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Abstract

This paper discusses current methodologies for measuring carbon footprints within the food industry, with a particular focus on seafood and seafood-based products. Key approaches, including life cycle assessment, are discussed. The carbon footprint methodology estimates total greenhouse gas emissions across the entire life cycle of a product, from the initial extraction of the raw materials up until the final disposal and serves as an essential tool for evaluating environmental consequences and supporting sustainable practices. However, several obstacles exist, including discrepancies in system boundaries, functional units, regionality, time frames, data availability and reliance on emission factors. These issues complicate the identification of hotspots, framework standardization, and limit comparability of results across studies. This review further evaluates major carbon accounting standards at both organisational and product levels, such as ISO 14064, the GHG Protocol, PAS 2050, and ISO 14067. In addition, it highlights key factors influencing carbon footprint assessments, including greenhouse gas selection, system boundary definition, data collection, and emission quantification. Hence, the study emphasises the need for greater consistency, transparency, and standardisation in carbon footprint methodologies to improve reliability and support effective emission reduction strategies in the seafood sector. 

Keywords: Carbon footprint, life cycle assessment, greenhouse gases, input-output modelling, system boundaries, GHG Protocol

1. Introduction
Every product or service has an ecological footprint, and it is imperative that the impacts of such products are reduced to help build a more sustainable future globally, grappling with numerous challenges, including resource scarcity and air- and water-quality deterioration, soil pollution, and climate change. Greenhouse gas emissions continue to rise each year, causing an increase in global temperatures (Chang et al. 2017). The concept of a carbon footprint originates from the idea of an ecological footprint, which assesses the consumption of natural resources associated with particular activities (Fang et al. 2014). Research on carbon footprints has been conducted worldwide across diverse fields and regions, encompassing national and economic levels (Munoz et al. 2022; Liang et al. 2022 ), cities and regions (Sovacool and Brown 2010; Wu et al. 2021; Fan et al. 2022),  households (Liao 2022), products (He et al. 2019; Huang et al. 2022), as well as agriculture and aquaculture (Brentrup et al. 2004a; Brentrup et al. 2004b; Chang et al. 2017).  
A carbon footprint quantifies the total greenhouse gas emissions produced throughout the entire life cycle of specific products and services, including raw material extraction, production, assembly, transportation, use, disposal, and waste management (Williams 2013). The European Commission (EC) has recognised LCA (Life Cycle Assessment) as the best framework for evaluating products (Perez-Lopez et al. 2017). LCA has been applied to intensive fish aquaculture systems, including onshore tanks (Jerbi et al. 2012; Iribarren et al. 2012; Samuel-Fitwi et al. 2013) and offshore sea cages (Garcia Garcia et al. 2016; Abdou et al. 2017). It is often noted that comparing LCA results should be avoided (Desjardins et al. 2012; Röös et al. 2013; McAuliffe et al. 2016) due to variations in methodological approaches, functional units, and temporal or regional differences. 
The carbon footprint can be quantified per use, per unit, or annually. Even a basic assessment of a product's carbon footprint can serve as a valuable tool in developing a strategy to cut emissions and improve efficiency, leading to cost savings and environmental benefits (Field and Simmons 2012). Establishing clear research objectives and parameters, which encompass core business activities and optional components, is essential (Scrucca 2021). Hence, developing a clear process map that illustrates the flow of materials and energy helps in understanding and enhancing the system being studied (Lee 2011). The main objective of this review is to examine and discuss existing research on standardised methodologies including life cycle assessment, process analysis, and input-output models, for evaluating greenhouse gas emissions across the life cycle of products and organizations. 
2. Review methodology
A systematic literature search was conducted to ensure transparency and reproducibility of the review manuscript. The databases searched included Google Scholar. The search strategy employed combinations of the following keywords: “product carbon footprint,” “carbon footprint assessment,” “life cycle assessment,” “GHG emissions,” “LCA methodology,” “PAS 2050,” “ISO 14067,” “GHG Protocol,” “seafood carbon footprint,” and “aquaculture environmental impact.” Boolean operator (AND) was used to combine search terms and broaden or narrow the scope of results as required. The temporal scope of the search covered publications from 2004 to 2025, with particular emphasis on studies published within the last decade to reflect current methodological developments and regulatory standards. Inclusion criteria for selecting literature were: (i) peer-reviewed journal articles, book chapters, and authoritative technical reports; (ii) studies directly addressing carbon footprint quantification, LCA frameworks, or GHG accounting standards; (iii) case studies relevant to food, seafood, and aquaculture sectors; and (iv) publications available in the English language. Studies were excluded if they were: (i) studies focused exclusively on non-food industrial sectors without transferable methodology. A total of 88 sources were initially identified, of which 65 met the inclusion criteria and were incorporated into this review. Data were extracted thematically, organized around the key topics of assessment standards, GHG selection, life cycle stages, data sourcing, and quantification methods. This structured approach enabled a comprehensive and evidence-based synthesis of the existing literature on product carbon footprint methodologies.
3. Concept of carbon footprint

