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Beef production is a major contributor to greenhouse gas (GHG) emissions and has therefore been placed at the center of global policy and research agendas on climate change mitigation and adaptation. However, detailed quantification of the intensity of beef’s contribution to emissions has mostly focused on the farm level. This research uses the calculation of a food miles emissions indicator to analyze the Colombian beef supply network from slaughterhouses to national consumption centers and its emissions between 2019 and 2022, including a network analysis and weighted average source distance (WASD) estimation. The results were compared with emissions from the transport of alternative animal proteins, specifically chicken and pork. The results show that the beef miles emissions indicator in Colombia is equivalent to 0.055330 kg CO2eq/ton of beef/km, which is higher than pork and chicken. These findings highlight the need to develop comprehensive approaches and strategies to reduce emissions from beef production, recognizing the critical role that the beef supply network, transport distances, infrastructure, and technology play in beef-related emissions.
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Introduction

Meat consumption in emerging and developing countries has seen steady growth rates over the last few decades, outpacing growth rates in developed countries (U.S. Department of Agriculture, 2015). A growing middle class and associated higher household incomes have increased the preference for meat as a protein source, with many consumers considering it a superior choice to other protein sources. In many countries, meat is not only a food, but also a symbol of well-being and a fundamental pillar of nutrition and health (Cervantes et al., 2016; Blanco-Murcia and Ramos-Mejía, 2019). Globally, poultry is the meat consumed in largest quantities, accounting for 40% of the total meat consumption, closely followed by pork (34%), beef (21%), and sheep and goat (5%) (Statista, 2023). In Colombia, while there has been a recent increase in the consumption of poultry, pork, and fish, the consumption of beef has not followed the same trend. Nevertheless, beef remains the second most consumed meat in the country, with an average of 17.1 kilograms per capita (709,599 metric tons) in 2022, while poultry is the undisputed leader with 36.3 kilograms per capita (Fedegan, 2023). Overall, the upward trend in meat consumption in Colombia is expected to continue, potentially increasing by an impressive 58% by the year 2050 (FINAGRO, 2014).

At the same time, the beef value chain faces several challenges that prevent it from becoming more sustainable. These include economic challenges related to increased demand and production costs, social challenges related to issues such as consumer health and animal welfare (Maia de Souza et al., 2017), and environmental challenges mainly related to the expansion of cattle farming through deforestation, with associated environmental impacts such as degradation of natural habitats, loss of biodiversity and ecosystem services, land degradation, soil erosion, water pollution and greenhouse gas (GHG) emissions (Areas Venegas, 2004). In terms of the latter, the Latin America and Caribbean (LAC) region emits 1.9 gigatons of carbon dioxide equivalents (CO2 eq) per year, which is the highest emission level in the world (FAO, 2022). In Colombia, 60% of deforestation has been associated with livestock farming (García, 2014) and if this trend is not halted, cattle farming will be a major obstacle to achieving international and national development goals, such as Colombia’s Nationally Determined Contributions (NDCs) under the Paris Agreement, specifically the unconditional target of reducing GHG emissions by 51% below business as usual in 2030 (Ministerio de Ambiente Desarrollo Sostenible, 2022; United Nations, 2015; International Energy Agency, 2022).

To reduce the environmental footprint of the Colombian beef value chain and contribute to climate change mitigation and adaptation, several public policy instruments and multi-sectoral initiatives have been developed in recent years. These include, for example, the Green Growth Policy (DNP, 2018), the Sustainable Bovine Livestock Policy 2022–2050 (MARD, 2022), and the Sustainable Livestock Roundtable (Agrosavia, 2023). In addition, Colombia has developed its own national GHG inventory (IDEAM, 2015). Following the guidelines of the Intergovernmental Panel on Climate Change (IPCC, 2023), this inventory classifies GHG emissions into four key sectors: (1) energy, (2) industrial processes and product use (IPPU), (3) agriculture, forestry and other land use (AFOLU), and (4) waste. While emissions associated with livestock farming are included in the AFOLU sector, transport, another emission generating activity in the beef value chain, is included in the energy sector GHG inventory.

