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Summary

The demand for agricultural production is increasing significantly due to the growth of
economic and population worldwide. The agricultural products have huge impact on
water use, land use, and greenhouse gas emissions. This can be quantitatively expressed
by three indicators: water footprint (WF), land footprint (LF), and land footprint (CF).
While China is the most populated country in the world, the impact of the human food
consumed in China is not only within the country but also in other parts of the world
where food is imported.

In this research, the water, land, and carbon footprints of consumption (F,,,,) in China are
analyzed for five different diets: the current diet (REF) from the statistics of FAQ; a healthy
diet (CDG) based on the recommendations by Chinese Nutrition Society; a pesco-
vegetarian diet (PES), which includes fish, eggs, and dairy; an ovo-lacto vegetarian diet
(OLV), which includes eggs and dairy; and a vegan diet (VEG), which excludes all animal
products. While REF has a higher intake of kcal and protein per day than CDG, the other
three diets are chosen such that the kcal and protein intake per day equals that of CDG.

Meat has a bigger water, land, and carbon footprint per unit of weight than most other
food products (with the meat consumed in China having a weighted average WF of 4778
m3/tonne, an LF of 13.6 m2/kg, and a CF of 8.52 kg CO.eq/kg). Potatoes and other root
products are amongst the product categories with smallest footprints.

The alternative diets in China result in substantial reductions of the water footprint (13.7%
for CDG, 21% for PES, 24.7% for OLV, and 40.6% for VEG), land footprint (19.7% for CDG,
33.3% for PES, 37.4% for OLV, and 49.0% for VEG), and carbon footprint (10.9% for CDG,
23.3% for PES, 35.3% for OLV, and 68.8% for VEG). These reductions considerably
contribute to mitigating the issues of water scarcity, agricultural land stress, and global
warming both within China and other parts of the world.
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1. Introduction
1.1 Background

The demand for agricultural production and natural resources are continuously growing
mainly due to the increasing wealth and growing population worldwide (Foley et al.,
2011). It was estimated that the global population will grow from 6.9 billion people in
2011 to 9.3 billion people by 2050 who need to be fed (United Nations, 2012). The issues
of malnutrition and overnutrition are always coexisted in the world, and associated with
health problems (Vanham et al., 2013b). Meeting global food demands and the nutritious
recommendations of humans can be solved through both physical agricultural products
improvements and diet structure changes (Vanham et al., 2013a).

Agricultural products will consume water and land in the producing processes, and emit
greenhouse gases (GHGs) at the same time (Chakrabarti et al., 2015; Hoekstra, 2013;
Union of Concerned Scientists, 2013). The water footprint indicates the quantity of both
directand indirect green, blue and grey water use of a consumer or a product, and it differs
from classical indicators that measure water withdrawals of direct blue water
consumption (Hoekstra et al, 2011). The main fraction of the water footprint of
households comes from food consumption which is indicated as the indirect share of the
water use of households (Hurd & Lant, 2013). Water footprints of food products can vary
among others depending on the water requirements of the products and the resource use
efficiency of the food production systems (Hoekstra & Mekonnen, 2008; Mekonnen &
Hoekstra, 2011; Mekonnen & Hoekstra, 2012). Within food categories, animal products
often have larger contribution to the water footprint than non-animal products (York,
2011). For instance, the water footprint of a beef burger is around ten times more
compared to a soy burger of the same weight (Ercin et al., 2012).

The land footprint of food products indicates the total domestic and foreign area of land
both directly and indirectly required to satisfy the demand of domestic food supply
(Giljum et al., 2013a). Over 38% of land on earth is used for agriculture (FAO, 2011).
Inefficient agricultural land use in global scale brings growing stress of food waste and
health issue (Union of Concerned Scientists, 2013). Due to crop consumption for feeding
livestock and enormous pasture land use, meat-based product has larger land footprint
than crop product (Schweizerische Vereinigung fiir Vegetarismus, 2011). There are a large
number of areas in the world that are inefficient in their agricultural land use in different
countries and different seasons, hence the yield of the land is relatively small compared
to the inputs natural resources (Union of Concerned Scientists, 2013). For example, to
produce beef large amounts of pasture land and quantities of grain and legumes are
required to meet only a small fraction of the daily food intake of humans (Union of
Concerned Scientists, 2013).