The carbon footprint associated with a product represents the quantity of greenhouse gases generated or utilized over its entire lifecycle. This footprint can be described as conveyed either expressed annually or per use or dosage. It's important to acknowledge that no carbon footprint study can ever be perfect; they are always the best approximation of emissions at a specific moment in time, relying on available data (Berners-Lee 2022). This methodology in terms of greenhouse gases evaluation has garnered significant interest, particularly due to its alignment with international agreements. In 2008, a Human Development Report was published by the United Nations Development Programme (UNDP) for 2007–2008, emphasising the requirement for worldwide solutions to confront climate change in the 21st century. An urgent need was felt to confront the challenge of climate change by implementing effective policies to reduce greenhouse gas (GHG) emissions (Fakuda-Parr et al. 2014). 
The UNDP report from 2008 indicated that it is not only essential for the world to reach a consensus on GHG emission limits but also to establish national strategies and detailed plans for reducing carbon emissions.  Since then, global attention has been focused on climate change, promoting the transition to low-carbon economies and environmentally friendly lifestyles. The goal is to achieve global sustainable development through these low-carbon approaches ( Li et al. 2019). In 2009, following discussions at the Copenhagen World Climate Conference regarding the post-Kyoto Protocol commitments, countries emphasised the primary focus on "shared responsibility." They also put forward a long-term global aim of curbing a 2 °C increase over pre-industrial temperature baselines after the Industrial Revolution.
An article proposed that if temperatures continue to rise could be restricted to just a rise of 1.5 °C above pre-industrial times, in contrast to the commonly mentioned 2 degrees Celsius, there would be a 75% likelihood of targeting a reduction in economic losses of 60% likelihood of bringing in around 20 trillion dollars in economic value (Burke et al.  2018). The Paris Agreement became effective on November 4, 2016. This stands as the third significant legal framework at the international level in the context of mitigating climate change, following the precedents set by the UNFCCC and Kyoto Protocol. These legal tools have formed the foundation for steering international climate governance after 2020 but have also provided a direction for humanity to transition towards new lifestyles and modes pertaining to production. Since the adoption of these agreements, the application and promotion of carbon footprint have gained international recognition (Mancini et al. 2016; Song et al. 2016).
Product carbon footprints (PCFs) are used by businesses to comprehend and control the environmental effects of their products and services (Bolwig and Gibbon 2009). They are motivated by both internal goals, like increasing design efficiency and cutting costs, and external goals, like satisfying customer expectations and enhancing brand image. PCF studies can be resource-intensive despite their benefits, necessitating the careful selection of products with adequate supply-chain visibility as well as precisely defined goals, system boundaries, and life-cycle stages (Mundt and Kemper 2024). Although boundary definitions such as cradle-to-grave or cradle-to-cradle may differ based on the particular objectives of the organisation, assessments should ideally take account of the entire life cycle from raw material extraction through production, distribution, use, and end-of-life management. Multiple boundary frameworks, including cradle-to-grave and cradle-to-cradle approaches, may be considered (Figure 2).

