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Executive Summary 

Carbon dioxide removal (CDR) approaches are considered essential for achieving global climate targets1,2. 

While land-based CDR (LCDR) approaches have received much attention, there is increasing interest in 

exploiting the high carbon storage capacity of oceans1,3. More research is needed to understand the 

extent to which ocean-based CDR (OCDR) approaches, also often referred to as marine CDR (mCDR), could 

contribute to global warming mitigation efforts and the environmental trade-offs that could result from 

their potential future large-scale deployment. 

The environmental performance of CDR approaches can be assessed with life cycle assessment (LCA). LCA 

is a methodology to account for the environmental impact of a product or service throughout its entire 

life cycle on a large spectrum of environmental issues4,5. For technologies at an early stage of 

development, such as OCDR, a prospective approach can be adopted to assess their environmental 

performance at a future point in time6,7. This allows for anticipating avoidable environmental impacts and 

their reduction through design improvement early in the technology development as well as the support 

of financial investments in the most promising technologies6,8.  

A common procedure for conducting LCAs of OCDR approaches is needed to standardise assessments. 

Existing LCA guidelines for CDR have focused on LCDR9 and lack recommendations specific to OCDR 

approaches, particularly considering the marine environment. This document provides a comprehensive 

guideline for conducting LCA on OCDR approaches. It is addressed to practitioners with a prior 

understanding of LCA. The guideline is based on ISO recommendations and has been further developed 

by conducting a critical review of LCA literature on related technologies to report existing 

recommendations and existing LCA studies on OCDR approaches to examine current practices and identify 

gaps.  

Specific recommendations for each LCA phase are provided. As the uncertainty associated with LCAs on 

OCDR approaches is considerable, it should be highlighted and, where possible, quantified. We strongly 

recommend against using results across LCAs of different OCDR approaches in public comparative 

assessment due to the currently large uncertainties associated with these assessments. LCA should rather 

be conducted to pinpoint areas for design improvement, identify knowledge gaps and guide future 

research. LCA must be further developed to more accurately and comprehensively evaluate 

environmental impacts occurring in the marine environment.  

The application of this guideline to LCA case studies of OCDR approaches will be reported in D2.2. 

Additionally, D2.2 will address some of the persisting LCA limitations identified in this document by 

improving the method for assessing environmental impacts occurring in the marine environment. 
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1 Introduction 

This deliverable is part of Work Package 2 (WP2), Task 2.1 of the SEAO2-CDR project. WP2 contributes to 

one of the overarching goals of the SEAO2-CDR project, which is to evaluate the mechanisms and 

processes necessary for the environmentally safe implementation of appropriate ocean-based carbon 

dioxide removal (OCDR) approaches to support global climate policies. Specifically, WP2 aims to assess 

the technical readiness of OCDR approaches using life cycle assessment (LCA) and techno-economic 

assessment (TEA). This goal is translated into Tasks. Task 1 of WP2 involves the creation of conceptual 

designs for OCDR projects and systems, including developing a common LCA framework for OCDR 

approaches. The objective of this framework is to provide guidance for conducting LCAs of OCDR 

approaches and to provide a common procedure, minimising variability in practice. This document is 

intended for LCA practitioners with prior knowledge of the methodology. 

We present a comprehensive guideline for conducting LCA on OCDR approaches, providing specific 

recommendations for each LCA phase. Additionally, uncertainties arising from both the emerging nature 

of OCDR approaches and the LCA methodology are identified in current practice and addressed. Applying 

this guideline to future LCAs will enhance the standardisation of the methodology, ensure more complete 

environmental assessments of OCDR approaches, and promote greater transparency regarding data, 

method, modelling choices and limitations. However, while this guideline serves as a tool for performing 

individual LCAs, the high level of uncertainty currently associated with these assessments does not allow 

for meaningful intercomparison between assessments of different OCDR approaches. Hence, 

comparisons across LCAs for decision-making processes should be avoided.  
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2 Method 

In developing a guideline for LCAs of OCDR approaches, we conducted a critical literature review. This 

review comprised of three parts:  

1. a review of recommendations in the literature for conducting LCA for related technologies such 

as land-based CDR (LCDR) approaches, carbon capture and utilisation (CCU), and storage (CCUS) 

technologies; 

2. a review of recommendations in the literature for conducting prospective LCAs for emerging 

technologies; 

3. a review of the current state of knowledge of LCAs on OCDR approaches specifically.  

While other literature reviews are available for related technologies, there is limited literature on OCDR 

LCAs. This critical literature review aims to identify important considerations for LCAs of these 

technologies, expand upon recommendations outlined in existing literature, and identify knowledge gaps.  

The most recent literature LCA review on CDR approaches by Terlouw et al. (2021)9 provides relevant 

recommendations that we have integrated into our guidance. However, Terlouw et al. (2021) primarily 

focus on LCDR approaches, which operate in different environments to OCDR approaches thus may 

require different, or additional, considerations. Consequently specific recommendations for conducting 

LCAs on OCDR approaches are needed. This deliverable provides the first recommendations for LCAs on 

OCDR approaches.  