The carbon footprint refers to the amount of GHGs that produced due to related human
activities, measured in units of carbon dioxide (Ramachandra & Mahapatra, 2015). The
carbon footprint of food indicates the total emissions caused by all processes of the food
production, manufacture, and delivering (Murphy-Bokern, 2010). The growth of GHG
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emissions nearly stabilized in recent years, but GHG emissions are still causing severe
threats to global warming (Olivier et al., 2015). The GHG emissions in food industry mainly
include three parts. The first component is carbon dioxide, which normally come from
fossil fuels used to power farm machinery and transport, store and cook foods. The second
component is methane, which derives mainly from enteric fermentation in ruminant
livestock. The last part is nitrous oxide emitted from tilled and fertilized soil (Scarborough
etal., 2014). Methane and nitrous oxide are the largest carbon footprint contributors from
agriculture compared to carbon dioxide which mainly come from agricultural energy use
(Audsley et al., 2009). agricultural carbon footprint is responsible for approximately one
fifth of total GHG emissions of all human activities (Berners-Lee et al., 2012). Similar to
the water and land footprint, animal products are the largest contributors to the carbon
footprint compared to crop products (Heller & Keoleian, 2014).

Over 19.3% of people on the planet live in China by 2011 which drives huge influence of
food demand and food supply in worldwide (United Nations, 2012). China is facing severe
water scarcity issue due to both physical water shortage and growing huge water demand,
and its total water deficit will reach approximately 80% of current annual capacity by
2050 (Jiang, 2009; Liu & Savenije, 2008; Tso, 2004). Fast and almost uncontrolled
urbanization in China is threating the food security, and how to efficiently use the
agricultural land is becoming a more considerable issue in China (Jiang et al., 2013; Liu et
al,, 2014). China has doubled its GHG emissions in last ten years and surpass United States
became the largest emitter in the world (Olivier et al., 2015).

1.2 Literature review
1.2.1 Footprints of diets

According to Hoekstra et al. (2011), the water footprint of a national dietary consumption
is following the bottom-up approach which is calculated by summarizing the water
footprint of every single product in the certain country that has consumed in the proposed
diet. There are numbers of products were imported from other countries, so the water
footprints of imported products are supposed to be determined by the export countries
according to the detailed trade data provided by FAO (Hoekstra et al., 2011). But in most
researches regarding this issue, if country-specific values were unavailable or
unpredictable, global averages were used for imported food products (Jalava et al., 2014).

Bolger et al. (2016); Gerbens-Leenes et al. (2002) and Qiang et al. (2013) applied physical
accounting approach for land footprint, which is similar to the water footprint accounting
approach for dietary consumption. The total land footprint of a certain diet in the certain
country is determined by the sum of the land footprints of every consumed commodity in
the certain country in the diets.

Food losses

Different study scales result in different footprint of diets due to the food losses along the
supply chain (Heller & Keoleian, 2014). Figure 1 shows the scheme of determining the
food losses in US by Heller & Keoleian (2014). The food products have three steps of losses:
from farm to retail stage, retail to consumer availability stage, and consumer availability
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to consumed stage.

CONSUMED
Consumer

availability

(18%) (55%)
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Nonedible losses
Retail-level (fresh fruits & Consumer-level 7

losses veg., eggs) losses (cooking
0,

(100%) loss + uneaten
Farm to retail Tt
losses (inc.
bones for meat,
poultry & fish)

Figure 1

Representation of food flows as considered by the Loss-Adjusted Food Availability data set in the
US, copied from Heller & Keoleian (2014).

Vanham et al. (2013b) analysed from consumer level and applied two factors to converse
from consumer availability to an actual consumption value. First factor accounts for non-
edible food components, and the second factor represents the food waste at consumer-
level. To define these factors, detailed information from the European studies of Zessner
etal. (2011) and Westhoek (2011) were used.

Table 1
Food losses at retail-level in China, adapted from Liu (2014).

Food type Percentage of loss Volume of loss in 2011
Cereals 7%-10% 15-22.5 Mt

Vegetables 15%-20% 100 Mt

Fruits 10%-15% 14 Mt

Potatoes 15%-25% 16 Mt

Liu (2014) and Liu et al., (2013) studied the food losses in different food categories grain
crops, vegetables, fruits and potatoes at retail-level in China (Table 1). The food waste
rates for different food categories based on a regional survey has been reported by Xu
(2005) and illustrated in Table 2.
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Table 2

Food waste at consumer-level in China, adapted from Xu (2005).

Product group Food waste rate Product group Food waste rate
Pig meat 11.13% Vegetables 14.4%

Bovine meat 7.71% Rice 11.45%

Mutton 7.18% Cereals 11.29%

Poultry meat 9.0% Fruits 8.33%

Seafood 10.84% Others 10.77%

Eggs 9.57%

1.2.2 Diet classification
Diet types

To compare the footprints among diets, it is crucial to determine the diets that will be
studied in the research. There are two main possibilities to define consumption diets
(Jalava et al., 2014; Vanham et al., 2013b). The first is compare the current diet with the
recommended diet described by a governmental health institute, and the second is
compare current diet with the diets that defined by different consumption patterns, for
example vegetarian.