4. Methodology for the calculation of carbon footprint

4.1. Assessment standards of carbon footprints

The estimation of the amount of GHGs that get released/are embodied in each step of the process identified within the life cycle of the product, activity, or individual in question is referred to as GHG accounting (Olanrewaju 2025). There are guidelines for GHG accounting. Common resources are:
i.  GHG Protocol of WRI/WBCSD: Almost all GHG accounting methodologies, such as ISO 14064 and Publicly Available Specifications (PAS) 2050 by British Standards Institution (BSI) in 2008, are founded on the principles laid out in this protocol. The GHG protocol offers distinct protocols for GHG accounting and reporting related to the life cycle of products and organizational structures. ISO 14064 (Parts 1 & 2): ISO 14064 is an international standard prepared by ISO for boundary definition, quantification of greenhouse gas emission, and removal (Manning and Nayak 2024). ISO 14064 part 1 relates to the carbon footprinting of organization with respect to quantification and reporting of GHG emissions, while part 2 covers specific projects and activities.
ii. Publicly Available Specifications-2050 by the BSI: This sets out the criteria for measuring the GHG emissions in the life cycle of products and services (Bouhmoud et al. 2024). The PAS standard is working towards developing a methodology to estimate the carbon footprint of agriculture too.
iii. International Guidelines for National Greenhouse Gas Inventories by Intergovernmental Panel on Climate Change (IPCC): IPCC classifies all sources of anthropogenic greenhouse gases into four sectors, which include energy, industrial process, agriculture, forestry, and other land use and waste sectors (IPCC 2006).
For the activity for which the carbon footprint is to be calculated, all of these rules and standards go through life cycle assessment or "cradle-to-grave analyses" (Bassam 2024). The comparative analysis among the main carbon footprint assessment frameworks is given in Table 1.





Table 1. Contrastive study on evaluation criteria of product carbon footprint (Yu et al. 2024)
	Essential information

	PAS 2050
	TS-Q 0010
	Product Life Cycle Accounting and Reporting Standard
	ISO14047

	Organization
	BSI
	JIS
	WBCSD&WRI
	ISO

	Date
	2008, 2011	
	2009
	2011
	2013

	Type version
	Official version
	Official version
	Official version
	CD edition


	Operating availability


	Operability
	Operability
	Operability
	Instructional


	Properties
	Open standard
	Technical regulation	
	Voluntary initiatives	
	International standard

	User fields
	Used mainly in food, drinks, clothing and cosmetics etc. internationally

	Mainly used in food and consumer goods in Japan

	Used mainly in foods, drinks and cosmetics etc. in the world.

	----

	Allocation
	System boundary expansion; Economic Spec. rules for EoL

	Preference for PCR
	Adapted from ISO 14044
	Adapted from ISO 14044

	Cut off rules
	1% of GHG emissions; 95% complete
	5% of GHG emissions (to be discussed more)


	Significance as principle; 80% complete


	Adapted from ISO 14044:2006

	Data quality
	Specific requirements
	Specific requirements
	Pedigree matrix
	Pedigree matrix

	Data type
	No IO data, transparent process data
	Process data is preferred over IO data, however, are acceptable if no process data available. 
	Process data is preferred over IO data, however, are acceptable if no process data available. 
	Process data is preferred over IO data, however, are acceptable if no process data available. 

	Land use change
	Provides procedure and  standard default soil emissions by country. 
	Not specified
	Proposal to use PAS2050
	Before using protocols to include standards within the National GHG Inventory, follow the IPCC guidelines on national GHG countries.

	Carbon storage
	Provides method for calculation
	Not specified
	Major discussion/ likely to be included.

	Probably included

	Delayed emissions  
	Describes calculation method
	Not specified
	Major discussion/ likely to be included.


	Probably included


	Renewable power resources


	Provides Additionality and Double Counting for Renewable Electricity Generation. 
	If it is paid for at the cost of actually generating the renewable electricity, can be included.
	