Our critical review covered LCAs on the main OCDR approaches1,3: seaweed cultivation, ocean nutrient 

fertilisation, artificial upwelling and downwelling, marine ecosystem recovery, ocean alkalinity 

enhancement, electrochemical engineering approaches, and deep sea storage. CCU technologies are not 

within the scope of this review, similar to Terlouw et al. (2021)9. Neither are approaches storing CO2 

captured from non-atmospheric sources, such as those from industrial activities (e.g., from fossil fuel 

burning in power plants or from cement production). For LCA guidance on these types of technologies, 

we refer to Langhorst et al. (2018)10 and Müller et al. (2020)11. 

We searched Scopus and Web of Sciences with search terms related to OCDR approaches (e.g., “ocean-

based carbon dioxide removal” or “marine carbon dioxide removal”), then terms related to each specific 

OCDR approach covered in the review (e.g., “ocean fertili*” or “ocean-based fertili*”), and cross-

referenced with search terms related to LCA (e.g., “life cycle assessment” or “life cycle analysis” or “LCA”). 

No limitation on the publication date was applied to our search. The list of LCA studies investigated and 

upon which the guideline is based can be found in Section 8.1. 
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3 Guideline for LCAs of OCDR approaches 

3.1 International organisation for standardisation framework 
The International Organisation for Standardisation (ISO) formulated two complementary standards for 

LCA practitioners: ISO 14040 for describing the principles and framework of LCA12, and ISO 14044 for 

detailing the requirements for conducting LCA4. These guidelines provide fundamental practices that 

should be followed when conducting LCAs, while we aim to provide more detailed recommendations 

specific to LCAs on OCDR approaches in this document. According to the ISO guidelines, each LCA consists 

of four phases: goal and scope definition, life cycle inventory (LCI) analysis, life cycle impact assessment 

(LCIA) and life cycle interpretation. In the following sections, our recommendations are detailed for each 

phase. Additionally, for LCA studies willing to comply with the Product Environmental Footprint (PEF) 

approach, the PEF method should be applied. 

3.2 Goal and scope definition 
3.2.1 Goal of the study 
The goal of the LCA has to be reported, specifically “the intended application of the study, the reasons for 

carrying out the study, the intended audience of the study and whether the results are to be used in 

comparative assertions disclosed to the public”4. The goal of an LCA on OCDR approaches should focus on 

the estimation of the net carbon removal capacity of the OCDR system at an industrial scale. This should, 

however, not be the only goal, and an LCA should aim more broadly at assessing multiple environmental 

aspects of the system. Since OCDR approaches are to be deployed in oceans, particular attention should 

be drawn to their future environmental impacts on the marine environment. However, in its current state, 

LCA has limitations in estimating the full environmental consequences of OCDR approaches (further 

discussed in Section 4.3. LCA can provide preliminary insights into potential environmental hotspots, 

which are the processes of the system that contribute the most to the overall environmental impacts of 

the system. Identifying environmental hotspots can guide design improvements at early stages of 

technology development. LCA can also help identifying knowledge gaps and orientate future research11,22.  

The research question must be clearly stated and relate to the study's goal. For example, conducting an 

LCA on OCDR approaches can help answering the following research questions:  

• Where are the environmental hotspots in the lifecycle of the OCDR approach? 

• What are the key drivers affecting the carbon sequestration capacity of the OCDR approach? 

We do not recommend conducting a comparative LCA on OCDR approaches due to the currently large 

uncertainties associated with these assessments. This is further discussed in Section 4.3. 

3.2.2 Scope of the study 
The scope of the LCA must be aligned with the goal of the LCA and refers to the clear description of the 

following elements: the product system, the function, the functional unit (FU), the system boundary, 

allocation methods, LCIA methodology and impacts covered, the interpretation to be used, data 

requirements, assumptions, value choices and optional elements, limitations, data quality requirements, 

type of critical review, and type and format of the report required for the study4. 
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The OCDR approach under analysis should be described in detail4. For clarity, we recommend to explicitly 

state the term carbon dioxide removal (CDR) and/or negative emission technology (NET) along with an 

explicit and complete definition or at least a reference to a definition in the literature, such as the one 

provided by the Intergovernmental Panel on Climate Change (IPCC, 2021)2. Additionally, the terms ocean-

based CDR (OCDR), marine CDR or blue CDR should be stated. By using these terms, LCA studies on OCDR 

approaches can be more easily identified. 

The OCDR approach should be described regarding its technical readiness level (TRL). The TRL provides an 

indication of the technology maturity13,14. Current LCAs of OCDR approaches usually discuss the level of 

readiness of the technology but do not include a value for the TRL. We recommend specifying the TRL as 

this clearly indicates the state of a technology and informs of the uncertainty regarding its deployment. 

Technologies currently at a stage of concept formulation should be assigned a TRL between 1 and 2, those 

implemented at a laboratory scale between 3 and 5, those at a pilot scale between 6 and 8 and those at 

an industrial scale a 915. Additionally, the TRL can be further specified for the different processes 

composing the system if relevant, as all building blocks might not be at the same level of development. 

The scope of the study must also include the function of the product system and the FU, which quantifies 

the environmental performance of a product of a process system with respect to its function as a 

reference unit4. The primary function of an OCDR approach is to remove atmospheric CO2, which should 

be reflected in the choice of the FU9,16–18. Hence, we recommend that LCAs of OCDR approaches should 

have the net removal of one tonne of CO2 from the atmosphere over a specified time in a specified 

medium as a FU (e.g., one tonne of atmospheric CO2 net removed for 100 years in mangrove biomass). 

