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Abstract 

With China’s increasing wealth over the last 30 years, its diet has shifted away from 

rice and grains with a small amount of meat to a diet with more carbon intense foods 

such as fruit and vegetables, meat, and dairy products. As China has grown 

economically, it has become one of the top global importers of foods. China has also 

become the world’s number one producer of greenhouse gas emissions and the changes 

in its food consumption play a substantial role in this, not only from its own domestic 

food production, but also from the embodied emissions in imported foods.  

Until now, it has been unclear how the changes in China’s diet have affected 

greenhouse gas emissions. While there is abundant literature on the contribution of 

China’s overall economic growth to greenhouse gas emissions, specifically with regard 

to changes in China’s energy and manufacturing sectors, little has been done to 

determine the greenhouse gases associated with changes in China’s agriculture and food 

consumption. Existing literature on the subject is scattered and fragmentary, presenting 

studies that are either highly localized or mentioning agriculture only in the context of a 

single sector in the greater economy.  

This thesis examines the embodied emissions associated with China’s changing diet on 

greenhouse gases at a national level by addressing three research questions presented in 

three papers. Paper 1 addresses the first research question: What are the appropriate 

tools to determine the effects of China’s changing diet on greenhouse gases? 

Environmentally-extended input-output analysis is most frequently used to determine 

embodied emissions in large-scale economic analyses. Paper 1 reviews the body of 

literature utilizing environmentally-extended input-output analysis to evaluate 
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environmental issues in China, in general, but in doing so, identifies the merits and 

shortcomings that would be faced in using the technique to find the embodied emissions 

in China’s diet. Although the review illustrates the explosion of the use of the technique 

with regard to environmental issues in China and the many ways the field has advanced, 

the problems of questionable data veracity and lack of disaggregated data indicate that 

using input-output analysis for this research would be troublesome, if not infeasible. 

To overcome the barriers to research posed by a lack of verifiable data at the 

appropriate scale for this analysis, Paper 2 addresses the second research question in 

this thesis: How can we use existing data to develop an internally consistent and 

comparable set of emission factors? In order to determine the effects of China’s food 

consumption on greenhouse gas emissions, emission factors associated with different 

food types must be combined with Chinese production and import data. While the 

production and import data is readily available, the emission factors specific to different 

foods, countries, and time periods is patchy and inconsistent. Paper 2 examines the 

problem and outlines a methodology to utilize existing production and greenhouse gas 

emission data, calibrated against figures in the literature, to develop internally consistent 

and internationally comparable carbon emission factors for China and its food supply 

trade partners. 

Utilizing the methodology described in Paper 2, Paper 3 addresses the third research 

question: What has driven the changes in greenhouse gases associated with China’s 

food consumption? Paper 3 details how emission factors found in Paper 2 for foods 

produced by China and its trade partners in 1989, 1999, and 2009 were combined with 

production and trade data to determine the greenhouse gas emissions associated with 
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foods originating in different countries for the years studied. An index decomposition 

analysis was performed to determine how greenhouse gases increased or decreased over 

the 20-year period due to rising consumption, changes in the dietary structure, 

production efficiency improvements, and changes in foods supplied from other nations. 

Paper 3 argues that the influence of the overall increase in consumption is nine times 

greater than changes associated with dietary structure. Improvements in production 

efficiency are demonstrated to be four times as influential in changes to greenhouse gas 

emissions as dietary structure. While changes in the amounts of greenhouse gas from 

food imports played a small role relative to China’s overall greenhouse gas emissions, 

due to the magnitude of China’s imports, the role of imports have potentially major 

ramifications for greenhouse gases from China’s trade partners. 
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1.1 Tapping China’s potential to reduce greenhouse gases 

Agricultural production has been estimated to contribute on the order of 30% of global 

greenhouse gas emissions (Bellarby et al., 2014). Feeding the world’s largest 

population, China’s food-related greenhouse gas (GHG) emissions play a substantial 

role in this. China’s wealth has grown since the opening of its economy in 1978 

(Hubacek and Sun, 2005) and with it, China’s diet has changed, particularly increasing 

the consumption of livestock products (Huang, et al., 1999). As meat and dairy have 

higher carbon intensities than crop products, many organizations, including the United 

Nations Food and Agriculture Organization, have expressed concerns about the effects 

of the increased consumption of livestock products on GHG levels (Steinfeld et al., 

2006). Acting on these concerns, the Chinese Nutrition Society recently released new 

dietary guidelines in May 2016 recommending that individuals decrease their meat 

consumption by 50% in an effort to control GHG emissions.   

As the world’s top producer of GHGs (World Bank, 2016), China also has the potential 

to greatly reduce emissions. It makes intuitive sense that cutting consumption of 

livestock products could curtail greenhouse gases, but there are other factors that 

contribute to food-related GHG emissions that are being largely ignored. Changing the 

structure of China’s diet by lessening livestock consumption relative to other foods may 

be one means of lowering GHG levels. It is also important, however, to look at the 

overall amount or scale of food consumed. Also crucial in examining food-related 

GHGs are the technological advancements improving the efficiency of food production. 

Finally, as more of China’s food supply is coming from trade, the source of food 

imports can also play a role in China’s dietary GHGs. The research in this thesis looks 
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at these drivers behind the growth in GHGs related to China’s changing diet and 

determine which factors may be more effective in reducing China’s food-related GHGs. 

1.2 China’s changing diet 

Following economic reforms in 1978, China’s economy has grown rapidly, with gross 

domestic product growing by almost 10 percent annually (World Bank, 2016). 

Economic development, foreign investment, and market liberalization has improved the 

quality of life for large segments of China’s population (Hubacek et al., 2007; Hubacek 

et al., 2009). Recent studies estimate that hundreds of millions of Chinese will rise from 

poverty to the middle class over the next two decades  (Boulter, 2013). With this 

increased wealth, China’s overall food consumption is increasing and the population’s 

diet is shifting away from cereals, grains, and pulses with a greater emphasis on fresh 

fruit, fresh vegetables, meat, and dairy (FAO Food Outlook Team, 2013; OECD-FAO, 

2013; Zhou et al., 2012; Zhou et al., 2001). Figure 1.1 shows the overall increase in 

consumption of crop and livestock products in China between 1989 and 2009, including 

consumption of both domestically produced and imported foods. Consumption of crop 

products, including maize, rice, wheat, sugar, fruit, oilcrops, pulses, roots and tubers, 

and vegetables grew from the consumption of 779 million tonnes of products in 1989 to 

1.2 billion tonnes in 1999 and by 2009, almost doubling the 1989 consumption to 1.5 

billion tonnes. Consumption of livestock products, such as milk and dairy, eggs, beef, 

sheep and goat, pork, and poultry more than tripled in the period between 1989 and 

2009, from 40 million tonnes in 1989 to 86 million tonnes in 1999 and up to 143 million 

tonnes in 2009 (FAOSTAT, 2015). 
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While the overall consumption of all food types increased between 1989 and 2009, the 

relative consumption of different categories of food changed over this same period.  

Consumption of livestock products by weight increased from 5% of the total food  

 

Figure 1.1: China’s consumption of crops and livestock products between 1989 and 2009. 

consumed in 1989 to 7% in 1999 and up to 9% in 2009. As shown in Figure 1.2 and 

corroborated in the literature, the proportion of rice, wheat (including grains and other 

cereals), and roots and tubers consumed by weight has decreased between 1989 and 

2009, falling between 7% and 11% (Fuller and Dong, 2007; Guo et al., 2000). 

Proportional consumption of sugar, pulses, and wheat by weight have all remained 

relatively unchanged (less than 1% change) between 1989 and 2009. In contrast, the 

role of oilcrops and fruit in China’s diet increased by 3% and 4%, respectively, between 

1989 and 2009, and vegetable consumption’s proportion grew by 13%. 

In 1989, rice made up 22% of China’s food consumption by weight. Wheat, roots and 

tubers, and vegetables each, respectively, comprised around 15% of China’s food 
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consumption. By 2009, rice consumption had fallen to 11% of China’s total food 

consumption. Wheat and roots and tubers had each dropped by more than half to 7%. In 

contrast, vegetables increased in this period to 28% and fruit’s role in China’s diet more 

than doubled from 3% to 7%. 

 

Figure 1.2: Relative consumption of crop products by weight between 1989 and 2009 as a percentage of overall 

consumption. 

For livestock products, the relative proportion of all categories increased. The 

percentages relative to China’s overall food consumption by weight are very small, 

ranging from 0.1% for sheep in 1989 to 2.9% for pork in 2009. When viewed in 

absolute terms, however, the increased consumption of livestock products is striking. 

China produces and consumes nearly 50% of the world’s pork (Grigg, 1999). This 

relative consumption of pork remained relatively flat, increasing by only 0.2% in terms 
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of overall food consumption between 1989 and 2009. As shown in Figure 1.3, in 

absolute terms, pork consumption more than doubled from 22 million tonnes to 49 

million tonnes in 2009. Consumption of eggs and sheep products almost quadrupled 

during this period. Poultry saw a 5-fold increase while beef consumption saw a 7-fold 

increase. Growing more than any other food, milk and dairy product consumption 

increased by 8 times, from 4.7 million tonnes in 1989 to 38 million tonnes. 

 

Figure 1.3: Consumption of livestock products in China in 1989, 1999, and 2009. 

1.3 Contribution of imported foods in China’s food consumption 

Of particular interest with regard to increased consumption is the provision of greater 

quantities and higher quality of food to more of the Chinese population by China’s trade 

partners (Hubacek et al., 2007; Hubacek et al., 2009). Between 2005 and 2010, China’s 

agricultural imports increased at an average annual rate of 24 percent. While agriculture 

in 2009 was only approximately 3 percent of China’s total imports, it accounts for 9 

percent of the global agricultural trade, placing it second behind the United States in 
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agricultural imports. China’s agricultural imports are concentrated in a few major 

products, with two products, soybeans and cotton, accounting for almost one-half of all 

Chinese agricultural imports in 2010, while the top 10 import categories made up nearly 

75 percent of the total. From 2005 to 2010, Chinese meat imports grew at an average 

annual rate of 35 percent from $431 million to $1.4 billion. China’s import suppliers are 

similarly concentrated with the top five (United States, Brazil, Argentina, European 

Union, and Australia) accounting for almost 65 percent of Chinese imports and the 

United States, Brazil, and Argentina comprising more than one-half of the total (United 

States International Trade Commission, 2011). 

From a food consumption standpoint, imported foods comprised 3.7% of China’s 

overall food consumed in 1989, dropped to 2.6% in 1999, but then more than doubled to 

5.3%. In absolute terms, imports grew from 30 million tonnes in 1989 to 32 million 

tonnes in 1999. By 2009, however, imports had risen to triple 1989 levels at 90 million 

tonnes of imported food products. In 1989, the top four suppliers of food products to 

China by total weight were the United States, Australia, Canada, and France. Food 

products from the United States made up 53% of all of China’s food imports. Australian 

foods comprised 8% of the total, Canada provided 7%, and France contributed 5%. The 

remainder of China’s trade partners each had shares of 4% or less. By 1999, the United 

States’ share had dropped to 43% and Australian products increased to 10%. Canada’s 

share dropped marginally to 6% and Argentina grew to be China’s fourth largest import 

supplier, also comprising 6% of China’s food imports. As in 1989, no other trade 

partner held a share of more than 5%. While the quantity of the United States exports to 

China in 2009 more than doubled from its 1999 levels, from 13 million tonnes of 
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products to 31 million tonnes, its share of China’s imported foods continued to slip 

down to 35%. Canada’s share remained at 6% and Argentina’s share grew slightly to 

7%, but both were overtaken by Thailand growing to 8% of China’s food imports, 

largely on the strength of its rice, fruit, and roots/tubers exports, and Brazil taking up 

21% by tonnage of China’s food imports, primarily on its export of soybeans which 

comprised 91% of Brazil’s food exports to China (FAOSTAT, 2015). Figure 1.4 

compares the quantities imported by China from these nations for 1989, 1999, and 

2009. 

 

Figure 1.4: Quantity of food product imported by China from its top import supply trade partners in 1989, 

1999, and 2009 in millions of tonnes. 

In examining trade and imports with respect to China’s changing diet, however, the 

quantities of specific food types imported for consumption provides an important lens 

through which to view China’s food imports. In 2009, China’s overall food 

consumption, both domestically produced and imported foods totalled 1.7 billion 

tonnes. Imports made up 5.3% of this amount, 89 million tonnes. China’s 2009 
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consumption of oilcrops, primarily soybeans, totalled 124 million tonnes. Imported 

soybeans comprised 61 million tonnes, 49.0% of the total consumed in 2009 and 67.7% 

of all of China’s 2009 imported foods. Figure 1.5 shows the growth of oilcrop imports 

in from 1989 to 2009 compared to imports of other crop types during the same period. 

Roots and tubers comprised the next largest food type imported at 8.3% of all 2009 

imported foods. Maize and wheat each made up about 5% of 2009 imported foods, with 

fruit comprising 4%. The remaining food categories each only accounted 2% or less 

(FAOSTAT, 2015).  

When compared to overall consumption in 2009, however, imported poultry, at 1.6 

million tonnes, is the next largest category to oilcrops at 8.7% of all poultry consumed 

in China. Imported beef represents 7.8% of the beef consumed. Imported foods from 

other food categories accounted for 5% or less of the overall consumption of that food 

type. It is notable that although 2009 pork imports were the same as poultry, 1.6 million 

tonnes, domestic production of pork in China is so great that this amount was only 3.2% 

of overall pork production (FAOSTAT, 2015). Figure 1.6 shows the growth of livestock 

product imports from 1989 to 2009. 
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Figure 1.5: Quantities of crop products imported by China in 1989, 1999, and 2009 in millions of tonnes. 

 

 

Figure 1.6: Quantities of livestock products imported by China in 1989, 1999, and 2009 in millions of tonnes. 
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Myanmar a close second ahead of the United States. Brazil is China’s top supplier of 

beef and its third largest supplier of sugar, behind second-place Cuba. New Zealand is 

China’s number one supplier of dairy products, providing 35% of China’s dairy 
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suppliers of different food categories are smaller nations like Thailand, Vietnam, 

Myanmar, Cuba, and New Zealand. This has important ramifications with regard to 

China outsourcing its greenhouse gas emissions embedded in its food imports. While 

the greenhouse gas emissions associated with an imported food might be miniscule 

relative to China’s overall carbon footprint, for a much smaller nation, the relative 

carbon impact is much greater. 

1.4 Measuring greenhouse gas emissions from food consumption 

Estimates of agriculture’s contribution to overall greenhouse gas (GHG) emissions 

range from 10% to 32% (Bellarby et al., 2014) and the United Nations (UN) has 

reported that agricultural GHG emissions have doubled in the last 50 years, with the 

potential to increase another 30% by 2050 (Tubiello et al., 2014). The UN Food and 

Agriculture Organization (FAO) estimates that livestock are responsible for a greater 

share of global greenhouse gas emissions than transportation (Steinfeld et al., 2006). 

With such high levels of emissions associated with food production, there is also a great 

potential for climate change mitigation through the reduction of these greenhouse gases, 

particularly within China. 

An array of research has been published highlighting the implications of China’s 

growing consumption and food demands on such resources as arable land, freshwater 

supplies, and marine habitats (Hubacek et al., 2007; Hubacek et al., 2009; Naylor et al., 

2005; Pimentel, 2011; Pimentel, 1999). China’s arable cropland has been measured at 

0.10 ha per capita, below the global average of 0.22 ha per capita. Land degradation has 

and continues to erode this land away, resulting in less cropland to feed an increasing 

population greater per capita quantities of food (Pimentel, 2011; Smil, 2003). Water 
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supply in China is similarly constrained, with an average per capita water supply 

estimated between one-third to three-quarters of the world average (Hubacek et al., 

2009; Pimentel, 2011). Additionally, as China’s industries grow with the economy, they 

compete with agriculture for a growing share of the water supply (Guan and Hubacek, 

2007, 2008; Hubacek et al., 2009; Pimentel, 2011). Livestock production harmfully 

impacts water quality, affecting fresh water as well as marine habitats, through the 

release of antibiotics, nitrogen, phosphorous, and other chemicals in the run-off directly 

from animal waste and from feed production (Naylor et al., 2005; Steinfeld et al., 2006). 

This run-off is resulting in red tides and degrading marine habitats in the South China 

Sea (Naylor et al., 2005). 

Additionally, and although not specific to China’s increasing food demands, a variety of 

studies have been published investigating China’s increasing energy demands, energy 

intensity, and the resultant CO2 emissions produced from China’s growing consumption 

(Hubacek et al., 2007; Hubacek et al., 2009; Liu et al., 2012; Ma, 2010; Ma and Stern, 

2008; Su and Ang, 2012; Zhao et al., 2010). While the United States had long held the 

dubious distinction of being the top energy consumer and CO2 producer in the world, 

China became the top CO2 emitter in 2006, is second only to the United States in oil 

imports, and consumes more coal than any other nation. The majority of research points 

to Chinese manufacturing driving increases in energy demand as well as CO2 

production (Hubacek et al., 2007; Ma, 2010; Ma and Stern, 2008; Zhao et al., 2010), but 

a number of studies identify agriculture and food production as being a significant 

driver of Chinese energy demand as well (Pimentel, 2004; Pimentel, 2011). 
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Commensurately, this implies that China’s food consumption would similarly be a 

driver of Chinese greenhouse gases. 

The issue, however, with the greenhouse gases associated with China’s food 

consumption is a matter of aggregation. Currently, the International Panel on Climate 

Change (IPCC) and most other bodies calculating GHGs use a method called 

production-based accounting to calculate GHG. Under this method, the amount of fuel 

used for an activity, like applying fertilizer to farm fields or manure management, is 

multiplied by an emission factor for that fuel and this gives the amount of GHG 

associated with that activity (IPCC, 2006). These calculations are made for a region or a 

nation and when combined together can give the emissions associated with the selected 

area’s agricultural activities. Unfortunately, the resolution of these calculations is such 

that different crop types are aggregated together to give the overall emissions for the 

activities associated with their production. The IPCC’s protocols for calculating 

livestock emissions do allow for the calculation of GHG emissions by food product, but 

account only for direct emissions and fail to account for indirect emissions which make 

up the majority of GHGs associated with production of non-ruminants (IPCC, 2006; Lin 

et al., 2014). Additionally, while production-based accounting provides the GHGs for 

agriculture within a certain region, it also fails to account for trade and movement of 

goods (Peters, 2008).  

Consumption-based accounting, however, uses multi-region input-output analyses to 

determine the GHGs associated with the consumption of a region, not only generated 

within the region’s boundaries, but also deducting the emissions embodied in that 

region’s exports and including GHGs embodied in the region’s imports (Peters, 2008). 
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Liang et al. (2007) found in their study of China’s future energy needs that production-

based accounting underestimated the emissions of the consumption of the Beijing-

Tianjin region by 34% because it did not address import of goods into the region. While 

consumption-based accounting provides a more accurate estimate of a region’s CO2 

emissions generated by its consumption patterns, with respect to determining changes in 

GHG associated with changes in food consumption, the agricultural data in available 

input-output tables remains too highly aggregated to use it to analyze the finer 

resolution of changes associated with different categories of foods. Most input-output 

tables include agriculture as a single industry sector, including non-food crop 

production and often also forestry (Hawkins et al., 2015). A handful of studies such as 

Hubacek and Sun (2005) and Feng et al. (2013) disaggregate the agricultural sector into 

more subsectors, but still not a fine enough resolution to determine the impacts of 

dietary change on GHGs. 

The literature on China’s dietary change and the data available on China’s food 

production, imports, and exports are all at a finer resolution of subsectors and products 

than either current production-based accounting methods or consumption-based 

accounting can address (FAOSTAT, 2015; Grigg, 1999; Hawkins et al., 2015; Huang et 

al., 1999; Rosegrant, 2001). However, because data is available on China’s food 

production, imports, and exports over a range of years, if the emissions intensities or 

emission factors of different food products could be determined, the CO2 emissions of 

China’s food consumption at different points in time could be calculated and analyzed. 

As the emission calculations are based on the quantity of CO2 emissions generated in 

the consumption of a quantity of food product, food production, import, and export 
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values are all measured in physical units, typically tonnes, rather than in monetary units. 

As production methods change over time, typically improving in efficiency, the 

emission intensities of foods decrease over time – representing less carbon embodied in 

a quantity of that product (Lin et al., 2014). Similarly, production methods range from 

region to region and can differ due to climate or other geographical reasons (Peters et 

al., 2010). Consequently, emission factors for food products need to be specific for 

when as well as where the foods are produced. 

Wang (2010) takes activity-based emissions estimates for agricultural lands and divides 

them by specific food crops to derive implied emission factors for 16 different food 

crop categories and 6 livestock categories in China. While this provides one of the most 

disaggregated sets of emission factors for Chinese foods, his calculations are limited to 

single point in time. Lin et al. (2014) uses a hybrid environmental input-output/life 

cycle analysis to determine the emission factors for 9 different food crops and 6 

different livestock categories. In their analysis, they determine these emission factors 

for the years 1979, 1989, 1999, and 2009 in China (Lin et al., 2014). These emission 

factors, combined with the FAO’s food production and export data for China, allow for 

the calculation of the GHGs associated with domestic production of foods in China for 

these years as well as the amount to be deducted for exports from China.  

Determining the emissions associated with China’s imports is a more difficult task. 

There are a wide variety of studies estimating emission factors for a range of food 

products in countries around the world. Unfortunately, most of these studies look at the 

emission factors for a single product or a few food products (Desjardins et al., 2012; 

Flysjo et al., 2011; MacLeod et al., 2013; Roos et al., 2011). Very few studies provide 
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emission factors for a wide range of food types (Heller and Keoleian, 2014; Rapera and 

Quilloy, 2014) and those that do fail to look at the change in emission factors over time. 

Additionally, one of three methods is typically used to calculate emissions factors: 

input-output analysis, life cycle analysis, or a hybrid input-output/life cycle analysis. 

Depending on the assumptions used in these methods, the boundaries of the life cycle 

analysis or the aggregation level of the input-output analysis, these studies may provide 

different emission factors for similar foods (Flysjo, 2011; Flysjo et al., 2012; Heller and 

Keoleian, 2014). In the current literature, there is no set of internationally comparable 

and consistent emission factors for food products. The work performed for this research 

develops a method to determine a set of comparable, consistent emission factors for all 

countries in the FAO’s database for any year with available data. 

1.5 Determining the drivers of China’s food consumption greenhouse gases 

While China’s government focuses on reducing meat consumption as a means to reduce 

GHG emissions in its most recent dietary guidelines released May 2016, this research 

seeks to determine if this policy is the most effective means of reducing GHGs 

associated with food consumption. As described above in the previous sections, China’s 

diet is changing in three fundamental ways: the overall quantity of food being 

consumed, the proportions of different foods being consumed, and the sources of foods 

consumed. Additionally, the production methods and technologies used to produce 

foods are changing and are typically becoming more efficient. Each of these factors 

affect the GHG emissions associated with China’s food consumption. Using index 

decomposition analysis (IDA), the role that each of these factors play in China’s food 

consumption-related GHG emissions can be determined. 
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While IDA has frequently been used to analyze energy and GHG emissions in China, it 

is most commonly used to examine the roles different sectors of the Chinese economy 

or manufacturing industry subsectors affect energy or GHGs. Where agriculture is 

addressed in these studies, it is usually taken within the greater context of the Chinese 

economy and presented in comparison with other economic sectors (Ma, 2010; Ma and 

Stern, 2008; Su and Ang, 2012; Wang et al., 2011; Zhang, 2009). Few studies, such as 

done by Dong et al. (2013), make an effort to delve more deeply into the emissions of 

the agricultural sector. Unfortunately, the level of data aggregation in the study by Dong 

et al. (2013) limits the analysis to sources of agricultural GHG without any connections 

with the associated product. 

This research expands on the conventional 3-factor IDA which extricates the effects of 

structure, scale, and efficiency. Structure, with regard to this analysis of China’s diet, 

describes the proportions of different food crop and livestock products within the 

overall diet. Scale presents the total level of consumption of crop and livestock 

products. Efficiency expresses the carbon intensity of the crop and livestock products. 

For this research, we further divide structure into demand structure, which distinguishes 

the changes in the types of foods eaten in China relative to the overall diet, and supply 

structure, which details the proportion of different food types supplied to China through 

its own domestic production as well as its trade partners.  

1.6 Research objectives and questions 

The objective of this thesis was to account for direct and indirect GHG sources over 

time and in conjunction with structural change, increased consumption levels, and 
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embodied emissions in trade with other countries to determine how China’s changing 

preferences for different crop and livestock products have affected GHG emissions.  

This research achieves this objective by addressing the following three questions: 

1. What are the appropriate tools to determine the effects of China’s changing diet 

on greenhouse gases? 

2. How can we use existing data to develop an internally consistent and 

comparable set of emission factors? 

3. What has driven the changes in greenhouse gases associated with China’s food 

consumption? 

First, because consumption-based accounting typically uses input-output analysis to 

estimate CO2 emissions, the environmentally-extended input-output literature for China 

is reviewed to determine if multi-regional input-output analysis is an appropriate 

method for achieving the objective of this research. The results of this literature review 

addressing research question 1 are presented in Chapter 3 (Paper 1). To analyze the 

effects of China’s changing food consumption on GHG emissions, the quantities of food 

produced in China, its exports, and its imports must be combined with carbon emission 

factors (CEFs) for these products over a range of time and for China as well as for all of 

its trade partners. While the FAO’s public databases provide all of the food quantities 

necessary, a consistent and comparable set of CEFs for each of the food categories, 

countries, and time periods is unavailable. Chapter 5 (Paper 2) addresses question 2 by 

presenting how the FAO’s time series food quantity data can be combined with GHG 

emissions data and benchmarked against CEFs in the literature to develop a set of 

internally-consistent and comparable CEFs for foods from countries all over the world. 
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Finally, the CEFs and food quantities are combined in Chapter 7 (Paper 3) and analyzed 

using IDA to determine the drivers behind how China’s changing diet affects GHG 

emissions, addressing question 3.   

1.7 Thesis outline 

This introductory chapter presents the subject matter, gives a synopsis of the thesis, and 

presents the objective and research questions within the framework of this document. 

Table 1.1 lists the research questions and which thesis chapters are associated with each 

question. Chapters 2, 4, and 6 preface the analyses provided in the papers addressing the 

research questions, describing how each paper fits into the overall structure of the 

research undertaken. Chapters 3, 5, and 7 are published papers or manuscripts submitted 

to scientific journals for publication. As such, each chapter includes its own 

introduction, literature review, methods, results, discussion, conclusions, and references. 

While this results in a certain degree of overlap between papers and material presented 

in this introduction, repetition has been kept to a minimum to allow for their fusion into 

a cohesive narrative. 

Table 1.1 Research questions and their associated thesis chapters  

Research question 1.  
What are the appropriate 
tools to determine the effects 
of China’s changing diet on 
greenhouse gases? 

Chapter 2. Reviewing the appropriate tools to analyze China’s changing diet and 
its greenhouse gases 

Chapter 3. Paper 1 - Promises and pitfalls in environmentally extended input-
output analysis for China: a survey of the literature 

Research question 2.  
How can we use existing data 
to develop an internally 
consistent and comparable set 
of emission factors? 

Chapter 4. Developing internationally comparable carbon emission factors for 
crop and livestock products 

Chapter 5. Paper 2 - Apples to kangaroos: a framework for developing 
internationally comparable carbon emission factors for crop and livestock 
products 

Research question 3.  
What has driven the changes 

Chapter 6. The impacts of China’s diet on greenhouse gas emissions 
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in greenhouse gases 
associated with China’s food 
consumption? 

Chapter 7. Paper 3 - China’s changing diet and its impacts on greenhouse gas 

emissions: an index decomposition analysis 
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Research question addressed: What are the appropriate tools to determine the effects 

of China’s changing diet on greenhouse gases?  

Environmentally-extended input-output analysis is most frequently used to determine 

embodied emissions in large-scale economic analyses, often in conjunction with other 

techniques such as life-cycle analysis and structural decomposition analysis. 

Consequently, input-output analysis appears to be the most ideal manner in which to 

evaluate the impacts of China’s changing diet on GHG emissions. Input-output analysis 

appeals as a methodology because it not only captures the direct effects of changes to 

the system as many other techniques do, but also seems best suited to capture the full 

depth of secondary, indirect, and implied effects of changes (Hoekstra, 2005; Miller and 

Blair, 2009). Input-output analysis also suits the research for its ability to cope with 

trade and imports using a multi-region model (Miller and Blair, 2009). Using a global 

multi-region input-output (MRIO) analysis, questions of system boundaries are moot 

(Hoekstra, 2005). Input-output analysis also operates as a flexible platform which can 

be used to examine time series data as well as future projection scenarios (Hubacek et 

al., 2009). All of these reasons are why input-output analysis has been widely used in 

the analysis of CO2 and GHG emissions worldwide, but with a growing amount of 

literature specifically about China (Chen and Zhang, 2010; Li et al., 2007; Liu et al., 

2012; Su and Ang, 2010, 2013; Su et al., 2010). These are, similarly, the reasons why 

input-output analysis is the engine behind consumption-based accounting (Peters, 

2008).  

