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Abstract

The paper examines the use of Life Cycle Assessment for the analysis of freight transport activity in product supply chains. Published works that have assessed freight transport energy use in supply chain operations are reviewed and their results summarised. A case study of the production and transport activities, and associated energy consumption, involved in the supply chains for jeans sold in the UK is presented. The results suggest that the transport stages from the point of jeans manufacture to the UK port are responsible for the greatest proportion of transport energy use per kg of jeans in the UK supply chain. The energy used by consumers transporting goods to their homes by car is shown to be potentially as much as total freight transport energy used in the supply chain from farm/field to retail outlet (per kg of product transported).

Key words: freight transport, supply chain, energy consumption, jeans

1. Introduction

This paper considers transport operations, energy consumption, and environmental impacts in the production and distribution to market of products with international supply chains. Special focus is given to freight transport activities in these supply chains.

Firstly, the paper reviews other studies that have used Life Cycle Assessment (LCA) to investigate energy consumption in freight transport operations for particular product supply chains, or for energy use across the entire supply chains where such studies exist. This includes work into a range of different product supply chains including both food and non-food products. A case study is then presented that assesses energy consumption in the supply chain for jeans for retail in the UK. All activities involved in producing a pair of jeans including cotton cultivation, denim production, jeans manufacturing and retailing were analysed as well as all the stages of freight transport from cotton field to shop. The product was selected because it is a commonly purchased product and there are a wide range of supply chain configurations depending on the sources of the raw materials and the ultimate market. In addition, being a manufactured product there is a certain element of complexity in the supply chain and the research team were interested to investigate how this complexity could be addressed.

The paper concludes by discussing the potential usefulness of analysing energy use in supply chains, together with the issues that need to addressed in carrying out such an analysis (Browne and Allen, 2004). 

2. Previous studies of transport activity and energy use in supply chains

There have been a number of LCA studies of freight transport activity and energy use in product supply chains since 1990. Previous studies have examined one or more of the following:

· the distance over which products have been transported from point of growing/production to point of retail or consumption

· the energy used in producing and transporting products in the supply chain 

· the pollutants emitted in producing and transporting products in the supply chain

In the second and third points listed above (energy use and pollutant emissions) some studies have considered energy used in the entire supply chain, while others have limited themselves to particular parts of the chain or to specific activities such as production or transport. A chronological summary of published and relatively widely referred to studies is provided below. 

In 1993, Stefanie Böge from the Wuppertal Institute published a report about the transport activity involved in producing strawberry yoghurt sold in Germany (Böge, 1995). This piece of research is explained in some detail below as it provides an example of the typical content of such studies. The research showed that a small glass jar of strawberry yoghurt for sale in Stuttgart required the following inputs:

· strawberries transported from Poland to west Germany for processing into jam and then transported to southern Germany; 

· yoghurt cultures transported from north Germany;

· corn and wheat flour transported from the Netherlands; 

· sugar beet transported from east Germany; 

· and the labels and aluminium covers for the jars transported 300 km; 

· only the glass jar and the milk were produced locally. 

The study calculated that, taking into account all this transport activity involved in producing yoghurt,  to deliver one lorry-load of yoghurts to a southern German retail outlet, a 'theoretical' lorry had to be moved 1,005 km, using approximately 400 litres of diesel fuel. This was expressed as being equivalent to 9.2 metres of lorry movement for each 150g strawberry yoghurt pot.

This research by Böge (1995) did not include consideration of a range of products required to make yoghurt and their transport including:

· fossil fuels used by the farmer to plant, spray and harvest the fruit; 

· the production of the sprays used by the farmer;

· the aluminium for the yoghurt jar lids transported from mines many thousands of miles from the packaging plant; 

· the machinery used for packaging the yoghurt, which had to be transported internationally;

· the commuter transport of the workers in the yoghurt processing plant going to and from their homes every day; 

· the transport of shoppers from their homes to the shops, in order to buy the yoghurt.

The issue of what to include and what to leave out of the analysis is faced in all such LCA studies. 

The Food Miles report (Paxton, 1994) studied food products transported internationally, together with the social and ecological implications of this food trade. It was this report that coined the phrase “food miles” that has become commonly used in the UK. Case studies included: apples, oranges, salad vegetables (lettuce, tomato and cucumber), milk, meat, chocolate, fish, and bread. The report considered the distances over which these products were being imported to the UK, and the energy and economic effects of these trade patterns. The case studies did not analyse each product in detail in terms of each stage of transport activity and energy use but provided a summary discussion of existing arrangements. 

Greenpeace published a report in 1994 (Whitelegg, 1994) which included case studies of what were referred to as “absurd freight transport movements” in the UK and elsewhere in Europe. The supply chains discussed included: bananas, tomatoes, chocolate bars, underwear, car production and Italian ham. The case studies were primarily descriptive rather than containing quantified transport distance and energy use calculations. 

FMS, a research group in Stockholm University, published a report containing the results of a survey to collect data that could be used for estimating energy requirements in the food sector (Carlsson-Kanyama and Faist, 2000). It contained data about the energy required for crop farming, animal husbandry, food processing, storage, transportation and food preparation. It was the authors’ intention that this data could be used to estimate the energy use for various food items over their lifecycle. The authors applied this data to the case of a hamburger containing beef, bread, lettuce, onions, cucumbers and cheese. They also discussed ways in which the energy use for hamburger production and supply could be reduced. The report indicated that transport accounted for between 5-9% of the total energy used in producing, supplying and cooking a hamburger in a fast-food restaurant. 