To date, numerous studies have been carried out to analyze the life cycle, GHG emissions and carbon footprint (CF) of cattle and livestock production in general (Aluwong and Wuyep, 2011; Barthelmie, 2022; Buratti et al., 2017; Caro et al., 2014; da SILVA et al., 2023; Desjardins et al., 2012; Dick et al., 2015; Garrido et al., 2022; Gaviria-Uribe et al., 2020; González-Quintero et al., 2021, 2022; Ogino et al., 2016; Place and Mitloehner, 2012; Ruviaro et al., 2015; Sandoval et al., 2023). There are also several studies on GHG emissions from food transport (Ballingall and Winchester, 2010; Bigaran Aliotte and Ramos De Oliveira, 2022; Boarnet, 2010; Caputo et al., 2013; Coley et al., 2009, 2011; Striebig et al., 2019). It has, for example, been found that food transport in general accounts for 19% of food emissions and 6% of total emissions, and that emissions from food transport account for almost half of the direct emissions from road vehicles (University of Sydney, 2022). However, beef transport emissions have been studied only marginally (Kannan et al., 2016; Soysal et al., 2014; Velazco-Bedoya et al., 2013) and most studies on this topic focus mainly on animal welfare (Huertas et al., 2010; Romero-Peñuela et al., 2010). As a result, strategies to sustainably transform the cattle sector focus almost exclusively on reducing deforestation and mitigating enteric methane emissions from ruminants (FAO, 2023), while transport-related emissions are largely ignored.

In Colombia, too, there is little information on emissions from cattle transport, and existing regulations focus mainly on animal welfare and sanitary conditions (ICA, 2016; Ministerio de Transporte, 2022; Burkart et al., 2020). To narrow this knowledge gap, this study aims to quantify the GHG emissions and the CF of beef transport in the Colombian supply network and to analyze its environmental footprint compared to two alternative animal proteins, chicken and pork. To achieve this, a network analysis of the Colombian meat supply system was carried out. Based on this analysis, the weighted average source distance (WASD) was calculated, and the direct GHG emissions and CF of meat transport were quantified based on the fuel consumption of vehicles. Finally, beef was compared with two alternative animal protein sources, chicken and pork, using the CF criteria.

The paper is structured as follows, section 2 presents a literature review on food miles, focusing in particular on beef transport emissions. Section 3 describes the methodology of quantitative analysis. Section 4 presents the research findings and sections 5 and 6 focus on discussion and conclusions.



Food and beef miles emissions

In 2020, global emissions from agrifood systems amounted to 16 billion tons of CO2 eq, an increase of 9% since 2000. Studies on the CF of food products around the world suggest that beef, with emissions of 60 kg CO2 eq/kg, has by far the highest CF of any food product (Ritchie, 2020). While it is known that farming practices and land use change are important contributors to GHG emissions in the beef supply chain, less is known about GHG emissions from beef transport, which is why this study aims to quantify these emissions for Colombia. In the following, an overview of the most recent research on GHG emissions associated with food transport in general, as well as with the emissions associated with beef transport is presented.

GHG emissions and CF from food transport are generally analyzed using the food miles emissions concept. Food miles are calculated based on the distance food travels from production to consumption and are measured in tonne-kilometers (tkm), which is the transport of one ton of food over one km, or in other words, the distance travelled multiplied by the mass of the transported food item (European Commission, 2023; Schnell, 2013; Van Passel, 2013). The transport sector contributes approximately one quarter of all energy related GHG emissions. Today’s transport sector is predominantly based on the combustion of fossil fuels, making it one of the largest sources of both urban and regional air pollution (UN Environment Programme, 2024). As food often travels long distances to reach consumers, transport might be expected to be the largest food-related contributor to GHG emissions. However, studies suggest that food transport has a relatively small CF when compared to the rest of the food system (Wakeland et al., 2012). It has been estimated that global food miles emissions correspond to around 3 Gt CO2 eq, which translates into transport accounting for 19% of total food system emissions. In the United States, for example, (Weber and Matthews, 2008) found that although food is generally transported over long distances (1,640 km delivery from retailer to consumer, and 6,760 km from production to consumption on average), transport accounts for only 11% of GHG emissions, and delivery from producer to retailer accounts for only 4%.