Chapter 3 presents a bibliographic review of how environmentally extended input-

output analysis has been used with regard to environmental issues in China. This 

chapter identifies the authors who have contributed most greatly to this field in China as 
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well as the environmental issues that have received the most attention. The paper also 

briefly details the most common techniques used in conjunction with input-output 

analysis in China. The paper further describes what environmental issues have the 

greatest potential for future expansion with input output analysis. Chapter 3 

distinguishes the areas which are especially problematic for input-output analysis, most 

notably including the issue of disaggregation which is crucial to achieving the 

objectives of this research. 
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3.1 Highlights 

 Articles in 2012-2013 more than doubled that published between 1995-2011 

 CO2 and energy are the most common topics, frequently associated with trade 

 Data from the National Bureau of Statistics is widely used but seen as flawed 

 Climate change, water supply, and food security drive the future of the literature 

3.2 Abstract 

As the world’s largest developing economy, China plays a key role in global climate 

change and other environmental impacts of international concern. Environmentally 

extended input-output analysis (EE-IOA) is an important and insightful tool seeing 

widespread use in studying large-scale environmental impacts in China: calculating and 

analyzing greenhouse gas emissions, carbon and water footprints, pollution, and 

embodied energy. This paper surveys the published articles regarding EE-IOA for 

China in peer-reviewed journals and provides a comprehensive and quantitative 

overview of the body of literature, examining the research impact, environmental issues 

addressed, and data utilized. The paper further includes a discussion of the 

shortcomings in official Chinese data and of the potential means to move beyond its 

inherent limitations. 

3.3 Keywords 

China, environmentally extended, input-output analysis 
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3.4 Introduction 

Environmentally-extended input-output analysis (EE-IOA) has, from the earliest stages 

of its development in the 1960’s and 1970’s by Leontief, Ford, Hannon, Bullard and 

Herendeen, been used to study air pollution and energy (Bullard and Herendeen, 1975; 

Hannon, 2010; Herendeen et al., 1981; Leontief, 1972). Since then, it has become a 

valuable tool for calculating CO2 emissions in countries throughout the world in a wide 

variety of ways. Within the last 10 years, it has seen increasing use in determining the 

embodied energy and CO2 emissions in China (Chen and Chen, 2013a; Li et al., 2007; 

Liu et al., 2012b; Shao et al., 2013; Su and Ang, 2010, 2013; Su et al., 2010). This paper 

provides a comprehensive overview of the use of EE-IOA to analyze Chinese 

environmental impacts, surveying the entirety of the literature through 2013. 

Following the opening of China to trade in 1978, the country has exhibited economic 

growth on a scale unparalleled by any other in the same recent time period. As China’s 

input-output data is available as far back as 1981, EE-IOA can and has been used to 

measure the effects of economic growth and its associated environmental impacts nearly 

from the beginning of this period of expansion. As one of the world’s largest 

economies, the magnitude of environmental impacts associated with China’s economy 

has global implications and EE-IOA provides researchers with the ability to study 

system-wide effects in China, and through multi-region input-output models (MRIOs), 

impacts related to its trade with other nations. EE-IOA allows researchers to effectively 

capture the direct and indirect impacts of changes without having to set arbitrary 

boundaries. Additionally, EE-IOA provides a foundation for the use of other tools, such 

as structural decomposition analysis (SDA) to identify the drivers affecting 
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environmental impacts, input-output life cycle assessment (IO-LCA) and hybrid life 

cycle assessment (hybrid LCA) for examining products from cradle-to-grave.  

This review of the literature provides insight into how EE-IOA is being used to look at 

environmental economic issues in China and how these tools can be improved in the 

future. While EE-IOA would seem a natural tool to capture both the direct and indirect 

contributions of China’s economic growth to environmental impacts, the methodology 

is hindered by the reliability and resolution of data. This review illustrates the range of 

environmental topics authors have addressed using EE-IOA and how authors have 

coped with the limitations of official Chinese data. With China’s recent history of 

economic growth, its role in the global economy, and the magnitude of the country’s 

environmental impacts, both domestically and internationally, it is crucial to examine 

the contributions of EE-IOA research specific to China, as well as identifying the 

weaknesses inherent in EE-IOA for China. 

Section 2.0 (Methods and Materials) of this paper describes the boundaries of the body 

of literature for Chinese EE-IOA and how articles were chosen to be included in this 

survey. Section 3.0 (Results) provides a quantitative survey of the body of English-

language, published EE-IOA journal articles, describing the research impact of 

published articles, the range of environmental issues analyzed in the literature, the data 

sets utilized, and the level of sector and spatial resolution and aggregation in the data 

used. Section 4.0 (Discussion) presents perspectives on how EE-IOA for China can be 

expanded and improved. Finally, Section 5.0 (Conclusions) offers a view on how these 

factors tie together within the state of the Chinese EE-IOA literature and what can be 

done to further develop and grow the field of Chinese EE-IOA research.  
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3.5 Material and Methods 

A comprehensive listing of articles studying China using environmentally extended 

input-output analysis (EE-IOA) was compiled using Rutger Hoekstra’s EIO Archive 

and the Thompson Reuters Web of Science search tool (Hoekstra, 2013). Hoekstra 

assembled a comprehensive listing of all EE-IOA articles published in peer-reviewed 

journals in a 2010 conference paper. Hoekstra’s listing was current through 2009 with 

360 published articles, but his online EIO Archive is current through 2011 (Hoekstra, 

2010, 2013). Hoekstra’s criteria for inclusion in the database include only articles from 

English peer-reviewed journals that analyze environmental impacts. The articles must 

include the Leontief inverse represented mathematically, empirical results showing the 

application of the Leontief inverse, the EE-IOA literature or methods, or descriptions of 

potential future EE-IOA work or methodologies. 

The criteria exclude corrigenda, errata, announcements, book reviews, articles dealing 

solely with the economic impacts of environmental issues (although papers that include 

this along with an investigation of environmental pressures are included), and 

environmental accounts describing only data structure and compilation. Also absent 

from Hoekstra’s database are non-peer reviewed literature such as conference 

proceedings and working papers. Hoekstra’s search criteria have yielded 510 EE-IOA 

papers from 1969 to 2011. 

Hoekstra found EE-IOA research in the general body of literature dominated by the 

analysis of energy use in the United States in its early years, but expanded in the 

decades hence to cover a variety of environmental topics and locations. While it is 
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important to understand the historical context of EE-IOA in China as represented by the 

studies accounted for in Hoekstra’s database, Hoekstra’s 2010 review is insufficient to 

illustrate the use of EE-IOA currently used to study topics in China. For this survey, 

Hoekstra’s 510 listed EE-IOA papers were reviewed for content about China. Articles 

providing quantitative EE-IOA analysis for China, either by itself or in conjunction with 

other nations, were extracted from Hoekstra’s database for further analysis. Of the 510 

articles listed in the EIO Archive, 60 articles included analysis for China, the first of 

which was published 1995. 

As Hoekstra’s database is current only through 2011, this literature survey utilized 

Hoekstra’s search, selection, and exclusion criteria to identify articles from 2012 and 

2013. Using Web of Science and searching specifically for studies on or including 

China, this search yielded 42 additional articles for 2012 and another 44 articles for 

2013. As indicated in Figure 3.1, below, the articles from 2012 and 2013 represent 

explosive growth in the field of using EE-IOA for China. The articles from 2012 and 

2013 more than double the articles published up to that point and now comprise the 

majority of material published on the subject. Searching with Web of Science for 2012 

and 2013 also yielded 5 conference proceedings on EE-IOA in China. As these 

proceedings represent a marginal portion (approximately 5 percent) of the English-

language Chinese EE-IOA studies, it is unlikely that this material would substantially 

alter the results determined in the sections below. Keeping with Hoekstra’s original 

selection criteria, these proceedings have been left out of the survey of the literature. 

While it is important to understand the historical context of EE-IOA in China as 

represented by the studies accounted for in Hoekstra’s database, Hoekstra’s 2010 review 
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is insufficient to illustrate the use of EE-IOA currently used to study topics in China 

(Hoekstra, 2010). The survey presented in this text amasses the most recent research 

and observes the trends, movement, and momentum of the current body of work.  

3.6 Results 

Combined with the articles extracted from Hoekstra’s database of the general EE-IOA 

literature for the period from 1969 to 2011, the 2012 and 2013 articles make a total of 

146 Chinese EE-IOA papers in peer-reviewed journals. Articles were contributed by 

276 authors in 51 journals between 1995 and 2013. Appendix A includes a table listing 

all of the EE-IOA papers addressing Chinese issues published between 1995 and 2013 

and a complete bibliography of the listed papers. 

 

Figure 3.1: Number of Chinese EE-IOA articles (1995-2013) 

Hoekstra notes a period of quick expansion in the EE-IOA literature between 1995 and 

2009, with particularly rapid expansion between 2005 and 2009 (Hoekstra, 2010). A 
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similar period of expansion is reflected in the numbers for Chinese EE-IOA articles, 

although expansion in the Chinese studies appears shifted to lag approximately five 

years behind the rest of the body of literature. Within Hoekstra’s own archive collection 

between 1969 and 2011, Chinese EE-IOA papers make up 12 percent of the total 

number of papers. Hoekstra noted that the majority of EE-IOA articles focused on 

topics within the United States and Europe, but that the number of studies in China were 

clearly growing and gaining attention (Hoekstra, 2010). 

3.6.1 Journals, Authors, and Citations 

Chinese EE-IOA papers follow some of the trends described by Hoekstra in his 2010 

review with regard to journals and authors, but particularly with the rapid expansion of 

the literature in 2012 and 2013, increasing specialization is leading to divergence among 

Chinese EE-IOA authors from the rest of the EE-IOA literature. The influence of 

journals and authors are examined here along with impact of citations with respect to 

authors and environmental issue areas.  

3.6.1.1 Journals 

Chinese EE-IOA articles between 1995 and 2013 have been published in 51 different 

journals. Table 3.1, below, lists the top ten journals for Chinese EE-IOA papers by the 

number of articles published. With 38 of the 146 total studies, Energy Policy has 

published more Chinese EE-IOA papers than any other journal. The top ten journals 

shown in Table 3.1 have published 67 percent (100 of the 146 papers) of Chinese EE-

IOA articles to date. Hoekstra’s 2010 literature review identified Ecological Economics 

one of the most influential journals for publishing EE-IOA papers with Energy Policy 

and Economic System Research, similarly supporting the field, but to a lesser degree  



Chapter 3. Paper 1 - Promises and pitfalls in environmentally extended input-output analysis for China: a survey of 

the literature 

37 

 

 (Hoekstra, 2010). As shown in Table 

3.1, for Chinese EE-IOA literature, 

Ecological Economics provides a 

valuable outlet for publishing, though 

substantially less than Energy Policy. 

Similarly, the influence of Journal of 

Industrial Ecology is greater for 

publishing EE-IOA articles specific 

to China than in the general EE-IOA literature (Hoekstra, 2010). As described in further 

detail below in Section 3.2 (Environmental Issues Analyzed), this broadly sketches the 

environmental topics that have dominated the published literature, with substantially 

greater focus placed on energy and carbon emissions than on other topics such as water, 

air pollutants, or solid waste. 

3.6.1.2 Authors 

Between Lin and Polenske 

publishing their first Chinese EE-

IOA paper in 1995 and 2013, a total 

of 276 authors have contributed to 

the body of English-language journal 

publications with a total of 1998 

citations. These citations do not 

include references in Chinese-

Table 3.1: Top 10 Journals Publishing Chinese EE-IOA 

Journal Articles 

Energy Policy  38 

Ecological Economics  11 

Journal of Industrial Ecology  10 

Economic Systems Research  8 

Energy  8 

Environmental Science & Technology  6 

Energy Economics  5 

Journal of Cleaner Production  5 

Natural Resources and Sustainable Development 5 

Communications in Nonlinear Science and 
Numerical Simulation  

4 

Source:  Author’s calculation; Web of Science, 
2014 

 

Table 3.2: Authors with More Than 5 Chinese EE-IOA 
Published Papers 

Author # of Papers 

D. Guan  14 

K. Hubacek 14 

S. Liang 13 

G.Q. Chen 12 

T.Z. Zhang 11 

Z.M. Chen 9 

B.W. Ang 7 

K.S. Feng 7 

B. Su 7 

L. Shao 6 

B. Zhang 6 

J.E. Guo 5 

H.T. Liu 5 

G. Peters 5 

Source: Author’s calculation; Web of Science, 2014 
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language articles and reports, or non-peer reviewed materials. While many of these 

authors use EE-IOA to study China in addition to other countries, a substantial 

proportion have specialized in Chinese EE-IOA. Hoekstra identifies K. Hubacek in his 

2010 review as publishing more than 10 papers in the general EE-IOA literature by 

2009 (Hoekstra, 2010). With additional papers published in 2012 and 2013, Hubacek  

leads the field of Chinese EE-IOA with 14 publications along with his frequent 

collaborator, D. Guan. Additionally, S. Liang, G.Q. Chen, and T.Z. Zhang have 

contributed more than 10 papers on Chinese EE-IOA. Table 3.2 lists authors who have 

published 5 or more Chinese EE-IOA articles. 

As one of the earliest adopters of 

EE-IOA for studying China, 

Hubacek has amassed 644 citations 

for his papers; almost a third of all 

Chinese EE-IOA citations. Guan, 

working with Hubacek on many of 

these early papers, has 486 citations; 

nearly a quarter of the total Chinese 

EE-IOA citations (Web of Science, 2014). Table 3.3 lists the top 10 authors of Chinese 

EE-IOA papers by citations. Unsurprisingly, authors of older papers receive 

considerably more citations that those with newer papers, and authors on some seminal 

papers rank within the top 10 for only a single or few publications.  

Table 3.3: Top 10 Authors of Chinese EE-IOA Papers by 
Citations 

Author # of Papers 

K. Hubacek 644 

D. Guan 486 

G.P. Peters/C.L. Weber 378 

K. Polenske 227 

X. Lin 197 

L.X. Sun 166 

G.Q. Chen 165 

K. Reiner 157 

B.W. Ang/B. Su 144 

B. Zhang 103 

Source: Author’s calculation; Web of Science, 
2014 
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3.6.1.3 Research Impact 

Reflecting the work of the authors above in Table 3.3 and including only references in 

English-language, peer-reviewed journals as described above, Lin and Polenske’s initial 

foray into using EE- IOA for Chinese topics in 1995 is the most heavily cited paper in 

the body of literature (Lin and Polenske, 1995). Hubacek’s early land use paper with 

Sun and his later carbon dioxide and climate change articles with Guan, Peters, and  

Table 3.4: Top 10 Most-Cited Chinese EE-IOA Papers 

Year Author Title Journal Env. Topic Citations 

1995 Lin, X. and Polenske, K. Input–Output Anatomy of 
China's Energy Use Changes 
in the 1980s 

Economic Systems 
Research 

Energy 197 

2008 Guan, D., Hubacek, K., 
Weber, C.L., Peters, G.P., 
and Reiner, D.M. 

The drivers of Chinese CO2 
emissions from 1980 to 2030 

Global 
Environmental 
Change 

CO2 157 

2001 Hubacek, K. and Sun, L. A scenario analysis of 
China's land use and land 
cover change: incorporating 
biophysical information into 
input–output modeling 

Structural Change 
and Economic 
Dynamics 

Land 119 

2008 Weber, C.L., Peters, G.P., 
Guan, D., and Hubacek, 
K. 

The contribution of Chinese 
exports to climate change 

Energy Policy CO2 113 

2007 Peters, G.P., Weber, C.L., 
Guan, D., and Hubacek, 
K. 

China's growing  CO2 
emissions - A race between 
increasing consumption and 
efficiency gains 

Environmental 
Science & 
Technology 

CO2 106 

1999 Garbaccio, R.F., Ho, M.S., 
and Jorgenson, D.W. 

Why has the energy-output 
ratio fallen in China? 

Energy Journal Energy 74 

2006 Shui, B. and Harriss, R.C. The role of  CO2 
embodiment in US-China 
trade 

Energy Policy CO2 72 

2010 Su, B., Huang, H.C., Ang, 
B.W., and Zhou, P. 

Input–output analysis of  
CO2 emissions embodied in 
trade: The effects of sector 
aggregation 

Energy Economics CO2 69 

2008 Li, Y. and Hewitt, C.N. The effect of trade between 
China and the UK on 
national and global carbon 
dioxide emissions 

Energy Policy CO2 54 

2007 Liang, Q.M., Fan, Y., and 
Wei, Y.M. 

Multi-regional input-output 
model for regional energy 
requirements and  CO2 
emissions in China 

Energy Policy Energy, 
CO2 

53 

Source: Author’s calculation; Web of Science, 2014 
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Weber are all widely cited, as well. Table 3.4 lists the top 10 most cited studies in the 

body of literature along with the publishing journal and environmental topic addressed. 

The environmental topics addressed in the studies are categorized as described below in 

Section 3.2 (Environmental Issues Analyzed). Where multiple topics are addressed in a 

publication, this is denoted in the table. With 4 of the top 10 most-cited Chinese EE-

IOA articles and the only journal to have more than one publication in the top 10, 

Energy Policy is one of the most influential journals for researchers using EE-IOA to 

study China. While the older papers shown below tend to exhibit more research impact, 

it is encouraging to note that more recent papers are also becoming well-cited. 

3.6.2 Environmental Issues Analyzed 

The Chinese EE-IOA articles were categorized by the environmental issues addressed in 

the analysis into the following categories: 

 Air pollutants (including discussions of emissions other than CO2 and 

greenhouse gases), 

 CO2 (including analysis of greenhouse gases, carbon footprints, and carbon 

intensity), 

 Energy (including embodied energy and energy intensity), 

 Land use (including ecological footprints), 

 Material flows (include natural resource use), 

 Social impacts, 

 Solid waste (including recycling), and 
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 Water (including water pollution, waste water, virtual water flows, and water 

footprints).  

 

Figure 3.2: Number of Chinese EE-IOA articles by environmental issue area 

While there are 146 total Chinese EE-IOA articles collected for this study, the 

categories shown reflect that 18 of the papers included research on multiple 

environmental issues. Hoekstra described in 2010 that EE-IOA articles, in general, from 

the 1970s to the early 1990s were “almost exclusively dedicated to the analysis of 

energy consumption”, but that global warming has come to dominate research from 

2005-2009 with almost 50 percent of the articles. As Chinese EE-IOA articles only 

began being published in English-language journals in 1995, it is understandable how 

the numbers of issue areas analyzed reflect the transition of focus from energy to CO2 

with over 50 percent of Chinese studies addressing global warming. Research on energy 

has been a constant focus of papers from the earliest Chinese EE-IOA papers, but, 

mirroring the greater EE-IOA body of literature, the first Chinese CO2 EE-IOA study 
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was published in 2006. Water research and air pollutants, similar to energy, were 

addressed in some of the earliest Chinese EE-IOA papers, but have continued to be 

published at lower levels. Studies on material flows, social impacts, and solid waste are 

relatively recent, but appear to be gaining interest and increasing. Land use and 

ecological footprints were among some of the earliest topics evaluated for China using 

EE-IOA, but only a handful of these studies have been published between 1995 and 

2013. 

As shown in Table 3.4, above, the top 10 most-cited studies show an almost complete 

dominance of the field by carbon dioxide and energy studies. This is reflected in the 

number of citations of Chinese carbon dioxide and energy publications in the greater 

body of literature. While land use articles comprise less than one-sixth of the total 

number of water articles, thanks in large part to Hubacek and Sun’s early work in 2001, 

land use articles have three-quarters the number of the citations for water studies. 

Hubacek and Sun’s 2001 paper using EE-IOA to study Chinese land use has 119 

citations (Hubacek and Sun, 2001). As one of only four papers addressing land use, this 

provides a disproportionately ratio of citations to papers for land use articles. By 

comparison, publications on air pollutants, solid waste, material flows, and social 

impacts all have relatively low numbers of citations and lower ratios of citations to 

papers. 
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Figure 3.3: Number of citations by environmental issue area. 

3.6.3 Data, Sector, and Spatial Resolution 

The vast majority of Chinese EE-IOA studies have utilized data directly from the 

National Bureau of Statistics (NBS), with 129 of 146 articles directly or indirectly 

utilizing NBS input-output tables (GTAP, 2007; IDE-JETRO, 2006; OECD, 2007). Of 

the remaining articles, 6 used either United States (Mo et al., 2012; Shui and Harriss, 

2006; Wang et al., 2012a; Yan and Yang, 2010) or United Kingdom (Li and Hewitt, 

2008; Tang et al., 2013b) data with coefficients modified to represent Chinese data. The 

remaining 13 articles either do not explicitly state the source of their input-output data 

or construct their own input-output tables based on specific industry data. 

China’s NBS started publishing trial IO tables in the late 1970’s, and in 1991 produced 

their first national table with 117 sectors for the year 1987. Since then, China has 

produced detailed IO tables (110 industry sectors or more) every five years: 1987, 1992, 
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sectors) for the same years as the detailed tables as well as for interim years with the last 

digit being ‘0’ or ‘5’ (e.g. 1995, 2000, 2005, etc.). Simultaneously, China publishes 30 

provincial input-output tables at the same time intervals and roughly similar levels of 

sector aggregation, including for the four largest municipal centers: Beijing, Chongqing, 

Shanghai, and Tianjin. 

Ninety-one of Chinese EE-IOA studies use IO tables with 50 sectors or less. Only eight 

articles utilize China’s detailed IO tables which have between 95 and 124 sectors. Most 

studies start by using a higher number of sectors than they ultimately use in the analysis 

and then aggregate sectors together either to match easily available environmental data. 

In many cases, the relatively low number of sectors allows for more complex 

manipulation of data, such as the development of scenarios based on historical IO tables 

(Guan et al., 2008; Hubacek et al., 2007; Hubacek et al., 2009; Zhang and Chen, 2008). 

Only a small fraction of the published studies disaggregated sectors (11 of the 146 

papers), though it is notable that disaggregation was used among the earliest Chinese 

EE-IOA studies. These early studies used disaggregation to examine specific industries 

or industry groupings within the context of the larger economy (Hubacek and Sun, 

2001, 2005; Lin and Polenske, 1995). Only in the last few years have authors 

disaggregated sectors in the detailed IO tables for higher resolution analysis, resulting in 

tables with up to 135 sectors (Liang et al., 2013a; Su and Ang, 2013; Su et al., 2013; 

Vause et al., 2013; Yang and Suh, 2011). 
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Figure 3.4: Number of sectors per Chinese EE-IOA study 

The wide range of sectors used in articles raises the question as to what level of detail is 

needed for sector resolution. As most of the published studies have been designed to use 

input-output (IO) models to explore the Chinese economy as a whole, it has been 

unclear how much of a difference the number of sectors analyzed has on the outcome of 

the model. Additionally, comparison of studies of similar topics is made difficult when 

the articles utilize differing levels of sector aggregation. Su, et al. demonstrated in their 

2010 paper that around 40 sectors are sufficient to capture the effects of emissions 

embodied in trade and that additional disaggregation would contribute little to the 

observed results. The authors note that additional research is necessary to determine if 

these findings are more generally applicable outside the empirical study they performed 

(Su et al., 2010). At this point, little evidence outside of this has been published to show 

how the level of sector resolution affects study results. 
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Although the majority of the overall body of Chinese EE-IOA literature uses single-

region input-output (SRIO) models (105 out of 146 articles), of the 77 articles that 

examine trade in their analysis, most use MRIO models (43 of 77 articles). Of the 43 

EE-IOA articles using MRIO models to analyze the environmental impacts of Chinese 

trade, 9 articles examined trade between China and another individual country 

(predominately between China and the United States and China and Japan), 18 articles 

used MRIOs specifically looking at trade within China between provinces, regional 

groupings of provinces, and/or large municipalities (Beijing, Tianjian, Shanghai, and 

Chongqing), and 16 articles analyzed trade between China and anywhere from 6 to 129 

nations or regional groupings of nations. 

3.7 Discussion 

The future of Chinese EE-IOA is largely tied to the data available to researchers. 

Considering the volume of data required for EE-IOA, special consideration should be 

given to potential sources of error, particularly in light of inconsistencies found Chinese 

data. Data published by China’s NBS has come under fire for its veracity for well over a 

decade. Garbaccio et al.’s study (1999) specifically noted new product bias, 

deverticalization, and falsification of statistics as sources of error in Chinese EE-IOA in 

1999 and was followed not long after by Rawski who questioned the veracity of the 

NBS data on a larger scale (Garbaccio et al., 1999; Rawski, 2001). In the same year, 

Sinton raised questions specifically with regard to energy and emissions data (Sinton, 

2001). The NBS and local statistical agencies are not established in a political vacuum 

and are often pressured by other agencies to provide statistics that conform to agency 

goals or policies (Guan et al., 2012). And while the Chinese government has worked to 
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improve the reputation of its data, the validity of Chinese data continues to be 

questioned and disputed (Hsu, 2013). 

Many researchers, however, take the potential errors from the NBS in stride. Liu and 

Zhang acknowledge the error inherent in the government statistics due to the 

transformations and manipulation the data undergoes before being published, but accede 

that the government statistics are authoritative because they are the most widely used 

(Liang and Zhang, 2011b). Similarly, Fang et al. (2012) acquiesce the issue of 

questionable official data by ratifying their results as being reasonable in comparison to 

similar previous work in China (Fang et al., 2012). Does this make Chinese economic 

research a case of social relativism, however, with authors and their conclusions 

beholden to the NBS? Liu et al. (2012b) conclude that while the official statistics are the 

only open published data source available for China and that further manipulation of the 

statistics to improve them is currently impossible, improvements in statistics must come 

from other data sources (Liu et al., 2012b). As comparing results based on poor data to 

other studies based on poor data can only lead to confirmation of inaccuracy, using 

official Chinese data in conjunction with other sources, such as industry data or the 

input-output tables of other nations, improves the veracity and robustness of research 

conclusions.  

3.7.1 Room for Expansion 

As described above in Section 3.2 (Environmental Issues Analyzed), EE-IOA studies on 

CO2, energy, and water dominate the body of Chinese EE-IOA research, reflecting the 

most pressing environmental problems facing both China and the wider global 

community. These topics also demonstrate the research priorities of institutions. China’s 
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pivotal role in the global marketplace as both an importer and exporter of massive 

amounts of goods makes it a focal point for studying the embodied emissions in trade 

by academics worldwide. These studies are typically categorized in Section 3.2 

(Environmental Issues Analyzed) as CO2 and energy papers. The heterogeneity of 

Chinese geography, diversity of its water supplies, and necessary transfer of water 

between provinces have similarly brought the topic of water use to the forefront of 

Chinese EE-IOA. Just as EE-IOA is used to study China’s role with regard to embodied 

emissions in trade in the global economy, EE-IOA allows researchers to investigate 

“embodied” water use in the form of virtual water in trade between the provinces and 

municipalities within China. With the recent climate agreement between the United 

States and China as well as an increasing number of free trade agreements with 

countries like Australia, the need for research on embodied emissions in trade will only 

increase. Similarly, while population growth in China is slowing, the pressures on 

China’s environment, and specifically its water supply, have not been alleviated. 

China’s water supply remains a critical concern for its government on the national and 

regional levels. Studies of virtual water will be increasingly in demand as the nation 

searches for solutions to guard its shrinking supplies of clean water. 

As with water supplies, food security is a major national interest with the Chinese 

government on the one hand opening trade for increasing reliance on food imports and 

on the other, implementing policies reduce waste. Within the body of EE-IOA literature, 

solid waste has seen relatively fewer published EE-IOA papers. With the 

implementation of sweeping food waste reduction policies by the Chinese government, 

however, a great amount of media attention is on solid waste and material flows 



Chapter 3. Paper 1 - Promises and pitfalls in environmentally extended input-output analysis for China: a survey of 

the literature 

49 

 

(Magistad, 2013; Vermeulen, 2014). All of the seven Chinese EE-IOA articles on the 

topics of solid waste and material flows were published in 2012 and 2013, 

demonstrating substantial interest and growth in these areas. He, et al (2013) cite recent 

improvements in data availability, treatment of uncertainties, and the development of 

software and applications have made EE-IOA easier for Chinese studies. Liang and 

Zhang (2013), Qu, et al (2013b), Liang and Zhang (2012), and Liang, et al (2012b) 

describe improvements in modelling that allow for improved analysis and discussion of 

solid waste and material flows in China. Therefore, with policy efforts to reduce waste, 

it is anticipated that the government will improve data collection in the field and the 

raised profile of the subject is expected to attract an increasing number of researchers to 

publish on the topic. 

Bolstering food security through the protection of agricultural lands has similarly 

received a heightened profile from the Chinese government. While the Chinese 

government diverted resources from agriculture to industry in the 1970s, the 2014 No. 1 

Central Document emphasizes agricultural development and the protection of 

agricultural lands as key national priorities. As with Chinese EE-IOA examining solid 

waste issues, land use was an infrequent, although influential, topic in the literature. 

Previously, authors of EE-IOA papers studying land uses identified obstacles to the 

research in compiling consistent land use data (Yu et al., 2013), but EE-IOA of 

agricultural lands in China has been highly influential in the literature (Hubacek and 

Sun, 2001). Hoekstra notes that in the greater body of EE-IOA literature that studies of 

land uses, and particularly ecological footprints, have increased rapidly (Hoekstra, 

2010). While Hubacek and Sun’s 2001 article laid the groundwork for linking 
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biophysical information in EE-IOA, Chinese EE-IOA has not seen the increases in 

studies found in the international literature (Hubacek and Sun, 2001). Hubacek returns 

to the topic of land use with Yu, et al (2013) to demonstrate how the use of EE-IOA to 

study land uses has changed with increased global data and the use of MRIOs. With 

improvements in satellite imagery, land use mapping, computing power, new MRIOs, 

and accessibility to geographic information systems software, research on Chinese land 

use and ecological footprints may soon experience the rapid growth seen for other 

nations in the greater body of EE-IOA literature. 

Expanding intra-provincial trade in China makes the use of MRIOs critical in EE-IOA. 

The development of an increasing number of MRIOs that include China has led to a 

variety of powerful analyzes both domestically within China, examining the 

environmental effects of trade relationships between its provinces and regions, as well 

as illustrating China’s environmental role in international trade. Domestically, the 

heterogeneous economic and environmental landscape of Chinese provinces has wide 

disparities between urban centers and rural areas as well as within and between 

provinces. Trade between these regions drives much of the nation’s economy and 

MRIOs using provincial/municipal input-output tables have allowed for analysis of 

resulting environmental impacts, particularly virtual water trade and embodied energy 

and carbon dioxide emissions (Feng et al., 2012b; Guan and Hubacek, 2007; Su and 

Ang, 2010).  