Current diet

The current diet is normally defined based on food consumption data of a certain period
or a certain year from Food Balance Sheets (FBS) reported by Food and Agriculture
Organization (FAO) (Giljum et al., 2013b; Scarborough et al., 2014; Vanham et al., 2013a;
Vanham et al,, 2013b).

Healthy diet
Due to the widespread overconsumption problem around the world, many countries and

regions have dietary guidelines which normally describe the recommended diets of
people based on available food of a country, cultural /traditional preferences, local dietary
habits, and nutritional requirements. In the Dietary Guidelines of Japan, all food categories
are quantitatively recommended in the unit of “serving” which is the simply countable
numbers (Nakamura, 2011). In the Chinese Dietary Guidelines, all food categories are
quantitatively recommended in weights of intake, and it also considers seasoning such as
oil, salt and sugar (CNS, 2016). Specific weights of food products and categories are more
accurate for calculating and analysing compare to countable numbers of the food products.
Vanham et al. (2013b) analysed healthy diets from guidelines of different regions in
Europe. West and East European recommended diets follow the guideline proposed by
the German Nutrition Society. Recommended diets in Southern Europe follow studies
focussing on Mediterranean countries (Aranceta & Serra-Majem, 2001; Bach-Faig et al,,
2011; Willett et al,, 1995). North European recommended diets follow the researches
focused on Scandinavian countries (Astrup et al., 2005; Enghardt-Barbieri et al., 2005).
Liu & Savenije (2008) has analysed healthy diet in China based on the recommendations
made by Chinese Nutrition Society in 2003.
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Vegetarian diet
The vegetarian diet comprises of little or no animal food intake (Craig, 2010). There are

few different sub-types of vegetarian diets. Ovo-lacto vegetarian is the most common used
type when analysing vegetarian diet (Scarborough et al., 2014; Vanham et al., 2013b). This
vegetarian diet excludes the consumption of meat but does include eggs and dairy
products. The Ovo-vegetarian diet is sometimes referred to as the eggetarian diet which
consume eggs but no meat and dairy products. While lacto-vegetarian, in contrast to the
ovo-vegetarian diet, consume dairy products but no meat and eggs. Lacto-vegetarian diet
has studied by Berners-Lee et al. (2012). the vegan diet excludes all animal products, and
it was studied in many researches by Berners-Lee et al. (2012), Scarborough et al. (2014)
and Vanham etal. (2013b). As for pesce-vegetarian diet, only fish and seafood are included
in the animal products. Scarborough et al. (2014) has taken pesce-vegetarian into account
to analyse dietary GHG emissions.

Other alternative diets

in addition to common classified food consumption diets, there are other diets that focus
on reducing meat consumption to a lower level. 50% meat intake has been used by Giljum
et al. (2013b) to compare with current scenario from FAO. It reduces 50% of meat
products equally distributed over the different animal products. A more detailed
classification based on meat intake has been designed by Scarborough et al. (2014): high
meat-eaters (>=100 g/d), medium meat-eaters (50 to 99 g/d), low meat-eaters (>0
and<50 g/d).

Diet modelling

Because the current European meat intake almost doubled from dietary guidelines, there
is an important assumption applied by Giljum et al. (2013b) that the reduced meat
products will not be replaced by any alternative food products like soy and nuts. To make
the results unbiased, some studies make the contained energy are standardized to a fixed
intake for each diet (Scarborough et al. (2014) used 2000 kcal/day, and Vanham et al.
(2013b) used 2200 kcal/day). All meat is substituted by the pulses, nuts and oil crops in
order to reach the same energy and protein intake as recommended diet in Vanham et al.
(2013a) and Vanham et al. (2013b). Perignon et al. (2016) used linear programming
method to model the diets with different consumption patterns and different stringent
levels of nutritional constraints.

Food categories

GHG emissions of every single food products consumptive activities in UK have been
studied by Berners-Lee et al. (2012); Clune et al. (2017); Scarborough et al. (2014). Most
of the researches analyzing food products by classifying them into few food categories
(Jalava et al., 2014; Vanham et al., 2013a; Vanham et al., 2013b). Vanham et al. (2013a) has
classified 15 food categories which are shown in Table 3. Stimulants represent coffee, tea
and cocoa. Meat includes all flesh except fish. When the consumption pattern has changed
in different diet scenarios, the consumption of food product groups will be changed as a
whole. There is an assumption has been followed by Vanham et al. (2013a) that alcoholic
beverages, stimulants and spices will not change in different dietary scenarios.
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Table 3
Product groups categorized by Vanham et al. (2013a)

No. Product group No. Product group No. Product group
1 Cereals, rice, potatoes 7 Meat 13 Spices