However, it is important to note that food miles emissions vary considerably depending on the food product. For example, the transport of fruit and vegetables, which is particularly emission-intensive due to the use of refrigerated vehicles (Kreier, 2022), accounts for 36% of total food miles emissions (European Commission, 2023). The refrigerated food supply chain is an energy-intensive, nutritious, and high-value part of the food system, making it particularly important to consider (Wang et al., 2022). The little data that is available suggests that currently the cold-chain accounts for approximately 1% of CO2 production in the world (James and James, 2010). Food transport refrigeration has a high impact on energy consumption and CO2 emissions. GHG emissions from conventional diesel engine driven vapor compression refrigeration systems commonly employed in food transport refrigeration can be as high as 40% of the GHG gas emissions from the vehicle’s engine (Tassou et al., 2009). Furthermore, large differences exist between the food miles emissions generated in high-income countries and those associated with low- and middle-income countries. High-income countries, with only about 12.5% of the world’s population, account for 52% of international food miles and 46% of associated emissions. On the other hand, low-income countries, home to around half of the world’s population, account for only 20% of international food transport emissions (Kreier, 2022; Li et al., 2022).

Coley et al. (2009) compared the carbon emissions of operating a large-scale vegetable box delivery system with those of a delivery system where customers travel to a local farm shop to collect the produce themselves. The authors found that if a customer travels more than 6.7 km round trip to purchase their organic vegetables, their carbon emissions are likely to be higher than the emissions from the system of cold storage, packaging, transport to a regional hub and final transport to the customer’s doorstep used by large vegetable box suppliers. As a result, the authors conclude that some of the ideas behind localism in the food sector May need to be reconsidered. Striebig et al. (2019) found contrasting results when they assessed what impact getting local food instead of non-local food could make on the overall emissions of the food system. Their results suggest that carbon emissions associated with food from local produce are lower than non-local sources. On the same topic, De Cara et al. (2017) argue that “buying local” does not necessarily reduce transport-related GHG emissions, even if production technologies and yields are homogeneous in space, but that the ideal supply system depends on the rural–urban population distribution in each region. They develop a partial equilibrium model of rural–urban systems where the spatial distribution of food production within and across regions is endogenous. According to De Cara et al. (2017), the optimal spatial distribution of food production does not exclude the possibility that some regions should be self-sufficient, provided that their urban populations sizes are neither too large nor too small. In another study, Coley et al. (2011) tested the effectiveness of the concept of food miles emissions for assessing the sustainability of food products. The findings of the study show that there is only a poor correlation between many food products, distances travelled and emissions, which is why food miles emissions, according to the authors, are not an appropriate tool for influencing consumer behavior.

Ballingall and Winchester (2010) examined the impact of changes in consumer preferences for imported agri-food commodities in several European countries. They simulated food miles emissions shocks in the UK, France, and Germany, as these are the countries where food miles campaigns are most active. The authors found that changes in consumer preferences are largest for agri-food products imported using carbon-intensive transport modes. In the same line of thought, Caputo et al. (2013) estimated the willingness to pay for CO2 and food miles emissions. The authors found that the willingness to pay for CO2 can be high even if the same respondents express a low willingness to pay for food miles emissions, while the reverse pattern was not observed. The results suggest that consumers tend to value the CO2 label at least as much as, and sometimes more than, the food miles emissions label.

Duarte et al. (2019) estimated the environmental impact of the road transport distance and product volume from farms to fresh food distribution centers in different regions of Brazil. The highest CO2 emissions were found for potatoes transported from Paraná, papaya from Bahía and tomatoes from Sao Pablo. The authors suggest that one strategy to reduce the environmental impact would be to use large freight volumes when transporting food over long distances. In a study on fruit export related emissions, du Plessis et al. (2022) described and analyzed the emissions-generating food distribution activities that are undertaken during the international export of fresh fruit from South Africa. Based on these activities, the authors developed a distribution chain diagram tool that describes the structure of fresh fruit distribution stages and associated emissions, and which can be used to facilitate the calculation of the carbon footprint of exported fruit.