The demand by China’s economy and reliance upon the global market for imports has 

massive environmental ramifications that use of MRIOs can measure by linking China’s 

international trade with both domestic and international environmental impacts. As 
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increased computing power allows for easier construction and use of MRIO models and 

national data becomes available through institutions like GTAP, MRIO optimization 

processes can be used to cross-check Chinese input-output data against the import and 

export data from other nations. In this way, MRIOs not only allow for linking trade with 

environmental effects, but also allow for a means of validating questionable Chinese 

data.  

3.7.2 Room for Improvement 

Disaggregation has been recognized as an important issue for furthering the 

development of input-output analysis, in general, and EE-IOA, specifically, for decades 

(Fei, 1956; Treloar, 1997; Wiedmann et al., 2011; Wolsky, 1984). Disaggregation of 

data in EE-IOA provides for greater levels of distinction in the analysis of industrial 

sectors, regions, processes and products, and environmental impacts (Su et al., 2010; 

Wiedmann et al., 2011). Not surprisingly, methods for disaggregating input-output 

sectors have similarly been sought for decades (Treloar, 1997; Wolsky, 1984).  

Many of the authors of Chinese EE-IOA studies describe the uncertainty introduced into 

their analysis as a result of aggregation and encourage the efforts of other researchers to 

disaggregate data for improved results (Bruckner et al., 2012; Du et al., 2011; Guo et 

al., 2012a; Liu et al., 2012b; Su and Ang, 2010; Su et al., 2010; Zhang et al., 2011a; 

Zhao et al., 2010). Fewer studies actually take up the mantle of disaggregating their data 

to improve the resolution of their research (Hubacek and Sun, 2005; Lin and Polenske, 

1995; Lindner et al., 2013b; Su and Ang, 2010; Su and Ang, 2011; Su et al., 2010; Yang 

and Suh, 2011). Lenzen’s advocacy for disaggregation has been influential in the 

general body of EE-IOA literature, and Su and Ang and Su, et al, drawing on Lenzen’s 
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example, have championed the benefits of disaggregation in Chinese EE-IOA literature 

(Lenzen, 2011; Su and Ang, 2012a, 2013a; Su et al., 2010). Sectoral aggregation has 

received considerably more attention within the Chinese EE-IOA literature, with 

researchers viewing data disaggregation as a means to overcome the questionable 

quality of official published data (Liu et al., 2012b). 

The widely-utilized RAS approach was developed by Richard Stone in the 1960s as an 

iterative proportional method or biproportional method of modifying the input 

coefficients in an input-output table (Polenske, 1997; Stone, 1962). In the Chinese EE-

IOA literature, RAS is used extensively for updating input-output matrices (Fan and 

Xia, 2012; Hubacek et al., 2009; Hubacek and Sun, 2001; Liang et al., 2007; Wang et 

al., 2013a) and many of the published papers specify that the authors have 

disaggregated their sector data (Hubacek and Sun, 2005; Lin and Polenske, 1995; Yang 

and Suh, 2011; Zhang et al., 2013b), but only one paper, by Su and Ang (2010), 

explicitly states that they used RAS to disaggregate the data for their analysis. While it 

is unclear as to how often RAS is the approach researchers take to disaggregate data for 

Chinese EE-IOA, as ubiquitously as RAS is used to update data, it seems likely that this 

is the largely unnamed method authors are using as their primary disaggregation 

technique. 

Lindner, et al (2012) argue that the proportionality assumption upon which RAS is 

based, may not best reflect existing conditions. Marriot (2007) and, in turn, Lindner, et 

al (2012) assert that the estimates of coefficients developed through the iterative RAS 

process do not represent the disaggregated input-output matrix, but instead one of many 

possible disaggregated input-output matrices. Lindner, et al (2012, 2013) extend 
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Wolsky’s ideas of disaggregation (1984) by using a random-walk algorithm to fully 

explore the range of values differentiating the disaggregated input-output table from the 

initial estimate. Lindner, et al.’s case study finds that while the overall results from 

using a random-walk algorithm to disaggregate the data do not substantially differ from 

the initial estimate, the results for individual sectors can be striking (Lindner et al., 

2012; Lindner et al., 2013). These results are promising for research focused on 

examining the effects of specific industries rather than overall effects. 

Disaggregation, in the form of using regional rather than national input-output tables, is 

similarly an important solution in dealing with spatial aggregation bias. The concern for 

the effects of spatial aggregation have been described, in general, by Miller and Blair in 

the early 1980s, and more specifically for China by Su and Ang and Guan et al. (Blair 

and Miller, 1983; Miller and Blair, 1981; Su and Ang, 2010; Guan et al., 2012). 

Increasing resolution with spatial disaggregation largely requires the use of MRIOs, 

demanding even greater levels of data than sector disaggregation. With the input-output 

tables produced by the NBS, the most common scales of resolution are the national and 

provincial levels of data. Su and Ang summed the CO2 emissions embodied in exports 

using provincial EE-IOA data and found that the estimates did not match the total using 

the national input-output table. Su and Ang’s subsequent supposition that estimates at 

the regional level better represent the true situation concurs with analogous discussions 

of increased sector disaggregation (Su and Ang, 2010).  

Tools such as SDA, IO-LCA, and hybrid LCA have also been frequently used in 

conjunction with published Chinese EE-IOA studies. With the improvement and 

expansion of Chinese data, these techniques will be able to provide better insight into 
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the drivers, details, and directions of Chinese environmental impacts. Su et al.’s 

findings regarding the sector aggregation were tested specifically with regard to SDA 

for Chinese CO2 emissions (Su et al., 2010). With the government more regularly 

publishing data for Chinese provinces and municipalities, Su et al.’s results are 

encouraging for analyzing the pressures on regions and localities without extensive 

available data. While many IO-LCA papers have been used to examine economy-wide 

effects in China, articles have been published on specific products and industries 

ranging from straw-based energy (Liu et al., 2010a; Lu and Zhang, 2010), to the tire and 

paper industries (Liang et al., 2012b; Yang et al., 2010), to building construction and 

tile manufacturing (Chang et al., 2013; Kuhtz et al., 2010). Many of these, rather than 

using Chinese national, provincial, or municipal input-output tables are built on physical 

input-output tables developed using industry data. There remains an analytical gap, 

however, between these IO-LCAs using industry data and those using economy-scale 

data. Wang, et al.’s 2012 approach highlights how top-down and bottom-up methods 

can be hybridized by using process-based LCA to inform the direct inputs and IO-LCA 

to account for the indirect and embodied inputs. (Wang et al., 2012a). The data intensive 

nature of IO-LCA and hybrid techniques, however, require greater resolution of data. 

As the Chinese government increases the economic and environmental data it publishes, 

it is expected that these tools will see increasing use in EE-IOA. 

Assumptions about the handling of imports in input-output tables can also have 

substantial repercussions on the results of studies. Recent studies have noted that, like 

the United States, the Chinese NBS produces their input-output tables using the 

competitive imports assumption that domestically produced and imported products are 



Chapter 3. Paper 1 - Promises and pitfalls in environmentally extended input-output analysis for China: a survey of 

the literature 

55 

 

perfectly substitutable with regard to intermediate production (Su and Ang, 2013; Zhou 

and Imura, 2011). By contrast, most OECD nations use the non-competitive imports 

assumption and treat imported products as different from domestic ones. While the 

competitive imports assumption lends itself to “consumption-based” accounting, it lacks 

the ability to account for different technologies in different countries. Su and Ang’s 

analysis of embodied emissions in exports found estimates using competitive imports 

assumptions were 25 to 45 percent greater than estimates using non-competitive imports 

assumptions, and up to 13.3 percent of total emissions (Su and Ang, 2013). Following 

Su and Ang’s recommendations that researchers pay particular attention to these 

competitive and non-competitive import assumptions, an increasing number of studies 

explicitly state which assumptions are being used in their studies (Su and Ang, 2013; 

Zeng et al., 2014; Zhang et al., 2013a; Zhang, 2013a). 

3.8 Conclusion 

Although EE-IOA as an analytical tool has been in use since the late 1960s, the use of 

EE-IOA in the research of environmental economic impacts in China has exploded in 

only the last four years, with the greatest expansion occurring in 2012 and 2013. This 

time lag can largely be attributed to a lack of data for many years and lack of easy 

access to the data for many more. It should be noted again, that the body of literature 

surveyed here includes only English-language, peer-reviewed journal articles, and 

consequently, the conclusions drawn herewith are specific to the sample and cannot be 

extended to the Chinese or other non-English-language literature. The environmental 

issues in Chinese EE-IOA papers illustrate the environmental concerns driving 

international research by focusing on energy and CO2 emissions. Chinese national 
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environmental priorities are demonstrated through articles about land use and water 

receiving disproportionately large numbers of citations relative to other issue areas. 

While this is due, in part, to the age of the land use and water papers, it speaks to also to 

the importance of these topics in China and the methodological influence these papers 

have had on Chinese EE-IOA studies in general. 

Among the predictions for the next 25 years of IOA, Dietzenbacher et al. projected of 

the use of MRIOs intensifying and integrating with growing linkages to environmental 

data, more detailed input-output tables, and the expansion of regional and municipal 

input-output tables (Dietzenbacher et al., 2013). The use of EE-IOA for China has 

already begun taking steps down these paths. Chinese EE-IOA is also following a 

growing emphasis on consumption-based accounting and better utilization of 

competitive versus non-competitive trade assumptions. With China as a global hub for 

trade, MRIOs are being increasingly used to study the environmental impacts of global 

supply chains in such a way that they may be better referred to as global supply webs. 

While the analyses have been limited by the data available to the researchers, with the 

eyes of the world on China and increasing global demands for better and more accurate 

data, China is responding by making more data available and working to make it more 

reliable. Meanwhile, authors continue to search for the means to reduce uncertainty 

through data verification and disaggregation, with many authors accepting unreliable 

data as one of the costs of using Chinese EE-IOA. 

In the foreword to the 2008 Journal of Economic Systems Research special issue on 

China’s Growing Pains, guest editor, Christian DeBresson, posited that research on 

China’s development dealt largely only on macroeconomic issues and that IO analysis 
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would “provide more in-depth insights into the inner workings of the Chinese 

economy” (Debresson, 2008). It is true that EE-IOA has given researchers the tools to 

probe the interconnections between the facets of China’s economy and identify their 

impacts to the environment. The majority of these studies, however, have continued to 

look at China’s economy as a whole. In their discussions, many may highlight the 

effects or drivers of a handful of economic sectors relative to the others, but only a 

select few studies offer a perspective on specific sectors. There is optimism, though, 

that with the advancements in techniques to improve and better use available data, 

DeBresson’s vision of delving deeper into the interiors of China’s economy can be 

achieved. 
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3.11 Appendix A 

The following table lists all of the EE-IOA papers addressing Chinese issues published 

between 1995 and 2013. Each listing includes the year; authors; citations; 

environmental issues addressed (as categorized in Section 2.4, Environmental Issues 

Analyzed); if the article discusses trade and whether it uses a SRIO or a MRIO to do so; 

whether the article uses SDA, IO-LCA, or Hybrid LCA; if the article uses scenario 

analysis and for what time period; the years of the data sets used; and the number of 

sectors used for the analysis. 
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Table 3.5: EE-IOA papers addressing Chinese issues, 1995-2013 

Publication Env. Issue Trade Methodological Tools Data 

Year Author # of Cites? 

 

Trade? SRIO MRIO SDA? IO-LCA/ Hybrid Scenarios Sets # of Sectors 

1995 Lin and Polenske (Lin and Polenske, 1995) 197 Energy  X  X   1981, 1987 18 

1999 Garbaccio et al. (Garbaccio et al., 1999) 74 Energy  X  X   1987, 1992 29 

2001 Hubacek and Sun (Hubacek and Sun, 2001) 119 Land Use   X   2025 1992 11 

2002 Polenske and McMichael (Polenske and 
McMichael, 2002) 

23 Energy  X   IO-LCA  * * 

2004 Kagawa and Inamura (Kagawa and Inamura, 
2004) 

35 Energy X  X X   1985, 1990 45 

2005 Hubacek and Sun (Hubacek and Sun, 2005) 43 Water   X    1992 * 

2006 Okadera et al. (Okadera et al., 2006) 16 Water   X  IO-LCA  2001 28 

2006 Shui and Harriss (Shui and Harriss, 2006) 72 CO2 X  X  IO-LCA  * * 

2007 Guan and Hubacek (Guan and Hubacek, 
2007) 

40 Water X  X    1997 40 

2007 Li et al. (Li et al., 2007) 24 Energy X X     1997 20 

2007 Liang et al. (Liang et al., 2007) 53 Energy, CO2 X  X   2010, 
2020 

1997 4 

2007 Peters et al. (Peters et al., 2007) 106 CO2 X X  X   1992, 1997, 2002 95 

2008 Guan and Hubacek (Guan and Hubacek, 
2008) 

14 Water   X    1997 40 

2008 Guan et al. (Guan et al., 2008) 157 CO2  X  X  2030 1997, 2000, 2002 18 
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Publication Env. Issue Trade Methodological Tools Data 

Year Author # of Cites? 

 

Trade? SRIO MRIO SDA? IO-LCA/ Hybrid Scenarios Sets # of Sectors 

2008 Li and Hewitt (Li and Hewitt, 2008) 54 CO2 X  X    2003 46 

2008 Weber et al. (Weber et al., 2008) 113 CO2 X  X    1987-2002, 2005 36 

2009 Chai et al. (Chai et al., 2009) 16 Energy  X  X   1992, 1997, 2002, 2004 30 

2009 Hubacek et al. (Hubacek et al., 2009) 31 Land Use, Water  X    2020 1997 40 

2009 Liu et al. (Liu et al., 2009) 33 Energy  X    X 1992, 1997, 2002, 2005 52 

2009 Zhang (Zhang, 2009) 22 CO2  X  X   1992-2006 26 

2010 Arvesen et al. (Arvesen et al., 2010) 3 CO2, Air Pollutants  X     2007 * 

2010 Cao et al. (Cao et al., 2010) 19 Energy  X  X IO-LCA  1978-2004 * 

2010 Chang et al. (Chang et al., 2010) 26 Energy, CO2, Air 
Pollutants 

 X   IO-LCA 2015 2002 24 

2010 Chen and Chen (Chen and Chen, 2010) 35 CO2, Material Flows X X     2007 135 

2010 Chen and Zhang (Chen and Zhang, 2010) 39 CO2 X X     2007 26 

2010 Dong et al. (Dong et al., 2010) 6 CO2 X  X X   1995, 2000 24 

2010 Guo et al. (Guo et al., 2010) 15 CO2 X  X    2005 13 

2010 Kuhtz et al. (Kuhtz et al., 2010) 7 Energy  X   IO-LCA  * 5 
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Publication Env. Issue Trade Methodological Tools Data 

Year Author # of Cites? 

 

Trade? SRIO MRIO SDA? IO-LCA/ Hybrid Scenarios Sets # of Sectors 

2010 Lin and Sun (Lin and Sun, 2010) 38 CO2 X X     2005 15 

2010 Liu, Polenske et al. (Liu et al., 2010a) 7 CO2  X   IO-LCA  2007 135 

2010 Liu, Xi et al. (Liu et al., 2010b) 15 Energy X X  X   1992, 1997, 2002, 2005 52 

2010 Liu, Ishikawa et al. (Liu et al., 2010c) 30 CO2 X  X    1990 76 

2010 Lu and Zhang (Lu and Zhang, 2010) 13 Energy  X   Hybrid LCA  * * 

2010 Peters et al. (Peters et al., 2010) 2 CO2  X     * * 

2010 Su and Ang (Su and Ang, 2010) 47 CO2 X  X    1997 30 

2010 Su et al. (Su et al., 2010) 69 CO2 X X  X   2002 122, 42 

2010 Yan and Yang (Yan and Yang, 2010) 29 CO2 X X  X IO-LCA  1997 98 

2010 Yang et al. (Yang et al., 2010) 3 Solid Waste  X   IO-LCA  2005 * 

2010 Yuan et al. (Yuan et al., 2010) 11 Energy X X     2005 15 

2010 Zhang and Chen (Zhang and Chen, 2010) 21 Air Pollutants X X     2007 26 

2010 Zhang (Zhang, 2010) 14 CO2 X X  X   1992, 2002, 2005 26 

2010 Zhao et al. (Zhao et al., 2010) 16 Water  X     1997, 2000, 2002 14 
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Publication Env. Issue Trade Methodological Tools Data 

Year Author # of Cites? 

 

Trade? SRIO MRIO SDA? IO-LCA/ Hybrid Scenarios Sets # of Sectors 

2011 Chang et al. (Chang et al., 2011) 4 Energy, Air Pollutants, 
Social Impacts 

 X   IO-LCA  2002, 2005, 2007 44 

2011 Chen, Chen et al. (Chen et al., 2011a) 26 CO2 X X   IO-LCA  * 40 

2011 Chen, Shao et al. (Chen et al., 2011b) 16 CO2  X   Hybrid LCA  2007 135 

2011 Chen, Yang et al. (Chen et al., 2011c) 15 CO2  X   Hybrid LCA  * 151 

2011 Du et al. (Du et al., 2011) 1 CO2 X  X X   2002, 2005, 2007 28 

2011 Feng et al. (Feng et al., 2011) 6 Water X  X  IO-LCA/ Hybrid 
LCA 

 2010 113 

2011 He et al. (He et al., 2011) 3 Energy  X  X  2010 1997, 2002 31 

2011 Liang et al. (Liang et al., 2011) 8 Water  X   IO-LCA 2015 2007 8 

2011a Liang and Zhang (Liang and Zhang, 2011b) 12 CO2 X X  X   1997, 2002, 2007 26 

2011b Liang and Zhang (Liang and Zhang, 2011a) 8 Energy, CO2, Water  X    2020 2007 28 

2011 Su and Ang (Su and Ang, 2011) 13 CO2 X  X    2000 24 

2011 Wei et al. (Wei et al., 2011) 1 CO2 X X     2002, 2007 27 

2011 Xu et al. (Xu et al., 2011) 11 CO2 X X  X   2002, 2007 45 

2011 Yang and Suh (Yang and Suh, 2011) 3 Air Pollutants, Water X X  X   2002 122 
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Publication Env. Issue Trade Methodological Tools Data 

Year Author # of Cites? 

 

Trade? SRIO MRIO SDA? IO-LCA/ Hybrid Scenarios Sets # of Sectors 

2011 Zhang and Qi (Zhang and Qi, 2011) 0 CO2 X X  X   1992, 1997, 2002 21 

2011 Zhang, Shi et al. (Zhang et al., 2011a) 4 Water X  X    2002, 2007 20 

2011 Zhang, Yang et al. (Zhang et al., 2011b) 10 Water X  X    2002 33 

2011 Zhou and Inamura (Zhou and Imura, 2011) 2 Land Use X  X X   1997 30 

2012 Amador (Amador, 2012) 0 Energy  X  X   1995, 2000, 2005 17 

2012 Bruckner et al. (Bruckner et al., 2012) 8 Material Flows X  X    1995, 2000, 2005 48 

2012 Cao et al. (Cao et al., 2012) 0 CO2 X X   IO-LCA  * * 

2012 Chang et al. (Chang et al., 2012) 2 Energy, Air Pollutants X X   Hybrid LCA  2007 135 

2012 Chen et al. (Chen et al., 2012) 3 Water X  X    2004 44 

2012 Dai et al. (Dai et al., 2012) 4 Energy, Social Impacts  X     2007 7 

2012 Dietzenbacher et al. (Dietzenbacher et al., 
2012) 

3 CO2 X  X    2002 28 

2012 Fan et al. (Fan et al., 2012) 2 CO2 X X     2005 * 

2012 Fan and Xia (Fan and Xia, 2012) 4 Energy  X  X Hybrid LCA 2020 1987, 1992, 1997, 2002, 2005, 
2007 

44 

2012 Fang et al. (Fang et al., 2012) 0 CO2 X X     2007 27 



Chapter 3. Paper 1 - Promises and pitfalls in environmentally extended input-output analysis for China: a survey of the literature 

69 

 

Publication Env. Issue Trade Methodological Tools Data 

Year Author # of Cites? 

 

Trade? SRIO MRIO SDA? IO-LCA/ Hybrid Scenarios Sets # of Sectors 

2012a Feng, Siu et al. (Feng et al., 2012a) 5 CO2 X  X X   2002, 2007 73 

2012b Feng, Siu et al.  (Feng et al., 2012b) 8 Water X  X    2007 48 

2012 Fu and Li (Fu and Li, 2012) 0 CO2 X  X    * * 

2012 Gao et al. (Gao et al., 2012) 0 CO2  X     2007 26 

2012 Guo, Zhang et al. (Guo et al., 2012a) 5 CO2 X  X    2002 28 

2012 Guo, Liu et al. (Guo et al., 2012b) 1 CO2 X X     2007 42 

2012 He and Jim (He and Jim, 2012) 1 Energy  X    X 1980-2009 * 

2012 Lan et al. (Lan et al., 2012) 1 CO2  X   IO-LCA  1992, 1997, 2002, 2005 33 

2012 Li et al. (Li et al., 2012) 0 CO2, Water  X   Hybrid LCA 2020, 
2030, 
2050 

2007 44 

2012 Liang and Zhang (Liang and Zhang, 2012) 13 Solid Waste  X   IO-LCA 2015 2005 15 

2012 Liang, Zhang, Wang, et al. (Liang et al., 
2012a) 

7 Air pollutants  X     2005 15 

2012 Liang, Zhang et al. (Liang et al., 2012b) 8 Solid Waste  X   IO-LCA  2005 36 

2012 Lin et al. (Lin et al., 2012) 1 Water   X    2000 * 

2012 Lindner et al. (Lindner et al., 2012) 4 CO2  X     2007 14 

2012 Liu, Xi et al. (Liu et al., 2012a) 0 Energy  X  X Hybrid LCA  1992, 1997, 2002, 2007 * 
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Publication Env. Issue Trade Methodological Tools Data 

Year Author # of Cites? 

 

Trade? SRIO MRIO SDA? IO-LCA/ Hybrid Scenarios Sets # of Sectors 

2012 Liu, Geng et al. (Liu et al., 2012b) 1 Energy  X     2007 29 

2012 Mo et al. (Mo et al., 2012) 0 Energy  X   IO-LCA  2002 * 

2012a Su and Ang (Su and Ang, 2012b) 10 CO2  X  X   2002, 2007 110 

2012b Su and Ang (Su and Ang, 2012a) 4 CO2  X  X   1997, 2000, 2002, 2005, 2007 38, 104 

2012 Tian et al. (Tian et al., 2012) 2 CO2   X    2002 17 

2012 Wang, Zhang et al. (Wang et al., 2012a) 1 CO2  X   Hybrid LCA  2007 135 

2012 Wang and Wang (Wang and Wang, 2012) 0 CO2 X X   IO-LCA  2007 * 

2012 Wang, Wang et al. (Wang et al., 2012b) 0 Air Pollutants, Solid 
Waste 

 X   IO-LCA  2007 * 

2012 Wiebe et al. (Wiebe et al., 2012) 5 CO2 X  X    1995-2005 48 

2012 Xia et al. (Xia et al., 2012) 0 Energy  X  X   1987, 1992, 1997, 2002, 2007 44 

2012 Xia (Xia, 2012) 0 CO2  X     2007 * 

2012 Yuan (Yuan, 2012) 0 CO2  X  X   2002, 2007 29 

2012 Zhang, Liu et al. (Zhang et al., 2012a) 1 CO2  X     2007 * 
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Publication Env. Issue Trade Methodological Tools Data 

Year Author # of Cites? 

 

Trade? SRIO MRIO SDA? IO-LCA/ Hybrid Scenarios Sets # of Sectors 

2012 Zhang and Huang (Zhang and Huang, 2012) 1 CO2  X     1997, 2000, 2002, 2005, 2007 42 

2012 Zhang (Zhang, 2012) 2 CO2 X X  X   1987, 1990, 1992, 1995, 1997, 
2002, 2005, 2007 

26 

2012 Zhang, Shi et al. (Zhang et al., 2012b) 1 Water X X  X   1997, 2002, 2007 30 

2012 Zhu et al. (Zhu et al., 2012) 1 CO2  X  X   1992, 1997, 2002, 2005 14 

2013 Bergmann (Bergmann, 2013) 0 CO2 X  X    2004 57 

2013 Chang et al. (Chang et al., 2013) 0 Energy  X   Hybrid LCA 2020, 
2057 

2007 42 

2013 Chen, Guo et al. (Chen et al., 2013a) 2 CO2 X X     2007 42 

2013a Chen and Chen (Chen and Chen, 2013a) 3 Energy X  X   2035 2007 57 

2013b Chen and Chen (Chen and Chen, 2013b) 2 Water X  X    2004 44 

2013 Chen, Chen et al. (Chen et al., 2013b) 2 CO2 X  X    2004 57 

2013 Dong, Mao et al. (Dong et al., 2013a) 0 CO2  X  X Hybrid LCA  1997-2007 * 

2013 Dong, Geng, Sarkis et al. (Dong et al., 
2013b) 

1 Water X X  X   2007 28 

2013 Dong, Geng et al. (Dong et al., 2013c) 0 CO2  X   Hybrid LCA  2007 17 

2013 Feng et al. (Feng et al., 2013) 4 CO2 X  X    2007 30 
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Publication Env. Issue Trade Methodological Tools Data 

Year Author # of Cites? 

 

Trade? SRIO MRIO SDA? IO-LCA/ Hybrid Scenarios Sets # of Sectors 

2013 Fu et al. (Fu et al., 2013) 0 Energy  X  X   1992, 1997, 2002, 2007 6 

2013 Geng et al. (Geng et al., 2013) 0 CO2 X X  X   1997-2007 28 

2013 Guo et al. (Guo et al., 2013) 0 Energy X X     * * 

2013 He et al. (He et al., 2013) 1 Energy, Water, Air 
Pollutants, Solid Waste 

 X   Hybrid LCA 2015 2007 42 

2013 Hong et al. (Hong et al., 2013) 3 Energy  X     2007 42 

2013 Karstensen et al. (Karstensen et al., 2013) 0 CO2 X  X    2007 57 

2013 Kunimitsu et al. (Kunimitsu et al., 2013) 0 CO2 X  X    2004 * 

2013 Li and Liu (Li and Liu, 2013) 0 Energy X X  X   2009 * 

2013 Liang, Xu, Suh et al. (Liang et al., 2013a) 0 Material Flows  X   IO-LCA  2007 135 

2013 Liang, Xu et al. (Liang et al., 2013b) 7 Material Flows  X   IO-LCA  * * 

2013 Liang and Zhang (Liang and Zhang, 2013) 3 Solid Waste  X   IO-LCA/Hybrid 
LCA 

 2005 21 

2013 Liang, Zhang et al. (Liang et al., 2013c) 4 Material Flows  X   Hybrid LCA  2007 28 

2013 Lindner et al. (Lindner et al., 2013b) 0 CO2  X     2007 50 
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Publication Env. Issue Trade Methodological Tools Data 

Year Author # of Cites? 

 

Trade? SRIO MRIO SDA? IO-LCA/ Hybrid Scenarios Sets # of Sectors 

2013 Liu and Wu (Liu and Wu, 2013) 0 CO2, Air Pollutants, Water  X    2015 2007 * 

2013 Liu et al. (Liu et al., 2013) 0 Water X      2010 * 

2013 Lopez et al. (Lopez et al., 2013) 0 CO2 X  X    2005 23 

2013 Meng et al. (Meng et al., 2013) 1 CO2 X  X    2002, 2007 17 

2013 Qu, Zeng et al. (Qu et al., 2013a) 0 CO2 X X     2007 * 

2013 Qu, Zhang et al. (Qu et al., 2013b) 0 Solid Waste  X  X IO-LCA X 2005 * 

2013 Shao et al. (Shao et al., 2013) 1 Energy, Water  X   Hybrid LCA  2007 135 

2013 Su and Ang (Su and Ang, 2013) 1 CO2 X X     1997, 2000, 2002, 2005, 2007 124, 

40, 

122, 

42, 

135 

2013 Su et al. (Su et al., 2013) 0 CO2 X X  X   1997, 2002 104 

2013 Tang, Shi et al. (Tang et al., 2013a) 1 Energy X X     2002, 2005, 2007 25 

2013 Tang, Snowden et al. (Tang et al., 2013b) 0 Energy X  X    2005 * 

2013 Vause et al. (Vause et al., 2013) 0 CO2 X X     2007 135 

2013 Wang, Wang et al. (Wang et al., 2013b) 0 CO2  X     2007 21 
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Publication Env. Issue Trade Methodological Tools Data 

Year Author # of Cites? 

 

Trade? SRIO MRIO SDA? IO-LCA/ Hybrid Scenarios Sets # of Sectors 

2013 Wang and Liang (Wang and Liang, 2013) 2 CO2  X   Hybrid LCA 2020 2007 58 

2013 Wang, Zhao et al. (Wang et al., 2013c) 0 CO2 X X  X   1997, 2000, 2002, 2005, 2007, 
2010 

28 

2013 Wang, Huang et al. (Wang et al., 2013d) 0 Water X X     2002, 2007 21 

2013 Yang and Wang (Yang and Wang, 2013) 0 CO2  X   IO-LCA  2010 * 

2013 Yu et al. (Yu et al., 2013) 0 Land Use X  X    2007 57 

2013 Zhang, Beck et al. (Zhang et al., 2013b) 0 Water, Air Pollutants, 
Solid Waste 

X X     1997, 2002, 2007 45 

2013 Zhang, Wang et al. (Zhang et al., 2013c) 1 CO2  X   Hybrid LCA X 2007 135 

2013 Zhang (Zhang, 2013b) 0 CO2  X     1987, 1992, 1997, 2000, 2002, 
2005, 2007 

26 

* This information regarding the data set or number of sectors was not provided in the published article. 
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Research question addressed: How can we use existing data to develop an internally 

consistent and comparable set of emission factors? 

