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Abstract: Background: Carbohydrate-rich (CR) foods are essential parts of the Chinese diet.
However, CR foods are often given less attention than animal-based foods. The objectives of this
study were to analyze the carbon emissions caused by CR foods and to generate sustainable diets with
low climate impact and adequate nutrients. Methods: Twelve common CR food consumption records
from 4857 individuals were analyzed using K-means clustering algorithms. Furthermore, linear
programming was used to generate optimized diets. Results: Total carbon emissions by CR foods was
683.38g CO2eq per day per capita, accounting for an annual total of 341.9Mt CO2eq. All individuals
were ultimately divided into eight clusters, and none of the popular clusters were low carbon or
nutrient sufficient. Optimized diets could reduce about 40% of carbon emissions compared to the
average current diet. However, significant structural differences exist between the current diet and
optimized diets. Conclusions: To reduce carbon emissions from the food chain, CR foods should be a
research focus. Current Chinese diets need a big change to achieve positive environmental and health
goals. The reduction of rice and wheat-based foods and an increase of bean foods were the focus of
structural dietary change in CR food consumption.

Keywords: sustainable diets; nutritional adequacy; environmental impact; K-means clustering;
linear programming

1. Introduction

Global food production is related to high amounts of greenhouse gas (GHG) or carbon
emissions [1–4]. Recently, various studies, from different perspectives, have been carried out to reduce
carbon emissions produced by food production [5–8]. Some technological and managerial options have
been used to reduce GHG emissions, such as enhancing carbon removals by restoring degraded lands,
optimizing fertilizer use, and increasing the production capacity per unit of emissions generated [9].
However, technological improvements alone were not enough to reduce GHG emissions, because the
combination of population growth and rising consumption of high-energy foods could undermine the
emission cuts that technological and managerial innovations could achieve [10]. Thus, a number of
researchers have focused their attention on dietary choices [11,12]. Many studies set different dietary
scenarios to investigate the potential for reducing GHG emissions [11,13], such as the Mediterranean
diet and the national average diet in Italy [14], nine dietary scenarios in China [6], and six patterns in the
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Netherlands [15]. However, dietary scenarios were not intrinsically linked in these studies. A clustering
algorithm can group data into different clusters based on distance to the centroid. A clustering
algorithm, then, could better exhibit the implicate linkage among investigation samples. For example,
three dietary patterns of 1500 Irish adults were profiled by Hyland et al. [16], and seven dietary
patterns of 10,723 respondents were identified in Canada by Veeramani et al. [17]. On the other
hand, a sustainable diet should consider both nutritional and environmental aspects [18]. If not well
balanced, the dietary styles that tend to be most beneficial in environmental terms, such as a vegan
and vegetarian diets, could lead to an insufficient supply of essential nutrients [19]. Many studies
deal with this issue through linear programming, i.e., constraining environmental and health criteria
together to generate qualified choices about diets [20]. Many diets, such as those in France [21],
Netherlands [22], and the USA [23], have been optimized using linear programming. These studies all
highlight animal-based foods. Although some studies showed that this process is a useful strategy
by changing the ratio of meat consumption in current diets [6,17,24,25], many studies showed that
consumers were reluctant to eat less meat [26,27]. With the rapid development of the economy, meat
consumption per capita presented by Chinese statistics increased by 62.4% during the period of
2000–2016 [28]. This result is inconsistent with the demand of reducing meat consumption in a short
period of time. In addition, dramatic reductions in meat consumption could lead to smaller reductions
in carbon emissions, because the consumption of other ingredients might increase to compensate for
the nutrients in meat [6].