The LCAs reviewed on OCDR approaches rarely specify whether the study used an attributional or 

consequential approach, while this should be defined as part of the scope definition. In an attributional 

LCA (ALCA), the environmental impacts are allocated across the life cycle stages of the OCDR system, but 

do not focus on assessing the consequences of change brought by the system. This is usually achieved 

using average impact data, resulting in lower uncertainty, and is better suited to identify environmental 

hotspots17,19. Consequential LCA (CLCA), on the other hand, aims to evaluate the consequences of 

environmental performance from a change in the product system, notably through the lens of scenarios. 

It typically relies on historical data, models of market equilibrium, and economic market statistics, and is 

thus associated with greater uncertainty. CLCA is typically used for assisting in decision-making 20–24. 

An important element of the scope is the definition of the system boundary, which specifies the unit 

processes included in the study of the product system4. The setting of the system boundary must be clearly 

defined and justified17. Most LCA reviewed do not explicitly state their system boundary or wrongly call it 

a cradle-to-grave approach, as they did not include some upstream or downstream processes. Such 

confusion in the literature relating to system boundary choices was found in a previous review on CCUS 

technologies25. We reiterate the recommendation from previous reviews9,16,17 to always apply a cradle-

to-grave approach to LCAs on CDR approaches. This means including all fundamental processes in the 

lifecycle of an OCDR approach, from raw materials extraction and atmospheric carbon uptake to carbon 

storage. Including all fundamental processes means the most important environmental impacts of the 

OCDR system are captured and allows to determine whether the overall emission balance results in net 

negative emissions26. System boundary choices are further discussed in Section 4.1.2. Temporality is also 

an important consideration, which is further discussed in Section 4.2. 
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3.3 Life cycle inventory analysis 
In the LCI phase, economic and environmental inputs and outputs are defined for each unit process within 

the system boundary. These are then aggregated throughout the product lifecycle to quantify the LCI 

results4.  

Ideally, the system should be visually represented with all its life cycle stages in a flowchart for better 

clarity. An example of a flowchart representation for a simplified OCDR approach is given in Figure 1.  

 

Figure 1: Flowchart visualisation suggested for OCDR approach. To be adapted to the specific OCDR approach studied. 
Depending on the OCDR approach, CO2 capture and CO2 storage are grouped in one process, and there is no process 
for CO2 transport. 

 
All unit process data sources supporting the LCI must be clearly reported for foreground and background 

processes. Foreground processes are the processes specific to the OCDR system, whereas background 

processes are the generic processes that are not directly part of the product system but are necessary to 

the foreground system8,27. For stepwise guidance on LCI data collection with a customizable LCI data 

collection template, we refer to Saavedra-Rubio et al. (2022)28. Data available with the highest quality 

should always be used17. However, data availability is an issue particularly acute in prospective LCA for 

emerging technologies29, such as OCDR approaches, necessitating ad hoc approaches8. A prospective LCA 

of an OCDR approach means projecting (or scaling) the emerging technology to a future point in time 

where the technology is better developed, which decreases data quality6. For foreground processes, data 

on the projected technology should come from industry or expert interviews. When unavailable, data 

from scientific articles, such as learning rates from similar existing systems6, and own calculations or 

simulations can be used. If none of the above is available, estimations or assumptions can be used from 

the literature or from reasoning based on logic and clearly reported, with their consequences on the 

results discussed8,11.  

For prospective LCAs, background processes must also be modelled at their projected state to avoid 

temporal misalignment with the foreground processes29. Data for projected background processes are 

commonly generated using the open-source Python library premise. This tool integrates projected 

scenarios from integrated assessment models (IAMs), that considers expected future changes within the 
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main energy-intensive sectors to generate prospective LCI databases based on the ecoinvent LCI 

database30 (IAMs come, however, with some limitations that should be considered31). If some flows are 

not quantified and are excluded from the study (cut-offs), they must be clearly stated, justified and should 

be made clear in the flowchart. Data uncertainty is intrinsic to prospective LCAs on emerging technologies, 

particularly OCDR approaches. To address this, empirical uncertainty ranges should be defined for unit 

process data to the extent possible or on proxies where not available. For OCDR approaches, the lack of 

empirical data can be particularly challenging, notably for the fate of carbon in the deep ocean, for which 

our current knowledge remains limited. Such knowledge gaps can, however, only be accounted for by 

performing extensive uncertainty assessments. The consequences of data uncertainty on the results must 

be reported and further dealt with in the interpretation phase of the LCA (see Section 3.5). 

A further issue for the LCI is the multifunctionality of processes within the studied system. LCAs conducted 

on OCDR approaches generally do not report whether the processes in the studied system result in 

multifunctionality, and if they do, the method chosen to address multifunctionality is not reported. This 

issue has been reported more generally for LCAs on CDR approaches9. Multifunctionality and the method 

chosen should be reported, both in the text and in the flowchart, to ensure transparency in the study and 

reproducibility. For example, ocean-based bioenergy with carbon capture and storage (ocean-based 

BECCS) often results in multifunctionality. Ocean-based BECCS can provide marine carbon sequestration 

and produce energy32. The result is two product system functions: carbon removal and energy production. 