In 2001, FMS published a report about energy use in cooking wheat, spaghetti, pasta, barley, rice, potatoes, couscous and mashed potatoes from potatoes mashed powder in the home using different types of cooking appliances and for different numbers of servings (Carlsson-Kanyama, and Boström-Carlsson, 2001). The measurements of energy used in cooking were compared with the energy use in the life cycle stages prior to cooking (including production and commercial transportation). The results showed that, for the food products studied, energy used to cook the food in the home was greater than the energy used for industrial food processing (including crop production, sorting, processing, storage and transportation). When food was cooked in the home by the most efficient means studied (generally on a hotplate for four people) the energy used in commercial transport of the food ranged from approximately 7% of the total energy used to produce, supply and cook the food in the case of mashed potato, to 32% in the case of rice. Transport from the shop to the home by the final consumer was not included in the analysis.    

In 2001, SUSTAIN published a report (Jones, 2001) that included case studies of three different meals, and imported organic vegetables. For the case studies of meals, the transport activity and energy consumption involved in supplying them was calculated. For the imported organic vegetables case studies the transport activity and associated CO2 was provided. It was calculated that the transportation of a sample basket of imported organic produce could release as much CO2 into the atmosphere as an average household does through cooking meals for eight months. The 26 products in the sample basket had collectively travelled a distance of 241,000 kilometres. 

In 2002 Marks and Spencer, a major British clothing and household goods and food retailer, published a life cycle assessment carried out for them into their polyester trousers and men’s cotton briefs (Environmental Resources Management, 2002). This study considered the entire supply chain from cotton growing/polyester fibre production to the retail shop and the consumer’s home. Commercial freight transport was calculated to represent 2% the total energy used in producing a pair of polyester trousers and 6% of the total energy for a pack of cotton briefs. Car transport by the final consumer was calculated to use between two and five times as much energy per item as commercial freight transport. By extending the analysis to include the energy used by the consumer to wash the products after purchase and its ultimate disposal, the results indicated that approximately 75% of the total energy consumption in each of these supply chains is used by the consumer during the washing of the product. 

The Wise Moves project by Transport 2000 (Garnett, 2003) examined the relationship between food, transport and carbon dioxide emissions. Within the scope of the project several food supply chains were studied including: cherries, apples and lettuce (Francis, Simmons and Partners, 2002) and slab cheddar cheese, chicken carcass, and white bread (Eco-Logica, 2003).

The Francis, Simmons and Partners (2002) work quantified the carbon dioxide emissions associated with the transport activity for the current supply chain for the products studied. Cherries, apples and lettuces were found to have an average supply distance of 7,751 km, 8,637 km and 907 km respectively. The ratio of supply chain CO2 to product shipped (expressed in tonnes of CO2 per tonne of product shipped) for cherries, apples and lettuces was calculated to be 3.128, 0.109 and 0.044 respectively. The result for cherries reflects the use of airfreight for a high proportion of shipments. The research also compared the base cases with two alternative distribution strategies (higher load factors and shared distribution networks), and two alternative sourcing strategies (international and local sourcing). 

The Eco-Logica (2003) work referred to above analysed the energy used and carbon dioxide produced during the transport legs between the point of production and the consumer’s home. Data from other studies was used to reflect the energy and CO2 associated with the production of this food. In this analysis, the supply chain of two large supermarkets, one regional supermarket and seven local shops are compared. The results showed that the kilogrammes of CO2 from commercial freight transport per kilogramme of product delivered to the shops studied ranged from 0.01 to 0.14 for cheese, 0.08 to 2.71 for chicken, and 0.001 to 0.06 for bread. CO2 from shopping trips was found to vary widely by shop and product type. In the case of bread, shopper trips produced between approximately 10% and 500% of the CO2 emitted by commercial freight transport per kilogramme of product. 

Jespersen (2004) investigated the transport activity involved in the production and retailing of rye bread. This work shows that the transport used to deliver all the inputs to the bread factory is equivalent to 18 km per tonne delivered (these inputs include rye flour and grain, linseed, yeast, vinegar, salt, and barley malt syrup). Most of this transport is carried out in relatively well-loaded, large goods vehicles. Jespersen (2004) notes that the transport of bread from the factory to retail outlets is rather less efficient using smaller goods vehicles, with some bread being delivered direct to retailers, while others is distributed via warehouses. This transport stage from factory to retail outlets is equivalent to 36 km per tonne delivered. The transport used by consumers buying rye bread in retail outlets and taking this to their homes in their cars is the most transport intensive, representing 70 km per tonne of rye bread. This is explained by the typically low total weight of products transported in these trips made by consumers. However, as Jespersen (2004) notes, the consumer transport calculations are the most uncertain due to the lack of good quality information about whether trips are dedicated to shopping or not, and the total weight of goods purchased.

The UK Department for Environment, Food and Rural Affairs (DEFRA) commissioned a study to assess whether a practical and reliable indicator based on food miles could be developed, and whether this would be a valid indicator of progress towards the objectives of the UK Government’s Sustainable Farming and Food Strategy and the proposed Food Industry Sustainability Strategy (Smith et al., 2005). The study team concluded that a single indicator based on total food kilometres is an inadequate indicator of sustainability, due to the complexities and trade-offs involved in food transport. Instead, four headline indicators that reflect the key adverse impacts of food transport were recommended. These included: i) “urban food kilometres” travelled in the UK by car, heavy goods vehicles (HGV) and light goods vehicles, ii) “HGV food kilometres” (the total distance covered transporting food in the UK and overseas), iii)  “Air food kilometres” (the total distance involved in supplying food to the UK by air, and iv) “total CO2 emissions from food transport” (the total estimated CO2 from food transport fuel use in the UK and other countries). These indicators were produced using 2002 data. The results indicated that food transport accounted for 25% of all HGV vehicle kilometres in the UK in 2002, and represented 1.8% of the total annual UK CO2 emissions, and 8.7% of the total emissions of the UK road sector. The direct environmental, social and economic costs of food transport were estimated to be more than £9 billion per year, of which the social cost of congestion is estimated at £5 billion (Smith et al, 2005).