It became apparent through the review of the environmentally-extended input-output 

literature for China that none of the MRIO models available had a sufficient level of 

disaggregation to suitably estimate the GHG emission impacts associated with China’s 

changing diet. A variety of disaggregation techniques were considered, including those 

developed by Marriott (2007) and Lindner et al. (2012, 2013). As the difficulty of 

disaggregating the sectors became more manifest, it becomes increasingly clear that for 

whichever technique was used, the CEFs for the disaggregated food categories would be 

necessary for the calculations. As greater effort was put into the collection of CEFs 

across a range of decades not only for food categories in China but also for its trading 

partners, it also becomes evident that some studies used LCA for the inclusion of 

greater detail of the direct effects, but did not capture the full extent of the indirect 

effects as is capable through the use of EIO. As such, there are no set system boundaries 

and no set protocol for developing CEFs. Consequently, there is no way to determine 

the consistency or compatibility of published CEFs between nations or food categories, 

much less across time periods. 

Chapter 5 presents a methodology using existing food quantities, production yields, and 

greenhouse gas emissions from the FAO to estimate a set of baseline CEFs which are 

then calibrated against a chosen benchmark in the literature. Using this methodology, 

CEFs can be derived for a wide variety of FAO food categories for any country 

included in the FAO’s database. When these CEFs are combined with the FAO’s 

available trade data the embodied CO2 emissions associated with China’s crops and 
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livestock as well as those it imports from its trade partners can be determined, as further 

described later in Chapter 7. 
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5.1 Abstract  

Consumption-based greenhouse gas accounting, which encompasses emissions from a 

nation’s domestic final consumption as well as emissions embodied in imports, is 

gaining favor in the climate change literature for its effectiveness and consideration of 

equity. Unfortunately, the calculation of emissions embodied in the trade of agricultural 

food products is hindered by a lack of consistent and comparable emission factors.  

Food import quantities for every country are readily available through the United 

Nations Food and Agriculture Organization. Unfortunately, the carbon emission factors 

necessary to calculate the embodied emissions in imported foods are largely unavailable 

or unreliable for many countries. On top of this, different methodologies for 

determining carbon emission factors provide varying estimates based on different 

assumptions. The differences in these assumptions and methodologies can mean that 

attempts to compare and combine emissions based on factors from different countries 

become less of a comparison of apples-to-apples and more of an apples-to-oranges or 

even apples-to-kangaroos exercise. 

This study proposes a method to combine the Food and Agriculture Organization’s 

available greenhouse gas data, production data, and agricultural yields and scaling it 

against benchmarks in the literature to estimate a time-series of crop and livestock 

carbon emission factors that are internally consistent within the Food and Agriculture 

Organization’s data set and comparable from nation to nation. The framework provided 

is then used to produce a sample set of carbon emission factors for Chinese agricultural 

import suppliers to determine the embodied greenhouse gases in China’s food imports. 
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5.1.1 Keywords  

Carbon emission factor, agriculture, embodied emission, consumption-based 

accounting, China  

5.2 Introduction  

Estimates of agriculture’s contribution to total global greenhouse gas (GHG) emissions 

range from 10% to 32% (Bellarby et al., 2014). The United Nations (UN) has reported 

that agricultural GHG emissions have doubled in the last 50 years, with the potential to 

increase another 30% by 2050 (Tubiello et al., 2014). The United Nations Food and 

Agriculture Organization (FAO) provides national estimates of GHG for agricultural 

activities for countries around the globe as well as the quantity of foods traded between 

countries. Because the GHGs provided are for agricultural sources and activities rather 

than foods, however, determining the GHGs associated with the production of a traded 

food product, or its embodied emissions, is a non-trivial task. The carbon emission 

factors (CEFs) that are necessary to calculate the embodied emissions in imported foods 

are largely unavailable or unreliable for many countries (FAOSTAT, 2015). These 

emissions embodied in imports are combined with a nation’s domestic final 

consumption in consumption-based GHG accounting, which is gaining favour in the 

climate change literature for its effectiveness and consideration of equity (Bergmann, 

2013; Davis and Caldeira, 2010; Feng et al., 2013; Liu, 2015; Wiedmann et al., 2011; 

Zhang et al., 2013). Unfortunately, the calculation of emissions embodied in the trade of 

agricultural food products is hindered by a lack of consistent and comparable emission 

factors. 
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On top of this, different methodologies for determining CEFs provide varying estimates 

based on different assumptions. The differences in these assumptions and 

methodologies can mean that attempts to compare and combine emissions based on 

factors from different countries become less of a comparison of apples-to-apples and 

more of an apples-to-oranges or even apples-to-kangaroos exercise. 

With recognition of the importance of consumption-based GHG accounting and 

acknowledgment of the role that agriculture and food play in global GHG emissions, 

how then can embodied emissions in food imports and exports be adequately 

determined? The FAO provides annual crop and livestock production figures for nations 

around the world as well as agriculture and food import/export data and GHGs 

associated with crops and livestock at a national level. The production and trade data is 

product-based, typically measured in tonnes of crops or head of livestock. The 

agricultural GHGs for a given nation, however, are categorized by activities using 

Intergovernmental Panel on Climate Change (IPCC) guidelines rather than specifically 

by product. For crops, this means rather than listing emissions associated with fruit, 

vegetable, or cereal production in a country, data is given for the nation’s GHGs 

associated with fertilizer application, crop residue burning, or energy use. This proves to 

be problematic for calculating the embodied emissions in trade as activity-based GHG 

emissions cannot easily be translated into product-specific emissions. For livestock, the 

FAO’s GHG data includes emissions from enteric fermentation and manure 

management for a variety of livestock types but fail to account for the indirect 

emissions from sources such as land use conversion, which is the emission of 

greenhouse gases resulting from human-induced land use change and forestry activities, 
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and livestock feed, which comprise a majority of the contribution of GHGs for non-

ruminants.   

This study proposes a method to combine the FAO’s available GHG and production 

data and scaling it against benchmarks in the literature to imply a time-series of crop 

and livestock CEFs that are internally consistent and comparable from nation to nation. 

This paper is structured as follows: the need for internally consistent, international, time 

series data is described in Section 5.3 (Literature Review) with regard to what data is 

available now through the FAO and the literature. Section 5.4 (Material and Methods) 

provides a framework for using the existing FAO data to produce consistent, 

comparable data across nations and an extended timeframe. Section 5.5 (Results) 

presents how the framework provided is used to produce a sample set of CEFs for 

Chinese agricultural import suppliers to determine the embodied GHGs in China’s food 

imports. Section 5.6 (Discussion) addresses the advantages, shortcomings, and 

applicability of the methodology and the conclusion and implications of our findings are 

presented in Section 5.7 (Conclusion).  

5.3 Literature Review 

As countries are increasingly called to account for their GHG emissions, questions have 

been raised in recent years as to who is responsible for emissions. Under the United 

Nations Framework Convention on Climate Change, nations account only for GHG 

emissions produced within their borders. This method, production-based accounting, 

potentially understates or overstates the emissions associated with a nation’s 

consumption as it ignores the GHG emissions associated with imports and exports, the 
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emissions embodied in trade. Under consumption-based accounting, however, the 

consumption-based emissions are found to be production emissions less the emissions 

embodied in exports plus the emissions embodied in imports (Davis and Caldeira, 

2010). While considerable work has been done using consumption-based accounting to 

analyze emissions associated with industry sectors on a larger scale, or in energy and 

manufacturing, the embodied emissions in food and agricultural trade has been largely 

relegated to a single sector in these analyses (Hawkins et al., 2015). To gain an 

understanding of the effects of the embodied emissions in food and agriculture, a greater 

level of disaggregation is necessary. 

The IPCC 2006 Guidelines for National Greenhouse Gas Inventories recommend a 

production-based accounting method in which emissions are calculated by multiplying 

activity data by an emissions factor. The key GHGs of concern by the IPCC in 

agriculture are CH4, N2O, and CO2. CH4 is produced from enteric fermentation in 

livestock, manure management, rice cultivation, and the burning of savannah and crop 

residues. N2O is also generated through manure management and the burning of 

savannah and crop residues, but is also produced by microbial processes in soils as 

nitrogen is added to soils through synthetic fertilizers, animal waste, crop residues, 

biological fixation, or other organic nitrogen additions. CO2’s contribution to 

agricultural GHGs is associated with the energy used for electricity and fuel use, such as 

planting, tilling, harvesting, and water management activities. Further detail on the 

processes and factors included in the IPCC’s GHG calculations may be found in the 

Volume 4, Agriculture, Forestry, and Other Land Use, of the 2006 Guidelines for 

National Greenhouse Gas Inventories (IPCC, 2006). These are all considered direct 
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emissions associated with agricultural production. The IPCC’s guidelines for 

calculating agricultural emissions do not include indirect sources of emissions such as 

energy used in the production of fertilizers, pesticides, agricultural film, facilities, 

veterinary medicine, and livestock feed (Lin et al., 2014).  

Herrero et al. (2011) highlight the importance of providing the climate change 

community and policy makers with accurate estimates of emissions and the links 

between agriculture and climate. Though they focus specifically on livestock, their 

conclusions are equally applicable to food production as a whole. Determining reliable 

GHG emission figures for agriculture is necessary to understand its role compared to 

other industries and emission sources. Reliable GHG figures are necessary for 

identifying to reduce GHGs while still providing employment and food for the global 

population. Consequently, the emissions estimates must be consistent and comparable 

over a range of nations.   

As countries’ GHG accounts and inventories do not conveniently break down their 

agricultural emissions in ways that easily allow the calculation of the emissions 

embodied in food imports and exports, other methods to disaggregate the emissions 

must be found. The production-based emission calculation can be rearranged to divide 

emissions by activity data to provide an implied emission factor (IPCC, 2006). The 

methodologies for measuring emissions activities as well as determining emission 

factors, however, remains unsettled due to opacity in the collection, reporting, and 

validation of data for different national and international agencies and organizations 

around the world (Guan et al., 2012). The FAO’s trade numbers provide the activity 

data by breaking down countries’ imports and exports into detailed annual accounts of 
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different food products (FAOSTAT, 2015). The other element necessary along with the 

FAO’s trade numbers, however are the emission factors – multipliers or coefficients, to 

show how the production of one ton of apples or 2,000 head of cattle have generated a 

certain amount of carbon dioxide-equivalent (CO2-e) emissions.  

Crucial for the use of the FAO’s trade numbers in this endeavour, which are verified for 

their coverage and comparability through a multi-layered quality assurance system, is 

that these CEFs are similarly comprehensive and consistent, as is described in the Good 

Practice Guidance for national emission inventories (IPCC, 2006). FAO data is 

collected and collated from national statistical agencies or other international 

organizations through forms and questionnaires. As with other international 

organizations like the International Monetary Fund or the Organisation for Economic 

Co-operation and Development, the quality of the FAO’s data is largely dependent on 

the quality of data collected by individual countries and organizations. Under the FAO’s 

quality assurance framework, statistical outputs are assessed and validated on a regular 

basis, errors are measured and documented, methods for preventing and reducing errors 

are in place and implemented, and the revision policy is made publicly available. 

Additionally, a section of the FAO’s quality assurance framework is dedicated to the 

coherence and compatibility of data. This section notes the importance of the FAO’s 

statistics being internally consistent, reconcilable over time, and based on 

internationally agreed standards. The FAO regularly compares and reconciles statistics 

from different sources and from different time periods (FAO, 2014).  

While the FAO’s quality assurance framework and the IPCC’s Good Practice Guidance 

call for inventories to be consistent and comparable, the IPCC’s emission factors used 
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by the FAO do not relate to products that allow for disaggregation into separate food 

categories. IPCC emission factors refer to production activities and the related direct 

emissions. Sources of direct emissions associated with production activities include 

agricultural soils, burning - savannah and burning - crop residues, rice cultivation, 

energy use, enteric fermentation, and manure management. The production of 

agricultural food products generates substantial indirect emissions which are not 

accounted for in IPCC emission calculations. Indirect emissions from the production of 

fertilizer, pesticide, agricultural film, agricultural crop facilities, veterinary medicine, 

livestock facilities, and feed are not included in IPCC calculation guidelines. 

Consequently, IPCC data should be used in conjunction with estimates of indirect 

emissions to more accurately account for total emissions from this sector (IPCC, 2006; 

Lin et al., 2014). Inclusion of land use change and forestry in these estimates is 

challenging and is confounded by a need for extensive data on alternative opportunity 

costs. As there is not a systematic manner in which to do this, inclusion of land use 

change in the emissions estimates are typically very conservative (Herrero et al., 2011). 

Consequently, land use change and many other indirect emissions are not included in 

the FAO’s emissions figures (FAOSTAT, 2015). 

A review of the literature reveals that while the CEFs for certain foods are well-studied, 

the range of foods researched is fairly limited. Among crops, the carbon intensity of 

certain species of fruit, vegetables, and cereals have been estimated for specific 

geographic regions (Cheng et al., 2011; Heller and Keoleian, 2014; Lin et al., 2014; Liu 

et al., 2010; Roos et al., 2010, 2011). Similarly among livestock, considerable research 

has been made on the carbon footprint and emissions intensity for dairy and beef cattle, 
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with less study done of other livestock and poultry species (Flysjo, 2011; Flysjo et al., 

2012; MacLeod et al., 2013). These studies use one of three methods to estimate CEFs: 

life cycle analysis (LCA) which is a bottom-up process-based method, environmental 

input-output analysis (EIO) which is a top-down method using large-scale national-level 

production data, and a hybrid environmental input-output/life cycle analysis (EIO/LCA) 

which combines both bottom-up and top-down methods. A variety of assumptions need 

to be made in these estimates, including the boundaries set for the LCA, the level of 

aggregation for EIO and hybrid LCA/EIO analyses, inclusion or exclusion of land use 

change and forestry (LUCF), and the global warming potential (GWP) of CH4 and N2O 

(Desjardins et al., 2012; Flysjo et al., 2011; Herrero et al., 2011; Kramer et al., 1999; 

Lin et al., 2014; Munksgaard et al., 2000). 

Dissimilar starting assumptions among the methods can result in different CEFs for the 

same or similar agricultural products (MacLeod et al., 2013). Studies estimating CEFs 

for pork produced specifically in Denmark, for example, range from 3.80 to 16.42 kg 

CO2-e/kg pork (Kramer et al., 1999; MacLeod et al., 2013). These studies also typically 

examine production in well-developed countries such as Canada, the United States, 

Australia, and European nations. A handful of studies provide CEFs for a wider range 

of food products, in some cases with less detail and specificity, for France, the United 

States, China, the Philippines, the Netherlands, or world regions (Heller and Keoleian, 

2014; Kramer et al., 1999; Lin et al., 2014; MacLeod et al., 2013; Rapera and Quilloy, 

2014). The vast majority of these studies produce CEFs for a single point in time, 

however. While this may be sufficient for producing an emissions inventory for a single 

year, assuming unchanging CEFs over time would completely ignore the technological 
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developments, efficiencies, and innovations in agricultural production that could render 

a comparison wildly inaccurate. Most studies rely on LCA to estimate CEFs for food 

products as the level of sector or industry detail in input-output tables for EIO and 

EIO/LCA is not typically sufficient to determine CEFs for specific categories of foods. 

While LCA may not capture the full range of indirect emissions possible with EIO, the 

data required is more readily available that EIO (Cederberg et al., 2013; Hawkins et al., 

2015; Lin et al., 2014). Table 5.1 presents a selection of studies providing CEF 

estimates along with the assumptions used in developing these figures. 

These different assumptions and methods to estimate embodied emissions in 

agricultural products have the potential to make a substantial difference in the emission 

estimates. Using CEFs from different source literature based on consistent assumptions 

is likely to allow for an apples-to-apples comparison of emissions.  Utilizing the CEFs 

from one country as a proxy for another could likely result in an apples-to-oranges 

comparison. Assuming that the CEF of an agricultural product is unchanged over time, 

however, would make a comparison of embodied emissions based on these CEFs like 

comparing apples to kangaroos. 

By combining time-series production and emissions data from the FAO, a 

comprehensive and internally consistent set of implied product-based CEFs can be 

calculated, which, when calibrated against a set of CEFs from the literature for a 

selected nation can be used to determine the embodied emissions in that nation’s 

agricultural imports. 
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Table 5.1: Sample of literature estimating agricultural CEFs 

Author Year Countries Products Method Boundary LUCF? GWP 
(Years) 

Time 
Series? 

Kramer et al. 1999 Netherlands Bread 
Fruit 
Vegetables 

Beverages 
Meat 

Oils 
Dairy 

LCA/EIO Retail No 100 No 

Munksgaard, et 
al. 

2000 Denmark Bread 
Meat 
Fish 

Eggs 
Dairy 
Fruit  

Vegetables 
Beverages 

EIO Retail No N/A Yes 

Desjardins et al. 2012 Canada 
EU 
USA 

Australia 
Brazil 

Beef  LCA Farm gate Yes 100 Yes 

Eshel et al. 2014 USA Dairy 
Beef 

Poultry 
Pork 

Eggs LCA Retail No N/A No 

MacLeod et al. 2013 LAC 
E & SE Asia 
E Europe 
N America 

South Asia 
SSA 
W Europe 
Russia 

Pork 
Chicken 

LCA Retail Yes 100 No 

Faulkner and 
Shaw 

2008 USA Dairy 
Beef 

Poultry Pork LCA (NH3 
only) 

Farm gate No N/A No 

Flysjo et al. 2011 New Zealand Sweden Dairy LCA Farm gate No 100 No 

Flysjo et al. 2012 Sweden Dairy Beef  LCA Farm gate Yes N/A No 

Heller and 
Keoleian 

2014 USA Grain 
Fruit 
Vegetables 

Livestock 
Fish 
Eggs 

Nuts 
Fats 
Dairy 

LCA Retail No N/A No 

Rotz et al. 2010 USA  Dairy LCA Farm gate No N/A No 

Verge et al. 2009 Canada Poultry LCA Farm gate No N/A Yes 

Peters et al. 2010 Australia Beef Sheep  LCA/EIO Farm gate No N/A No 

Wang 2010 China Grain 
Fruit 

Vegetables 
Dairy 

Livestock 
Eggs 

LCA Farm gate No N/A No  

Lin et al. 2014 China Grain 
Fruit 

Vegetables 
Dairy 

Livestock 
Eggs 

LCA/EIO Farm gate Yes N/A Yes 

* EU (European Union), USA (United States of America), LAC (Latin America and the Caribbean), E & SE Asia (East and Southeast Asia), E Europe (Eastern Europe), N America 
(North America), Russia (Russian Federation), SSA (Sub-Saharan Africa), W Europe (Western Europe)
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5.4 Material and Methods 

5.4.1 Data 

To create a set of international product-based CEFs for use in calculating the embodied 

emissions for a nation’s imported agricultural products, we draw data from the FAO as 

well as from the nation of interest which will act as a benchmark for the FAO data. 

Extrapolation of the product-based CEFs requires FAO emissions data for crops and 

livestock, which are each calculated in different ways by the FAO, and FAO production 

data, including product-based yield figures and area harvested for crops. The benchmark 

data for the nation of interest must include CEFs for food categories that can be 

matched to the FAO’s food categories. Most crucially for investigating trends over time, 

the FAO’s time-series data alone is not sufficient. The benchmark data must also 

include CEFs for different points in time so that the FAO’s CEFs can be appropriately 

calibrated. 

The FAOSTAT database provides country-level GHG estimates based on FAO-

collected activity data and Tier 11 computations using 2006 IPCC Guidelines for 

Greenhouse Gas Inventories. While Tier 2 and Tier 3 emissions calculations contain a 

greater level of detail in analysis than Tier 1, many nations only calculate their national 

GHG inventories using Tier 1 methods, and Tier 1 calculations of emissions can be 

made from national inventories using Tier 2 and Tier 3 emissions (FAOSTAT, 2015). 

Additionally, studies comparing emissions estimates from the same source using Tier 1, 

Tier 2, and Tier 3 methods found substantial variation in estimates. This variation was 

                                                 
1 As opposed to Tier 2 and Tier 3 computations, which are country-specific and more complex modelling 

approaches, Tier 1 use simple methods with default values (IPCC 2006). 
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not consistent, however, and the use of Tier 2 or Tier 3 methods sometimes 

overestimated and sometimes underestimated emissions compared to Tier 1 calculations 

(Ominski et al., 2007; Woods and Yan, 2010; Yan et al., 2010). By using only Tier 1 

calculations, the FAO maintains internal coherence and consistency among its GHG 

emission figures. 

The FAO’s Tier 1 calculations are based on the following categories of activities and 

shown with the GHG they produce: 

 Crop Production Activities 

 Rice cultivation (CH4) 

 Synthetic fertilizers (N2O) 

 Manure applied to soils (N2O) 

 Manure left on pasture (N2O) 

 Crop residues (N2O) 

 Cultivation of organic soils 

(N2O) 

 Burning – crop residues (N2O, 

CH4) 

 Burning – savannah (N2O, 

CH4) 

 Energy use (CH4) 

 Livestock Activities 

 Enteric fermentation (CH4) 

 Manure management (N2O, 

CH4) 

As shown in Figure 5.1, FAO enteric fermentation and manure management figures are 

used specifically and solely for the calculation of livestock emissions and their CEFs. 
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The remainder are used to calculate crop CEFs. The FAO does not specify emissions by 

crops for synthetic fertilizers, manure applied to soils, manure left on pasture, 

cultivation of organic soils, crop residues, burning – savannah, and energy use. As 

such, they are combined together to form a baseline CEF for all crops in a nation. 

Manure applied to soils and manure left on pasture differ from manure management in 

that the emissions from manure management measure the N2O and CH4 of manure that 

is stored and treated, while manure applied to soils and manure left on pasture measure 

only the N2O produced by nitrification and de-nitrification by microbial processes on 

managed soils. Emissions from synthetic fertilizers and crop residues similarly measure 

the N2O produced by nitrification and de-nitrification on agricultural soils. Cultivation 

of organic soils is the measure of GHGs released in the form of N2O during tilling and 

other ground-disturbing activities (FAOSTAT, 2015). 

The FAO does specify emissions associated with rice cultivation and burning - crop 

residues for rice, maize, wheat, and sugar. These emissions are used to modify the 

baseline CEF for these specific crops. Rice cultivation differs from other crop 

production such as fruit or vegetables as it is one of the dominant producers of CH4 

along with enteric fermentation and manure management due to the anaerobic 

decomposition of organic matter in rice paddies. 

The FAOSTAT database also provides production figures necessary for extrapolation of 

the international product-based CEFs. Because the FAO’s livestock emissions factors 

are provided in emissions per head and the FAO’s trade figures are typically in tonnes 

of product, the livestock yield figures of mass per animal are necessary to convert the 

CEFs into coefficients compatible with the trade figures. Due to the nature of the FAO’s  
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Figure 5.1: Flow and conversion of data from FAO emission source to CEF  
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crop emissions being based on activities rather than products, the crop-specific area 

harvested and yield (mass per area harvested) are similarly necessary to make the CEFs 

compatible with trade figures. 

This study uses Lin et al.’s CEFs for food production in China as the benchmark to 

calibrate the FAO CEFs. As described previously, literature on the full range of food 

product CEFs is limited and inconsistent in its methods and results. Lin et al.’s study 

was chosen as a benchmark as it was the only one to have such a comprehensive scope 

of food products studied, together with the integration of direct and indirect GHG 

emissions, inclusion of time series data, and an aggregation level compatible with that 

of the FAO. Lin et al.’s study uses a hybrid EIO/LCA method which includes the direct 

emissions sources used by the FAO, such as fertilizer application, direct energy use, 

enteric fermentation, and manure management, but also includes indirect emissions 

from agricultural production inputs such as fertilizer and pesticide as well as animal 

housing, veterinary medicine, and, importantly, animal feed. By accounting for these 

indirect sources as well as direct sources, Lin et al. describes a more complete picture of 

food production emissions than illustrated by the FAO’s figures. Lin et al. determines 

CEFs for nine categories of crops and six categories of livestock for four different 

points in time: 1979, 1989, 1999, and 2009 (Lin et al., 2014). Due to the levels of 

uncertainty and the extensive assumptions necessary for calculating indirect emissions 

associated with land use conversion, LUCF is excluded from the calculation of emission 

factors in this study. 
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5.4.2 Extrapolation of Livestock CEFs  

The FAOSTAT database provides implied emission factors for CH4 for enteric 

fermentation and manure management and N2O for manure management for a range of 

livestock categories. These emission factors are given in a metric of kg CH4/head. FAO 

livestock yields are provided as mass per animal. Consequently, as indicated in Figure 

5.1, the extrapolation of FAO livestock CEFs is a relatively simple matter of 

multiplying the implied emission factor by the inverse of the production yield to 

generate a coefficient of kg CH4/kg animal product or kg N2O/kg animal product. These 

separate coefficients can each be multiplied by their 100 year GWP to convert them into 

common units of kg CO2-e/kg animal product which can be added together to give the 

FAO’s overall CEF for that livestock product in kg CO2-e/kg animal product. 

With this, the livestock CEFs for China provided as a benchmark by Lin et al. (2014) 

are compared with the FAO’s CEFs for livestock products in China. The greater number 

of factors in Lin et al.’s CEFs accounts gives a level of detail and precision unavailable 

in the FAO CEFs. As such, the FAO CEFs and Lin et al.’s CEFs can be set as a ratio 

which represents the difference between the highly aggregated, coarse resolution of the 

FAO emissions based on IPCC guidelines and the disaggregated, detailed emission 

accounting developed by Lin et al which includes a greater variety of indirect emissions. 

This ratio is then used to calibrate the FAO CEFs for the livestock categories of other 

nations to produce a CEFs based on FAO yield and emissions data, but also including a 

factor for indirect emissions. This ratio differs from country to country and category to 

category with each ratio being based on the relationship between Lin et al.’s CEFs and 

the FAO CEFs derived for a specific country and food category. With the FAO CEFs 
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for other countries’ livestock categories calibrated to be consistent with Lin et al.’s 

CEFs, they can be combined with the FAO trade data to produce the embodied 

emissions in the foods China imports from other nations. These measures of embodied 

emissions will be consistent and comparable with measures of Chinese food production 

emissions using FAO production figures and Lin et al.’s CEFs. 

This extrapolation of FAO CEFs is completed for each nation to be compared to China 

and also for each year used in the analysis. Consequently, using the Lin et al. study for 

comparison, sets of CEFs would be estimated for each of China’s agricultural import 

suppliers for 1979, 1989, 1999, and 2009 (2014). It is important to note that the FAO’s 

implied emission factors for enteric fermentation and manure management do not 

change over time2. However, the yield figures for the animal products change on a 

yearly basis. Consequently, when combined with the implied emission factors, the 

CEFs, when measured in kg CO2-e/kg animal product differ from year to year, thus 

including a measure of technological change and production efficiency in the CEF 

estimate. 

5.4.3 Extrapolation of Crop CEFs  

Because the FAOSTAT database follows the IPCC’s 2006 Guidelines for Greenhouse 

Gas Inventories and estimates emissions based on source rather than by food product, 

extrapolation of crop CEFs from FAO figures is more complex than for livestock and 

requires more assumptions to be made. As described above, emissions associated with 

synthetic fertilizers, manure applied to soils, manure left on pasture, cultivation of 

                                                 
2 This is not because technological efficiency in enteric fermentation and manure management do not 

change, but rather because of the FAOSTAT database’s use of the IPCC’s 2006 Guidelines for 

Greenhouse Gas Inventories which provides only one figure for these emission factors rather than a range 

of figures changing over time. 
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organic soils, burning – savannah, and energy use are non-crop specific and encompass 

all crop types. Only the rice cultivation, crop residues, and burning – crop residues 

activities include distinct measurements based on crop types. Consequently, the 

emissions for the non-crop specific agricultural activities can be combined and divided 

by the nation’s overall crop harvest area to give a baseline agricultural emissions factor 

in kg CO2-e/ha. For the crops which have additional emissions specifically associated 

with them in the rice cultivation and burning – crop residues categories, such as rice, 

maize, and wheat, the specific emissions attributable to that crop are divided by the 

harvest area for that crop and these crop specific factors are added on to the baseline 

emissions factor.  

As shown in Figure 5.1, because the trade data is not provided in hectares, but rather in 

tonnes, the crop emissions factors must be multiplied by the inverse of their yield 

(kg/ha) to produce an emissions factor usable in calculating the embodied emissions of 

traded crop products (kg CO2-e/kg product). As described above for livestock with 

regard to changes in time, this step additionally illustrates the differences in technology 

and production efficiencies among different crop types. 

As described for livestock, the FAO CEF for the appropriate Chinese crop categories 

are compared to Lin et al.’s crop CEFs and a ratio is determined, again, representing the 

difference between accounting for the coarse resolution FAO emissions and detailed 

emissions accounting from Lin et al. This ratio is used as a calibration factor for the 

CEFs of other countries’ crop categories. The differences in the crop CEFs changing 

over time is calculated in the same manner as described above for livestock as the FAO 

crop yields change from year to year. The Lin et al. CEFs can then be used with the 
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FAO’s Chinese crop production data and the CEFs for other nations can be used with 

the FAO’s Chinese crop import data to determine the embodied emissions of crop 

imports in a consistent and comparable manner. 

5.5 Results  

The purpose of determining a set of comprehensive, comparable, and internally 

consistent implied CEFs was to be able to estimate the embodied emissions in food 

imports for the purposes of consumption-based accounting. With Lin et al. providing 

CEFs for China which are used as a benchmark, this study focuses on the embodied 

emissions in China’s food imports to determine the role of China’s trade partners in its 

GHG emissions associated with national food consumption. 

