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The fish canning industry, specifically those dedicated to the transformation 
of anchovies, is a sub-sector of the food industry of special importance to the 
Cantabria Region. The management of the industrial waste generated is an 
important environmental problem that requires specific actions through a 
comprehensive and coherent policy on the prevention and control of wastes.  

The application of innovation measures in the industrial sector points to 
significant progress towards the goal of sustainable development. This can be 
achieved either by reducing the environmental impact and/or achieving a 
more efficient and responsible use of resources. The aim is to produce quality 
products with less environmental impact introducing eco-innovation 
strategies, which can move towards more environmentally friendly 
production and consumption processes. Therefore, it is necessary a 
sustainable Cantabrian anchovy industry taking into account local 
considerations for global development. It is imperative to design and 
implement strategies for sustainable management under a life cycle 
approach. These strategies will be focused mainly on increasing the utilization 
of wastes to obtain co-products with higher added value that can be allocated 
to new green markets.  

The methodology proposed in this thesis will allow the dissemination of 
knowledge about environmental and eco-nutritional impacts related to the 
life cycle of the product to decision-makers on production, consumption and 
waste management. These actions will to promote sustainable production 
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and consumption pattern. Moreover, this work developed an eco-innovation 
model that includes material recycling; nutritional assessment in the decision 
making process; and greening business philosophy. 

In this thesis, the environmental intensification of the canned anchovy 
industry, under the life cycle approach, covers the whole supply chain. Life 
cycle assessment allows the use of pollution prevention principles, the 
reduction of ancillary and raw materials, the application of production 
technologies to use renewable raw materials and the use out of industrial 
streams from other processes, taking into account industrial ecology and 
circular economy principles. 

Under a life cycle approach, the future of Cantabria canned anchovy industry 
requires a strategic plan in which the production sector, authorities and social 
and economic organizations will participate in the decision-making process. In 
a global food context, research and development may be reinforced, in 
collaboration with industry, playing a leading role in the future of the 
Cantabrian food industry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 

 

 

La industria conservera de pescado, específicamente aquella dedicada 
a la transformación de la anchoa, es un subsector de la industria alimentaria 
de particular importancia para la región de Cantabria. La gestión de los 
residuos generados es un problema ambiental importante que requiere 
acciones específicas a través de una política integral y coherente sobre la 
prevención y el control de los residuos. 

Asimismo, el sector requiere alguna forma de innovación que apunte a un 
progreso significativo hacia el objetivo de desarrollo sostenible global 
teniendo en cuenta consideraciones locales. Esto se puede conseguir 
reduciendo el impacto ambiental y/o logrando un uso más eficiente y 
responsable de los recursos. El objetivo es elaborar productos de calidad con 
un menor impacto medioambiental, introduciendo estrategias de eco-
innovación que permitan avanzar hacia procesos de producción y consumo 
más respetuosos con el medio ambiente. En este sentido, es imprescindible 
diseñar e implementar estrategias para una gestión sostenible bajo un 
enfoque de ciclo de vida. Estas estrategias se centrarán principalmente en 
aumentar la utilización de los residuos de la producción de anchoa para 
obtener coproductos de mayor valor añadido que puedan introducirse en 
nuevos mercados verdes. 

La metodología propuesta en esta tesis permitirá la transmisión de 
conocimientos sobre impactos ambientales y eco-nutricionales relacionados 
con el ciclo de vida del producto considerado a quienes toman decisiones 
sobre producción, consumo y gestión de residuos, a fin de promover una 
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producción y consumo sostenibles. Además, se ha desarrollado un modelo 
alineado con los principios de eco-innovación que incluye procesos de 
reciclaje y reciclado de materiales; evaluación nutricional en el proceso de 
toma de decisiones; y filosofía empresarial ecológica. 

En esta tesis, la intensificación ambiental de la industria de la anchoa en 
conserva se aborda bajo un enfoque del ciclo de vida de toda la cadena de 
suministro. La aplicación del análisis de ciclo de vida permite el uso de los 
principios de prevención de la contaminación, la reducción de materiales 
auxiliares y materias primas, el uso de tecnologías de producción para utilizar 
materias primas renovables y el aprovechamiento de las corrientes 
industriales de otros procesos. Todo ello teniendo en cuenta los principios de 
la ecología industrial y la economía circular. 

Bajo un enfoque de ciclo de vida, el futuro de la industria de la anchoa en 
conserva de Cantabria requiere un plan estratégico en el que el proceso de 
toma de decisiones debe incluir la participación del sector productivo, las 
autoridades y las organizaciones sociales y económicas. En un contexto 
alimentario global, la investigación y el desarrollo se deberán reforzar, en 
colaboración con la industria, desempeñando un papel de liderazgo y 
acompañando el futuro de la industria alimentaria de Cantabria. 
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GLOSSARY  
 

Allocation - partitioning the input or output flows of a process or a product 
system between the product system under study and one or more other 
product systems. 

Canning plant – a building or group of buildings containing a plant assembly 
where food is sealed in cans or tins to preserve it. 

Circular economy – environmental approach in which the value of products 
and materials is maintained for as long as possible. When a product reaches 
the end of its life, it is used again to create further value. This can bring major 
economic benefits, contributing to innovation. 

Co-product - any of two or more products coming from the same unit process 
or product system. 

Cut-off criteria - specification of the amount of material or energy flow or the 
level of environmental impact that is considered the minimal significant 
contribution to the total results, to be used as criterion for exclusion from the 
study of the unit processes or product system that contribute less. 

Data quality - characteristics of data that relate to their ability to satisfy 
stated requirements. 

Ecoembes - Ecoembalajes Españoles S.A is a non-profit-making organisation 
in charge of the recovery and recycling management of plastic, paper and 
cardboard and beverage carton packaging. 

Eco-efficiency - generation of more value through technology and process 
changes whilst reducing resource use and environmental impact throughout 
the product or service's life cycle. 

Eco-innovation - development of products (good and services), processes, 
marketing methods, organisational structure, and new or improved 
institutional arrangements, which, intentionally or not, contribute to a 
reduction of environmental impact in comparison with alternative practices. 

Ecolabel - voluntary method of environmental performance certification 
which identifies products or services proven environmentally preferable 
overall, within a specific product or service category. 

Environmental burden - The environmental burden approach (developed by 
ICI) is a scientifically sound way to quantify environmental performance. It 
draws on developments in environmental science to estimate potential 
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environmental impact, rather than merely stating quantities of material 
discharged. 

Functional unit - quantified performance of a product system for use as a 
reference unit. 

Input - product, material or energy flow that enters a unit process. 

Integrated Pollution Prevention Control permit (IPPC permit) - a necessary 
document for those installations included in the IPPC Directive that allows 
them protecting the environmental and the human health, as well as the total 
or partial exploitation of the installation according to the IPPC Directive. 

Life cycle - consecutive and interlinked stages of a product system, from raw 
material acquisition or generation from natural resources to final disposal. 

Life cycle assessment (LCA) - compilation and evaluation of the inputs, 
outputs and the potential environmental impacts of a product system 
throughout its life cycle. 

Life cycle impact assessment - phase of life cycle assessment in which the 
inputs and outputs data collected in the life cycle inventory are translated into 
an impact indicator results related to human health, natural environment, 
and resource depletion. 

Life cycle inventory analysis (LCI) - phase of life cycle assessment involving 
the compilation and quantification of inputs and outputs for a product 
throughout its life cycle.  

Life cycle inventory analysis result (LCI result) - outcome of a life cycle 
inventory analysis that catalogues the flows crossing the system boundary 
and provides the starting point for life cycle impact assessment. 

Output - product, material or energy flow that leaves a unit process. 

Process - set of interrelated or interacting activities that transforms inputs 
into outputs. 

Product - any good or service. 

Product system - collection of unit processes with elementary and product 
flows, performing one or more defined functions, and which models the life 
cycle of a product. 

Raw material - primary or secondary material that is used to produce a 
product. 
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Residue - means any liquid or solid material (such as bottom ash and slag, fly 
ash and boiler dust) which is generated by the incineration or co-incineration 
process. 

System boundary - set of criteria specifying which unit processes are part of 
a product system. 

Unit process - smallest element considered in the life cycle inventory analysis 
for which input and output data are quantified. 

Waste - substances or objects which the holder intends or is required to 
dispose of. 

Waste management - the collection, transport, recovery, and disposal of 
waste, including the supervision of such operations and the after-care of 
disposal sites, and including actions taken as a dealer or broker. 
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1. INTRODUCTION 
Food systems and life cycle assessment: 
application to the fish canning industry 
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1.1.1 Overview 

Sustainable development and, above all, sustainable production and 
consumption in the agri-food sector have been key issues since the 2000s, 
stimulating the proliferation of many international initiatives and strategies 
aimed at reducing environmental impacts deriving from food production and 
consumption and finding more sustainable ways of production (Notarnicola 
et al. 2015). On the other hand, in recent years increasing awareness is being 
worldwide addressed to food security. According to the Food and Agriculture 
Organisation of the United Nations (FAO), food security is a matter of 
availability, access, utilisation and stability. Hence, it exists “when all people, 
at all times, have physical and economic access to sufficient safe and 
nutritious food that meets their dietary needs and food preferences for an 
active and healthy life” (FAO, 2006). Covering the global food supply 
sustainability is one of the main challenges of our society. However, the rapid 
growth in global population over the last 50 years has caused a high rise in 
the demand for food. It has been estimated that the world population will 
grow from the current 7 billion to nearly 10 billion by 2050, increasing food 
needs more than 60% (Moraes et al. 2014). These data cause a great concern 
because food production contributes about 10 to 30% to climate change, 
accounts around 30% of the global energy consumption and represents 70% 
of the world´s freshwater withdrawals (FAO, 2011a; Garnett, 2011; 
Vermeulen et al. 2012). Moreover, these systems play a crucial role in the 
degradation or depletion of natural resources: 33% of soils are highly 
degraded; 61% of fish populations are fully fished and 29% are overfished; 
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and at least 20% of the world´s aquifers are overexploited (UNEP, 2016). 
Therefore, improving the food supply chain efficiency has been identified as 
an essential means to enhance food security, while reducing pressure on 
natural resources (Chaboud and Daviron, 2017). 

In addition to food production impacts, the impacts linked to food wastes 
should be also considered. Over 1.3 billion metric tons of supplied products 
are wasted or lost annually throughout the food supply chain (FAO, 2011b). 
This current level of food losses is equivalent to about one-third of the total 
global food production. Moreover, the carbon footprint of food produced and 
not eaten is estimated to be 3.3 Gtonnes of CO2 equivalent (FAO, 2013). 

Several approaches have been proposed to handle these problems. At a 
global policy level, the United Nations (UN) Member States adopted in 2015 
the Sustainability Development Goals (SDGs) to end poverty and hunger. One 
of them aims at halving food waste at the retail and consumer level by 2030 
and reducing food losses along production and supply chains, including post-
harvest losses (UN, 2017). At European level, the provision of safe and 
nutritious food within an efficient, competitive and sustainable global market 
is the central objective of EU policy (EC, 2010a). For instance, the Circular 
Economy Policy (EC, 2015) aims at helping European businesses and 
consumers transition toward more sustainable resource use and at 
supporting achievement of the SDG targets for food waste reduction. Or the 
FUSIONS project, which contributes to these ambitious goals, providing 
guidelines for a European common policy framework on food waste 
prevention (FUSIONS, 2016).  

So far such topics have been tackled with similar approaches that represent 
standardised methods. Hence, much has be done to build a consistent, 
practical and life cycle science based approach to product sustainability 
information for food, beverage, and agriculture products. Now is time for the 
eco-innovation of the food value chain, requiring a model aligned with the 
material recycling, according to the food circular economy; the nutritional 
assessment along the food supply chain to facilitate food security; and the 
greening business, to support the integration of the environmental, 
economical and social dimension. 
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1.1.2 Identifying opportunities for eco-innovation in the food 
value chains 

There is a growing international debate on the connection between 
food production, food safety, natural resources and agriculture, both at the 
scientific and political level, as they take on greater importance when 
projected under the new global challenges of the so-called “green economy 
(EC, 2010b).  

In this context, the Organisation for Economic Co-operation and 
Development (OECD) have established a “Green Growth Strategy” (OECD, 
2011), where innovation and “eco-innovation” plays a key role”. The OECD 
defines eco-innovation as “the development of products (good and services), 
processes, marketing methods, organisational structure, and new or 
improved institutional arrangements, which, intentionally or not, contribute 
to a reduction of environmental impact in comparison with alternative 
practices” (OECD, 2009). This supports the idea, taken from the recent review 
of the “green business model” by Jing and Jiang (2013), that the 
transformation towards a green economy strongly encourages eco-
innovations. 

There are four fundamental types of eco-innovations: product, process, 
marketing and organisational innovations (Rybaczewska-Blazejowska and 
Sulerz, 2017). The first two types are referred to as technological eco-
innovations that may have the characteristics of both product and process 
innovations (OECD, 2006; Baran and Ryszko, 2013; Szpor and Sniegocki, 
2012). Product eco-innovations include goods and services that are 
significantly improved in terms of their negative impact on the environment 
throughout their life cycle (LC). These may involve: changing the components 
and materials used, reducing the consumption of natural resources at the 
manufacturing phase and during the utilisation, extending the time of use 
and/or reuse and recycling (Rybaczewska-Blazejowska and Sulerz, 2017). 
Moreover, eco-design is an integral part of product eco-innovations. It 
involves an early identification of the environmental aspects associated with 
the product and their incorporation in the design process (PKN-ISO, 2004). On 
the other hand, process eco-innovations mean the implementation of a new 
or essentially improved method of production of supply in order to diminish 
the negative impacts on the environment. They usually involve changes in 
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technology, equipment and/or software (PKN-ISO, 2004). 

The food sector faces an opportunity of integrating innovation and 
sustainability for several reasons. Traditionally, the food sector has been 
oriented towards commodities production, however, improvement of quality 
and efficiency in the processes are among the main features for increasing 
values for the sector. In addition, rising integration in the food chain 
emphasizes the relevance of studying “from production to consumption”. 
Innovation is driven by a greater operational efficiency, but also boosted by 
the final user’s demand, whose concern with food security and health and 
environmental issues has growth (Bossle et al. 2015). Within this context, 
values and consumer´s attitudes can influence on the purchase of eco-
innovative food.  

The competitiveness of the food sector can be improved in the various parts 
of the production chain – 'from cradle to grave' and "from cradle to cradle" 
according to the circular economy concept. Currently, the environmental and 
sustainability vision of this sector sets about ensuring more sustainable 
sourcing, resource efficiency, and sustainable consumption and production 
towards the year 2030. A food eco-innovation strategic policy is necessary to 
support green innovation whilst also improving the competitiveness, 
specifically for Small and Medium Enterprises (EASME). The final objective 
should be supporting the commercialisation of new products, processes or 
services that have positive environmental benefits, as well as positive 
nutritional balance.  

1.1.3 Life cycle assessment as a tool for food circular economy 

Circular economy conceives of production and consumption systems 
with minimal losses of materials and energy through extensive reuse, 
recycling and recovery and is gaining popularity in Europe and elsewhere 
(Haupt and Zschokke, 2017). Looking beyond the current take-make-dispose 
extractive industrial model, a circular economy aims to redefine growth, 
focusing on positive society-wide benefits. Underpinned by a transition to 
renewable energy sources, the circular model (Figure 1.1.1) builds economic, 
natural, and social capital. It is based on three principles: design out waste 
and pollution, keep products and materials in use, and regenerate natural 
systems. In this context, a circular economy approach aims to keep natural 
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resources in the chain for longer and to prevent waste and hazardous 
emissions to soil, water and air, as much as possible. The transition to a 
circular economy should include reducing environmental pressure, creating 
economic opportunities and ensuring natural resource security (PBL, 2017). 

 

Figure 1.1.1 Circular economy model (Stahel, 2016). 

For food sector, various policy areas are faced with the task of precipitating 
this transition to a circular food system, for example in agriculture, the 
environment, trade, green growth, top sectors and innovation. There are 
three requirements for this: firstly, natural resources must be effectively used 
and managed since resources include soil, water and biodiversity, but also 
minerals. These resources are essential to be able to produce renewable 
resources. Secondly, optimum use of food is important. Reducing food waste 
is a one starting point in this context, as is a diet with less highly processed 
food, or more vegetable protein and less animal protein. Finally, it is essential 
to make optimum use of residue streams, such as tomato stalks, beet pulp 
and stale bread. In this way, as little biomass as possible will be lost. All three 
of these requirements demand action to be able to bring about the transition 
to a circular food system.  

Food is an important SDG theme (UN, 2017); promoting a circular economy 
in the food production system can help to achieve various SDGs, such as 
ending hunger in the world, achieving food security and sustainable 
agriculture (SDG 2), ensuring good health and well-being (SDG 3), halving the 
amount of food wasted (SDG 12.3), efficiently managing natural and other 
resources in consumption and production (SDG 84. and SDG 12), reducing 
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marine pollution (SDG 14.1), as well as halting land degradation worldwide 
(SDG 15.3).  

To evaluate the impacts of the circular economy, applying a life cycle 
approach (LCA) (ISO 2006) is highly beneficial. LCA can strengthen the 
propositions of circular economy. LCA is a robust and science-based tool to 
measure the impacts of the new circular economy products and business 
models. We can use LCA to complement the circular economy in three 
practical steps: test the assumptions of the circular economy business 
models, recognise limitations of the circular model and explore new 
alternative approaches, and set objectives and continuously improve the 
circularity for practical implementation at business level. The ultimate goal to 
lower environmental impacts is common to LCA and the CE concept. Figure 
1.1.2 shows the relationship between the circular economy and the life cycle 
thinking (LCT). 

 

Figure 1.1.2 Circular economy and the life cycle thinking (adapted from 
World Steel Association, 2015).
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Regular consumption of fish and seafood is recommended owing to its 
well-established health benefits. Seafood contains nutrients beneficial for 
human health, such as omega-3 fatty acids, vitamin D, iodine and selenium 
(Jacobs et al. 2018). World per capita apparent fish consumption increased 
from an average of 9.9 kg in the 1960s to 14.4 kg in the 1990s and to 20.0 kg 
in 2014 and 2015 (FAO, 2016). Moreover, the significant growth in fisheries 
and aquaculture production has enhanced the world´s capacity to consume 
diversified and nutritious food. Overall, world supply of fish for human 
consumption has kept ahead of population growth over the past five decades, 
growing at an average annual rate of 3.2% in the period 1961-2013, compared 
with 1.6% for world population growth. Hence, average per capita availability 
has risen (FAO, 2016).  

In this sense, worldwide fisheries are suffering a series of hazards linked to 
overexploitation, which is having a wide range of environmental 
consequences in marine ecosystems, such as stock depletion or ecosystem 
disruption. Moreover, the fishing industry has grown to an extent where the 
environmental burdens associated with on board and on land operational 
activities, such as fuel consumption by vessels or those generated by canning 
factories, are also becoming important environmental concerns (Vázquez-
Rowe, 2011).  

Fish can be prepared in many different ways, making it a very versatile food 
commodity and more long-term perishable. Post-harvest operations, 
processing, preservation, packaging, storage measures and transportation of 
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fish require particular care in order to maintain the quality and nutritional 
attributes of fish and to avoid waste and losses. Direct human consumption 
(DHC) of fish has increased significantly from 67% in the 1960s to 87% in 2014. 
Live, fresh or chilled fish represent 46% of the DHC, where the rest was in 
different processed forms: 11% in dried, salted, smoked or other cured forms, 
13% in prepared and preserved form and 30% in frozen form (FAO, 2016). 

The remaining fish was destined for indirect human consumption (IHC), of 
which 76% was reduced to fishmeal and fish oil in 2014. On the other hand,  

The trend towards more processed fish products increase the generation of 
offal and by-products, which may constitute up to 70% of fish after industrial 
processing (FAO, 2016). In the last two decades, the use of fish by-products 
has been gaining attention also because they represent a significant 
additional source of nutrition.  

From a socio-economic point of view, the fishing sector in Cantabria 
represents more than 2% of the Gross Domestic Product (GDP) employing 
more than 6,000 workers distributed in fishing activities, manufacturing and 
marketing (ICANE, 2015).  

In particular, the fish canning industry, specifically those dedicated to the 
transformation of anchovies, is a sub-sector of special importance to 
Cantabria (Northern Spain). The anchovy, together with other pelagic fishes, 
is one most common food products preserved in salt and/or oil. As shown 
Table 1.1.1, there are around 70 canning companies mainly located in the 
cities of Santoña, Laredo, Castro Urdiales and Colindres, which represented 
31.9% of the industrial food sector in Cantabria in 2015 (ICANE, 2015).  

This sector employed around 1,300 workers, mainly women. In the past, men 
were responsible of fishing activities, while women were in the factory. Due 
to the handmade and traditional manufacture of the canned anchovies, this 
tradition has been preserved. In 2015, these plants generated more than 
160,000 miles €. From all the production 67.7% of the canned products are 
distributed in Spain, 21.6% to the rest of European Union (EU) and 10.7% to 
the rest of the world.  
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Table 1.1.1 Information about the canned industry in 2015 in Cantabria (ICANE 2015). 

 Less than 20 
workers 

More than 20 
workers 

Total 

GENERAL INFORMATION 
Companies 48 25 73 
Employees 183 1,157 1,340 
Incomes 12,552 155,928 168,480 
Costs 12,503 154,272 166,775 
SALES DESTINATION 
Spain 10,099 100,525 110,624 
Rest of EU 119 35,164 35,283 
Rest of the world 17 17,495 17,512 

Units: economic data (miles €)  

Nevertheless, in the medium and long term several environmental, social and 
economic problems compromise the sustainability of the sector. On one 
hand, the anchovy canning process generates several types of solid and liquid 
wastes, losing ca. 60% of the captured anchovy weight  

These losses, which accounts around 9,000 metric tons per year of fish, 
include heads, entrails, spines and remaining anchovies. Huge amounts of 
effluents with high organic load are also generated. In addition, due to 
product diversification, several packaging, and as consequence the waste, is 
are employed: aluminium cans, tinplate cans and glass jars.  

Other critical issue of the sector, is overexploitation of the European anchovy 
fishery and stock limitation that makes necessary the importation of other 
anchovy species to handle market demands.  

From an economical point of view, the industry presents a considerable 
product diversification due to the high worldwide competitiveness and 
demand and the market competition with poor-quality products. According 
to this, it is necessary to introduce the anchovy products in the European 
market by means of the ecolabels. This fact could launch these products onto 
new “green markets”. 

In light of these data, the challenge of the sector is to develop a management 
model of Cantabrian anchovy. In order to obtain environmental and 
economical sustainability, this challenge highlights the improvement of the 
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efficiency of the use of raw materials, the waste reduction and recycling, the 
utilization and enhancement of products, the energy efficiency and the 
carbon footprint.
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This thesis was conducted within the framework of the GeSAC-
CONSERVA Project “Sustainable Management of Cantabrian Anchovies: local 
strategies for global development”. GeSAC-CONSERVA is a 4-year Spanish 
I+D+i project, funded by the Spanish Ministry of Economy and 
Competitiveness, which started in January 2014 (CTM2013-43539-R).  

This thesis aims to contribute to the identification of the environmental 
impacts and main hotspots of the life cycle of anchovy canning production. In 
addition, the five chapters of this study contribute to the academic 
community attention introducing some methodological issues related to LCA 
of food. It consists of five chapters. 

The first chapter has been designed to be propaedeutic to the successive 
ones, providing to the reader an exhaustive overview of the key concerns 
about food systems and the use of the life cycle assessment as a tool of 
circular economy application. Chapter 1 achieves the Objective 1, which 
allows identifying the problems linked to food systems and highlights the 
need of introducing both circular economy and eco-innovation concepts in 
the food value chains. We define the main problems linked to the fish and 
seafood sector in general, and the Cantabrian fish canned industry in 
particular. Additionally, this chapter includes a review of the main European 
initiatives related to the agri-food strategies and the need to identify 
opportunities for eco-innovation in the food value chains. 

On the contrary, each of the subsequent three chapters focuses deeply and 
critically on the environmental, nutritional and economic dimensions that 

1.3
Thesis scope and objectives
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comprise the sustainability of the Cantabria canning anchovy sector. Even if 
each one is developed in its own different way, they are built on a common 
framework consisting of an introduction, an as comprehensive state-of art, a 
methodological approach, a results discussion, and finally, the main remarks 
related to the topic. 

The second chapter focuses on the environmental assessment of the anchovy 
canning industry under a LC approach. For that, the life cycle modelling of the 
canned anchovy product was performed to identify the main hotspots of the 
process. Several specific objectives have been addressed, including the 
Objective 2, which comprises the overall environmental analysis from cradle 
to grave incorporating linear programming (LP) and LCT in the decision-
making process. The Objective 3 involves a cradle analysis to assess the 
anchovy resource extraction and the efficiency of the Cantabrian purse 
seining fleet. The Objective 4 introduces a gate analysis to assess product 
diversification in the anchovy canning industry in Cantabria. This allows to 
define Product Category Rules (PCR) and Environmental Product Declarations 
(EPDs) for each product in order to launch Cantabrian canned anchovy 
products onto new “green markets”. Finally, the Objective 5 has been 
addressed by a grave process analysis to assess the anchovy waste 
management alternatives under a food circular economy approach. 

The third chapter is focussed to a nutritional assessment to reach the 
Objective 6, which defines a new environmental-nutritional index as a 
measure of the environmental cost. The binomial index methodology 
facilitates the decision-making process, introducing measures that will lead to 
the environmental sustainability, as well as to reduce the environmental cost 
of food production systems. 

The fourth chapter regards the environmental cost of the canned anchovy 
production. The production of food that is environmentally friendly and 
presents a high economic return is one of the current concerns for the food 
industry. In this sense, it is necessary to increase resource productivity, 
decoupling economic growth from resource use and its environmental 
impact, as well as new method to measure the eco-efficiency for product 
innovation. This is the methodological Objective 7 included in this thesis that 
was applied to the Cantabrian canning anchovy industry as case study.  

Finally, based on the results of the critical analysis, the main conclusions 
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related to the methodological and technical problems concerned with the 
application of LCA to the sector, as well as lessons learnt and practical 
guidelines are proposed. 
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According to Professor Michael Braungart, author of the book “Cradle to 
Cradle: Remaking the Way We Make Things”, “the engine of the circular 
economy is cradle-to-cradle thinking”. Most of the products used today follow 
a cradle-to-grave mentality. However, cradle-to-cradle (C2C) implies that the 
end of a product life cycle will be followed by the beginning of another (see 
Figure 2.1). In this sense, C2C goes one step further, not only closing the loop 
by recycling/reuse, but redesigning the processes altogether. There are three 
principles within the C2C framework for innovation (NL Agency, 2011): 

1) Waste equals food: products and by-products are designed to act as 
defined ”nutrients” in a biological or a technical “metabolic system”. 

2) Energy requirements must be met using sources derived from 
current solar income (either direct or derived, thus including 
geothermal and kinetic energy). 

3) Celebrate diversity (biodiversity, cultural diversity, conceptual 
diversity). A diversity of actors and concepts will ultimately make it 
possible to implement C2C while adhering to these principles. 

Life cycle assessment (LCA) aims to model the full life cycle (LC) of a product, 
from C2C, and to measure the many ways in which it will impact on the 
environment along the supply chain. Therefore, C2C and LCA can be used to 
complement one another. 

 

Figure 2. 1 Cradle-to-cradle (C2C) approach. 
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2.1.1 Framework 

One of the main challenges of production systems is industrial 
environmental sustainability, the ability to reduce the consumption of 
resources and the generation of pollutants and to minimise environmental 
impact. In this context, two Directives represent a significant shift on the basis 
of environmental regulations in Europe. On one hand, the Integrated 
Prevention Pollution and Control (IPPC) Directive (EC, 2008), derogated by the 
Industrial Emissions Directive (IED) (EC, 2010a), proposes for several 
industrial sectors (covered by Annex I of this regulation) the use of best 
available techniques (BATs) collected in BATs reference documents called 
BREFs. The selection of these BATs is based on technical feasibility, 
environmental benefits and economic profitability (Bello et al. 2013). On the 
other hand, the Integrated Product Policy (IPP) (EC, 2003) goes further, 
seeking to minimise environmental degradation by evaluating all phases of a 
product´s life cycle, providing a complete environmental overview of the 
techniques and taking action where it is most effective.  

LCA is ideally suited to the type of integrated and holistic assessment required 
by the IED and IPP Directives, allowing to assess the BATs that present the 
lowest ‘cradle-to-grave’ impacts (Nicholas et al. 2000). 

Usually, LCA results in an environmental profile that consists of a set of direct 
or indirect process stages contributions to various environmental impact 
categories such as climate change, acidification, eutrophication, toxicity, land 
use or resource depletion. Although decision-making process is in general 
straightforward when one option under study scores better than the rest in 
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all environmental categories simultaneously, it becomes difficult otherwise 
(Cortés-Borda et al. 2013). In this sense, the use of aggregated environmental 
indexes represents a useful framework to aid in decision-making, since they 
are one-dimensional representation of all environmental impact categories 
for a particular system (Islam et al. 2017). However, the use of aggregated 
indexes in LCA implies quantifying and comparing the value of different 
environmental impacts, which represents a major challenge. First, 
normalisation is required to render the variables comparable, and afterwards, 
weighting and aggregation can be conducted (EC, 2010b). However, the latter 
step is the most controversial element in LCA, since according to the ISO 
14044 (ISO, 2006) there is no scientific basis for reducing LCA results to a 
single overall score and weighting shall not be used in LCA studies.  

Sections 2.1.2 and 2.1.3 of this Thesis suggest a complementary tool for 
evaluating environmental impacts, proposing eco-innovation strategies and 
deriving an aggregated sustainability index that helps decision-making 
process to determine the environmental improvements actions leading to 
sustainable production. This study is focused on the production of canned 
anchovies, which is one of the most important economic resources of 
Cantabria region located in the north of Spain.  

2.1.2 Life cycle assessment of the canning process 

The quality of fresh raw materials and the handmade and traditional 
manufacture of the semi-preserved product in Santoña (Cantabria, northern 
Spain) is world-renowned. Nevertheless, there are several environmental, 
economic and social problems in this canning sector. From an environmental 
point of view, the manufacturing process generates a large amount of solid 
residues (approximately 60% of anchovy weight is lost) and liquid waste 
(primarily water and oils) and can production is a high-energy demand 
process. 

This is common to other canned products, nevertheless, according to 
Vazquez-Rowe et al. (2012) literature about canned seafood products and its 
environmental performance is limited. Only canned tuna from Galicia (North 
of Spain) (Hospido et al., 2006) and Ecuador (Avadí et al. 2015), canned 
sardines from Portugal (Almeida et al. 2015) and canned mussels from Galicia 
(Iribarren et al. 2010a and 2010b) have undergone a complete life cycle 
assessment. Regarding anchovy, a Nordic report on the fish processing 
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industry (Tomczak-Wandzel et al. 2015) included a case study of anchovies 
manufacturing based on a process inventory (industry) instead of a product. 
On the other hand,  Fréon et al. (2014) performed an LCA of the Peruvian 
anchovy fishing and Avadí et al. (2014a) analysed various anchovy products 
processed in Peru (Avadí et al. 2014a) and the eco-efficiency of the Peruvian 
anchovy fleet using LCA+DEA (Data Envelopment analysis) (Avadí et al. 
2014b).  

However, despite the social and economic value of the canned anchovies in 
the Cantabria Region, no study has collected information about the entire life 
cycle of this product. Therefore, this chapter evaluated all life-cycle stages of 
Cantabrian canned anchovies (anchovy fishing, production in the caning 
industry, packaging, distribution, use and end of life (EOL)) in order to propose 
eco-innovation strategies to facilitate the decision-making to producers. To 
conduct this assessment this study suggests a set of environmental metrics 
that are stackable; that is, they can be combined (or stacked) to calculate the 
environmental impact per product unit over a series of processes that 
comprise a supply chain.  

Figure 2.1.1 shows how to development a BREF document for a product based 
on the interaction between IPP and IED policies. This thesis, only developed 
steps 1-3 to suggesting some recommendations about eco-innovation 
strategies for the anchovy canning industry of Cantabria. The development of 
a BREF document (step 4) for anchovy canning products falls outside the 
competences of this Thesis.  

In a first step the current techniques are identified. Afterwards, the input and 
output data of the system are collected to conduct the LCA. This method 
determines the environmental indicators for the entire life cycle of the 
product using an integrated approach. The metrics of the processes in the 
“cradle-to-gate” (Cr-Ga), “gate-to-gate” (Ga-Ga) and “gate-to-grave” (Ga-Gr) 
stages are obtained. These metrics are stacked to obtain a set of 
environmental indicators for a product. The use of stackable units enhances 
the versatility and usefulness of the method as a decision-making tool to 
reduce the LCA complexity. The metrics for the entire supply chain of a 
product can be compared and evaluated (Schwarz et al. 2002). 

 



Chapter 2 

27 

 

 

Figure 2.1.1 Life cycle oriented procedure for developing a BREF document for a 
product. IPP: Integrated Product Policy; IED: Industrial Emissions Directive; Cradle to 
gate (Cr-Ga); Gate to gate (Ga-Ga); Gate to grave (Ga-Gr); Best Available Techniques 

(BAT); Best Available Techniques reference document (BREF). 