The European Commission adopted a Communication on Integrated Product Policy (IPP) in 2003 which aims to improve the environmental performance of products and services throughout their life-cycles. The Commission has made a commitment to address products with the greatest potential for environmental improvement. A project was carried out by European Science and Technology Observatory (ESTO, 2005) as an initial step towards identifying products with such improvement potentials (and which products or product groups have the greatest environmental impacts across their entire lifecycle). Indicators used to measure environmental indicators included global warming potential. The results indicated that food and beverage consumption, transport and housing (which includes the house itself, heating, electricity, domestic appliances, and furniture) “are consistently the most important consumption categories – both across the different studies and the different impact categories”. Food and beverages were estimated to contribute 20-30% of the total environmental impacts of all products. Meat and meat products (including meat, poultry, sausages or similar) have the greatest importance of all product groups in terms of their global warming potential (which was estimated to ranges from about 4 to 12% of all products). The second most important group of products in terms of global warming potential were dairy products. A variety of other food products follow these two food product groups (including plant-based food products, soft drinks, and alcoholic drinks) (ESTO, 2005). 

In 2005, the UK Environment Agency published a report containing lifecycle assessment of the way in which people used the leading types of both disposable and reusable nappies (Environment Agency, 2005). Three different nappy types were assessed: (i) disposable nappies, (ii) home laundered flat cloth nappies, and (iii) commercially laundered prefolded cloth nappies delivered to the home. For each nappy type studied, all the materials, chemicals and energy consumed during nappy manufacture, use and disposal, and all the emissions to the environment were identified. A range of environmental impact categories were assessed for each nappy: resource depletion; climate change; ozone depletion; human toxicity; acidification; fresh-water aquatic toxicity; terrestrial toxicity; photochemical oxidant formation (low level smog) and nutrification of fresh water (eutrophication). Transport at different stages of production and consumption was incorporated in the analysis including: transport of raw materials to manufacturing sites, transport of nappies to retail stores, and transport to customers’ homes. 

The study found that “for the three nappy systems studied, there was no significant difference between any of the environmental impacts – that is, overall no system clearly had a better or worse environmental performance, although the life cycle stages that are the main source for these impacts are different for each system”. Transport activities in the supply chains for the three nappies were estimated to be responsible for 4.5-10.2% of total CO2 emissions and 15.0-18.7% of NO2 emissions, and 6.5-42.3% of crude oil resource use in the nappy supply chains (with commercially laundered prefolded nappies being responsible for the greatest proportion of transport impacts). Transport activities were estimated to be responsible for 4.4% and 6.7% of the total global warming potential of all supply chain activities for disposable nappies and laundered nappies respectively (Environment Agency, 2005).  

A Swedish study examined the trend in Swedish households to replace homemade meals with industrially processed ready meals, and sought to investigate whether ready meals increase the environmental impact from foods (Sonesson et al, 2005a). Life-cycle assessment was used to quantify the environmental impact of three methods of meal preparation: (i) homemade, (ii) semi-prepared, and (iii) ready-to-eat. The meal was the same in each case: meatballs with potatoes, bread, carrots, and milk. The study included consideration of the differences in manufacturing, packaging, retailing and transport for these different meal production and distribution methods. Semi-prepared and ready to eat meals  differ in their transport requirements to ingredients for homemade meals in terms of the need for chilling and freezing during distribution.

The results indicated that the overall differences in the environmental impact between the meals were relatively small. The ready-to-eat meal used the most energy, whereas the homemade meal had higher emissions causing eutrophication and global warming. Agriculture was responsible for the most important environmental impacts, accounting for 30% of the impact related to energy and 95% of that related to eutrophication. Manufacturing, packaging, consumer transport to home and food preparation also made important contributions. Transport by goods vehicles was estimated to be responsible for approximately 1-1.5% of the total global warming gas emissions in the food supply chains for the three meal preparation methods. Transport by goods vehicles were estimated to be responsible for approximately 9% of NOx emissions and 2% of total emissions that cause the formation of photochemical oxidants in the food supply chains studied. By comparison consumer transport from the shop to their home were estimated to be responsible for approximately 2% of NOx emissions and 8% of total emissions that cause photochemical oxidants (Sonesson et al, 2005a). 

Another Swedish study investigated the relationship between consumer transport from shop to home and levels of food wastage was examined (Sonesson et al, 2005b). Life cycle analysis was used to assess whether the consumer phase (home transport, cooking, storing, and wastage) is an important contributor to the environmental impact of food production and consumption. Swedish households were surveyed by questionnaire, diary, and interviews to obtain data on home transport of food and wastage. Approximately 80% of respondents used car travel for  supermarket trips, and 50-60% made car trips to local convenience stores. The average weekly driving distance was found to vary between 28 km and 63 km per household, depending on how trips made in conjunction with other activities are allocated. The wastage of prepared food ranged between 0 and 34% for different food categories, with dairy products having the highest wastage rates followed by vegetables and rice. 
Another recent study has examined food production and supply and the extent to which  natural resource depletion, energy use and pollution can be reduced by identifying food supply chains that are efficient (Fuentes and Carlsson-Kanyama, 2006). The report contains comparisons of the supply chains for a selection of foods in different countries and for foods in different states (e.g. frozen versus fresh etc.) Foods included are: carrots, onions, tomatoes, broccoli, legumes, and chicken. A collection of parameters are presented highlight various aspects of potential environmental impacts associated with the production and distribution of the foods studied. These include parameters to reflect fuel use, greenhouse gas emissions, water use, use of chemical agents, land use (for primary production) and transportation from farm to wholesaler. The results indicate that the transport activities for some of the products studied are very important in terms of energy use and global warming potential (Fuentes and Carlsson-Kanyama, 2006). 