In a study by Mosammam et al. (2018) a comparison of Iran’s total import-related food miles and associated direct environmental costs in 1999 and 2013 is presented. Based on a customized model, the import-related “food miles” were calculated for 14 food groups. In 1999, products arriving in Iran’s main cities were typically transported more than 15,456 km. By 2013, however, average food miles had fallen by 47%. In terms of energy use, the authors found that imported products accounted for 130,855 TJ of energy use in 1999, which was 10% less in 2013. These changes account for more than 10 and 9 million tons (Mt) of food miles emissions in 1999 and 2013, respectively. The authors conclude that there is an opportunity to re-legislate and revise policies on both imported and domestic food to continue reducing food miles emissions. Focusing on Canada, Kissinger (2012) presents a one-year snapshot of total import related food miles emissions. The author presents an analysis of the distance that imported food travels from around the world to major consumption points in Canada and documents the CO2 eq emissions associated with these imports. The study highlights that approximately 30% of the agricultural and food products consumed in Canada are imported, resulting in food miles of over 61 billion km and annual emissions of 3.3 million metric tons of CO2 eq. Of the various agricultural and food commodities studied, fruits and vegetables had the highest food miles related emissions.

Soysal et al. (2014) conducted one of the few existing studies on beef transport related emissions. The authors developed a multi-objective linear programming (MOLP) model for a generic beef logistics network problem. The objectives of the model are to minimize the total logistics cost as well as the total amount of GHG emissions from transport operations. The authors present computational results based on an application of the model to an existing beef export supply chain with primary production in Nova Andradina, Mato Grosso do Sul, Brazil, and consumers in the European Union. The results suggest that poor infrastructure leads to lower fuel efficiency, which in turn has a negative impact on emissions. The authors also conclude that green tax incentives such as a carbon tax can lead to improving the supply chain’s economic performance while reducing its environmental footprint.

In another study from Brazil, Velazco-Bedoya et al. (2013) calculated the CO2 emissions from the transport of Brazilian meat to Europe, comparing commonly used transport routes with less polluting alternative routes for the transport of meat from slaughterhouses to export harbors. They considered four scenarios: (i) farm to slaughterhouse; (ii) slaughterhouse to harbor; (iii) maritime transport from Brazil to Europe and (iv) distribution from European harbors to consumers. The average emission of the common transport routes was 8.8 tons of CO2 per container (26 tons) at an average distance of 11,633.4 km. The alternatives emitted on average 7.6 ton of CO2 per container, at a mean distance of 11,644.2 km. Comparing the two CO2 emissions, an average reduction of 20.47% can be achieved for transport in Brazil, and 13.85% for the entire route.

GHG emissions from beef transport are also addressed in a study by Kannan et al. (2016), which describes the development and application of a model to estimates energy consumption and GHG emissions from beef transport. The animal transport model is based on the weight and number of animals, type of trailer, vehicle, and fuel used. The results show that beef is transported on average 326 km in the study region. Fuel consumption amounts to 24 L of fossil fuel per 1,000 kg of boneless beef and the corresponding GHG emission is 83 kg. The authors point out that switching from conventional fuel to biofuel could significantly reduce energy consumption and GHG emissions.



Methods and data

The objective of this study is to quantify the GHG emissions and the CF of beef transport in the Colombian beef supply network and to evaluate its environmental efficiency compared to two alternative animal proteins, chicken and pork, using principally the meat and beef miles emissions indicator. It refers to transport emissions intensity (emissions/ton/km). To achieve this, a four-step methodological process is proposed (see Figure 1): (i) analysis of the beef supply network at the municipal level, (ii) assessment of geographical accessibility in the supply network, with distance as a key element, (iii) estimation of GHG emissions and CF from beef transport and beef miles emissions (BME), and (iv) comparison of GHG emissions, CF and food miles emissions from transport of beef, pork and chicken.

[image: Figure 1]

FIGURE 1
 Four-step methodology for analyzing GHG emissions and CF from beef transport.


As a first step, information on the volume of pork, poultry, and beef supply in the largest Colombian cities (Bogotá, Barranquilla, Cali, Cartagena, Cucuta, and Medellín) for the time period 2019–2022 was extracted from the Price and Supply Information System of the Agricultural Sector (SIPSA) (DANE, 2022). These years were chosen due to the availability of data collected by the Colombian government through the SIPSA database managed by DANE. Additionally, during this period, data collection and recording were improved, including more cities and more market centers, which enhanced the analysis of this study.