The life cycle impact assessment method (LCIA) was the Environmental 
Sustainability Assessment (ESA) approach developed by Irabien et al. (2009), 
which is based on the following two main variables: natural resources 
sustainability (NRS) and environmental burdens sustainability (EBS). NRS 
includes the consumption of the final useful resources, such as energy (X1,1) 
[MJ], materials (X1,2) [kg] and water (X1,3) [kg], for the considered process 
and/or product; thus, it can be described by a NRS dimensionless index X1 
(Margallo et al. 2014). EBS includes the main environmental burdens (EBs) to 
air and water due to the release of pollutants. This set of indicators, which is 
proposed by the Institution of Chemical Engineers (IChemE) (IChemE, 2002), 
can be used to measure the environmental sustainability performance of an 
operating unit or product, which provides a balanced view of the 
environmental impact of inputs (resource usage) and outputs (emissions, 
effluents and waste) (García et al. 2013). They reduce the complexity of the 
LCA, which improves the comprehension of the results and assists the 
decision-making process. The environmental impacts were classified into ten 
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variables that were grouped by the release to each of the following 
environmental compartments: air (X2,1) and water (X2,2) (Table 2.1.1). Both 
NRS and EBS are subjected to a normalisation and weighting procedure. 

Eq. [2.1.1] shows the basic calculations for the internal normalisation of NRS 
(Margallo et al. 2014): 

𝑋𝑋1,𝑖𝑖
∗ = 𝑋𝑋1,𝑖𝑖

𝑋𝑋1,𝑖𝑖
𝑟𝑟𝑟𝑟𝑟𝑟       [2.1.1] 

where i represents different natural resources (NR), including energy, 
materials and water; 𝑋𝑋1,𝑖𝑖  is the consumption of each i NR; 𝑋𝑋1,𝑖𝑖

∗  is the 

normalised value of 𝑋𝑋1,𝑖𝑖  and  𝑋𝑋1,𝑖𝑖
𝑟𝑟𝑟𝑟𝑟𝑟is the maximum NR, which is assumed to 

be the reference value. On the other hand, the reference values that were 
considered for external normalisation of EBS were the threshold values that 
were included in the European Pollutant and Transfer Register (E-PRTR) 
regulation (Table 2.1.1). The E-PRTR regulation provides information about 
releases of pollutants that must be reported by facilities that conduct 
activities that are included in the IED (EC, 2006a). This regulation includes the 
threshold values of these pollutants, which can be employed as an important 
aid in the normalisation process as they provide an overview of the 
environmental performance of the installation on a European level (Margallo 
et al. 2014). Eq. [2.1.2] displays the normalisation procedure of EBS: 

𝑋𝑋2,𝑗𝑗,𝑘𝑘
∗ =

𝑋𝑋2,𝑗𝑗,𝑘𝑘

𝑋𝑋2,𝑗𝑗,𝑘𝑘
𝑟𝑟𝑟𝑟𝑟𝑟        [2.1.2] 

where j represents different environmental compartments (air and water); k 
represents the environmental impacts to air and water, as described in Table 
2.1.1; 𝑋𝑋2,𝑗𝑗,𝑘𝑘  are the EB to air and water; 𝑋𝑋2,𝑗𝑗,𝑘𝑘

∗  is the normalised value of 𝑋𝑋2,𝑗𝑗,𝑘𝑘; 

and 𝑋𝑋2,𝑗𝑗,𝑘𝑘
𝑟𝑟𝑟𝑟𝑟𝑟  is the reference value for EBS normalisation. 

The three NRS normalised variables (𝑋𝑋1,𝑖𝑖
∗ ) that represent energy, materials 

and water consumption and the ten EBS normalised variables (𝑋𝑋2,𝑗𝑗,𝑘𝑘
∗ ) are 

subjected to direct summation. Therefore, the NRS index (𝑋𝑋1) can be assessed 
according to Eq. [2.1.3] whereas the calculations of the EBS index to air (𝑋𝑋2,1) 
and water (𝑋𝑋2,2) are based on Eq. [2.1.4]. 

𝑋𝑋1 = 𝛼𝛼1,1𝑋𝑋1,1
∗ + ∑ 𝛼𝛼1,𝑖𝑖𝑋𝑋1,𝑖𝑖

∗𝑖𝑖=𝑛𝑛
𝑖𝑖=2      𝑛𝑛 ∈ [2,3]    [2.1.3] 

𝑋𝑋2,𝑗𝑗 = ∑𝛽𝛽2,𝑗𝑗,𝑘𝑘𝑋𝑋2,𝑗𝑗,𝑘𝑘
∗     𝑛𝑛𝑛𝑛[1.2]     [2.1.4] 
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Table 2.1.1 Environmental burdens and reference value for normalisation (EC, 
2006a). 

Environmental burdens (EB) Units 
Threshold 

value 
(kg/year) 

X2,1 EB to air   
X2,1,1 Atmospheric acidification (AA) kg SO2 eq. 150,000 
X2,1,2 Global warming (GW) kg CO2 eq. 100,000,000 
X2,1,3 Human health (HHE) kg benzene eq. 1,000 
X2,1,4 Photochemical ozone formation 

(POF) kg ethylene eq. 1,000 

X2,1,5 Stratospheric ozone depletion 
(SOF) kg CFC-11eq. 1 

X2,2 EB to water   
X2,2,1 Aquatic oxygen demand (AOD) kg O2 eq. 50,000 
X2,2,2 Aquatic acidification (AqA) kg H+ eq. 100 
X2,2,3,1 Ecotoxicity to aquatic life 

(organics) (MEco) kg Cu eq. 50 

X2,2,3,2 Ecotoxicity to aquatic life 
(metals) (NMEco) kg formaldehyde eq. 50 

X2,2,4 Eutrophication (EU) kg phosphate eq. 5,000 
 

In Eqs. [2.1.3] and [2.1.4], 𝑋𝑋1 is the NRS index that includes energy, materials 
and water consumption; 𝛼𝛼1,𝑖𝑖  is the weighting factor for the materials and 
water variables; 𝑋𝑋2,𝑗𝑗  are the EBS indexes for air and water; 𝛼𝛼1,1 is the 
weighting factor for the energy variable and 𝛽𝛽2,𝑗𝑗,𝑘𝑘 is the weighting factor for 
EBS. Consequently, the NRS and EBS index is dependent on the weight that is 
assigned to each final resource variable. When the three final resources are 

equally relevant, 𝛼𝛼1,𝑖𝑖 = 1
3�  for each i and 𝛽𝛽2,𝑗𝑗,𝑘𝑘 = 1

2�  for each j. This 
equation is treated as an assumption, as it is the best method for obtaining a 
single index that enables a comparison across several plants (Margallo et al. 
2014). 

For the elaboration of a BREF document, an extensive range of candidate 
BATs exists. Their initial choice will be guided by the IED requirements to 
target the environmental hot spots that are identified in the LCA stage 
(Ibañez-Forés et al. 2013). Once the BAT candidates of a product system are 
chosen based on technical and environmental criteria, the BREF document 
may be elaborated.  

For the application of this method to the Cantabrian anchovies case study, a 
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technical working group (TWG) was created in 2015 to establish the state of 
the art and to collect information to conduct the LCA study of the canning 
sector in Cantabria. This TWG composed of a scientific management team and 
an advisory team, proposes and discusses the BATs that will facilitate the 
decision-making process in the sector. 

 

Figure 2.1.2 Description of the technical working group of the canning industry. 

Three plants from Santoña, which produced in 2014 160,000 kg of canned 
anchovies, were selected to perform the LCA study from cradle-to-grave. The 
functional unit (FU) selected was the final product composed by one 
aluminium can, which contains 30 g of anchovy and 20 g of extra virgin olive 
oil (EVOO). The emissions, consumptions of materials, water and energy 
along the life cycle were referred to this FU. The Figure 2.1.3 displays the flow 
diagram of the study system, in which the construction, production and 
maintenance of necessary infrastructures and equipment were excluded 
based on the long estimated lifespan (Avadí et al. 2014a).  

Anchovy fishing includes the stages of vessel construction, use, maintenance 
and EoL of the vessel (Fréon et al. 2014). The canning factory receives the 
fresh anchovies from the harbour. The fish are beheaded and placed in layers 
with a bed of salt between each layer of fish for six months. After curing, the 
skin is removed by cold and hot water (scalding), and each anchovy is cut and 
filleted by hand. The anchovy fillets are packed in cans that are filled with 
EVOO. The cans are sealed, washed, codified and packed. The primary 
packaging is composed of the aluminium can and the boxboard. Secondary 
packaging for the transportation of the final product consists of corrugated 
cardboard boxes and low-density polyethylene (LDPE) film to wrap the packs.  
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Figure 2.1.3 System boundaries of the life cycle of one can of anchovies. 

The anchovy processing generates several types of solid and liquid wastes. 
Fish residues (heads, spines and remaining anchovies) are valorised to obtain 
a marketable product and prevent their disposal in a landfill. Heads and spines 
are converted into fishmeal and fish oil in a fishmeal plant, whereas the 
remaining anchovies are used to produce anchovy paste in the canning plant. 
Wastewater is collected in manholes to be sent to a principal water trap. This 
water trap conducts the wastewater of all canning plants to the industrial 
sewer plant that is located in the industrial site of Santoña. The treated water 
is discharged through the sewage pipe to the Cantabrian Sea.  

After the processing stage, the final product is stored in cold conditions in the 
canning plant and distributed to wholesale and retail markets. The canned 
anchovies were transported from the canning plant to a logistic hub, which 
was located 40 km from the plant and to a supermarket that was located 10 
km from the hub. The semi-preserved product was stored in a refrigerator of 
a small supermarket in the city centre.  

The use step involves the direct action of the consumers throughout the 
purchase and consumption process, such as vehicle selection to purchase the 
products, shelf-time in the household or the employed cooking method. 
Transport to the point of retail to buy the product is assumed to be conducted 
by car if the purchase is made at superstores or large supermarkets and by 
foot if the purchase occurs in nearby markets and small shops (Vázquez-Rowe 
et al. 2013). In this case, consumers who live in the city centre frequent the 
small supermarket by foot. 
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At home, the product must be stored in household freezers at a temperature 
between 5 to 12 ºC. Regarding the consumption pattern, canned anchovies 
are ready-to-eat products; they do not require any cooking. Therefore, the 
environmental impact of this stage is null. Regarding the EoL of the canned 
anchovies, the aluminium cans and the cardboard boxes are disposed of in a 
landfill. 

Primary and secondary sources were uses in the inventory. The former was 
obtained by a series of questionnaires that were completed by employees of 
the canning plants of Santoña. Background data regarding the production of 
the aluminium can, cardboard, corrugated cardboard and LDPE film, the 
transportation and landfilling were obtained from the databases PE 
International (PE International, 2014) and Ecoinvent® 3.1 (Frischknecht et al. 
2007). The transportation of raw material was performed considering a Euro 
4 truck with a maximum total capacity of 28 t, which circulates on a motorway 
over a longer distance. The production of EVOO, salt, brine, the specifications 
of the WWTP and the distribution and use stages were collected from the 
literature. Rock salt was employed in this analysis as it is the most utilised 
type of salt in Europe and its production data are based on the Germany 
mining sector, whose values are representative of the European average 
(Onandía, 2016). To improve data quality and consider the local idiosyncrasy, 
the electricity mix provided by the PE database was adapted to the 
characteristics of the Spanish electricity mix of 2014. Data on the production 
of EVOO were obtained from the OiLCA project, which includes information 
from Spain, Portugal and South France. In this case, the use of secondary data 
for the key inputs (EVOO and aluminium can) does not reduce significantly 
the quality of the life cycle analysis. Table 2.1.2 shows a list of the data sources 
with their time-related and geographical area coverage.  

Some assumptions were adopted to perform the LCA. The cut-offs included 
all material and energy inputs with a cumulative minimum 98% of the total. 
Moreover, those flows that had a significant environmental impact (brine and 
secondary packaging) were also considered. On the other hand, the 
transportation distances were estimated by means of road guides: salt (900 
km), brine (80 km), EVOO (850 km) and packaging (270 km). And finally, the 
production of the aluminium can considers the percentage of recycled 
aluminium in the market based on data from the European Aluminium 
Association (EAA) (63% virgin/37% recycled). 
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Table 2.1.2 Data sources for life cycle inventory of Cantabrian canned anchovy. 

Element Data source Period 
Geographic 

area 
MATERIALS 
Fresh anchovy Fréon et al. 2014 2014 Peru 
Salt Goetfried et al. 2012 2012 Germany 
Brine NYSDEC, 2015 2013 USA 
Extra virgin olive oil SUDOE, 2011 2011 Europe 
Aluminium can PE database 2012-2015 Europe 
Cardboard PE database 2012-2015 Europe 
Corrugated board Ecoinvent® 3.1 2014 Europe 
Polyethylene PE database 2012-2015 Europe 
TRANSPORTATION 
Truck 28 t PE database 2005-2012 Europe 
WASTE TREATMENT 
Wastewater 
treatment plant 

Pasqualino et al. 2014 2009 Spain 

Landfill disposal PE database 2012-2015 Europe 
DISTRUBITION 
Logistics CEOE, 2013 2007-2013 Cantabria 
Supermarket 
refrigeration 

Büsser and Jungbluth, 
2009 

2009 Germany 

USE 

Home refrigeration 
Büsser and Jungbluth, 

2009 
2009 Germany 

END OF LIFE 
Landfill disposal PE database 2012-2015 Europe 

 

According to the data collected, Table 2.1.3 shows the inputs and outputs for 
the life cycle of one can of anchovies in EVOO. The data represented the 
average values of three canning plants for 2014.  

The environmental impact assessment was performed with the LCA software 
GaBi 6.0 (PE International, 2014) and the ESA methodology described 
previously. Table 2.1.4 shows an overview of the total consumption of energy, 
materials and water of the canning process in the stages of Cr-Ga, Ga-Ga and 
Ga-Gr.  
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Table 2.1.3  Life cycle inventory for a can of Cantabrian anchovy in EVOO. 

 

 

 

 

 

 

 

 

 

 

 

 Input/output data Units  
 PRE-TREATMENT   
Inputs Fresh anchovy kg/FU 9.60E-02 
 Salt kg/FU 5.30E-02 
 Brine m3/FU 7.86E-06 
 Energy MJ/FU 6.98E-04 
Outputs Anchovy to transformation kg/FU 7.80E-02 
 Solid fish residues (heads and guts) kg/FU 1.70E-02 
 TRANSFORMATION   
Inputs Anchovy from pre-treatment kg/ FU 7.80E-02 
 Brine m3/FU 4.63E-05 
 Energy MJ/FU 3.31E-02 
 Water (scalding) m3/FU 9.26E-05 
Outputs Anchovy to sauce filling kg/FU 3.00E-02 
 Solid fish residues (cutting and spines) kg/FU 4.80E-02 
 Wastewater (from scalding) m3/FU 9.26E-05 
 SAUCE FILLING   
Inputs Anchovy from subsystem 2 kg/ FU 3.00E-02 
 Extra virgin olive oil kg/ FU 2.90E-02 
 Energy MJ/FU 1.85E-02 
 Water (washing cans) m3/FU 5.66E-06 
Outputs Anchovy to subsystem 4 kg/FU 3.00E-02 
 Wastewater (from washing cans) kg/FU 5.66E-06 
 Extra virgin olive oil kg/FU 8.97E-03 
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Table 2.1.3 (Cont.) Life cycle inventory for a can of Cantabrian anchovy in EVOO. 

 

Table 2.1.4 NRS for the life cycle of one can of Cantabrian anchovies. 

 Energy (MJ) Materials (kg) Water (kg) 
Cradle to gate 2.20 0.66 793 
Gate to gate 0.37 0.13 8.96 
Gate to grave 0.72 0.18 16.20 
Total 3.38 0.96 819 

 

Cr-Ga presented the highest consumption of natural resources, with a 
contribution of 65% of the total energy, 68% of the total materials and 97% 
of the total water consumption. The manufacture and transport of raw 
materials and primary packaging consumed 2.2 MJ, 0.66 kg of materials and 
793 kg of water per FU. The Ga-Ga stage, which included all canning process 
steps, represented 11% of the total energy and 13% of the total materials, 
whereas the water consumption was 1%. In the Ga-Gr stage, the consumption 
of water was very low, with a contribution below 2%, whereas the 
consumption of energy and materials were 21% of the total and 18% of the 
total, respectively. 

Figure 2.1.4 shows the consumption of natural resources for each process in 

 Input/output data Units  
 PACKAGING   
Inputs Anchovy from subsystem 3 kg/FU 3.00E-02 
 Aluminium can kg/FU 1.50E-02 
 Cardboard kg/FU 5.00E-03 
 Corrugated board kg/FU 2.00E-03 
 Plastic (LDPE) kg/FU 1.20E-04 
 Energy MJ/FU 7.20E-04 
 GENERAL CONSUMPTIONS   
Inputs Water (for general cleaning) m3/FU 3.99E-04 
 Energy (for plant illumination) MJ/FU 6.19E-02 
 Natural gas m3/FU 1.47E-03 
Outputs Wastewater (from general cleaning) m3/FU 3.99E-04 
 DISTRIBUTION   
Inputs Energy MJ/FU 12.60E-02 
 USE   
Inputs Energy MJ/FU 14.20E-02 
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the Cr-Ga, Ga-Ga and Ga-Gr stages. In the Cr-Ga stage, the production of 
aluminium cans and EVOO controlled the consumption of natural resources. 
The production of aluminium cans was the main hotspot of the stage with a 
contribution of 77% of the total energy, 83% of the total materials and 99% 
of the total water. These values were primarily related to the production of 
virgin aluminium, which requires 41.21 MJ of primary energy, 8.32·104 kg of 
water and 4.75 kg of bauxite per kilogram of aluminium. EVOO was the 
ingredient with the highest consumption of natural resources, with a 
contribution of 10% of the total energy, 10% of the total materials and 1% of 
the total water. The consumption of NR in the extraction, transport and 
production of brine and secondary packaging (corrugated cardboard and 
LDPE) was very low. The contribution of transport was low due to the small 
distances and load. The anchovy capture also had low values of natural 
resource consumption below 3% as the relative amount of fresh anchovies 
per FU was very small. Furthermore, this low contribution is underestimated 
because the Peruvian fishery used as a proxy of the Cantabrian fishery is the 
most efficient purse-seiner industrial fishery worldwide regarding fuel use 
(Fréon et al. 2014).  

In the Ga-Ga stage, the auxiliary services, that is, the use of electricity of the 
plant and cleaning of the installations (machines and working areas), 
presented the highest consumption of energy and water, with contributions 
of 74% and 61%, respectively, to the total. The transformation step, in 
particular the scalding process, had a significant consumption of energy (19%) 
and water (20%). The oil filling step employed 15% of the total energy and 
15% of the total water, and the valorisation of anchovy residues presented 
negative values of consumption of NR due to an environmental benefit. The 
valorisation of the anchovy residues reduced 23% the energy consumption, 
32% the materials consumption and 40% the use of water. Concerning the 
materials, the anchovy transformation had the highest consumption (61%) 
due to the demand of salt and brine in the scalding process. 

Regarding the Ga-Gr stage, 47% of the total energy and water consumption 
was attributed to the distribution, whereas the remaining 52% was attributed 
to the canned anchovy refrigeration in the use step. The consumption of 
materials and water exhibited a similar trend; in this case, the EoL had a 
contribution of 8% of materials due to the maintenance of the landfill. 
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Figure 2.1.4 Contribution of each process to the consumption of natural resources 
(NR): (a) Cradle to gate, (b) Gate to gate and (c) Gate to grave. 

Concerning the EB, the categories with the highest environmental impact 
were GW (1.78·10-1 kg CO2 eq./FU) and HHE (8.92·10-3 kg benzene eq./FU) 
due to the emissions of greenhouse gases, such as carbon dioxide, nitrogen 
oxides and methane (CO2, NOx, CH4), and heavy metals in the aluminium can 
production. Figure 2.1.5 shows the EB of air and water of each process in the 
Cr-Ga, Ga-Ga and Ga-Gr. Similar to the consumption of NR, in the Cr-Ga step, 
the manufacture of aluminium cans and EVOO were the hot spots that 
controlled the impacts in almost all categories. The production of aluminium 
cans had the highest values in AA, GW, HHE, POF, SOD, AOD, NMEco and EU, 
with a contribution between 52% (SOD) and 99% (HHE). For AqA, the 
production of secondary packaging had a higher impact, with a percentage of 
88%. This finding was attributed to the emissions of sulphuric acid (H2SO4), 
hydrochloric acid (HCl), hydrogen fluoride (HF) and acetic acid in the 
manufacture of corrugated cardboard and LDPE film. 

In the Ga-Ga stage, the use of auxiliary services (electricity and water) was the 
main contributor in some categories. The generation of electricity and the use 
of tap water required for the functioning of the plant were the most 
important contributors to AA (59%), GW (61%), HHE (60%), POF (75%) and EU 
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(67%). The majority of the electricity was employed in the refrigeration of 
anchovies. 

 

Figure 2.1.5 Contribution of each process to the environmental burdens (EB): (a) 
Cradle to gate, (b) Gate to gate and (c) Gate to grave. AA: atmospheric acidification; 

GW: global warming; HHE: human health effects; POF: photochemical ozone 
formation; SOD: stratospheric ozone depletion; AOD: aquatic ozone depletion; AqA: 
aquatic acidification; MEco: ecotoxicity to aquatic life (organics); NMEco: ecotoxicity 

to aquatic life (metals); EU: eutrophication. 

In the Ga-Gr stage, the distribution and use of the final product presented the 
greatest environmental impact in all categories, with the exception of POF 
and AqA, which was attributed to the emissions of organic compounds to air 
and the generation of acid effluents from leachates of the landfill. The 
product distribution had a significant impact on AA, GW, HHE, SOD, AOD 
MEco, NMEco and EU with contributions from 26% (GW) to 47% (SOD). 
Similarly, the environmental impact of the use step ranged from 28% (GW) to 
53% (SOD). 

The net weight of anchovy in the can is low (30 g) compared to other similar 
canning products in Spain or elsewhere (60 to 100 g), as for instance in the 
standard “1/4 club” cans. It certainly increase the ratio can weight/fish weight 
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and even more, the ratio olive oil weight/fish weight. Figure 2.1.6 compares 
the value of GW per kilogram of product, the olive oil/fish ratio and 
packaging/fish ratio of Cantabrian canned anchovies with other similar works. 
Cantabrian anchovy presented higher GW than Peruvian anchovy. This was 
due to several reasons: (i) the ratios oil/fish and packaging/fish were higher 
for Cantabrian anchovy, that is to say, the amount of oil and packaging per 
kilogram of fish was higher; (ii) Cantabrian canned anchovies used aluminium 
cans; and (iii) the production of EVOO and aluminium cans were the least 
environmentally friendly steps of the life cycle of canned anchovies. Canned 
products that use aluminium can as packaging presented higher GW than 
those that use tinplate can. These results confirm the requirement to improve 
the production and management of packaging, 

 

Figure 2.1.6 Comparison of GW per kilogram of product, olive oil/fish ratio and 
packaging/fish ratio of Cantabrian anchovy, Peruvian anchovy (Avadí et al. 2014a), 
Portuguese sardine (Almeida et al., 2015) and Ecuadorian tuna (Avadí et al. 2015). 

The LCA results indicated that the manufacture of aluminium cans and, to a 
lesser extent, the production of EVOO were the main hot spots of the Cr-Ga 
stage. The recycling of the aluminium cans and cardboard boxes after the use 
phase may improve the environmental profile of this stage. The recycling 
process serves as a waste treatment process for the discarded product and 
simultaneously produces a new material to be used in a subsequent product 
(van der Harst et al. 2015). Waste recycling is a multifunctional process that 
is typically handled by system expansion, and if expansion is not possible, 
mass or economic allocation can be applied (ISO, 2006). In this study, a system 
expansion was conducted by considering that the recycled material can 
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completely substitute virgin material on a 1:1 ratio. The results were based 
on 100% of the recycling rate of the product for both Al and cardboard. Due 
to the efficiency of the recycling processes, the material losses were 
considered to be 5% for aluminium and 10% for cardboard. The data for the 
aluminium and cardboard recycling were obtained from Leroy (2009) and 
Wang et al. (2012), respectively. Figure 2.1.7 shows an important reduction 
in the EBs to air and the EBs to water of the canned anchovies when the EoL 
step comprised recycling instead of landfilling. The EB to air decreased by 
95%, whereas the EB to water was nearly reduced by 50%. 

 

Figure 2.1.7 Comparison of environmental burdens (EB) to air and water of 
packaging waste landfilling and recycling. 

The use of different primary packaging materials (aluminium, tinplate, plastic, 
glass and recycled aluminium) also may improve the environmental profile of 
this stage. Figure 2.1.8 shows the EB to air and EB to water for the use of 
aluminium, recycled aluminium, tinplate, plastic and glass as packaging 
materials for the anchovy can. The comparison was made considering that 
the packaging contained the same amount of product and that the type of 
transport of the packaging and distances to the canning plant were identical 
in all cases. The aluminium presented the greatest EB to air and water. The 
total EB to air was 80 times lower when tinplate was employed, which is 
approximately 100 times lower when plastic and glass were employed and 17 
times lower when recycled aluminium was employed. In the water 
compartment, the glass and recycled aluminium yielded the lowest 
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environmental impact 50 times lower than the aluminium. The tinplate 
generated the highest quantity of non-hazardous wastes, as it had the 
greatest amount of material per functional unit. Similar results were obtained 
in other studies, such as Almeida et al. (2015), in which the use of tinplate 
cans and plastic packaging, instead of aluminium, reduced the GW by half. 
Hospido et al. (2006) reported that the use of plastic bags instead of tinplate 
cans decreased the GW and the acidification potential (AP) by more than half. 
According to the results of this study, the use of glass and plastic would 
improve the environmental performance of the product. The use of a glass 
packaging for this gourmet product is extensively applied despite the increase 
in the final price. However, the use of a plastic can cause non-acceptance of 
the product as it may decrease the quality of the canned product. Therefore, 
a balance must be achieved between the eco-design and the customer´s 
perception.  

 

Figure 2.1.8 Comparison of environmental burdens (EB) to air and water of several 
packaging materials, including aluminium, recycled aluminium, tinplate, plastic and 

glass. 

Both evaluated strategies have demonstrated a beneficial performance for 
the environment. However, consumers in Spain are not very keen on 
changing food habits and, in particular, a gourmet product such as canned 
anchovies are linked to aluminium cans. Consequently, an important 
marketing campaign is necessary to produce these results for all stakeholders 
involved (Hospido et al. 2006). In addition to these improvements, Table 2.1.5 
collects several eco-innovation strategies to enhance the environmental 
profile of the canned anchovies.
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Table 2.1.5 Proposal of eco-innovation strategies for Cantabrian canned anchovies. 

 PROCESS STAGE TECHNIQUE ENVIRONMENTAL ASPECT 
Cr

-G
a Raw materials 

Maintain an accurate inventory of inputs and outputs prevent 
purchasing unnecessary materials 

Energy, materials and water 
consumption 

Consider the use of other materials for packaging 
Transport Assess vehicle´s conditions Emissions of combustion gases 

G
a-

G
a 

Transformation Use filtered recirculated scalding water for preliminary fish rinsing Water consumption 

Sauce filling 
Use of a recovery oil system by recirculation to prevent oil loss Raw materials consumption 
Recycle process water to wash cans Water consumption 

Packaging 
Collect packaging material and send it to the authorised manager 

Raw materials consumption 
Use of recycled cardboard 

General consumption 
Minimise the use of water, energy and detergents Energy and materials 

consumption 
Wastewater and waste 
generation 

Use low consumption lamps 
Turn off machines when they are not in operation 

Solid residues treatment Separate heads and spines from anchovy meat to be valorised 
 

Wastewater treatment 

Quantify the water consumption of each area installing partial 
accountants 

Wastewater generation 
Dry cleaning to reduce the consumption of water:  
 Follow a strict cleaning protocol 

G
a-

G
r Distribution Assess of vehicle´s conditions Emissions of combustion gases 

End of life 
Recycle aluminium cans Emissions to air, water and 

land Recycle cardboard boxes 

O
verall environm

ental analysis 
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2.1.3 Incorporating linear programming and life cycle thinking 
in the decision-making process 

The use of aggregated environmental indexes represents a useful 
framework to aid in decision-making, since they are one-dimensional 
representation of all environmental impact categories for a particular system 
(Islam et al. 2017). However, in spite of the practicality of using aggregated 
environmental sustainability indexes, they represent an issue highly debated 
in the LCA community for a long time and is still considered open (Kägi et al. 
2015). Weighting methods are frequently used in practice and the need for a 
science-based methodology is therefore essential. 

For that reason, chapter 2.1.3 proposes a methodology that combines LCA 
using the ESA methodology and linear programming (LP) to derive an 
aggregated sustainability index that determines the environmental 
improvement actions leading to sustainable production. The novelty of this 
study lies in obtaining a composite environmental index as decision-support 
tool using LP to derive objective and system-specific weights without pre-
articulation of preferences. It is worth remarking that the proposed LCA-LP 
method does not intent to distort the results to reduce the environmental 
impact. The main idea of this weighing procedure according to the purposes 
defined by Pizzol et al. (2017), is to facilitate decision making in situations 
where trade-offs between impact category results do not allow choosing one 
preferable solution among the alternatives or one improvement among 
possible ones. This work aims to extend beyond the ISO guidelines proposing 
a methodology based on single-score index together with the midpoint 
indicators in order to contribute to sound, understandable and effective 
decisions in the canning industry of Cantabria 

According to Section 2.1.2, ESA methodology summarises the environmental 
results into two macro-categories: NR and EB. In this case, ESA is extended 
and combined with LP to estimate the weighting factors that lead to an 
optimised global environmental sustainability index. The 
classification/characterisation and normalisation/weighting steps of the ESA 
methodology were explained in Section 2.1.2, where Eqs. [2.1.1] and [2.1.4] 
represent the procedure to obtain the normalised NR macro-categories (𝑋𝑋1,𝑖𝑖

∗ ) 
and the normalised EB macro-categories (𝑋𝑋2,𝑗𝑗

∗ ). They can be grouped into a 
single index so-called Environmental Sustainability Index (ESI). The weighting 
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procedure proposed is shown in Eq. [2.1.5]. 

𝐸𝐸𝐸𝐸𝐸𝐸 = 𝛾𝛾1 ∑ αiX1,i
∗i

i=1 +  𝛾𝛾2 ∑ βjX2,j
∗j

j=1    i ∊ [1,3] and j ∊ [1,2]  [2.1.5] 

Where ESI is the global environmental sustainability index that combines the 
consumption of NR and the generation of EB. The weighting factor αi serves 
at the aggregation of the 3 NR macro-categories (X1,i

∗ ) into a single super-
category namely NR (X1). Similarly, βj enables the weighting and combination 
of the 2 EB macro-categories (X2,j

∗ ) into EB (X2) index. Finally, γi combines X1 
and X2 super-categories into the composite ESI index.  

Most of the composite indexes are constructed by equal weighting (Zhou et 
al. 2012). Hence, for comparison issues, the three NR and the two EB macro-
categories are first assumed to be equally relevant. However, using the same 
weighting value for αi and βj may result in an imbalance structure within the 
composite index, since the dimension grouping the larger number of variables 
(X1,i

∗ ) will have higher weight than the dimension resulting from the 
aggregation of lesser variables (X2,j

∗ ). For this reason, Eqs. [2.1.6] and [2.1.7] 
must be satisfied and thus αi = 1 3⁄  for each i and 𝛽𝛽𝑗𝑗 = 1 2⁄  for each j. 

s. t.         ∑ αi = 1i=n
i=1       [2.1.6] 

∑ βj
j=n
j=1 = 1      [2.1.7] 

Nevertheless, this approach can disguise the absence of statistical or 
empirical bases for determining the weights (Zhou et al. 2012). Therefore, 
although equal weighting is assumed at the lower level (X2,j,k

∗ ), the current 
study addresses a first LP weighting approach at the macro- (X1,i

∗  and X2,j
∗ ) and 

super-categories (X1 and X2) extent to propose a method simple enough 
before discussing other more complex and difficult to implement approaches. 

The optimum values of αi and βj for each scenario are determined by means 
of the methodological procedure outlined in Figure 2.1.9. To keep the linear 
nature of the approach, 𝛾𝛾1 and 𝛾𝛾2 are assumed to be equal and further 
studied through a sensitivity analysis. As the rest of weighting schemes 
proposed, the aggregation of 𝛾𝛾𝑖𝑖  must add up to the unity and thus 𝛾𝛾𝑖𝑖  is 0.5.  
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Figure 2.1.9 Life Cycle Impact Assessment steps based on the use of the 
Environmental Sustainability Assessment (ESA) method coupled to mathematical 

optimization. 

Eq. [2.1.5] is optimised to estimate weighting factors that lead to the ESI 
index. The optimisation of Eq. [2.1.5] in terms of maximisation will allow to 
determine the best environmental performing system in the worst case 
scenario. In this sense, LCA results will include specific, local and global 
features of the processes under study. 

The limits of the weighting factors are determined by correlating the different 
metrics. For example, it has been observed that, when the requirements of 
an energy-intensive process are varied, the consumption of energy presents 
a linear relationship with the consumption of NRs, as well as the EBs. So that, 
a linear correlation has been approximated between the consumption of 
energy (X1,1

∗ ) and the rest of metrics (Xi,j∗ ) by simulating the process using 
different scenarios. Hence, this relationship has been taken as a constraint for 
determining the lower and upper bounds of αi and βj. 

s. t.          0.01 ≤ αi ≤ w1,iα1     [2.1.8] 

0.01 ≤ βj ≤ w2,jα1     [2.1.9] 
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Where w1,i and w2,j are the factors to determine αi and βj, respectively. It has 
also been assumed that every environmental impact has a minimum weight 
(αi,min = βj,min = 0.01) so that none of them are neglected. 