A study by a team of New Zealand researchers has argued that “food miles is a very simplistic concept relating to the distance food travels as a measure of its impact on the environment”. They feel that the food miles concept has the potential to “seriously threaten” New Zealand exports given its geographical location. The authors therefore investigated the total energy use and CO2 emissions associated with supplying produce from New Zealand to the UK market and compared this with an alternative EU source for the UK market. The products studied were dairy, apples, onions, grapes, lamb and kiwifruit. The environmental impact calculations were based on a life cycle assessment and included production and transport activities (Saunders et al., 2006). The analysis indicates that when production and transport activities are taken into account that, in the case of dairy and lamb, New Zealand produce is by far more energy efficient even including the transport cost to the UK than UK production. For apples, kiwi fruit and onions, New Zealand produce were also found to be more energy efficient than production in the UK and rest of the EU. In case of grapes, New Zealand supply is estimated to be more energy efficient than Italian grapes but not sufficiently to cover the cost of transporting the wine (Saunders et al., 2006). This report has generated much discussion about the assumptions that should be applied in such studies.

The studies reviewed above used different system boundaries and units of analysis. This is shown in Table 1. 
Table 1: Summary of studies into freight transport activity and energy use in product supply chains

	Author/organisation
	Products studied
	Parts of supply chain included in analysis
	Distance or energy analysis 

(and units used)
	Is consumer transport included?

	Food Miles Report – Paxton (1994)
	Case studies included: apples, oranges, salad vegetables (lettuce, tomato and cucumber), milk, meat, chocolate, fish, and bread.
	Transport activity.


	Analysis of distance:

· Miles
	No

	The Well Travelled Yoghurt Pot - Böge (1995) 
	Strawberry yoghurt
	Study of transportation activity in life cycle of strawberry yoghurt. Study included milk, jam, sugar, glass container, paper label, aluminium cover, cardboard box and sheets, glue and foil.


	Primarily analysis of distance:

· Total km travelled in supply chain per truckload of delivered yoghurt 

· Metres of lorry movement per 150g yoghurt

Also diesel fuel used per 150g yoghurt.
	No

	Energy Use in the Food Sector: A data survey – Carlsson-Kanyama and Faist (2000)
	An estimation of energy used during life-cycle of a hamburger with bun and other ingredients
	The project included analysis of:

· Crop farming

· Animal husbandry

· Food processing

· Storage

· Transportation

· Food preparation
	Analysis of energy use:

· Megajoules (MJ) per hamburger (with bun, meat, cheese, cucumber, onions and lettuce).  
	No



	Energy Use for Cooking and Other Stages in the Life Cycle of Food - Carlsson-Kanyama and Boström-Carlsson (2001)
	The following foods were studied:

Wheat, spaghetti, pasta, barley, rice, potatoes,

couscous and mashed potatoes from powdered potatoes.
	The project included analysis of:

· Farm production with production of farm inputs 

· Drying of crops

· Processing, storage and transportation up to the retailer

· Cooking in the home
	Analysis of energy use:

· Megajoules (MJ) per portion of food.
	No

	Eating Oil – Jones (2001)
	Case studies included 3 different meals and

imported organic vegetables
	Case studies included:

· Transport activity and energy involved in producing 3 different meals

· Transport activity and CO2 associated with imported organic vegetables
	Analysis of distance and energy use:

· Total transport distance (miles)

· Total transport energy consumption (megajoules)

For organic veg:

· Total transport distance (miles)

· Total transport CO2 emissions (grammes)
	No

	Wise Moves – Mason and Simons (2002)
	Cherries, apples and lettuce 
	Study modelled the current baseline scenario, two alternative distribution strategies, and two alternative sourcing strategies. 

Compared baseline transport system with:

· Efficient transport system (higher load factor)

· Shared network (less distance from distribution centre to store)

Compared international and local sourcing options.
	Analysis of distance and emissions:

· Total transport (annual tonne-km), and

· Total tonnes of CO2 from transport activity emissions from the farm gate to the retail store.

· Ratio of Supply Chain CO2 to Product Shipped  (tonnes of CO2 per tonne of product shipped)
	No

	Streamlined Life Cycle Assessment of Two Marks and Spencer Apparel Products – ERM (2002)
	Polyester trousers & men’s cotton briefs
	The project included analysis of:

· Extraction of resources and production of materials;

· Manufacture of materials;

· Transport;

· Consumer transport;

· Use and disposal.

Only one retail destination analysed per product studied.
	Analysis of energy use:

· Kilowatt-hours (Kwh) per pair of polyester trousers and cotton briefs.


	Yes

	Wise Moves – Ecologica (2003)
	Slab cheddar cheese,

chicken carcass, and

white bread


	The project included analysis of commercial transport legs between point of production and point of sale, and consumer transport leg.