Another OCDR approach generating multifunctionality is biochar from marine biomass33, where additional 

functions to carbon removal can be energy production and enhanced soil fertility9.  

The management of multi-functional processes should be done as recommended by the ISO guidelines. If 

possible, allocation must be avoided by first considering dividing the multi-functional process into sub-

processes4. In such cases, this is not a multi-functional issue but rather a data availability issue, which can 

be solved by data collection11. If subdivision cannot be done, system expansion or substitution must be 

considered (which, contrary to what is sometimes suggested in the literature, are two distinct methods 

for handling multi-functional processes; see Heijungs et al. (2021)34). In system expansion, the system is 

expanded to include processes and functions related to the production of the co-product(s) that were 

originally not covered within the goal and scope of the LCA4,10,34. In substitution, the system keeps a single 

function, but the environmental impacts resulting from the production of the co-product(s) are subtracted 

from the overall environmental impacts of the systems, as they represent avoided environmental burden 

by substituting products with a similar function that would have otherwise been produced10,11,34. 

However, this method must be carefully used for CDR approaches as avoided emissions resulting from 

this method can be misinterpreted as negative emissions9. Avoided emissions do not result in greenhouse 

gas (GHG) emissions captured directly from the atmosphere and can thus not be included as negative 

emissions26. Terminology regarding emissions is discussed in Section 4.1.1. Allocation must only be 

considered when the other options are not feasible4. First, allocation using an underlying physical 

relationship must be considered, and otherwise using another relationship, such as based on the 

economic value of the products. The multi-functional method chosen should be well justified. To account 

for uncertainty due to choice in the LCA and to evaluate the sensitivity of the results to alternative multi-

functional methods, a sensitivity analysis should be performed with a different multi-functional method 

in the interpretation phase (see Section 3.5)35. 
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3.4 Life cycle impact assessment 
In the LCIA phase, the LCI data is translated into environmental impacts to evaluate the environmental 

performance of the product system under study4. Environmental flows are classified and characterised in 

different impact categories (environmental issues of concern)5. Midpoint as well as endpoint level impact 

categories can be included in the LCIA36. Impact categories with a midpoint-oriented approach are defined 

closer to the intervention, no matter its location in the environmental mechanism5, whereas those with 

an endpoint-oriented approach provide information on the environmental performance that is easier to 

interpret and more easily communicated to decision makers6,11,35,37,38. 

Among all the LCAs on OCDR approaches reviewed, LCI data were translated in terms of their contributions 

to global warming. This impact category is the most commonly explored for OCDR as it estimates whether 

a technology results in a net removal of GHGs39. However, many LCAs only evaluated global warming in 

their LCIA. This limited inclusion of other impact categories has already been highlighted as an issue for 

CDR approaches and CCU technologies more generally9,18,25. LCAs that only include global warming in their 

LCIA fail to capture potential environmental trade-offs of OCDR approaches, and large-scale OCDR 

deployment can potentially lead to environmental side-effects39,40. As such, it is strongly recommended 

to include additional environmental impact categories in LCAs of OCDR approaches9,16,17,39. Specifically, in 

accordance with the goal recommended in Section 3.2.1, the LCIA method chosen should cover impact 

categories for the marine environment. At a midpoint level, two impact categories currently exist in LCIA 

methods that should be included: marine ecotoxicity and marine eutrophication. At an endpoint level, 

one impact category currently exists: damage to ecosystems. It comprises damage to marine, terrestrial, 

and freshwater species. Additionally, we recommend choosing the most recent LCIA family and covering 

all the categories within the chosen family in the LCA study. All impact categories assessed should be 

reported in the scope of the LCA. To further account for uncertainty due to choices in the LCA35, the effects 

of the LCIA method choice on the results should be tested by using an alternative method in a sensitivity 

analysis in the interpretation phase of the LCA. Another sensitivity analysis can also be performed with 

different characterisation factors for the same impact category (see Section 3.5). However, it must be 

noted that regardless of the LCIA method chosen, the current state of LCIA methods does not provide 

complete coverage of environmental impacts, especially regarding the marine environment. Therefore, 

additional detrimental effects that cannot be assessed quantitatively should be discussed qualitatively. 

Moreover, standard characterisation factors available in most LCA software are sometimes outdated and 

lack a prospective notion, which is another limitation for prospective LCA41,42. This is further discussed in 

Section 4.3.  

3.5 Life cycle interpretation 
The results are assessed against the goal and scope definition in the last LCA phase to help reach 

conclusions and recommendations4. The results of the LCA must be reported in a complete and accurate 

manner without any bias4. All important results, including results across all impact categories studied, 

should be explicitly included and discussed in the main text rather than in the supplementary information. 

Only in the case of confidentiality should information be kept private. This is essential to ensure 

transparency and reproducibility of the LCA11. The results should also include a list of environmental flows 

that lack characterisation factors and are not included in the impact assessment results. 
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To assure reliability of the conclusions, all essential assumptions should be evaluated by performing 

sensitivity and scenario analyses5,43. A sensitivity analysis assesses the influence of the parameters on the 

overall outcome of the LCA study6. This can be made by changing one variable at a time within a realistic 

range and reporting the resulting change in outcome11. Additionally, sensitivity analyses assess the effects 

of alternative methods and data on the results11. A sensitivity analysis should be performed with different 

multi-functional methods10,39. For example, if system expansion is chosen as the preferred multi-

functional methodology, allocation could then be performed in the sensitivity analysis9. Sensitivity 

analysis should also ideally be used to evaluate different LCIA methodologies. Such sensitivity analyses 

are not conducted in LCAs on OCDR approaches but would show the sensitivity of the results on modelling 

choices. In OCDR approaches representing a risk of leakage or reversibility of the carbon stored, a 

sensitivity analysis could also be performed on the security of the storage. Additional sensitivity analyses 

could be performed, such as by assessing the change in the study outcome when using different 

characterisation factors for the same impact category6. 