The diversification strategies and introduction of canned anchovy product in 
new markets must be supported by a specific LCA study. Depending on the 
Cantabrian anchovy stock level, canning plants may import anchovies from 
other countries such as Argentine and Chile or Peru. On the other hand, 
according to the consumer’s preferences, the filling oil can be sunflower oil, 
olive oil and extra virgin olive oil. Finally, anchovy packaging can be presented 
in aluminium and tinplate cans or glass jars. These three variables (origin, type 
of oil and packaging material) comprise a wide range of possible products and 
scenarios, whose environmental sustainability assessment is addressed in this 
work using the proposed methodology. LCA is applied from cradle-to-grave, 
as shown in Figure 2.1.10. 

 

Figure 2.1.10 Flow diagram of the anchovy canning system showing the system 
boundaries. 

As functional FU, 1 kg of raw anchovy entering the factory was selected. The 
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anchovy canning process is a multi-output system. Apart from canned 
anchovy, additional products are obtained from the valorisation of the fish 
residues. Allocation rules applied were the same than in Section 2.1.2 (Laso 
et al. 2016). Regarding end-of-life, since the current recycling rates in Spain 
are high (84.8% metals, 82.3% cardboard and paper, 66.5% plastic and 73% 
glass), 100% recycling rate is assumed for the recycling of the packaging 
materials (Ecoembes, 2016; Ecovidrio, 2016). An attributional approach is 
applied assuming that the material recycled would displace an equivalent 
quantity of the current mix of virgin and recycled material in the market (Bala 
et al. 2015). Avoided burdens are then applied using the actual mix of virgin 
and recycled materials in the market (Laso et al. 2017). Assumptions 
concerning transportation distances of raw materials and distribution were 
the same than those considered in Section 2.1.2. The distance from Argentine 
and Peruvian/Chile were 10,900 km and 13,800 km, respectively, and 
anchovies were transported to Cantabria by an ocean container ship.  

The combination of the three mentioned variables (i.e. anchovy origin, type 
of oil and packaging material) can lead to multiple scenarios. In this case, ten 
different scenarios are studied as described below (Table 2.1.6). 

- Anchovy origin. The canning plant processes anchovies from 
Cantabria (Engraulis encrasicolus), but also imported anchovies from 
Argentina (Engraulis anchoita) and from Chile and Peru (Engraulis 
ringens) to satisfy the depleted stock level in the Cantabrian Sea. 
Cantabrian anchovies are captured from the Bay of Biscay and 
transported to the factory. Argentine anchovies are fished in the 
Southwest Atlantic Sea and pre-treated in Argentine factories before 
being transported to Santoña. Chilean and Peruvian anchovies 
caught in the Northwest Pacific Sea are pre-treated and transformed 
in Chilean and Peruvian companies. The already vacuum-packed 
anchovies are then transported to Santoña. Hence, the study of this 
variable is conducted by means of the following scenarios: 
Cantabrian (SA), Argentine (SB) and Chilean/Peruvian (SC) origin. 

- Type of oil. The filling oil used for canned anchovies depends on the 
anchovy origin and the geographical distribution of the product. The 
scenarios to study are defined as: refined olive oil (SD), extra virgin 
olive oil (SE) and sunflower oil (SF). 
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- Packaging material. Aluminium and tinplate cans as well as glass jars 
are already employed in the Cantabrian factory. Furthermore, it is 
interesting to study other possible materials such as plastic, which is 
already used by a Danish company as the usual canned appearance 
(Almeida et al. 2015). Four different scenarios are thus distinguished 
for the assessment of the packaging material: aluminium (SG), 
tinplate (SH), glass (SI) and plastic (SJ). 

Cantabrian origin, extra virgin olive oil and aluminium packaging are the 
variables used as base case of study. 

Table 2.1.6 Scenarios description. 

Origin Oil Packaging 
Cantabrian Refined olive oil (SD) Aluminium (SG) 
Argentine Extra virgin olive oil (SE) Tinplate (SH) 

Chilean/Peruvian Sunflower oil (SF) Glass (SI) 
  Plastic (SJ) 

 

All the relevant inputs and outputs data were collected from the data sources 
described in Section 2.1.2. The life cycle inventory was modelled using the 
LCA software GaBi 6.0 (PE International, 2014) and the ESA methodology for 
the LCIA stage 

The LCA results obtained in the Section 2.1.2 were normalised as displayed in 
Table 2.1.7. Within each variable, the environmental scores have been ranked 
using colour coding. Higher impacts are remarked in red, while lower impacts 
are coloured in green. As observed, the decision-making process in not 
straightforward, as there is no scenario that presents the best (or worst) 
scores for every metric. This is the reason why determining a composite index 
is key for identifying the best performing environmental improvement 
actions.



 

 

 

Table 2.1.7 Normalised environmental results for the scenarios under study. Colour coding is used to reflect NR and EB intensity. Higher 
impacts are coloured in red, while lower impacts are coded with green. 

  Natural Resources  
(NR) 

 Environmental Burdens  
(EB) 

Variable Scenarios Energy (X*1,1) Materials (X*1,2) Water (X*1,3)  EB to air (X*2,1) EB to water (X*2,2) 

Origin 

Cantabrian (SA) 1.45 1.16 1.22  0.76 0.77 

Argentine (SB) 0.76 0.90 0.87  0.78 0.51 

Chilean/Peruvian (SC) 0.79 0.93 0.91  1.05 0.52 
        

Oil 

Refined olive oil (SD) 0.94 1.03 1.10  0.92 0.64 

Extra virgin olive oil (SE) 0.92 0.94 1.03  0.89 0.64 

Sunflower oil (SF) 1.14 1.04 0.87  1.19 0.52 
        

Packaging 
material 

Aluminium (SG) 0.99 0.91 0.96  1.36 0.75 

Tinplate (SH) 0.92 1.03 1.12  0.81 0.54 

Glass (SI) 1.13 1.13 0.96  0.99 0.57 

Plastic (SJ) 0.97 0.93 0.95  0.85 0.54 

 

  

+ -
Intensity
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Given a set of environmental impacts for each alternative scenario, the 
optimisation methodology determines the weighting factors that conduct to 
a maximum global environmental impact, represented by ESI. It is assumed 
that the best environmental alternatives that conduct to a more sustainable 
production are determined by maximising the weighted sum of these 
impacts. It is also assumed that the scores of the environmental impacts are 
related among them and so is the weight attached to them   Therefore, this 
procedure does not modify the previously calculated individual impacts (Xi,j∗ ), 
but affects the relevance attributed to each of them. 

Thereafter, the normalised results for NR (X1,i
∗ ) and EB (X2,j

∗ ) are posed in 
mathematical terms using the linear model described in Eqs. [2.1.3] - [2.1.5]. 
The software GAMS (2017) is used to carry out the optimisation procedure. 
The influence of the three main variables (anchovy origin, type of oil and 
packaging material) on the environmental impacts of canned anchovy is 
studied separately, as detailed below. 

Rows 1-3 in Table 2.1.7 represent the normalised NR and EB scores for 
anchovies captured in Cantabria, Argentine and Chile/Peru, which include 
vessel operation in terms of diesel consumption. Regarding NR, Argentine 
anchovies results the best scenario, while anchovies captured in Cantabrian 
Sea require the highest NR. This is owed to the larger diesel consumption in 
the fishery stage, as Cantabrian vessels consumed 20 times more diesel than 
Argentine and Chilean or Peruvian. This pattern is maintained for EB to water. 
However, SC exhibits the largest EB to air as opposed to SA, essentially due to 
the air emissions in the production of fuel oil used to transport by ship. 

Rows 1-3 in Table 2.1.8 show the optimised weighting values for each impact 
category. As expected, X1,1

∗  is the metric to which the highest importance is 
attributed (𝛼𝛼1=0.78-0.98) since its influence is reflected in the rest of 
categories. SA receives the highest weighting factor for energy consumption 
(𝛼𝛼1=0.98) as X1,1

∗  is the impact category that presents the largest score for this 
scenario. At the same time, SA is the most energy intensive alternative, being 
more penalised than SB and SC. Regarding EB, more relevance is attributed to 
X2,1
∗  (𝛽𝛽2=0.71) as opposed to  X2,2

∗  (𝛽𝛽1=0.29) when SA is excluded. This is mainly 
due to the fact that the valorisation of the anchovy residues involves lower
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Table 2.1.8 Optimised results for the anchovy canning industry in Cantabria after applying the LP model. 

  Energy Materials Water EB to air EB to water 
Variable Scenarios α1 α2 α3 β1 β2 

Origin 
Cantabrian (SA) 0.980 0.010 0.010 0.01 0.99 
Argentine (SB) 0.769 0.132 0.099 0.703 0.297 
Chilean/Peruvian (SC) 0.776 0.116 0.108 0.716 0.284 

Oil 
Refined olive oil (SD) 0.728 0.145 0.127 0.764 0.236 
Extra virgin olive oil (SE) 0.704 0.175 0.121 0.738 0.262 
Sunflower oil (SF) 0.980 0.010 0.010 0.866 0.134 

Packaging 
material 

Aluminium (SG) 0.980 0.010 0.010 0.737 0.263 
Tinplate (SH) 0.147 0.010 0.843 0.908 0.092 
Glass (SI) 0.980 0.010 0.010 0.835 0.165 
Plastic (SJ) 0.980 0.010 0.010 0.949 0.051 
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X2,2
∗  and thus the highest weighting factors are assigned to X2,1

∗ . The exception 
is SA, where the production of diesel results in higher EB to water and 𝛽𝛽2=0.99. 

After optimisation, weighting is conducted to obtain X1 and X2 indexes as a 
pre-requisite step for constructing the composite ESI index. These indexes are 
depicted in Figure 2.1.11a. As can be seen, the highest X1 is depicted by 
Cantabrian anchovies, while similar scores are obtained for Argentine and 
Chilean/Peruvian anchovies. Regarding X2, SA exhibits and intermediate 
position between SB and SC, remarking the environmental trade-off between 
fishery in Cantabrian Sea and long-distance transportation from Argentine or 
Chile/Peru. 

The global environmental ESI index is obtained from the combination of X1 
and X2 (Figure 2.1.11b). It can be appreciated that despite generating a lower 
quantity of wastes and involving lower transport distances, Cantabrian 
anchovies results the worst scenario. 

 

Figure 2.1.11 (a) Bi-criteria scatterplot for natural resources consumption (X1) vs 
environmental burdens (X2) and (b) Environmental Sustainability Index (ESI) for 
canned anchovy according to its origin. SA: Cantabrian anchovy; SB: Argentine 

anchovy; SC: Chilean/Peruvian anchovy. 

The three types of oil under study were: extra virgin olive oil, refined olive oil 
and sunflower oil. The normalised scores are displayed in rows 4-6 from Table 
1.2.7. As can be observed, before optimisation, there is no scenario that 
scores better (or worst) than the rest for every metric. Regarding NR, SF 
presents the highest energy and material consumption, as opposed to the 
lowest water requirements. This is due to the fact that sunflower olive oil 
presents a lower yield per hectare than both olive oils and consequently 
requires more fertilizers. Conversely, it consumes less water for cultivation. 
SD depicts slightly higher impact than SE, since an extra refine step is required 
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for the latter. Regarding EB, SF presents the highest EB to air, but results the 
less aggressive scenario to water compartment. 

Once optimisation and weighting are performed, SF is penalised due to its high 
energy consumption (α1=0.98), presenting a 17% larger X1 impact than SE 
(Figure 2.1.12a). Despite its lower EB to water, this difference between SF and 
SE is almost duplicated when X2 is assessed, since the largest relevance is 
attributed to EB to air (β2= 0.77-0.87). From the combination of X1 and X2, it 
can be appreciated that ESI values for SF are the highest (ESI= 1.12). Therefore, 
despite requiring less irrigation than olive oil production, sunflower oil 
displays a ca. 20% worse environmental performance than olive oils (ESISD= 
0.91 and ESISE= 0.88). Therefore, the use of extra virgin olive oil for filling 
anchovy cans results the best environmental option. 

 

Figure 2.1.12 (a) Bi-criteria scatterplot for natural resources consumption (X1) vs 
environmental burdens (X2) and (b) Environmental Sustainability Index (ESI) for 

canned anchovy using different types of oil. SD: refined olive oil; SE: extra virgin olive 
oil; SF: sunflower oil. 

Four packaging materials were analysed: aluminium, tinplate, glass and 
plastic. Their normalised results are shown in rows 7 to 10 in Table 1.2.7. 
Regarding the consumption of NR, the less energy-intensive scenario is 
represented by the use of tinplate cans, which involves a 13% reduction with 
regard to the use of aluminium. Conversely, the usage of glass jars requires 
26% more energy than aluminium. Nevertheless, aluminium remains as the 
best option if the materials demand is considered, while glass is maintained 
as the worst scenario. When the consumption of water is assessed, the use of 
plastic packaging becomes the best environmental alternative, followed 
closely (1%) by aluminium and glass. A different pattern is observed for EB 
metrics. While aluminium results the worst scenario for both X2,1

∗  and X2,2
∗ , 

the use of tinplate and plastic cans involve nearly a 50% reduction of those 
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impacts. Consequently, weighting is necessary to identify the best-performing 
scenario. 

The optimisation procedure penalises the packaging scenarios for their 
energy intensive nature, attributing the highest weighting factor to energy 
consumption (α1=0.98, Table 2.1.8). The exception is SH, which receives the 
highest weighting factor (α3=0.843) for X1,3

∗  owing to the high water intensity 
of this scenario in comparison to the rest of alternatives. Regarding EB, the 
largest relevance is again attributed to air compartment, being β2 in the 0.74-
0.95 range. 

The resulting X1 and X2 indexes outlines in Figure 2.1.13a show that SG 
(aluminium) and SJ (plastic) have the best X1 results. Conversely, SI (glass) 
involves a 11% higher X1 impact, resulting the worst scenario. Regarding the 
X2 index, the lowest impact is observed for SH (tinplate) followed by closely SJ, 
while SG becomes the largest score.  The composite ESI indexes displayed in 
Figure A2.5b show that the worst performing scenario is SG (ESI= 1.09) 
followed by 6% lower SI. SG represents the use of aluminium packaging, which 
is the current most used material and presents nearly 20% larger 
environmental global impacts than plastic. Although SJ is estimated as the 
most sustainable scenario, the difference between SJ and SH is below 5% and 
thus the results are not determinant. 

 

Figure 2.1.13 (a) Bi-criteria scatterplot for natural resources consumption (X1) vs 
environmental burdens (X2) and (b) Environmental Sustainability Index (ESI) for 

canned anchovy according to the type of oil used. SD: refined olive oil; SE: extra virgin 
olive oil; SF: sunflower oil. b) ESI index for Cantabrian anchovy using different 

packaging. SG: aluminium; SH: tinplate; SI: glass; SJ: plastic. 

In light of these results, the decision pathway followed for determining the 
best environmental alternatives in the Cantabrian anchovy canning industry 
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is outlined in Figure 2.1.14. It has been observed that the importation of out-
of-season products to satisfy the depleted stock is in fact environmentally 
more sustainable than capturing the Cantabrian anchovies in the Bay of 
Biscay. In this sense, in order to improve the competitiveness of the 
Cantabrian anchovy product and preserve the quality label, it is necessary to 
reduce the environmental impacts of the fishery stage. On the other hand, it 
must be highlighted that, from a circular economy point of view, Cantabrian 
anchovies could not be much more improved, since they generate around 
10% less fish residues than anchovies captured in Argentine and Chile/Peru 
and are in turn valorised. Finally, the use of extra virgin olive oil and the plastic 
packaging seemed to be the best environmental option. 

  

Figure 2.1.14 Analytical decision tree for determining the best environmental 
alternatives in the anchovy canning industry under study. 

As mentioned previously, initially the super-categories X1 and X2 were 
assumed to be equally relevant, and thus their weighting factors 𝛾𝛾𝑖𝑖  were 
estimated at 0.5. Now, the influence of the relative importance assigned to 
each super-category is studied, varying  𝛾𝛾1 within the 1-0 range (Figure 
2.1.15).  When 𝛾𝛾1 is assumed at 1, the maximum importance is attributed to 
the consumption of resources, while the environmental burdens are 
disregarded. Conversely, the influence of the resources consumption on the 
environmental sustainability of the process is neglected as opposed to the 
environmental burdens when 𝛾𝛾1 is estimated at 0. 

Therefore, as Figure 2.1.15 outlines, SC results in the worst scenario regarding 
the anchovy origin when the environmental sustainability assessment is only 
based on the environmental burdens to air and water. However, SA becomes 
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the less sustainable scenario when 𝛾𝛾1> 0 and both NR and EB are studied. 
Conversely, the ESI index seems to be insensitive to 𝛾𝛾𝑖𝑖  values when the type 
of oil is assessed. The largest influence of X1 and X2 weighting values is 
observed in the packaging assessment. When X1 is only considered (𝛾𝛾1=1), SI 
results the worst performing scenario, followed by SH. As the importance 
assigned to X2 increases, the pattern is inversed and SG becomes the worst 
alternative, followed by SI. 

On the other hand, it can be observed that the ranking of the scenarios is 
maintained for all the variables when X1 contributions to ESI is between 25% 
and 75%. Consequently, the importance of considering both indexes for the 
construction of the composite index must be highlighted, being 0.5 a 
conservative selection for simplifying decision-making process. 

 

Figure 2.1.15 Influence of the weighting factor γ_1in the ESI index for the scenarios 
under study. 

These results have been compared to that from ReCIPE methodology in Table 
2.1.8 which collects the ReCIPE single score for the scenarios under study. The 
hierarchical perspective is used, which is the consensus model often 
considered as default approach. A similar pattern to that obtain with our 
methodology is observed. The exception is found for the packaging materials, 
since SH emerges as the most sustainable option according to ReCIPe, while SI 
becomes the worst alternative. However, the difference between SH and SJ is 
as small as between SI and SG (ca. 3%) so that other sustainability pillars should 
be assessed to take a determinant decision. 

The similarity observed with both methods serves as a validation tool for the 
methodology proposed. On the other hand, the LCA-LP approach proposed is 
based on technical criteria that enable penalising the critical variables with 
the aim of comparing the scenarios under worst-case conditions. This is 
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conducted according to the specific, local and global features of the processes 
under study. 

Table 2.1.8 Single score for the scenarios under study using ReCIPe methodology. 

Variable Scenarios ReCIPe Single score 

Origin 
Cantabrian (SA) 0.140 
Argentine (SB) 0.083 
Chilean/Peruvian (SC) 0.087 

Oil 
Refined olive oil (SD) 0.140 
Extra virgin olive oil (SE) 0.145 
Sunflower oil (SF) 0.299 

Packaging material 

Aluminium (SG) 0.140 
Tinplate (SH) 0.127 
Glass (SI) 0.145 
Plastic (SJ) 0.131 

 

2.1.4 Remarks 

This section presents the environmental profile of the entire product 
life-cycle of Cantabria canned anchovy, which provides producers with a 
simple tool for decision-making. The ESA procedure was applied to obtain two 
main indexes: NR and EB. The study demonstrated that the production of cans 
and EVOO were the main hot spots. The manufacture of aluminium cans 
represented 58% of the total energy, 61% of the materials and 93% of the 
consumed water. It is the main contributor to the majority of the air and 
water categories. According to these results, some improvement measures 
were proposed, such as the recycling of the aluminium cans and cardboard 
boxes and the substitution of the packaging material. However, stake-holders 
are often in the need of choosing among several environmental profiles 
provided by the computed alternatives. The variety of existing environmental 
metrics far from providing a more complete framework usually hinders the 
decision-making process. For this reason, a methodology based on the 
combination of LCA and LP and linear programming was developed. The 
novelty of this procedure lies in obtaining a composite environmental index 
as decision-support tool without pre-articulation of preferences. Weighting 
factors were estimated using LP tools based on technical criteria that enable 
penalising the critical variables. Three different variables were studied: 
anchovy origin, type of filling oil and packaging material. Results were 
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compared to the panel ReCiPe approach, which serves as a validation tool 
since similar conclusions were observed. However, it must be highlighted that 
the ranking of alternatives established by ReCiPe for the anchovy packaging 
variable was slightly different from our approach. Therefore, the need of 
developing a composite index that encompasses other sustainability criteria 
such as the economic score is remarked. 

The methodology proposed demonstrates how LCA tool can be applied in 
combination to linear program optimisation to simplify the decision-making 
process in the eco-design of food products. Moreover, it can be used by other 
industrial sectors to facilitate the decision-making process for specific 
products. Likewise, it facilitates the manufacture of more sustainable 
products and the development of ecolabels that inform consumers about 
more sustainable consumption and production habits. This procedure 
promotes the concept of a circular economy by the valorisation of waste 
along the supply chain of the product. 

In addition, it represents the first step towards Product Category Rules (PCR) 
and Environmental Product Declaration (EPD) according to the “European 
Single Market for Green Products Initiative”, which establishes the following 
two methods for measuring a product’s environmental performance 
throughout its lifecycle: the Product Environmental Footprint (PEF) and the 
Organisation Environmental Footprint (OEF). 
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2.2.1 Framework 

Fish managers have relied on observation and research in past decades 
to face the challenge of improving the sustainability of dwindling fish stocks 
in European fisheries (Gascuel et al. 2014; Pauly and Zeller, 2016). Seafood is 
increasingly recognized as playing an important role in terms of food supply 
and security worldwide. The beneficial effect of fish consumption on human 
health has been related to the high content of n-3 fatty acids, and it has been 
a recurring policy strategy to foster direct human consumption (DHC) 
(Zlatanos and Laskaridis, 2007). Based on this, numerous studies have dealt 
with improving the performance of fishing fleets in terms of technical 
efficiency and capacity (Tingley et al. 2003). In this context, the Food and 
Agricultural Organization of the United Nations (FAO) determined that Data 
Envelopment Analysis (DEA), a non-parametric linear programming method 
to analyze the efficiency of multiple-unit systems, constitutes an adequate 
method to evaluate fishing capacity (FAO, 2003). Nevertheless, recent studies 
have also been developed in terms of ensuring that efficiency is also achieved 
from an environmental sustainability perspective (Vázquez-Rowe et al. 
2010a), combining DEA with LCA. LCA has been repeatedly used in fisheries 
and seafood supply chains for over a decade as an important mechanism to 
elongate the current shift from single-species stock assessment to ecosystem-
based frameworks, by including additional environmental impacts at a global 
scale, such as global warming or depletion of abiotic resources (Vázquez-
Rowe et al. 2012b; Ziegler et al. 2016). However, LCA has shown certain 
limitations when it comes to monitoring the environmental performance of 
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multiple units that present the same function. Therefore, the so-called 
LCA+DEA method has been developed to expand the utility of life-cycle based 
methods in order to account for eco-efficiency verification and environmental 
impact minimization across complex sectoral systems (Vázquez-Rowe and 
Iribarren, 2015). 

Section 2.2.2 applies the LCA methodology to quantify the overall 
environmental impact of the Cantabrian anchovy fishery (cradle stage). 
Although the study was not extended to other years of operation to assess 
the effect of stock size on environmental impacts due to lack of historical 
data, a statistical analysis was computed to analyze the variability of 
environmental impacts between vessels and ports. On the other hand, 
Section 2.2.3 aims to understand how different perspectives on how to 
generate operational benchmarks for fishing fleets using the LCA+DEA 
method can alter the final results obtained and their interpretation. 

2.2.2 European anchovy (Engraulis encrasicolus) fishery in the 
Northern Spain 

European anchovy (Engraulis encrasicolus, Linnaeus, 1758) is a pelagic 
species belonging to the Engraulidae family. It is distributed along the Atlantic 
continental shelves of Europe and Africa, into the Mediterranean, Adriatic 
and Aegean seas and further into the Black Sea. It is a short-lived species, with 
individuals generally living between 3 and 5 years. Hence, population levels 
depend strongly on the incoming year-class strength, which is highly variable 
and largely dependent on environmental factors (Fréon et al. 2005). 

Two different fleets fish for European anchovy in the Bay of Biscay, although 
they are spatially and temporally well separated: Spanish and French fleets. 
Among all the existing fleets that target European anchovy, the purse seining 
fleet based in the region of Cantabria is the main anchovy catching fleet in the 
Bay of Biscay. Despite the critical overexploitation of the European anchovy 
fishery and the fact the LCA has emerged rapidly over the 2000-2016 period 
(Ziegler et al. 2016) to quantify environmental impacts of seafood production 
(Vázquez-Rowe et al. 2010b; Ramos et al. 2011; Almeida et al. 2014; Avadí et 
al. 2014a, 2014b, 2015; Fréon et al. 2014a, 2014b, 2014c) no environmental 
assessment of the industrial operations of this fleet exists in the literature.  

This chapter assess the environmental impacts associated with the fishing 



Cradle analysis: anchovy resource extraction 

 

66 

 

activity of European anchovy landings by the Cantabrian purse seining fleet. 
The environmental analysis was based on LCA methodology and assumptions, 
following ISO 14040 specification (ISO, 2006). Moreover, the sampling of the 
purse seining vessels fulfilled PAS 2050-2 (PAS 2050-2, 2012) requirements 
specific to seafood and other aquatic food products. The FU considered was 
1 kg of landed round anchovy by Cantabrian purse seining vessels in year 
2015, reflecting the function of delivering raw material for further processing 
in local canning industries. 

The system under study comprised the phases of a vessel's life cycle: 
construction, use, maintenance and EoL, including hull and engine 
production, diesel consumption, antifouling and lubricant oil emissions, net 
and boat paint production and vessel dismantling, as observed in Figure 2.2.1. 
This assessment constituted a so-called cradle-to-gate study for the product 
(i.e., European anchovy) and a cradle-to-grave study for the main carrier of 
the fishing operations: the fishing vessels (Guinée et al. 2001). 

 

Figure 2.2.1 System boundary for the anchovy fishing fleet. Elements with dotted 
lines were excluded from the boundary. 

The Cantabrian purse seining fleet performs its activities in a multispecies 
fishery. Therefore, environmental burdens need to be allocated between 
European anchovy and the remaining landed by-catch (Ayer et al. 2007): tuna 
species (mainly Thunnus alalunga), European pilchard (Sardina pilchardus), 
Atlantic mackerel (Scomber scombrus) and Atlantic horse mackerel 
(Trachurus trachurus). Three types of allocation were evaluated: mass, 
economic and energy (see Table 2.2.1 for details). No major differences 
between the three types of allocation were observed for the case of European 
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anchovy, representing in all scenarios approximately 45% of total landings of 
the fleet. Due to the lack of economic data from Cantabria, economic 
allocation was discarded based on the fact that landing sale prices in Galicia 
were used for the same period to compute this approach due to the lack of 
regional data (Xunta de Galicia, 2016). On the other hand, energy is another 
repeatedly used allocation perspective that has been traditionally applied in 
seafood LCA studies (Ayer et al. 2007; Pelletier and Tyedmers, 2011). Since 
the system boundaries were limited to the landing of the fish at port in this 
particular study, mass allocation was chosen as the most appropriate 
approach context since it is considered to better reflect reality over longer 
time periods and changing economic conditions and constitutes a clearer 
perspective to communicate to the stakeholders in this first stage of the 
supply chain. 

Regarding data acquisition, data were collected for year 2015 for a sample of 
32 purse seining vessels out of a total of 41 belonging to the Cantabrian 
fishing fleet. These vessels represented 78% of this fleet, which allowed 
meeting the requirements recommended in the PAS 2050 document in terms 
of sample representativeness of vessels in a particular fleet (PAS 2050-2 
2012). Primary data for fishing vessel operations were obtained from 
questionnaires filled out by skippers from the seven main purse seining ports 
in Cantabria: Colindres (P1), Santoña (P2), San Vicente de la Barquera (P3), 
Comillas (P4), Laredo (P5), Santander (P6) and Castro Urdiales (P7) (see Figure 
2.2.2 for their geographical distribution). 

Anti-fouling and paint were considered important. Therefore, the 
composition of the main paints and anti-fouling agents, as well as the 
emissions related to their production, was included in the inventory. These 
data were obtained from a leading world producer.  

The production, transport and consumption of the seine nets were included 
within the system boundary due to the important percentage they represent 
in the total weight of the fishing vessels (Fréon et al. 2014b). The composition 
of the nets was made up of nylon (50%), lead (28%), ethylene vinyl acetate 
(EVA) (20%) and polysteel (2%).



 

 

 

 Table 2.2.1 System boundary for the anchovy fishing fleet. Elements with dotted lines were excluded from the boundary. 

Species 

Landings  
 Mass 

allocation 
Value 

(€/kg)(1) 
Economic 
allocation 

Energy 
(MJ/kg)(2) 

Energy 
allocation 

Mass (kg) SD 

European anchovy 196,634 ±103,634 43.5% 1.54 44.3% 2.18 45.9% 
Tuna (Thunnus spp.) 9,938 ±42,157 2.2% 4.09 6.0% 2.42 2.6% 
European pilchard 110,563 ±89,560 24.5% 2.11 34.2% 2.11 24.9% 
Atlantic mackerel 51,188 ±12,545 11.3% 0.70 5.2% 2.05 11.2% 
Atlantic horse 
mackerel 

83,353 ±103,240 18.5% 0.84 10.3% 1.72 15.4% 

 

(1)Source: Xunta de Galicia (2015). http://www.pescadegalicia.gal/ 
(2)Peter Tyedmers, personal communication, September 2011 
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Figure 2.2.2 European anchovy fishing zone and Cantabrian ports. 

These materials were produced in Canada, Valencia (Spain), Korea and 
Alicante (Spain), respectively, according to data reported by local retailers. 
Therefore, there has been an increase in transport that will be taken into 
account in this study as compared to previous studies in the literature 
(Vázquez-Rowe et al. 2010b). Moreover, it was considered that the lifespan 
of seine nets was roughly 5 years. However, partial repairs are done annually, 
renewing at least 25% on an annual basis due to net losses at sea (Vázquez-
Rowe et al. 2010b). Another important operational input, ice, was produced 
at an ice-making factory. For this, data were obtained from a factory in 
Colindres, one of the fishing ports in the current study, which produced 2,000 
metric tons per year. The factory reported using ammonia as the cooling 
agent in its operations. 

Regarding vessel construction, only those impacts associated with the steel 
used in vessel hulls and engines were quantified. To estimate the weight of 
each vessel, the Light Ship Weight (LSW) as described by Freón et al. 2014b 
was used (Eq. [2.2.1]): 

LSW (metric ton) = −263.81 + 0.57 ∙ holding capacity + 43.77 ∙ width [2.2.1] 

It was considered that this correlation was valid for Spanish fleet due to the 
similarity in terms of holding capacity.  Approximately 80% of the LSW value 
was assumed to correspond to the weight of the hull (steel), while 20% 
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corresponded to the weight of structural elements and other systems that 
were not considered in this analysis. Moreover, it was assumed that 12% of 
the hull was replaced every two years for maintenance purposes (Fréon at al. 
2014b). 

The weight of the main and auxiliary engines was obtained from a leading 
world producer according to the power data facilitated by skippers (Guascor, 
2016). The composition modelled for these engines considered 65% cast iron, 
34% chrome steel and 1% white metal alloys (AlCuMg2), and they were 
replaced once over the lifetime of the vessel (Fréon et al. 2014b). It was 
assumed that 50% of the steel used in vessel hulls and engines was recycled. 

Background data regarding the production of diesel fuel were obtained from 
the ecoinvent® v3.1 database (Ecoinvent, 2016). To improve data quality and 
consider local conditions, the electricity mix provided by the ecoinvent® 
database was adapted to the characteristics of the Spanish electricity mix of 
2013 (Vázquez-Rowe et al. 2015) for those processes occurring in Spanish 
territory. Finally, processes linked to the management of crew residues and 
fishing activity wastes, as well as the EoL of the vessel, were also taken from 
the ecoinvent® database. 

Regarding un-monitored emissions, the emissions of carbon dioxide (CO2) 
resulting from fuel combustion were calculated on the base of the EMEP-
Corinair Emission Inventory Handbook of 2006 (EMEP-Corinair, 2006), while 
remaining emissions, such as nitrogen oxides (NOx), carbon monoxide (CO) 
and sulphur oxides (SOx) were calculated on the base of the revised version 
of the handbook in 2013 (EMEP/EEA, 2013). It is important to point out that, 
in the current study, CO2 emissions resulting from the use of lubricant oil were 
considered and calculated on the base of the IPCC Guidelines for National 
Greenhouse Gas Inventories (IPCC, 2006), as shown in the following equation: 

CO2 emissions = LC ∙ CClubricant ∙ ODUlubricant ∙ 44 12⁄   [2.2.2] 

where LC was the total lubricant consumption (TJ), CClubricant was the carbon 
content of lubricants (20 metric tons C/TJ), ODUlubricant was the Oxidised 
During Use factor (0.2) and 44/12 was the mass ratio of CO2/C. 

The loss of paint and anti-fouling to the marine environment was set as two 
thirds of the total employed (Hospido and Tyedmers, 2005). Finally, the 
environmental impacts linked to crew activities were modelled considering 
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the number of crew members: 120 L of wastewater is produced per crew 
member per working day and 0.2 kg of solid waste is generated per landed 
metric ton of fish (Fréon et al. 2014b). Approximately 38% of these solid 
residues were hazardous waste (mostly rags impregnated with lubricant oil), 
26% plastic packaging, 20% other rags, 10% paper and 6% organic matter. In 
this study, it was considered that the hazardous wastes were deposited 
underground in a specialized landfill, whereas the non-hazardous wastes 
were deposited in a municipal landfill. Moreover, according to recycling data 
from Ecoembes, in Cantabria, 21% of the total plastic and 43% of the total 
paper was recycled in 2015 (Ecoembes, 2015). The remaining residues, 
together with the organic matter, were assumed to be incinerated (Plan de 
Residuos de Cantabria, 2016). Finally, it was assumed that wastewater was 
collected and sent to a municipal wastewater treatment plant (WWTP) 
(Lorenzo-Toja et al. 2015). 