Compared supply chains of:

· Two large supermarkets

· One regional supermarket

· And 7 local shops

Did not analyse non-transport activities (e.g. production, packaging, warehousing etc.) but provides data from other studies for embodied energy.
	Analysis of emissions:

· Mass CO2/mass of product
	Yes

	Rye bread study - Jespersen (2004) 
	Rye bread
	Calculated the “transport content” for each transport leg in the supply chain from seed corn, fertilizer and pesticides, to flour and grain delivered to bakery, to bread distributed to shops, to consumers’ shopping trips. 
	Analysis of distance:

· Km/tonne of product delivered 
	Yes

	Validity of Food Miles as an Indicator of Sustainable Development – Smith et al. (2005)
	Food produced and consumed in the UK 
	Transport activity from the farmer (both UK and overseas) to UK consumer, including the retail store to home stage.


	Analysis of distance (and from this transport emissions and social and environmental costs):

· Urban food km (HGV, LGV and car)

· HGV food km (in UK & overseas)

· Air food km

· Total CO2 emissions from food transport


	Yes

	Environmental Impact of Products (EIPRO) - ESTO (2005)
	Very wide range of product categories analysed
	“Life cycle impacts of products (including

services) serving the final consumption in the EU25 (both household and government consumption). This implies all processes related to the resource extraction, production, use and waste management (both in and outside the EU25)”. 
	Impact on: abiotic depletion; global warming, ozone layer depletion, human toxicity, ecotoxicity, photochemical oxidation, acidification, eutrophication, and aggregated score.


	No

	Life Cycle Assessment of Disposable and Reusable Nappies in the UK - Environment Agency (2005)
	Three different nappy types assessed (i) disposable nappies, (ii) home laundered flat cloth nappies, and (iii) commercially laundered prefolded cloth nappies delivered to the home
	Study includes all manufacturing, transport, and washing processes. 

Excluded the environmental implications of land occupation.
	Analysis of impact of each major activity and material on: global warming, ozone depletion, photo-oxidant formation, depletion of abiotic resources,

• eutrophication, acidification, human toxicity, and aquatic and terrestrial toxicity measures.
	Yes

	Industrial Processing versus Home Cooking - (Sonesson et al, 2005a)
	Meal of meatballs with potatoes, bread, carrots, and milk. Three preparation methods compared: (i) homemade, (ii) semi-prepared, and (iii) ready-to-eat.
	Core activities analysed and compared for the three methods include: production, commercial transport, retailing, consumer transport to home, and cooking.

Background activities assumed to be the same in each method include agriculture and primary transport.

Sewage treatment of food waste after consumption was excluded from analysis.
	Analysis of energy consumption:

· Total net energy use (MJ/meal)

Air emissions: carbon dioxide, carbon monoxide, methane, volatile organic substances, ammonia, nitrous oxides,

sulphur oxides, nitrogen oxide,

hydrochloric acid.

Water emissions: organic matter, ammonium, nitrate, phosphorus. 
	Yes

	Home Transport and Wastage - (Sonesson et al, 2005b)
	Wide range of food products 
	Only includes consideration of trips by consumers to purchase food and distance travelled during these trips, together with consumers’ food waste levels. Food wastage both after meals and after storage is investigated.
	Analysis of distance:

· Distance from home to different types of store used (plus mode used, trip frequency, and bags purchased)

Analysis of waste:

· Proportion of food wasted after meals (by food type)

· Proportion of food waste after storage (by food type)
	Yes

	Environmental information

in the food supply system - Fuentes & Carlsson-Kanyama (2006)
	Carrots, onions, tomatoes, broccoli, legumes, and chicken.
	Comparison of fuel use, emissions, other impacts and transport distance travelled in food supply chains in different countries, and for different varieties of same product (e.g. fresh and frozen broccoli, and dried and canned legumes)
	Analysis of distance:

transportation

· Distance from farm to wholesaler

Analysis of energy use and emissions:

Fuel use, greenhouse gas emissions, water use, use of chemical agents, land use (for primary production).
	No

	Comparative Energy/Emissions Performance of New Zealand’s Agriculture Industry – Saunders et al. (2006)
	Dairy, apples, onions, grapes, lamb and kiwifruit.
	Production and distribution of food products. Commercial transport within countries is excluded (only transport to/from countries included). Transport to consumer’s home, and disposal and waste management also excluded. 
	Analysis of energy consumption:

· MJ/tonne product

Analysis of emissions:

· Kg of CO2 / tonne product
	No


3. Case study of the jeans supply chain

Research was carried out into the energy consumed in the supply chains for jeans sold through multiple retailers in the UK. 
The study comprised an analysis of all the activities involved in the production and supply of relevant supply chains, including calculations of the energy consumption and carbon dioxide emissions associated with each activity (Rizet and Keita, 2005). A summary of the research techniques used in the study is provided below. 

A literature review was carried out into: (i) material about cotton and jeans and their production and transport, and (ii) research into energy consumption in the supply chain in other sectors. 

Interviews were held with a range of companies actively engaged in jeans supply chains. These interviews were used to obtain a detailed understanding of the supply chain, how it was organised and the range and sequence of activities that take place. Data concerning the transport activities was also obtained during these interviews.  

Supply chain mapping and description – using information obtained during the interviews it was possible to produce detailed descriptions and visual representations of the jeans supply chains for the UK. These descriptions and mapping exercises covered the entire supply chain for jeans, including non-transport and transport activities from the cotton plantation to the retail outlet. 