Lin et al.’s study estimates CEFs for nine categories of crop products and six categories 

of livestock for the year 1979, 1989, 1999, and 2009. While FAOSTAT provides food 

production, yield, and trade data from the year 1961 to 2013, year 2009 data was chosen 

for the calculation of implied CEFs in this study to match the most recent year in Lin et 

al.’s paper. Similar calculations can be performed using the FAO’s 1979, 1989, or 1999 

data calibrating against the corresponding years’ CEFs in Lin et al.’s study. CEFs based 

on FAO data and calibrated against Lin et al.’s benchmark to account for indirect 

emissions were calculated for all 246 nations available in the FAO database, although 

calculations could not be completed for 27 nations. Most of these nations, such as the 

Isle of Man or Pitcairn Island have no production recorded by the FAO, while some like 

the Soviet Union, which remain in the FAO database for historical purposes, no longer 

exist, or others, like South Sudan, did not exist in 2009. Table 5.2 lists the CEFs for 
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crops and livestock for China from Lin et al.’s study and the CEFs for China’s top food 

supply trade partners derived from the FAO data and calibrated against Lin et al.’s study 

(calibrated FAO CEFs). Food product categories where the FAO has no 2009 

production data for a particular country are listed in Table 5.2 as not available (N/A). 

These nations are the top two to four countries providing a minimum combined 60% of 

China’s imports in any particular food product category. For many categories, like 

Pulses, Roots, Maize, Rice, and Sheep, two countries provide over 90% of China’s 

imports in that category. While most of the CEFs for the different countries shown are 

fairly comparable to one another, New Zealand’s crop CEFs are considerably larger 

than other nations. Examining the FAO factors combined to extrapolate New Zealand’s 

crops, we find that the FAO reports New Zealand’s manure left on pasture to be 

particularly high, which is unsurprising given the country’s large dairy industry. In ratio 

with its relatively small harvest area, though, it produces a high baseline agricultural 

emissions factor for New Zealand that remains even after calibrating against Lin et al.’s 

CEFs. 

Table 5.3 lists China’s top import suppliers by food product category and the percentage 

that each supplying nation provides. Appendix 1 lists the CEFs for crops and livestock 

for the 219 nations for which the FAO provides appropriate data for calculations. 

Table 5.4 compares the calibrated FAO CEFs estimated in this paper to published CEFs 

for categories of food products in Sweden, USA, and Canada, as well as against global 

averages listed in MacLeod et al. (2013). For Sweden, this study’s CEF for wheat falls 

within the range determined by Roos et al. (2011) and the CEF for roots is just below 

the range found in Roos et al. (2010). Similarly, while this study’s CEF for dairy lies 
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below the range stated in Flysjo (2011), it falls within the range determined in Flysjo et 

al. (2012). Against the Heller and Keoleian (2014) CEFs for the USA, this study’s CEF 

estimates trend lower for the majority of crop CEFs with some higher and some lower 

for the livestock CEFs. This study’s CEFs for Canadian beef, however, sit within the 

range found by Desjardins et al. (2012). Against the global averages found by MacLeod 

et al. (2013), this study’s CEF for pork seems similar, though lower than MacLeod’s 

average for poultry and higher for eggs. Major differences between the calibrated FAO 

CEFs and CEFs from the literature for sugar, oilcrops, roots, and beef are believed to be 

a result of the calibration ratio not sufficiently accounting for the indirect emissions 

associated with the production of inputs like fertilizer, pesticide, and feed. The 

significant overestimate of the FAO CEFs compared to the literature for eggs, however, 

is an artefact of the IPCC’s methodology for calculating emissions associated with 

poultry manure management. Using the IPCC’s methodology, developing nations are 

assumed to use a type of poultry manure management resulting in emissions that are an 

order of magnitude smaller than those for poultry manure management methods in 

developed nations (IPCC, 2006).  In reality, there is much greater variation in methods 

for manure management, but our calibration method fails to account for these 

differences and in the end provides CEFs for eggs in developing countries far above 

CEFs in the literature. 

Table 5.4 is illustrative not just for comparing this study’s CEFs against the literature, 

but for showing the variability of CEFs within the literature itself. Determining the 

robustness and precision of the CEFs estimated in this study is confounded by the lack 

of comprehensive, consistent, and comparable CEFs within the body of literature. While 
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this study may not fully match the CEFs found in the literature, the CEFs in the 

literature similarly fail to match each other. The methodology and CEFs presented in 

this study, however, at least provides an internally consistent and comprehensive set of 

CEFs to work with that falls within reasonable bounds of the existing literature. 

By combining Lin et al.’s 2009 China CEFs with the FAO’s production and export data 

and the calibrated FAO CEFs for China’s top import suppliers combined with the 

FAO’s Chinese import data, a consumption-based account of China’s food-related 

GHGs can be estimated. Multiplying Lin et al.’s 2009 CEFs for Chinese food products 

with the FAO’s food production data for China gives a total of 1.4 billion tonnes of 

CO2-e associated China’s 2009 food production. China’s 2009 exports of food products 

account for 24  million tonnes of CO2-e, or 1.7% of China’s food production-related 

GHGs. China’s imports from its top 14 supply countries account for 86% of all of 

China’s food product imports. The calibrated FAO CEFs for these countries multiplied 

by their import quantities gives a total of 41 million tonnes of CO2-e, or 2.9% of 

China’s total food consumption-related GHGs. 

Figure 5.2 illustrates the embodied emissions of food product imports for China’s top 

10 trade partners, differentiating between GHGs associated with crop production and 

GHGs resulting from livestock production.  The food imports from the United States 

and Brazil have the greatest embodied emissions among China’s food import supply 

nations, with China outsourcing 11.5 million and 9.5 million tonnes of CO2-e to these 

nations, respectively. Almost half of the United States’ embodied emissions and more 

than half of Brazil’s embodied emissions are associated with the export of oilcrops to 

China. New Zealand and Australia’s embodied emissions are largely due to the export 
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of sheep, and to a lesser degree, beef to China. With much of the literature on embodied 

emissions with regard to China focusing on other countries outsourcing emissions to 

China, with regard to food imports, China’s 2009 outsourced GHGs to its import 

suppliers was nearly the equivalent of all the GHG emissions of the country of Sri 

Lanka (WRI, 2015). 

The FAO estimates Chinese agricultural emissions for 2009 domestic production to be 

834,846,315 tonnes CO2-e. While this figure also includes emissions for non-food 

agricultural products, food products are responsible for the majority of this figure 

(FAOSTAT, 2015). Similarly, the World Resources Institute’s (WRI) estimates Chinese 

agricultural emissions for 2009 domestic production at 844,540,000 tonnes (WRI, 

2015). As described above, however, by using the IPCC’s 2006 Guidelines for 

Greenhouse Gas Inventories, the FAO’s estimates miss a variety of indirect agricultural 

emissions and likely underestimate the GHGs associated with domestic food 

production. Consequently, with the use of Lin et al.’s CEFs which account for a greater 

depth of indirect emissions, China’s agricultural emissions are estimated to be almost 

1.4 billion tonnes for 2009, almost 70% greater than the FAO and WRI estimates. 

Compared against the WRI’s total CO2-e emissions for China in 2009 of approximately 

9.2 billion tonnes , China’s agricultural emissions based on Lin et al.’s CEFs comprises 

13.7% of China’s total greenhouse gases. This proportion of agriculture’s contribution 

to China’s GHGs falls within the range of 10% to 32% estimated for agriculture’s role 

in total global GHG emissions found in the literature (Bellarby et al., 2014). 

Acknowledging the methodological differences in accommodating indirect emissions, 
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however, it is unclear how comparable this study’s figures are to the WRI’s overall 

estimate for China.  

Similarly, both the FAO and WRI estimate agricultural emissions for the United States 

in 2009 to be approximately 354 million tonnes of CO2-e (FAOSTAT, 2015; WRI, 

2015). Assuming that this is similarly underestimated by approximately 70% compared 

to the figures in this study, Chinese agricultural imports from the United States would 

comprise 1.9% of the total agricultural GHGs produced in the United States. This study 

shows that the embodied emissions in the United States agricultural exports to China are 

approximately 1% of China’s food consumption-related GHG emissions. In context, 

2009 food production in the United States specifically to be exported to China generated 

the equivalent GHG emissions of all of the GHGs produced by a smaller nation such as 

Jamaica (WRI, 2015). 
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Table 5.2: Year 2009 Lin et al. food product CEFs for China and FAO-derived food product CEFs for China’s top trade partners (in tonnes of CO2-e/tonne product) 
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Maize 0.36 0.17 0.29 0.35 0.10 0.74 N/A 0.18 0.11 2.44 0.15 0.89 0.19 0.11 0.21 

Rice 1.75 1.75 1.88 1.37 N/A 4.77 N/A N/A 1.54 N/A 3.35 2.69 2.63 1.87 1.59 

Sugar 0.06 0.03 0.05 0.04 0.03 0.07 0.08 0.06 0.01 N/A 0.01 N/A 0.02 0.03 0.03 

Wheat 0.41 0.36 1.08 0.64 0.31 N/A 0.25 0.23 0.22 3.74 N/A 1.25 0.78 0.39 N/A 

Fruit 0.89 0.32 0.71 0.40 0.41 0.69 0.85 0.55 0.35 7.48 0.13 1.19 0.43 0.23 0.35 

Oilcrops 0.63 0.51 0.75 0.50 0.24 0.52 0.26 0.21 0.22 11.01 0.11 2.86 0.08 0.42 0.26 

Pulses 0.33 0.23 0.36 0.42 0.12 0.41 0.16 0.16 0.08 2.71 0.13 0.96 0.23 0.15 0.30 

Roots 0.19 0.08 0.08 0.16 0.05 0.30 0.08 0.07 0.05 1.08 0.08 0.36 0.06 0.04 0.10 

Vegetables 0.26 0.17 0.17 0.18 0.11 0.38 0.24 0.17 0.08 3.17 0.13 0.37 0.32 0.11 0.23 

Dairy 1.65 0.89 1.27 3.40 1.30 2.96 1.03 1.27 11.24 1.89 2.34 0.50 1.97 1.17 2.36 

Beef 21.71 14.59 13.94 12.90 9.81 18.71 14.01 11.58 20.38 20.83 13.02 9.34 10.08 9.04 17.76 

Sheep 20.82 30.53 24.19 19.46 22.73 20.76 25.17 24.45 33.79 27.82 25.45 23.32 24.49 16.31 N/A 

Pork 2.89 3.18 11.89 2.95 7.57 5.14 6.64 4.73 4.89 10.94 6.44 2.91 3.05 7.29 5.38 

Poultry 1.13 0.79 1.63 1.15 1.66 1.89 2.30 2.44 1.56 1.67 1.78 1.92 1.58 1.51 1.32 

Eggs 1.14 0.92 25.15 1.92 17.07 1.27 12.31 14.57 1.96 17.61 2.55 1.11 1.73 17.42 2.98 
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Table 5.3: Year 2009 top food product import suppliers to China 

Food 
Product 

Category 

Import Supplier (% contributed to total) Total % 
Provided by 
Top Suppliers 

Maize USA (80%) Brazil (13%)   93% 

Rice Thailand (87%) Vietnam (7%)   94% 

Sugar Thailand (24%) Cuba (21%) Brazil (13%) S. Korea (12%) 70% 

Wheat USA (49%) Australia (33%)   82% 

Fruit Thailand (33%) USA (15%) Philippines (13%) Vietnam (12%) 73% 

Oilcrops USA (39%) Brazil (28%) Argentina (9%)  77% 

Pulses Canada (85%) Myanmar (6%) USA (5%)  95% 

Roots Thailand (63%) Vietnam (33%)   95% 

Vegetables Vietnam (28%) Myanmar (21%) USA (20%)  69% 

Dairy New Zealand (35%) USA (23%) Australia (10%)  67% 

Beef Brazil (45%) Australia (15%) USA (10%) Argentina (10%) 80% 

Sheep Australia (49%) New Zealand (48%)   97% 

Pork USA (21%) Canada (15%) Denmark (15%) Germany (12%) 64% 

Poultry USA (54%) Brazil (30%)   84% 

Eggs USA (49%) Thailand (38%)   87% 

(FAOSTAT 2015) 

 

Figure 5.2: Year 2009 embodied emissions in China’s food product imports by its top 10 supplier nations 

(millions tonnes CO2-e)  
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Table 5.4:  Comparison of calibrated FAO CEFs from this study with CEFs published in the literature, by country 

 Maize Rice Sugar Wheat Fruit Oilcrops Pulses Roots Vegetables Dairy Beef Sheep Pork Poultry Eggs 

Sweden                

Calibrated FAO 
CEFs 

N/A N/A 0.06 0.28 2.15 0.29 0.15 0.09 0.33 1.05 11.55 25.81 5.01 2.02 13.90 

Roos et al., 2010, 
2011 

- - - 0.22 - 
0.56 

- - - 0.10 - 
0.16 

- - - - - - - 

Flysjo, 2011 - - - - - - - - - 5.2 - 
14.7 

- - - - - 

Flysjo et al. 2012 - - - - - - - - - 0.49 - 
2.91 

- - - - - 

USA                

Calibrated FAO 
CEFs 

0.11 1.87 0.03 0.39 0.23 0.42 0.15 0.04 0.11 1.17 9.04 16.31 7.29 1.51 17.42 

Heller and Keoleian, 
2014 

0.66 1.14 0.96 0.58 0.27 - 
1.32 

1.17 - 
1.94 

0.78 0.21 - 
0.33 

0.09 - 8.87 1.34 - 
10.40 

26.45 22.9 6.87 5.05 3.54 

Canada                

Calibrated FAO 
CEFs 

0.10 N/A 0.03 0.31 0.41 0.24 0.12 0.05 0.11 1.30 9.81 22.73 7.57 1.66 17.07 

Desjardin et al., 
2012 

- - - - - - - - - - 2.0 - 
19.6 

- - - - 

Global                

Calibrated FAO 
CEFs (Global Avg) 

0.80 1.95 0.06 0.70 2.19 1.06 0.50 1.31 0.73 5.39 14.03 22.02 6.92 1.64 6.59 

MacLeod et al. 2013 - - - - - - - - - - - - 6.1 5.4 3.7 
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comparing this study’s CEFs against the literature, but for showing the variability of 

CEFs within the literature itself. Determining the robustness and precision of the CEFs 

estimated in this study is confounded by the lack of comprehensive, consistent, and 

comparable CEFs within the body of literature. While this study may not fully match 

the CEFs found in the literature, the CEFs in the literature similarly fail to match each 

other. The methodology and CEFs presented in this study, however, at least provides an 

internally consistent and comprehensive set of CEFs to work with that falls within 

reasonable bounds of the existing literature.  

By combining Lin et al.’s 2009 China CEFs with the FAO’s production and export data 

and the calibrated FAO CEFs for China’s top import suppliers combined with the 

FAO’s Chinese import data, a consumption-based account of China’s food-related 

GHGs can be estimated. Multiplying Lin et al.’s 2009 CEFs for Chinese food products 

with the FAO’s food production data for China gives a total of 1.4 billion tonnes of 

CO2-e associated China’s 2009 food production. China’s 2009 exports of food products 

account for 24  million tonnes of CO2-e, or 1.7% of China’s food production-related 

GHGs. China’s imports from its top 14 supply countries account for 86% of all of 

China’s food product imports. The calibrated FAO CEFs for these countries multiplied 

by their import quantities gives a total of 41 million tonnes of CO2-e, or 2.9% of 

China’s total food consumption-related GHGs. 

Figure 5.2 illustrates the embodied emissions of food product imports for China’s top 

10 trade partners, differentiating between GHGs associated with crop production and 

GHGs resulting from livestock production.  The food imports from the United States 

and Brazil have the greatest embodied emissions among China’s food import supply 



Chapter 5. Paper 2 - Apples to kangaroos: a framework for developing internationally comparable carbon emission 

factors for crop and livestock products 

121 

 

nations, with China outsourcing 11.5 million and 9.5 million tonnes of CO2-e to these 

nations, respectively. Almost half of the United States’ embodied emissions and more 

than half of Brazil’s embodied emissions are associated with the export of oilcrops to 

China. New Zealand and Australia’s embodied emissions are largely due to the export 

of sheep, and to a lesser degree, beef to China. With much of the literature on embodied 

emissions with regard to China focusing on other countries outsourcing emissions to 

China, with regard to food imports, China’s 2009 outsourced GHGs to its import 

suppliers was nearly the equivalent of all the GHG emissions of the country of Sri 

Lanka (WRI, 2015). 

The FAO estimates Chinese agricultural emissions for 2009 to be 834,846,315 tonnes 

CO2-e. While this figure also includes emissions for non-food agricultural products, 

food products are responsible for the majority of this figure (FAOSTAT, 2015). 

Similarly, the World Resources Institute’s (WRI) estimates Chinese agricultural 

emissions for 2009 at 844,540,000 tonnes (WRI, 2015). As described above, however, 

by using the IPCC’s 2006 Guidelines for Greenhouse Gas Inventories, the FAO’s 

estimates fail to account for indirect agricultural emissions and likely underestimate the 

GHGs associated with food production. Consequently, with the use of Lin et al.’s CEFs 

which account for a greater depth of indirect emissions, China’s agricultural emissions 

are estimated to be almost 1.4 billion tonnes for 2009, almost 70% greater than the FAO 

and WRI estimates. Compared against the WRI’s total CO2-e emissions for China in 

2009 of approximately 9.2 billion tonnes (WRI, 2015), China’s agricultural emissions 

based on Lin et al.’s CEFs comprises 13.7% of China’s total greenhouse gases. This 

proportion of agriculture’s contribution to China’s GHGs falls within the range of 10% 
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to 32% estimated for agriculture’s role in overall GHG emissions found in the literature 

(Bellarby et al., 2014). Acknowledging the methodological differences in 

accommodating indirect emissions, however, it is unclear how comparable this study’s 

figures are to the WRI’s overall estimate for China.  

Similarly, both the FAO and WRI estimate agricultural emissions for the United States 

in 2009 to be approximately 354 million tonnes of CO2-e (FAOSTAT, 2015; WRI, 

2015). Assuming that this is similarly underestimated by approximately 70% compared 

to the figures in this study, Chinese agricultural imports from the United States would 

comprise 1.9% of the total agricultural GHGs produced in the United States. In context, 

2009 food production in the United States specifically to be exported to China generated 

the equivalent GHG emissions of all of the GHGs produced by a smaller nation such as 

Jamaica (WRI, 2015). 

5.6 Discussion 

Being built on a data set that is maintained for its consistency and comparability, the 

methodology presented in this paper provides a comprehensive and coherent system for 

determining CEFs for foods around the globe in a manner that can be easily combined 

with available trade data in an internally consistent manner. With the FAO’s coverage 

of over 160 foods across 200 countries spanning over 25 years of emissions data, there 

is an immense amount of flexibility in how the methodology can be used. While this 

study uses Chinese CEFs for a broad range of foods from 2009 as its benchmark, this 

methodology could also be used to estimate the CEFs for a single food type to compare 

emissions of its consumption among a small selection of countries around the world. 
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Alternately, just as FAO food data was aggregated into nine food categories to be able 

to use Lin et al.’s study for a benchmark, these food categories could instead be 

aggregated into the 91 categories used by Heller and Keoleian’s 2014 United States 

study if it were chosen as a benchmark instead. With Heller and Keoleian’s study using 

2010 as a benchmark, 2010 CEF estimates could be derived for the rest of the world to 

explore the GHGs of other nation’s foods with respect to the United States. Use of the 

methodology can be scaled from small numbers of foods, countries, and years to more 

expansive examinations covering global trade over a range of years. 

At this point, the primary limiting factor for developing wider sets of CEFs using this 

technique is a lack of studies providing benchmarks. It is hoped that with growing 

interest in the embodied emissions in trade and the carbon footprint of food products 

that the literature providing comprehensive sets of CEFs for foods will grow, increasing 

the points of reference for this methodology. Barring this, however, the technique can 

still be used with the literature available as described above, even if it is in a more 

limited fashion.  

There are also questions to the veracity of using a single country’s CEFs as a 

benchmark to calibrate CEFs from countries that may be substantially different. As 

pointed out previously, while the benchmark is used to calibrate the CEFs to 

accommodate for issues of data resolution and capture of indirect emissions, the 

relationships between the benchmark country’s CEFs and the CEFs of each other 

country are individually calculated. The CEFs derived for other countries are based on 

the FAO’s data specific to those countries. As for the appropriateness of using one 

country’s CEFs to calibrate those of others, the embodied emissions literature, 
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particularly studies using Carnegie-Mellon’s Green Design Initiative software, 

frequently use data from one country and modify it to represent another (Hawkins et al., 

2015; Mo et al., 2012; Shui and Harriss, 2006; Yan and Yang, 2010). The calibration of 

CEFs using a single nation as a benchmark is not dissimilar from this, particularly as the 

purpose of deriving the CEFs for other countries is to use them to compare their 

emissions with respect to those of the benchmark country. 

This raises the question of the usefulness of the emissions data produced if it cannot be 

compared with outside sources. Due to the comprehensive nature of Lin et al.’s 

accounting for indirect emissions being extrapolated to national scales for China and its 

trade partners, it may not be feasible to compare the results of the embodied emissions 

calculated here against agricultural emission figures from the FAO or WRI. Until this 

methodology can be further refined, care will need to be taken when using emissions 

calculated from these CEFs in relation to emissions calculated by other means. The 

emissions calculated using these CEFs currently should be used within the context of 

embodied emissions in trade and with particular regard to their benchmarks. 

Finally, as noted above in the discussion of CEFs for eggs as well as New Zealand’s 

CEFs as an outlier among the other CEFs found, CEFs using this method are only as 

good as the FAO data and the IPCC guidelines upon which the FAO’s emission 

calculations are made. In some countries manure left on pasture may play an important 

role in the production of crops and, thus, it’s inclusion in crop emissions is justified. For 

a country such as New Zealand, in reality, it would make more sense to include those 

emissions along with the other livestock emissions. Similarly for eggs, the ground-truth 

of manure management across a range of techniques in hundreds of countries with 
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widely varying economic development is much more complex than the narrow set of 

choices given in the IPCC guidelines. It is important to note with this that the CEFs 

estimated using this method represent a national average. Even using China as a 

benchmark, we must keep in mind the range of geography, climate, and technology 

used across the country. As Desjardins et al. (2012) determined in their study of cattle in 

Australia, the United States, Canada, the European Union, and Brazil, CEFs can differ 

significantly within different regions of a country depending on climate, feed, and 

livestock breed or crop variety. As we use the CEFs derived with the methodology in 

this study, we must keep in mind the context of our numbers so that they do not 

misrepresent a level of resolution that is inappropriate. 

5.7 Conclusion  

The development of internally consistent global emissions estimates for food products 

opens the way for a variety of comparative analyses of food consumption around the 

world. Using the Chinese benchmark for our data, this emissions data can be used to 

gain a better understanding of the effects of China’s diet on GHG and its impact through 

embodied emissions on the nations China relies upon for portions of its food supply. 

With time series data, we can evaluate how these impacts have changed over time and 

look specifically at how the changes in China’s diet have affected GHG emissions. 

Used in conjunction with index decomposition analysis, we can disentangle the drivers 

behind the changes to GHG emissions to look at how emissions have been influenced 

by changes in the dietary structure, changes in trade with other nations, the overall 

increase in food consumption, and improvements in production methods. With the 

methodology demonstrated in this paper and appropriate benchmarks, we can explore 
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the benefits of outsourcing the production of foods with high GHG intensities to 

countries able to produce foods using lower GHG intensive methods. 

The FAO data is maintained for its comparability and coherence, but conclusions using 

our proposed methodology must be made judiciously and with consideration of the 

limitations and assumptions of the data. As demonstrated by the outliers in our analyses, 

further refinement of this technique should be made with regard to the grouping of 

different types of emissions. The use of other benchmark data sets will similarly require 

the aggregation of food categories in different ways and help examine the robustness of 

this technique. Other benchmark data sets may incorporate other indirect emission 

sources which could substantially change CEFs, such as the inclusion of land use 

change. 

As it stands now, however, with the quantity of FAO data available, a substantial 

variety of embodied emissions analyses are possible. It may not yet be feasible to 

compare and gauge the absolute emission figures estimated with this technique against 

emission estimates from other sources. With the consistency of the FAO’s data across 

countries, however, this method allows the consistent analysis of the magnitudes and 

relative scale of GHGs between countries, permitting apples-to-apples comparisons to 

be made.  
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5.10 Appendix 

Table 5.5:  Year 2009 calibrated FAO CEFs for all countries with FAO data appropriate for CEF calculations (in tonnes of CO2-e/tonne product) 

Country Maize Rice Sugar Wheat Fruits Oilcrops Pulses Roots Vegetables Milk Beef Sheep Pork Poultry Eggs 

Afghanistan 0.29 1.98 0.03 0.31 0.39 0.44 0.17 0.07 0.18 8.79 8.77 20.30 - 1.95 5.49 

Albania 0.32 - 0.19 0.45 1.17 0.78 0.40 0.14 0.24 2.77 34.35 58.88 4.46 3.87 34.83 

Algeria 0.18 7.09 - 0.39 0.47 0.29 0.17 0.04 0.12 1.37 8.90 18.37 11.02 1.26 1.73 

American 

Samoa 

- - 0.24 - 0.09 0.04 - 0.03 0.05 8.88 22.81 - 16.56 3.60 4.84 

Angola 4.46 30.01 0.17 3.05 0.92 1.95 2.28 0.39 2.53 5.89 10.20 20.82 6.78 1.40 1.39 

Antigua and 

Barbuda 

1.29 - - - 2.02 35.66 - 1.09 1.56 4.58 16.45 26.20 5.94 1.74 2.83 

Argentina 0.17 1.75 0.03 0.36 0.32 0.51 0.23 0.08 0.17 0.89 14.59 30.53 3.18 0.79 0.92 

Armenia 0.14 - 0.10 0.36 0.37 - 0.08 0.07 0.07 2.36 27.02 19.80 2.74 1.49 0.79 

Australia 0.29 1.88 0.05 1.08 0.71 0.75 0.36 0.08 0.17 1.27 13.94 24.19 11.89 1.63 25.15 

Austria 0.13 - 0.04 0.29 0.40 0.32 0.17 0.07 0.11 1.46 11.23 22.61 4.58 2.05 16.68 

Average 0.26 5.11 0.11 0.49 0.87 0.62 0.17 0.15 0.27 4.30 27.36 22.24 4.29 1.31 1.85 

Azerbaijan 0.20 - 0.10 - 0.24 - 0.50 0.53 0.68 4.40 - 22.23 5.50 1.71 1.45 
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Country Maize Rice Sugar Wheat Fruits Oilcrops Pulses Roots Vegetables Milk Beef Sheep Pork Poultry Eggs 

Bahamas - - - - 5.18 - 0.12 0.97 1.04 1.47 14.53 17.47 - 0.98 0.87 

Bahrain 0.18 1.50 0.06 0.49 0.60 0.60 0.32 0.14 0.44 18.36 22.36 47.26 - 2.84 7.94 

Bangladesh 0.34 - 0.03 - 0.57 0.32 0.14 0.11 0.26 2.45 15.93 8.98 3.45 - - 

Barbados 0.45 - 0.10 0.62 1.41 0.67 0.23 0.20 0.24 1.55 21.76 26.49 3.90 2.36 19.80 

Belarus 0.31 - 0.10 0.40 0.57 0.81 0.18 0.15 0.35 1.57 14.53 0.51 4.51 1.82 16.22 

Belgium 0.37 0.93 0.06 - 0.31 0.55 0.31 0.17 0.34 4.55 15.05 15.80 4.40 - - 

Belize 0.44 0.92 0.04 - 0.34 0.27 0.15 0.07 0.36 21.73 15.76 31.54 17.59 1.57 1.61 

Benin - - - - 0.39 - - 0.10 0.29 3.79 19.72 - 15.77 2.67 28.34 

Bermuda 0.24 1.88 0.04 0.36 0.42 0.38 0.13 0.09 0.44 14.65 18.57 32.53 5.40 2.18 5.29 

Bhutan 0.44 2.73 0.05 0.98 0.75 0.61 0.28 0.39 1.01 2.11 23.11 36.63 5.50 1.57 3.02 

Bolivia 

(Plurinational 

State of) 

0.12 - - 0.16 1.08 0.24 0.09 0.09 0.31 2.57 23.32 32.91 4.35 2.11 45.93 

Bosnia and 

Herzegovina 

36.00 - - - 14.07 7.29 11.11 1.51 3.97 8.07 8.67 22.31 12.97 1.83 1.36 

Botswana 0.35 1.37 0.04 0.64 0.40 0.50 0.42 0.16 0.18 3.40 12.90 19.46 2.95 1.15 1.92 
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Country Maize Rice Sugar Wheat Fruits Oilcrops Pulses Roots Vegetables Milk Beef Sheep Pork Poultry Eggs 

Brazil - - - - 16.67 - - - - - 17.06 22.25 5.50 - - 

British Virgin 

Islands 

- 30.93 - - 3.70 2.90 - 1.04 6.20 12.97 20.18 18.30 13.72 2.21 3.03 

Brunei 

Darussalam 

0.14 1.67 - 0.21 1.30 0.16 0.15 0.07 0.12 2.05 25.15 56.37 3.95 1.83 22.07 

Bulgaria 0.54 4.57 0.02 - 0.67 0.85 0.44 0.16 0.29 24.94 15.34 35.04 20.52 1.57 2.08 

Burkina Faso 0.41 1.07 0.02 0.47 0.36 0.12 0.12 0.10 0.13 8.23 8.67 26.03 5.48 1.40 1.93 

Burundi 2.83 - 0.09 - 0.24 0.31 1.38 0.12 0.10 4.48 12.83 19.53 8.82 1.86 1.40 

Cabo Verde 0.12 2.33 0.04 - 0.41 0.30 0.15 0.04 0.25 35.87 25.47 - 9.60 1.99 4.77 

Cambodia 0.32 1.51 0.14 0.51 0.24 0.19 0.17 0.11 0.60 4.91 11.94 26.03 14.70 1.57 2.10 

