. Outer level: The Framing System

Implementation of CDR options faces challenges and hurdles

that are individual to the specific option and include aspects

such as technical feasibility, economic viability as well as concerns

related to environmental impacts and public acceptance. Hence

systemic changes are needed that not only address public policies

but also societal acceptance (de Coninck et al., 2018; IPCC,

2022a). Accelerating the deployment of CDR options is, thus,

contingent on the feasibility of CDR options and the costs and

impacts public and private actors are willing to accept. Thereby

it is critical to identify options for removing or at least reducing

barriers across multiple dimensions as well as on establishing and

enhancing conditions for implementation (IPCC, 2022a). To assess

the feasibility of these options, SR1.5 proposes—based on research

from IPCC’s Fifth Assessment Report (AR5)—taking into account six

different feasibility options: economic, technological, institutional,

socio-cultural, environmental/ecological and, lastly, geophysical (de

Coninck et al., 2018, p. 380).

Net-Zero-2050 focused on the feasibility of CDR to address the

research gap concerning CDR options. In line with this, the aim

was to provide a systemic view on CDR deployment with the goal

of supporting the implementation of the national climate strategy of

achieving net-zero emissions. The multi-dimensional approach aims

at addressing the relevant actors—this is of great importance, as the

transformation to a net-zero Germany requires the consideration of

all stakeholders and their coordinated, purposeful involvement. The

Framing System is connected to the underlying system boundaries

and interacts with the subsequent Carbon-Emission-Based System.

As indicated in the previous chapter, the research carried out

by de Coninck et al. (2018) formed the basis for the project’s

outer level called the Framing System. Following internal discussions

and recommendations from external experts, the project’s feasibility

dimensions were slightly adapted compared to the ones of the IPCC

(see Figure 3). As a result, the following five dimensions have been

considered in the Framing System:

• Economic dimension, for example, to assess cost effectiveness or

productivity enhancement potential.

FIGURE 3

The dimensions of the Net-Zero-2050 Framing System.

• Technological dimension, for example, to assess technical

scalability and the readiness level of CDR technologies.

• Institutional dimension, for example, to assess political

acceptability as well as legal and administrative feasibility.

• Socio-cultural dimension, for example, to assess

intergenerational equity as well as social challenges or

co-benefits (i. e., health, education).

• Natural environment dimension, for example, to assess impacts

on land use, biodiversity, soil and water quality.

The last dimension listed here combines the two dimensions

mentioned in SR1.5, environmental/ecological and geophysical.

Additionally, in all five dimensions the time aspect must be

considered as it is one of the most important features concerning

CDR deployment. On the one hand, the amount of CDR needed will

depend on the progress in reducing and avoiding emissions. On the

other hand, the delayed response of the climate system to mitigation

efforts due to its inertia and internal variability should also be taken

into account (Samset et al., 2020). Another time-critical aspect of

CDR is the permanence of CO2 storage, which varies for different

CDR options (e. g., biological vs. geological storage) and is a key to

reaching net-zero.

In particular, regarding the readiness of CDR options, many

of the techniques for removing CO2 from the atmosphere are

unproven at large scale and some promising CDR options still await

testing in the deployment environment at pilot sites (Fuss et al.,

2018, 2021). The scale of deployment of particular CDR options

is widely discussed in the literature and may be shaped by many

factors, e. g., their ability to provide appropriate capture and storage

potentials, their technical integration within sociotechnical systems,

their acceptance by different stakeholders as well as juridical and

market compatibilities (Fridahl et al., 2020). Currently, the necessity
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of CDR deployment is widely acknowledged (e. g., IPCC, 2022a)

and key questions around CO2 removal explored in research should

therefore address the following aspects: Which CDR options, and in

what ways, could be deployed? At what scale and by when should it

happen?What actors should be involved in this process? How should

the public be involved and have a say as governments develop policies

for scaling up CO2 removal? What are the potential benefits and

risks? What are the effects on the environment? The Framing System

consolidates these types of questions by assigning them to the above

mentioned dimensions.

Considering specifically the evaluation of feasibility of CO2

removal technologies, two tools have been developed in the Net-

Zero-2050 project: So-called “model concepts” of CDR options

(Borchers et al., 2022) and a comprehensive CDR assessment

framework (Förster et al., 2022). The CDR assessment framework

has been built upon the previous feasibility assessment of bioenergy

strategies in Germany (Thrän et al., 2020). It provides a set of

criteria and indicators grouped into six dimensions (environmental,

technological, economic, social, institutional and systemic) through

which the CDR options can be assessed and compared within

an assessment matrix. Besides the qualitative and quantitative

assessment of indicators for the feasibility of CDR options, the

framework has been equipped with a traffic light system in which

the results of the feasibility assessment are also presented through

a color-coded system (red-yellow-green). The colors indicate what

effort (high, medium, little to no) is needed to overcome hurdles for

the deployment of a particular CDR option.