Data gathering - primary and secondary data was gathered in order to analyse energy consumption in the supply chains. Secondary data was obtained from the literature review and from companies participating in the project that had existing information from previous research. Data concerning the cultivation of cotton, and the production of trousers (which was obtained from van Winkle et al.  (1978), and Environmental Resources Management (2002) respectively), was validated with representatives from the participating companies. Primary data about transport activities was obtained through the interviews as well as through subsequent contacts provided by the interviewees. This involved the companies supplying the following information about each of the transport legs in the supply chain:

· Transport mode

· Type/weight of vehicle

· Quantity of product carried

· The distance between the point of collection and delivery 

· Whether or not the vehicle returns empty

It should be noted that the supply chain data used and analysed in the project is intended to reflect generic jeans supply chains rather than a company specific supply chain. 

Data analysis was carried out using an Excel spreadsheet. Energy consumption in the UK jeans supply chains studied was calculated from the point at which cotton is grown to the jeans arriving at the customer’s home. The effect of variations within each of these two supply chains was investigated using this spreadsheet approach.

The different types of transport energy used in the supply chains that were included in the analysis were diesel for goods vehicles, and bunker fuel oil and marine diesel oil for ships. All energy consumption was converted into ‘grammes of oil equivalent’ (goe) using coefficients defined in Rizet & Keita (2005). Grammes of oil equivalent is a unit for measuring energy, and is the amount of energy that would be produced by burning one gramme of crude oil. Conversion into grammes of oil equivalent allows comparison of energy use between different energy sources.

4. The supply chain for jeans

The production of jeans can be broken down into seven main operations. These are i) cotton cultivation, ii) spinning and dyeing, iii) fabric manufacture, iv) garment manufacture, v) importation of jeans to the UK, vi) domestic distribution, and vii) sale at the retail outlet. Within each of these operations there are a variety of processes that influence the levels of energy consumption at each stage. Transportation typically takes place between each of the main operations listed above. In addition, transport of partly finished jeans and other constituent materials can also take place during these main manufacturing operations (e.g. transporting the cotton from a spinning to a dyeing facility). Figure 1 illustrates the processes and transport stages that can be included in the supply chain. The grey boxes represent the seven main operations involved in jean production and supply; some of these main operations comprise several different activities. The numeric transport stages are those that typically take place between each main processing operation in the jeans supply chain (e.g. Transport 1). In some jeans supply chains transport also takes place between the activities that comprise a main operation; these are represented by the three oval transport stages (i.e. Transport A, B and C). 
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Figure 1: Stages of jeans production and distribution

5. Description of the jeans supply chain to the UK 

The supply chain for a pair of ladies five-pocket Western jeans (a relatively basic pair of jeans involving few finishing processes) sold by a major UK multiple clothing retailer was analysed in the study. The analysis included all the stages of production and transportation from the cotton plantation through to the retail outlet in the UK, and transport to the consumer’s home. 

In total the supply chain studied involved six major transport stages from the cotton field to the retail outlet, with each stage involving up to three transport legs (e.g. road-sea-road).  Cotton is sourced from both the USA and Turkey in this supply chain. The cotton is grown, picked, ginned (i.e. seeds and other small objects removed from the cotton) and baled at source before it is transported to a processing factory in southeast Turkey. American cotton bales are transported to this facility in three transport legs (road-sea-road) in standard 20 and 40 foot shipping containers, while cotton grown in Turkey is transported entirely by road. At the Turkish processing factory the cotton is manufactured into denim fabric; spinning, dyeing, weaving and finishing are all carried out at the same site. The rolls of denim fabric are then transported in standard 20 and 40 foot shipping containers to the garment manufacturing plant, which is located in Tangiers in Morocco. The transport involves two legs: a road journey from the factory to Iskenderun (350 km) and a sea leg to Tangiers (distance of 3 800 km). The manufacturing plant is located adjacent to the port. Both the production and finishing of jeans takes place on the same site in Tangiers. Finished jeans are packed as hanging garments into articulated goods vehicles. The journey from Tangiers to the manufacturer’s UK distribution centre takes place by road and ferry. It involves a ferry crossing from Tangiers to Algeciaras in Spain (35 km); a road journey to the Channel port of Cherbourg in France (2 000 km); another ferry crossing to Poole in England (120 km); and a road trip to Wales (280 km). At the manufacturer’s distribution centre the garments are unloaded and stored for a short period. The jeans are distributed by lorry to the retailer’s national distribution centre (NDC) as required by the retailer (a journey of 320 km). From this depot the jeans are distributed to 10 regional distribution centres (RDCs). The jeans are unloaded and stored at the RDCs and sent out to the retail outlets by road to replace stock that has been sold from the display rails as demand dictates. Delivery vehicles going to retail outlets carry mixed loads of clothing. 

Table 2 summarises the distances over which product travels during each of the transport stages involved in manufacturing jeans. On average, the total distance from cotton field to UK retail outlet when using American cotton is 17 950 km, and when using Turkish cotton is 7 600 km.