Scenario analyses should be conducted for different prospective LCAs scenarios. Scenario analysis 

evaluates the influence of choices on the overall outcome of the LCA study35,43. More specifically, it can 

identify possible future states of a system under consideration44 and estimate the likely range of the LCA 

outcome depending on the scenario. The definition of relevant scenarios is specific to each LCA study and 

thus difficult to standardise across studies45. One scenario analysis can be performed with the most 

sensitive parameters identified in the contribution analysis by determining baseline and extreme 

scenarios, typically best- and worst-case scenarios43. Additionally, scenario analysis should consider 

scenarios in which the different likely states of the background system are evaluated, notably regarding 

the future state of the energy system11,29, to assess their influence on the study outcome. For this purpose, 

scenarios already integrated in premise generated by IAMs based on various socio-economic pathways 

and climate mitigation goals30 can be used and varied to assess the change in the study outcome. 

Scenarios can also be applied to the foreground system (so the OCDR approach itself) based on data from 

simulations, experiments, literature, experts, calculations, power laws, full-scale estimates, design 

alterations, technology learning curves, scaling rates, etc6. Additionally, a consistency check of the 

assumptions made in the foreground and background systems should be performed. 

A more advanced LCA analysis can also aggregate uncertainties in unit process data and characterisation 

factors43. This allows for variability and uncertainty in data, as well as inaccuracy in the LCA model, to be 

systematically quantified4 and provides a level of confidence behind conclusions6. This is generally done 

using stochastic propagation methods11,35, such as Monte Carlo (MC) simulations, available with most LCA 

software43. In MC analysis, variables are stochastically sampled from given distributions over a set number 

of repetitions. The outcome is a probability range of potential results from the LCA model35,43. Such 

outcomes can help to identify pivotal parameters in the model and identify where better data are needed. 

It is recommended to discuss both the LCA results and the results from the sensitivity, scenario, and 

uncertainty analyses in the main text. This includes knowledge gaps in the technology and the 

consequences. Known environmental benefits and potential side effects of the technology should also be 

reported. Specifically, we recommend to state the current understanding or remaining uncertainty 

regarding the potential future carbon capture capacity and the carbon sequestration potential of the 

OCDR (notably on the duration and the location), as well as the potential risk of leakage and/or 

reversibility. This is not discussed widely in current LCAs of OCDR approaches and should be a core topic 
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in the discussion. Lastly, we strongly recommend acknowledging the limitations of the LCA as a 

methodology to quantify the environmental performance of OCDR approaches. Currently, LCA has limited 

capacity to capture the consequences on aquatic conditions46, especially on marine ecosystems, as many 

potential impacts of OCDR approaches are not considered in available impact assessment methodologies 

and could have detrimental effects on marine ecosystems if deployed on an industrial scale. This limitation 

in modelling is rarely considered in LCAs of OCDR approaches. This is further discussed in Section 4.3. 

3.6 Summary 
The recommendations provided in this guideline are summarised in Table 1. A simplified example of the 

application of this guideline is illustrated in Appendix 8.2; full application of this LCA framework to OCDR 

approaches will be reported in D2.2.  

Table 1: Summary of recommendations for LCA of OCDR approaches. 

 
 

Goal of the study 

• Must state the intended application of the study, which should be to assess the net carbon 
removal capacity of OCDR once deployed on an industrial scale and to assess its overall 
environmental impact, specifically on the marine environment. 

• Must state the reasons for carrying out the study, which should be for the preliminary 
identification of environmental hotspots for design improvement/assessing knowledge 
gaps/orienting future research. 

• Must state the intended audience of the study. 

• Must state that the results are not to be used in comparative assertions disclosed to the public. 

• Must state a clear research question that relates to the study’s goal. 
Scope of the study 

• Should describe the OCDR approach under study. 

• Should state the term CDR/NET with a definition or reference to a definition in the literature. 

• Should state the term OCDR, marine CDR or blue CDR. 

• Should state the TRL of the OCDR approach. 

• Must state the function, which should be to remove atmospheric CO2.  

• Must state the FU, which should be the net removal of 1 tonne of CO2 from the atmosphere, 
removed for a specified time, in a specified medium. 

• Should state whether the LCA is attributional or consequential. 

• Must define the system boundary, which should be from cradle-to-grave. 

• Must state the type of critical review. 
Life cycle inventory analysis 

• Must report all unit process data sources for the LCI for foreground and background processes.  

• Can use the LCI data collection template provided in Saavedra-Rubio et al. (2022)28. 

• Should use for foreground data, industrial data, or expert interviews if possible, can use scientific 
articles, own calculations or simulations if possible, or can use estimations or assumptions with 
reasoning reported. 