2 Sugar and sweeteners 8 Animal fats 14 Fish, seafood

3 Crop oils 9 Milk and milk products 15 Miscellaneous
4 Vegetables 10 Eggs

5 Fruits 11 Stimulants

6 Pulses, nuts, oil crops 12 Alcoholic beverages

1.2.3 Footprints of food products
Water footprint of food products

The detailed assessment approach of water footprint was summarized by Hoekstra et al.
(2011), and water footprint of every food product in every countries and regions are
reported in Mekonnen & Hoekstra (2011) and Mekonnen & Hoekstra (2012). The total
water footprint of a certain agricultural product consists of three components: green, blue
and grey water footprint. Green water refers to the precipitation on land that does not run
off or recharge the groundwater but is stored in the soil or temporarily stays on top of the
soil or vegetation. The green water footprint is the volume of rainwater consumed during
the production process. The blue water footprint is an indicator of consumptive use of
fresh surface water or groundwater. The grey water footprint is defined as the volume of
freshwater that is required to assimilate the load of pollutants based on natural
background concentrations and existing ambient water quality standards (Hoekstra et al.,
2011).

Land footprint of food products

Bosire et al. (2016) stated the land footprint of a crop product is the land requirements
for growing the crop. The reports from FAO (2011) and Giljum et al. (2013b) are showing
the total land requirements of a crop product (ha/tonne) can be calculated as the
reciprocal of the yield of the product (tonne/ha) using the data from FAOSTAT (FAO, 2017).

Qiang et al. (2013) calculated land foot print taking consider the conversion factors to
avoid land double counting. For most of the food related crops, the conversion factors are
based on the caloric equivalents according to nutritive standard factors from FAO (Kastner
etal, 2011; Kastner & Nonhebel, 2010)

The land footprint of animal products are based on feed requirements in most related
studies. Nijdam et al. (2012) has summarized the result of studies regarding the land
requirement of most animal products in the world

Carbon footprint of food products

For calculating carbon footprint of certain agricultural products, all involved activities
must be identified. Only carbon footprint up to the farm gate was used by Cheng et al.
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(2015). Muthu (2014) used three-tier approach to determine the boundary of carbon
footprint accounting for agricultural products, which represents three different
accounting levels. To cover the activities up to the shelf of the store, activities related to
processing, packaging, and transportation need be included. For the CF of food, the home
preparation for food is also counted. Clune et al. (2017) and Agri-footprint (2015) have
summarized carbon footprint at retail-level of selected food products in the world from
available researches.

1.3 Research objectives and questions

This research aims to increase the understanding of the amount of water and land
resources used and GHGs emitted by food consumption of different diets in mainland
China (excl. Hong Kong SAR, Macau SAR and Taiwan). To quantify the use of water and
land resources and the amount of GHGs emitted the footprint approach will be applied. To
this extent this research will contribute knowledge of the influence of human foods on the
environment.

To reach the main objective of this study the following research question is defined:

How are the water, land and carbon footprint of food consumption influenced by different
diets in China?

To answer the research question, the following research sub-questions are addressed:

1. What are the main diets in China will be studied in the research and what are their
food compositions?

2. What are the water, land, and carbon footprints of different food products in China?

3. What are the water footprint, land footprint, and the carbon footprint per capita
for each specified diet in China?
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2. Method and data
2.1 Methodology

To answer the research sub-questions as defined in section 1.3, information is required
on the type and composition of diets in china, the footprints of food products, and the
footprints of food categories. These input data will be used to finalize the footprints of
different diets in China. In order to answer the sub-questions and get the footprints of
diets, the following stepwise research approach has been constructed (Figure 2).

Diets classification
- type
- amount
(sub-question 1)

L J

¥

Footprints of human diets in China
{sub-question 3)

Footprnts of food
products
(sub-question 2)

Figure 2
The stepwise approach of the thesis. Each step answers one sub-question proposed in the

previous section.

The first step is to determine the food composition of the diets that will be assessed in the
research. The second step is to collect the data or calculate the specific water, land, and
carbon footprints of each food products and categories. The third step is to calculate the
total water, land and carbon footprints of each diets based on their specific food
compositions. The Last step in the end is to compare the results of the footprints of
different diets. In this chapter, each of the mentioned research steps will be further
explained.

The water, land and carbon footprints of different dietary scenarios vary with different
quantities of each food categories. The footprints of consumption for diet d in China (for
Feonsa, for WF: m3 /capita/day; for LF: ha/capita/day; for CF: kg CO,eq/capita/day) are
defined by:

Fcons,d = Z(Cd,c‘ X FC*) (1

c

Where Cj; . isthe consumption of food category ¢ indiet d in China (g/capita/day). F/
indicates the average footprints per unit of consumed food category ¢ in China (F/, for
WF: m3/tonne; for LF: ha/kg; for CF: kg CO,eq/kg), which are defined by:

_ Yi(Ffe x DS

Ff = 2
¢ 2iDS;c (@)
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Where F;. is the average footprints per unit of consumed food product or group i in
China classified as food category ¢ and their determination are explained in section 3.2.
While DS; . is the annual domestic supply (the determination of domestic supply can be
seen in equation (12)) of food product or group i in China classified as food category ¢
(tonne/year) from FAO (2017).