Table 2: Summary of commercial freight transport stage distances and mode used in UK jeans supply chain

	From
	To
	Distance (km)
	Vehicle (s)

	Cotton plantation (USA)
	Spinning mill (Turkey)
	10 750
	Lorry & ship

	Cotton plantation (Turkey)
	Spinning mill (Turkey)
	400
	Lorry

	Spinning mill (Turkey)
	Garment make up (Morocco)
	4150
	Lorry & ship 

	Garment make up (Morocco)
	Manufacturer’s distribution centre (UK)
	2450
	Lorry & sea ferry

	Manufacturer’s distribution centre (UK)
	Retailer’s national distribution centre (UK)
	300
	Lorry

	Retailer’s national distribution centre (UK)
	Retailer’s regional distribution centre (UK)
	(Average) 200
	Lorry

	Retailer’s regional distribution centre (UK)
	Retail outlets (UK)
	(Average) 100
	Lorry


5. Analysis of energy consumed in the production and transportation of jeans

The energy consumption for the manufacturing and transport stages in the jeans supply chain from the cotton field to the consumer’s home was calculated. The results indicate that product manufacture is the most energy intensive procedure in the jeans supply chains studied (approximately 70%). This is followed by cotton fibre production, which accounts for approximately 25% of total energy consumption in the supply chain. Energy used in finished product stockholding and retailing (i.e. the energy used to run the warehouses and shops in which jeans are stored and displayed) accounts for only approximately 1% of total energy. The transport activities (i.e. commercial freight transport from field to shop, and consumer transport to home) account for 4-5% of the total energy used in the UK jeans supply chains.

In terms of commercial freight transport energy (i.e. the energy used in transporting the product from its origin to retail destination), the transport stages from the point of product (i.e. jeans) manufacture to UK port is responsible for the greatest proportion of energy use per kg of jeans transported in the supply chain (see Figure 2). Most of this energy is consumed in the transport stage in which the product is moved from the factory where the jeans are finished to the UK port (this accounts for approximately 55% of commercial freight transport energy consumption when using US cotton, and approximately 70% when using Turkish cotton). Transport from the cotton source to the point of jeans manufacture accounts for approximately 5% and 25% of commercial freight transport energy consumption for Turkish and US cotton respectively.
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Figure 2: Commercial freight transport energy consumed from cotton field to retail outlet in UK for jeans

Transport from the UK port to the store accounts for approximately 20% of the total commercial freight transport energy in the case of cotton from the USA, and 25% in the case of cotton from Turkey. The transport leg from the retailer RDC to the shop (the final commercial transport leg in the supply chain with an average distance of approximately 100 km) accounts for approximately 4% of total commercial freight transport energy use. 

5.1 Impact of variation in RDC and shop distances on commercial freight transport energy use

Figure 3 compares the effects of average (i.e. base case), maximum and minimum distances for the two transport stages: i) from NDC to RDC, and ii) from RDC to shops on total commercial freight transport energy use. The differences in average, minimum and maximum distances for these two transport stages are shown in Table 2. These values are based on the actual minimum, average and maximum distances provided by a multiple retailer in the UK. These distances are determined by the locations of their retail outlets in relation to their network of distribution centres. 

Table 2: Distances for the final two commercial transport stages in UK to store for jeans

	
	NDC to RDC (km)
	RDC to store (km)

	Minimum distance
	95
	2

	Average distance
	221
	101

	Maximum distance
	507
	263
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Figure 3: Effects of variations in the distance to RDC and retail outlet for jeans (using US cotton)

The analysis suggests that the maximum distance from NDC to RDC results in commercial freight transport energy consumption that is more than twice as much as in the base case (i.e. using average transport distances) for this transport stage. The minimum distance from NDC to RDC produces results that are less than half the base case for this transport stage. Similarly, the maximum distance from RDC to shop uses approximately two and a half times as much energy for this transport stage than the base case. The minimum distance from RDC to shop uses a fraction of the commercial freight transport energy used in the base case (given the journey distance of 2 km). 

However, the results indicate that, because these two transport stages are responsible for a relatively small proportion of the total energy used in the commercial freight transport of jeans, the effect of the maximum and minimum distance scenarios on total commercial freight transport energy use is relatively modest. The maximum distance scenario results in a 10% increase in total commercial freight transport energy use per kg of jeans supplied compared with the average distance base case. The minimum distance scenario results in a 5% decrease in total commercial freight transport energy use compared with the average distance base case. 

5.2 Impact of product supply to an independent shop on commercial freight transport energy use

The results of an alternative supply chain in which the jeans are sold by an independent clothes retailer rather than a national multiple retailer was also considered. It was assumed that the jeans destined for an independent clothes shop would be the same as in the multiple retailer base case up to the point that they arrive in the supplier’s distribution centre in the UK. From this point, it was assumed that they are distributed to the wholesaler’s distribution centre and are then transported by parcel carrier via their national parcel sortation centre and local depot to the store. The distance over which the jeans are transported was assumed to be the same distance as for the national multiple retailer. 

The analysis suggests that the commercial freight transport energy used per kg of jeans from the supplier’s DC to the shop is approximately 70% greater for the independent shop than for the national multiple retailer (i.e. the base case). This is equivalent to approximately a 10% increase in total commercial freight transport energy use from cotton field to shop. This highlights the potential energy efficiency associated with distributing goods to stores in large vehicles that are well loaded regardless of the supply chain organisation. 

4.3 Energy use in consumer transport 

The importance of the transport stage carried out by the final consumer in the UK supply chain, which is assumed to take place by car, was also studied. The journey distance was assumed to be a round trip of 11 km from the consumer’s home to the retail outlet and back again (Environmental Resources Management, 2002). It was assumed that this trip is for two purposes (i.e. shopping and one other). Therefore only half the total distance travelled is attributed to the shopping trip. The consumer is assumed to purchase 5 kg of goods on the shopping trip (our own estimate since there is rather limited evidence of purchasing patterns in this respect).