• Should use for LCI background database premise if a prospective study. 

• Should provide uncertainty ranges for unit process data based on empirical evidence if possible. 

• Must state assumptions and cut-offs. 

• Should include a flowchart. 
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• Should report multifunctionality, if any, and the method chosen; selection should be made 
according to the following order of preference: subdivision, system expansion or substitution, 
physical allocation, and economic allocation. 

Life cycle impact assessment 

• Should choose the most recent LCIA method that includes environmental impact categories global 
warming, marine ecotoxicity, marine eutrophication and damage to ecosystems. 

• Should include all the environmental impact categories of the chosen LCIA method. 

• Should report all the environmental impact categories covered in the LCIA in the main text. 
Life cycle interpretation 

• Must report the results in a complete, accurate and unbiased manner (except in case of 
confidentiality). 

• Should include all important results in the main text. 

• Should include a list of uncharacterised environmental flows. 

• Should perform a sensitivity analysis of the method used for handling multi-functional processes. 

• Should perform a sensitivity analysis of the LCIA method. 

• Should perform a sensitivity analysis of the security of the carbon storage if the OCDR approach 
studied presents a risk of leakage or reversibility. 

• Should perform a scenario analysis. 

• Can perform a scenario analysis with the most sensitive parameters identified in the contribution 
analysis. 

• Can perform an uncertainty analysis with MC simulations. 

• Must discuss the LCA results and the results from the sensitivity/scenario/uncertainty analyses in 
the main text. 

• Should report knowledge gaps on the OCDR approach. 

• Should report environmental benefits and potential side-effects of the OCDR approach. 

• Should state current knowledge and knowledge gaps of the potential future carbon capture 
capacity and carbon sequestration of the OCDR approach and potential risk of 
leakage/reversibility. 

• Should report limitations in the LCA methodology. 
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4 Discussion 

4.1 Terminology clarification 
Our critical literature review has revealed inconsistencies in terminology usage across LCA studies on 

OCDR approaches. This lack of consistency can lead to ambiguity in methods and results, potentially 

resulting in misleading interpretation of the environmental performance of the system studied. To 

address this issue, we clarify the terminology regarding emissions quantified in LCA studies and the 

delineation of system boundaries.  

4.1.1 Emission terminology 
LCAs on CDR approaches often refer to negative emissions and avoided emissions, sometimes 

interchangeably. The primary goal of an OCDR approach is to achieve net negativity, which results from a 

higher level of negative emissions than emissions released into the atmosphere by the OCDR approach 

over its lifecycle. Negative emissions are GHGs removed from the atmosphere by intentional human 

activities. Hence, neither the storage of emissions from a fossil source nor the assimilation of atmospheric 

carbon by existing ecosystems qualify as negative emissions26,47. Additionally, an OCDR approach can 

potentially result in avoided emissions via substitution in LCA. They refer to emissions assumed to be 

avoided by replacing a reference system with the OCDR system26. In the example of BECCS, emissions are 

sequestered, achieving negative emissions while generating electricity, which may displace energy 

generation with higher carbon emissions (avoided emissions). As they do not represent emissions directly 

removed from the atmosphere, avoided emissions cannot be categorised as negative emissions and must 

be documented as an environmental side benefit of the OCDR approach9–11. 

4.1.2 System boundary terminology  
In the LCA studies that have been reviewed, the choice of the system boundary was often not explicitly 

mentioned or wrongly stated as cradle-to-grave system boundary. A scope only encompassing processes 

internal to the system must be called a gate-to-gate approach (e.g., an LCA focusing on CO2 capture within 

an OCDR approach). Broadening the scope to incorporate upstream processes results in a cradle-to-gate 

approach (e.g., an LCA covering CO2 capture alongside extraction of natural resources necessary to the 

system). A cradle-to-grave approach further includes downstream processes, which are processes 

typically associated with disposal (e.g., extending the previous example to include all processes up to and 

including CO2 storage)26,39. Without a cradle-to-grave scope, it cannot be determined whether the OCDR 

approach achieves an overall net decrease in atmospheric GHG concentration (thus net negativity). 

4.2 Temporality in LCA 
LCA models are typically static, overlooking the temporality of emissions and removal9,11. Emission 

temporality should be considered in LCA studies of OCDR approaches, as it could impact the results. For 

instance, the instant release of a large GHG amount would not result in the same environmental effect as 

the gradual release of the same amount over time due to their different effect on the total radiative 

forcing9. Similarly, the immediate release of a large GHG amount would likely result in different 

environmental consequences than the release of the same amount over different time scales17. With 

regards to carbon removal, the timing of when an OCDR approach achieves carbon net negativity should 

be included in LCA studies17,26,48. Currently, no consensus exists in LCA regarding the methods for 

accounting for temporal dynamic impacts on climate change by carbon being emitted and removed17. 
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4.3 Limitations 
Conducting LCAs on OCDR approaches entails several limitations that LCA practitioners must consider. In 

any LCA, uncertainty and variability can arise from the data, models, assumptions, and methodological 

choices made by the practitioner. Sensitivity, scenario, and uncertainty analyses must be performed to 

identify and account for such issues coming from uncertainty and allow for a deeper understanding of the 

reliability and robustness of the LCA results (for additional information, see Huijbregts et al. (1998)35). 