According to the questionnaires obtained, the average allocated inventory 
data are shown in Tables 2.2.2 and 2.2.3. 

Table 2.2.2 Inputs for European anchovy landed in Cantabrian ports by purse seiners 
(data reported per functional unit:  1 kg of landed round anchovy in a Cantabrian 

port in year 2015). 

Inputs (from the technosphere) 
Materials and fuels Unit Value SD 
Construction 
Steel (hull) g 10.56 ±3.43 

Cast iron (motor) g 0.33 ±0.13 

Chrome steel (motor) g 0.17 ±0.07 

Aluminium alloy (AlCuMg2) (motor) g 5.00E-03 ±2.0E-03 

Nylon (fishing net) g 5.17 ±1.37 

Lead (fishing net) g 5.14 ±0.88 

Ethylene Vinyl Acetate (EVA) (fishing net) g 2.12 ±0.56 

Polysteel (fishing net) g 0.45 ±8.00E-03 
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Table 2.2.2 (Cont.) Inputs for European anchovy landed in Cantabrian ports by purse 
seiners (data reported per functional unit:  1 kg of landed round anchovy in a 

Cantabrian port in year 2015). 

Inputs (from the technosphere) 
Materials and fuels Unit Value SD 
Use 

Diesel kg 0.34 ±0.14 

Lubricant oil g 2.22 ±0.78 

Ice kg 0.38 ±0.22 

Maintenance (replenishment, fixtures or replacements) 

Steel (hull) g 0.63 ±0.21 

Cast iron (motor) g 0.01 ±4.00E-03 

Chrome steel (motor) g 5.89E-3 ±2.21E-3 

Aluminium alloy (AlCuMg2) (motor) g 1.77E-04 ±7.08E-05 

Nylon (fishing net) g 2.32 ±0.62 

Lead (fishing net) g 2.31 ±0.25 

Ethylene Vinyl Acetate (EVA) (fishing net) g 0.95 ±0.39 

Polysteel (fishing net) g 0.20 ±0.03 

Anti-fouling g 1.74 ±0.57 

Boat paint g 0.35 ±0.11 

End of life (includes recycling during maintenance phase) 

Steel (hull and motor) g 11.38 ±3.64 

Nylon (fishing net) g 7.49 ±1.99 

Ethylene Vinyl Acetate (EVA) (fishing net) g 3.08 ±1.43 

Polysteel (fishing net) g 0.66 ±0.92 

Lead fishing net g 7.45 ±0.93 
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Table 2.2.3 Outputs for European anchovy landed in Cantabrian ports by purse 
seiners (data reported per functional unit: 1 kg of landed round anchovy in a 

Cantabrian port in year 2015). 

Outputs (to the technosphere) 
Product Unit Value 
European anchovy kg 1 
Residues Unit Value 
Wastewater m3 8.57E-04 
Hazardous wastes g 72.19 
Non-hazardous wastes g 37.99 
Plastic g 49.39 
Paper g 18.99 
Organic matter g 11.40 
Outputs (to the environment) 
Emissions to the ocean Unit Value 
Zinc mg 281 
Copper mg 462 
Ethanol mg 17.50 
Ethyl-benzene mg 41.20 
Xylene mg 148 
4-Methyl-2-pentanone mg 19.40 
Emissions to the atmosphere Unit Value 
CO2 (diesel and lubricant oil) kg 1.09 
CO (diesel) g 2.55 
SO2 (diesel) g 11.90 
SOx (diesel) g 6.89 
NOx (diesel) g 27.70 
NMVOC (diesel) g 1.40 

 

The LCIA was carried out using a mix of impact categories from different 
assessment methods following the recommendations provided by the Joint 
Research Centre of the European Commission (ILCD 2011, Hauschild et al. 
2013), but also to account for less conventional marine-related 
environmental impacts (Ziegler et al. 2016): the IPCC 2013 assessment 
method, 100-year time horizon, to GWP (IPCC, 2013), the CML-IA baseline 
method (Guinée et al. 2002) to AP and EP, the ReCIPE midpoint (Goedkoop et 
al. 2009) to resource depletion (WD, MD and FD) and particulate matter 
formation (PMF) and POF. Finally, the USEtox method (Rosenbaum et al. 
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2008) was selected to calculate human and freshwater toxicity. 

Regarding marine-related impact categories, the biotic resource use (BRU) 
impact category, as implemented by Parker (2011), was also used to monitor 
the primary production required (PPR) to sustain the European anchovy 
fishery (Pauly and Christensen, 1995). The selected unit to report PPR 
calculation was mass of carbon per live weight of fish (g C/kg fish, wet weight). 
The mean trophic level (TL) selected for European anchovy was set at 3.1 
±0.45 (Fishbase, 2016; Vázquez-Rowe et al. 2012a). 

PPR = [Catch 9⁄ ] ∙ 10(TL−1)     [2.2.3] 

Finally, the indicator edible protein energy return on investment (ep-EROI) 
was also calculated in this study using the Cumulative Energy Demand (CED) 
v2.0 (Vázquez-Rowe et al. 2014a; Tyedmers et al. 2005). SimaPro 8 was the 
software used for the computational implementation of the inventories 
(Goedkoop et al. 2016). 

In addition to the environmental analysis, a statistical analysis was conducted 
in order to determine whether there were any significant differences 
between vessels or groups of vessels in terms of GHG emissions. An ANOVA 
test was proposed (equivalent to a T-test in the two-sample situation, in the 
sense that both test statistics are related), as well as the nonparametric 
equivalent: the Kruskal-Wallis (KW) test. It should be noted that for the results 
of the ANOVA test to be conclusive, the samples must meet homogeneity of 
variances, using the Levene test, and normality, using the Shapiro-Wilk test. 

To complement the statistical analysis, a sensitivity analysis varying vessel 
lifespan and seine net replacement was also performed. 

The results of the environmental performance of European anchovy fishery 
in Cantabria are collected in Table 2.2.4. The main stage that was responsible 
for the greater part of the environmental impacts was the vessel use stage. 
More specifically, vessel use dominated the contribution to POF (3.07⋅10-2 kg 
NMVOC eq), PMF (1.09⋅10-2 kg PM10 eq), AP (2.79⋅10-2 kg SO2 eq), GWP (1.32 
kg CO2 eq), FD (4.35⋅10-1 kg oil eq), EU (3.83⋅10-3 kg PO43- eq), WD (2.29⋅10-3 
m3) and freshwater eco-toxicity FEP (3.48⋅10+1 CTUe). On the other hand, 
vessel construction and maintenance were also important contributors MD 
(3.51⋅10-2 and 3.98⋅10-2 kg Fe eq, respectively). However, their contribution 
to the other categories was in all cases below 10%. The other subsystem 
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included in the analysis, vessel EoL, presented contributions in all cases below 
1%. Impacts related to human toxicity and freshwater eco-toxicity can also be 
observed in Table 2.2.4. Vessel use accounted for 90% of the environmental 
impact for FEP, 56% (HTnc) and 23% for HTc. Vessel construction contributed 
to HTc in 57% and to HTnc in 13%, while vessel maintenance contributed 20% 
to HTc and 31% to HTnc. Environmental contribution for the different activities 
can be consulted in Figure A1.1 in the Annex A1. 

Table 2.2.4 Environmental impact of fishing 1 kg of European anchovy by purse 
seiners in Cantabria. GWP: global warming potential; AP: acidification potential; EU: 

eutrophication; WD: water depletion; -MD: metal depletion; FD: fossil depletion; 
POF: photochemical ozone formation; PMF: particulate matter formation; HTc: 

human toxicity, cancer; HTnc: human toxicity, non-cancer; FEP: freshwater ecotoxicity 
potential. 

 Unit 
Vessel 

Construction 
Vessel 

Maintenance 
Vessel 

Use 
Vessel 

EoL 
GWP kg CO2 eq 4.93E-02 7.70E-02 1.32 5.52E-04 
AP kg SO2 eq 3.02E-04 6.76E-04 2.79E-02 4.27E-06 
EU kg PO4- eq 1.20E-04 2.76E-04 3.83E-03 4.86E-06 
WD m3 1.06E-03 1.93E-03 2.29E-03 6.81E-06 
MD kg Fe eq 3.51E-02 3.98E-02 1.65E-02 4.87E-04 
FD kg oil eq 1.47E-02 2.70E-02 4.35E-01 1.56E-04 

POF 
kg 

NMVOC 
1.84E-04 3.00E-04 3.07E-02 2.77E-06 

PMF 
kg PM10 

eq 
1.25E-04 1.82E-04 1.09E-02 1.61E-06 

HTc CTUh 2.43E-08 8.47E-09 9.67E-09 1.37E-10 
HTnc CTUh 8.08E-08 1.92E-07 3.43E-07 2.36E-09 
FEP CTUe 1.14 2.52 3.48E+01 5.89E-02 

 

When looking at the results in more detail (see Figure 2.2.3), it appears that 
most environmental burdens generated were due to fuel consumption for all 
impact categories, except for WD, MD, HTnc and FEP. For the rest of impact 
categories, its contribution was in all cases above 88%. In WD and MD the 
production of the seine net had a relevant contribution, 40% and 20% 
respectively. The production and emissions of antifouling were relevant to 
HTnc (55%) and FEP (83%). 
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Figure 2.2.3 Environmental impact potential for the selected conventional impact 
categories for the average vessel per functional unit: (a) Global Warming Potential, 

(b) Acidification Potential, (c) Eutrophication Potential, (d) Water Depletion, (e) 
Metal Depletion, (f) Fossil Depletion, (g) Human Toxicity, non-cancer, (h) Freshwater 

Ecotoxicity. 

The BRU value obtained for European anchovy was 13.99 g C/kg fish. This 
value is relatively low, in line with other small-pelagic species in the literature 
considering that European anchovy does not have a high TL (Parker and 
Tyedmers, 2012). Figure 2.2.4 represents the PPR value of European anchovy 
as compared to the other anchovy species that are used in the canning 
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industry in Cantabria. Data on TL were taken from FishBase (2016). European 
anchovy shows a higher PPR value than the other species, which, according 
to Coll et al. (2006), is based on its feeding patterns, more reliant on 
mesozooplankton, whereas Peruvian anchoveta, for instance, feeds mainly 
on phytoplankton. Nevertheless, it should be noted that European anchovy 
also presents a higher standard error in its PPR values. 

 

Figure 2.2.4 Primary Production Required (PPR) value of the European anchovy 
(Engraulis encrasicolus), Peruvian anchovy (Engraulis ringens) and Argentine anchovy 
(Engraulis anchoita). Data on trophic level (TL), including standard error, were taken 
from FishBase (2016): European anchovy (Engraulis encrasicolus) 3.1±0.45; Peruvian 

anchovy (Engraulis ringens) 2.9±0.38; Argentine anchovy (Engraulis anchoita) 
2.5±0.001. 

Finally, the ep-EROI value was calculated for each vessel of the sample and 
the results indicated an average value of 12.2%, with a minimum value of 
3.3% (P5.2) and a maximum value of 30.3% (P4.1). The energy provided by 
anchovy was fixed at 2.18 MJ/kg anchovy (Peter Tyedmers, personal 
communication, September 2011) and the average value of CED was 22.5 MJ. 

The environmental performance of the European anchovy fishery off the 
coast of Cantabria led to a first finding that the most important environmental 
impact associated with the operation of the fleet was linked to the 

                                                                 
1 A standard error of 0.00 was computed for Engraulis anchoita, according to the data 
provided by FishBase (2016). This value is probably linked to the lack of multiple data 
points measuring the trophic level of this species. 
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production, transportation and direct combustion of diesel. This result is not 
new in fisheries LCA studies, since most of the available literature highlights 
the direct use of fuels by vessels as the main environmental carrier in most 
impact categories (e.g., GWP, ODP, FD…). For instance, Fréon et al. (2014b) 
previously presented similar results for the Peruvian anchoveta purse seining 
fleet. Moreover, other authors have also reported similar results for different 
small pelagic fish species: European pilchard (Almeida et al. 2014), Atlantic 
mackerel (Ramos et al. 2011), or horse mackerel (Vázquez-Rowe et al. 2010b), 
but also for some large pelagic fish species, such as tuna or swordfish 
(Hospido and Tyedmers, 2005; Parker et al. 2015a). 

However, despite the fact that the consumption of diesel was the main 
hotspot of these analysed studies, the consumption of diesel per kilogram of 
landed fish was very different (Table 2.2.5). Fréon et al. (2014b) reported the 
lowest value, 15.6 g diesel/kg of landed fish for anchoveta for the period 
2008-2011, while Hospido and Tyedmers (2005) reported a value very similar 
to the one reported in the current study, 364 g diesel/kg fish landed. Pelagic 
species targeted by trawlers presented a much stronger dominance of energy 
use. Therefore, it appears as if the European anchovy fleet is located in the 
upper range of pelagic species in terms of fuel use intensity (FUI), but still 
substantially lower than trawling fleets targeting pelagics. The data collected 
for the current study only allowed analysing one year of operation, making it 
difficult to hypothesize the causes behind this relatively high FUI value. 

Other variables, such as the anti-fouling emissions to the ocean, had relevant 
contribution to freshwater toxicity due to the emissions of copper and zinc 
which provoke vessel corrosion. The management of non-hazardous wastes 
had also an important contribution to human and freshwater eco-toxicity due 
to the emissions produced in the incineration process, as well as to water and 
metal depletion. 

On the other hand, vessel and seine net EoL did not represent relevant 
contributions to the product systems’ environmental burdens. This fact leads 
to the apparent conclusion that EoL may not be key subsystem compared 
with others. Hence, it should be studied in depth, since the study of the EoL 
of vessels constitutes a major gap in LCA. It is important to highlight that in 
this study electronic components (i.e., radars, sonars, etc.) of vessels were 
not considered. However, these electronic products contain many materials 
requiring special EoL handling (Sthiannopkao and Wong, 2013). 



 

 

 

Table 2.2.5 Diesel consumption of other pelagic species fisheries reported in the literature. 

Species Unit Fishing gear Value Reference 
European anchovy g diesel/FU Purse seining 340.0 Current study 
Anchoveta g diesel/FU Purse seining 15.6 Fréon et al. 2014b 
Sardine g diesel/FU Purse seining 91.5 Almeida et al. 2014 
Atlantic mackerel g diesel/FU Purse seining 26.9 Ramos et al. 2011 
Horse mackerel g diesel/FU Purse seining 176.0 Vázquez-Rowe et al. 2010b 
Tuna g diesel/FU Purse seining 364.3 Hospido and Tyedmers, 2005 
Tuna g diesel/FU Purse seining 306.4 Parker et al. 2015b 
Atlantic mackerel g diesel/FU Trawling 496.0 Vázquez-Rowe et al. 2010b 
Common octopus g diesel/FU Trawling 1287.0 Vázquez-Rowe et al. 2012c 
Pelagic species g diesel/FU Trawling 354.0 Jafarzadeh et al. 2016 
Small pelagic species (Europe) g diesel/FU Trawling 149.0 Parker and Tyedmers, 2015 
Pelagic species g diesel/FU Coastal seining 56.0  Jafarzadeh et al. 2016 
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For the BRU impact category it can be observed that the Cantabrian purse 
seining fleet shows relatively low BRU values (Table 2.2.6), due to the fact that 
European anchovy is a species that is situated in a lower TL than most fish 
species landed in Spain (Vázquez-Rowe et al. 2012a). 

Table 2.2.6 Biotic Resource Use (BRU) values for other fish species collected in the 
literature. 

Specie Unit BRU Reference 
European anchovy kg C/kg fish 13,98 Current study 
Peruvian anchovy kg C/kg fish 5,78 Avadí and Fréon 2015 
Gulf menhaden kg C/kg fish 1,72 Parker and Tyedmers 2012 
Antarctic krill kg C/kg fish 1,76 Parker and Tyedmers 2012 
Atlantic herring kg C/kg fish 18,86 Parker and Tyedmers 2012 
Blue whiting kg C/kg fish 133,69 Parker and Tyedmers 2012 

 

The ep-EROI results provide valuable information regarding energy 
requirements of the Cantabrian purse seining fishing fleet. As observed in 
Table 2.2.7, the value obtained in this study, 12.2%, is similar to those 
obtained in other purse seining fisheries (Vázquez-Rowe et al. 2014a; Ramos 
et al. 2011), although substantially lower than some collected in the literature 
(Tyedmers 2001). Therefore, despite the values for this fishery being in the 
lower range for pelagic species landed by purse seiners, its results are still 
considerably better as compared to trawlers. 

Table 2.2.7 Edible protein energy return on investment (ep-EROI) values for other 
pelagic species. 

Species Fishing gear ep-EROI 
(%) Reference 

European anchovy Purse seining 12.2 Current study 
Atlantic mackerel Purse seining 68.6 Tyedmers 2001 
Atlantic mackerel Purse seining 17.8 Vázquez-Rowe et al. 2014a 
Tuna Purse seining 14.0 Ramos et al. 2011 
Horse mackerel Purse seining 14.9 Vázquez-Rowe et al. 2014a 
European pilchard Purse seining 18.3 Vázquez-Rowe et al. 2014a 
European hake Trawling 5.6 Vázquez-Rowe et al. 2014a 
Horse mackerel Trawling 6.1 Vázquez-Rowe et al. 2014a 
Atlantic mackerel Trawling 7.3 Vázquez-Rowe et al. 2014a 

 

As mentioned in Section 2.1, most European anchovy landed in Cantabria is 
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sent to canning factories. The most common final product destined to DHC is 
a 150 g aluminium can that contains 30 g of processed anchovy and 20 g of 
olive oil. Figure 2.2.5 presents the relative GHG emissions emitted in each 
phase of the life cycle of one 50 g can of European anchovy in olive oil. The 
GWP related to the processing, wholesale and retail, use and end of life of 
canned anchovies was taken from Laso et al. (2017).  

 

Figure 2.2.5 Global Warming Potential of the life cycle of one can anchovies in olive 
oil. 

Results show that the anchovy fishery would account for 44% of the total GHG 
emissions, whereas the processing stage would represent 45% of total 
impacts. A previous study in the literature, developed for canned sardines in 
Galicia, established that the processing stage to produce canned sardines 
represented approximately 77% of total GWP while the sardine fishery 
accounted 5% of the total GHG emissions (Vázquez-Rowe et al. 2014b). 
Nevertheless, it should be noted that the processing of canned sardine has 
additional steps, such as cooking or sterilization (Vázquez-Rowe et al. 2014b). 
Therefore, the energy demand of the canned sardines was higher. 

When the GWP is analysed per port, as shown in Figure2.2.6, the values range 
from 0.82 kg CO2 eq (P4) to 1.91 kg CO2 eq (P3). However, it should be noted 
that ports P6 and P7 only reported one vessel each; therefore, the samples 
for these two ports were not representative. It was expected that ports that 
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were situated in the same zone presented similar values of GWP. 
Interestingly, this fact did not occur. P3 and P4 were situated in West 
Cantabria and they had very different GWP values: 1.91 kg CO2 eq and 0.82 kg 
CO2 eq, respectively. Similarly, P1, P2 and P5, which are located in Cantabria, 
presented a wide range of average GHG emissions per FU: 1.21 kg CO2 eq, 
1.48 kg CO2 eq and 1.86 kg CO2 eq, respectively. Therefore, no trend was 
observed between ports in terms of vicinity or based on their proximity to the 
fishing ground. 

 

Figure 2.2.6 Global warming potential (GWP) average value of each Cantabrian port. 
P1: Colindres; P2: Santoña; P3: San Vicente de la Barquera; P4: Comillas; P5: Laredo; 

P6: Santander; P7: Castro Urdiales. 

Figure 2.2.7 shows the GHG emissions for each of the 32 vessels studied. In 
this case, the environmental impact ranged from 0.55 kg of CO2 eq (P4.1) to 
4.42 kg of CO2 eq (P5.2). It was observed that vessels belonging to the same 
port presented similar values of GWP, i.e. P1, P3 and P4, although there were 
some vessels that had substantially higher GWP values than the average of 
their ports (e.g., P2.2, P5.2 or P5.6). 

These results suggest the existence of certain differences between vessels in 
terms of their operational activities: differences in vessel characteristics and 
operational issues relating to the use of resources. In this study, the sample 
studied was very homogeneous, the age of the vessels ranged from 11 to 20 
years, the size of the vessels and the engine power were very similar and the 
materials used in vessel construction were practically the same. Moreover, 
the distance from the ports to the fishing zone was between 100 and 150 
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miles in all cases. Therefore, the technical differences between the units 
assessed appeared to be relatively low. Data gaps and misreporting were also 
considered to be minimal, since data were supplied directly by the skippers. 
Finally, illegal, unreported and unregulated (IUU) fishing were also considered 
to be low, given the strict controls from authorities and certification agencies 
(González-García et al. 2015). Consequently, these results may be linked to 
the skill of the skipper and other members of the crew to sense where the 
catch will be available. This fact, usually named as the “skipper effect”, has 
generated high controversy and interest in the literature (Russell and 
Alexander, 1996; Ruttan and Tyedmers, 2007). 

 

Figure 2.2.7 Global warming potential (GWP) of the 32 vessels studied. The letter P 
followed by the first digit represents the port of origin for each vessel, P1: Colindres; 
P2: Santoña; P3: San Vicente de la Barquera; P4: Comillas; P5: Laredo; P6: Santander; 
P7: Castro Urdiales. The second digit represents the number of each vessel within its 

port of origin. 

The results of the statistical analysis are collected in Section A1.2 of the Annex 
A1. The sample of 32 vessels was divided into two groups based on the 
average GHG emission results per port. The two groups were generated using 
a cut-off criteria at 1.46 kg CO2 eq, obtaining balanced samples (i.e., 15 units 
for <1.46 kg CO2 eq and 17 units for >1.46 kg CO2 eq; see Figure A1.3 in the 
SM). The hypotheses were defined in order to determine whether: i) the 
average GWP values were the same for both groups; and ii) if distribution of 
values in both groups was the same. Considering that there are only two 
groups in the analysis, the use of an ANOVA is equivalent to a T-test. For the 
ANOVA procedure, normality and homogeneity of variances in the groups 
must be assessed in advance. For that purpose, Shapiro-Wilk and Levene tests 
were applied, respectively. 

Results, presented in Table A1.1 of the Annex A1, demonstrate that there is 
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no evidence to reject the hypothesis of normality and homogeneity of 
variances (with p-values above the usual significance levels of 5% or 1%). 
Therefore, the samples meet the prerequisites to conduct an ANOVA test, as 
long as a 1% significance level is set for the homogeneity of variances. The 
output of the ANOVA provided a p-value below the usual significance levels, 
indicating that the means in the two groups are different. Similarly, the U 
Mann-Whitney test shows a p-value under the significance level, which also 
indicates that there is a significant difference between the distributions of the 
values in both samples. That is, not only the mean GWP values are different, 
but also their distributions. It should be noted that results suggest a 
significant difference between the two groups of vessels, but not of each port 
individually given the low sample size per port. However, considering that the 
similarity of the sample in terms of vessel size, captured species or fishing 
areas is remarkable, we hypothesize that the differences could be due to the 
type of engine that is been used, or due to the skill of the skipper/crew. 

Regarding the sensitivity analysis, Figure 2.2.8 displays the GWP, WD, MD and 
HTc per functional unit when the estimated lifespan of the vessels and the 
seine nets were varied. In terms of GWP and WD, the vessels lifespan showed 
very low variation, whereas the seine nets lifespan presented a variation of 
WD from 7.74⋅10-3 m3 (2 years) to 4.47⋅10-3 m3 (10 years). MD and HTc 
decreased 22% and 33%, respectively, when vessels lifespan varied from 20 
to 40 years, while MD and HTc decreased 21% and 17%, respectively, when 
seine nets lifespan ranged from 2 to 10 years. 
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Figure 2.2.8 Graphical representation of the sensitivity analysis. Variation in (a) 
Global Warming Potential, (b) Water Depletion, (c) Metal Depletion and (d) Human 
Toxicity - cancer per functional unit based on changes in the estimated lifetime of 

the vessels and seine nets. 

2.2.3 Efficiency of fishing fleet using LCA+DEA 

When multiple inventory data are available in a life-cycle (LC) oriented 
study, a common solution is to establish an average inventory which includes 
the average values for the different inputs and outputs. Nonetheless, the high 
degree of variability reported by standard deviations is an important barrier 
(Vázquez-Rowe et al. 2010a). To deal with this problem, the use of DEA allows 
quantifying in an empirical manner the comparative productive efficiency of 
multiple similar entities named Decision Making Units (DMUs) (Cooper et al. 
2004). 

It has been noted that the function that is described in LCA+DEA case studies 
tends to stick to an anthropogenic perspective of supply chains, prioritizing 
the market exchange that occurs (e.g., maximization of economic revenue, 
productivity, production, or minimization of operational inputs), with a 
myopic view of the underlying environmental flows that are engendered. The 
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choice of a particular perspective provokes inevitable uncertainties in LCA 
studies. Assumptions can derive from lack of knowledge, whereby the choice 
of one option over another can be influenced by personal beliefs and values 
that reflect what we care about (De Schryver et al. 2011). 

There are five existing “ways” of life or cultural theories to face environmental 
problems namely the individualist, the hierarchist, the egalitarian, the hermit 
and the fatalist. The stereotypical individualist is a self-made person, free 
from control by others, Hierarchists prefer to regard nature as tolerant within 
definable limits, which can be manipulated by incorporating ecological 
principles into all management approaches and accounting techniques. 
Egalitarians regard the fragility of nature as part of their reason for existence. 
This vision gives high priority to the precautionary principle and equal 
importance to present and future effects. Fatalists tend to see nature as a 
lottery, opening and closing options and acting in unpredictable ways. Finally, 
hermits, also referred to as autonomists, escape any influence from society 
or social level and detach from what happens in the world (De Schryver, 
2010). In general, it is assumed that only the first three perspectives play part 
in environmental decision-making and, thus, LCA. 

Based on the existing LC+DEA literature, it was hypothesized that LCA+DEA 
has focused on a hierarchist approach due to the fact that it is an intermediate 
perspective in which the temporality is balanced based on a consensus about 
the short- and long-term damages (De Schryver et al. 2011). However, it 
should be noted that some LCIA methods, such as IPCC, Eco-Indicator 99 or 
ReCiPe2, include in their computation these cultural theories. Several authors 
have discussed this issue in the literature.  

It has been observed that, the LCA+DEA method, when applied to fisheries, 
has traditionally undergone an input-oriented approach, with the aim of 
reducing the reliance on energy and raw materials while maintaining 
landings. Nonetheless, this minimization has mostly been based on a 
perspective in which the round fresh landings are considered on the basis of 

                                                                 
2 ReCiPe provides a recipe to calculate life cycle impact category indicators. The 
acronym also represents the initials of the institutes that were the main contributors 
to this project and the major collaborators in its design: National Institute for Public 
Health and the Environment (RIVM) and Radboud University, CML and PRé (Goedkoop 
et al. 2008). 
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their gross mass weight (Vázquez-Rowe et al. 2010a; Avadí et al. 2014b), and 
occasionally considering the economic revenue linked to these landings 
(Iribarren et al. 2010). This minimization can be interpreted in different ways 
depending on what is considered the main output of the production system. 
For instance, it could be argued that the main function of fishing vessels may 
not be to maintain the level of gross weight landings, but to maintain or 
optimize the economic revenue, the gross energy or the protection of marine 
biodiversity. 

In this study, the ReCiPe LCIA method was used, which includes hierarchist, 
egalitarian and individualist perspectives, with the aim of identifying potential 
distortions in the LCA results that may ultimately affect the evaluation of the 
eco-efficiency of the Cantabrian purse seining fleet that is assessed. 

The “modified five-step LCA+DEA method” developed by Iribarren et al. 
(2010) and refined in Avadí et al. (2014b) was used following the next steps, 
as represented in Figure 2.2.9. This method, instead of including specific 
operational inputs in the DEA matrix (i.e., steel, ice, antifouling, etc), uses the 
weighted ReCiPe endpoint LCIA method (Goedkoop et al. 2009) to attain a 
final indicator value for a cluster of operational activities. Therefore, different 
subsystems were created to cluster those operational items that show 
resembling roles within the vessel´s functioning (i.e., construction items, such 
as hull material and engines). 

 

Figure 2.2.9 Graphical representation of the environmental 5-step LCA+DEA method 
followed in this work. 

The selected DEA model was the slacks-based measure of efficiency 
(SBM). Some assumptions are usually made to perform DEA. The three 
common assumptions are convexity, scalability, and free disposability of 
inputs and outputs. When the three assumptions are made, a constant return 
to scale (CRS) approach is assumed. On the other hand, if convexity and free 
disposability, but not scalability are assumed, then variable returns to scale 
(VRS) approach is employed (Vázquez-Rowe 2010). Previous LCA+DEA studies 
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for fisheries and extensive aquaculture have considered a CRS approach 
(Vázquez-Rowe et al. 2010a; González-García et al. 2015; Lozano et al. 2009), 
taking into account that all the vessels have similar technical characteristics, 
target the same types of fishing species and operate under the same 
regulations in one single fishing stock (Laso et al. 2017). Nevertheless, for the 
sake of further discussion, the CRS and VRS approaches are computed in 
parallel in the current study.  

A total of three different DEA matrices were computed in which each DMU 
was structured by including four different inputs. On the one hand, the annual 
amount of diesel consumed by the fishing vessels was computed in kg/year 
(input 1). On the other hand, the remaining inputs, as mentioned previously, 
do not refer to individual operational inputs, but to three distinct subsystems: 
construction (input 2), use (input 3) and maintenance (input 4) phases of the 
vessel's life cycle (see Figure 2.2.10). To obtain the inputs 2, 3 and 4 of each 
DEA matrix, the construction, use and maintenance phases of the vessels 
were modelled with the software SimaPro 8.2 (Goedkoop et al. 2016) using 
the three single score (SS) endpoint perspectives proposed by the ReCiPe 
environmental method (i.e., individualist (I), hierarchist (H) and egalitarian 
(E)) (Goedkoop et al. 2009). These perspectives do not claim to represent 
archetypes of human behaviour, but they are merely used to group similar 
types of assumptions and choices as explained previously (Goedkoop et al. 
2009). For instance: 

• Perspective I is based on the short-term interest, impact types that 
are undisputed, technological optimism as regards human 
adaptation.  

• Perspective H is based on the most common policy principles with 
regards to time-frame and other issues. It is a utilitarian approach in 
which the minimization of pain and the optimization of welfare is 
enhanced. 

• Perspective E is the most precautionary perspective, taking into 
account the longest time-frame, impact types that are not yet fully 
established but for which some indication is available, etc. 

In the current study, these three endpoints perspectives proposed by ReCiPe 
environmental method are merged with each one of the three outputs 
alternatives of the DEA matrices: 
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1) Kilograms of landed captures per year, which were obtained directly 
from the data reported by the vessels included in the sample.  

2) Energy obtained from protein fish per year. The embodied energy of 
fish was calculated based on the maximum edible content and the 
protein content per 100g of edible portion. The edible content and 
the protein content of the fish landed by the Cantabrian purse 
seining fleet were obtained from a database that aggregates these 
values for over 100 species (Peter Tyedmers, personal 
communication, September 2011) and shown in Table A1.2 of the 
Annex A1.  

3) Removed biomass from ecosystem per year. The removal of biomass 
was calculated by using the Biotic Resource Use (BRU) impact 
category implemented by Parker (2011), used to monitor the 
Primary Production Required (PPR) defined by Pauly and Christensen 
(1995) (see Eq. [2.2.4]). 

𝐏𝐏𝐏𝐏𝐏𝐏 = [𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂 𝟗𝟗⁄ ] ∙ 𝟏𝟏𝟏𝟏(𝐓𝐓𝐓𝐓−𝟏𝟏)     [2.2.4] 

where TL is the trophic level of each fish which are collected in Table 
A1.3 of the Annex A1. 

In this context, perspective I is linked to an output that represents the round 
weight of landed fish, perspective H uses energy from fish protein as the 
reference output, and perspective E relates to the removed biomass (see 
Table 2.2.8).  

An input-oriented approach was selected for the three matrices in order to 
minimize inputs while producing at least the given output levels. 
Nevertheless, the output based on the removed biomass from the ecosystem 
was represented with the inverse value, since the reference point would be 
to optimize the inputs considering as low BRU values as the optimum output. 
Therefore, a SBM-I-C model was chosen for the three matrices studied.  
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Figure 2.2.10 LCA and DEA system boundaries for each DMU. 

 

Table 2.2.8 Inputs/outputs of each DEA matrix. SS: single score; I: individualist; H: 
hierarchist; E: egalitarian. 