Not specified
	Not specified






4.2. Selection of GHGs

The selection of greenhouse gases involved in calculations depends on the adopted guidelines, specific requirements for carbon footprinting, and nature of activities undertaken (Yaman 2024). Thus, in thermal power plants, which emit large amounts of CO2, while other gases are insignificantly released into the atmosphere, calculation involving CO2 emissions would only be feasible. In the case of cattle farming, however, CH4, CO2, and N2O emissions could also be relevant. While some literature only considers CO2 emissions in carbon foot printing, all guidelines indicate that all six Kyoto gases should be considered (Iwata and Okada 2014).

4.3. Life Cycle Assessment/ Life Cycle Analysis 

Life cycle assessment is a standardized approach that has been adopted and supported by international organisations like the European Commission and the United Nations Environment Program for evaluating the ecological effects of a product throughout its life cycle process in a way that promotes sustainability and helps in labelling products (Cucurachi et al. 2019). The LCA model consists of four main processes, including goal and scope definition, inventory analysis, impact assessment, and interpretation, which help avoid trade-offs and minimise burden shifting (Rodrigues and da Silva 2024).
Though there have been many studies conducted using LCA on foods, decision-making based on information still poses some difficulties due to differences in methodology, functional units, and temporal/spatial variation, among other reasons, thus restricting their comparisons (Desjardins et al. 2012; Röös et al. 2013; McAuliffe et al. 2016). Other issues include a lack of reviews providing comprehensive information, single value results that do not provide full impact assessment, and lack of public domain LCA information (Peters et al. 2010; Röös et al. 2011).
During the first stage of the life cycle assessment process, the researcher sets out the objectives, scope, assumptions, target audience, and functional unit to help create clarity and validity in carrying out the assessment (Laurent et al. 2020). The functional unit offers an identifiable way of measuring the impact of the product system on the environment by associating it with the functionality of the product, for example, the amount of nutrition supplied by the product system (Vieux et al. 2025).

4.4. System Boundaries and Functional Units

The relevant system boundaries for the carbon footprint study should be established once the comprehensive assessment of the product’s life cycle has been conducted. This analysis helps identify which specific unit processes should be incorporated into the evaluation of the product's climate impact in terms of CO₂-equivalents (Schutzbach et al. 2025). Sample system boundaries for a medium-sized fish fillet processing facility are given in Figure 1 (Poernomo and Suryanto 2020). The raw materials used were sourced from the company’s own farms, including ponds and cages, as well as from external fish farmers. The resulting products were distributed to various cities. During the study, data on quantities of raw materials and products were collected. To estimate the magnitude of CO2 emissions associated with activities within the defined system boundaries, factors translating electricity, fuel, and refrigerant usage into impact metrics in various stages, from originating at the farms and processing plant toward the final retail destination, were employed. Additionally, electricity consumption covering office AC units, office equipment, and lighting systems was computed using the daily mean usage times observed during the study period (Poernomo and Suryanto 2020).


[image: ]
Figure 1.  System boundaries for carbon footprint calculation of pangasius fillet 

The study had specific exceptions and limitations in its CO2 analyses, as the analysis did not account for the refrigerant used in office air conditioning units. CO2 emissions related to ice production were calculated based on electricity consumption only, based on assumption that a machine with a capacity of 6 tons/day was used. The calculation did not consider CO2 emissions generated by human labour involved in the production process. Regarding waste treatment, only the emissions from pumps serving liquid wastewater tanks were included, while CO2 emissions from liquid waste within the tank and solid waste were omitted. Fuel consumption for the transportation of raw materials along with product shipments to wholesalers in different cities was estimated according to the total distance travelled using conventional pick-up and refrigerated transport vehicles. Travel distances were approximated using Google Maps, and fuel efficiency data were obtained from the vehicle manual. The study did not track the distribution of products to retailers (Poernomo and Suryanto 2020).