Unlike western dietary patterns, carbohydrate-rich (CR) foods, which include cereals, beans,
and tuber foods, are the main energy source in Chinese diets, providing about 50–65% of the total
energy intake [29]. The study by Batis et al. [30] found that the characteristics of Chinese inhabitants’
diets include a high intake of rice and wheat flour products. Considering the recommended amount
(250–400g per day) of CR foods [29] and the population of China, CR foods have a significant impact
on the environment. The carbon emissions of 17,110 family members of Chinese households was
quantified, and data showed that 39% of total carbon emissions produced by food consumption
were from rice, wheat, legumes, and other cereals [31]. Thus, a study on the carbon emissions of CR
foods in China is very important. However, systematic and specialized research related to the carbon
emissions of CR food consumption is still in its infancy. On the other hand, directly intervening into
diet choices for environmental reasons alone is difficult to implement [32]. However, the health aspects
of sustainable diets make shifting consumer behaviors possible [33]. The dietary structure in CR food
consumption is unreasonable [29]. Wheat flour and rice represent most of the CR foods consumed,
which is not in line with the principle of Chinese dietary guidelines, i.e., encouraging people to eat
diverse foods. Rice and wheat flour showed the highest carbon footprint (CF) among CR foods [34].
Consumers’ desire for healthy food can help achieve a diet with low carbon emissions. Owing to
the large amounts of GHG emissions from CR food consumption, changing to healthier and more
sustainable diets would be of great help to achieve the low-emission goal for China. Currently, the goal
of various GHG studies in the food system on a diet basis is to identify the most polluting food items
or to compare dietary choices [19]. However, no research was carried out to investigate the effects of
improving the dietary patterns among CR foods on carbon emissions in China.

Carbon emissions from CR foods were huge, and a sustainable CR food diet shift is more likely to
be accepted compared to meat products [33]. However, systematic and specialized research about CR
food consumption is still in its infancy. Therefore, the aims of the present study were to (1) quantify
the carbon emissions embedded in CR food consumption based on data from a household survey, (2)
analyze carbon emissions and nutrient intake of different CR food consumption patterns to identify
the feasible dietary options, and (3) minimize carbon emissions of CR food consumption using a linear
programming method while meeting health requirements.
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2. Materials and Methods

2.1. Food Intake Data

In this study, the information related to food intake was all taken from the China Health and
Nutrition Survey (CHNS) of 2004, 2006, 2009, and 2011 [35]. CHNS is an open database that includes
Chinese food consumption information for all 15 provinces. The data covers more than 1900 foods
consumed by 18–50-year-old adults. Overall, 24 common CR food types were recorded in the database.
Finally, about 1637 households’ food consumption items were chosen according to the CR food
consumption record. In accordance with the China Food Composition database [36,37], twenty-four
foods were aggregated into rice, tailored wheat flour, wheat flour (second), maize, maize flour, millet,
arena nada flour, mung bean, mung bean flour, azuki bean, potato, and sweet potato.

A survey was conducted between 2010–2012 to investigate the proportions of nutrients from CR foods
to total dietary nutrition, and the results showed that the proportions of 10 nutrients (protein, carbohydrate,
vitamin B1 (VB1), vitamin B2 (VB2), niacin (VPP), magnesium, iron, calcium, potassium, and zinc) from CR
foods were over 20% individually [29]. These nutrients are used as nutritional indices, and their contents
per 100 g of different kinds of CR foods are taken from the China Food Composition database [36,37].
According to the recommendations from the Chinese dietary guidelines, 12 CR foods were categorized into
four groups: rice & wheat flour (G1), whole grains (G2), beans (except soybeans) (G3), and tuber food (G4).
In this study, the weight and energy intake is calculated based on raw or uncooked materials. The brief
information of these CR foods is shown in Tables 1 and 2.

Table 1. The carbon footprint (CF), energy, protein, carbohydrate, and vitamins content of these
carbohydrate-rich (CR) foods per 100g.

Groups Foods GHG
(kg CO2eq) 1

Energy
(kcal) 2

Protein
(g) 2

Carbohydrate
(g) 2 VB1(mg) 2 VB2

(mg) 2
VPP

(mg) 2

G1
Rice 0.290 344 8.6 76.4 0.11 0.07 1.6

Tailored flour 0.122 350 10.3 74.6 0.17 0.06 2.0
Wheat flour (second) 0.106 349 10.4 74.3 0.15 0.08 2.0

G2

Maize 0.059 335 8.7 66.6 0.21 0.13 2.5
Maize flour 0.103 340 8.1 69.6 0.26 0.09 2.3

Millet 0.106 358 9.0 73.5 0.33 0.10 1.5
Avenanuda flour 0.192 385 12.2 67.8 0.39 0.04 3.9

G3
Mung bean 0.121 316 21.6 55.6 0.25 0.11 2.0

Mung bean flour 0.127 330 20.8 55.0 0.45 0.12 0.7
Azuki bean 0.117 309 20.2 55.7 0.16 0.11 2.0

G4
Potato 0.022 76 2.0 16.5 0.08 0.04 1.1

Sweet potato 0.027 99 1.1 23.1 0.04 0.04 0.6
1 The information was from the study by Xu et al. [34]; 2 The information was from the China Food Composition
database [36,37].