Matrix Input 1 Input 2 Input 3 Input 4 Output 1 

1 
Diesel 

(kg/year) 

SS (I) 
Construction 

phase (Pt) 

SS (I)  
Use phase 

(Pt) 

SS (I) 
Maintenance 

phase (Pt) 

Catches 
(kg/year) 

2 
Diesel 

(kg/year) 

SS (H) 
Construction 

phase (Pt) 

SS (H)  
Use phase 

(Pt) 

SS (H) 
Maintenance 

phase (Pt) 

Energy 
(MJ/year) 

3 
Diesel 

(kg/year) 

SS (E) 
Construction 

phase (Pt) 

SS (E)  
Use phase 

(Pt) 

SS (E) 
Maintenance 

phase (Pt) 

1/Biomass 
(g C/kg 

fish) 

 

DEA-Solver Pro was the software used for the computation of the DEA 
matrices (Saitech, 2017). Results using the CRS model are gathered in Table 
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2.2.9, which includes the efficiency score for each DMU. A vessel is deemed 
inefficient when efficiency score ϕ< 1, whereas ϕ=1 represents an efficient 
vessel. When individualist or hierarchist perspectives were considered, a total 
of 2 vessels (out of 32) were found to operate efficiently. Moreover, in both 
cases the efficient vessels were the same units (i.e., DMU 20 and DMU 23). 
These two perspectives, individualist and hierarchist, presented similar 
efficiency scores for each DMU, ranging from 10% to 52% and from 10% to 
53%, respectively. The average efficiency (including efficient DMUs) of both 
DEA matrix were similar (see Figure 2.2.11): 30.8%±20.3% for I and 
32.0%±20.3% for H. Although their inputs (i.e., inputs 2, 3, and 4) were 
obtained using different ReCiPe approaches, the endpoint SS values in both 
cases were similar. On the other hand, the results indicate that I and H 
approaches applying the VRS model presented very similar average 
efficiencies to those computed applying the CRS model (see Figure 2.2.11): 
34.5%±18.8% for I and 36.1%±18.7% for H. Moreover, the efficient DMUs are 
the same in both cases (DMUs 20 and 23) (see Table 2.2.9). Efficiency and 
target reduction scores for H and I perspectives are collected in Tables A1.5 
and A1.6 of the Annex A1. 

 

 

Figure 2.2.11 Average vessel efficiency scores of the DEA matrices selected for each 
ReCIPE perspective. C: constant returns to scale (CRS); V: variable returns to scale 

(VRS); I: Individualist; H: Hierarchist; E: Egalitarian. 



Cradle analysis: anchovy resource extraction 

92 

 

A previous study conducted by Avadí et al. (2014b), identified that the main 
carrier of the inefficiencies in the Peruvian purse seining fleet was fuel 
efficiency. To observe the relationship between the efficiency, when the I and 
H perspectives were used, and the FUI and GWP the values calculated for each 
DMU using the CRS model were displayed. In light of the results, it can be 
considered that the vessel efficiency is related to the use of fuel indirectly, 
among other aspects such as the production and maintenance of the seine 
nets. This relationship was not influenced by the DEA model selected because, 
as previously mentioned, the results obtained for I and H approaches using 
VRS were similar to the CRS model. 

On the other hand, when the egalitarian approach was used with the CRS 
model, a total of 3 vessels were considered efficient (DMU 9, DMU 16 and 
DMU 23) (see Table 2.2.9). The average efficiency of the entire sample was 
33.3%±24.9%, higher than for the I and H perspectives (see Figure 2.2.11), but 
also with a higher standard deviation. When a VRS model is run with an 
egalitarian approach, a great distortion in the results obtained was observed 
(see Table 2.2.9). The average efficiency increases from 33.3%3±24.9% using 
CRS to 45.6%±12.1% using VRS. To a certain extent, this change is attributable 
to the fact that the amount of efficient DMUs also increased from three 
(DMUs 9, 16 and 23) to six (DMUs 9, 11, 16, 23, 29 and 31). Consequently, the 
VRS model enhances the efficiency of the sample by 27%. Some authors, such 
as Murillo-Zamorano (2004), state that since the constraint set for CRS is less 
restrictive (the convexity constraint is absent) than in the VRS formulation, 
lower efficiency scores are possible and, therefore, more units are declared 
efficient for a VRS envelope surface. Moreover, the convexity constraint 
added in the VRS simply guarantees that each DMU is only compared to 
others of similar size, explaining the similar results for the I and H matrices 
regardless of the selected approach. In contract, for the egalitarian matrix, 
the VRS model seems to be more convenient from a mathematical point of 
view. Nevertheless, considering that the unit of reference (DMU) is in all cases 
the fishing vessel, and considering that the fishing vessels inventoried in this 
study have all very similar characteristics, we consider that the use of the CRS 
approach should prevail. The efficiency and target reduction scores for the E 
perspective are collected in Table A1.4 of the Annex A1. 

The selection of differentiated environmental damage perspectives 
throughout the LCA+DEA method, which are based on different cultural 
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perspectives, can, as depicted in Figure 2.2.12, create relevant distortions in 
terms of the identification of efficient/inefficient DMUs and, consequently, in 
the definition of robust target (virtual) environmental gains. Figure 2.2.12 
compares the current GWP of the different DMUs with the target GWP 
calculated in step IV. It presents the environmental gains that would be 
observed in these DMUs if they were to operate under the efficient conditions 
projected in each of the computed matrices. The selection of DMUs in Figure 
2.2.12 was performed based on the following criteria: i) similar efficiencies 
were observed across the three matrices (DMUs 8 and 22); ii) at least one of 
the perspectives deemed the DMU efficient (DMUs 9, 16 and 20); and, iii) 
efficiency values across matrices were substantially different (DMUs 14 and 
29). In addition, Figure A4.4 also shows the relative efficiency of the average 
vessel. The environmental reduction of the average vessel was similar for all 
three perspectives/matrices, ca. 70%, which is in line with the average vessel 
efficiency values of just over 30% presented above. As observed with the 
efficiency values, the environmental reduction of the DMUs when I and H 
perspectives were used was very similar ranging between 45% and 85%, 
whereas the target GWP reduction when the E approach was employed was 
similar to I and H only when the efficiency values were very similar (i.e., DMUs 
8 and 22). The egalitarian approach presented the highest potential reduction 
(91%), when the DMU was efficient using I and H perspectives. 

The results presented in this study show that regardless of the various sources 
of uncertainty that may appear and propagate throughout the LCA+DEA 
method, which have not been quantified in the current study, there are a 
series of predefined cultural theories that can have a predetermined effect 
on the final results. Nonetheless, despite the tendency to identify the 
LCA+DEA method to eco-efficiency, it was considered that this method is 
flexible enough to offer a wider array of options to model environmental 
benchmarks. Therefore, depending on the approach used to analyse the LCI 
data, it could take into account aspects related to the ecosphere. The latter 
perspective would allow obtaining a more integrated analysis in compliance 
with the natural flows of material and energy (Rockström et al. 2009). 
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Table 2.2.9 Efficiency (φ) scores of the DEA matrices selected for each ReCiPe 
perspective using CRS and VRS models. I: Individualist; H: Hierarchist; E: Egalitarian. 

DMU 
CRS efficiency (φ) VRS efficiency (φ) 

I H E I H E 
1 0.30 0.32 0.23 0.31 0.34 0.29 
2 0.44 0.48 0.35 0.47 0.51 0.45 
3 0.26 0.28 0.14 0.27 0.28 0.16 
4 0.27 0.30 0.24 0.29 0.32 0.31 
5 0.24 0.25 0.16 0.25 0.26 0.19 
6 0.29 0.31 0.22 0.30 0.32 0.29 
7 0.27 0.30 0.26 0.29 0.32 0.36 
8 0.29 0.31 0.31 0.31 0.34 0.45 
9 0.41 0.44 1.00 0.45 0.50 1.00 
10 0.23 0.24 0.04 0.24 0.25 0.12 
11 0.18 0.18 0.57 0.30 0.31 1.00 
12 0.26 0.26 0.30 0.29 0.30 0.39 
13 0.33 0.35 0.27 0.35 0.38 0.34 
14 0.52 0.53 0.15 0.53 0.54 0.23 
15 0.26 0.25 0.36 0.30 0.31 0.45 
16 0.17 0.17 1.00 0.30 0.30 1.00 
17 0.12 0.12 0.43 0.20 0.20 0.69 
18 0.24 0.24 0.26 0.28 0.30 0.27 
19 0.17 0.16 0.33 0.22 0.22 0.46 
20 1.00 1.00 0.15 1.00 1.00 0.34 
21 0.32 0.34 0.39 0.35 0.38 0.57 
22 0.28 0.31 0.30 0.31 0.33 0.42 
23 1.00 1.00 1.00 1.00 1.00 1.00 
24 0.27 0.30 0.10 0.30 0.34 0.24 
25 0.10 0.10 0.18 0.15 0.15 0.22 
26 0.39 0.39 0.12 0.41 0.41 0.20 
27 0.30 0.31 0.12 0.32 0.33 0.17 
28 0.16 0.17 0.27 0.22 0.22 0.32 
29 0.15 0.16 0.55 0.25 0.25 1.00 
30 0.23 0.23 0.31 0.28 0.29 0.38 
31 0.22 0.24 0.39 0.24 0.27 1.00 
32 0.19 0.22 0.19 0.27 0.28 0.27 
DMU = decision making unit 
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Figure 2.2.12 Global Warming Potential (GWP) for original DMUs (lined bar) and 
virtual targets for I (blue bar), H (green bar) and E (orange bar) perspectives. The 

lines represented the overall environmental improvements for I (blue line), H (green 
line) and E (orange line) perspectives. 

2.2.4 Remarks 

The European anchovy purse seining fleet in northern Spain represents 
an emblematic and high value-added fishery. This chapter analysed 32 vessels 
under an environmental approach, representing roughly 75% of this fleet. The 
LCA results were driven by diesel production, transportation and use in most 
conventional impact categories. In fact, FUI values appear to be in the upper 
range for small pelagic species when compared to previous fuel intensity 
studies elsewhere. The use of anti-fouling paints was identified as the main 
hotspot in toxicity potential, due to the emissions of zinc and copper, whereas 
the remaining activities, as well as the construction and EoL of the vessel 
presented lower relative contributions. 

A statistical analysis was also carried out to identify the significance of the 
differing values obtained between ports and vessels. Results suggest that 
there is a significant difference between the ports. Unfortunately, available 
data were not enough to identify the causes of this difference, although we 
hypothesize that mechanical or temporal characteristics of the motors, or the 
so called “skipper effect” could well explain these trends. 

Moreover, the LCA+DEA methodology was applied to the Cantabrian fleet. 
Results demonstrated that the selection of energy-, mass-, or carbon content-
based outputs to represent fish landings in the DEA matrices can have a 
substantial influence on the final results in LCA+DEA computation. For 
instance, in the particular case of fishing fleets, benchmarking environmental 
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impacts based on anthropocentric views may be ignoring the health of fishing 
stocks and the trophic complexity of the ecosystems. In this sense, it is 
recommended that future LCA+DEA studies that aim at computing 
environmental impact benchmark targets through resource use minimization 
should enhance the relevance of their results by providing deeper sensitivity 
analysis. Output selection in the DEA matrices, linked to cultural theories or 
other assumptions, may just be one example of numerous parameters that 
are prone to interpretation from a numerical perspective. 
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2.3.1 Framework 

The Cantabrian anchovy canning industry has considerable product 
diversification due to the high worldwide competitiveness and demand, 
which makes the development of marketing strategies to reach and maintain 
a leading position in the market necessary. The sector has developed a wide 
range of new products combining the main variables of the process as a 
diversification strategy in order to maintain a leading position in a global 
market. That is, the origin of the anchovies which came from Cantabria 
(Engraulis encrasicolus) from Argentina (Engraulis anchoita) and Chile and/or 
Peru (Engraulis ringens) according to the market demand and the stock level. 
The type of oil to preserve anchovies, sunflower, olive or extra virgin olive 
based the consumers’ preferences. And the primary packaging which can be 
aluminium cans, tinplate or glass jars. The combination of these three product 
variables generates new canned products with different environmental 
impacts.  

In addition to the product variables, there are other aspects of the LCA 
methodology, such as allocations, that have large influences on the results, 
and it is convenient to carry out a sensitivity analysis (Guo and Murphy, 2012). 

To introduce canned anchovy products onto new “green markets” by means 
of the use of Environmental Product Declarations (EPDs) and Product 
Category Rules (PCRs) (EC, 2013) (Figure 2.3.1), we must go towards a circular 
economy. These means that materials circulate between technical and 
biological cycles. Consumption happens only in biological cycles, where food 
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and biologically-based materials are designed to feed back into the system. 
On the other hand, technical cycles recover and restore products, 
components and materials through strategies like reuse, repair, 
remanufacture or recycling (Ellen MacArthur Foundation, 2015). For anchovy 
canning industry, the circular economy cycles were represented by means of 
the valorisation of the anchovy residues into a new raw material and the 
recycling of the packaging to be used in a new product (Figure 2.3.2). 

 

Figure 2.3.1 Procedure for defining the PCRs and EPDs of the canned anchovy 
category. 

 

 

Figure 2.3.2 Circular economy cycles applied to the anchovy canning industry. 
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This section aims to fill in the gap of LCA studies of canned anchovies from 
cradle to grave, which is the first step in developing the PCRs analysing the 
origin of the anchovy, the type of oil employed and the different packaging 
materials. 

2.3.2 Life cycle of products  

To perform the environmental assessment on the canned anchovy 
products, a representative canning company from Santoña that produced 160 
tonnes of canned anchovy in oil in 2014 was selected. This plant were 
considered to be representative due to their high production and product 
diversity. Moreover, these plants were mainly exporting companies 
interested in the development of PRCs and EPDs in order to introduce the 
anchovy products in green markets. These factories produce several anchovy 
products, processes different species of anchovies and uses different types of 
oils and packaging sizes and materials. Therefore, three scenarios were 
defined in order to analyse the influences of these three variables. 

According to Hospido et al. (2006), the FU selected to compare the efficiency 
of the scenarios was 1 kg of raw anchovy entering the factory. The considered 
product system depicted in Figure 2.3.3 is divided into Cr-Ga, Ga-Ga and Ga-
Gr stages. The systems boundaries were explained in Section 2.1.2.  

The anchovy capture was based on the consumption of diesel by vessels, since 
the production, transportation and use of diesel were the main contributors 
to global warming in the fishery stage (Ziegler et al. 2016). Because data on 
the consumption of diesel in the Argentine fishery are not available, the data 
from the Peruvian fishery were considered due to the similarity between the 
Peruvian and Argentine vessels (Garciarena and Buratti, 2013). 

The combination of the three variables under study, generated the following 
scenarios:  

• Anchovy origin. Canning plants from Cantabria process anchovies 
from the Bay of Biscay (Engraulis encrasicolus) but also from 
Argentina (Engraulis anchoita) and from Chile and Peru (Engraulis 
ringens). Figure 2.3.3 shows the flow of each anchovy origin. 
Cantabrian anchovies are landed in the Santoña harbour and 
transported to the factory to be manufactured. Argentine anchovies 
captured in the Southwest Atlantic Sea are pre-treated (beheaded 
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and cured) in factories in Argentina. Subsequently, the cured 
anchovy is transported to the canning plant in Santoña where the 
final product is obtained. Finally, Chilean and Peruvian anchovies 
caught in the Northwest Pacific Sea are pre-treated and transformed 
(beheaded, cured, scalded, cut and filleted) by Chilean and Peruvian 
companies. Anchovies are vacuum-packed and transported to the 
canning plant in Santoña to be filled with oil and canned. After a 
process review, it was considered that the operational conditions 
and raw materials of the pre-treatment and transformation steps in 
the canning plants from Argentina, Chile and Peru were similar to 
those of the Cantabrian canning plants. 

• Type of oil. To obtain canned anchovy products, different types of oil 
are used depending on the anchovy origin and the geographical 
distribution of the product. Cantabrian anchovies are usually filled 
with refined olive oil (ROO), whereas Argentine, Chilean and 
Peruvian anchovies employ extra virgin olive oil (EVOO) and 
sunflower oil (SO). Previous results (Laso et al. 1017) indicated that 
the oil production step had great environmental impacts. Therefore, 
it was considered to be a relevant variable of the study. 

• Packaging material. The anchovy canning industry uses several kinds 
of packaging: aluminium cans, tinplate cans and glass jars. Moreover, 
a Danish company (Almeida et al. 2015) already markets the use of 
plastic packaging with the usual can appearance for canned mackerel 
in tomato sauce. Therefore, it has also been included in this analysis.  

As mentioned in Section 2.1, the anchovy canning manufacture is a multi-
output process in which the production of canned anchovies is the main 
function of the system and the generation of by-products due to the 
valorisation of the anchovy residues is an additional function (Bala et al. 
2015). 
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Figure 2.3.3 Flow diagram of the life cycle of a canned anchovy product. 

To determine the environmental impacts of the canned anchovy products 
system expansion was applied considering the production of fishmeal from 
fresh anchovy (including fishing activities) as the technology that replaces the 
valorisation system for heads and spines and the production of tuna pâté as 
the process replaced in the anchovy meat valorisation (Laso et al. 2016). With 
respect to the EoL stage, the attributional perspective proposed by Bala et al. 
(2015) was chosen. The avoided burdens are calculated using the actual mix 
of virgin and recycled materials in the market. Then, the equivalence between 
virgin and recycled material is determined. This equivalence is based on the 
efficiency of the recovery process and the substitution factor.  

Primary data for the inventory were provided by the canning plants for the 
year 2014. The secondary data regarding the production of the SO, aluminium 
and tinplate cans, glass jars, cardboard, corrugated cardboard, and LDPE, as 
well as the transportation and landfilling were taken from the PE International 
(PE International, 2014) and Ecoinvent® 3.1 (Frischknecht et al. 2007) 
databases. The production of ROO and EVOO were obtained from the OiLCA 
Tool (SUDOE, 2011), while the salt (Goetfried et al. 2012) and brine 
production (NYSDEC, 2015), the specifications of the WWTP (Lorenzo-Toja et 
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al. 2015) and the data on distribution and refrigeration (Büsser and Jungbluth, 
2009) were collected from the literature. The electricity mix provided by the 
PE database was adapted to the characteristics of the Spanish electricity mix 
of 2014.  

Regarding the valorisation of the anchovy residues, the production of 
fishmeal (consumption of energy, water and fuel oil) was taken from FAO 
(FAO, 1986) and belongs to a fishmeal plant with a production of more than 
500 tonnes/day. The data on anchovy paste production were collected from 
the anchovy canning factory.  

For the processes used in the system expansion, the data on anchovy fishing 
were taken from Fréon et al. (2014), whereas tuna fishing and pâté processing 
came from Hospido (2005) and Iribarren et al. (2010), respectively. Finally, 
the data on the recycling of aluminium (Leroy, 2009), tinplate (Yellishetty et 
al. 2011), glass (Edwards and Schelling, 1999), cardboard (Wang et al. 2012) 
and plastic (Rigamonti et al. 2014) were also collected from the literature. 
Table 2.3.1 shows the inputs and outputs of the manufacture of 1 kg of raw 
anchovy entering the canning plant in 2014.  

The LCI was modelled in GaBi 6.0, whereas the ESA methodology explained in 
Section 2.1 was used in the LCIA step. 

As was observed in Section 2.1, the results indicated that for one aluminium 
can (“octavillo”) of Cantabrian canned anchovies in EVOO, the packaging step, 
which includes the production of the aluminium can, cardboard box, 
corrugated board and LDPE, as well as the energy consumed in this stage, 
presented the highest NR consumption and the greatest EB. The NR demand 
in the packaging step was 6.0 times higher than the use and distribution step 
and 8.0 times greater than the sauce filling step (Figure 2.3.4). Similarly, the 
packaging step polluted 50 times more than the sauce filling step. The 
production of aluminium cans and, to a lesser extent, the production of the 
EVOO were the main hot spots of the life cycle of canned anchovy. These 
results highlight the need to improve the packaging and sauce filling steps. 
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Table 2.3.1 Life cycle inventory for the processing of 1 kg of fresh raw Cantabrian, 
Argentine, Chilean and Peruvian anchovies. 

 

 Input/output data Unit Cantabria Argentine Chile/Peru 

 PRE-TREATMENT 
Inputs Fresh anchovy kg 1.00 1.00 1.00 

 Salt kg 5.51E-01 5.51E-01 5.52E-01 
 Brine m3 8.23E-05 8.23E-05 8.23E-05 
 Energy MJ 7.00E-03 7.00E-03 7.00E-03 

Outputs 
Anchovy to 
transformation 

kg 8.14E-01 8.14E-01 8.14E-01 

 
Solid fish residues  
(heads and guts) 

kg 1.86E-01 1.86E-01 1.86E-01 

 TRANSFORMATION 

Inputs 
Anchovy from 
pretreatment 

kg 8.14E-01 8.14E-01 8.14E-01 

 Brine m3 4.85E-04 4.23E-04 4.25E-04 
 Energy MJ 3.51E-01 3.03E-01 3.01E-01 

 Water (scalding) m3 9.69E-04 9.12E-04 9.15E-04 

Outputs 
Anchovy to sauce 
filling 

kg 3.14E-01 2.60E-01 2.61E-01 

 
Solid fish residues 
(cutting and spines) 

kg 5.00E-01 5.54E-01 5.55E-01 

 
Wastewater (from 
scalding) 

m3 9.69E-04 9.12E-04 9.15E-04 

 SAUCE FILLING 

Inputs 
Anchovy from 
transformation 

kg 3.14E-01 2.60E-01 2.61E-01 

 Oil kg 3.03E-01 1.84E-01 1.86E-01 
 Energy MJ 1.89E-01 1.57E-01 1.57E-01 

 
Water (washing 
cans) 

m3 5.92E-05 4.90E-05 4.92E-05 

Outputs 
Anchovy to 
packaging 

kg 3.14E-01 2.60E-01 2.61E-01 

 
Wastewater (from 
washing cans) 

kg 5.92E-05 4.90E-05 4.92E-05 

 Oil kg 9.40E-02 3.90E-02 5.50E-02 
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Table 2.3.1 (Cont.) Life cycle inventory for the processing of 1 kg of fresh raw 
Cantabrian, Argentine, Chilean and Peruvian anchovies. 

 

A measure that could make the environmental performance of the canned 
anchovies better is the substitution of the type of oil. Concerning the 
packaging, canned anchovies in tinplate cans and glass jars are also available 
on the market. Other authors also reported studies of Spanish canned 
products in which the packaging step and the production of oil were the most 
significant contributors, i.e., canned tuna (Hospido et al. 2006), canned 
sardines (Vázquez-Rowe et al. 2014) and canned mussels (Iribarren et al. 
2010). 

 Input/output data Unit Cantabria Argentine Chile/Peru 

 PACKAGING 

Inputs 
Anchovy from sauce 
filling 

kg 3.14E-01 2.60E-01 2.61·E-01 

 Aluminium  kg 4.40E-02 3.60E-02 3.60E-02 
 Tinplate kg 1.02E-01 8.50E-02 8.50E-02 

 Glass  kg 6.17E-01 5.11E-01 5.13E-01 
 Plastic kg 3.80E-02 3.20E-02 3.20E-02 
 Cardboard kg 5.20E-02 4.30E-02 4.40E-02 

 Corrugated board kg 2.10E-02 1.70E-02 1.70E-02 
 Plastic (LDPE) kg 1.26E-03 1.04E-03 1.04E-03 
 Energy MJ 7.54E-03 6.24E-03 6.26E-03 

 GENERAL CONSUMPTIONS 

Inputs 
Water (for general 
cleaning) 

m3 41.7E+01 34.6E+01 34.6E+01 

 
Energy (for plant 
illumination) 

MJ 6.49E-01 5.38E-01 5.38E-01 

 Natural gas m3 1.50E-02 1.30E-02 1.30E-02 

Outputs 
Wastewater (from 
general cleaning) 

m3 41.7E+01 34.6E+01 34.6E+01 

 DISTRIBUTION 
Inputs Energy MJ 7.91E-01 6.55E-01 6.58E-01 

 USE 
Inputs Energy MJ 8.92E-01 7.38E-01 7.41E-01 
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Figure 2.3.4 Dimensionless index of (a) the total NR consumption (X1) and (b) total EB 
(X2) of the canned anchovy life cycle. 

Similar anchovy processing is conducted in Cantabria, Argentina, Chile and 
Peru; however, the quality of the raw anchovies varies from species to 
species. During the manufacture of the Cantabrian anchovy, approximately 
68% of the fresh anchovy was wasted (0.68 kg of fish residues from 1 kg of 
raw anchovy). Nevertheless, the manufacture of Argentine, Chilean or 
Peruvian anchovy generated approximately 75% fish residues (0.75 kg of fish 
waste from 1 kg of raw anchovy). As a result, the Cantabrian anchovies 
required more NR due to the greater quantity of anchovy processed per kg of 
fresh anchovy and the greater consumption of diesel in the fishery stage 
(Figure 2.3.5). In this sense, the processing of Cantabrian anchovy consumed 
1.9 times more energy and approximately 1.3 times more materials and water 
than the Argentine, Chilean and Peruvian anchovies. The production of fuel 
oil for the transport of anchovies, which represented 10% of the total energy, 
reduced the difference between the Cantabrian and the Argentine, Chilean 
and Peruvian anchovies.  

With regard to the EB, the comparison of the three anchovy origins showed 
that the use of Cantabrian anchovy had the greatest impacts in the categories 
of HHE (9.2·10-8 FU-1), SOD (1.3·10-8 FU-1) and AOD (4.3·10-10 FU-1). This was 
due to the emissions of heavy metals (antimony, arsenic, cadmium, and 
nickel) and halogenated organic compounds in the production of aluminium 
for the packaging. Cantabria produced more processed anchovies and, 
consequently, required more packaging material per FU due to the fact that 
the Cantabrian anchovy edible content was higher than those of the other 
ones. Moreover, the use of Cantabrian anchovy also presented the highest 
impacts in AqA (2.4·10-9 FU-1) and EU 2.4·10-8 FU-1) due to the emissions of 
H2SO4, HCl, HF and acetic acid, and the emissions of ammonia, nitrogen, 
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phosphate, phosphorus and COD. On the other hand, the use of Chilean and 
Peruvian anchovy had the greatest value in AA (3.4·10-8 FU-1) and GW (9.9·10-

9 FU-1) due to the emission of greenhouse gases (CO2, CO, and NOx), acids 
(HCL, HF, and ammonia) and organic compounds in the production of fuel oil 
used to the transport by ship. In the water compartment, the highest values 
were the AOD (2.1·10-10 FU-1) and NMEco (1.2·10-8 FU-1) owing to the 
emission of heavy metals (arsenic, cadmium, lead, and manganese) and other 
substances, such as chloride, into water during the production of fuel oil. 

The normalized results were grouped into two impacts for comparison, EB to 
air and EB to water. The use of Chilean or Peruvian anchovies presented an 
impact to air 1.2 times higher than the use of Cantabrian anchovies and 1.1 
times higher than the use of Argentine anchovies. In the water compartment, 
the value of the dimensionless index was similar in the three cases because 
the transportation by ship of the anchovy had less influence on the EB to 
water. 

 

Figure 2.3.5 Comparison of normalized (a) NR and (b) EB variables of canned anchovy 
processing Cantabrian, Argentine and Chilean/Peruvian anchovies. 

Figure 2.3.6 displays the normalised NR consumption and EB using different 
types of oil. The manufacture of SO required more energy, 1.25 times higher 
than ROO and EVOO. This was because the cultivation stage was the main 
contributor to energy consumption, representing approximately 60-70%, and 
sunflower oil had a relatively low yield per hectare compared to olive oil, 
which results in higher land use, more fertilizers and pesticides per ton of oil 
produced, and greater energy demand. Moreover, the energy required for 
the extraction of SO was higher than for olive oil because an additional step 
to remove the seed peels is necessary. With respect to olive oils, ROO had an 
NR consumption that is slightly higher than that of EVOO. Because ROO 
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required a more refining stage than EVOO. ROO and EVOO consumed 1.15 
times more water than SO due the higher water demand of olive trees 
because the sunflower plants are more resistant to drought conditions.  

On the other hand, the SO had the highest impacts to air and water. In the air 
compartment, the highest impacts were POF (5.7·10-7 FU-1), HHE (7.3·10-8 FU-

1) and SOD (2.3·10-8 FU-1) due to the emission of several organic compounds 
in the production of pesticides and herbicides. In the water compartment, the 
greatest impacts were the EU (5.1·10-8 FU-1) and MEco (1.2·10-8 FU-1) caused 
by the pesticides and herbicides. The greatest air and water EB were observed 
when the SO was used. The EB to air was 1.2 times higher than the ROO and 
EVOO, and the EB to water was negative due to the avoided burdens and 
similar in both cases. As mentioned above, the main reason for these results 
is the relatively low yield per hectare of the sunflower oil, which implies more 
fertilizers and pesticides per ton of oil produced. 

 

 

Figure 2.3.6 Comparison of normalized (a) NR and (b) EB variables of canned anchovy 
using refined olive oil, extra virgin olive oil and sunflower oil. 

This analysis was made based on the assumption that the packaging 
contained the same amount of product (0.261 kg of anchovy and 0.131 kg of 
oil) and that the type of transport of the packaging and distances to the 
canning plant were identical in all the cases. 

The production of aluminium and glass had the greatest energy demands (5.5 
and 5.8 MJ per FU, respectively), while the tinplate showed the highest 
consumption of material and water resources (0.65 kg of material and 95.2 kg 
of water per FU). However, the avoided burden of the recycling made up for 
the consumption of virgin resources. Figure 2.3.7 shows the normalised 
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values of the NR and EB variables of the life cycle of canned anchovy using 
aluminium, tinplate, glass and plastic as the packaging materials. Moreover, 
it was assumed that these materials were recycled after the use phase. The 
use of glass as the packaging material had the highest energy and material 
consumptions, whereas the tinplate had the greatest water demand. This was 
due to the fact that the glass packaging more material per FU (0.5 kg) than 
the others materials. Moreover, the recycling of glass had a low recovery 
efficiency (21%), and only 45% of the total glass recycled is present in the 
market. Therefore, the production of more virgin glass. The consumption of 
water resource was similar in the four cases. 

Aluminium presented the highest impacts in all of the categories except AA 
and AOD. In these impacts, glass packaging was the main contributor due to 
the emissions of ammonia, HCl, HF and SO2 during its production. The 
normalized impact for aluminium varied from HHE (6.9·10-8 FU-1) to AqA 
(1.6·10-8 FU-1). These environmental impacts were caused by the 
consumption of energy in the aluminium production. The production of 
aluminium is an energy-intensive process: the production of 1 kg of 
aluminium consumed 65 MJ with 30% used in the alumina extraction and 65% 
in the electrolysis step. 

Plastic as a packaging material seems to improve the environmental 
performance of the life cycle of canned anchovy. However, the use of plastic 
can generate the non-acceptance of the product because it could decrease 
the quality of the canned anchovy.  

These results highlight the need of develop packaging eco-design strategies. 
This environmental concept implies taking into account all the environmental 
impacts of a product right from the earliest stage of design. In fact, more than 
80% of the environmental impact of a product is determined at the design 
stage, however, eco-design requirements must not lower the functionality of 
the product, its safety or have a negative impact on its affordability or 
consumer´s health (EC, 2012). For example, the company PepsiCo, which is a 
global packaged food and beverage company with a comprehensive 
commitment to sustainability, have removed the half of the plastic from its 
water bottles. Moreover, has increased the recovery of beverage packaging 
and use more of the recovered plastic in its own packages. Therefore, PepsiCo 
is recognised for its innovative approach to improving the sustainability 
profile of packaging (Baldwin, 2015). 
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Figure 2.3.7 Comparison of normalized a) NR and b) EB variables of canned anchovy 
using aluminium, tinplate, glass and plastic as packaging materials. 

The environmental impact of canned anchovies depends on the selection of 
the process variables studied in the previous sections. However, some 
hypotheses are assumed in the life cycle methodology that could influence 
the results. The choice of the allocation procedure in the goal and scope 
definition is the most significant one.  

In addition to the system expansion used to perform the environmental 
analysis, mas and economic allocation have been considered to evaluate the 
influence of the allocation procedures in this case study. The economic and 
mass allocations consider the market price and mass of the primary canned 
anchovy product –octavillo-and its by-products, i.e., fishmeal, fish oil and 
anchovy paste. Applying mass allocation attributes 73% of the environmental 
burden to the canned anchovies, while applying economic allocation 
attributes 56% to the primary product. Figure 2.3.8 displays the 
environmental impacts of the system expansion and mass and economic 
allocations for anchovies from Cantabria in extra virgin olive oil and 
aluminium packaging. System expansion presented the highest EB in all of the 
impact categories except in AOD, which had a negative value due to the 
subtraction of the environmental burdens of the alternative system from the 
system under study. On the other hand, the use of economic allocation 
presented the lowest environmental impacts. System expansion likely gives 
the most reliable picture of the current scenario because external changes do 
not influence the results. The mass and economic allocations may change due 
to the quality of the fish and the market value fluctuations, respectively.  
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Figure 2.3.8 Comparison of the environmental burdens using system expansion, 
mass allocation and economic allocation. 

 

2.3.3 Remarks 

The use of product diversification as a marketing strategy in the 
anchovy canning industry promoted the generation of many new products 
based on the main variables of the anchovy canning processing: the origin of 
the anchovy, the type of oil and the packaging. The introduction of these 
products in new “green markets” makes defining the PCRs of the canned 
anchovy product category and, subsequently, creating the EPDs of each 
product necessary. This requires determining the environmental impacts 
under a life cycle approach of each variable and its influence on the life cycle 
of canned anchovies. 

The increase in the consumption of out-of-season products caused high 
consumption of energy and resources due to its transportation. Moreover, 
sometimes these imported products are lower quality and have higher prices. 
The manufacture of Argentine, Chilean and Peruvian anchovy generated 
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approximately 10% more fish residues and presented higher GWP than 
Cantabrian anchovy due to the emission of greenhouse gases from the use of 
fuel. 

The use of sunflower oil consumed more energy than olive oil and extra virgin 
olive oil and presented the highest value in all environmental categories due 
to the relatively low yield per hectare and the use of pesticides and 
herbicides. 