4.5. Data Collection and Sources 

The problem of collecting data on CO2 equivalent emissions is very difficult because it needs to be collected not just within the organisation but from the entire supply chain. The first step here is to find those people who have access to that information and cooperate with them (Stenzel and Waichman 2023).
Data used for product carbon footprint assessment can be categorised into two primary groups according to Field and Simmons 2012, as given in Table 2.
Table 2. Categories of data used for product carbon footprint
	Primary data
	Secondary data

	Measurements and records obtained first hand
	Emission factors

	Typically, this pertains to in-house activities or operations
	Sourced from external origins, such as third-party databases

	For example, quantities like liters of fuel or kilowatt-hours (kWh) of electricity emissions per unit.
	For instance, kilograms of CO2 per kilogram of feed at the farm



Primary data comprises tangible data directly associated with the specific product under examination. Archival data encompasses approximations and postulates derived from recognized industry benchmarks or average information. This category also includes emission factors, which play a role in calculations to determine greenhouse gas (GHG) (Field and Simmons 2012). 

[bookmark: _TOC_250011]4.5.1. Primary data

Collecting empirical data for computations of carbon emissions is often formidable because direct measurement is typically not feasible extracted from financial documentation or purchasing specifications. The information needed for this evaluation includes metrics such as weight, distance, and energy consumption, whereas routine documentation primarily focuses on fiscal aspects (Chase 2025).
Validated data collection necessitates a firm dedicating time and personnel allocated to the data collection process. Primary data commonly tends to be sourced from multiple divisions of the organisation, hence, it is advisable to designate a facilitator to oversee the sequence of steps. Data collection may occur over a specific time frame, typically spanning a year, to mitigate the impact of seasonal fluctuations in the data (Taherdoost 2021). 

a. Utilities: Information pertaining to electricity usage in kilowatt-hours (kWh), the utilization of natural gas in kilowatt-hours (kWh) or cubic meters (m³), and water drawn for use in litres (l) can be sourced from the utility invoices or meter readings. Occasionally, consumption figures can be obtained from sub-metering systems for processes specific to the product, if such systems are in place (Ogola et al. 2023). 

b. Transport: Information regarding inbound and outbound freight transportation can be acquired from expense reports, fleet records, fuel details, card records, or structured questionnaires. For estimating Inter-location distances, desk research is often beneficial (Mishra 2024). Expense claims can be explicitly linked to fuel expenses and, consequently, fuel consumption. Assuming the vehicle types are identified, you can multiply mean fuel consumption rates adjusted according to known distances to determine the Cumulative fuel use (Plessis et al. 2023). Fuel use can likewise be computed by conducting surveys of the fleet operations over a representative period. Despite the availability of fuel consumption data which provides greater accuracy, there exists publicly accessible secondary data from Defra that captures the structure of the UK freight system. These data can be utilized to calculate the greenhouse gas impact of transportation when the distance covered is known (Kilian et al. 2023). 

c. Materials: Materials utilized in the fabrication process encompass more than merely the raw materials employed in crafting not only the product but additionally supplementary supplies directly associated with the product's production (Dumee 2022). These auxiliary materials may encompass items like product packaging, fuels that are not included in utility expenses, cleaning agents, and so forth (Kurek and Scetar 2021).
Data pertaining to the constituent parts and mass of these materials is recommended and may typically be acquired from the product specifications, inventory sheets or invoices. In situations where collecting physical data is impractical or impossible, financial data can serve as an alternative source (Navon and Berkovich 2006). This involves being informed of the materials’ pre-VAT price purchased and then applying factors that link emissions of greenhouse gases in relation to industry sector expenditures. These factors are referred to as Input-Output (I/O) emission factors (Li et al. 2022).

[bookmark: _TOC_250010]d. Waste: The necessary waste data comprises the material category, quantity of waste by weight, and the method of refuse management employed (e.g., landfill or recycling) (Hoque and Rahman 2020). This information is generally obtainable from records maintained by waste contractors. In cases where such records are unavailable, a waste survey can be conducted over a representative timeframe to ascertain the waste type, weight, and how it is managed (Field and Simmons 2012).

4.5.2. Secondary data
Collecting secondary data for carbon Footprint computation includes conducting research for assembling the required information pertaining to the Product Carbon Footprint (PCF) (Hu et al. 2025).