In line with this, the model concepts were developed for assessing

the CDR options using the CDR assessment framework. There

is an extensive amount of information on CDR options available

today (e. g., Minx et al., 2018). The options are investigated at

different scales and from different perspectives (e. g., technical, socio-

economic, policy-oriented, etc.). For their deployment, however,

it is important to put this information into context, considering

the national and regional conditions applicable/effective on the site

of implementation (e. g., geophysical, resource potentials, existing

infrastructure, etc.). Therefore, based on a literature review and

experts’ knowledge, for each analyzed CDR option a dedicated

implementation example was created, a CDR model concept,

which helped to visualize how their deployment in the real world

could look like. Information on CDR model concepts has been

gathered in tabular factsheets with a unified set of indicators

describing general concept characteristics (e. g., its maturity level,

energy concept, infrastructure, biophysical conditions, location), its

input requirements, output, environmental impacts, economic and

systemic parameters. This approach facilitated the preparation of

a coherent description across different CDR options, but also the

starting point to assess the national and regional potentials.

Thus, the Framing System addresses and fosters the

implementation of CDR and other strategies to reach net-zero.

Beyond this and with regard to the further development of the

Framing System, CDR options as a climate mitigation strategy must

be considered in the context of climate adaptation. Hence, mitigation

and adaptation are highly interdependent and the synergies between

both are crucial: without sufficient climate mitigation, the ability to

adapt to existing or future climate changes will be lost. Consequently,

it would be impossible to adapt both natural and anthropogenic

systems to all levels of global warming (IPCC, 2022b).

4. Concluding remarks

There is no scientific doubt that climate change is caused by

human activities (IPCC, 2021). However, there is still a need to

examine the options and mechanisms for mitigating the causes,

which includes mechanisms for reducing carbon emissions as well as

removing carbon dioxide from the atmosphere to achieve proclaimed

net-zero goals. Contributing to this, the interdisciplinary team of

80 scientists carried out research in the Net-Zero-2050 project on

the topic how Germany can reach carbon neutrality by 2050. As a

basis for all activities in this project, the Net-Zero-2050 System was

developed. In addition to that, the lack of a unified systems approach

for preparing the LT-LEDS on how to achieve carbon neutrality,

as agreed in the Paris Agreement, was identified. The LT-LEDS

submitted to date differ considerably in terms of structure and scope,

to an extent that they are not comparable. Net-Zero-2050 addresses

this issue by presenting and discussing a comprehensive system. The

Net-Zero-2050 System can be used in different contexts and may

guide other projects or authorities developing national strategies to

achieve carbon neutrality.

Net-Zero-2050 identified three central areas of application. First,

in the project context the Net-Zero-2050 System can be used as a

starting point for approaching the target of creating or contributing

to national net-zero strategies. On a national level, it can be

applied for reviewing the current system for national inventory

reporting. The proposed system provides a basis for creating long-

term strategies to achieve carbon neutrality on a national level. Net-

Zero-2050 proposes to use the system beyond the context of projects.

If the various countries would use this systems approach, it would

facilitate the comparability of the different, national strategies. The

multiple application options of the Carbon-Emission-Based System

combined with the System Boundaries and of the Framing System

underline the universal applicability of the three parts of the Net-

Zero-2050 System. The System Boundaries defined here are context-

specific for Germany. If the System Boundaries are to be applied

in similar contexts for other countries, they have to be adapted

accordingly and in line with the country-specific conditions. The

Carbon-Emission-Based System approach can be used for different

purposes at different levels. The categories of the Carbon-Emission-

Based System presented here apply to Germany and are thus—in

line with the System Boundaries—context-specific. They have to be

adapted and, if necessary, extended depending on the context and the

circumstances of the country. The dimensions of the Framing System

apply universally. They provide an initial overview of the framework

to be considered with regard to implementation of carbon neutrality

strategies and do not need to be adapted depending on the context.

The individual parts of the Net-Zero-2050 System can be used

independently, however in a subsequent step the system must be

considered in its entirety. The combination of all three system parts

allows a holistic view with regard to achieving carbon neutrality.
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