The data collections of the main input data of C;. and F;. will be explained in the
following sections.

2.2 Input data
2.2.1 Diet classification

As illustrated in Figure 2, this research will first address the diets that will be studied.
According to Jalava (2014) and York (2011), meat intake amount is crucial in diet
classification and analysing diet changes effect. Thus, distinguishing animal food product
consumption is the key to classify different diets. Therefore, five diets have been selected
based on different animal products intake level. The diets and their specifications are
illustrated in Table 4. The method of approaching these diets is briefly shown in Figure 3.

Table 4
Specifications of different diets in this research, the diets will be presented by the unit of

g/capita/day.

Diets Specifications

Current diet (REF) Chinese food consumption data in 2013 are based on
food supply data from the Food Balance Sheets of
FAOSTAT (FAO, 2017) and factors to correct for the
difference between supply and actual intake.

Healthy diet (CDG) Adapted from the dietary recommendations from
Chinese Dietary Guidelines (CDG) published by
Chinese Nutrition Society (CNS, 2016).

Pescetarian diet (PES) Pesco-vegetarian or fish-eater diet. Included are fish,
other seafood, dairy, and eggs; other animal products
are excluded. *

Vegetarian diet (OLV) Ovo-lacto vegetarian. Included are dairy and eggs;
other animal products are excluded. *

Vegan diet (VEG) All animal products are excluded. *

* Precise diet composition is estimated through linear programming

10
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REF

The REF scenario represents the current China’s dietary consumption. The food supply
data of each food products were obtained from the Food Balance Sheet reported by FAO
(2017), and classify the 88 reported food products and groups into 12 food categories
proposed by CNS (2016). Because cereals and pulses significantly differ in protein content,
one of the category “Cereals and Pulses” is further split as “Cereals” and “Pulses”. Some
reported food products and groups such as beverage and flavoring seasoner are not able
to be classified as any of the food category, so they are marked as “Others” and remain the
same value in all diet scenarios. The actual food consumption of food category c¢ in REF
(Crgr,c) is determined by:

Crere = SUP. X (1= f1c) X (1= fo) (3)

Where SUP. is the food supply quantity (g/capita/day) of food category ¢ in China in
2013 from FAO (2017). fi.and f,. are two factors of food losses and waste. f; .
indicates the non-edible factor of food category c¢ from Zessner et al. (2011) and USDA
(1991), and f,. is the factor of household food waste of food category ¢ in China from
Xu (2005). These correction factors are shown in Table 5.

Table 5
Correction factors in China. (f; .: non-edible factor of food category c. f,.: household food
waste of food category c)

Food Category fic fac

0il 0 0.11
Sugar 0 0.11
Milk and dairy products 0 0.11
Soybeans 0 0.11
Nuts 0 0.11
Meat 0.32 0.10
Fish and seafood 0.33 0.11
Eggs 0.11 0.10
Vegetables 0 0.14
Fruits 0.27 0.08
Cereals and products 0 0.11
Pulses and products 0 0.11
Potato and other root products 0 0.11
Others 0 0.11

Sources: Zessner et al. (2011), USDA (1991) and Xu (2005)
CDG

CNS (2016) has provided different Chinese dietary recommendations of intake amount of
food categories for multiple energy intake requirements from 1000 kcal/capita/day to
3000 kcal/capita/day, and they are shown in Table 11 in Appendix II. In order to select

12



THE WATER, LAND, AND CARBON FOOTPRINTS OF DIFFERENT HUMAN DIETS IN CHINA

CDG in this research from these recommendations, the total energy intake and protein
intake of the diet CDG E.p; (kcal/capita/day) and P.p; (g/capita/day) are required to
approach two restrictions of both China’s weighted average energy and protein
requirements E,..q oy (kcal/capita/day)and P4y (g/capita/day) as close as possible,
which are determined by:

Zage(Ereq,age,m X Popage,m) + Zage(Ereq,age,f X Popage,f)
Popcn

(4)

Ereq,CN =

Zage(Preq,age,m X Popage,m) + Zage(Preq,age,f X Popage,f)
Popcy

(5)

Preq,CN =

Where Ereqagem and Epeqages are energy requirements of male and female for
different ages (kcal/capita/day) reported by CNS (2016), and shown in Table 9 in
Appendix L. Begagem and Pregages are protein requirements of male and female for
different ages (g/capita/day) also reported by CNS (2016). Popggem and Popgge  are
the population of male and female of different ages in China from UNSD (2010), and
shown in Table 10 in Appendix . Pop.y is the total population of China also from UNSD
(2010).