The use of aluminium presented the greatest impact in almost all categories. 
Plastic could improve the environmental profile of canned anchovy. In fact, 
there are companies that currently market this packaging. However, it could 
result in the non-acceptance of the product by consumers because they could 
be considered lower quality products. 
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2.4.1 Framework 

In Europe, approximately 30% of food losses are related to fishing, 
post-catch, and to the processing, distribution and consumption of fish and 
seafood. In particular, the processing stage represents 5 % of fish losses due 
to the generation of by-products that are edible for human consumption 
(FAO, 2011). In fish canning plants heads and spines compose the unavoidable 
fish losses, whereas fish remains form the avoidable fish losses.  

As mentioned in Chapter 1, the European Commission has promoted the 
reutilization of waste by means of the circular economy. This concept, 
introduced in several environmental policy initiatives (EC 2015a, 2015b, 
2015c and 2015d), aims to keep the added value in products for as long as 
possible and eliminate waste. Circular economy in the food sector has always 
been oriented towards the packaging (EC 2015e) improving the design to 
make it more eco-efficient and recycling the packaging by means of 
valorisation. However, this chapter presents a circular economy approach 
based on the study of several management options of wastes generated in 
the canned anchovy manufacturing (see Figure 2.4.1). 

In the canning anchovy sector, the management of two specific types of 
wastes must be highlighted: heads and spines, and anchovy meat. These food 
losses can be treated or valorised. On the one hand, heads and spines 
removed at the beginning of the canning process and in the filleting step, 
respectively, can be used to produce fishmeal and fish oil. In 2012, the global 
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fish production intended to DHC, including fisheries and aquaculture, was 158 
million tonnes whereas the production of fishmeal and fish oil reached 16.3 
million tonnes. Owing to the growing demand for these manufacturing 
products and its rising prices, the production of fishmeal from fish by-
products has increased. According to recent estimations, in 2012 about 35% 
of the world fishmeal production (5.7 million tonnes) was obtained from fish 
residues (FAO, 2014). If this percentage increases to 100%, approximately 33 
million tonnes of fresh fish would be used for DHC. On the other hand, 
anchovy meat composed of remaining anchovies and broken anchovies from 
the filleting step can be used to produce anchovy paste. This product could 
replace tuna or mussel pâté because of its similar protein content. 

 

Figure 2.4.1 Circular economy approach in the canned anchovy sector. 

The valorisation rather than disposal of anchovy waste could reduce the 
environmental impacts of the canning process. The LCA methodology will 
help determine the best waste management alternative. Despite LCA has 
already been used in assessing the management of wastes from the mussel 
sector (Iribarren et al. 2010a) the valorisation of anchovy wastes has not yet 
been assessed . This chapters aims to i) identify hotspots in the production of 
fishmeal and fish oil from heads and spines (ii) evaluate the environmental 
performance of the production of anchovy paste and (iii) to compare the 
environmental impacts of anchovy wastes valorisation versus end-of-life by 
landfilling and incineration. 
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2.4.2 Waste management evaluation 

Figure 2.4.1 displays the systems comprising the management of 
anchovy wastes. Fish solid residues composed of heads and spines are sent to 
a fishmeal plant to produce fishmeal and fish oil. Remaining anchovy meat 
and broken anchovies can be used to make anchovy paste.  

Valorisation of heads and spines 

The steps of the valorisation of heads and spines are: (i) heating, (ii) pressing, 
(iii) separation of the liquid phase into oil and water (stickwater), (iv) 
evaporation of the stickwater into a concentrate, (v) drying of the solid 
material (presscake), (vi) grinding of the dried material and (vii) storage.  

Heads and spines are transported to the fishmeal plant. However, the 
transport was not considered because the distance between the canning 
plant and the fishmeal plant is less than 1 km. First, the heads and spines are 
cooked to coagulate the protein and liberate the water and oil content. The 
pressing produces two streams: a solid phase (presscake) containing 60–80% 
of the oil-free dry matter (protein, bones) and the oil, and a liquid phase 
(press liquor), which is a mixture of fish oil, water and soluble protein. The 
main part of the sludge from the press liquor is removed in a decanter, and 
the fish oil is subsequently removed by a centrifuge. The stickwater from the 
separation stage is concentrated and mixed with the presscake. Finally, the 
presscake is dehydrated, milled and mixed with an antioxidant. The final 
product, fishmeal, is stored in bags of polypropylene with a capacity of 50 kg, 
whereas the fish oil is stored in tanks (FAO, 1986). 

Anchovy meat valorisation 

The manufacture of anchovy paste conducted in the canning factory 
comprises five steps: (i) addition, (ii) homogenisation, (iii) grinding, (iv) 
packaging and (v) storage. 

Two types of anchovy paste can be produced: on the one hand, pure anchovy 
paste, in which the anchovy meat is grinded directly to obtain the paste. The 
resulting paste is transferred to a filling machine and packaged. The 
packaging, composed of a cube of propylene, is transported to the canning 
factory. The final product is weighed and stored in the canning plant. On the 
other hand, anchovy paste with olive oil is composed of anchovy meat, olive 
oil and vinegar. The mixture comprises 97% anchovy, 2% olive oil and 1% 
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vinegar. The ingredients are mixed, grinded and transferred to a filling 
machine. The package is formed by a glass jar with a 453 g capacity and 
transported to the canning factory.  

 
Figure 2.4.2 Flow diagram of the management of fish products in the canned 

anchovy industry. Comparison between the different alternatives: valorisation, 
incineration and landfilling. System expansion and avoided burdens. 

The FU chosen for the valorisation of anchovy heads and spines was 1 t of 
anchovy wastes entering the flour plant. Similarly, the FU for the valorisation 
of the remaining and broken anchovies was 1 t of anchovy meat entering the 
paste processing. It was considered that from 1 t of anchovy meat (input of 
the process), 60% is used to manufacture pure anchovy paste (595 kg) and 
the remaining 41% is converted to anchovy paste with olive oil (405 kg). The 
comparison between valorisation and other management options was made 
based on 1 t of wastes for management. 

The production of canned anchovies generates two products: canned 
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anchovies and anchovy remains. According to Ayer et al. (2007), an economic 
allocation was used to distribute the environmental impacts between the 
main product (canned anchovy) and the co-product (anchovy remains). In this 
case, 100% of the environmental burden was allocated to the canned anchovy 
because the co-product accounted for only 7% of the total economic value. 
Therefore, the environmental impact of the input anchovy remains to the 
valorisation system was zero. However, when the management alternatives 
were compared, it was possible to adopt an avoided burden approach since 
valorisation provides commercial products. The latter is discussed later. 

Data on the production of fishmeal and fish oil were taken from the literature 
(FAO, 1986) and belong to a fishmeal plant with a production of more than 
500 t day-1. The yield of the process and the consumption of antioxidants were 
acquired from Shepherd and Jackson (2013). In contrast, data on anchovy 
paste were collected from a Cantabrian canning factory that produced 
approximately 19,000 kg in 2014: 11,300 kg of pure paste and 7700 kg of 
paste with olive oil. Regarding the management alternatives, the model of 
organic matter incineration developed by Margallo et al. (2014a) was 
considered for the incineration of anchovy wastes, whereas data on landfilling 
were taken from the PE database (PE International, 2014). With respect to 
the processes used in the system expansion, data on anchovy fishing were 
collected from Freón et al. (2014), whereas tuna fishing and pâté processing 
came from Hospido et al. (2005) and Iribarren et al. (2010a), respectively. 
Moreover, the PE (PE International, 2014) and BUWAL (BUWAL 250, 1996) 
databases were chosen for background processes. 

For both valorisation systems, the quantification of capital goods was avoided 
on the basis of the long lifespan estimated for the installations (more than 20 
years in both cases) (Renou et al. 2008). Table 2.4.1 shows the inputs and 
outputs for the valorisation of 1 t of heads and spines to produce fishmeal 
and fish oil and for the valorisation of 1 t of anchovy meat to produce anchovy 
paste, as “pure” anchovy paste and anchovy paste with olive oil. 

The software GaBi 6.0 was used in the LCI modelling, whereas the LCIA was 
conducted with the ESA methodology explained in Section 2.1. 
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Table 2.4.1 Inventory for anchovy wastes valorisation (FU: 1 t of anchovy wastes). 

  Heads and spines 
valorisation Anchovy meat valorisation 

 Units Fishmeal and  
fish oil 

“Pure” anchovy 
paste 

Anchovy paste 
with olive oil 

Inputs 
Heads and 
spines 

kg 1000 - - 

Anchovy meat kg - 595 405 
Olive oil kg - - 8.10 
Vinegar kg - - 4.10 
Antioxidant kg 0.25 - - 
Polypropylene kg 0.55 33.70  
Glass kg - - 89.4 
Fuel oil kg 45 - - 
Water kg 16300 - - 
Energy kWh 30 41.80 31.10 
Outputs 
Fishmeal kg 212 - - 
Fish oil kg 108 - - 
Anchovy 
paste kg - 595 405 

Wastewater kg 608 - - 

 

Figure 2.4.3 shows the main processes contributing to the consumption of NR 
and to the potential EB for the valorisation of heads and spines. Figure 2.4.3a 
indicates that the production of fuel and energy had the highest consumption 
of energy, materials and water. Fuel consumption for steam production 
generation in the drying step presented the greatest value with a contribution 
of 88% of the total energy. On the other hand, the production of the 
electricity used during the process had the highest consumption of materials 
and water, 73% and 56%. The packaging production made low contributions, 
under 10%, and its transport was almost negligible. In general, the 
valorisation of heads and spines consumed 14,200 kg of water, 2,600 MJ of 
energy and 90 kg of materials per functional unit. 

With respect to the EB, Figure 2.4.3b shows that, similar to the consumption 
of natural resources, fuel and electricity production were the least 
environmentally friendly aspects of the valorisation process. The fuel 
production for steam generation was the main contributor to the categories 
of AOD, AA, NMEco, MEco, Eu, GW and POF with contributions between 98% 
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(NMEco and MEco) and 64% (GW). This was due to the emissions of heavy 
metals and organic compounds to water and the emissions of greenhouse 
gases to air. The production of energy played an important role in SOD (86%) 
and AqA (95%). The production and transportation of the packaging were 
insignificant with contributions below 3% in all impact categories. The 
valorisation of 1 t of heads and spines generated 37.8 kg of CO2 eq. 

 

Figure 2.4.3 (a) Natural resource consumption and (b) environmental burdens for the 
valorisation of heads and spines. 

In the anchovy meat valorisation, the production of packaging for the pure 
anchovy paste and anchovy paste with olive oil (polypropylene and glass 
package) presented the greatest consumption of NR, as shown Figure 2.4.4a. 
Both processes represented 85% of the total energy consumption, 95% of the 
total material consumption and 86% of the total water consumption. The 
energy production for the homogenisation and grinding steps consumed 11% 
of the total energy, 4% of the total materials and 7% of the total water 
consumed. In general, the valorisation of anchovy meat into anchovy paste 
consumed 64,000 MJ of energy, 3600 kg of materials and 275,700 kg of water. 

Figure 2.4.4b shows that the production of polypropylene and glass were the 
key processes relating to potential environmental impacts. The production of 
polypropylene was the main contributor to AOD (77%), NMEco (82%) and 
MEco (80%), whereas the glass production was the main contributor to AqA 
(79%), AA (84%), Eu (85%), GW (77%), HH (65%) and POF (77%). These results 
are in agreement with Almeida et al. (2015), Iribarren et al. (2010b) and 
Hospido et al. (2006). Moreover, in other studies of LCA food products 
(Manfredi and Vignali, 2014; Humbert et al. 2009) the use of glass jar as 
packaging also presents the highest environmental impacts due to the weight 
of the jar and the high energy impact of glass production. The production of 
olive oil contributed 18% and 12% of the SOD and AqA, respectively, owing to 
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the use of pesticides during the cultivation stage. The electricity production 
had a significant contribution to SOD (40%) and contributed to the remaining 
categories at percentages between 3% (NMEco and MEco) and 18% (HH). 
Finally, the percentages contributed by the transport of raw materials (olive 
oil and package) were below 5%. GW was the highest environmental impact 
associated with the valorisation of anchovy meat with a value of 416 kg of CO2 
equivalent per functional unit. 

 

Figure 2.4.4 (a) Natural resource consumption and (b) environmental burdens for 
anchovy meat valorisation. 

The alternatives considered in this work include material valorisation, 
incineration with energy recovery and landfilling with biogas recovery and 
without biogas recovery. These scenarios do not simply offer a waste 
management service (unlike landfilling without biogas recovery) but also arise 
as manufacturers. That is to say, marketable products are obtained from the 
anchovy wastes. These products are then introduced in the market to replace 
a certain part of the product market demand. In this context, products from 
valorisation, incineration and landfilling are said to avoid the conventional 
production of the goods being replaced (system expansion). Consequently, 
the EB of the conventional processes are also avoided. As mentioned in 
previous sections, the production of fishmeal and fish oil from fresh anchovy 
(including fishing activity) was selected as the technology that replaces the 
valorisation system for the heads and spines. The production of tuna pâté was 
chosen as the process replaced in the anchovy meat valorisation. This 
assumption was based on the work of Iribarren et al. (2010a), which states 
that products with similar uses and protein content can be substituted in a 
system expansion. Incineration and landfilling with biogas recovery also 
involve energy production. Therefore, the electric power mix of Spain 
included in the ELCD-PE GaBi database was selected as the technology 
replaced in the system expansion (PE International, 2014). 
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In order to compare the heads and spines management alternatives three 
scenarios were considered: 

- Scenario A1 includes the valorisation of 1 t of heads and spines to 
produce fishmeal and fish oil assuming the subtraction of the 
production of 212 kg of fishmeal and 108 kg of fish oil from fresh 
anchovy as avoided burdens. 

- Scenario A2 consists in the incineration of 1 t of heads and spines 
taking into account the avoided burdens for the production of 1.24 
GJ of the corresponding energy according to the Spanish mix. 

- Scenario A3 considers the management of 1 t of heads and spines in 
landfill. Landfilling without gas recovery (Scenario A3b) has been 
considered as a management service and no marketable product is 
provided. However, in the case of landfilling with gas recovery 
(Scenario A3a) it is necessary to consider the production of 132 MJ 
according to the Spanish mix as avoided burdens.  

Figure 2.4.5 displays the comparison of the environmental performance of 
the four scenarios. Both landfilling alternatives (scenario A3a and A3b) were 
the least environmentally friendly scenarios for all impact categories except 
for SOD, AOD and HH, which were higher in scenario A2 (incineration). 
Scenario A3a and A3b presented the highest GW values: 8.1·10+2 and 8.3·10+2 
kg CO2 eq., respectively. The environmental impacts associated with scenario 
3a and 3b were very similar; therefore, the biogas recovery does not have 
much influence on the environmental performance. 

Scenario A1 was the most favourable alternative for management of heads 
and spines in all impact categories except AA owing to the consumption of 
fuel oil for steam production. 

To obtain a global comparison of the three scenarios, the results were 
grouped into two impacts: EB to air and EB to water. The highest total impact 
to air was observed in scenarios A3a and A3b (1.1·10-3), whereas the 
valorisation (scenario A1) presented a negative value owing to the avoided 
burdens. With respect to the water compartment, scenarios A1 and A2 had 
negatives values, whereas scenario A3 was the worst alternative. The 
negative values are associated with an environmental benefit. 
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Figure 2.4.5 Environmental comparison of four alternative scenarios for anchovy 
heads and spines management: A1 valorisation, A2 incineration, A3a landfilling with 

gas recovery, A3b landfilling without gas recovery. 

In the case of anchovy meat management, three alternative scenarios have 
been assessed: 

- Scenario B1 considers the management of 1 t of anchovy meat to 
produce 1 t of anchovy paste (with and without oil) assuming the 
subtraction of the production of 1 t of tuna pâté as avoided burdens. 

- Scenario B2 consists of the incineration of 1 t of anchovy meat 
subtracting the avoided burdens for the production of the 1.24 GJ 
according to the Spanish electricity mix. 

- Scenario B3 considers the management of 1 t of anchovy meat in 
landfill, taking into account the same considerations of previous 
section for gas recovery (taking into account the production of 132 
MJ of electricity according to the Spanish electricity mix as avoided 
burdens). 

Figure 2.4.6 displays the comparison of the environmental performance 
associated with the four different scenarios. As in the previous case, 
landfilling had the greatest environmental impacts in all categories except 
SOD, AOD, and HH, which were higher for incineration (scenario B2), and AA, 
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which was greater in the valorisation alternative (scenario B1). This was due 
to the production of olive oil for the manufacture of paste and the fabrication 
of glass for the packaging. 

Finally, the results were grouped into EB to air and EB to water. Similar to the 
previous section, scenarios B3a and B3b featured the highest EB to air and 
water. Thus, valorisation is the best environmental management alternative. 

 

Figure 2.4.6 Environmental comparison of four alternative scenarios for anchovy 
meat management: B1 valorisation, B2 incineration, B3a landfilling with gas 

recovery, B3b landfilling without gas recovery. 

2.4.3 Remarks 

The environmental performance of the treatment and valorisation of 
anchovy wastes was measured using an LCA tool in this work. Heads and 
spines can be valorised to produce fishmeal and fish oil. The production of 
fuel for steam generation in the drying step was identified as the least 
environmentally friendly process of the valorisation process. When 
valorisation of heads and spines was compared with two alternative 
scenarios, incineration and landfilling with and without biogas recovery, it 
was concluded that valorisation featured a better environmental profile.  

Similarly, the environmental characterisation of anchovy meat valorisation to 
produce anchovy paste indicated that the production of the package, 
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polypropylene and glass, presented the highest consumption of NR and the 
greatest EB. Packaging is part of the solution to reduce food impacts. 
Packaging should increase shelf-life ensuring the quality and security of 
products. Moreover, it should be adapted to the new consumer lifestyles that 
are demanding more portion sizes packages in order to reduce food waste. 
Therefore, in the future, packaging innovation and new technologies will play 
a key role in food waste prevention. 

Furthermore, the comparison of the environmental characterisation with the 
two alternative scenarios, incineration and landfilling, indicated the 
advisability of valorising anchovy remains to produce anchovy paste. 

The use of anchovy wastes as raw material in the manufacture of fishmeal 
and anchovy paste could improve the environmental performance of the 
process and reduce the losses of fish. Moreover, this valorisation could 
increase the economic benefits of anchovy canning plants, providing 
economic value to food waste and contributing to a circular economy in the 
anchovy canning industry. Therefore, the LCA methodology presented in this 
work is a suitable tool to study alternatives under circular economical 
thinking. 
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3.1 Framework 

In a global framework of growing concern for food security and 
environmental protection, the selection of food products with higher 
nutritional content and lower environmental impact is a challenge. According 
to the United Nations (UN), the persistence of malnutrition reflects the deep 
inequalities in the distribution and access to food, knowing that one third of 
the food produced is not eaten (UN, 2013). In addition, population grows, and 
rapid urbanization and consequent changes in consumption patterns will 
require additional food. In It is estimated that food production will have to 
increase 70% globally to feed an additional 2.3 billion people by 2050 (FAO, 
2011). Increasing food production and improving distribution to respond to 
this growth requires an integrated approach to address several challenges 
simultaneously along the entire food supply chain considering food security 
and environmental sustainability. Therefore, the first defy is to increase food 
production, while minimising the environmental impact and increasing 
natural resource efficiency. The follow challenges are to improve the access 
to food and markets and to orient food consumption towards “sustainable 
diets”. That is, diets that are less resource-intensive and more nutritious (UN, 
2013). 

Fish and seafood products are widely accepted to be an essential component 
of a balanced and healthy diet because they have a high “good fat” content 
and provide high quality proteins and many micro-nutrients such as vitamins 
and minerals (Carlucci et al. 2015). In 2014, seafood accounted for about 17% 
of the global population´s intake of animal protein and 6.7% of all protein 
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consumed (Abdou et al. 2018). However, there is increasing concern about 
the negative impacts of animal protein production, from agriculture and from 
aquaculture or fisheries exploiting the whole range of aquatic ecosystems 
(Avadí et al. 2017). 

Thus, the establishment of a link between the environmental impact of food 
products to its nutritional content would be helpful. In this context, this 
chapter defines the Green Protein Footprint (GPF), a readily environmental-
nutritional index that combines all the concepts covered by global and 
European environmental food policies to simplify the decision making 
process. Figure 3.1.1 describes the interaction of the GPF with the European 
strategies that are dealing to solve food system problems promoting 
sustainable food production and consumption patterns.  

 

 

Figure 3.1.1 Interaction of the European strategies with the Green Protein Footprint 
(GPF). (EC, 2011a and 2011b, 2012, 2014, 2016) 
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3.2 Measuring the environmental and nutritional cost 

Figure 3.2.1 shows the methodological procedure to obtain the GPF 
index. The first step if the definition of the reference scenario and the 
different scenarios to be studied. The former is used to normalize the 
environmental impact per kilogram protein and represents the extraction of 
the resource, in this case fresh anchovy. On the other hand, the different 
scenarios correspond to the production and consumption of the selected 
food products. Thereafter, LCA was performed on both the reference and 
alternative scenarios based in the ISO 14040 standard (ISO, 2006). Global 
Warming Potential (GWP), Acidification Potential (AP), Eutrophication 
Potential (EP) and the ReCIPE endpoint Single Score (SS) indicators were 
calculated based on Equations A2.1-A2.8 of the Annex A2. Despite the fact 
that other indicators could be considered, GWP, AP and EP are the most 
commonly used  impact categories for fisheries and seafood products 
(Emanuelsson et al. 2008; Hospido and Tyedmers, 2005; Ramos et al. 2011; 
Vázquez-Rowe et al. 2010a, 2010b, 2011 and 2012; Ziegler et al. 2003). 

Once the LCA study was finalized, the Life Cycle Protein Assessment (LCPA) of 
each product (scenario) and of the reference scenario was calculated by 
means of the protein footprint (PF) (see Eq. [3.2.1]). 

PF (kg) = ∑ massw(kg) ∙ protein contentw(%)w=w
w=1   [3.2.1] 

Where the protein content includes the protein content of each ingredient 
(w). Although protein content is only one of the nutritional properties of food 
(protein, carbohydrates, kilocalories), the edible protein energy content has 
already been used to perform a critical comparison of seafood products 
landed in Galicia by means of the edible protein energy return on investment 
(ep-EROI) (Vázquez-Rowe et al. 2014b). 

Based on the combination between each of the four environmental indicators 
selected and the protein content, anchovy products were classified into three 
different categories: A, B and C. An “A” rating represents the best 
environmental-nutritional option, whereas the “C” rating represents those 
supply chains with the lowest environmental-nutritional scenario 
performance. The reference values used to fix the segregation between these 
categories were the terciles obtained from the totality of the sample. 
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Figure 3.2.1 Green Protein Footprint (GPF) indicator methodology. 

Finally, GPF is the combination of the LCA and LCPA (see Eq. [3.2.2]) and it can 
be calculated for each product. This method can be applied to any food 
product supply chain. 

GPF =
Environmental impact

kg protein�

�Environmental impact kg protein� �
reference scenario

   [3.2.2] 

This methodology has been applied to the case study of the Cantabrian 
anchovy industry, taking into account direct and indirect consumptions. In 
this case, the main function of the system is the transformation of fresh 
anchovy into DHC products. Therefore, the functional unit (FU) was 
established as 1 kg of fresh, round European anchovy processed and 
consumed in the region of Cantabria. This FU allows to assess the nutritional-
environmental efficiency of resource transformation, that is, to determine 
the most sustainable use of fresh anchovy. 

Figure 3.2.2 depicts a schematic representation of the system boundaries for 
the four different scenarios analysed from cradle to grave. Based on the 
proposed methodology, the anchovy fishery developed in Section 2.2 was 
selected as the reference scenario. The system boundaries included one 
indirect human consumption (IHC) scenario and three direct human 
consumption (DHC). 
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• Indirect human consumption (IHC) in Peru 

The Peruvian fishmeal and fish oil sector produced on average (2006-
2015) 1.183 million t/year of fishmeal and 230,000 t/year of fish oil, 
which represent 24% and 23% of the global production, respectively 
(Fréon et al. 2017). Approximately 98% of total landings are destined to 
the fishmeal and fish oil industry, and the remaining 2% is processed for 
human food products (Avadí et al. 2014). In the current study it was 
assumed that fishmeal production was destined to trout aquaculture in 
Peru. 

• Direct human consumption (DHC) in Cantabria 

Fresh anchovies 

It was considered that fresh fish was transported from the harbour to 
the fish retailer by van, and the travelled distance was 44 km. At the 
retailer´s, fresh anchovies were conserved on ice and consumers took 
them home using plastic bags. In the household, the product must be 
stored in freezers for 24 h at a temperature between 5 and 12ºC in an 
A++1 class fridge. Three recipes were considered: 

i) Fried anchovies dipped in flour. Anchovies are dipped in flour 
and fried in olive oil for 10 minutes. The cooking was conducted 
in a 2 kW induction plate 2 kW (Bosch, 2017). Non-edible 
anchovy parts were disposed of, which subsequently ended in a 
landfill. 

ii) Rolled in batter anchovies without head and spine. Anchovies 
are beheaded and their spines are removed. Finally, they are 
rolled in batter (with flour and egg) and fried for 15 minutes in 
olive oil. As in the previous case, a 2 kW induction plate was 
considered (Bosch, 2017).The residues were comprised of the 
non-edible organic waste from European anchovy 
(approximately 38% of the life weight of the anchovy), as well as 
flour and oil covering these non-edible portions, which cannot 

                                                                 
1 Energy efficiency index (EEI), which is an indication of the annual power consumption 
relative to a reference consumption that is based on the storage volume and the type 
of appliance (refrigerator or freezer). EEI ratings are A+++, A++, A+, A, B, C, D, E, F, G. 
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be quantified. These organic residues were disposed of in a 
landfill.  

iii) Anchovies in vinaigrette. The head and spine of each anchovy is 
removed and the anchovy is filleted. Thereafter, they are 
immersed in vinegar for 3-24 hours. After that, anchovies are 
drained and olive oil and garlic are added. It was assumed that 
the organic residues generated (heads and spines) are sent to a 
landfill. 

Salted anchovies 

Fresh anchovies from the port are transported to the canning plant 
to be beheaded and placed in layers with a bed of salt between each 
layer of fish for six months in a room under controlled temperature. 
After the curing stage, anchovies are rinsed with brine and 
introduced in cans covered with salt. Then, cans are hermetically 
sealed and packed. 

Canned anchovies 

In this case, after the curing stage, the skin is removed by cold and 
hot water (scalding), and each anchovy is cut and filleted by hand. 
The anchovy fillets are packed in cans that are filled with olive oil. 
The cans are sealed, washed, codified and packed. 

For both products, the primary packaging is composed of the 
aluminium can and the boxboard. Secondary packaging, distribution, 
wholesale/retail and house consumption stages conditions were the 
same those explained in Section 2.1. For canned anchovies in olive 
oil, it was assumed that the entire amount of edible anchovies is 
ingested by the consumer and no organic wastes of European 
anchovy were generated in this stage. However, in the case of salted 
anchovies, consumers discard the spine of the anchovies, which are 
managed and deposited in a landfill. The can and cardboard box 
were assumed to be recovered assuming a recycling rate of 37% and 
84%, respectively (Bala et al. 2015). Moreover, to promote circular 
economy in the Cantabrian anchovy canning sector, the anchovy 
residues were valorised into fishmeal and anchovy paste. The 
residual fishmeal were used in the production of feed for bass 
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(Micropterus salmoides) aquaculture in the region. Hence, humans 
are finally consuming fish protein from the residues linked to the 
production of salted and canned European anchovy, closing the loop 
of the product life cycle. 

In the case of salted and canned anchovies, besides obtaining protein from 
salted or canned anchovies (main products), fish protein was also acquired 
from anchovy paste and fresh bass (by-products). To handle this problem, as 
explained in previous sections, system expansion was applied. 

 

Figure 3.2.2 Block diagram for the LCA of indirect human consumption (IHC) 
and direct human consumption (DHC) anchovy products. 

Regarding data acquisition, Section 2.1 and Section 2.2 collect the life cycle 
inventory anchovy fishery and anchovy manufacturing, respectively. For the 
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remaining subsystems, data were retrieved from bibliographical sources. 
Cooking methods for fresh anchovies were obtained from recipe books,  data 
for the anchoveta fishery for IHC, production of fishmeal and trout 
aquaculture were retrieved from the studies conducted in Peru by Avadí et 
al. (2015) and Fréon et al. (2017), whereas data for bass aquaculture were 
collected from Jerbi et al. (2012). Regarding the protein balance, edible and 
protein content of anchovy were retrieved from the database of the School 
of Resources and Environmental Studies (SRES) at Dalhousie University (Dr. 
Peter Tyedmers, personal communication). On the other hand, the protein 
content of the ingredients of anchovy products was obtained from the Self 
Nutrition Data database (Self Nutrition Data, 2014). 

Background processes, such as the production of ingredients (egg, flour, 
garlic, etc.) or the extraction and transformation of fuels, energy and water 
were obtained from the Ecoinvent® database (Frischknecht et al. 2007) and 
the PE International database (PE International, 2014). Other ingredients, 
such as the production of vinegar were taken from the literature (Meneses et 
al. 2016; Bartocci et al. 2017). Tables 3.2.1 – 3.2.5 collects the main inputs and 
outputs of the subsystems. 

Table 3.2.1 Life cycle inventory of fresh anchovy consumption subsystem. 

 
Unit 

Fried 
anchovies 
with flour 

Fried anchovies 
with egg and 

flour 

Anchovy 
in 

vinaigrette 
Inputs 
Fresh anchovy kg 1.00 1.00 1.00 
Electricity MJ 1.20 1.80 1.27 
Salt g 0.83 0.83 64.00 
Oil g 5.00E-04 5.00E-04 3.00E-03 
Flour g 333 333 - 
Egg g - 210 - 
Vinegar m3 - - 8.00E-04 
Garlic g - - 112 
Water m3   2.00E-04 
Outputs 
Anchovy to consumer kg 0.75 0.75 0.75 
Anchovy residues 
(head and spines) kg 0.25 0.25 0.25 
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Table 3.2.2 Life cycle inventory of anchovy processing in canning plants subsystem. 

 Unit Salted 
anchovy 

Canned 
anchovy 

Inputs 
Fresh anchovy kg 1.00 1.00 
Electricity MJ 0.84 1.20 
Salt g 552 552 
Brine m3 8.20E-05 5.67E-04 
Olive oil g - 303 
Water m3 4.24E-03 5.21E-03 
Natural gas m3 - 1.50E-02 
Aluminium can g 111 44.00 
Cardboard box g 132 52.00 
Carton box g 53.30 21.00 
LDPE film g 3.20 1.26 
Outputs 
Anchovy products g 817 322 
Anchovy paste g - 35.00 
Head and spines g 183 245 
Wastewater m3 4.25E-03 5.21E-03 
Discards and losses g 3.32 398 

 

 

Table 3.2.3 Life cycle inventory of processed anchovy consumption subsystem. 

 Unit Salted 
anchovy 

Canned 
anchovy 

Inputs 
Anchovy g 817 322 
Electricity MJ 4.38 1.76 
Outputs 
Anchovy residues g 62.00 - 
Aluminium can g 44.00 44.00 
Cardboard box g 52.00 52.00 
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Table 3.2.4 Life cycle inventory of fishmeal production subsystem (adapted from 
Fréon et al. 2017). 

 Unit Salted 
anchovy 

Canned 
anchovy 

Inputs 
Anchovy residues g 183 245 
Fuel use MJ 0.44 0.58 
Electricity MJ 0.01 0.01 
Antioxidants g 0.02 0.02 
Concrete m3 4.65E-07 6.22E-07 
Sodium hydroxide g 0.12 0.16 
Sodium chloride g 0.11 0.14 
Metal manufacturing g 0.01 0.01 
Copper wire g 1.00E-03 1.00E-03 
Fishmeal bags g 0.01 0.13 
Outputs 
Suspended solids g 1.41 1.88 
Oil and fat g 0.80 1.07 
BOD5 g 2.78 3.72 
Fishmeal g 38.90 52.20 
Fish oil g 7.32 9.80 

 

Table 3.2.5 Life cycle inventory of bass aquaculture subsystem (adapted from Jerbi et 
al. 2012). 

 Unit Salted 
anchovy 

Canned 
anchovy 

Inputs 
Electricity MJ 5.77 7.72 
Sea water m3 0.63 0.85 
Injected oxygen g 31.30 41.9 
Biomass g 976 1,307 
Feed g 38.98 52.18 
Steal g 1.67 2.23 
Cement g 5.96 7.98 
Outputs 
Solid nitrogen g 0.44 0.60 
Dissolved nitrogen g 2.45 3.28 
Solid phosphorus g 0.32 0.43 
Dissolved phosphorus g 0.11 0.14 

 

The LCIA was conducted with the LCA software Gabi 6.0 (PE International, 
2014) by using a mix of impact categories from different assessment methods, 
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following the recommendations provided by the Joint Research Centre (JRC) 
of the European Commission (ILCD, 2011; Hauschild et al. 2013). The IPCC 
2013 assessment method, 100-year time horizon, was used to compute 
greenhouse gas emissions (IPCC, 2013). The CML-IA baseline method (Guinée 
et al. 2002) was selected to calculate AP and EP. Finally, the ReCIPE endpoint 
method (Goedkoop et al. 2009), was used by means of the aggregated 
endpoint SS. 