Cameroon 0.10 - 0.03 0.31 0.41 0.24 0.12 0.05 0.11 1.30 9.81 22.73 7.57 1.66 17.07 

Canada - - - - 2.38 - - 0.89 0.97 - - - - - - 

Cayman 

Islands 

7.53 14.50 1.99 - 7.41 4.91 1.53 2.96 3.17 10.79 11.24 20.82 15.47 1.47 1.82 

Central 

African 

Republic 

1.65 4.40 0.04 0.71 2.34 1.51 0.66 0.41 0.57 10.46 14.44 17.72 17.66 1.79 2.02 
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Country Maize Rice Sugar Wheat Fruits Oilcrops Pulses Roots Vegetables Milk Beef Sheep Pork Poultry Eggs 

Chad 0.27 2.94 0.08 0.72 0.89 0.54 0.55 0.25 0.36 1.87 12.69 22.51 2.75 0.72 0.62 

Chile 0.36 1.75 0.06 0.41 0.89 0.63 0.33 0.19 0.26 1.65 21.71 20.82 2.89 1.13 1.14 

China - - - - 1.13 - - 0.48 0.42 1.55 3.05 - 2.96 1.56 2.48 

China, Hong 

Kong SAR 

- - - - - - - - - - - - - 1.74 2.65 

China, Macao 

SAR 

0.36 1.75 0.06 0.41 0.90 0.63 0.34 0.20 0.26 1.66 21.71 20.82 2.90 1.13 1.13 

China, 

mainland 

0.22 1.64 0.05 0.32 0.46 0.25 0.17 0.12 0.25 0.78 15.51 - 2.26 0.94 1.20 

China, 

Taiwan 

Province of 

1.10 3.48 0.07 1.80 1.19 0.16 0.63 0.40 0.56 3.71 14.51 21.48 3.53 2.07 0.88 

Colombia 0.10 7.84 - - 0.19 0.14 0.06 0.08 0.10 5.65 15.76 20.81 - 1.57 1.83 

Comoros 2.02 11.07 0.10 - 1.19 0.83 0.55 0.30 0.56 5.65 11.07 31.24 9.30 1.26 2.14 

Congo - - - - 1.28 0.49 - 0.06 0.18 - - - 27.61 3.59 2.93 

Cook Islands 0.72 1.32 0.04 - 0.27 0.08 0.79 0.20 0.17 3.24 13.29 20.78 3.67 1.14 0.74 

Costa Rica 0.14 0.97 0.01 - 0.31 0.05 0.08 0.07 0.21 20.14 16.03 21.90 13.48 1.77 1.89 
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Country Maize Rice Sugar Wheat Fruits Oilcrops Pulses Roots Vegetables Milk Beef Sheep Pork Poultry Eggs 

Côte d'Ivoire 0.22 - 0.07 0.32 1.22 0.38 0.25 0.15 0.28 1.88 22.31 44.16 3.91 3.07 32.45 

Croatia 0.74 4.77 0.07 - 0.69 0.52 0.41 0.30 0.38 2.96 18.71 20.76 5.14 1.89 1.27 

Cuba - - - 0.94 1.40 1.80 0.70 0.18 0.21 0.79 11.75 16.31 3.40 0.98 0.71 

Cyprus 0.13 - 0.04 0.22 0.81 0.21 0.14 0.07 0.18 0.99 13.05 34.19 3.30 2.13 18.45 

Czech 

Republic 

0.08 1.59 - 0.11 0.14 0.20 0.07 0.03 0.06 2.07 20.38 21.65 4.44 1.42 1.47 

Democratic 

People's 

Republic of 

Korea 

1.92 7.00 0.07 1.19 1.25 0.69 0.82 0.33 0.84 3.72 11.12 30.93 1- 2.08 2.34 

Democratic 

Republic of 

the Congo 

- - 0.08 0.25 0.85 0.26 0.16 0.08 0.24 1.03 14.01 25.17 6.64 2.30 12.31 

Denmark 9.46 - - - - - 10.78 - 5.70 8.07 15.76 30.32 - - - 

Djibouti 0.30 - 0.04 - 0.22 0.14 0.18 0.07 0.12 4.53 17.06 22.26 4.59 2.08 2.91 

Dominica 1.35 3.49 0.08 - 0.46 0.33 0.53 0.43 0.47 3.02 15.66 25.95 4.02 1.68 0.86 

Dominican 0.45 2.45 0.03 1.16 0.23 0.12 0.99 0.36 1.23 0.86 15.05 22.24 3.06 0.97 0.73 
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Country Maize Rice Sugar Wheat Fruits Oilcrops Pulses Roots Vegetables Milk Beef Sheep Pork Poultry Eggs 

Republic 

Ecuador 0.29 1.68 0.04 0.37 0.51 0.59 0.20 0.15 0.27 1.55 5.48 8.42 18.00 0.91 0.79 

Egypt 0.30 0.53 0.02 - 0.36 0.17 0.32 0.14 0.16 2.23 18.56 20.73 6.14 1.52 1.02 

El Salvador - - - - 0.03 0.01 - 0.02 - - - 28.40 9.80 1.56 1.16 

Equatorial 

Guinea 

1.57 - - 1.31 0.88 3.16 0.57 0.61 1.34 18.84 17.33 31.54 - 1.48 1.82 

Eritrea - - - 0.96 12.61 0.86 0.50 0.33 0.38 1.01 17.62 27.59 3.79 1.73 15.24 

Estonia 0.65 4.10 0.02 0.80 0.80 0.96 0.31 0.35 1.15 9.25 15.87 31.24 8.82 1.57 1.66 

Ethiopia - - - - - - - - - 4.98 11.76 17.30 - - - 

Falkland 

Islands 

(Malvinas) 

- - - - - - - 130.96 - - - 46.88 - - - 

Faroe Islands 0.58 2.78 0.06 - 0.99 0.42 0.90 0.27 0.34 3.78 18.30 20.62 18.41 1.91 2.63 

Fiji - - 0.14 0.60 4.37 0.70 0.25 0.15 0.26 1.10 12.07 27.77 5.04 1.60 15.06 

Finland 0.17 3.71 0.04 0.22 0.78 0.25 0.09 0.06 0.22 1.48 13.46 32.97 5.08 2.27 17.30 

France 5.05 10.98 1.45 - 2.76 1.35 - 1.54 0.89 7.43 18.42 26.65 5.07 2.02 2.30 
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Country Maize Rice Sugar Wheat Fruits Oilcrops Pulses Roots Vegetables Milk Beef Sheep Pork Poultry Eggs 

French 

Guiana 

- - 0.01 - 0.12 0.10 - 0.04 0.06 3.33 23.61 20.56 14.11 3.20 1.13 

French 

Polynesia 

0.47 1.54 0.03 - 0.70 0.40 0.24 0.23 0.55 11.30 13.13 26.03 15.75 1.57 1.39 

Gabon 0.47 9.09 - - 0.52 0.39 0.67 0.29 0.25 16.14 14.44 28.67 12.31 1.26 1.72 

Gambia 0.49 - - 1.10 1.52 1.79 0.16 0.17 0.40 4.93 42.57 18.35 6.54 1.22 1.11 

Georgia 0.18 - 0.06 0.23 0.55 0.21 0.16 0.07 0.17 1.27 11.58 24.45 4.73 2.44 14.57 

Germany 0.29 1.51 0.04 - 0.20 0.20 1.41 0.07 0.18 21.73 13.87 21.03 10.50 1.71 2.75 

Ghana 0.14 2.93 0.05 0.55 0.51 0.49 0.21 0.10 0.15 2.52 17.79 47.76 9.98 1.97 30.56 

Greece - - - - - - - - - - - 26.44 - - - 

Greenland 0.46 - 0.02 - 0.37 0.15 0.08 0.16 0.12 5.57 19.74 15.71 5.45 1.89 1.52 

Grenada - - 0.04 - 0.29 0.75 0.93 0.19 0.39 5.74 14.64 18.75 4.23 1.59 1.38 

Guadeloupe 0.03 - - - 0.04 0.02 - 0.01 0.01 - - - 13.81 3.59 2.16 

Guam 0.39 1.15 0.02 0.38 0.15 0.07 0.22 0.06 0.12 6.03 16.65 20.76 5.50 1.15 0.99 

Guatemala 0.66 3.17 0.03 - 0.93 0.50 0.25 0.21 0.86 15.27 18.56 26.03 10.30 1.26 2.08 

Guinea 0.70 2.14 0.06 - 0.77 0.27 0.44 0.17 0.41 16.62 15.76 32.85 11.02 1.80 1.52 
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Country Maize Rice Sugar Wheat Fruits Oilcrops Pulses Roots Vegetables Milk Beef Sheep Pork Poultry Eggs 

Guinea-

Bissau 

1.72 3.83 0.11 - 3.63 0.98 1.19 0.80 1.45 4.06 20.99 31.44 6.17 1.88 2.70 

Guyana 0.61 2.28 0.02 - 0.34 0.39 0.17 0.20 0.40 15.33 20.26 17.11 4.59 2.30 1.57 

Haiti 0.58 0.80 0.02 1.78 0.24 0.06 0.40 0.20 0.12 3.37 25.57 20.75 2.76 1.47 1.19 

Honduras 0.12 2.63 0.03 0.20 0.39 0.16 0.12 0.05 0.12 1.29 14.41 50.47 3.14 1.67 23.53 

Hungary - - - - - - - 84.78 17.69 1.86 19.61 31.16 5.81 1.89 18.35 

Iceland 0.52 2.05 0.04 0.37 0.46 0.78 0.43 0.09 0.24 2.99 15.40 27.32 10.08 1.66 1.10 

India 0.23 1.97 0.04 - 0.21 0.07 0.24 0.10 0.33 3.19 13.55 33.08 7.79 2.70 2.65 

Indonesia 0.26 3.07 0.09 0.96 0.79 0.74 0.89 0.13 0.24 2.23 17.72 18.52 - 1.65 1.14 

Iran (Islamic 

Republic of) 

0.58 4.05 0.11 0.66 1.15 0.50 0.41 0.19 0.33 4.48 8.26 15.57 - 1.46 1.18 

Iraq - - - 1.64 3.15 1.74 0.69 0.83 1.04 1.85 11.33 25.30 5.45 2.74 24.98 

Ireland 0.15 - - 1.93 0.88 1.12 0.25 0.21 0.46 0.27 4.98 14.15 4.61 1.30 0.79 

Israel 0.17 3.09 0.06 0.43 0.52 0.44 0.22 0.11 0.17 1.57 11.25 60.83 4.09 1.72 22.19 

Italy 5.45 5.15 0.30 - 3.04 1.90 1.73 0.72 1.48 5.43 11.89 14.74 3.74 1.25 2.15 

Jamaica 1.18 2.44 0.10 0.96 0.88 1.87 0.52 0.21 0.33 0.65 7.26 19.24 3.21 1.04 14.95 
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Country Maize Rice Sugar Wheat Fruits Oilcrops Pulses Roots Vegetables Milk Beef Sheep Pork Poultry Eggs 

Japan 0.23 - - 5.84 1.72 1.69 1.12 0.25 0.37 0.43 8.72 25.95 - 1.46 0.37 

Jordan 0.07 2.31 0.04 0.28 0.34 0.26 0.08 0.03 0.04 2.14 19.59 18.45 3.42 1.04 0.87 

Kazakhstan 1.28 3.77 0.04 1.02 0.43 2.04 0.99 0.19 0.32 4.84 7.38 21.25 5.38 1.02 1.48 

Kenya - - - - 0.03 0.01 - 0.01 0.01 - - - 20.71 3.38 8.01 

Kiribati 0.44 - - 3.80 7.49 4.98 - 0.55 0.53 0.54 10.90 18.32 - 0.98 1.58 

Kuwait 0.13 2.91 0.16 0.31 0.93 0.37 0.13 0.09 0.14 2.39 17.45 15.54 3.25 1.13 1.57 

Kyrgyzstan 0.11 1.28 0.04 - 0.29 0.27 0.14 0.08 0.27 28.40 24.45 - 14.11 2.48 2.24 

Lao People's 

Democratic 

Republic 

- - - 0.49 2.92 0.41 0.23 0.18 0.29 1.44 20.61 23.05 3.80 1.81 12.44 

Latvia 0.24 - 0.08 0.32 0.32 0.45 0.15 0.07 0.10 0.70 7.93 14.68 7.92 0.61 0.54 

Lebanon 3.83 - - 4.70 2.21 - 0.90 0.18 0.86 11.30 - 30.93 - 1.02 0.99 

Lesotho - 0.83 0.04 - 0.16 0.02 0.08 0.04 0.12 21.74 13.86 31.24 11.02 1.57 1.46 

Liberia 1.06 - - 3.41 2.20 2.38 0.44 0.21 0.55 2.68 9.59 20.82 - 0.97 1.15 

Libya - - - - - - - - - 1.99 - - - - - 

Liechtenstein 0.23 - 0.05 0.24 1.35 0.23 0.15 0.12 0.13 1.47 16.86 34.87 3.60 1.73 21.04 
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Country Maize Rice Sugar Wheat Fruits Oilcrops Pulses Roots Vegetables Milk Beef Sheep Pork Poultry Eggs 

Lithuania 0.63 - - 0.59 1.37 0.49 0.28 0.20 0.28 1.26 10.38 27.16 6.17 1.67 15.72 

Luxembourg 0.94 3.42 0.10 0.59 1.34 1.27 0.36 0.34 0.68 9.27 13.59 26.03 6.30 1.57 1.69 

Madagascar 0.15 1.52 0.01 0.21 0.15 0.23 0.12 0.03 0.23 5.86 13.97 28.92 21.83 1.56 1.69 

Malawi 0.22 2.47 0.04 - 0.56 0.05 - 0.11 0.19 13.77 26.95 20.80 7.82 1.17 1.70 

Malaysia 0.02 - - - 0.01 - 0.01 0.01 0.04 - - - - - - 

Maldives 0.40 2.36 0.04 0.46 1.06 0.91 0.75 0.12 0.36 11.53 13.33 25.23 12.31 1.57 4.04 

Mali - - - 0.23 1.29 1.13 0.11 0.13 0.23 1.78 15.71 30.93 8.69 1.77 17.66 

Malta - - 0.02 - 0.07 0.38 0.21 0.11 0.10 0.76 19.03 16.47 5.40 1.81 0.53 

Martinique 7.38 5.40 - 2.14 8.02 4.52 2.70 3.48 5.20 8.07 14.44 21.03 - 1.57 2.14 

Mauritania 0.12 - 0.03 - 0.29 0.38 - 0.08 0.22 2.58 - 19.78 6.36 1.14 0.82 

Mauritius 0.52 1.81 0.05 0.35 0.63 0.48 0.46 0.11 0.31 0.98 14.91 15.81 3.67 1.21 1.05 

Max 0.07 4.69 - - 0.13 0.04 - 0.02 0.02 - - - 27.61 4.03 8.62 

Mexico - - - 10.26 159.17 9.92 4.29 2.48 4.41 9.94 26.93 17.65 7.36 1.11 2.40 

Micronesia 

(Federated 

States of) 

0.30 - - 0.31 1.27 1.37 0.13 0.13 0.17 3.30 21.44 0.53 2.57 2.09 36.34 
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Country Maize Rice Sugar Wheat Fruits Oilcrops Pulses Roots Vegetables Milk Beef Sheep Pork Poultry Eggs 

Min 0.87 - - - 4.56 15.89 - 3.23 7.71 5.87 17.06 20.37 5.51 1.78 2.56 

Mongolia 1.14 1.91 0.03 0.50 0.49 0.65 0.38 0.09 0.12 2.28 8.95 21.84 8.82 1.06 1.29 

Montenegro 1.10 5.68 0.04 0.90 0.86 1.91 0.86 0.39 0.72 16.62 11.55 26.03 7.35 1.40 1.50 

Montserrat 0.11 1.54 0.01 0.22 0.35 0.22 0.08 0.05 0.08 11.24 20.38 33.79 4.89 1.56 1.96 

Morocco 4.21 - - 1.37 11.13 8.33 1.90 1.95 3.46 5.65 7.02 17.35 8.02 1.57 2.27 

Mozambique - - - - 0.23 0.04 - - 0.09 - - - 27.61 - 3.86 

Myanmar 0.26 1.76 0.03 0.30 0.27 0.44 0.19 0.08 0.14 8.48 18.57 36.08 7.84 1.88 2.45 

Namibia 1.18 - 0.44 1.72 2.22 2.87 1.16 0.60 0.87 1.21 18.71 24.10 5.22 1.79 14.40 

Nauru - - - - - - - - - 3.97 20.43 31.14 4.59 2.02 1.98 

Nepal 0.86 - - 4.52 6.50 0.70 0.92 1.03 4.79 11.86 19.94 18.44 9.81 3.64 1.62 

Netherlands 2.44 - - 3.74 7.48 11.01 2.71 1.08 3.17 1.89 20.83 27.82 10.94 1.67 17.61 

Netherlands 

Antilles 

0.84 1.07 0.03 - 0.76 0.18 0.42 0.28 1.63 6.03 18.97 25.99 6.60 1.07 1.65 

New 

Caledonia 

0.37 2.90 0.01 0.21 0.28 0.36 0.41 0.03 0.09 8.56 16.20 19.71 10.95 1.57 2.41 

New Zealand 0.16 2.39 0.04 0.21 0.28 0.16 0.09 0.06 0.15 11.77 13.33 28.67 9.80 1.26 1.60 
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Country Maize Rice Sugar Wheat Fruits Oilcrops Pulses Roots Vegetables Milk Beef Sheep Pork Poultry Eggs 

Nicaragua - - - - 0.21 0.04 - 0.01 0.01 10.46 16.41 - 12.90 3.51 4.12 

Niger - - - 2.09 5.40 2.22 0.61 0.51 0.87 1.42 13.39 24.93 5.42 - 18.35 

Nigeria - - - 0.39 0.25 0.38 0.16 0.02 0.03 0.58 8.51 9.89 - 0.86 0.56 

Niue - - 0.51 1.75 3.10 - - 0.33 1.06 5.33 - 10.48 - 1.83 0.62 

Norway 0.39 2.41 0.06 0.52 0.85 0.90 0.55 0.12 0.33 3.06 8.11 22.00 - 1.71 2.41 

Occupied 

Palestinian 

Territory 

1.20 2.96 0.08 - 0.49 0.27 1.24 0.41 0.49 4.08 14.15 - 3.72 1.23 1.44 

Oman 0.52 6.46 0.14 - 1.20 0.23 1.26 0.56 0.60 71.71 23.19 20.73 20.71 3.20 6.47 

Pakistan 0.33 1.61 0.04 0.38 0.26 0.52 0.29 0.10 0.39 1.89 11.97 20.76 3.44 2.07 1.00 

Panama 0.55 1.71 0.03 1.19 0.68 0.25 0.39 0.24 0.40 2.10 21.78 25.52 5.05 1.02 0.85 

Papua New 

Guinea 

0.15 3.35 0.01 - 0.13 0.11 0.13 0.08 0.13 2.34 13.02 25.45 6.44 1.78 2.55 

Paraguay 0.23 - 0.06 0.35 0.74 0.23 0.17 0.13 0.16 1.46 17.95 55.20 3.38 1.74 22.45 

Peru 0.22 3.68 0.04 0.89 1.50 1.02 0.56 0.18 0.15 1.27 16.66 49.18 9.55 2.15 15.91 

Philippines 1.60 - - - 0.72 0.26 0.87 0.52 0.45 1.14 15.20 25.99 1.69 1.31 1.27 
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Country Maize Rice Sugar Wheat Fruits Oilcrops Pulses Roots Vegetables Milk Beef Sheep Pork Poultry Eggs 

Poland 1.45 - - 12.46 15.46 - - 4.59 6.41 2.16 14.53 20.96 - 1.05 0.63 

Portugal 0.89 2.69 - 1.25 1.19 2.86 0.96 0.36 0.37 0.50 9.34 23.32 2.91 1.92 1.11 

Puerto Rico 0.10 - 0.03 0.12 0.28 0.10 0.07 0.05 0.09 2.08 28.71 33.12 3.52 2.01 23.81 

Qatar 0.15 2.44 0.03 - 0.75 0.73 0.34 0.15 0.59 3.01 7.22 26.45 4.90 1.23 0.66 

Republic of 

Korea 

0.16 1.97 0.03 0.22 0.36 0.17 0.14 0.06 0.11 2.02 22.90 49.99 3.54 1.89 41.67 

Republic of 

Moldova 

0.19 2.16 0.04 0.29 0.48 0.28 0.10 0.08 0.10 1.89 20.15 29.94 3.51 1.91 18.14 

Réunion 0.23 0.64 0.03 0.26 0.24 0.49 0.12 0.08 0.15 5.45 16.67 26.03 10.50 1.39 2.40 

Romania - - - - 0.94 0.50 0.37 0.58 0.51 - - 29.66 12.02 1.83 2.63 

Russian 

Federation 

- - - - 0.33 0.23 0.08 0.32 0.21 3.16 16.87 15.72 5.73 1.73 1.68 

Rwanda - - - - - - - - 5.45 - - - - 2.29 117.66 

Saint Kitts 

and Nevis 

0.01 - 0.02 - 0.11 0.09 0.05 0.08 0.07 3.26 16.97 23.96 4.59 2.07 1.43 

Saint Lucia - - 0.08 - 0.38 0.10 - 0.13 0.92 7.65 22.76 - 23.60 3.58 3.99 

Saint Pierre 0.07 - - - 0.05 0.03 - 0.02 0.03 16.62 9.84 31.20 8.94 1.57 1.54 
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Country Maize Rice Sugar Wheat Fruits Oilcrops Pulses Roots Vegetables Milk Beef Sheep Pork Poultry Eggs 

and 

Miquelon 

Saint Vincent 

and the 

Grenadines 

0.92 - - 0.89 3.74 1.18 0.48 0.36 0.66 0.30 8.72 15.57 - 1.46 0.83 

Samoa 0.66 1.48 0.02 - 0.71 0.66 0.69 0.18 0.26 13.53 11.70 25.03 12.04 1.08 1.91 

Sao Tome 

and Principe 

0.13 - 0.03 0.20 0.76 0.18 0.07 0.11 0.26 2.41 16.72 27.46 6.25 1.78 39.74 

Saudi Arabia - - - - 0.19 0.23 - 0.09 0.45 5.12 7.64 - 5.90 1.26 0.72 

Senegal 0.35 1.72 0.01 - 0.28 0.09 0.11 0.07 0.14 11.30 19.26 28.67 7.59 1.40 3.17 

Serbia - - - - 27.84 3.08 - 2.66 4.10 - - - 7.76 1.00 1.82 

Seychelles 0.11 - 0.03 0.18 0.64 0.16 0.12 0.07 0.20 1.21 14.72 62.34 3.10 1.91 24.36 

Sierra Leone 0.33 - - 0.66 1.16 0.64 0.35 0.20 0.41 1.21 13.26 37.32 3.16 1.81 17.60 

Singapore - 4.12 - - 0.03 0.01 0.02 0.01 0.01 11.12 18.80 - 20.70 3.59 4.85 

Slovakia 2.79 5.29 0.25 12.33 2.29 2.55 3.85 0.92 3.14 7.57 15.76 24.26 8.82 1.57 2.70 

Slovenia 0.52 6.20 0.10 0.87 0.60 1.03 0.48 0.18 0.44 0.91 6.46 13.12 3.39 0.88 0.66 

Solomon 0.09 2.50 - 0.34 0.51 0.30 0.27 0.05 0.08 1.31 14.42 47.31 6.20 1.62 16.92 
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Country Maize Rice Sugar Wheat Fruits Oilcrops Pulses Roots Vegetables Milk Beef Sheep Pork Poultry Eggs 

Islands 

Somalia 0.22 1.32 0.02 - 0.38 0.15 0.13 0.08 0.18 5.85 11.60 16.54 5.56 1.71 1.42 

South Africa 1.38 3.36 0.05 1.57 1.00 2.22 0.98 0.60 0.54 7.72 14.28 25.03 - 1.26 1.43 

Spain 1.70 5.12 0.23 - 0.77 0.82 1.02 0.32 0.76 1.44 17.41 26.22 4.62 1.22 3.54 

Sri Lanka 1.61 2.19 0.04 1.20 1.10 2.62 0.97 0.65 0.92 9.75 7.65 17.35 8.82 1.26 1.46 

Sudan 

(former) 

- - 0.06 0.28 2.15 0.29 0.15 0.09 0.33 1.05 11.55 25.81 5.01 2.02 13.90 

Suriname 0.38 - 0.10 0.67 0.87 0.65 0.28 0.15 0.48 1.30 16.65 22.81 5.04 2.27 14.79 

Swaziland 0.20 - 0.04 0.35 0.38 0.49 0.23 0.08 0.13 1.09 11.62 7.78 - 1.06 0.89 

Sweden 0.11 2.37 - 0.35 1.50 1.21 0.10 0.08 0.13 7.78 17.29 21.65 5.45 1.82 2.20 

Switzerland 0.19 2.63 0.02 0.78 0.43 0.08 0.23 0.06 0.32 1.97 10.08 24.49 3.05 1.58 1.73 

Syrian Arab 

Republic 

0.14 1.74 0.05 0.22 0.33 0.20 0.09 0.08 0.14 2.26 27.58 30.45 3.00 3.69 27.46 

Tajikistan 0.15 2.20 - - 0.14 0.27 0.06 0.11 0.29 - - 32.77 10.71 2.49 1.59 

Thailand 0.37 0.65 - - 0.31 0.25 0.31 0.11 0.28 12.56 13.87 28.67 15.75 1.57 1.46 

The former 

Yugoslav 

- - - - 0.02 0.01 - 0.01 - - - - 27.61 2.15 - 
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Country Maize Rice Sugar Wheat Fruits Oilcrops Pulses Roots Vegetables Milk Beef Sheep Pork Poultry Eggs 

Republic of 

Macedonia 

Timor-Leste - - - - 2.37 0.11 - 0.15 0.64 5.10 18.31 - 18.20 3.27 4.85 

Togo 0.90 9.57 - - 2.48 0.59 0.57 0.69 1.56 12.01 19.16 15.73 6.78 1.26 1.86 

Tokelau - - - 0.27 0.48 1.01 0.14 0.07 0.08 1.62 10.20 24.21 9.75 0.93 1.64 

Tonga 0.15 1.59 0.04 0.43 0.38 0.39 0.21 0.06 0.14 1.73 14.11 20.30 3.50 0.86 0.81 

Trinidad and 

Tobago 

1.36 6.03 0.31 0.62 0.56 2.54 0.25 0.45 0.24 2.36 16.98 21.65 3.92 1.24 0.70 

Tunisia - - - - 0.12 0.32 - - 0.09 - - - 27.61 2.79 13.34 

Turkey 0.29 1.86 0.02 0.44 0.63 0.51 0.34 0.16 0.56 8.07 11.59 22.31 7.35 0.97 1.46 

Turkmenistan 0.09 1.80 0.03 0.15 0.31 0.14 0.07 0.05 0.09 1.73 24.23 33.12 3.22 1.61 26.75 

Tuvalu 0.10 - - 0.88 3.03 - - 0.18 0.27 2.86 6.97 17.47 - 1.22 0.77 

Uganda - - 0.08 0.34 0.91 0.40 0.20 0.10 0.37 1.19 10.82 25.55 5.55 1.91 19.63 

Ukraine 0.85 4.78 0.02 1.75 0.98 1.02 0.27 0.39 0.53 11.98 16.02 26.03 11.02 1.38 2.80 

United Arab 

Emirates 

0.11 1.87 0.03 0.39 0.23 0.42 0.15 0.04 0.11 1.17 9.04 16.31 7.29 1.51 17.42 
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Country Maize Rice Sugar Wheat Fruits Oilcrops Pulses Roots Vegetables Milk Beef Sheep Pork Poultry Eggs 

United 

Kingdom 

- - - - - - - - - 1.49 14.06 22.22 3.87 - - 

United 

Republic of 

Tanzania 

0.83 2.11 0.11 0.78 0.80 1.34 0.73 0.36 0.49 1.67 14.74 23.41 3.77 2.07 1.47 

United States 

of America 

0.39 2.81 - 0.61 1.60 2.47 0.38 0.20 0.27 2.85 16.98 17.09 3.17 1.11 1.24 

United States 

Virgin Islands 

1.04 - - - 0.26 0.31 - 0.12 0.09 33.59 17.14 - 16.24 2.88 4.85 

Uruguay 0.89 3.80 0.11 12.07 1.27 0.83 1.15 0.41 0.51 3.30 13.43 21.10 4.92 1.06 0.85 

Uzbekistan 0.21 1.59 0.03 - 0.35 0.26 0.30 0.10 0.23 2.36 17.76 - 5.38 1.32 2.98 

Vanuatu - - 0.03 - 0.13 0.41 - 0.03 0.19 4.81 19.81 - 16.56 3.53 5.72 

Venezuela 

(Bolivarian 

Republic of) 

- - - - - - - - - - - 31.54 - - - 

Viet Nam 2.31 - - 1.90 1.56 2.18 0.52 0.48 0.92 4.79 19.16 30.83 - 1.61 1.28 

Wallis and 

Futuna 

2.11 9.47 0.09 0.79 4.41 4.25 2.44 1.48 2.08 9.42 10.83 22.31 10.02 1.26 1.62 
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Country Maize Rice Sugar Wheat Fruits Oilcrops Pulses Roots Vegetables Milk Beef Sheep Pork Poultry Eggs 

Islands 

Western 

Sahara 

3.13 3.04 0.05 0.51 1.42 2.35 0.69 0.54 0.78 6.57 7.70 22.31 8.02 1.09 1.52 

Yemen 0.29 1.98 0.03 0.31 0.39 0.44 0.17 0.07 0.18 8.79 8.77 20.30 - 1.95 5.49 

Zambia 0.32 - 0.19 0.45 1.17 0.78 0.40 0.14 0.24 2.77 34.35 58.88 4.46 3.87 34.83 

Zimbabwe 0.18 7.09 - 0.39 0.47 0.29 0.17 0.04 0.12 1.37 8.90 18.37 11.02 1.26 1.73 
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Research Question 3: What has driven the changes in greenhouse gases associated 

with China’s food consumption? 