While E.p; and P.p; are determined by:

Ecpe = Z(ECC X Cepa,c) (6)
c

Pcp = Z(PCC X Cepe,c) (7)
c

Where Ccpg . is the total consumption of food category ¢ in diet CDG (g/capita/day).
EC, and PC, are weighted average energy content of food category c¢ in China (kcal/g)
and weighted average protein content of food category c¢ in China (mg/g), which are

determined by:
Zc Esup ic
EC, =Bt (8)
¢ Zc SUPi,c
Zc Psup i,c
PC. =T—+— 9
© = T.SUP, ©)

Where SUP;. is the food supply quantity (g/capita/day) of food product or group i
classified as food category ¢ in Chinain 2013 from FAO (2017). Egp i and Pgy, ;. are

energy supply (kcal/capita/day) and protein supply (mg/capita/day) of food product or
group i classified as food category c in Chinain 2013 from FAO (2017).

13
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PES, OLV and VEG

Linear programming has been used to estimate the precise composition of the PES, OLV
and VEG diets. To avoid unrealistic diet modelling, the diets will be chosen by the smallest
difference in total food consumption with CDG. It leads to the objective function of linear
programming;:

minimize |C; — Ccpg| = (10)

Z Cd,c - Z CCDG,C
c c

Where C,; indicates the total consumption amount of dietary scenario d (g/capita/day),
and Cy. is the food consumption of food category ¢ in dietary scenario d

(g/capita/day).

Two restrictions have been applied in the linear programming process. In order to be able
to fairly compare the three diets with CDG, the first restriction applied is that PES, OLV
and VEG should have the same total energy and protein intakes as CDG (as were calculated
in equation (6) and (7)).

The second restriction is the consumption of each food category in each diet will change
with certain constraints. These constraints are defined by the recommended consumption
range for Chinese ovo-lacto vegetarian (for PES and OLV) and vegan diets (for VEG) by
CNS (2016), and they are shown in Table 12 in Appendix II.

2.2.2 Footprints of food products

For this research, the footprints of food products in China’s market are used, which
involves imported and exported quantities. However, the trade of food products changes
over time and not predictable, therefore the world average footprints are applied for
imported products in the research instead of the footprints of producing in other specific
countries. Regardless of which category the food product or group classified as, the
average footprints of consumed food product or group i in China (F;’) are defined by:

_ Fien X DSicn + Fywa X DSiimp (11)

: DS;

Where F; ¢y is the footprints of food product or group i which is produced in China, and
F; wa is world average footprints of the food product or group i. The footprints will be
discussed in detail in the following sections. DS; (tons/yr) is the annual domestic supply
of food product or group i in China in 2013 from FAO (2017). But some of the domestic
supply data are not direct available from FAO dataset such as apple and banana, and they
can be derived by:

DS; = PROD; + IMP; — EXP; (12)

14
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Where PROD;, IMP; and EXP; represent annual domestic production quantity,
imported quantity, and exported quantity in China of food product or group i in 2013
respectively (tonnes/yr). These data can be obtained from FAO (2017).

The domestic supply of food product or group i in China (DS;) consists of two parts, one
is come from imported products DS; ;;,, another one is come from domestic production
in China DS; ¢y. Due to lack of data, an assumption has been made here in the research:

DS;. = DS; x IMF; 13

bimp L PROD; + IMP; (13)
PROD;

DS;cy = DS; x (14)

PROD; + IMP,

WF of food products

The water footprints in this research consist of all three components: green, blue, and grey
water footprint. The data of WF of crop commodities in China and world average value
were obtained from Mekonnen & Hoekstra (2011), and the data of WF of livestock
commodities in China and world average value were used from Mekonnen & Hoekstra
(2012).

WEF; = WFi,green + WF; prye + WFi.gTey (15)

Since the data sources distinguished green, blue and grey water footprints, the total water
footprints of the commodity i (WF;, m3/kg) is the summation of three different water
footprint types of the certain commodity (WF; green, WFE; piues WF; grey, m3/kg).

LF of food products

LF for crop products

The land footprint of crop product i (LF;, ha/ton) is derived by:

vfi,pre
Y X f) (16)
Where Y; is the yield of crop product i (tonne/ha) from FAO (2017). pf; indicates the
product fraction of product i which is reported in Mekonnen & Hoekstra (2011) when it
is the processed crop product for example soybean oil. vf;,,. is the value fraction of the
premium product of product i, and it only be applied when the by-product of product i
were used as feed ingredient. It will be explained in the following section and determined
in equation (21).