Table 2. The mineral content of these CR foods per 100g.

Groups Foods Magnesium (mg) 1 Iron (mg) 1 Zinc (mg) 1 Calcium (mg) 1 Potassium (mg) 1

G1
Rice 35 0.8 2.00 6 107

Tailoredflour 32 2.7 1.00 27 128
Wheat flour (second) 48 3.0 1.00 30 124

G2

Maize 96 2.4 2.00 14 300
Maize flour 84 3.2 1.00 22 249

Millet 107 5.1 2.00 41 284
Avenanuda flour 146 13.6 2.00 27 319

G3
Mung bean 125 6.5 2.00 81 787

Mung bean flour 0 6.1 3.00 74 750
Azuki bean 138 7.4 2.00 74 860

G4
Potato 23 0.8 0.15 8 342

Sweet potato 12 0.5 0.37 23 130
1 The information was taken from the China Food Composition database [36,37].
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2.2. Food Carbon Footprint (CF) Data

The CFs of different CR foods have been illustrated by thousands of studies through the life
cycle assessment (LCA) methodology. Those studies involved rice [38], wheat [39], maize [40],
and potatoes [41] worldwide. However, due to the difference in life cycle boundaries and calculation
methods, CF values vary significantly for the same kind of food. The CFs of nineteen kinds of CR
foods including grains, beans, and root and tuber foods from cultivation to manufacture in China were
investigated by Xu et al. [34] according to the life cycle assessment (LCA) method. Coarse foods, such as
avenanuda, an important part of Chinese diets, were also examined in their research. Because scientific
and accurate results can be gained, the data by Xu et al. [34] is adopted in this study.

2.3. K-Means Clustering Algorithms

In many previous studies [12,14,42], the average consumption of foods was usually used as the
standard when setting dietary scenarios. However, a more precise method can be used to set criteria
for dietary scenarios through the K-means clustering algorithm (KCA). Cluster analysis can more
accurately categorize a set of data into different clusters based on similarities that can reflect their
characteristics. Samples are classified into clusters that share the maximized similarity in one cluster
and minimized similarity between different clusters [43]. This algorithm was first used in the dietary
field by ElisabetWirfÄLt et al. [44] to explore dietary patterns in weight, demographics, and nutrition
intake dimensions, and 6 food patterns were concluded. Since then, Stricker et al. [45] has used KCA
to identify dietary patterns associated with two diseases. K-means clustering is more effective when
dealing with large scale data [46]. In this study, KCA in the python 3.6.7 software package was used
to generate different CR food consumption clusters for 1637 households. The procedure of K-means
clustering is as follows: a) a chosen number, K, is set as the initial centroid number among the data
objects; b) each data object is assigned to a cluster that shares the most similar features; c) the centroids
of each cluster are re-calculated; d) if the algorithms are convergent, then stop; otherwise, go back to
step b.

2.4. Linear Programming Models

Linear programming is a mathematical modeling technique that allows the generation of optimal
solutions [47]. Linear programming models for human diets were first applied in the 1950s [48].
This mathematical method optimizes an outcome that is a linear function of several variables that
can be controlled (e.g., the amount of food eaten), while subject to a number of constraints (e.g.,
dietary requirements) [49]. In this study, linear programming using the python 3.6.7 software package
was adopted to generate optimal selections with qualified criteria to develop a diet with low carbon
emissions and sufficient nutrition. One objective function and four kinds of constraints were considered
in the linear programming algorithm. The diet consisted of 12 CR foods X = (x1, x2, x3, . . . , x12).
At the same time, each CR food was characterized by 11 factors, i.e., its energy content and 10 nutrients.
In this way, we can obtain a 12 × 11 matrix A. Matrix A is written as Equation (1),

A =

 a1,1 · · · a1,11
...

. . .
...

a12,1 · · · a12,11

 (1)

where aij represents the content of the jth characterization factor in the ith CR food per kg, which is
taken from the China Food Composition database [36,37].

First, the objective function was expressed as follows:

GHGt =
n

∑
i=1

xiCFi (2)
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where GHGt is the sum of carbon emissions embedded in CR foods (kgCO2eq); Xi is the estimated
consumption amount of food i per day (kg); and CFi is the CF of food i, which is calculated by
Xu et al. [34].