As noted in Chapter 5, the methodology for deriving CEFs was used for the 15 food 

categories matching those outlined in Lin et al. (2014) for all of China’s 219 trade 

partners for the year 2009. As Lin et al.’s study also included CEFs for China’s food 

products for 1989 and 1999, CEFs for China’s trade partners for those years were also 

calculated. Lin et al. also include CEFs for 1979. While the FAO database includes food 

production, yield, harvest area, imports, and exports for China and its trade partners for 

1979, crucial portions of the FAO’s 1979 GHG data necessary to complete the 

derivation of the CEFs are unavailable. Without the CEFs for 1979, the IDA was 

performed using the 20-year period between 1989 and 2009 rather than the full three 

decades covered by Lin et al. (2014). 

In Chapter 7, the conventional 3-factor IDA is expanded in a unique manner to not only 

address the effects of scale and efficiency, but dissembles structure into the demand 

structure, the GHGs associated with the relative proportions of foods in the diet, and 

distinguishing it from the supply structure, which identifies the GHGs embodied in 

foods imported to China by their exporting country. This research finds that the scale 

effect provides the primary upward momentum for food-related greenhouse gas 

emissions due to massive growth in food consumption over the last 20 years. As China 

has modernized and moved away from traditional farming methods, production 

efficiency has improved, resulting in the efficiency effect reducing the growth in GHG 

emissions by almost 1/3. Additionally, despite concern over increasing consumption of 

livestock driving GHG emissions, the study finds the demand structure effect, to have 

1/9 the influence on GHG emissions as the scale effect and 1/4 of the influence of the 
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efficiency effect. The supply structure effect is found to have an even smaller impact on 

China’s GHG levels than the demand structure effect. This does not mean that the 

supply structure effect should be discounted, however. The comparative magnitude of 

China’s food-related GHGs should be acknowledged with regard to its smaller trade 

partners. What may represent a small change in China’s GHGs may have significant 

consequences for trade partners like New Zealand, Myanmar, or Cuba. 
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7.1 Abstract 

While there is a long history of trepidation over the challenges of feeding China, 

concern about the environmental consequences China’s changing diet is more recent, 

paralleling China’s recent economic growth and development. Following reforms 

towards a market-oriented economy in 1978, China’s wealth has grown rapidly in the 

last three decades. Its middle class is expanding and consuming greater quantities and 

higher quality of food, including meat, fresh fruit and vegetables, and processed and 

packaged foods. The analysis presented here links China’s food consumption with the 

greenhouse gas emissions of the food production industries of China and its trade 

partners to determine the effects of dietary change on greenhouse gas generation since 

1989. While the food and beverage sector is commonly identified in index 

decomposition analyses of energy and emissions for entire economies, because of the 

level of aggregation used, any changes in diet are accounted for in only the most general 

terms. We utilize high resolution, disaggregated crop and livestock production and 

emissions data to show how the scale, supply structure, demand structure, and 

efficiency effects resulting from Chinese dietary changes over a 20-year period affect 

greenhouse gas emissions. Results indicate that while food consumption in China has 

more than doubled between 1989 and 2009 as a result of scale, imports from other 

countries, and demand structural changes, greenhouse gas emissions have increased at a 

much lower rate due to improvements in technological efficiency. 
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7.2 Keywords 

China, embodied emissions in trade, diet, greenhouse gas, index decomposition 

analysis, logarithmic mean divisia index 

7.3 Introduction 

An increasing volume of literature is drawing attention to the sizable share of 

greenhouse gas (GHG) emissions attributable to agriculture and food (Cederberg et al., 

2013a; Herrero et al., 2011; O’Mara, 2011; Steinfeld et al., 2006). Much of this 

literature also addresses methods and opportunities for reducing GHGs associated with 

food (O’Mara, 2011; Steinfeld et al., 2006). Most of these studies examined food 

production and agriculture in Western nations, such as the European Union, United 

States, and Australia, with studies outside these countries, such as in India, being 

relatively fewer (Cederberg et al., 2013a; Herrero et al., 2011; O’Mara, 2011; Steinfeld 

et al., 2006; Weiss and Leip, 2012). While a substantial amount of research has 

examined GHG generation in China, in general (Hawkins et al., 2015; Su and Ang, 

2013), only a few studies have looked specifically at GHG production in China 

associated with the agricultural sector and food production industries (Lin et al., 2014; 

Wang, 2010). In parallel, while the food and beverage industry has been commonly 

identified in decomposition analyses researching indicators in energy use and GHG 

emissions (Ang and Zhang, 2000; Ma and Stern, 2008; Zhao et al., 2010), its use to look 

at the drivers for food-related GHG emissions has been limited (Hawkins et al., 2015). 

This study fills this gap in three ways. Firstly, we utilize and combine disaggregated 

crop and livestock sector data with a series of emission factors for production methods 
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specific to China and its trade partners in 1989, 1999, and 2009 to provide the GHGs 

attributable to the production of different crop and livestock products between 1989 and 

2009. Secondly, we use a logarithmic mean divisia index (LMDI) to decompose the 

factors that affect the GHG generation associated with the increases and proportional 

changes in China’s food production. Finally, we address concerns over the impacts of 

China’s increasing consumption of meat and dairy on the GHG emissions of its trade 

partners and the world as a whole. 

This paper examines how the production of GHG emissions for livestock produced in 

China have changed between 1989 and 2009 and what the drivers behind those changes 

have been along with their associated implications. Section 7.4 provides a review of the 

literature addressing the increased quantities and changing proportions of different crop 

and livestock products as well as improvements in the technological efficiency of 

production methods. Section 7.5 of this paper describes the FAO crop and livestock data 

used, the use of appropriate and comparable carbon emission factors (CEFs), and the 

use of index decomposition analysis (IDA) to identify the drivers of emission changes. 

Section 7.6 illustrates the trends in GHG production for the different food types as well 

as how dietary structure, scale, trade and technological efficiency have affected China’s 

food-related GHG emissions. Section 7.7 explores the trends found in the food-related 

GHG emissions produced by China and its trade partners as well as their drivers. 

Finally, Section 7.8 offers a perspective on how these trends may continue and what 

China can do to continue to limit GHG production associated with its food supply.  
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7.4 Literature Review 

A great amount of literature has been dedicated to China’s increasing food 

consumption, the changing structure of China’s diet, and the efficiency improvements in 

China’s agricultural and food sectors (FAO Food Outlook Team, 2013; Huang et al., 

1999; OECD-FAO, 2013; Rosegrant, 2001; Steinfeld et al., 2006). Some of this 

literature has addressed the role of China’s food production in contributing GHG 

emissions, though these are largely expressed in either general terms (Steinfeld et al., 

2006) or looking very specifically at the carbon intensities of Chinese agricultural 

production (Lin et al., 2014; Wang, 2010). Review of the literature reveals how this 

paper can use IDA to show how China’s changing diet affects GHG emissions by 

bridging the gap between the issues of increasing food consumption, the changing 

structure of the Chinese diet, and reductions in the carbon intensity of food products. 

7.4.1 Increasing Food Consumption  

While subsequent evidence has found the speculations in Lester Brown’s provocative 

and polarizing Who will feed China? (1995) to be unfounded (Huang et al., 1999; Smil, 

2003), it raised alarming questions regarding China’s food supply with regard to the rest 

of the world. Since then, China’s increasing food consumption, particularly of animal 

products and fresh fruits and vegetables, has been in the spotlight for academics, 

governments, non-governmental organizations, and the media alike (FAO Food Outlook 

Team, 2013; OECD-FAO, 2013; United States International Trade Commission, 2011; 

Zhou et al., 2012). Huang et al. (1999) and Rosegrant et al. (2001) led the way in 

compiling available data on crop and livestock production and developing realistic 

projections of increasing Chinese food consumption that continue to be referenced in 
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the literature today. The scale of China’s increasing food consumption has been such 

that the OECD-FAO’s Agricultural Outlook 2013-2022 included a chapter specifically 

on feeding China. The Agricultural Outlook 2013-2022 reported that between 2001 and 

2012 the value of China’s agricultural imports and exports grew from USD 27.9 billion 

to USD 155.7 billion. Additionally, just between 2011 and 2012, China’s agricultural 

trade deficit increased from USD 18.5 billion to USD 31 billion (OECD-FAO, 2013).  

While the impacts of China’s increasing demand and production of crops and livestock 

on agricultural lands are commonly identified in the literature (Fu et al., 2012; Naylor et 

al., 2005; Zhou et al., 2012), the contribution of food consumption to GHG emissions is 

more rarely recognized (Steinfeld et al., 2006) and has not been appraised in the level of 

detail provided in the present study.  

7.4.2 Structural Changes in Food Consumption 

In addition to the literature recognizing the overall increase in food consumption, as 

importantly to the topic of GHG emissions is the subject of changes to the composition 

of the Chinese diet. William Adolph addressed China’s “protein problem” in 1944, 

pointing out that only 5 percent of China’s average protein intake was derived from 

animal products and advocated for higher quality animal proteins to prevent nutritional 

deficiencies at that time (Adolph, 1944). Since then, livestock products have become 

substantially more common in the Chinese diet and production increasing such that 

China has become a net exporter of meat (Huang et al., 1999). Growing animal and 

vegetable fat intake is being attributed to increased Chinese obesity levels (Guo et al., 

2000). China’s diet in the 1990’s transformed from that of a low-income, developing 

nation to one of a country transitioning to higher incomes, with pork, poultry, eggs, and 
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oilcrops taking on greater roles in Chinese consumption patterns (Guo et al., 2000; 

Popkin, 2001).  Fuller and Dong (2007) found clear evidence of structural change 

between 1981 and 2004, finding growth in meat and fruit consistent with income 

growth, but admit that their study was limited by the degree of data aggregation. As 

such, their study did not specifically look at how consumption of different types of 

livestock or crop products changed over time. Liu et al. (2009) explicitly looked at 

different livestock products, finding that as Chinese income increases, the level of meat 

consumption increases and so does the composition of meat consumed, shifting from 

fatty meats like pork to leaner meats like beef. 

These changes have major ramifications for environmental impacts, in general, and 

GHGs, specifically, with livestock, in general, and ruminants, specifically, requiring 

more land inputs than non-ruminant animals and crops which, along with enteric GHG 

production, results in substantially greater carbon intensities in production of these 

products (Lin et al., 2014; Steinfeld et al., 2006; Wang, 2010). Other than the 

identification of the carbon intensity of different livestock products, however, the 

literature largely lacks studies connecting the structural changes in food consumption 

with changes in GHG emissions. The literature review by Joyce et al. (2014) found a 

total of 21 articles dealing with the subject which were predominately European, with 

no studies on the subject in East Asia. This study bridges that gap for China and 

additionally examines how the carbon intensities have changed over time along with the 

structural changes. 
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7.4.3 Technological Efficiency Improvements 

As China’s constraints on land and water with regard to the production of livestock are 

of great concern, the literature is heavy with studies on improvements in the technical 

efficiency of livestock production. These studies typically focus on the topics of feed 

conversion ratios (Huang et al., 1999), increased yield (OECD-FAO, 2013; Rae and 

Hertel, 2000), and especially productivity (Nin et al., 2004; Rae and Hertel, 2000; Rae 

et al., 2006). Substantially fewer are studies that address the technical efficiency 

improvements of the agricultural sector with regard to energy or GHGs. Cao et al. 

(2010) use an input-output model to decompose the direct and total embodied energy 

requirements for Chinese agriculture, recognizing that fossil energy use poses a 

challenge for GHG emissions but not further addressing the topic. The data in Cao et 

al.’s study is aggregated such that only farming and animal husbandry are analyzed 

without further levels of detail (Cao et al., 2010).  

Wang (2010) looks specifically at the carbon intensity of different animal products and 

farm crops, but does not examine the change in technological efficiency over time. Lin 

et al. (2014), however, not only calculate the carbon intensity of crop and livestock 

products using a hybrid economic input-output and life cycle assessment (EIO-LCA), 

but find the carbon intensities over time for the years 1979, 1989, 1999, and 2009. Both 

Wang and Lin et al. calculate the carbon intensities using both direct and indirect GHG 

sources, including fertilizer and pesticide production, fertilizer application, enteric 

fermentation, manure management, and direct energy use as well as indirect sources like 

facilities, veterinary medicine, and feed (Lin et al., 2014; Wang, 2010). Guenther (2014) 

addresses technological efficiency with regard to changing levels of livestock 



Chapter 7. Paper 3 - China’s changing diet and its impacts on greenhouse gas emissions: an index decomposition 

analysis 

161 

 

production and overall GHG emissions, but the study relies on FAO carbon emission 

factors which do not change over time and account only for enteric fermentation and 

manure management (FAOSTAT, 2015). Indirect and secondary GHG sources like land 

use conversion are ignored. By combining implied emission factors derived from FAO 

data with Lin et al.’s carbon emission factors as a benchmark (Hawkins et al., 2016), 

this study is the first to account for direct and indirect GHG sources over time and in 

conjunction with structural change and increased consumption levels to determine how 

China’s changing preferences for different crop and livestock products affect GHG 

emissions.  

7.4.4 Changes to the Supply Structure from Trade 

A wide variety of studies have examined the embodied emissions in trade with regard to 

China. When food and agriculture are mentioned in these studies, however, they are 

typically mentioned in passing or in an appendix as just one of many sectors included in 

the analysis (Dong et al., 2013; Dong et al., 2010; Guo et al., 2012a; Guo et al., 2012b; 

Vause et al., 2013). In few studies, food and agriculture are specifically called out. Lin 

and Sun (2010) report that agricultural products imported to China accounted for 13.47 

million tonnes of embodied greenhouse gas emissions in 2005. Lopez et al. (2013) 

similarly look at the net embodied emissions balance for agricultural trade, but 

specifically for imports and exports between China and Spain in 2005. Wei et al. (2011) 

also found agriculture to be a net exporter of greenhouse gases for China and is one of 

the only studies to also show how these emissions change through time. In all of these 

cases, food and agriculture are just another sector along with the full range of other 

manufacturing, service, and other economic sectors analyzed to determine their 
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embodied emissions in trade. There are no published studies currently that disaggregate 

the food and agriculture sectors into specific food types to determine the embodied 

emissions of types of food coming from other countries. While Hendrie et al. (2014) 

look at different categories of food in their analysis of changes in CO2 emissions 

associated with a change in the diet of Australians, but consideration of trade is limited 

between Australia and “Rest-of-World”. This study is the first to disaggregate embodied 

emissions not only by types of food products, but also by the country producing and 

exporting the foods.  

7.4.5 Use of Decomposition Analysis to Study Food-related Emissions 

Many Chinese studies using structural decomposition analysis (SDA) or IDA to analyze 

energy and GHG emissions include, typically briefly, discussion of the food and 

beverage or agricultural sector. These are most often taken within the greater context of 

the Chinese economy as a whole, presented in comparison with the manufacturing, 

electricity production, mining, and other sectors (Ma, 2010; Ma and Stern, 2008; Su and 

Ang, 2012; Wang et al., 2011; Zhang, 2009). Rarely does a decomposition analysis take 

a closer look at China’s agricultural sector GHG emissions, as Dong et al. have (Dong 

et al., 2013). Even with this, however, the level of data aggregation limits the analysis to 

different sources of agricultural GHG emissions without any context of the associated 

product. This study is the first to use IDA to directly link GHG emissions with specific 

changes in diet and consumption levels over time. 
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7.5 Material and Methods 

To understand the drivers behind the changes in GHGs associated with China’s 

changing diet, we analyze food-related carbon dioxide equivalent (CO2-e) emissions for 

China’s food consumption between 1989 and 2009. This data is developed using crop 

and livestock production, import, and export quantities for China and its trade partners 

in conjunction with CEFs for individual food categories, determined for China and its 

trade partners, derived from FAO data. With the data ranging from 1989 to 2009, we 

perform an IDA on CO2-e levels associated with Chinese food consumption. We expand 

on the conventional 3-factor IDA which typically disentangles the effects of structure, 

scale, and efficiency. In this discussion of China’s diet, structure describes the mix of 

different livestock products within the overall diet, scale presents the level of 

consumption of livestock products, and efficiency represents the carbon intensity of the 

livestock products. In this study, however, we further split the analysis of structure into 

demand structure, which represents the changes in the proportions of foods eaten in 

China relative to the overall food consumed, and supply structure, which represents the 

proportion of different food supplied to China by its own production and trade partners.  

Either SDA or IDA could feasibly be used to decompose the factors in food-related 

GHG emissions (Hoekstra and van den Bergh, 2003). SDA would potentially be better 

suited to this analysis if more determinants were being explored, but because this study 

only examines four factors, IDA serves as well in this case due to its simplicity 

(Hoekstra and van den Bergh, 2003). As described by Ang (2004), the adaptability of 

LMDI in its application to time-series and cross-country comparisons, as well as its ease 

of use and straightforward understanding the interpretation of the results are convenient 
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for tailoring the method to investigate the GHG emissions specific to China’s food 

consumption, rather than the frequently-examined manufacturing or energy sector 

emissions. 

7.5.1 Food Consumption Quantities 

China’s food consumption quantities are calculated by taking Chinese domestic food 

production quantities, subtracting China’s food production that is exported to other 

nations, and adding in quantities of foods imported to China from other nations. Food 

production, export, and import data are all taken from FAOSTAT for the years 1989, 

1999, and 2009 (FAOSTAT, 2015). FAO food data was aggregated from 138 categories 

of food crop products to nine crop categories including maize, rice, wheat, sugar, fruit, 

oilcrops, pulses, roots, and vegetables. The FAO’s 12 categories of livestock food 

products were aggregated to six livestock categories including milk, beef, sheep, pork, 

poultry, and eggs. Data from 1989, 1999, and 2009 as well as the aggregation of food 

products were selected to correspond with the Chinese benchmark data in Lin et al. 

(2014).  

7.5.2 Calculating CEFs and CO2-e Emissions 

As shown in numerous studies, the CEFs for agricultural products vary widely from 

nation to nation, from region to region, or even from farm to farm based on different 

production practices (Dyer et al., 2010; Herrero et al., 2011; Lesschen et al., 2011; 

O'Mara, 2011, Hawkins et al., 2016). Along with geographic heterogeneity, it is also 

important to consider how CEFs have changed over time as production processes 

become more or less CO2 efficient or intensive (Cederberg et al., 2013b; Lin et al., 
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2014). Lin et al. identify improved technology for reducing the CEFs of certain food 

categories over time, but also point out examples such as shifts from the use of manure 

application to synthetic fertilizers as increasing the CEFs of other food categories over 

time (Lin et al., 2014).  

To be able to account for China’s food imports as well as its domestic production in 

determining the greenhouse gases associated with its changing diet, we require a set of 

CEFs for our 15 categories of food products that covers China and the nations exporting 

food to China. Unfortunately, a review of the literature finds that while CEFs for certain 

foods or in particular nations have been studied to a greater or lesser degree, the 

assumptions upon which the CEFs are made vary widely, raising questions as to their 

comparability between studies (Desjardins et al., 2012; Flysjo et al., 2011; Herrero et 

al., 2011; MacLeod et al., 2013; Hawkins et al., 2016).  

Consequently, this study utilizes a set of implied CEFs derived from FAOSTAT 

production, yield, and greenhouse gas data for the crop and livestock categories used in 

this study and calibrated against the Chinese CEFs determined in Lin et al. (2014). As 

described in Hawkins et al. (2016), the FAO provides implied emission factors for 

livestock products in kg GHG/head. These emission factors are multiplied by the 

inverse of the production yield to generate a coefficient of kg GHG/kg of animal 

product. As the FAO provides no implied emission factors for crop products, we derive 

our own from the FAO’s data. The FAO calculates crop GHGs as guided by the IPCC 

(2006) not by crop type, but by agricultural activity such as manure application, energy 

use, and cultivation of organic soils. These activities are multiplied by an emission 

factor and summed to give an overall quantity of agricultural GHGs. We derive an 
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implied emission factor by dividing the agricultural GHGs by the quantity of crop 

products to get a set of generic baseline emission factors for crops. These are then 

modified for different food types based on cultivation activities, the gases emitted, and 

annual yields to get specific and individual CEFs for each of the nine crop categories. 

This process is repeated for the crop and livestock categories for all of China’s trade 

partners and for the years 1989, 1999, and 2009.  

Lin et al.’s CEFs for food production in China are used as the benchmark to calibrate 

the CEFs derived from the FAO data as it is the most comprehensive in scope of the 

food products studied, the integration of direct and indirect GHG emissions, inclusion 

of time series data, and aggregates food categories in a manner similar to that of the 

FAO. Lin et al.’s study includes the direct emissions sources used by the FAO, such as 

fertilizer application, direct energy use, enteric fermentation, and manure management, 

but also includes indirect sources such as emissions embodied in agricultural production 

inputs such as fertilizer and pesticide as well as animal housing, veterinary medicine, 

and, importantly, animal feed. By accounting for these indirect sources as well as direct 

sources, Lin et al. provide a more complete picture of food production emissions than 

illustrated by the FAO’s figures (Lin et al., 2014). With this in mind, the CEFs for 

China based on FAO data and Lin et al.’s CEFs are set as a ratio representing the 

difference between accounting for direct emissions only and the sum of direct and 

indirect emissions. This ratio is then used to calibrate the FAO CEFs for the food 

categories of other nations to produce CEFs based on FAO yield and emissions data, but 

also including a factor for indirect emissions. Uncertainty associated with the CEFs 

used in this study is addressed in Hawkins et al. 2016. Sensitivity analysis of the CEFs 
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is hampered by a lack of comparable CEFs for food products available for China and its 

trade partners. For more detail, readers are referred to Hawkins et al.’s Apples to 

kangaroos: a framework for developing internationally comparable carbon emission 

factors for crop and livestock products (Hawkins et al., 2016). 

FAO production, export, and import quantities were used in conjunction with the CEFs 

to determine the GHGs for each of the food categories (FAOSTAT, 2015). Chinese 

food export quantities were deducted from production quantities for each of the 15 food 

categories for 1989, 1999, and 2009 to determine the country’s consumption of 

domestically produced foods. These quantities are multiplied by the appropriate CEF 

for that product and year, resulting in the total CO2-e emissions produced by that food 

category for the specified year for China. For each nation exporting food to China, the 

quantities of the food types were multiplied by the appropriate CEFs to give the CO2-e 

emissions by category and year. With the inclusion of both exports and imports in 

addition to domestic production, we are able to look deeper into the drivers of how 

changes in China’s overall food consumption has changed GHG emissions over time. 

7.5.3 Index Decomposition Analysis 

With the calculation of GHG emissions over a series of points in time, changes over 

time can be analyzed to determine the drivers behind these changes. In this study, the 

share of a product’s CO2-e with respect to the total change in CO2-e is ascribed to four 

factors:  
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 Demand structure (ΔVstrd) – the change in CO2-e associated with the proportion 

of a food product relative to all food products resulting from shifting demands in 

China’s diet.  

 Supply structure (ΔVstrs) – the change in CO2-e associated with the proportion of 

a food product a single nation supplies to China relative to all food products 

supplied for China’s consumption. 

 Scale (ΔVsc) – the change in quantity of CO2-e associated with food products. 

 Efficiency (ΔVef) – the change in CO2-e produced per unit of food product. 

This analysis uses IDA to determine the contribution of each of these factors to the 

overall change in CO2-e emissions produced with respect to China’s food consumption 

(ΔVtot). Variables with superscripts 0 and T represent that variable at the baseline (in this 

case, 1989) and time T (in this case, 2009). 

∆𝑉𝑡𝑜𝑡 =  𝑉𝑇 − 𝑉0 = ∆𝑉𝑠𝑡𝑟𝑑 + ∆𝑉𝑠𝑡𝑟𝑠 + ∆𝑉𝑠𝑐 + ∆𝑉𝑒𝑓 

ΔVtot is the total difference in CO2-e emissions between 1989 and 2009 and is also the 

sum of the demand structure effect, supply structure effect, the scale effect, and the 

efficiency effect. This study draws on the LMDI-I methodology described by Ang and 

Zhang (2000), Ang (2004), Ma and Stern (2010), Su and Ang (2012), and Ma (2014) to 

decompose the factors that are balancing China’s increasing food production.  
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The CO2-e emissions are decomposed using the following equation: 

𝑉 = ∑ ∑ 𝑉𝑖𝑗

𝑗

= ∑ ∑ 𝑄
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And using the additive formulae for LMDI-I:  
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7.6 Results 

Following development of the CO2-e emissions time series, we examine the trends 

among different food types within the crop production and livestock categories with 

respect to consumption levels and production of CO-e emissions. We then identify the 

drivers of changes in the Chinese food-related GHG emissions through an IDA of the 

CO2-e emissions over the study period.  

7.6.1 Food Consumption and GHG Production Trends 

Table 7.1 shows the CO2-e emissions calculated for each of the nine crop and six 

livestock food categories for China in 1989, 1999, and 2009. These totals include 

Chinese domestic production minus exports combined with imports from China’s food 

supplying trade partners. For comparison purposes, Table 7.1 also includes the 

quantities of each food category consumed in 1989, 1999, and 2009. In 1989, crops 

made up 95% of China’s food consumption measured in this study by weight, with 

livestock products comprising the remaining 5%. The amount of livestock products 

increases to 7% in 1999 and to 9% by 2009. With the volume of literature highlighting 

the contributions of livestock products to GHGs (Herrero et al., 2011; MacLeod et al., 

2013; Steinfeld et al., 2006), it is unsurprising that CO2-e attributed to the consumption 

of animal products is 33% of food consumption-related emissions in 1989, 35% in 

1999, and 38% in 2009. 
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Table 7.1: Greenhouse gas emissions and consumption quantities for crop and livestock products in China between 1989, 1999, and 2009 

Food 

Consumption  

Crop and livestock products consumed (millions of tonnes)  

Milk Beef Fruit Poultry Sheep Vegetables Eggs Oilcrops Pulses Pork Maize Sugar Roots Rice Wheat 

1989 4.7 0.9 20.8 3.5 1.0 122.2 7.5 33.4 11.9 22.0 80.3 66.6 143.2 182.5 118.2 

1999 8.9 4.4 65.6 13.4 2.6 272.2 21.7 64.0 17.0 35.2 129.0 89.1 192.7 200.4 128.9 

2009 38.0 6.5 118.0 17.8 3.9 477.5 27.8 124.1 29.2 49.3 168.4 124.7 178.0 196.7 125.0 

Δ 1989-2009  701% 592% 466% 408% 304% 291% 273% 271% 146% 124% 110% 87% 24% 8% 6% 

                

Greenhouse 

Gas Emissions 

Crop and livestock CO2-e (millions of tonnes) 

Milk Beef Fruit Poultry Sheep Vegetables Eggs Oilcrops Pulses Pork Maize Sugar Roots Rice Wheat 

1989 8.3 45.2 33.6 8.4 42.0 47.2 17.6 17.8 2.4 143.9 26.0 8.1 17.8 357.4 32.0 

1999 26.8 101.1 62.3 19.0 58.5 111.0 31.5 23.9 3.1 125.0 37.6 8.9 23.5 360.1 31.2 

2009 62.8 136.8 104.3 20.5 82.8 124.7 31.9 64.8 9.7 147.5 60.1 7.7 33.8 344.2 52.8 

Δ 1989-2009 659% 202% 210% 143% 97% 164% 82% 264% 300% 2% 131% -4% 90% -4% 65% 
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Consumption increased across all food categories, with the greatest growth among 

livestock products where consumption of pork increased the least, more than doubling 

between 1989 and 2009, and milk products grew the most with an almost 7-fold 

increase. Among crop products, roots and tubers, rice, and wheat consumption remained 

relatively flat, growing between 6% and 24% during the 20-year study period. Other 

crop product consumption grew considerably more rapidly. Sugar, maize, and pulse 

consumption approximately doubled, oilcrops and vegetables nearly quadrupled, and 

fruit consumption had an almost 5-fold increase. 

In terms of GHG emissions, however, the increased consumption in most food 

categories was not matched by increases in emissions. While emissions associated with 

livestock products increased, the increases were all less than the increases in 

consumption. The increased emissions for milk products approached the growth in 

consumption of its products, but remained less. Emissions from pork were nearly flat 

over the study period, increasing only 2%. Among crop products, emissions associated 

with rice and sugar actually decreased between 1989 and 2009 by 4% due to decreasing 

acreage of these crops, particularly rice paddies, and Chinese scientists’ commitment to 

innovation crop techniques like hybrid research (Lin et al., 2014). Fruit, oilcrops, and 

vegetables all saw increases in GHG emissions for the period, but less than their 

corresponding increases in consumption. The increases in CO2-e emissions associated 

with maize, wheat, pulses, and roots, however, were all above the rates of growth in 

their corresponding consumption. 

Emissions from rice comprise the largest proportion of overall emissions, making up 

44% of food-related CO2-e emissions in 1989. This decreases to 27% in 2009, but still 
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is the largest single contributor to China’s food-related GHGs. Emissions associated 

with pork are the next largest source of CO2-e, but remain less than half of the 

emissions from rice. Vegetable product and beef GHGs fall below the quantities 

associated with pork, but both grew substantially and at similar rates between 1989 and 

2009. Although GHGs associated with sheep were greater than those for fruit in 1989, 

by 1999 and through 2009, fruit CO2-e had grown to outpace GHGs from sheep.  