The results suggest that this consumer transport stage in the UK uses one third of the energy per kg of jeans transported that is consumed in the total commercial freight transport stages from field to shop. It also uses approximately 50% more energy than that used in transporting the jeans from the UK port to the retail outlet. This is due to the very small quantity of goods carried by car compared with the goods carried by lorry (see Figure 4). 
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Figure 4: Transport energy consumed from cotton field to consumer’s home in UK for jeans (using US cotton)

Increasing the quantity of goods transported during the consumer transport stage results in a significant reduction in the energy consumed per kg of jeans transported. Figure 5 shows the effects on energy consumption per kg of jeans of the consumer purchasing goods with a combined weight of 1.4 kg (Environmental Resources Management, 2002), 5 kg (the base case), and 18 kg (McKinnon and Woodburn, 1994). When 1.4 kg of goods are purchased, the consumer transport stage in the UK can be seen to consume more energy per kg of jeans transported than even the stages from the point of product manufacture to the UK port, even though the consumer transport distance is only 11 km compared to approximately 3 000 km for the product manufacture to retailer RDC stage. This is due to the very small quantity of goods carried by car compared with the goods carried by lorry and ship. Increasing the quantity of goods transport during the consumer transport stage results in a significant reduction in the energy consumed per kg of jeans, this is shown by results of the consumer purchasing 18 kg of goods.

Figure 5 also shows the effects on energy consumption per kg of jeans transported if the consumer trip involves only one trip purpose (i.e. shopping) rather than two as assumed in the base case. In this scenario, the energy used during the consumer shopping trip is approximately the same as the energy used in transporting the product from the jeans factory to the UK port per kg of jeans, despite the differences in distance involved in these two transport legs. 
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Figure 5: Examining the effect of the quantity of goods are transported to the home by the consumer on transport energy use for jeans (using US cotton)

The effect of home delivery is also shown in Figure 5. In this option consumers would purchase the jeans from the retailer either from a catalogue or over the internet (i.e. home shopping) and then have the jeans delivered to their home. This would result in the trip that the consumer currently makes to and from the shop being replaced by a van trip to their home. Research has suggested that switching from car shopping trips to home deliveries can result in a 70-80% reduction in distance travelled in the case of grocery home shopping (Cairns, 1999). The analysis suggests that home delivery of jeans could result in approximately a 40% reduction in the energy used in the final transport leg to home compared with car transport by the consumer per kg of jeans transported. This is equivalent to approximately a 10% reduction in the total transport energy used from cotton field to consumer’s home compared with the base case. Therefore purchasing jeans remotely and having them delivered to home could result in reductions in the total distance travelled during the final leg of the jeans supply chain. 

Another possible method of goods distribution to the consumer when they have placed is a home shopping order is the use of a C Point (CP). This system is based on the use of locations other than the consumer’s home to deliver the goods. Such locations can include a Post Office, convenience store or petrol station, and are usually local (i.e. within walking distance or short car/bus trip). In most of the existing CP networks, goods are first transported by the retailer or its carrier to the CDP. Then, the CDP informs the consumer that their order is ready for collection. Figure 5 also shows a Collection Point (CP) option in which the vehicle that delivers goods from the RDC to the retail outlet also visits several local CPs close to the shop and deposits goods for customers at these CPs (it is assumed that this increases the transport distance of the goods vehicle by 20%). It has been assumed that the customer then collects the jeans on foot from the Collection Point, probably as part of another journey such as a trip to work. This option can be seen to be the most energy efficient of all the options for the final transport leg to the consumer’s home. However, the effect of a CDP on transport energy consumption is dependent on a range of factors including the mode of transport used by the consumer to collect the jeans, the distance the consumer has to travel, and whether the consumer makes an additional trip to the CDP or if this trip is combined with other trip purposes (McLeod et al., 2006) 

8. Conclusions

The paper has shown that LCA is a useful research technique. It helps to encourage consideration of the entire system involved in producing and supplying products. LCA can assist in identifying the most important energy and environmental impacts of transport within a particular product supply chain and the activities that led to these impacts. It also offers a quantified way in which to explore impacts as well as the effects of changes in logistics operations and supply chain management. This type of analysis is likely to become increasingly important for businesses as the need to produce energy audits of supply chains increases due to shareholder, regulatory and consumer pressures. Care needs to be taken in making comparisons between the results of different studies due to potential differences in systems boundaries, assumptions made in the work and the data sources used. 

In the case of the jeans case study carried out, the analysis has shown the importance of consumer shopping trips in terms of transport energy consumption in the entire supply chain. It has been shown in the case study that these consumer trips have the potential to consume as much energy as commercial transport activities (per kilogramme of jeans). This implies that when considering how best to reduce transport energy use in these jeans supply chains more consideration should be given to consumer shopping trips than typically takes place at present. This is an important point as consumer shopping trips are often not included in freight transport data collection exercises and freight transport research, even though the consumer shopping trip is an integral part of the supply chain. Companies do not necessarily perceive consumer transport as being part of their supply chain, however their decisions about shop location and home delivery services have a major impact on consumer transport behaviour. 

One way to complement the work presented in this paper would be to consider the supply chain as a multi-stage optimisation problem in which companies currently focus on minimising costs and/or maximising profits. In future the position will be more complicated and the opportunity to minimise the environmental impact of the supply chain may become much more important. 

Given the above a number of policy issues emerge from this research – for example: (i) the scope to use taxation and incentives to change the behaviour of firms would merit further research (ii) opportunities to provide more information about energy use within the supply chain and to enable both supply chain decision-makers and consumers to compare various options could be worth further investigation (iii) best practice in minimising environmental impacts from supply chain optimisation could be encouraged by policy-makers – this could include decisions about mode choice and vehicle utilisation.

Furthermore, providing consumers with more information about the energy and environmental impacts associated with products as well as their own travel behaviour may lead to the public adopting more sustainable purchasing and trip patterns.
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