Secondary data can be categorised into two main types:

a. Secondary Activity Data: This data pertains to the quantity of required energy, materials, or expenses to execute a specific technique. Examples include the number of kilowatt-hours (kWh) of natural gas needed to produce 1 kilogram of glass or the quantity of kilograms of feldspar required to manufacture 1 kilogram of glass (Falzon et al. 2024).

b. Emission Factors: These data provide information on the per-unit environmental impact of a product or activity. For instance, it includes data on the amount of greenhouse gases (GHGs) in kilograms expelled when producing 1 kilogram of product or the quantity of GHGs in kilograms released when conveying 1 kilogram of product for 1 kilometre. In the case of secondary data, this information is not directly collected from a specific production process; instead, industry averages and approximations are utilised (Legesse 2025).
To conduct Product Carbon Footprint assessments, it is often necessary to rely on secondary sources, particularly using third-party conversion factors to assess and compute emissions resulting stemming from a particular activity (Hidri 2023). For instance, an enterprise might have data on the quantity of diesel used (activity data), but to ascertain the quantity of carbon emissions generated by burning that diesel, a third-party emission factor is essential (Yu et al. 2022).
Numerous publicly accessible databases that clarify these emission factors are available, often made available by government departments or international bodies. A valuable preference of these databases can be found on the GHG Protocol’s online platform. This digital portal offers recommendations concerning the process of selecting an appropriate emission factor and provides details on each database, including data type, supported languages, and geographic scope (HosseiniHaghighi et al. 2022). The GHG Protocol website highlights databases offering open and accessible resources, such as those from sectoral and national databases, including Plastics Europe, the European Aluminium Association (EAA), Danish Food LCA, and DEFRA emission factors for the UK (Schrijvers et al. 2022). Additionally, through the ELCD database, the European Commission Joint Research Centre supplies freely accessible data from business associations and other sources (Field and Simmons 2012). However, it's important to note that some widely used and comprehensive databases, like Ecoinvent and the BUWAL packaging database, are not freely accessible (Bher and Auras 2024).
Reliable secondary sources can be acquired from industry organizations, government reports, regional and national statistical sources, peer-reviewed research, Environmental Product Declarations, databases, verified carbon footprint assessments, Life Cycle Assessments (LCAs), and published data from various other reputable sources (Sajawal Akhtar 2026).

4.6. Quantification of carbon footprint

Greenhouse gas (GHG) emissions are quantified by their weight and transformed into carbon dioxide equivalent emissions through the utilisation of 100-year Climate impact potential coefficients, as defined by the Intergovernmental Panel on Climate Change (IPCC). For instance, methane has a GWP (Global Warming Potential) coefficient of 23, signifying that 1 kilogram of methane possesses the same global warming potential as 23 kilograms of carbon dioxide. Greenhouse gas emissions encompass at the level of a 'Product Unit,' which is defined as the item available for purchase by consumers. This 'Product Unit' encompasses the specific packaging used for the product's sale. To facilitate comparisons among products, carbon emissions can also be expressed as kilograms of CO2 per kilogram of the product (Du et al. 2024).
With respect to carbon footprint evaluation, "hotspots" pertain to the most significant factors or stages that impact resource and energy usage in a product's life cycle, particularly concerning its climate impact. These hotspots serve as valuable indicators for pinpointing critical areas that may require more detailed examination. Hotspots are identified within each life cycle stage (Field and Simmons  2014).  
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Figure 2: Study boundaries for the main categories of products' carbon footprints 