Performing prospective LCAs of emerging technologies, such as OCDR approaches, come with additional 

limitations. Issues of transparency and completeness were frequent in the LCAs reviewed. This can be due 

to industrial data confidentiality, which is common for emerging technologies. This results in an issue of 

reproducibility of the study. Method and data must always be reported in the most complete manner. 

Other challenges common to prospective LCAs are comparability, data availability and quality, scaling, and 

uncertainty27. Comparability relates to issues of comparative assessments between emerging and mature 

technologies6. Data availability is especially challenging for emerging technologies, and uncertainty 

regarding the future performance of the technology once it is deployed on an industrial scale also affects 

data quality6,39. The recommendations provided in this document aim to minimise these issues inherent 

to prospective LCAs and should be considered while performing and reporting such assessments of OCDR 

approaches. This is discussed at length in Moni et al. (2020)27 and Thonemann et al. (2020)6. Further, 

although LCA methodology is continuously being developed, the pace of technology development has also 

surpassed LCA. As a result, numerous environmental flows are still unclassified and uncharacterised, 

hence not included in LCA studies8. Emerging technologies may also lead to unforeseen future impacts 

that are not yet addressed due to a lack of LCIA categories49. This absence affects the ability to intervene 

at an early stage of the design of the technology to mitigate environmental damage50. When quantitative 

assessments are not feasible, uncertainty must be limited and reported qualitatively to provide 

information in the most comprehensive manner. Moreover, standard characterisation factors used in LCA 

are sometimes outdated and lack a prospective notion, which limits temporal consistency in prospective 

LCAs. Future efforts should aim at identifying and correcting outdated LCI and LCIA datasets as well as 

updating characterisation factors41,42.  

An important limitation of the LCA method lies in its capacity to evaluate impacts on marine environments 

accurately and comprehensively. For example; although literature suggests that LCA is suitable for 

assessing the environmental performance of CDR approaches9, we argue that, while this may hold for 

LCDR approaches, it is only partially applicable to OCDR approaches. LCA was initially developed with a 

focus on evaluating the effects of land-based industries on terrestrial and freshwater ecosystems thus 

currently does not provide the same level of coverage for the effects of anthropogenic activities on marine 

ecosystems51. Furthermore, whereas the literature identifies seven main drivers of marine biodiversity 

loss (climate change, ocean acidification, eutrophication-induced hypoxia, seabed damage, 

overexploitation of biotic resources, invasive species, and marine plastic debris52,53), standard LCIA 

methods found in LCA software currently only include marine eutrophication (e.g., PEF v3.1 (2022)) or 

both marine eutrophication and marine ecotoxicity as midpoint impact categories for marine biodiversity 

loss (e.g., ReCiPe v1.1 (2016), CML v4.8 (2016)). For the other drivers, model approaches exist to forecast 

spatial and temporal distribution as well as the intensity of anthropogenic activities, on which fate and 

exposure factors must be developed51. Recent efforts have expanded the LCA method for the marine 

environment51,54–58. However, more research is needed to represent the impacts on marine biodiversity 
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in LCA accurately. Hence, in its current state, LCA cannot grasp the full environmental performance of 

OCDR approaches. When additional detrimental effects cannot be quantified, they should at least be 

discussed qualitatively. Additionally, ISO 14044 recommends comparing results of different LCA studies 

only when these studies have equivalent context and assumptions4. LCAs of different OCDR approaches 

have important differences in systems studied, scopes and assumptions. Therefore, we strongly advise 

against using results in environmental performance across LCAs of different OCDR approaches in decision-

making processes. Another limitation is the current modelling of the ocean as a single compartment in 

LCA, which does not reflect its spatial heterogeneity and the resulting variations in biodiversity, notably 

in the deep sea59. Future research should aim to further divide the marine compartment into relevant 

sub-compartments in LCA (e.g., surface, pelagic, benthic, coastal and deep ocean57,58) to develop 

meaningful characterisation factors. However, conducting LCAs on OCDR approaches remains useful for 

giving preliminary insights into the environmental hotspots for design improvement, assessing knowledge 

gaps and orienting future research17,27.  
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5 Conclusion 

This document provides recommendations for conducting LCAs on OCDR approaches across all phases of 

the LCA method to conduct these environmental assessments comprehensively and transparently. This 

guideline will be applied to LCA case studies of OCDR approaches in D2.2. A high level of uncertainty 

remains associated with LCAs on OCDR approaches, which needs to be appropriately reported. Results 

across LCAs of OCDR approaches must not be used in public comparative assessment. LCAs on OCDR 

approaches can be conducted to identify hotspots for design improvement, evaluate knowledge gaps and 

orientate future research. For more complete environmental assessments of OCDR approaches, 

environmental impacts on the marine environment must be better represented in LCA. D2.2 will also aim 

to enhance the assessment of environmental impacts occurring in the marine environment through LCA. 

We further recommend conducting LCA alongside other methods, such as risk assessment and qualitative 

assessments, to complement the environmental assessment of the OCDR approaches9,60.  