The three different anchovy products (fresh, salted and canned) were 
assessed from a nutrient perspective, based on the protein content of 
anchovy and its ingredients. The embodied energy of European anchovy was 
calculated based on the maximum edible content and the protein content per 
100 g of edible portion (see Table 3.2.6). The protein content per 100 g of the 
ingredients used in the anchovy products is collected in Table 3.2.7. 

Table 3.2.6 Edible meat fraction, fillet yield and protein content of European 
anchovy and bass (source: Prof. Peter Tyedmers, personal communication). 

 Scientific name Edible meat 
fraction (%) 

Protein 
content (%) 

European anchovy Engraulis encrasicolus 62 21 
Bass Micropterus salmoides ≈100 24 

 

Table 3.2.7 Protein content of the ingredients of anchovy products (source: Self-
Nutrition Data, 2014). 

Ingredient Protein content (%) 
Flour 10 
Vinegar 0 
Olive oil 0 
Salt 0 
Egg 13 
Garlic 9 

 

Regarding fresh anchovies, the fluctuation in their protein content was based 
on the way they are cooked at the household (see Figure 3.2.3). The 
ingredients represented by a discontinuous arrow in the flow diagram have 
zero protein content. The rolled in batter anchovies presented the highest 
protein content due to the use of flour and egg in their elaboration. From 1 
kg of landed anchovies, consumers can intake 191.8 g of protein from fried 



Nutritional assessment and food security: a product approach 

148 

 

anchovies dipped in flour, 219.1 g of protein from rolled in batter anchovies 
or 168.6 g of protein from anchovies in vinaigrette. 

 

Figure 3.2.3 Schematic representation of the protein balance of fresh anchovy 
consumption. 

For salted and canned anchovies, for each 1 kg (for salted and canned 
anchovies) of European anchovy entering the canning factory, 186 g and 245 
g became residues, respectively (see Figures 3.2.4 and 3.2.5 for a graphical 
representation of the entire process). These residues are then sent to a 
reduction factory to produce fishmeal. A conversion rate of one metric ton of 
fishmeal per 5.5 metric tons of anchovy residues was assumed (Fréon et al. 
2017). Fishmeal arriving from anchovy residues was then mixed with other 
feed components to provide nourishment in bass aquaculture. The 
proportion of fishmeal from anchovy residues is roughly 20% of the total 
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(Vázquez-Rowe et al. 2014a). The 198 g (for salted anchovies) and 261 g (for 
canned anchovies) of final feed to deliver to the bass aquaculture plant 
allowed the nourishment of 128.6 g and 169.5 g of edible bass, respectively 
(Jerbi et al. 2012). This fact implied a final value of 30.8 g (for salted anchovies) 
and 35.6 g (for canned anchovies) of protein, respectively, that humans were 
finally consuming. Therefore, from 1 kg of captured anchovies, consumers can 
consume 188.7 g of protein from salted anchovies or 108.9 g of protein from 
canned anchovies in olive oil. 

 

Figure 3.2.4 Schematic representation of the protein balance of salted anchovy 
production and consumption. 

 

 

Figure 3.2.5 Schematic representation of the protein balance of canned anchovy 
production and consumption. 

The different environmental impacts for each environmental category 
considered in the study and the protein content of the scenarios under 
assessment are represented in Figure 3.2.6. Results for GWP ranged from 
0.064 kg CO2 eq/FU for the production of Peruvian fishmeal and its use in 
trout aquaculture to 4.10 kg CO2 eq/FU for salted anchovies. Fried anchovies 
dipped in flour constituted the best scenario with the lowest GWP value and 
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the highest protein content. It is noticeable that the more elaborated anchovy 
product the greater GWP value. For instance, GWP related to the salted 
anchovies was twice that of fresh anchovy products. However, canned 
anchovies in oil presented a low GWP compared to the salted product due to 
the fact that the valorisation of anchovy residues considered an avoided 
burden, which reduced the environmental impact. 

The trend in the other impact categories was similar to the one observed for 
GWP. The high values of AP and EP of the rolled in batter anchovy product 
were due to the use of egg in its elaboration. The AP value of rolled in batter 
anchovies was 35 times higher than anchovies in vinaigrette and 
approximately 10 times higher than fried anchovies dipped in flour, salted 
anchovies and canned anchovies in olive oil. Similarly, the EP for rolled in 
batter anchovies was approximately 60 times higher than anchovies in 
vinaigrette, salted anchovies and canned anchovies in olive oil. On the other 
hand, the high EP value in the fishmeal scenario was due to the emissions of 
nitrogen and phosphorus to water in trout aquaculture (Dekamin et al. 2015). 

 

Figure 3.2.6 (a) Global warming potential (GWP), (b) Acidification Potential (AP), (c) 
Eutrophication Potential (EP), (d) Single Score (SS) as compared to protein content 

per kilogram of captured anchovy converted into an anchovy product. 

Even though the single score of the ReCIPE endpoint methodology provides 
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an overall picture of the environmental, the results should be interpreted 
with caution, taking into account the higher uncertainty within the 
methodology (Lorenzo-Toja et al. 2016). The values for this indicator range 
from 223 mPt (anchovies in vinaigrette) to 800 mPt (salted anchovies). In this 
case, the best scenarios were fried anchovies dipped in flour, anchovies in 
vinaigrette and canned anchovies in olive oil. 

Table 3.2.8 shows the dimensionless indicator GPF per impact category. The 
reference values for the normalization were those corresponding to the 
reference scenario (i.e., anchovy fishing): 6.833 kg CO2 eq/kg protein for GWP, 
0.137 kg SO2 eq/kg protein for AP, 0.020 kg PO4-3 eq/kg protein for EP and 
829.6 mPt for SS. The production of fishmeal and its use in trout aquaculture 
in Peru presented the lowest GPF for GWP and AP; however, this same 
scenario presented the highest GPF according to the other two evaluated 
indicators, EP and SS. On the other hand, salted anchovies and canned 
anchovies in olive oil had the highest GPF based on GWP and AP, respectively. 

Table 3.2.8 Green Protein Footprint (GPF) dimensionless index per impact category 
for each anchovy products. 

 GREEN PROTEIN FOOTPRINT (GPF) 

 GWP AP EP SS 

Fishmeal 0.18 0.06 12.2 6.41 

Fried anchovies dipped in flour 1.52 1.20 1.73 1.45 

Rolled in batter anchovies 2.08 1.97 3.88 2.36 

Anchovies in vinaigrette 1.78 1.30 1.39 1.60 

Salted anchovies 3.17 1.76 4.55 5.13 

Canned anchovies in olive oil 2.58 2.12 2.04 2.61 

 

As mentioned in previous sections, the environmental impact linked to the 
production of packaging is the main hotspot of the anchovy supply chain. 
Therefore, the influence of the packaging material using the GPF indicator 
was analysed. The assessment was performed considering that the packing 
material of canned anchovies in olive oil could be aluminium, tinplate, glass 
and plastic. It should be highlighted that, as mentioned in the description of 
the system boundaries, packaging was recycled assuming recycling rates 
published by Bala et al. (2015). Table 3.2.9 collects the GPF per impact 
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category for each canned anchovy in olive oil product assessed. Moreover, 
the GPF of the canned anchovies in olive oil without packaging was also 
calculated in order to understand the influence of the packaging in the canned 
anchovy life cycle. The aluminium can presented the highest GPF values 
according to GWP and EP indicators, whereas the glass jar had the greatest 
GPF values to AP and SS. Plastic appears to be the best option because it 
shows the lowest value of GPF for all impact categories studied.  

In order to compare the results obtained in the sensitivity analysis with the 
other anchovy products, the GPF based on the SS indicator was selected. 
Figure 3.2.7 displays the GPF based on the SS indicator of each anchovy 
product compared with the canned anchovies in the olive oil scenario using 
different packaging materials. The scenario included within the dotted line 
represents the GPF of the canned anchovies in olive oil with and without 
packaging. The best scenarios were those in which the anchovy was less 
processed, i.e., fried anchovies dipped in flour, anchovies in vinaigrette and 
rolled in batter anchovies. The worst scenario was the production of fishmeal 
to use it in trout aquaculture. 

Table 3.2.9 Green Protein Footprint (GPF) per impact category for each packaging 
material. 

 GREEN PROTEIN FOOTPRINT 
(GPF) 

 GWP AP EP SS 

Canned anchovies in olive oil without 
packaging 

2.22 2.01 1.99 2.17 

Canned anchovies in olive oil in aluminum 
can 

2.58 2.12 2.04 2.61 

Canned anchovies in olive oil in tinplate can 2.56 2.10 2.03 2.51 

Canned anchovies in olive oil in glass jar 2.55 2.20 2.04 2.63 

Canned anchovies in olive oil in plastic tub 2.51 2.08 2.02 2.49 
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Figure 3.2.7 Green Protein Footprint (GPF) based on the Single Score (SS) indicator 
(ReCIPE) of each anchovy product and the different packaging materials for canned 

anchovies in olive oil. 

3.3 Remarks 

The environmental impact assessment linked to food production 
together with global chronic undernourishment make necessary the 
implementation of policies that promote food security and bioeconomy. This 
study combines two terms that are of vital importance to our global 
population: environmental impact and nutrition, developing a new food 
environmental sustainable index, the Green Protein Footprint (GPF). This 
index assesses and compares both the environmental impact of a food 
product under a life cycle thinking approach and its protein content provided 
to the consumer. In a framework of growing concern for food security, the 
GPF index can facilitate the decision-making process, introducing measures 
that will lead to increase environmental sustainability, as well as to reduce 
the environmental cost of food production systems. 

This work identified that more elaborated anchovy food products and more 
energy- and material-intensive packaging materials, presented higher GPF 
index. As a result, the GPF for fresh anchovy was up to 94% lower than for 
more processed methods -particularly 92.7% lower than for canned 
anchovies in olive oil, and 94.1% for salted anchovies. Products with minor 
processing stages showed environmental benefits, while food loss 
throughout the life cycle of the processes caused a decrease of the protein 
content. In addition, cooking methods of fresh anchovies showed relevant 
environmental and protein differences. On the other hand, the analysis of the 
packaging material denoted a decrease of the GPF when aluminium was 
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substituted by plastic. 

This methodology could be applied to other food products by means of a 
more comprehensive nutritional assessment. Supplementary findings from 
an overall nutritional framework could be useful to define future sustainable 
food strategies. 
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4.1 Framework 

The production of food that is environmentally friendly and presents a 
high economic return is one of the current concerns for the food industry. In 
this sense, eco-efficiency concept links the environmental performance of a 
product to its economic value.  

The diversification strategy and introduction of the Cantabria anchovy 
products into new green markets must be supported by a specific eco-
efficiency study. Previous sections have assessed the environmental impact 
of the anchovy canning sector in Cantabria and its diversification strategy and 
introduction in new green markets. Moreover, the valorisation of the anchovy 
residues rather than their disposal or incineration introduces in this sector the 
concept of circular economy. However, it is necessary to go a step further, 
developing a method for the joint computation of environmental and 
economic indicators in order to attain eco-efficiency benchmarks of the 
anchovy canning sector. 

In this context, the ISO 14045 (ISO, 2012) standard is expected to slowly start 
shifting the definition of eco-efficiency toward a life-cycle perspective. This 
approach requires that the environmental performance of a process or 
product should be directly related to its economic value. For instance, the Life 
Cycle Assessment (LCA) method (ISO, 2006a and 2006b) and Life Cycle Costing 
(LCC) were combined. LCC is a comprehensive decision-making tool for 
calculating the total cost, which is generated over the entire life cycle of 
products or processes (Yang et al. 2017). 



Environmental cost of the canned anchovy production 

162 

 

As a novelty, this chapter introduces linear programming (LP) to combine LCA 
and LCC methods to reach an eco-efficiency index (EEI) that attempts to 
quantify circular economy, beyond the usual theoretical and qualitative 
descriptions. The EEI aims at facilitating the decision-making process if 
polluting were penalized, exploring the lower and upper limits of the 
environmental damage penalty (EDP) that stakeholders would be willing to 
assume at the expense of producing more valuable products.  

4.2 Measuring the eco-efficiency for product innovation 

The proposed methodology combining LCA and LCC results allows 
identifying important relationships and trade-offs between the economic and 
environmental performance of the alternative scenarios, helping decision-
making.  

The LCC methodology was based on the approaches described by Hunkeler et 
al. (2008) and Swarr et al. (2011) and is congruent with the LCA methodology. 
Figure 4.2.1 represents the developed procedure based on five main steps: (i) 
identification of the different products/processes, (ii) definition of the goal 
and scope, (iii) collection of the extended life cycle inventory, (iv) 
environmental assessment and (v) economic assessment.  

To conduct this analysis, the reference unit (RU) defined was 1 kg of fresh 
anchovy captured in the fishing stage. This reference unit allows the 
assessment of the eco-efficiency process and facilitates the economic 
analysis. Moreover, it allows the eco-efficiency of the resource 
transformation to be assessed, that is, to determine the most sustainable use 
of fresh anchovy.  

Figure 4.2.2 displays the system boundaries and the six different scenarios 
analysed. The production system included the capture of the anchovy, the 
production of the different ingredients (raw materials), their transport to the 
canning factory located in Cantabria and the processing and packaging of the 
anchovies at the canning plant. Therefore, the analysis was performed from 
cradle to gate perspective. 
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Figure 4.2.1 Stages of the eco-efficiency method proposed in this study. 

As mentioned in Section 2.3, depending on the Cantabrian anchovy stock 
level, anchovies may be imported from other countries, such as Peru/Chile 
(Scenario 1) and Argentina (Scenario 2). Peruvian and Chilean anchovies are 
imported, ready to be filled with olive oil and packed in Cantabria. This means 
that anchovies arrive in Cantabria after the pre-treatment (beheading and 
curing) and transformation (scalding, cutting and filleting) steps. 

Argentinian anchovies are beheaded, cured (pre-treatment stage) and are 
transported to the Cantabrian canning plant, where the transformation, 
sauce filling and packing stages take place. Regarding Scenario 2, two 
alternatives were considered in order to manage the anchovy residues. In 
Scenarios 2a, anchovy residues were disposed of in a landfill, whereas in 
Scenario 2b the circular economy approach was introduced on the basis that 
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anchovy residues were being valorised into fishmeal to be used in trout 
(Oncorhynchus mykiss) aquaculture in the region. Scenario 1 only considered 
the valorisation considering that in Peru anchovy residues are never 
landfilled, but they are always processed into residual fishmeal (Fréon et al. 
2017). Similarly, in Scenario 2b the residual fishmeal was used in trout 
aquaculture. 

In Scenario 3, both anchovy fishing and the canning processes were carried 
out in Cantabria. This scenario evaluated two waste management 
alternatives, Scenario 3a in which anchovy residues were disposed in a landfill 
with biogas recovery, and Scenario 3b which considered incineration of 
anchovy residues. 

Scenario 4 introduces the circular economy approach with the valorisation of 
the anchovy residues. Heads and spines from the pre-treatment and 
transformation stages are sent to a reduction factory to produce fishmeal that 
will be used in aquaculture. Moreover, broken and rests of anchovies 
generated in the canning plant were reused in the elaboration of anchovy 
paste. It was considered that fishmeal from anchovy residues was used as 
feed in bass (Dicentrarchus labrax) aquaculture in the region.  

In terms of managing the residues, it was considered that landfilling 
(Scenarios 2 and 3) included biogas recovery and that the incinerator 
encompassed energy recovery (Scenario 3).  Moreover, the valorisation of the 
anchovy residues (Scenarios 1, 2b and 4) generated by-products (trout, bass 
and anchovy paste). Therefore, system expansion was applied as in the rest 
of the previous sections. In a similar way to LCA studies, multi-functionality is 
another important issue when carrying out LCC. For the LCA, this multi-
functionality was handled through system expansion, but in LCC, by-products 
with market value can simply translate into revenues for the producer. In fact, 
revenues from by-products may have a great influence on the viability of 
waste management activities (Escobar et al. 2015). Therefore, Scenario 3 
considers in the LCC the incomes from selling the energy from waste to the 
grid. Similarly, the revenues from the marketable products obtained from the 
valorisation of the anchovy residues (anchovy paste, trout and bass) in 
Scenarios 1, 2b and 4 were also considered. 
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Figure 4.2.2 Flow diagram of the different scenarios under study. System expansion 
and avoided burdens. 

The input and output flows of the different stages of the anchovy life cycle 
were collected from previous sections. Table 4.2.1 shows the mass of fresh 
anchovy entering the system in the different scenarios (1 kg of fresh anchovy) 
and the price of each of the anchovy species. The price for Cantabria 
represents the port auction price. The price of fish arriving from Argentina 
includes the auction price in Argentina, as well as the pre-treatment and 
transportation costs. Similarly, the price for Peru/Chile includes the auction 
price in Chile/Peru as well as the pre-treatment, transformation and 
transportation costs.  

Due to the lack of data to perform a life cycle inventory about the 
Argentinian fishery, some assumptions were made in order to estimate the 
environmental impact of this fishery. Global aggregated data from similar 
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purse seining fleets published by Parker and Tyedmers (2015) were used to 
set the data. Table 4.2.2 represents the aggregated life cycle inventory of 
canned anchovy processing which was collected from Laso et al. (2016, 2017a 
and 2017b). Tables 4.2.3 and 4.2.4 depict data on the production of fishmeal 
to feed bass from aquaculture. Regarding trout aquaculture, data were taken 
from Avadí el al. (2015).  

Table 4.2.1 Mass and the price of each of the anchovy species entering the system in 
the different scenarios. 

I/O Flow Unit For the 3 
origins 

Cantabria 
(€) 

Argentine 
(€) 

Chile/Peru 
(€/unit) 

O Fresh anchovy kg 1.00 3.50 2.80 1.75 

 

Cost data were obtained from the literature, market reports and the factory 
information. In particular, the Cantabrian anchovy auction price was taken 
from the Spanish Ministry of Industry, Tourism and Trade (MINECO, 2017), 
whereas data about other species of anchovy (Argentinian and 
Peruvian/Chilean) were provided by the factory. Oil prices came from the 
International Olive Oil Market (IOOM, 2016), Poolred (2017) and Indexmundi 
(2016), while commodity chemicals were obtained from chemical companies. 
Packaging prices were retrieved from LME (2017), Plastics Informat (2017) 
and LetsRecycle (2016). Waste management data were taken from 
Tecnoaqua (2016) and the European Topic Centre on Sustainable 
Consumption and Production (Gentil et al. 2014). Diesel and fuel oil were 
from Global Petrol Prices (2017) and Spanish Electricity costs were sourced 
from Eurostat (2016). Fish prices in Peru were obtained from the Peruvian 
Production Ministry (PRODUCE, 2017). One of the novel aspects of the 
current study is the economic analysis of the valorisation of anchovy residues. 
Life cycle costs for anchovy paste and fishmeal production were estimated 
using LCI data and costs previously described. The same procedure was 
followed for bass and trout aquaculture using fishmeal as feed. 

The selling price for bass was sourced from the Spanish Aquaculture Business 
Association (APROMAR, 2016) and for trout from the Peruvian Ministry of 
Production (PRODUCE, 2017). Anchovy related products were average market 
data. Regarding fish residues incineration, 85.7% of the electricity generated 
was assumed to be sold to the grid according to the organic waste 
incineration model developed by Margallo et al. (2014). 
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Table 4.2.2 Life cycle inventory of anchovy processing in canning plants. 

I/O Flows Unit Cantabria Argentine Chile/ 
Peru 

Price 
(€/unit) 

I Fresh anchovy kg 1.00 1.00 1.00 Table 1 
I Salt kg 0.55 0.55 0.55 0.03 
I Brine m3 5.67E-04 5.05E-04 5.05E-04 9.27E-03 
I Olive oil kg 0.30 0.18 0.19 3.60 
I Energy MJ 1.20 1.01 1.00 0.04 
I Water m3 5.21E-03 4.42E-03 4.42E-03 1.10 
I Aluminum kg 0.04 0.03 0.03 1.67 
I Cardboard box kg 0.05 0.04 0.04 0.13 

I Corrugated 
cardboard kg 0.02 0.02 0.02 0.13 

I Plastic (LDPE) kg 1.26E-03 6.24E-03 6.26E-03 1.82 
I Natural gas m3 1.50E-02 1.30E-02 1.30E-02 2.34E-04 

O Canned 
anchovy kg 0.31 0.26 0.26 - 

O Wastewater m3 5.21E-03 4.42E-03 4.42E-03 - 

O 
Anchovy 
residues (to 
fishmeal) 

kg 0.24 0.24 0.24 0.25 

O 
Anchovy 
residues (to 
anchovy paste) 

kg 0.04 0.02 0.02 0.11 

O Discards and 
losses kg 0.41 0.48 0.48 0.00 

 

It was also considered that the electricity sale price was equal to the purchase 
cost. Although the use of retail prices may lead to an overestimation of the 
VA, these prices consider qualitative aspects that are difficult to introduce in 
the functional unit, such as marketing and the social perception of a high 
quality product, as the canned anchovy is. In the Tables 4.2.1-4.2.4, the 
economic data are given per unit of measure. 

The LCIA was conducted with Gabi 6.0 (PE International, 2014) Software and 
using a mix of impact categories from different assessment methods, 
according to the recommendations of the Joint Research Centre (JRC) of the 
European Commission (ILCD, 2011; Hauschild et al. 2013). The environmental 
indicators included Global Warming Potential (GWP) (IPCC, 2013), 
Acidification Potential (AP) and Eutrophication Potential (EP) (CML-IA 
baseline method) (Guinée et al. 2001) and the ReCIPE Single Score (SS) 
(Huijbregts et al. 2017). The operational costs, incomes and value added (VA) 
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of each scenario were calculated through the computation of the detailed 
cost inventories, following the next methodological approach. 

Table 4.2.3 Life cycle inventory of fishmeal production (adapted from Fréon et al. 
2017). 

I/O Flows Unit  Price 
(€/unit) 

I Anchovy residues (heads and spines) kg 0.24 0.00 
I Antioxidants kg 2.50E-05 173 
I Sodium hydroxide kg 1.67E-04 10.50 
I Sodium chloride kg 1.45E-04 3.24 
I Copper wire kg 1.00E-06 5.40E-03 
I Electricity MJ 0.01 0.04 
I Diesel  MJ 0.59 1.34 
I Fishmeal bag kg 0.13 1.82 
O Fishmeal kg 0.05 0.25 
O Fish oil kg 9.80E-03 - 
O Suspended solids kg 1.88E-03 0.00 
O Oil and fat kg 1.07E-03 0.00 
O BOD5 kg 3.72E-03 0.00 

 

Table 4.2.4 Life cycle inventory of bass aquaculture (adapted from Jerbi et al. 2012; 
OPP, 2009). 

I/O Flows Unit  Price 
(€/unit) 

I Feed (fishmeal) kg 0.05 0.00 
I Electricity MJ 0.20 0.04 
I Sea water m3 0.85 0.00 
I Injected oxygen kg 0.04 0.13 
I Steal kg 2.24E-03 0.41 
O Bass kg 0.03 0.46 
O Solid nitrogen kg 6.00E-04 0.00 
O Dissolved nitrogen kg 3.00E-03 0.00 
O Solid phosphorus kg 4.30E-04 0.00 
O Dissolved phosphorus kg 1.48E-04 0.00 

 

The LCC of the anchovy canning industry was assessed from cradle to gate 
(LCCcradle to gate) according to Eq. [4.2.1]. 

LCCcradle to gate = CRM + CPP + CM + CP + CWT   [4.2.1] 

Where 𝐶𝐶𝑅𝑅𝑅𝑅 are the costs of raw materials (including fishery), 𝐶𝐶𝑃𝑃𝑃𝑃 are the costs 
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of pre-processing of raw materials, 𝐶𝐶𝑅𝑅 are the costs of anchovy processing 
and manufacturing, 𝐶𝐶𝑃𝑃 are the costs of primary and secondary packaging and 
𝐶𝐶𝑊𝑊𝑊𝑊 are the management costs of waste treatment. 

Furthermore, the VA is also estimated in this study according to Rivera and 
Azapagic (2016), which is defined as the difference between total incomes 
and costs of bought-in materials and services. It somehow describes the profit 
margin for each product for the manufacturers, providing an insight into the 
value to manufacturers and to society at large. It was estimated as follows: 

VA = WP − LCCcradle to gate     [4.2.2] 

Where WP is the wholesale price or price charge to trade buyers for the 
canned anchovies and sub-products of the system (anchovy paste, bass, and 
electricity) and LCCcradle to gate are the life cycle costs from cradle to gate. 
Owing to the lack of data, retail instead of wholesale prices are used. 

Based on the combination in each of the four environmental indicators and 
VA, the different scenarios were classified into three eco-efficient categories: 
“A”, “B” and “C”. As the methodology proposed to the GPF index, an “A” 
rating represents the most eco-efficient scenario, whereas “C” rating 
represents those with the lowest eco-efficiency. The reference value used to 
fix the segregation between these categories was the quartiles obtained from 
the totality of the sample. This methodology, based on the combination of 
environmental and economic impacts, has been used by Lorenzo-Toja et al. 
(2016) to define the eco-efficiency of a set of 22 wastewater treatment plants 
in Spain. However, as an economic indicator, Lorenzo-Toja and colleagues 
used the cost of treating 1 m3 of wastewater, whereas this study employed 
the VA, taking into account the costs as well as the incomes. 

In some scenarios, decision-making is subject to a certain level of uncertainty 
based on the weighting decisions considered to balance the environmental 
and the economic aspects. Therefore, it is necessary to introduce a 
methodological approach that facilitates the decision-making process. 
Consequently, in the current study a composite eco-efficiency index (i.e., the 
EEI methods) is proposed, in an attempt to enable the translation into 
economic terms of the environmental damage caused when a given 
alternative is chosen. 

Given a set of scenarios under study and the eco-efficiency results associated 
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to them, an aggregated EEI was developed. EEI is obtained by minimizing the 
weighted sum of economic (I1) and environmental (I2) impacts as follows: 

EEI = w1I1 − w2I2      [4.2.3] 

Where I1 is the VA and I2 is the ReCIPE single score indicator. Since I2 
represents the environmental damage in points (“Pt”), its sign is reversed 
with regard to I1. Hence, the larger the EEI score is, the more eco-efficient a 
scenario results. w1 is the weighting factor of I1, which is set to 1 so that EEI 
can be expressed in monetary units, thus reflecting the significant influence 
that the market price has on the production system. w2 is the environmental 
damage penalty (EDP) and reflects the environmental damage in economic 
terms (€/Pt) that stakeholders are willing to assume at the expense of 
producing more valuable products. Its meaning is similar to the CO2 emission 
allowances stated by the EU Emissions Trading System (EU ETS, 2003). 
However, our EDP describes the economic penalty that would be applied in 
the hypothetical situation where not only is CO2 considered to be the 
cornerstone of environmental policies, but also the environmental damage to 
human health, ecosystems and resource availability.  

The aim of this analysis is to identify, for each scenario s, the lower and upper 

limits of the weighting factors �𝑤𝑤𝑠𝑠,𝑡𝑡 ,𝑤𝑤𝑠𝑠,𝑡𝑡� attached to each impact category t 

such that if the weight attached to the category falls outside the interval, then 
the solution will be suboptimal (Cortés-Borda et al. 2013). The intervals were 
determined solving the LP equations: 

Model 1: minimising 𝑤𝑤𝑠𝑠   Model 2: maximising 𝑤𝑤𝑠𝑠 

𝑤𝑤𝑠𝑠,𝑡𝑡 = min𝑤𝑤𝑠𝑠  [4.2.4]  𝑤𝑤𝑠𝑠,𝑡𝑡 = max𝑤𝑤𝑠𝑠  [4.2.5] 

∑ ws ∙ Is,t ≥ ∑ ws ∙ Is,t´s        ∀t ≠ t′s     [4.2.6] 

wS
LO ≤ ws ≤ ws

UP      [4.2.7] 

Table 4.2.5 shows the contribution of cost stages such as the production of 
canned anchovies, anchovy paste, fishmeal, trout and bass. The analysis of 
the cost of the six scenarios under study showed that the scenarios in which 
the anchovy fishing was carried out in Cantabria presented the highest costs. 
This was due to the fact that the purse seining fleet in Cantabria used a higher 
amount of diesel than the purse seining fleet in Peru (340 and 15.6 g 
diesel/FU, respectively) (Laso et al. 2017c). This fact resulted in an increase in 



Chapter 4 

 

171 

 

the price of fresh anchovy (see Table 4.2.1). Moreover, Scenario 4 presented 
the highest total cost, owing to the sum of the costs of the anchovy residues 
valorisation. 

Despite the fact that the scenarios in which the anchovy was captured in 
Cantabria presented greater production costs, it should be taken into account 
that the high quality of the Cantabrian canned anchovies resulted in higher 
incomes in these scenarios (3a, 3b and 4). In addition to canned anchovy 
income, incomes from selling the recovered electricity in the landfill and 
incineration to the grid were also considered (Scenario 3a and 3b), as well as 
the incomes from anchovy paste, trout and bass. Therefore, the production 
of canned anchovy from Cantabria and the valorisation of the anchovy 
residues into marketable products (Scenario 4) presented the highest total 
income (24.77€/FU) versus Scenario 1 which presented the lowest income 
(9.25€/FU).  

Finally, making a balance between the total costs of production and the total 
income, the VA for each scenario was obtained. Scenario 4 had the highest 
VA (20.18€/FU) because, although it presented the greatest costs of 
production, it also had the highest total incomes. The valorisation of the 
anchovy residues increased the VA of the Scenario 4, but it is necessary to 
calculate the environmental impacts linked to the different scenarios under 
study to determine their eco-efficiency. 



 

 

 

Table 4.2.5 Economic balance of each scenario under study per FU. 

 Scenario 1 Scenario 2a Scenario 2b Scenario 3a Scenario 3b Scenario 4 
Costs (€) 
Canned anchovy 
production 1.84 3.08 3.08 4.56 4.56 4.55 

Anchovy paste 
production - - 1.40∙10-3 - - 3.77∙10-3 

Fishmeal production 0.02 - 0.02 - - 0.02 
Bass production - -  - - 0.01 
Trout production 3.85∙10-4  1.00∙10-3 - - - 
Total costs 1.86 3.08 3.11 4.56 4.56 4.59 
Incomes (€) 
Canned anchovy  9.14 12.40 12.40 23.30 23.30 23.30 
Anchovy paste - - 0.48 - - 1.28 
Bass - - 0.05 - - 0.19 
Trout 0.11  0.09    
Electricity to the grid - - - 1.18∙10-3 1.60∙10-3 - 
Total incomes 9.25 12.40 13.02 23.30 23.30 24.77 
Value added (€) 7.39 9.32 9.91 18.74 18.74 20.18 
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The different environmental impacts and the VA of each of the scenarios 
under study are represented in Figure 4.2.3. Results for GWP ranged from 
0.92 (Scenario 1) to 2.68 kg CO2 eq/FU (Scenario 3a). Scenario 4 presented 
excellent results for both GWP and the economic indicator, obtaining the “A” 
qualification. Interestingly, Scenario 4 was the scenario that applied circular 
economy as an economic and environmental strategy to valorise the anchovy 
residues and convert them into marketable products. The remaining 
scenarios were ranked with a “B” because some of them presented low GWP 
and low VA (Scenario 1) or vice versa, high VA accompanied with high GWP. 
Scenarios 1 and 2b also applied circular economy, but they did not obtained 
an “A” due to the fact that their VA was not high enough.  

 

Figure 4.2.3 Environmental impacts and value added (€) of each scenario under 
study. (a) Global Warming Potential; (b) Acidification Potential; (c) Eutrophication 

Potential; (d) ReCiPE Single Score. 

The trend in the other impact categories was similar to GWP. The values of 
AP ranged from 6.41∙10-3 (Scenario 1) to 3.34∙10-2 kg SO2 eq (Scenario 3a and 
3b). In this case, Scenarios 1 and 4 obtained the “A” qualification. However, 
Scenario 1 showed low VA because the canned anchovy product elaborated 
with Peruvian/Chilean anchovies was the cheapest among the different 
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products analysed. The values of EP varied between 3.53∙10-3 (Scenario 1) and 
8.48∙10-3 kg SO4-3 eq/FU (Scenario 2b). 

The final environmental indicator included for the benchmarking of the 
anchovy products was the single ReCiPE endpoint. The values for this 
indicator range from 9.79∙10-2 (Scenario 1) to 3.32∙10-1 Pt (Scenario 2b). In this 
case, Scenarios 1 and 4 also obtained the “A” qualification, whereas the rest 
of the scenarios were rated with a “B” qualification. Finally, with the 
environmental indicators considered, there was no scenario that presented a 
“C” rating. 

The methodology described, based on performance quartiles, permitted the 
extraction of a rating code for each of the environmental and economic 
indicators computed. The rating letters could be ordered based on the 
importance given to the selected environmental indicators in previous 
literature studies: i) GWP, ii) AP, iii) EP and iv) ReCIPE SS endpoint. Therefore, 
the rating method scales from “AAAA” to “CCCC”. Rating “C” represents the 
least efficient scenario, whereas rating “A” represents the most efficient one 
(see Figure 4.2.4). This method is highly dependent on the characteristics of 
the units contained in the sample because they will affect the quartiles and, 
ultimately, this fact will predetermine the placement of the scenarios in the 
different rating groups. However, it seems to be robust enough to guide 
priority measures to avoid food losses and promote sustainable policy to 
improve the eco-efficiency of food products. 