The next step was to analyze the transport routes of carcass beef from the wholesale markets in the municipalities of origin to the final markets. To this end, beef-supplying municipalities of the prioritized cities were identified and road distances between them were estimated using information from DANE (2022) and Google Maps. The information corresponding to the volume of beef transported is based on information from 16 wholesale markets in 11 cities and from 23 toll stations in 5 cities. In each of these places, traders and transporters are asked for information on the daily volume of beef (DANE, 2022). To choice of vehicle type and reference fuel was based on information from the Ministry of Transport (Ministerio de Transporte, 2005), which estimates that 80% of the vehicles in Colombia are rigid motor vehicles with two and three axles, and that the fuel used for the transport of goods is mainly diesel (around 70%), according to Colombia’s Mining and Energy Planning Unit (UPME) (Amell-Arrieta et al., 2016). Starting in 2022, the legally mandated fuel mixture is 90% diesel and 10% biodiesel (Ministerio de Agricultura Desarrollo Rural and Ministerio de Minas Energía, 2023); however, at the time of the calculations for this study, the methodology proposed by Nutresa and GAIA (2013) used a mixture of 93% diesel and 7% biodiesel.

A Social Network Analysis (SNA) was carried out to map and analyze intermunicipal beef supply networks in Colombia (Akhtar, 2014; Asres et al., 2012; Barlow et al., 2011; Sharma and Surolia, 2013). This methodology provides metrics and a visual representation of data to analyze, among other things, the linkages between different actors (e.g., institutions and traders), products and regions. SNA helps to reveal local patterns (number of contacts (degree), position in the network, influence, and other statistics per network member-node) and global patterns (level of network compaction, density, level of centrality, association patterns, among others) in the beef supply chain (Sanz Menéndez, 2003). An example of this type of analysis is found on the platform PlaSA Colombia, which is used by different stakeholders in Colombia. This platform uses network analysis to map the flow of food, considering nodes (territories) and edges (connections and movements of food) (PlaSA Colombia, 2024). The above helps to determine the general structure of the network, the level of interaction, the local performance of each node, and the fragility between metrics. The following analytical criteria have been defined for the implementation of the SNA:

I. The network nodes are the municipalities of Colombia.

II. The network relationships analyzed, which are visualized as lines connecting the nodes, are beef supply relationships, with certain municipalities sending beef and others receiving beef.

The WASD was calculated as an indicator to estimate the distance that food travels from its origin to its final destination, taking into account the volume mobilized (Blanke and Burdick, 2005; Pirog and Benjamin, 2005). The WASD is computed by multiplying the quantity of each food product transported by the distance it travels from its origin to its destination and dividing the sum of these products by the total quantity transported (see Equation 1).
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where:
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Next, the GHG emissions associated with the fuel used to transport beef were estimated. The following three GHGs associated with using diesel were prioritized: Carbon dioxide (CO2), Nitrous oxide (N2O), and Methane (CH4). Table 1 shows the GHG emission factors used. The estimation of the diesel CO2 emission factor (see Equation 2) was based on Nutresa and GAIA (2013) and UPME (2003).
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TABLE 1 Emission factors from diesel.
[image: Table1]

where:

[image: image]: Diesel carbon dioxide emission factor

[image: image]: Gallons of diesel consumed (Note: In Colombia, a gallon is a volume measurement equivalent to 3.78 liters, and this metric should be maintained for local reference)

[image: image] = Diesel emission factor in Colombia

[image: image]: Diesel caloric factor

[image: image]: Diesel density

The estimations of the N2O and CH4 emission factors, which are associated with the types of vehicles are based on UK GOV (2020) (see Equations 3, 4):
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where:

EFCH4 -Diesel = Methane emissions based on the distance traveled by vehicles

EFN2O- Diesel = Nitrous oxide emissions based on the distance traveled by vehicles

DistanceKm = Distance traveled in kilometers from city of origin/source to city of destination

EFgCH4/km = Emission factors for methane in diesel cargo vehicles

EFgN2O/km = Emission factors for nitrous oxide in diesel cargo vehicles

This information was taken to estimate the total CO2, N2O, and CH4 emissions from beef transport in Colombia (see Equation 5), using the global warming potential over 100 years for CO2 (1 ton CO2 eq), N2O (298 ton CO2 eq) and CH4 (25 ton CO2 eq) (Nutresa and GAIA, 2013). The parameters and metrics used have been validated by several studies in Colombia (Amell-Arrieta et al., 2016; Rodriguez et al., 2020; UPME, 2003).
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Finally, the CF from beef transport (CFbt) and beef miles (BM) were calculated based on the GHG emissions, the quantity of beef transported (BQ) and the distance traveled (km) (see Equations 6, 7).
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This process was repeated to estimate the GHG emissions, CF and food miles of pork and chicken for the purpose of comparison.