	The diagram of the process gives a visual indication of the flows of materials and energy through each stage of the lifecycle of the product, thus aiding in determining the boundaries of the system for carbon emission calculations (Figure 3).
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Figure 3: The product process map 
To determine the carbon footprint, the methodology outlined in PAS 2050 (British Standards Institution 2011) can be followed. PAS 2050 provides a comprehensive greenhouse gas assessment framework that follows the ISO/TS 14067 guidelines (ISO/TS 14067, 2013). Additionally, PAS 2050 provide detailed guidance and technical information for conducting the assessment, which enhances the clarity and comprehensibility pertaining to the calculation of a product’s Carbon Footprint. The approach draws on the multiplication of the emission intensity factor associated with a particular material calculated from the amount used in the operation, as outlined in PAS 2050 "activity data." This calculation is represented by the subsequent equation:
CF = EF × MQ
Where:
CF: Carbon Footprint of the material (expressed in X kilograms of CO2 equivalent emissions)
EF: Emission Factor denoting emissions per unit of the material (expressed as X kilograms of CO2 equivalent emissions per 1 kilogram, 1 litre, 1 kilowatt-hour, etc.)
MQ: Quantity of the Material used to complete the entire operation (measured in kilograms, liters, kilowatt-hours, etc.) (Gao et al. 2013).

5. Instruments and Reference databases

Both domestic and international organisations have formulated carbon emissions accounting standards grounded in a comprehensive life-span perspective (Truant et al. 2025). These standards outline the scope, boundaries, and data prerequisites for conducting carbon footprints, while also stipulating the need for consistent and succinct accounting of outcomes, the enactment of emissions cutback measures, and the substantiation process (Kormann and Rodrigues 2025). However, because this document assumes its users are newcomers to the subject and may not be consulting standards at this juncture, it does not delve into the specific details of these standards. For more information on product footprint standards, you can visit the following websites: BSI, ISO, and GHG Protocol (Field and Simmons 2012).

Table 3.  The carbon footprint associated with seafood products
	Products
	Carbon Footprint
(kg CO2eq/kg product)


	References


	Frozen cod fillet
	2.5
	Ziegler et al. (2016)

	Frozen salmon fillet
	2.4
	Ziegler et al. (2016)

	Canned fish
	1.1
	Asakereh et al. (2010)

	Canned sardines
	7.6
	Almeida et al. (2015)

	Mahi-mahi, snapper, and wahoo (frozen fillet)
	0.6 g/kg
	Sofiah et al. (2018)