7.6.2 Drivers of Food Consumption-Related Emissions 

Figure 7.1 shows the effects of scale, efficiency, demand structure and supply structure 

on CO2-e emissions due to changes in China’s food consumption in 1989, 1999, and 

2009. The scale effect plays a dominating role in the increase in CO2-e, responsible for 

a 375 Mt increase in GHG emissions between 1989 and 1999 and increasing up to 719 

Mt by 2009. The effect of changing demands for products is positive, but small relative 

to the scale effect. The demand structure effect resulted in an increase of 80 Mt of CO2-

e overall between 1989 and 2009, with 79 Mt of this increase occurring between 1989 

and 1999. The supply structure effect played very little role with regard to China’s food 

consumption CO2-e emissions, increasing CO2-e by 3 Mt between 1989 and 1999, but 

then decreasing by 1.6 Mt to 2009. The efficiency effect counteracts the emissions 

associated with increases in production by approximately 41% between 1989 and 2009, 

reducing GHG emissions levels 241 Mt between 1989 and 1999, and further decreasing 

to 325 Mt of CO2-e by 2009. 
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Figure 7.1: Magnitude of the effects of efficiency, supply structure, demand structure, and scale on CO2-e 

emissions resulting from changes in Chinese food consumption between 1989 and 2009. 

7.6.2.1 Supply and demand structure effects 

The combined supply structure and demand structure effects comprise a total of 82 Mt 

of GHGs between 1989 and 2009, approximately 17% of the total growth in China’s 

food consumption-related CO2-e emissions in that period.  

Supply structure effects were responsible for less than 1.4 Mt of China’s GHG 

emissions between 1989 and 2009, approximately 0.3% of food consumption CO2-e 

emissions for the period studied. The composition of different nations’ contributions to 

this effect, however, is fairly complex. As shown in Figure 7.2, China was responsible 

for 2.1 Mt of the 3 Mt supply structure effect between 1989 and 1999. The United 

States contributed 1.2 Mt to the supply structure effect while Australia reduced the 

supply structure effect by 1.2 Mt CO2-e. Increases to China’s supply structure-related 
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CO2-e in 1989 from other nations like the United States, Canada, and Brazil totalled 3.8 

Mt of CO2-e. These increases were counterbalanced by reductions in CO2-e from other 

nations like Australia, the Netherlands, and Argentina totalling -2.9 Mt of GHGs. These 

decreases in GHGs are due to the proportion of foods imported from these countries 

decreasing relative to other countries, with the associated GHGs descreasing at an even 

greater rate. Between 1999 and 2009, however, the supply structure effect decreased by 

1.6 Mt of GHGs. Accounting for the overall period between 1989 and 2009, we find 

changes in China’s supply structure responsible for a 17 Mt decrease in CO2-e. As with 

the 1989 to 1999 period, we find countries like United States, Brazil, and Canada 

among nations responsible for increasing CO2-e emissions by almost 23 Mt over the 20-

year period. This is due to the proportion of foods imported from these countries 

increasing between 1989 and 2009, but the emissions associated with these imported 

foods proportionally increasing at an even greater rate. Australia and the Netherlands 

with other countries reduced CO2-e due to supply structure by almost 4 Mt between 

1989 and 2009. Imports from countries like the United States, Canada, and Brazil 

contributed 4.8% of the increase in China’s food consumption-related GHGs for the 

study period. In contrast, however, China’s own domestic production, along with that of 

countries like Australia and the Netherlands, offset this increase by 4.5% as their 

proportional role in China’s food supply decreased and their associated GHGs 

decreasing faster. These identified changes to the supply structure demonstrate that 

small changes in the proportional role of different nations providing food for China can 

result in substantial increases or decreases in GHG if the rate of change in GHGs is in 

the same direction but exceeds the proportional change of the nation as a provider of 

food to China. 
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Demand structure accounts for a little over 80 Mt of the change in China’s food 

consumption-related CO2-e emissions in the 20-year study period. As shown in Figure 

7.3, the demand structure effects associated with beef, vegetables, fruit, oilcrops, and all 

other categories of livestock products were responsible for increases in GHGs between 

1989 and 2009. With the exception of milk, the demand structure effects of livestock 

products were greater between 1989 and 1999 than in the period between 1999 and 

2009. The demand structure effects for beef were the greatest among categories between 

1989 and 1999, increasing CO2-e emissions by 78 Mt, but in 1999 to 2009, contributing 

a little over 10 Mt. Milk, however, with an almost 5-fold increase in consumption  
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Figure 7.2: Contributions of China and its food import suppliers to the supply structure effect on CO2-e 

emissions between 1989-1999 and 1999-2009.  

 

Figure 7.3: Contributions of demand structure effects by different food types on CO2-e emissions between 

1989-1999 and 1999-2009. 

 

between 1999 and 2009 was responsible for the strongest demand structure effects 

during this same period, 52 Mt of GHGs. Demand structure effects from cereals and 

grains, consumption of which has declined in China, remained relatively flat. The 

demand effect associated with relative decreases in consumption of sugar, roots and 

tubers, and especially rice demonstrated decreases in CO2-e emissions during the study 

period. The demand structure effect for rice decreased by GHGs by almost 230 Mt. 

7.6.2.2 Scale and efficiency effects 

As opposed to the supply and demand structure effects which contributed 82 Mt of 

CO2-e to China’s food consumption-related GHGs, scale effects increased CO2-e levels 
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by 719 Mt. This was, in turn, offset through efficiency effects reducing CO2-e by 325 

Mt. 

As shown in Figure 7.4, scale effects for all food products were positive. Although the 

decreasing relative demand for rice resulted in a strong decreasing demand structure 

effect, this is countered by substantial overall increases rice consumption resulting in a 

scale effect of 257 Mt of CO2-e for the study period. The overall increased consumption 

of pork contributed 97 Mt of GHGs and the scale effects of vegetables and beef added 

similar amounts of roughly 65 Mt over the 20-year study period. The remaining 

categories were each responsible for less than 50 Mt of GHGs, with increased 

consumption of pulses adding only 2.8 Mt. 

In contrast, the efficiency effect offset increases by 325 Mt, reducing GHGs by 241 Mt 

between 1989 and 1999 and a further, but slowing, 84 Mt reduction in GHGs between 

1999 and 2009. As illustrated in Figure 7.5, the efficiency effect for all livestock 

products were negative overall for the 20-year study period. The efficiency effect was  
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Figure 7.4: Contributions of scale effects by different food types on CO2-e emissions between 1989-1999 and 

1999-2009. 

 

Figure 7.5: Contributions of efficiency effects by different food types on CO2-e emissions between 1989-1999 

and 1999-2009. 
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also negative for vegetables, rice, fruit, and wheat. In the case of both vegetables and 

milk, efficiency effects were initially positive between 1989 and 1999, but then turned 

negative to decrease between 1999 and 2009, more than offsetting their increases in the 

earlier decade. By contrast, the efficiency effects of pulses, maize, roots and tubers, 

oilcrops, and sugar were all negative from 1989 to 1999 largely due to improvements in 

productivity (Lin et al., 2014), ranging from -0.2 to -3.7 Mt, before growing positive 

between 1999 and 2009, increasing up to 22 Mt of CO2-e. Overall, however, in 

conjunction with the other effects identified in this study, the efficiency effect served to 

reduce emissions between 1989 and 2009 by 41%. 

7.7 Discussion 

Comparing the food consumption quantities with their corresponding GHG emissions in 

Table 7.1, the efficiency effects for products is readily apparent. China produces almost 

half of the world’s pork supply (Zhou et al., 2012). Although the OECD-FAO projects 

that China’s pork production will slow (OECD-FAO, 2013), Table 7.1 shows steady 

growth in pork production between 1989 and 2009, yet also indicates that CO2-e 

emissions resulting from pork production remained nearly flat over the same period. 

The efficiency effect is further demonstrated through the other categories of livestock 

products included in this study, though not to the magnitude demonstrated with pork. 

While the demand structure effect for pork was small relative to other livestock 

products, overall increases in consumption reflected in the scale effect were responsible 

for 97 Mt of GHGs, but was offset by improvements in pork production methods which 

resulted in efficiency effects on the order of 109 Mt of CO2-e in the 20-year study 

period. For beef consumption, which has been highlighted in the literature as a 
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particular concern with regard to GHGs (Steinfeld et al., 2006), the demand structure 

effect was notably the highest among all food categories, but also showed the second 

greatest efficiency effect in limiting CO2-e.  

Among crops, the efficiency effect is also notable for sugar which saw an increase in 

consumption of 87% over the study period, but saw a 4% decrease in associated CO2-e 

emissions. Fruit and vegetables also saw consumption outpacing their GHG emissions, 

being in the top five categories for both scale and demand structure effects, but 

demonstrating strong reductions in CO2-e emissions from the efficiency effect, 

particularly with vegetables becoming increasingly efficient in the period between 1999 

and 2009. Rice-related emissions decreased by 4% due to decreased relative demand 

reducing the demand structure effect and improved production efficiency 

counterbalancing overall scale effect increases. Many of the increases in consumption 

can be attributed to the removal of price controls on non-staple foods in the early 1980’s 

(Fuller and Dong, 2007), while reductions in emissions are largely a result of innovation 

in production techniques and the development and adoption of more efficient varieties 

of crops and livestock (Li et al., 2016; Lin et al., 2014). The efficiency effect was not 

demonstrated for roots, pulses, maize, and most notably wheat, which showed 

consumption increases of 8%, but increased CO2-e emissions of 65%. 

The reductions in CEFs across most food categories has held back increases in CO2-e 

levels from 1989 to 2009 to 59% while the overall quantity of food products consumed 

increased by over 100%. The structural demand differences in the types of products the 

Chinese population consumed, however, contributed little to these totals. Similarly, the 

source of China’s food supply, be it domestically produced or produced overseas and 
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imported to China play an even smaller role in China’s food-related GHG emissions. 

The reciprocal with regard to the role that China’s imported foods play on the CO2-e 

emissions of its food supplying nations may not be true, however. While the embodied 

emissions in China’s imports may make up a relatively small proportion of China’s 

trade and carbon footprint, it is worth considering the effects of trade with China on a 

country’s greenhouse gases in terms of their own substantially smaller carbon 

emissions. Exports from New Zealand to China, for example, increased 4-fold between 

1989 and 2009. This increase represents New Zealand’s exports to China growing from 

3% of its total agricultural exports by weight to 11% of its agricultural exports and the 

resultant GHG emissions growing from 1.6% to 10% of all New Zealand’s food-related 

GHGs. For a country where agriculture is responsible for 48% of the nation’s GHGs 

(Beukes et al., 2011), this is not a trivial contribution. While China’s imported foods 

represented only 4% of its food consumption-related CO2-e emissions in 2009, in 

absolute terms, this is 57 Mt of CO2-e, slightly less than all of the 2010 CO2-e emissions 

generated in the country of Denmark (WRI, 2015). 

Regardless of increased consumption of beef, dairy, fresh fruits, and vegetables in 

China, however, the proportions of what the Chinese population is eating has remained 

largely the same. That said, the overall increases in food consumption have resulted in 

massive increases in China’s GHG emissions through scale effects. Without the 

efficiency effect of technological improvements in food production, increases in the 

overall scale of food consumption contributed an estimated 719 Mt of CO2-e to the 

atmosphere in 2009 over 1989 levels, more than the total of 2010 CO2-e emissions for 

Canada. Improvements in production methods and transportation have substantially 
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reduced the carbon intensity of China’s food supply and were responsible for the 

reduction of 325 Mt of CO2-e in 2009, roughly the equivalent of the 2010 CO2-e 

emissions for the entire country of Nigeria (WRI, 2015).  

7.8 Conclusion 

China is the world’s foremost producer of GHG emissions and agricultural production 

plays a major role. Additionally, the magnitude of China’s agricultural production has 

expanded as its population becomes more wealthy and urbanized. With this, China’s 

taste in food has shifted with sharply increasing demands for meat, dairy, fresh fruit, 

and vegetables. Although demand has increased among many of the more GHG 

intensive foods, the CO2-e emissions generated by these sectors have grown at just 

under half the rate of production. Technological efficiencies, most notably the transition 

from traditional lower yield Chinese varieties to higher yield varieties, are reducing the 

carbon intensity of agricultural products. Technological efficiency has played a massive 

role in containing the growth of GHG emissions associated with food consumption, 

offsetting the effects of an increasing scale of production by more than 40%. 

It is unclear, however, how much more efficient these agricultural production systems 

can become. The diminishing marginal returns are becoming apparent in food products’ 

decreasing CEFs. As demand for products continues to increase, however, the 

limitations of land, water, and other inputs will likely result in increases in the carbon 

intensities of food as more energy is used in water conveyance and irrigation and 

increased fertilizer use to make up for the loss of arable land. While the scale and 

structure of the agricultural production can be influenced by economic and sociocultural 
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tools, as wealth continues to increase, demand for products will also continue to 

increase. The population, both in China and worldwide, is being encouraged to eat less 

meat to reduce greenhouse gas emissions (Steinfeld et al., 2006). Our results indicate 

for China, however, that reduction in the overall amount consumed is nine times more 

effective than changing the structure of the diet for reducing CO2-e emissions. 

Similarly, improvements in the technological efficiency of food production are four 

times more effective in reducing CO2-e emissions than making structural changes to 

food consumption. 

This study acknowledges that energy substitutions and composition of the energy inputs 

into agriculture affect the GHG intensity of food products. In the absence of this, 

however, reductions in consumption, which could be done through reductions in the 

high quantities of food waste and manipulation of the agricultural production 

technologies to reduce carbon intensities and improve efficiency appear to be the most 

cost-effective solution to curbing GHG emissions associated with China’s food 

consumption. The Chinese government has already made agricultural production and 

food security a top priority in recent years. With increasingly limited resources, an 

agricultural policy approach focused on reducing waste efficiency is necessary to 

restrain growing CO2-e emissions. 
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8.1 Introduction 

As society continues to come to grips with the spectre of climate change, research has 

begun highlighting the role of agriculture in global GHG levels. Estimates of 

agriculture’s contribution to GHG levels range widely from 10% to 32%, largely 

because of differences in calculation methodologies and uncertainty in the underlying 

assumptions (Bellarby et al., 2014). While the IPCC’s standardized production-based 

accounting has been adopted by much of the world’s nations and may adequately 

estimate the GHGs for some economic sectors, the emissions inventories produced 

using this method fall short of accounting for many of agriculture’s sources of 

secondary, indirect sources of GHGs (Davis and Caldeira, 2010; Feng et al., 2013; Lin 

et al., 2014; Naylor et al., 2005). Additionally, these emissions estimates based on 

production fail to account for the carbon footprint associated with nations’ consumption 

of crop and livestock products imported from other countries (Davis and Caldeira, 

2010).  

Because of the high carbon intensity of livestock products relative to crops, meat, eggs, 

and dairy have been placed in the spotlight with regard recommendations for reducing 

agricultural emissions (MacLeod et al., 2013; Naylor et al., 2005; Steinfeld et al., 2006). 

With China’s economic success over the last 30 years, a wealthier population is 

consuming increasing quantities of livestock products as the country’s diet shifts from 

grains and cereals (FAO Food Outlook Team, 2013; Zhou et al., 2012; Zhou et al., 

2001) and raising concern about how this may affect GHGs (Naylor et al., 2005; 

Steinfeld et al., 2006). 
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The objective of this thesis has been to quantify how GHG emissions have changed 

with shifts in the Chinese population’s dietary preferences and determine the influence 

that drivers like scale, efficiency, demand structure, and supply structure have played in 

these changes. The papers comprising this thesis and their contribution to the field 

represent a continuum, beginning with assessment of the standard methodologies and 

limitations in Paper 1 - Promises and pitfalls, improving on the standard methodologies 

to address our specific research questions in Paper 2 - Apples to kangaroos, and finally, 

applying these improved methodologies to answering the research questions in Paper 3 - 

China’s changing diet. The research findings addressing the three questions posited at 

the beginning of this thesis are presented below along with their policy implications. A 

discussion on the contribution and significance of the research follows the findings. 

Chapter 8, and this thesis, concludes with an examination of the limitations of the 

research and potential directions for future research. 

8.2 Research findings 

8.2.1 Research question 1 

What are the appropriate tools to determine the effects of China’s changing diet on 

greenhouse gases? 

Research findings 

Improved computing power and increased accessibility to the input-output tables 

underlying environmentally-extended input-output analyses (EE-IOA) have encouraged 

its use in recent years. The expansion of literature using EE-IOA has been particularly 

rapid for environmental issues in China with the Chinese government becoming more 
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transparent and working to improve the quality of their data. Researchers are finding 

EE-IOA increasingly useful for studying trends in energy and CO2 emissions in China, 

especially with the use of multi-region input-output (MRIO) analyses to include 

regional and international trade.  

These advancements initially engendered hope that this technique would be appropriate 

for use in determining the GHG impacts of China’s changing diet. Input-output analysis 

was appealing for its ability to capture and quantify the CO2 emissions in the most 

comprehensive way, through direct effects as well as the chain of indirect and implied 

effects. These hopes were thwarted, however, by two primary factors that plague input-

output analysis, in general, but would be particularly hindering for this analysis: 

questionable data and poor resolution with regard to disaggregation.  

A review of the literature indicates that while the use of input-output analysis to 

comprehensively identify the CO2 emissions associated with China’s diet is laudable, 

the analysis is only as good as the data it is based on. As China’s data comes under 

increasing scrutiny around the world, its government is working to improve the quality 

of its figures. However, while the government attempts to reign in corruption and 

increase its accountability, its data remains, for the time being, of questionable veracity. 

While attempts are being made to verify China’s data by comparing it with data 

collected by other countries, it is unclear whether these methods provide successfully 

validated numbers. Without reliable data on China’s food consumption, the use of 

input-output analysis as a precision gauge to best measure the associated GHG 

emissions becomes less relevant. 
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More crucially, however, in order to estimate the GHGs associated with China’s diet 

using input-output analysis, the underlying input-output tables would need to be 

sufficiently disaggregated to account for changes in a range of food categories. While 

there were a few examples in the literature of Chinese input-output tables with a high 

enough level of resolution with regard to foods that analysis could be properly executed, 

there were no current tables disaggregated to this level and methods of disaggregation 

discussed in the literature appeared arduous and to have a high level of uncertainty. It 

seemed that were such methods of disaggregation were to be used, the uncertainty 

added to the analyses would run counter to the ability of the input-output analysis to 

comprehensively account for the direct effects as well as all of the indirect effects. 

Consequently, the review of the literature illustrated that while EE-IOA might be a 

sufficient tool for analysing the effects of China’s changing diet on GHG emissions 

given the right data at right level of disaggregation, there are currently no data that 

could be used to achieve this in a conclusive and authoritative manner.  

Policy implications 

Reviewing the literature reveals that while China’s government is making strides with 

improving the veracity of its data, in general, more needs to be done for researchers to 

be able to use EE-IOA with precision and accuracy when studying China’s 

environmental issues.  

Separately, but similarly, the Chinese government would be well-served by increasing 

the level of resolution with regard to its input-output tables, disaggregating economic 

sectors into increasingly specific subsectors. Although the magnitude of the task of 
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collecting data on this scale could be intimidating, China, appropriately, is on the 

forefront of collecting and manipulating big data. Technology and software are rapidly 

being developed that can better assist the Chinese government’s National Bureau of 

Statistics in accumulating this data, but it is up to the government to find the best ways 

to implement and deploy these methods.  

Improvements in China’s input-output tables and China’s coordination with other 

nations and international agencies in the development of MRIOs could have 

ramifications in a variety of different policy arenas. Advancement in the detail and 

scope of input-output tables allow for the enhancement of water, land, and carbon 

footprints for use in water and land-use planning as well as providing useful tools in 

managing and developing carbon trading programs. Thorough and specific input-output 

tables could also inform decision-making with regard to the environmental impacts of 

specific sectors of the economy such as energy, manufacturing, or even agriculture. 

8.2.2 Research question 2 

How can we use existing data to develop an internally consistent and comparable set of 

emission factors? 

Research findings 

As determined from the review of the literature, existing CO2 data associated with food 

is too aggregated for the purposes of examining the impacts of structural dietary 

changes on GHG emissions. A review of the literature on disaggregation methods 

intimated that carbon emission factors for each food category would be required to 

subdivide existing food sectors to gain a higher resolution in input-output analyses. If 

emission factors could be determined that already accounted for both direct and indirect 
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impacts on GHGs, however, then combining these emission factors with existing 

production and trade data for China and its trade partners would preclude the need to 

use input-output analysis to determine the impacts. 

The emission factors developed by Lin et al. (2014) for foods in China provided the 

foundation for a set of consistent and comparable emission factors for the country’s 

trade partners. The work by Lin et al. (2014) not only covered the majority of foods 

consumed in China, but in its hybrid input-output/life cycle analysis, provided the 

greatest depth in inclusion of secondary and indirect contributions of GHG emissions. 

As importantly, Lin et al. (2014) provide emission factors for food products at different 

times: 1979, 1989, 1999, and 2009. Combined with FAO food production data for 

China, these emission factors allow for the calculation of the GHGs associated with the 

different components of China’s diet at each of these points in time. This still fails to 

account for the trade of food products, however, necessary to determine the carbon 

footprint of China’s food consumption. 

A review of the emission factor literature provided a patchy and inconsistent list of 

published emission factors that would cover only a fraction of the food categories and 

countries needed to develop a comprehensive assessment of the embodied emissions in 

foods imported to China. Examining the data available through the FAO, however, a 

picture came to form of how emission factors could be derived from the combination 

and manipulation of FAO production, yield, and GHG figures (FAOSTAT, 2015). 

While the emission factors calculated using the FAO data did not resemble the emission 

factors in the literature, by calibrating the FAO implied emission factors against a 

benchmark in the literature, in this case the 2009 emission factors published by Lin et 
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al. (2014), the calculated emission factors are brought into line with other emission 

factors in the literature. 

Using this technique, a set of emission factors was generated for 15 different food 

categories for the 219 countries with available 2009 FAO production, yield, and GHG 

data (FAOSTAT, 2015). While it is difficult to ascertain the level of uncertainty in these 

emission factors due to the dearth of existing comparable data, this method at least 

provides a tool for making internally consistent comparisons between nations. 

Additionally, sets of emission factors from other countries could be used as the 

benchmark for calibration if the focus of the research was on the benchmark country. 

This methodology is relatively simple, flexible, and comprehensive. 

Policy implications 

The development of an internally consistent, comparable set of emission factors for 

foods gives policy-makers with a relatively simple tool for estimating the embodied 

emissions in foods. Though this method may not have the thoroughness of an input-

output consumption-based analysis of GHG emissions, the provision of a simplified 

approach to determine the consumption-related emissions may encourage further 

analyses and policies related to consumption rather than production.  

8.2.3 Research question 3 

What has driven the changes in greenhouse gases associated with China’s food 

consumption? 
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Research findings 

Although the FAO’s database did not have GHG data for 1979 (FAOSTAT, 2015), 

using FAO statistics and Lin et al. (2014), carbon emission factors for all of China’s 

food import supply nations were generated and calibrated against Lin et al.’s figures for 

the years 1989, 1999, and 2009. Combined with food-specific import information for 

each country, GHG emissions were calculated for each food category, by trade partner, 

for each of the three years. With this information an index decomposition analysis was 

performed on the GHG emissions to determine the effect of the overall increase in 

China’s food consumption (the scale effect), the effect of technological advances and 

improved production methods (the efficiency effect), the effect of the change in types of 

foods consumed relative to the entire diet (the demand structure effect), and the effect of 

changes in the amounts of foods imported from different countries (the supply structure 

effect). 

Between 1989 and 2009, the overall increase in food consumption in China was 

responsible for 90% of the increase in food-related GHG emissions. Changes in the 

types of foods eaten between 1979 and 2009 accounted for 10% of the increase in 

GHGs in the 20-year period. Changes in the amounts of foods imported to China from 

its trade partners contributed an even smaller amount to China’s carbon footprint, 

responsible for less than 0.2% of the increase in GHGs. This was counterbalanced, 

however, by improved efficiency in production methods responsible for decreasing 

overall food-related GHGs by 29%.  

These results indicate that while China’s increased consumption of meat and dairy does, 

indeed, contribute to disproportional increases in China’s GHGs relative to crops, 
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reductions in the overall amount of food consumed are nine times more effective in 

reducing GHGs than changing the dietary structure. Similarly, efficiency gains from 

improvements in food production are four times more effective at reducing GHGs than 

changing dietary structure. 

It is also important to note that while the supply structure had little effect relative to 

China’s overall GHG levels, when seen in absolute terms for its trade partners, the 

magnitude of CO2 embodied in China’s imports could have major ramifications for the 

GHGs of food supplying countries, particularly smaller nations like New Zealand, 

Cuba, and Myanmar.  

Policy implications 

With evidence highlighting scale and efficiency effects being responsible for the 

greatest amount of change in China’s food-related GHG emissions, policy-makers can 

focus efforts in these areas to reduce and limit future growth in CO2-e emissions. 

Reducing meat consumption, as currently recommended in China’s recently updated 

dietary guidelines, will certainly reduce GHGs, but the findings of this study indicate 

that the Chinese government may more effectively reduce CO2-e emissions through 

other means. Food producers continually strive for increased efficiency in their 

technologies and production methods on their own, but policies encouraging the 

adoption of GHG-efficient techniques and promoting GHG-efficient technologies can 

boost the strength of the efficiency effect in limiting and counterbalancing increasing 

CO2-e emissions. Additionally, addressing the issue of food waste by policy-makers 

may be a low-cost and easily implemented method to reduce the increases in GHGs 

associated with increased food consumption if food can be used more efficiently.  
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8.3 Contribution and significance of the thesis 

This thesis has examined the contributions of input-output analyses in studying 

environmental issues in China, introduced a methodology for developing internally 

consistent, internationally comparable carbon emission factors for food products from 

any nation with available FAO data, and used these emission factors to determine the 

drivers of increases in China’s food consumption-related GHG emissions. 

Paper 1 - Promises and pitfalls in environmentally extended input-output analysis for 

China: a survey of the literature provides a comprehensive bibliographic analysis of the 

body of EE-IOA literature with regard to China up to 2013 and also identifies the areas 

in Chinese EE-IOA where attention is still required and improvement is necessary. The 

article also includes a convenient reference table in the appendix, listing all of the EE-

IOA papers addressing Chinese issues published between 1995 and 2013 and important 

characteristics such as citations, the environmental issues addressed, whether the study 

used a single- or multi-region input-output analysis, and number of sectors or level of 

disaggregation used in the analysis. This table is intended as a resource for researchers 

requiring background information for utilizing EE-IOA in China. Promises and pitfalls 

provides a primer for how IOA has been used to examine environmental issues in China 

and highlights the explosion in this literature after 2010. 

Reliable GHG emission figures for agriculture are necessary to address its role in global 

GHG levels next to other industries and emission sources. Absent input-output tables of 

sufficient levels of disaggregation to allow for the analysis of food-specific GHG 

emissions, these emissions must be calculated in other ways. Unfortunately, due to a 

paucity of emission factors for crops and livestock, with studies primarily covering 
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production in well-developed countries, and varying assumptions and methodologies, 

determining food-related emissions, particularly with the inclusion of trade, proves 

troublesome.  

Paper 2 - Apples to kangaroos: a framework for developing internationally comparable 

carbon emission factors for crop and livestock products provides a framework for using 

publicly available data through the FAO database to develop emission factors for any 

country and food types with FAO data available that can be matched and calibrated 

against a benchmark set of emission factors chosen from the literature. When combined 

with FAO production and trade data, the GHG emissions associated with different 

countries and different food products can be analysed in any number of valuable ways. 

Apples to kangaroos provides a pragmatic and reasonable technique for using FAO data 

to estimate comparable, consistent carbon emission factors for foods produced in 

countries around the world. 

These emission factors and trade data are used in Paper 3 - China’s changing diet and 

its impacts on greenhouse gas emissions: an index decomposition analysis to address 

the contribution of food consumption, dietary structure, production efficiency, and trade 

on China’s GHG emissions. While the demands of China’s food supply on land and 

water are commonly addressed in other studies, this research examines the contribution 

to GHG emissions in a level of detail previously unseen in the literature. Similarly, the 

effects of structural changes in diet on GHG emissions have been addressed in the 

literature for predominately European nations, this is the first study to examine the issue 

in a substantive way for China. This study is also the first to account for direct and 

indirect GHG sources over time in conjunction with structural change and increased 
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consumption levels to determine how China’s changing preferences for different crop 

and livestock products affect GHG emissions. Finally, this is the first study to 

disaggregate the embodied emissions in trade by food type as well as by the country of 

the food’s origin. China’s changing diet provides the most detailed and nuanced 

evaluation of how shifts in the diet of China’s population has affected the GHG 

emissions of China domestically as well as for its trade partners. 

8.4 Future research directions 

The results of the research performed in this thesis have applications for a variety of 

future research questions. While the development of carbon emission factors vitiated the 

immediate need to use input-output analysis to determine the effects of China’s 

changing diet on GHG emissions, these emission factors could be used as a basis for 

disaggregating sectors within a multi-region input-output analysis. This could 

potentially allow for not only verification of the results of this research, but could also 

be used to determine the impacts of dietary changes in other countries on individual 

nations as well as global GHG levels. 

Plans were made in the earliest stages of this research to not only look at how China’s 

historical changes in diet have affected GHG emissions, but to also use food 

consumption projections to develop scenarios of how future changes in China’s food 

consumption could affect GHG emissions. While this was found to be infeasible within 

the constraints of this thesis, the potential to use the emission factors generated in this 

research in conjunction with food consumption projections could yield valuable results. 
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Finally, this research could have its greatest significance if turned toward the issue of 

food waste. According to the FAO, approximately one-third of all food produced is 

wasted. Food waste can occur before reaching the consumer, during production, storage, 

processing, and transport, as well as after purchase by the consumer as unused or 

uneaten foods (FAOSTAT, 2015). This research can first demonstrate the magnitude of 

GHG emissions associated with wasted and unused foods, and then second, identify 

what part of the supply chain the greatest reductions in GHG can be achieved through 

better practices and utilization of foods. 
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