A limitation of this study is that there is no data on the distances traveled between the farm and the beef, chicken, or pork collection centers. Therefore, the estimates of GHG emissions, CF, and BF correspond to the transport of beef, chicken, and pork from the collection centers to the destination cities. Another limitation is that fuel consumption is different according to topography, type of roads, and height above sea level. There is not enough information to incorporate these variables in the study, for this reason a representative standard diesel consumption is assumed. To determine the consumption of gallons of diesel, the performance in kilometers per gallon in mountainous terrain is considered, according to the specifications of the Ministerio de Transporte (2012). This performance is 4.6 km/gallon for 2-axle trucks, 4.9 km/gallon for 3-axle trucks and 2.8 km/gallon for 4-axle trucks.



Results

Beef was the second most transported meat between 2019–2022. During this period, 189,000 tons of beef were transported by road in Colombia, an average of 47,000 tons per year. Beef is surpassed by chicken, with 201,000 tons transported in the period 2019–2022, which corresponds to an average quantity of 50,000 tons per year. Over the same period, 108,000 tons of pork were transported, an average of 27,000 tons per year. As can be seen in Figure 2, the quantity of chicken transported in Colombia surpassed beef in 2022. Furthermore, a decrease in the mobilized volume of the three types of meat can be observed between 2020 and 2021, which May be a consequence of the COVID-19 crisis.

[image: Figure 2]

FIGURE 2
 Tons of meat moved within Colombia 2019–2022.


The Colombian beef supply network is characterized by a fat-tail pattern, which refers to multiple supplying regions (grey circles) sending beef to a small group of trading partners (red circles). There is also a high degree of network centrality, with a few nodes, such as Bogotá, Barranquilla, Cali, Medellín, Cucuta, and Cartagena, concentrating most of the supply links (see Figures 3–5).

[image: Figure 3]

FIGURE 3
 Beef supply network in Colombia in the year 2022.
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FIGURE 4
 Pork supply network in Colombia in the year 2022.


[image: Figure 5]

FIGURE 5
 Chicken supply network in Colombia in the year 2022.


Bogota stands out for its high connectivity with numerous production areas, reflecting its central role in the network illustrated in Figure 3. Cali and Medellín are also important nodes due to their capacity to redistribute beef to other regions of the country. Bucaramanga and Villavicencio act as strategic points connecting various production and consumption areas, while Cartagena, being a maritime port, facilitates both the entry and exit of goods.

This centrality is visually represented in Figure 3, where the red nodes concentrate most supply links. The high centrality of these nodes not only ensures efficiency in the distribution of beef but also provides resilience to the network against disruptions. The ability of these nodes to act as key intermediaries facilitates the continuous flow of supplies. The SNA results underscore the importance of these nodes in maintaining a robust and efficient supply chain in Colombia.

Beef is the meat that travels the shortest distance between the market of origin and the end market. The WASD to the main cities that beef travels are 4,294 km, the least compared to chicken, 9,219 km, and pork, 7,023 km. For beef, Bogotá, the largest market in Colombia, is the city with the shortest supply routes. One of the reasons is the spatial contiguity of Bogotá. This city is connected to more than 80 municipalities through different roads and accesses, and many of these municipalities are meat producers. For pork and chicken, the city with the shortest supply routes is Barranquilla. On the other hand, the city with the longest travel distance for beef is Cali, and for pork and chicken it is Cucuta (see Table 2).



TABLE 2 WASD for meat transport for Colombia’s main cities for the period 2019–2022.
[image: Table2]

The results of the transport emissions analysis are presented in Table 3, which shows the estimated GHG emissions, CF and meat miles emissions (MME) for beef, pork and chicken. Chicken is the meat with the highest GHG emissions from transport, followed by beef and pork. Although beef is the meat with the highest quantities transported until 2021, it presents the lowest WASD, which explains why beef is not shown as meat with the highest GHG emissions in Table 3. The meat with the highest CF is pork: for every kilogram of pork transported in Colombia between 2019 and 2022, an average of 0.387 kg CO2 eq was emitted. But this ranking changes when the MME indicator is calculated. Beef transport generates the highest emissions in terms of kg transported/km traveled. While Colombia’s beef miles are 0.00005533 kg CO2 eq/kg/km between 2019 and 2022, pork miles emissions are similar with 0.000055164 kg CO2 eq/kg/km, and chicken miles emissions are lower with 0.000037446 kg CO2 eq/kg/km (see Table 3).