6. Case studies

Carbon footprints represent one of the most politicized fields of science, where there is much at stake due to a considerable degree of uncertainty within the system itself (Constantino and Weber 2021). There have been more case studies of carbon footprinting of farming systems and food in the last few years.
In Liu et al.'s (2023) study on the carbon footprint of large yellow croaker using life cycle assessments of two mariculture models deep water wind wave-resistant cage (DWWWRC) and traditional plate cage (TPC). The total amount of carbon emissions in relation to producing 1,000 kg of large yellow croaker were estimated at 1.055 × 10⁴ kg CO₂-eq.t-1 for DWWWRC and 7.55 × 10⁴ kg CO₂-eq. t-1 for TPC. The diesel contributed 94.31% and 88.03% to the total emissions in DWWWRC and TPC respectively. In addition, according to Ziegler et al. (2021), feed contributes to 85% of the total carbon footprint during salmon production process. In a small-scale Rainbow Trout cage farm in inland waters of Turkey, major emission sources included diesel, labour, oxygen, antibiotics, and vitamins. Of these factors, diesel contributed 78.49% of emissions under general management, followed by labour 19.36%, while other inputs such as oxygen (1.66%), antibiotics (0.25%), and vitamins (0.24%) had relatively lower contributions. 
Hagos (2012) reported that cage-cultured cobia exhibited a high carbon footprint of approximately 8 kg CO₂-eq per kilogram of fish produced. FAO (2013) estimated the bone-free meat (BFM) conversion ratio for fish at 0.625, while Crippa et al. (2021) reported a GWP of 3.49 kg CO₂-eq/kg BFM for fish, which is lower than pork (5.77 kg CO₂-eq/kg BFM) and comparable to chicken (3.65 kg CO₂-eq/kg BFM). Ritchie et al. (2023) documented considerable interspecific variation in fish GWP values, ranging from 2.00 kg CO₂-eq/kg BFM in mackerel to 6.63 kg CO₂-eq/kg BFM in pomfret, with intermediate values reported for tuna, haddock, sea bass, and salmon. These findings agree with Boyd (2013), who estimated the carbon footprint of fish meat to range between 2 and 7 kg CO₂-eq/kg.
Variations in carbon footprint among aquatic species are primarily influenced by species type, production systems, management practices, capture versus culture-based production, and allocation methods (Halpern et al., 2022). Capture fisheries employing trawling and longline methods generally exhibit higher emissions because of greater fuel consumption (Iribarren et al., 2010; Vázquez-Rowe et al., 2012). Similarly, shellfish such as prawns, shrimps, and lobsters show wide variability in GWP, with lobster recording the highest median value of 27.80 kg CO₂-eq/kg BFM.
7. Constraints of the analysis
The life cycle assessment methodology was developed primarily for practical industrial applications rather than highly detailed academic investigations. Accordingly, the assessment emphasizes major supply chain stages and permits the use of secondary datasets where direct primary data collection is not feasible (Khan, 2025).
Several limitations should therefore be considered while interpreting the results. First, the analysis relies partly on secondary databases and published literature, which may introduce uncertainties associated with data quality, representativeness, and completeness (Du et al., 2024). The estimated emissions are also dependent on generalized assumptions and default emission factors that may not accurately reflect actual operational conditions across different production systems.
Second, the study represents emissions within a specific temporal and geographical context. Variations in energy sources, technological efficiency, transportation infrastructure, climatic conditions, and farm management practices across regions may influence the applicability of the findings to other locations. Similarly, the selected functional unit facilitates inter-product comparison but may not fully account for differences in nutritional value, edible yield, or consumer utility among products.
Furthermore, although the methodology follows a cradle-to-grave framework, the system boundaries exclude certain non-routine or exceptional activities and provide only generalized estimates for post-production stages such as retail, consumer use, and disposal (Harju et al., 2025). Consequently, the approach does not provide a highly detailed assessment of emissions associated with individual raw materials or specific processing operations (Du et al., 2024). In addition, the analysis focuses on the most common supply chain pathway and does not evaluate all possible alternative production, transport, or distribution scenarios (Acquaye et al., 2014).
Another important limitation concerns the consumption phase, where emissions are highly dependent on consumer behavior, cooking practices, and disposal methods, thereby increasing uncertainty in footprint estimation (Moran et al., 2020; Pavlovic et al., 2018). Retail-stage emissions are also not explicitly included in the present framework, limiting the identification of mitigation opportunities beyond the production and processing stages (Du et al., 2024).

8. Future scope

Research needs to advance carbon footprint assessment by developing better methods that will expand life cycle assessment to cover both cradle-to-grave analyses and regional emission factors. Organizations can track their emissions through direct and indirect methods by using advanced data collection tools which include IoT sensors, smart meters and geospatial techniques. The combination of hybrid LCA models with artificial intelligence and machine learning systems enables organizations to decrease their prediction errors while they gain the ability to forecast how emissions will change over time. The establishment of standardized frameworks together with scenario analysis and sensitivity analysis will enable better assessment of different options which will help decision makers choose suitable policies that support sustainable development and climate change mitigation efforts.

9. Conclusion

[bookmark: _Hlk146998544]This manuscript primarily emphasizes the research methodology procedures employed in conducting studies related to various types of carbon footprints in relation to products. Additionally, the review explores the objectives, guiding principles, calculation methodologies, data selection processes, and other relevant aspects pertaining to organizational footprints and product carbon footprints. The most critical components of such study pertain to the selection of greenhouse gases (GHGs), system configurations, quantification and assessment of carbon footprints, data selection, and the treatment of specific releases. These aspects are of utmost significance in the evaluation of carbon footprints for both organizations and products. While existing assessment standards provide guidelines on these matters, there is room for further enhancements and refinements. This paper focuses on the appraisal of the carbon footprint of the seafood in particular and provides an overview for conducting seafood carbon footprint. 
Carbon footprint studies are aimed at mitigating the carbon footprint of the seafood from farm to fork, providing a foundation for future research in this area.
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