LF for animal products
A feed-based footprint approach has been applied here. The land footprint of livestock

product [ (LF;, ha/tonne) such as beef, pork, milk, and eggs are determined by:
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LF, = Z(Lpfeed,i,l X f;1) X FCE, (17)
i

Where FCE; is the feed conversion efficiency of livestock product [ from Mekonnen &
Hoekstra (2011). f;; is the share fraction of feed ingredient product i in the feed mix of
livestock of product [, and the feed composition of different livestock can be found in
Wirsenius (2000).

LFfeeq,i; is the land footprint of feed ingredient i which consumed by the livestock
product ! (ha/tonne). If the ingredient i is the premium product of a crop, the land
footprint results of crop products from the previous section are used. If pasture land has
involved, for example beef and lamb, the land footprint of grass was derived by world
average grass yield (10.5 ha/tonne) from Reckling et al. (2014) by equation (16). If the
ingredient i is the by-product of a crop, the land footprint of the by-product i
(LFfeeq,i,py, ha/tonne) will be calculated as:

Vfib
LFfeeaiby =~ (18)

i,by
Where Y;;, indicates the Yield of by-product i (tonne/ha), and itis derived by:

1—-Hlipre

Yi,by = Yi,pre X HI
ipre

(19)

Due to the lack of data, an assumption has been made that all feed products are supplied
by domestic producers in China. So HI; .. is the harvest index of the premium product

of the by-product i in China. They can be found in Xie etal. (2011a) and Xie etal. (2011b).
Y, pre is the Yield of the premium product of the by-product i in China which is

approachable from FAO (2017).

vf;py inequation (18) is the value fraction of by-product i which is determined by:

Pi,by X Yi,by
Pi,pre X Yi,pre + Pi,by X Yi,by

vfi,by = (20)

Where P; .. is the price of the premium product of the by-product i in China
(CNY/tonne) which is available by FAO (2017). P,y is the price of the by-product i in
China (CNY/tonne). There is no official data available regarding the by-product price, so
the average retail price from wholesalers on the website of Alibaba! are applied here.

Based on equation (16), for the crops whose by-products have been used for feed
ingredients such as wheat, soybean, and sugarcane, the value fraction of the premium
product of the product i (vfj,re, ha/tonne) will be determined as:

1 Alibaba (https://www.1688.com/) is the biggest online wholesale platform in China.
16
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vfi,pre =1- vfi,by (21)

Where pf; e indicates the product fraction of the premium product of the by-product i
from FAO (2017).

CF of food products

The greenhouse gas emissions of most agricultural products have been reported by Clune
etal. (2017). It has integrated as many results from other studies as possible to approach
the more precise world average carbon footprint values.

In addition, to perfect the products especially processed products such as oil and sugar
that haven’t reported by Clune et al. (2017), another report from Agri-footprint (2015)
has been used, which provides the GHG emissions of the products in only a few major
countries. The world average carbon footprint of food product i (CF;y 4, kg COeq/kg)
need to be processed by:

—— Y;(CF;; x PROD; ;)
wa =
. Y PROD; ;

(22)

Where CF;; is the carbon footprint of product i in country j (kg CO,eq/kg). PROD, ;
is the annual production quantity of producti in country j (kg/year) from FAO (2017).
In order to approach a more accurate estimation, the average annual production data of
recent 10 years are applied for PROD, ;.

Exceptional cases

Aquatic Animals

Due to the lack of data, the water footprint of aquatic animals both in China and world
average follow the results from the feed-based study Yuan et al. (2017), which has
distinguished fresh water aquaculture, marine aquaculture and weighted average value in
China.

Table 6
Production-weighted blue, green and grey water footprints of freshwater aquaculture, marine

aquaculture, and the average to produce 1 tonne of product (m3/tonne), copied from Yuan et al.
(2017).

Type Blue WF Green WF Grey WF Total WF
Freshwater Aquaculture 750 1960 450 3160
Marine Aquaculture 350 960 190 1500
Average 740 1930 440 3110

The land footprints of aquatic animals are considered only come from feed in the research
except freshwater fish. The land footprint of aquatic category a (demersal fish, pelagic
fish, other marine fish, crustaceans, cephalopods, other mollusks, and other aquatic

animals listed by FAO (2017), LF,, ha/ton) is defined by:
17
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_ Y»(LE, o X PROD, )

LF,
@ >p PROD, ,

(23)

Where PROD,, is the annual production quantity of aquatic product p in China
classified as aquatic category a (tonne/year) from FAO (2016). LF,, is the land
footprint of aquatic product p classified as aquatic category a (ha/tonne), and the land
footprint of aquatic product p of any category (LF,, ton/ha) is defined by:

LE, = Z(LFfeed,i,p X fip) X FCE, (24)

L

Where LFfeeqq is the land footprint of feed ingredient product i in China which
consumed by the aquatic product p (ha/tonne). f;, is the share fraction of the feed
ingredient product i in the feed mix of aquatic product p in China, and the data is
available from the Chinese official database AgriData (2008). FCE, is the feed
conversion efficiency of aquatic product p from Tacon & Metian (2008).