The diet should be constrained by the following limitations:

Nutrient constraints

The amounts of nutrients should be within a certain range. The upper and lower bounds of
nutrient intake are set as Tolerable Upper Intake Level (UIL) and Recommended Nutrient Intake (RNI)
to avoid changing radically with the CR food consumption that may lead to an unhealthy situation.
Equations (3) and (4) were employed to calculate the nutrient intake of a diet according to the study of
Song et al. [6]:

Nuj =
n

∑
i=1

xiaij (3)

RNIj ≤ Nuj ≤ UILj (4)

where Nuj is the total amount of nutrient j, and j = 2, . . . or 11; RNI is its recommended nutrient intake
level; UIL is its tolerable upper intake level.

Weight constraints

Consumption of each food group should also be in a certain weight range according to the dietary
guidelines for Chinese residents [29]. The details of the lower and upper bounds are shown in Table 3.

Table 3. Food intake (g d−1) constraints for 4 groups.

Group Code Group Name Lower Upper

G1 Rice & wheat flour 150 150
G2 Whole grains

50 150 1
G3 Beans (excluding soybeans)
G4 Tuber foods 50 100

Total 250 400
1 Consumption constrains of G2 and G3 is merged into one item.

The sum of all CR food weight is 250–400 g [29]. That is to say,

250 ≤
12

∑
i=1

xi ≤ 400. (5)

The weight sum of G1 is 150 g [29], which means,

3

∑
i=1

xi = 150. (6)

The weight sum of G2 and G3 is 50–150 g [29]. That is to say,

50 ≤
10

∑
i=4

xi ≤ 150. (7)

The weight sum of G4 is 50–100 g [29], which means,

50 ≤
12

∑
i=11

xi ≤ 100. (8)
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Food type constraints

The principle of dietary guidelines for Chinese residents was to encourage people to eat more
kinds of food. Thus, 12 CR foods should join the daily diet. In this study, 10% of the lower bounds are
set to ensure that all 12 CR foods are covered [29]:

xi ≥ 15
xj ≥ 5
xk ≥ 5

(9)

where for the G1 foods, i = 1, 2, or 3; for the G2 and G3 foods, j = 4, 5, . . . , or 10; for the G4 foods, k =
11 or 12.

Energy constraints

Since CR foods are the main source of energy, accounting for 50%–65% of total energy [29], energy
from CR foods should be constrained at the same time. Chinese adults under 65 years old are suggested
to intake an average of 2200 kcal d−1 [29]. Thus, the sum of the energy from CR foods is limited to the
range from 1100 kcal to 1430 kcal:

1100 ≤
12

∑
i=1

xiai1 ≤ 1430 (10)

where ai1 is the energy content in the ith CR food per kg, which can be found in the China food
composition database [37].

2.5. Three Scenarios

The characteristics of the current Chinese diet are unsustainable and unhealthy. Polished rice and
wheat flour products containing little vitamin B, dietary fibers, or minerals occupy a large proportion
of CR food consumption [29]. Lacking whole grains, beans, and tuber products may cause nutrient
deficiency. Besides, a great number of studies have confirmed that the CFs of rice are much higher than
those of other cereals. The dietary guidelines for Chinese residents [29] recommend that people need
to eat more whole grains and tuber foods. Accordingly, this study analyzed the current consumption
of 12 CR foods, and then generated different scenarios based on the characteristics of CR foods
consumption by households. This article aims to research the effects of a qualified diet compared to
those of the current diet. Three scenarios are developed in this study.

Scenario 1:

The first scenario is the current diet without any constrains.

Scenario 2:

The second scenario is the recommended diet. This diet is restrained by recommended weight,
energy, nutrient intake; at least one type of food in each of the four groups (Table 3) needs to be
included in the optimal diet.

Scenario 3:

The third scenario is the optimized current diet. In this diet, the intake of CR foods is constrained by
recommended weight, energy, and nutrient intake. In addition, 12 types of food were included in this diet.