TABLE 3 GHG emissions, CF, and MME of beef, pork and chicken in Colombia for the period 2019–2022.
[image: Table3]



Discussion

The food miles emissions concept has facilitated an environmental efficiency analysis, estimating food transport emissions per kilogram transported and kilometer traveled (European Commission, 2023; Schnell, 2013; Van Passel, 2013). This is an interesting concept from which recommendations for climate change mitigation in the food transport sector can be derived. In general, food miles emissions studies have focused on international food transport, where the potential for emissions is greatest (Blanke and Burdick, 2005; Kissinger, 2012; Mosammam et al., 2018; Pirog and Benjamin, 2005; Velazco-Bedoya et al., 2013). Most studies on local food miles emissions seek to explore the benefits of local consumption by analyzing whether it can reduce emissions associated with food transport (De Cara et al., 2017; Duarte et al., 2019; Schnell, 2013; Striebig et al., 2019; Weber and Matthews, 2008). Moreover, food miles emissions studies have mainly focused on fruit and vegetables, which are the main contributors to total food miles emissions (Bigaran Aliotte and Ramos De Oliveira, 2022; Blanke and Burdick, 2005; du Plessis et al., 2022).

As the CF of beef is the highest of all food products when considering the whole life cycle, with emissions related to on-farm activities and land use change accounting for more than 90% of the beef CF (Ritchie, 2020), most CF studies of livestock value chains have focused on the farm level (Aluwong and Wuyep, 2011; Barthelmie, 2022; Buratti et al., 2017; Caro et al., 2014; da SILVA et al., 2023; Desjardins et al., 2012; Dick et al., 2015; Garrido et al., 2022; Gaviria-Uribe et al., 2020; González-Quintero et al., 2021, 2022; Ogino et al., 2016; Place and Mitloehner, 2012; Ruviaro et al., 2015; Sandoval et al., 2023) and very few on beef miles emissions (Kannan et al., 2016; Soysal et al., 2014; Velazco-Bedoya et al., 2013). This study therefore contributes to filling this knowledge gap by estimating beef miles emissions in Colombia.

The results show that GHG emissions from the transport of chicken transport are higher than those from the transport of beef and pork. When looking at the CF considering the quantities transported, the highest CF is from pork transport. But when estimating the MME indicator considering quantities transported and distance, the highest MME are from beef transport. This means that the unitary emissions impact of beef production is greater than pork and chicken production not only when considering the whole supply chain (Ritchie, 2020), but also when considering only transport. Ritchie (2020) estimates that the average global CF of beef is 60 kg CO2 eq/kg beef, of which only 0.3 kg CO2 eq/kg beef is attributable to transport. The results of this study suggest that the BME for Colombia is 0.238 kg CO2 eq/kg beef, which is lower but similar to this world average.

A few studies have also analyzed beef miles emissions, but mostly focused on export supply chains. Soysal et al. (2014) developed a multi-objective linear programming (MOLP) model for a generic beef logistics network problem. They estimated that the GHG emissions from transport associated with beef exports from Nova Andradina, Mato Grosso do Sul, Brazil to Europe. The authors found that GHG emissions amount to 127 tons CO2 eq when logistic costs are minimized and to 113 tons CO2 eq when emissions are minimized. Velazco-Bedoya et al. (2013) also studied the GHG emissions from the transport of beef from Brazil to Europe, but their study has a broader scope as it includes more regions of origin of the meat and estimates the indicator of CF from transport. The authors calculated that beef has to travel 11,633 km to get from Brazil to Europe, generating a CF equal to 0.3382 kg CO2 eq/kg of beef, with 11.8% of this CF corresponding to road transport within Brazil. For comparison with this study, the CF indicator associated with national beef transport was calculated to be 0.0399 kg CO2 eq/ kg of beef, which is higher than the CF estimated in for the national transport in Colombia for this study, 0.000238 kg CO2 eq/kg of beef. Kannan et al. (2016) applied a model to estimate energy consumption and GHG emissions from beef transport in the Southern Great Plains region, United States. Their results indicate that a truckload of beef in the study region travels on average 326 km. Fuel consumption amounts to 24 liters of fossil fuel per 1,000 kg of boneless beef, resulting in GHG emissions of 83 kg CO2 eq. The BME indicator calculated for the Southern Great Plains region is 0.00025 kg CO2 eq/kg of beef/km transported, which is higher than the BME indicator estimated for Colombia. These studies are presented for illustrative purposes. As can be seen, there are large differences between the results because of the particularities of each study. Among the most important differences are (a) the emission factors – our study uses emission factors calculated specifically for Colombia; and (b) the level of information – our study is more limited in terms of information; we estimate emissions from slaughterhouses to national consumption centers. Other studies with more complete information estimate emissions from farms to slaughterhouses and from slaughterhouses to national consumption centers, even to collection points for exports such as seaports and airports.