6 Deviations from Annex 1 

Parts of the deliverable are intended for publication in a scientific peer-reviewed journal. Other than that, 
there are no deviations from Annex 1. 
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8.2 Simplified example of the guideline application1 
Seaweed cultivation and deep-sea deposition 

Goal of the study 

This study aims to assess the net carbon removal capacity of seaweed cultivation and deep-sea 
deposition for CDR once deployed on an industrial scale and to assess its overall environmental impact, 
specifically on the marine environment. This study aims at the preliminary identification of 
environmental hotspots in seaweed cultivation and deep-sea deposition as a CDR approach to allow 
early design improvement. This study is intended to deliver insights for technology developers to 
improve the investigated technology. The results should not be used in comparative assertions 
disclosed to the public. 
The study aims to answer the following research question: ‘Where are the environmental hotspots in 
the lifecycle of seaweed cultivation as an OCDR approach?’ 

Scope of the study 

Seaweed cultivation for CDR (for a definition of CDR, see IPCC (2021)2) is an OCDR approach that aims 
to remove atmospheric CO2 by growing seaweed from sporophytes, capturing carbon in their biomass 
during growth. The seaweed is then harvested and transported to be sunk in the deep ocean using a 
ballast. There (>1000 m below the sea surface), it is considered stored for a long-term period (>100 
years)2. This OCDR approach is currently in a development phase (TRL 3-5). 
Since the function of the system is to remove atmospheric CO2, an FU of 1 tonne of atmospheric CO2 
net removed for 100 years in the deep sea is used. In this attributional LCA, we use a cradle-to-grave 
approach. 

Life cycle inventory analysis 

The supplementary information will provide all the data sources for the foreground and background 
processes. The foreground data and their uncertainty ranges were collected through interviews with 
the technology developers, and prospective data for the background processes was generated using 
premise.  

 
The system does not entail any multi-functional process in the foreground system. 

Life cycle impact assessment 

ReCiPe v1.1 (2016) was chosen, which covers at a midpoint level the following environmental impact 
categories: climate change, ozone depletion, ionizing radiation, fine particulate matter formation, 
photochemical oxidant formation: ecosystem quality, photochemical oxidant formation: human health, 
terrestrial acidification, freshwater eutrophication, human toxicity: cancer, human toxicity: non-cancer, 
terrestrial ecotoxicity, freshwater ecotoxicity, marine ecotoxicity, land use, water use, mineral resource 
scarcity, fossil resource scarcity. At an endpoint level, the LCIA method covers the following 
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environmental impact categories: damage to human health, damage to ecosystems, and damage to 
resource availability. 

Life cycle interpretation 

The results include a list of uncharacterised environmental flows and process contributions to category 
indicator results. A sensitivity analysis of the LCIA method was performed using CML v4.8 (2016). 
Another sensitivity analysis of the carbon storage was performed, assuming that 30% of the carbon 
storage at an ocean depth of 1000 m below the sea surface is reversable3. A scenario analysis was also 
performed with 50%-70%-100% carbon storage in the deep sea. 
Many uncertainties remain regarding this OCDR approach, notably the technology needed for seaweed 
sinking. Moreover, this OCDR could potentially result in anoxia in deep waters, alteration to deep-ocean 
biodiversity, and impacts on nutrient dynamics and sediment chemistry, among other potential 
environmental side-effects, for which more research is needed4.  
The potential of the OCDR technology also needs to be further investigated. Our understanding of the 
fate of carbon in the deep ocean remains limited, and the duration of carbon sequestration in the deep 
ocean is still uncertain5.  
Lastly, it must be highlighted that LCA, in its current form, cannot fully assess the environmental impacts 
of OCDR approaches, especially those occurring in the marine environment. 

 
1This is an artificial example that is only used for exemplifying the guidelines for LCAs of OCDR approaches. Actual application of 

the guidelines will follow in D2.2. 

2Intergovernmental Panel On Climate Change (IPCC). Climate Change 2021 – The Physical Science Basis: Working Group I 

Contribution to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change, 1st ed.; Cambridge University 

Press: Cambridge, United Kingdom and New York, NY, USA, 2021. https://doi.org/10.1017/9781009157896. 

3Coleman, S.; Dewhurst, T.; Fredriksson, D. W.; St. Gelais, A. T.; Cole, K. L.; MacNicoll, M.; Laufer, E.; Brady, D. C. Quantifying 

Baseline Costs and Cataloging Potential Optimization Strategies for Kelp Aquaculture Carbon Dioxide Removal. Front. Mar. Sci. 

2022, 9. https://doi.org/10.3389/fmars.2022.966304. 

4Chopin, T.; Costa-Pierce, B. A.; Troell, M.; Hurd, C. L.; Costello, M. J.; Backman, S.; Buschmann, A. H.; Cuhel, R.; Duarte, C. M.; 

Gröndahl, F.; Heasman, K.; Haroun, R. J.; Johansen, J.; Jueterbock, A.; Lench, M.; Lindell, S.; Pavia, H.; Ricart, A. M.; Sundell, K. S.; 

Yarish, C. Deep-Ocean Seaweed Dumping for Carbon Sequestration: Questionable, Risky, and Not the Best Use of Valuable 

Biomass. One Earth 2024, 7 (3), 359–364. https://doi.org/10.1016/j.oneear.2024.01.013. 

5Herzog, H.; Caldeira, K.; Adams, E. Carbon Sequestration Via Direct Injection. In Encyclopedia of Ocean Sciences; Elsevier, 2001; 

pp 408–414. https://doi.org/10.1006/rwos.2001.0041. 
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