The land use of fishery pond has taken into account for land footprint of freshwater
aquaculture (LFgy,, ha/tonne) in this study, so it can be derived by:

Y+ (LFf gy X PROD; pyy)
LFpy = 212S LEW) o LFyona (25)

25 PROD¢ py

Where LFyonq is the average land footprint of fishery pond land use (ha/ton).

Apona
LFpong = 5pmr— 26

Where Apong = 2429479 ha is the total area of fishery ponds in China from AgriData

(2004). PRODgy, is the annual production quantity of all fresh water fish in China from
FAO (2016).

Sugar
There is no data available regarding the share fraction of cane sugar and beet sugar in
China’s market, so an assumption has been made here:

DSbeet sugar __ DSsugar beet (27)

Dscane sugar Dssugarcane

Where DSpeet sugarr DScane sugar» DSsugar beet and DSgygarcane indicate the annual
domestic supply of beet sugar, cane sugar, sugar beet and sugarcane in China respectively.
Thus, when approaching the weighted average footprints of sugar in China, weight the
beet sugar and cane sugar by the domestic supply of sugarcane and sugar beet in China.

18
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Lamb
Due to the lack of detail feed data of sheep and goat, the land footprint of lamb in China

cannot follow the feed-based approach explained in section 3.2.2. It is assumed as the
average value of few studies in other regions in the world reported by Nijdam et al. (2012).

All the other products whose footprints haven’t covered in the sources above are used the
weighted average value of other products in the same food category.
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3. Results
3.1 Diets

Table 7 shows the energy and protein intake requirements of Chinese weighted average
that calculated by equation (4) and (5). The energy intake of selected healthy diet CDG
from CNS (2016) is higher than requirement with 2%, and the protein intake of the CDG
is lower than requirement with 2%. Thus, the CDG is considered as approached to the both
requirements of energy and protein intakes for Chinese.

Table 7
The comparisons of Chinese energy/protein requirement and energy/protein intake of CDG
Energy intake Protein intake
(kcal/capita/day) (g/capita/day)
Requirement (Chinese weighted) 1914.6 57.03
CDG 1953.8 55.87
Difference +2.0% -2.0%

The energy content (EC,) and protein content (PC.) of each food category in China that
calculated by equation (8) and (9) are shown in Table 8. It also gives the detail
consumption quantity of current diet (REF), healthy diet (CDG), pescatarian diet (PES),
ovo-lacto vegetarian diet (OLV), and vegan diet (VEG) that have been studied in this
research, and the overview intake amounts of each food category are shown in Figure 4.

In diet REF, some food categories are consuming slightly less than recommendations from
CDG (sugar, oil, soybeans, and eggs). Some foods lack consumption massively such as dairy
products and fruits. There are also many food categories that consumed too much
currently (nuts, meat, fish, vegetables, cereals, and potatoes).

Regarding the results of linear programming, the diet PES does not consume meat flesh
compare to CDG, but increase the intakes of fish, soybeans, and nuts. OLV reduced intakes
of meat and fish as zero, but increase soybeans, nuts, vegetables, fruits, and pulses. And
the consumption of oil and potatoes decreased in OLV. For the diet VEG, no consumption
of milk, eggs, meat, and fish, but increase significantly in protein-rich products such as
soybeans, nuts and pulses. All three modelled diets (PES, OLV, and VEG) have the exact
same energy and protein intakes as CDG ( Eqp; = 1953.8 kcal/capita/day, Pcpg =
55.9 g/capita/day).
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Figure 4

Intakes of food categories for the year of 2013 in China (REF), healthy diet (CDG) recommended by
Chinese Dietary Guidelines, pescetarian diet (PES) ovo-lacto vegetarian diet (OLV) and vegan diet
(VEG) in this research.

3.2 Footprints of food products

By following the method described in section 2.2.2, the water, land, and carbon footprints
of specific food products consumed in China are shown in Table 13 in Appendix III. The
land footprint of the major by-products that have involved in the feed of livestock and fish are
shown in Table 14 in Appendix III.
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3.3 Footprints of food categories

(a) Water Footprint (m3/tonne)
O] 4655
sugar |E———— 1741
milk and diary products I 1296
soybeans |—————————————— 2617
nuts  —— 3050
meat | ——— 4778
fish and seafood IE—————— 2458
eggs I 3094
vegetables W 396
fruits I 851
cereals and products I 1215
pulses and products I 2464
potato and other root products Wl 313
others IS 1079

(b) Land Footprint (m?/kg)

I R YA
sugar W 1.26
milk and diary products i 1.74
soybeans S 4.46
nuts . 2 45
meat 1300
fish and seafood |—— 4.15
eggs I 6.45
vegetabl