The high intensity and dependence of the beef supply structure reveal potential risks and vulnerabilities in the system by facing external shocks. An intermediation of 40% shows that out of 100 cargo trips, 40 return to the same producing municipalities. This situation can be explained by the effects of public health regulations for slaughterhouses and beef markets (Ministerio de Protección Social, 2007) that led to the closure of numerous establishments. In Colombia, in order to guarantee the sanitary quality of meat production, large slaughterhouses only operate in the main cities, which implies that the animals have to travel from the municipalities to the cities to be slaughtered and that the meat has to return to the municipalities to be commercialized. This issue is currently re-emerging in the political arena, as the government is planning to issue a new amendment to the regulation decree to allow the operation of municipal slaughterhouses as a complementary strategy to reduce beef prices, which could have an impact on the transport CF. This amended decree would reduce the number of trips required to deliver meat to the commercial centers in the municipalities, but requires a strict surveillance and control process to ensure that small municipal slaughterhouses comply with all health regulations. The above policy measure aims to promote local food consumption, as recommended, for example, by Coley et al. (2009) and Striebig et al. (2019). Colombia is a country with a complicated geography, which increases travel distances and with it fuel consumption and GHG emissions. Additionally, there is a significant delay in the development of the country’s road network. For food transportation, it is necessary for the National Government to prioritize investments to complete and improve Colombia’s road network, thereby reducing distances and increasing the speed at which vehicles can travel, two factors fundamental to reducing fuel consumption and GHG emissions.



Conclusion

This study is a first approximation to the estimation of the BME indicator for national meat transport in Colombia. In Colombia the MME indicator for beef is larger than for pork and chicken. Despite the comparatively small contribution to overall GHG emissions, it is important to develop comprehensive approaches and strategies to reduce beef transport emissions, recognizing the role of the beef supply network, transport distances, infrastructure, and technology beyond emissions related to on-farm practices and land use change. The beef supply network in Colombia is characterized by the existence of several supplying regions that send beef to a small group of trading partners. In terms of supply distance, Bogotá, the largest market in Colombia, requires transport over the shortest distance to source beef. On the other hand, Cali, a city located in the southwest of the country, requires transport over the longest distance to source beef. In addition, chicken is found to generate the highest amount of GHG emissions due to transport, followed by beef and pork. These findings highlight the importance of considering supply patterns and associated GHG emissions when planning sustainability strategies for the meat industry in Colombia.

Comparing the results of this study with studies from Brazil and the United States, it appears that BME in Colombia have a lower environmental impact than in these countries. However, this study is limited to the transport of beef from the slaughterhouse to the end markets, which means that the indicator is underestimated. For future BME studies in Colombia, it would be important to also estimate emissions from transport from the farm to the slaughterhouse. Moreover, it would also be interesting to estimate the CF and BME of beef exports, as has been done in Brazil. Reducing emissions from beef transport in Colombia will require efforts from different stakeholders. The Government, particularly the Ministry of Transport, must commit to expanding and improving the country’s road infrastructure to reduce the distances traveled. Stakeholders in the beef sector should, furthermore, work on strategies to bring production and consumption centers closer together, encouraging local consumption and improving the use of vehicles by utilizing all available loading capacity. These strategies would not only generate environmental benefits by reducing emissions, but also economic benefits by reducing transport costs.

To expand this work, future studies are required that include information on travel distance from the farms to the collection centers, which was a limitation of our study. It would also be interesting to initiate causal inference studies that allow to identify specific points in the meat transportation chain with potential for improvement to reduce emissions.
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