 

Figure 4.2.4 Eco-efficiency of the scenarios under study. 
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To estimate the aggregated EEI, as a first step, only landfill scenarios (2a and 
3a) were studied in order to assess the influence of the origin of the raw 
material (see Table 4.2.6). A Peruvian/Chilean landfilling scenario was not 
considered, since anchovy residues in Peru and Chile are mostly valorised. 
After solving the LP model for both 2a and 3a scenarios, it is obtained that 
Cantabrian anchovies would be the preferred option for hypothetical EDPs up 
to 65.99€/Pt, providing a maximum EEI of 18.74€. Penalties higher than 
65.99€/Pt would involve negative scores of EEI and, thus, none of the 
scenarios would be desirable. Consequently, assuming anchovy waste 
landfilling, Cantabrian anchovy would be the only product that stakeholders 
may be willing to offer if economic penalties related to environmental 
damage are applied. 

Secondly, valorisation scenarios (1, 2b, 3b, 4) were compared in order to 
assess the influence of applying circular economy principles. As observed in 
Table 4.2.6, scenarios 2b and 3b are suboptimal, since Scenario 4 showed 
better values than 2b and 3b in both indicators. The remaining alternatives 
are Pareto optimal and, thus, further reductions in the set of solutions are not 
possible. Consequently, when scenarios 1 and 4 are subjected to GAMS 
optimisation, the admissible EDP for Cantabrian scenario is extended from 0-
65.99€/Pt to 0-92.15€/Pt, providing a maximum EEI of 20.18€. This reflects 
that stakeholders may be willing to valorise anchovy residues when the VA 
and the eco-efficiency of the product is increased. As previously suggested, 
higher penalties of 92.15€/Pt are not possible for any scenario, since they 
would not be profitable. Hence, the Cantabrian scenario is again the optimal 
solution and thus the preferred alternative. 

This study is focused on the producer´s point of view, since the system 
boundaries covers a cradle to gate perspective. Moreover, this is a semi 
quantitative study, in which 100% of the environmental cost is allocated to 
the producer. Consequently, the Cantabrian valorisation scenario results the 
most eco-efficient one, demonstrating the environmental and economic 
improvements of applying circular economy. 

Consumers are not aware of the fact that Scenario 4 is the best performer in 
terms of eco-efficiency and they buy the cheapest product. Therefore, it is 
important to enhance the communication with consumers by means of 
awareness campaigns or ecolabels. 
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Table 4.2.6 Sets of results for single score (SS) and value added (VA) for the scenarios 
under study. 2a: Argentine landfilling; 3a: Cantabria landfilling; 1: Chile/Peru 

valorisation; 2b: Argentine valorisation; 3b: Cantabria incineration; 4: Cantabria 

Scenario SS (Pt) VA (€) 
2a 0.22 9.32 
3a 0.28 18.74 
1 0.09 7.39 
2b 0.33 9.91 
3b 0.26 18.74 
4 0.21 20.18 

 

4.3 Remarks 

One of the main challenges of moving towards sustainable production 
and consumption is to find out which options are the most sustainable in both 
environmental and economic terms. Balancing both variables simultaneously 
is necessary to guarantee the competitive development of products and 
services. 

This study combines LCA and LCC to propose a two-step eco-efficiency 
methodology assessment for the anchovy canning sector in Cantabria. This 
methodology is based on the environmental impacts and the VA of different 
canned anchovy products. Therefore, in addition to the production costs, it is 
important to consider the income from the market value of the products 
obtained, such as canned anchovies, anchovy paste and bass. 

A first approach is addressed by developing an eco-label rating system to 
classify food products in a clear manner to stakeholders. Secondly, linear 
programming tools are used to define a composite eco-efficiency index 
integrated by both environmental and economic indicators. This 
methodology enables the translation into economic terms of the 
environmental damage caused by the manufacture of a specific product.  

LCC analysis shows that the Cantabrian canned anchovies resulted in higher 
income in this scenario. Results demonstrate that the introduction of circular 
economy principles in the management of the anchovy residues improve the 
eco-efficiency of the anchovy canning industry. However, intensive consumer 
awareness campaigns are needed in order to get these consumers to 
purchase more eco-efficient food products, even at higher costs. This 
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approach can be applied to other regions and industrial sectors, helping in 
terms of generating more deliberate, thoughtful decisions, and increasing the 
chances to choose the most satisfying alternative possible. 
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This Thesis represents an attempt to highlight, from a life cycle 
perspective, the environmental hotspots, methodological issues and practical 
guidelines for the anchovy canning sector in Cantabria Region.  These insights 
intent build a valid support tool for canned anchovy stakeholders when 
developing eco-innovation strategies. 

As already mentioned in the introduction, the Thesis was articulated in five 
chapters. The central chapters are the scientific basis with which the specific 
methodological issues are them identified together with all the hotspots of 
the canned anchovy supply chain.  

Related to the hotspots and the eco-innovation strategies for the canned 
anchovy supply chain, we have identified as main contributors the 
consumption of diesel by the purse seining vessels, as well as the raw 
materials required for their construction and maintenance. In the anchovy 
manufacturing, the energy employed in the canning process and the 
packaging step showed the highest impact.  

i. The environmental impacts of the anchovy fishing were driven by the 
use of diesel. In fact, the fuel use intensity values appear to be in the 
upper range for the small pelagic species. Moreover, the average 
efficiency of the Cantabrian purse seining fleet ranged between 
30.8-33.3%. These efficiency values were influenced by the selection 
of differentiated environmental damage perspectives (individualist, 
hierarchist and egalitarian). According to this, it is recommended 
that future LCA+DEA studies that aims at computing environmental 
impact benchmark targets through resource use minimization 
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should enhance the relevance of their results by providing deeper 
sensitivity analysis. Output selection in the DEA matrices, linked to 
cultural theories or other assumptions, may just be one example of 
numerous parameters that are prone to interpretation from a 
numerical perspective. 

ii. The product diversification existing in the Cantabrian canned 
anchovy industry due to the combination of three variables (anchovy 
origin, type of oil and packaging) was analysed. LCA results indicated 
that anchovies from Argentine, Chile and Peru generated 
approximately 10% more residues and presented a higher global 
warming potential than Cantabrian anchovies. In addition, the use of 
sunflower oil increased the consumption of natural resources and 
the environmental burdens. 

iii. As far as the packaging phase is concerned, its impacts depend on 
the materials and the end of life treatment options used, whilst 
transportation can have a high impact. Some of the eco-innovation 
measures proposed were the recycling of the aluminium cans and 
the substitution of this material by glass, plastic and recycled 
aluminium. These results highlight the need to develop packaging 
eco-design strategies. 

iv. In order to go towards circular economy, different alternatives for 
the management of anchovy residues (landfilling, incineration and 
valorisation) were evaluated and compared. Waste valorisation was 
the most environmentally friendly option, improving the 
environmental and increasing the economic benefits of anchovy 
canning plants, providing economic value to food waste.  

In the light of these conclusions, there are some stages of the canned anchovy 
life cycle, such as the anchovy fishing and the packaging, that should be 
improve to enhance the sustainability of the product. In this sense, it is 
important to encourage to stakeholders to find greener packaging and to 
introduce the circular economy approach in their processes. Additionally, the 
use of eco-labels, such as EPDs, to communicate this information to 
consumers is also a key factor. 

Furthermore, from a methodological point of view, we have introduced three 
procedures that will contribute to simplify the decision-making process. 
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i. A new procedure that combines LCA and Linear Programming (LP) to 
determine an aggregated sustainability index was developed. The 
natural resources sustainability (NRS) and the environmental 
burdens sustainability (EBS) can be grouped into a single index so-
called Environmental Sustainability Index (ESI). Optimisation was 
used to estimate the weighting factors that lead to the ESI index, 
which was used to evaluated different scenarios of the anchovy 
canning sector. The novelty of this procedure lies in obtaining a 
composite environmental index as decision-support tool without 
pre-articulation of preferences. This new usable and understandable 
tool simplifies the decision-making process in the eco-design of food 
products. 

ii. A new environmental sustainability index, so-called Green Protein 
Footprint (GPF), was defined. GPF is based on food security, 
combining the environmental impact and nutritional content of food 
products. The application to different anchovy products (fishmeal, 
fresh, salted and canned) denote that more elaborated, multi-
ingredient food products (salted and canned products), present 
higher GPF values due to higher environmental impacts. Products 
with minor processing stages show environmental benefits, while 
food loss throughout the life cycle of the processes cause a decrease 
of the protein content. This methodology could be applied to other 
food products by means of a more comprehensive nutritional 
assessment. Supplementary findings from an overall nutritional 
framework could be useful to define future sustainable food 
strategies. 

iii. A two-step methodology based on the environmental impacts and 
the value added of different canned anchovy products have been 
developed. LCA and life cycle costing (LCC) were joined to determine 
the eco-efficiency of the anchovy canning process. A first approach 
develops an eco-label rating system to classify food products in a 
clean manner to stakeholders. Secondly, LP tools are used to define 
a composite eco-efficiency index integrated by both environmental 
and economic indicators. The quality and the high value added of the 
product, as well as the introduction of the circular economy 
approach in the management of the anchovy residues, improve the 
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eco-efficiency of the Cantabrian anchovy canning industry. 

In this framework, strongly influenced by environmental and economic 
factors, this Thesis represents a tool, that allows an objective and robust 
analysis, which contributes to the decision making on canned anchovy 
industry. 

Under a life cycle approach, the future of the Cantabrian canned anchovy 
industry requires a strategic plan in which decision-making process should 
participate the production sector and authorities. 

In a general Cantabria Food Industry context, research and development may 
be reinforced, in collaboration with industry and knowledge centres, playing 
a leading role and accompanying the food industry future. 
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Esta Tesis representa un intento de resaltar, desde una perspectiva de 
ciclo de vida, los puntos críticos ambientales, las cuestiones metodológicas y 
las directrices prácticas para el sector conservero de anchoa de Cantabria. A 
través de estas ideas se intentan construir una herramienta de apoyo para el 
desarrollo de estrategias de eco-innovación. 

Como ya se mencionó en la introducción, la Tesis se articuló en cinco 
capítulos. Los capítulos centrales son la base científica con la que se 
identifican los problemas metodológicos y los hotspost ambientales de la 
cadena de suministro de las anchoas en conserva. 

En relación con los hotspots y las estrategias de eco-innovación, se ha 
identificado como principal fuente de impacto ambiental el consumo de 
diésel de los barcos de cerco, así como las materias primas necesarias para su 
construcción y mantenimiento. En la etapa de fabricación de anchoas en 
conserva, la energía empleada en el proceso de conserva y el envasado 
presentaron el mayor impacto ambiental.  

i. Los impactos ambientales de la pesca de la anchoa fueron debidos 
fundamentalmente al consumo de diésel. De hecho, los valores de 
intensidad de uso de combustible parecen estar en el rango superior 
para las especies pelágicas pequeñas. Además, la eficiencia media de 
la flota de cerco de Cantabria varía entre el 30,8 y el 33,3%. Estos 
valores de eficiencia se vieron influenciados por la selección de 
perspectivas de daños ambientales diferenciados (individualista, 
jerárquico e igualitario). De acuerdo con esto, se recomienda que los 
futuros estudios de ACV+DEA deberían tener en cuenta los objetivos 
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de referencia de impacto ambiental a través de la minimización del 
uso de los recursos, lo que mejoraría la relevancia de los resultados 
al proporcionar un análisis de sensibilidad más profundo. La 
selección de salida en las matrices DEA, vinculada a teorías culturales 
u otras suposiciones, puede ser solo un ejemplo de numerosos 
parámetros que son propensos a la interpretación desde una 
perspectiva numérica. 

ii. Se analizó la diversificación de productos existente en la industria de 
la anchoa en conserva de Cantabria debido a la combinación de tres 
variables (origen de la anchoa, tipo de aceite y envase). Los 
resultados de ACV indican que las anchoas de Argentina, Chile y Perú 
generaron aproximadamente un 10% más de residuos y presentaron 
un mayor potencial de calentamiento global que las anchoas del 
Cantábrico. Además, el uso de aceite de girasol aumentó el consumo 
de recursos naturales y las cargas ambientales. 

iii. En lo que respecta a la fase de envasado, sus impactos dependen de 
los materiales y las opciones de tratamiento al final de la vida útil, 
mientras que el transporte también puede tener un gran impacto. 
Algunas de las medidas de eco-innovación propuestas fueron el 
reciclaje de las latas de aluminio y la sustitución de este material por 
vidrio, plástico y aluminio reciclado. Estos resultados resaltan la 
necesidad de desarrollar estrategias de ecodiseño de envases. 

iv. En un intento de aplicar los principios de la economía circular, se 
evaluaron y compararon diferentes alternativas de gestión de 
residuos de anchoa (vertido, incineración y valorización). La 
valorización de los residuos fue la opción más respetuosa con el 
medio ambiente, aumentando a su vez los beneficios económicos de 
las plantas conserveras y proporcionando valor añadido a los 
residuos de alimentos. 

A la luz de estas conclusiones, hay algunas etapas del ciclo de vida de la 
anchoa en conserva, como la pesca de la anchoa y el envasado, que deberían 
mejorarse para mejorar la sostenibilidad del producto.  

En este sentido, es importante alentar a las partes interesadas a encontrar un 
envase más ecológico e introducir el enfoque de economía circular en sus 
procesos. Además, el uso de etiquetas ecológicas, como las Declaraciones 
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Ambientales de Producto (EDP), también es un factor clave para comunicar 
esta información a los consumidores. 

Además, desde un punto de vista metodológico, hemos introducido tres 
procedimientos que contribuirán a simplificar el proceso de toma de 
decisiones. 

i. Se desarrolló un nuevo procedimiento que combina el ACV y la 
Programación Lineal (PL) para determinar un índice de sostenibilidad 
agregado. La sostenibilidad de los recursos naturales (NRS) y la 
sostenibilidad de las cargas ambientales (EBS) se pueden agrupar en 
un solo índice denominado Índice de Sostenibilidad Ambiental (ESI). 
Mediante técnicas de optimización se estimaron los factores de 
ponderación que conducen al índice agregado ESI, el cual se validó 
por medio de su aplicación a diferentes escenarios del sector 
conservero de anchoa. La novedad de este procedimiento radica en 
obtener un índice ambiental como herramienta de apoyo a la 
decisión sin pre-articulación de preferencias. Esta nueva 
herramienta útil y comprensible simplifica el proceso de toma de 
decisiones para el ecodiseño de alimentos. 

ii. Se definió un nuevo índice de sostenibilidad ambiental, llamado 
Huella de Proteína Verde (GPF, Green Protein Footprint). GPF se basa 
en el concepto de seguridad alimentaria, combinando el impacto 
ambiental y el contenido nutricional de los alimentos. La aplicación 
a diferentes productos obtenidos a partir de la anchoa (harina de 
pescado, anchoa fresca, anchoa en salazón y anchoa en conserva) 
denota que los alimentos más elaborados y con varios ingredientes 
(productos salados y en conserva) presentan valores más altos de 
GPF debido a los mayores impactos ambientales. Los productos con 
etapas de procesamiento menores muestran beneficios 
ambientales, a la vez que la pérdida de alimentos a lo largo del ciclo 
de vida de los procesos causa una disminución del contenido de 
proteínas. Esta metodología podría aplicarse a otros alimentos por 
medio de una evaluación nutricional más completa. Los hallazgos 
complementarios en un marco nutricional general podrían ser útiles 
para definir futuras estrategias alimentarias sostenibles. 

iii. Se ha desarrollado una metodología de dos etapas basada en los 
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impactos ambientales y el valor económico añadido de diferentes 
productos de anchoa en conserva. El ACV y el Análisis del Coste del 
Ciclo  de Vida (LCC, Life Cycle Costing) se combinaron para calcular la 
eco-eficiencia del proceso de conserva de anchoa. Un primer 
enfoque desarrolla un sistema de eco-etiquetado para clasificar los 
productos alimenticios de cara a una comunicación ambiental a las 
partes interesadas. En segundo lugar, las herramientas PL se utilizan 
para definir un índice compuesto de eco-eficiencia integrado por 
indicadores ambientales y económicos. La calidad y el alto valor 
agregado del producto, así como la introducción del enfoque de 
economía circular a la gestión de residuos de anchoa, mejoran la 
eco-eficiencia de la industria conservera de anchoa de Cantabria. 

En este marco, fuertemente influenciado por factores ambientales y 
económicos, esta Tesis se presenta como una herramienta que permite un 
análisis objetivo y robusto, lo que contribuye a la toma de decisiones en la 
industria conservera de la anchoa. 

Bajo un enfoque de ciclo de vida, el futuro de la industria de la anchoa en 
conserva de Cantabria requiere un plan estratégico en cuyo proceso de toma 
de decisiones debe participar tanto el sector productivo como las 
Administraciones públicas. 

En un contexto general de la industria alimentaria de Cantabria, la 
investigación y el desarrollo pueden reforzarse, en colaboración con la 
industria y los centros de conocimiento, desempeñando un papel de liderazgo 
y acompañando el futuro de la industria alimentaria. 
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Despite the achievement described in the Thesis, there are still new 
challenges ahead that must be overcome to improve the present research: 

i. Assessment of the social aspect of the Cantabrian anchovy canning 
industry in order to provide the decision making process with the 
three pillars of sustainable development. Since anchovy is imported 
from other countries, it would be interesting to analyse how this fact 
could affect to the social, environmental and economic profile. 

ii. Application of the LCA results and eco innovation strategies to obtain 
an eco-label that will foster the introduction of the product in 
greener markets. The development of a BREF document based on 
these insights would improve the current management practices and 
the environmental behaviour of the industrial sector.  

iii. Develop a new approach to assess different waste management 
alternatives based on the nexus between water, energy, food and 
climate systems. The relationships and trade-offs between these 
four systems are so-called Water-Energy-Food-Climate Nexus 
(WEFCN). Usually, studies evaluate the nexus between two 
resources, most notably energy and water, however, due to the 
growing concerns for food security, it could be interesting to include 
the food system. 

 

 

 



General remarks and on-going research 

192 

 

 

A pesar de los avances logrados en esta Tesis, hay nuevos retos que 
deben superarse para mejorar la presente investigación: 

i. Evaluación de los aspectos sociales asociados a la industria 
conservera de la anchoa cántabra con el fin de facilitar el 
proceso de toma de decisiones teniendo en cuenta los tres 
pilares del desarrollo sostenible. Dado que la anchoa es 
importada de otros países, sería interesante analizar cómo 
este hecho podría afectar al perfil social, ambiental y 
económico. 

ii. Aplicación de los resultados de ACV y estrategias de 
innovación para obtener una eco-etiqueta que facilitará la 
introducción del producto en “mercados verdes”. El 
desarrollo de un documento BREF basado en estas premisas 
podría mejorar las prácticas actuales de gestión y el 
comportamiento ambiental del sector industrial.  

iii. Desarrollo de un nuevo enfoque basado en el nexo entre los 
sistemas agua, energía, alimento y clima para evaluar 
diferentes alternativas de gestión. Las relaciones y equilibrios 
entre estos cuatro sistemas se denomina el nexo Agua-
Energía-Alimento-Clima. Normalmente, los estudios evalúan 
el nexo entre dos recursos, principalmente energía y agua, sin 
embargo, debido al aumento de la preocupación por la 
seguridad alimentaria, podría ser interesante incluir el 
sistema alimento. 
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Contents: 

Section A1.1 - Relative contribution to impact categories of the anchovy 
purse seining fishery 

• Figure A1.1 Relative contribution to environmental impacts 
associated with the Cantabrian purse seining anchovy fishery. 

Section A1.2 – Statistical analysis 

• Figure A1.2 Histogram of GWP of the entire sample. 

• Figure A1.3 Histogram of two groups: cut-off point at 1.46 kg CO2 
equivalent. 

• Figure A1.4 Histogram of two groups: cut-off point at 1.50 kg CO2 
equivalent. 

• Table A1.1 Results from statistical tests. 

Section A1.3 - Characteristics of the species captured by the Cantabrian 
purse seining fleet 

• Table A1.2 Edible meat  and protein content of the species captured 
by the Cantabrian purse seining fleet (Peter Tyedmers, personal 
communication). 

• Table A1.3 Trophic level (TL) of the species captured by the 
Cantabrian purse seining fleet. 
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Section A1.4 - Efficiency scores (ϕ) and target reduction (%) scores of the 
DEA matrices. 

• Table A1.4 Efficiency scores (ϕ) and target reduction scores (%) for 
the Egalitarian endpoint perspective. 

• Table A1.5 Efficiency scores (ϕ) and target reduction scores (%) for 
the Hierarchist endpoint perspective. 

• Table A1.6 Efficiency scores (ϕ) and target reduction scores (%) for 
the Individualist endpoint perspective. 
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Section A1.1 - Relative contribution to impact categories of the anchovy 
purse seining fishery 

 

Figure A1.1 Relative contribution to environmental impacts associated with the 
Cantabrian purse seining anchovy fishery. GWP: global warming potential; AP: 
acidification potential; EU: eutrophication; WD: water depletion; MD: metal 
depletion; FD: fossil depletion; POF: photochemical ozone formation; PMF: 

particulate matter formation; HTc: human toxicity, cancer; HTnc: human toxicity, non-
cancer; FEP: freshwater ecotoxicity potential. 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary material of Chapter 2 

198 

 

Section A1.2 – Statistical analysis 

 

Figure A1.2 Histogram of GWP of the entire sample. 

 

Figure A1.3 Histogram of two groups: cut-off point at 1.46 kg CO2 equivalent. 
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Figure A1.2 Histogram of two groups: cut-off point at 1.50 kg CO2 equivalent. 

 

Table A1.1 Results from statistical tests. 

 p-values 
Shapiro-Wilk test (Group 1) 0.09213 
Shapiro-Wilk test (Group 2) 0.05141 
Levene test 0.0218 
ANOVA test  0.0001242 
U Mann-Whitney test 0.0001341 
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Section A1.3 - Characteristics of the species captured by the Cantabrian 
purse seining fleet. 

Table A1.2 Edible meat and protein content of the species captured by the 
Cantabrian purse seining fleet (Peter Tyedmers, personal communication). 

Specie Edible meat content (%) Protein content (%) 
Engraulis encrasicolus 62 21 
Sardina pilchardus 62 20 
Scomber scombrus 61 20 
Trachurus trachurus 52 20 
Thunnus alalunga 64 22 

 

Table A1.3 Trophic level (TL) of the species captured by the Cantabrian purse seining 
fleet (Fish Base). 

Specie Trophic level (TL) ±SD 
Engraulis encrasicolus 3.1 ±0.45 
Sardina pilchardus 3.1 ±0.10 
Scomber scombrus 3.6 ±0.20 
Trachurus trachurus 3.7 ±0.00 
Thunnus alalunga 4.3 ±0.20 
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Section A1.4 - Efficiency scores (ϕ) and target reduction (%) scores of the 
DEA matrices. 

Table A1.4 Efficiency scores (ϕ) and target reduction scores (%) for the Egalitarian 
endpoint perspective. 

DMU 

Target reduction scores 
Efficiency 

( 𝛟𝛟) 
Fuel 

consumption 
(%) 

Construction 
phase 

(%) 

Use 
phase 

(%) 

Maintenance 
phase 

(%) 
1 60.48 80.23 88.77 79.81 0.23 
2 26.15 76.88 83.76 71.93 0.35 
3 72.79 88.94 92.74 88.24 0.14 
4 54.07 80.37 88.61 81.86 0.24 
5 69.53 88.22 92.03 88.06 0.16 
6 58.79 82.41 88.24 81.15 0.22 
7 56.25 78.84 87.28 75.33 0.26 
8 45.72 71.85 83.63 74.91 0.31 
9 0.00 0.00 0.00 0.00 1.00 
10 94.81 95.17 98.03 94.04 0.04 
11 40.09 20.31 69.43 44.13 0.57 
12 62.36 73.40 76.14 67.70 0.30 
13 57.65 77.38 84.92 73.11 0.27 
14 71.83 88.35 90.78 88.83 0.15 
15 40.07 72.84 74.55 68.05 0.36 
16 0.00 0.00 0.00 0.00 1.00 
17 15.96 76.40 71.88 65.63 0.43 
18 67.54 71.03 84.49 74.04 0.26 
19 43.96 75.63 75.56 74.18 0.33 
20 81.43 80.22 93.16 86.20 0.15 
21 30.97 69.71 79.61 64.36 0.39 
22 39.09 79.91 82.53 77.49 0.30 
23 0.00 0.00 0.00 0.00 1.00 
24 87.57 90.14 93.43 89.00 0.10 
25 76.28 80.23 90.14 81.41 0.18 
26 83.39 85.17 93.56 88.56 0.12 
27 82.52 88.21 93.56 88.65 0.12 
28 56.08 74.62 83.93 79.22 0.27 
29 15.60 58.48 58.37 49.42 0.55 
30 52.44 69.65 80.81 72.21 0.31 
31 0.00 84.20 81.11 77.62 0.39 
32 59.91 85.94 89.66 90.17 0.19 
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Table A1.5 Efficiency scores (ϕ) and target reduction scores (%) for the Hierarchist 
endpoint perspective. 

DMU 

Target reduction scores 
Efficiency 

( 𝛟𝛟) 
Fuel 

consumption  
(%) 

Construction 
phase  

(%) 

Use 
phase 

(%) 

Maintenance 
phase  

(%) 
1 50.84 76.92 73.96 69.38 0.32 

2 13.63 74.38 54.97 64.96 0.48 
3 52.60 81.49 76.59 78.77 0.28 
4 49.44 79.66 76.28 75.50 0.30 
5 54.76 83.06 78.83 82.44 0.25 
6 49.31 79.29 72.97 76.19 0.31 
7 54.99 79.49 76.45 69.72 0.30 
8 52.60 76.62 73.60 73.99 0.31 
9 29.92 64.27 63.02 66.50 0.44 
10 74.62 77.88 85.34 67.02 0.24 
11 82.34 78.10 87.88 78.55 0.18 
12 69.41 78.78 71.49 77.49 0.26 
13 48.19 73.62 71.32 66.53 0.35 
14 13.96 65.66 45.17 64.30 0.53 
15 62.36 83.52 72.34 80.45 0.25 
16 69.40 90.87 84.03 89.41 0.17 
17 78.24 94.16 89.16 91.55 0.12 
18 73.42 77.80 79.78 71.82 0.24 
19 75.20 89.64 83.03 88.05 0.16 
20 0.00 0.00 0.00 0.00 1.00 
21 45.95 77.54 69.40 69.82 0.34 
22 45.64 82.86 69.95 79.38 0.31 
23 0.00 0.00 0.00 0.00 1.00 
24 67.07 75.06 71.71 65.39 0.30 
25 87.60 90.11 93.04 87.95 0.10 
26 54.58 61.06 67.07 59.77 0.39 
27 60.27 74.46 73.95 66.73 0.31 
28 74.86 85.96 85.68 85.80 0.17 
29 78.35 89.83 84.07 85.10 0.16 
30 68.95 80.85 79.29 79.38 0.23 
31 35.17 93.56 83.82 91.54 0.24 
32 58.48 86.20 80.90 87.09 0.22 
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Table A1.6 Efficiency scores (ϕ) and target reduction scores (%) for the Individualist 
endpoint perspective. 

DMU 

Target reduction scores 
Efficiency 

( 𝛟𝛟) 
Fuel 

Consumption 
(%) 

Construction 
phase 

(%) 

Use 
phase 

(%) 

Maintenance 
phase 

(%) 
1 55.11 79.27 75.76 71.63 0.30 
2 21.15 76.43 58.67 66.82 0.44 
3 56.78 82.25 78.17 79.77 0.26 
4 53.94 81.53 77.98 77.35 0.27 
5 58.79 83.16 80.34 83.13 0.24 
6 53.72 80.09 74.89 77.24 0.29 
7 58.91 81.78 78.08 71.91 0.27 
8 56.70 78.19 75.41 75.71 0.29 
9 36.09 66.74 65.86 69.25 0.41 
10 75.58 79.10 85.51 67.45 0.23 
11 82.67 78.21 87.71 78.80 0.18 
12 70.37 76.87 71.64 76.54 0.26 
13 52.17 74.85 72.84 67.66 0.33 
14 17.39 64.57 46.47 64.17 0.52 
15 62.59 82.65 71.78 79.51 0.26 
16 69.24 90.57 83.41 89.02 0.17 
17 78.26 94.05 88.82 91.10 0.12 
18 73.45 78.51 79.20 71.87 0.24 
19 74.64 88.89 82.09 87.25 0.17 
20 0.00 0.00 0.00 0.00 1.00 
21 50.54 79.28 71.41 71.41 0.32 
22 50.29 83.66 71.91 80.27 0.28 
23 0.00 0.00 0.00 0.00 1.00 
24 70.55 78.04 74.04 68.49 0.27 
25 88.28 90.70 93.19 88.47 0.10 
26 55.16 61.09 66.87 59.95 0.39 
27 61.13 75.64 73.96 67.32 0.30 
28 76.22 86.18 86.06 86.27 0.16 
29 80.17 90.84 84.91 86.03 0.15 
30 68.96 80.04 78.75 78.76 0.23 
31 42.01 93.95 85.30 91.93 0.22 
32 64.00 87.62 82.94 88.67 0.19 
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Contents: 

Section A2.1 – Equations of the environmental indicators used in the GPF 
methodology. 
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Section A2.1 – Equations of the environmental indicators used in the GPF 
methodology. 

GWP (kg CO2eq) =  ∑ Substancei(kg) ∙ EFi �
kg CO2eq

kg substancei
�i=i

i=1   [A2.1] 

AP (kg SO2eq) =  ∑ Substancei(kg) ∙ EFi �
kg SO2eq

kg substancei
�i=i

i=1   [A2.2] 

EP (kg PO4
−3eq) =  ∑ Substancei(kg) ∙ EFi �

kg PO4−3eq
kg substancei

�i=i
i=1   [A2.3] 

Where GWP was Global Warming Potential; AP was Acidification Potential; EP 
was Eutrophication Potential; i represented each substance considered in the 
impact categories and EF was the emission factor of each substance i. 

Moreover, a single score that computed 18 different impact categories was 
also calculated according the Equations A8.S4-A8.S8. 

𝐼𝐼𝐼𝐼𝑤𝑤 = ∑ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖(𝑘𝑘𝑘𝑘) ∙ 𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖=𝑖𝑖
𝑖𝑖=1      [A2.4] 

Where 𝐼𝐼𝐼𝐼𝑤𝑤 represented each of w impact categories considered in the single 
score indicator. Then, the w impact categories were characterized in three 
groups (Equations A8.S5-A8.S7). 

𝐻𝐻𝑆𝑆𝐻𝐻𝑆𝑆𝑆𝑆 𝐻𝐻𝑆𝑆𝑆𝑆𝐻𝐻𝑆𝑆ℎ (𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷) = ∑ 𝐼𝐼𝐼𝐼𝑤𝑤 ∙ 𝐷𝐷𝐸𝐸𝑤𝑤(𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷)⁄𝑤𝑤=6
𝑤𝑤=1   [A2.5] 

𝐸𝐸𝑆𝑆𝐸𝐸𝑆𝑆𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝐻𝐻𝑆𝑆 (𝑆𝑆𝑠𝑠𝑆𝑆𝑆𝑆𝑠𝑠𝑆𝑆𝑆𝑆 ∙ 𝐸𝐸𝑆𝑆𝑆𝑆𝑦𝑦) = ∑ 𝐼𝐼𝐼𝐼𝑤𝑤 ∙ 𝐷𝐷𝐸𝐸𝑤𝑤 �
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠∙𝑦𝑦𝑠𝑠𝑦𝑦𝑦𝑦
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠∙𝑦𝑦𝑠𝑠𝑦𝑦𝑦𝑦

�𝑤𝑤=9
𝑤𝑤=1   [A2.6] 

𝑅𝑅𝑆𝑆𝑆𝑆𝐸𝐸𝑆𝑆𝑦𝑦𝑆𝑆𝑆𝑆𝑆𝑆 ($) = ∑ 𝐼𝐼𝐼𝐼𝑤𝑤 ∙ 𝐷𝐷𝐸𝐸𝑤𝑤($ $)⁄𝑤𝑤=3
𝑤𝑤=1     [A2.7] 

Where 𝐷𝐷𝐸𝐸𝑤𝑤 represented a damage factor of each w impact categories. 

𝑆𝑆𝑆𝑆(𝐻𝐻𝑚𝑚𝑆𝑆) = 𝑊𝑊𝐸𝐸𝐻𝐻𝐻𝐻 �
𝐻𝐻𝐻𝐻𝐻𝐻𝑦𝑦𝐻𝐻 𝐻𝐻𝑠𝑠𝑦𝑦𝐻𝐻𝐻𝐻ℎ

𝑁𝑁𝑁𝑁𝐻𝐻𝐻𝐻
� + 𝑊𝑊𝐸𝐸𝐸𝐸 �

𝐸𝐸𝑠𝑠𝐸𝐸𝑠𝑠𝑦𝑦𝑠𝑠𝐻𝐻𝑠𝑠𝐻𝐻
𝑁𝑁𝑁𝑁𝐸𝐸

� + 𝑊𝑊𝐸𝐸𝑅𝑅 �
𝑅𝑅𝑠𝑠𝑠𝑠𝐸𝐸𝐻𝐻𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠

𝑁𝑁𝑁𝑁𝑅𝑅
� [A2.8] 

Where SS was the Single Score indicator: 𝑊𝑊𝐸𝐸𝐻𝐻𝐻𝐻, 𝑊𝑊𝐸𝐸𝐸𝐸  and 𝑊𝑊𝐸𝐸𝑅𝑅 were the 
weighting factors and 𝑁𝑁𝐸𝐸𝐻𝐻𝐻𝐻, 𝑁𝑁𝐸𝐸𝐸𝐸  and 𝑁𝑁𝐸𝐸𝑅𝑅 were the normalization factor of 
human health, ecosystems and resources. 
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