3. Results

3.1. Food Amounts and Carbon Emissions of the Current Consumption

The current CR food consumption is shown in Table 4, which shows that G1 foods, as traditional
staple foods, in grams, occupy the top three slots, accounting for 76.02% of the total CR food
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intake. In addition, G4 foods also play an important role in the Chinese diet based on food weight.
However, avenanuda flour and G3 food consumption was small, less than 2g per day. According to
the dietary guidelines for Chinese residents [29], foods from the four groups should be covered in
Chinese daily diets from a health perspective. Thus, the 12 CR foods in this study were further
assigned to the recommended groups (Table 3). The total consumption of G1 foods was 373.02g per
day, which is about 2.5 times higher than the upper limit (150g per day). The results also showed that
the consumption of G2 and G3 foods (whole grains and beans) was 36.66 g per day in total, far below
the 50 g d−1 minimum threshold. G4 food was the only food group reaching the recommended range
(50–150 g per day). This data indicated that current CR food consumption by Chinese people deviates
from the dietary guidelines, implying that the current CR food consumption could lead to nutrient
intake imbalance.

The carbon emissions embedded in the 12 CR foods are also shown in Table 4. The total carbon
emissions produced by the 12 CR foods were 683.38 g CO2eq d−1 per capita. Furthermore, carbon
emissions produced by G1 foods accounted for 92.17% of the total carbon emissions from the CR food
production. The results in Table 4 also show that although G4 food consumption accounted for 16.57%
of the total intake in grams, it was responsible for only 2.71% of the carbon emissions due to the lower
CF of tuber foods. G2 and G3 foods have small emissions because of their slight consumption. G1 foods
produced most of the total emissions. Xu et al. [34] showed that a higher consumption choice of brown
rice and standard grade flour could reduce carbon emissions. However, the total consumption of
G1 foods was much higher than the upper limit. Therefore, a greater consumption choice of coarse food
is more appropriate. In addition, as a low carbon and healthy food type, the consumption of G4 food
should be increased. However, the weight range of G4 food, according to the dietary guidelines,
was 50–100 g, and the consumption of potatoes has reached 75.32 g. Therefore, sweet potatoes should
be given more attention than potatoes. On the other hand, the recommended consumption of CR food
was 250–400 g. Thus, reducing the consumption of CR food, especially G1 food, could be beneficial
from health and environmental viewpoints.

Table 4. The amount of current CR food consumption and carbon emissions per day per capita.

Groups Food Items Food Consumption (g) Carbon Emissions (g)

G1
Rice 116.39 337.44

Tailored flour 124.48 152.28
Wheat flour (second) 132.15 140.14

G2

Maize 8.42 4.98
Maize flour 12.58 12.9

Millet 12.4 13.15
Avenanuda flour 0.09 0.17

G3
Mung bean 1.72 2.09

Mung bean flour 0.36 0.45
Azuki bean 1.09 1.28

G4
Sweet potato 6.00 1.63

Potato 75.32 16.87

Total 490.7 683.38

3.2. CR Food Consumption Patterns

According to the dietary guidelines for Chinese residents, four groups of CR foods should be
contained in Chinese diets each day. Thus, individual consumption of CR foods was clustered to
further investigate the current situation. In this study, 4857 Chinese adults’ consumption of the
12 CR foods was clustered, and ultimately 8 clusters were developed. Centroids and consumption
of the eight clusters are shown in Table 5. As for the scale of the clusters, cluster 8, which included
1768 individuals, occupied the biggest proportion. If the scale of the respondents represented the
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acceptance of consumption patterns, cluster 8 was the most popular. In this cluster, consumption
of G1 food was high while other groups were low. Its feature was in line with the characteristic of
the CR foods consumption [29], i.e., rice and wheat flour products occupy most of the staple foods.
Cluster 7 had 1362 respondents, accounting for 27.94% of total respondents. In this cluster, G4 food
consumption increased and G1 foods reduced significantly, compared to cluster 8. Cluster 1 ranked the
third, highlighting the G1 group products, which were similar to cluster 8. However, consumption of
tuber foods from cluster 1 is higher than that of the cluster 8. The proportion of interviews in clusters 3,
5, and 6 were all less than 2%, respectively. On the other hand, the number in bold in a cluster implied
the highest Z-score for the group. The highest consumption was shown for G1 products in cluster
1, G2 products in cluster 5, G3 products in cluster 3, and G4 group foods in cluster 2, respectively.
In addition, the G3 foods were mainly consumed by respondents in cluster 3 and cluster 6.

Table 5. Centroids (Cen)and consumption (Con) (g d−1) of the eight clusters.

Cluster 1 2 3 4 5 6 7 8

Number 767 409 24 397 71 87 1362 1768

G1
Cen 1.25 1.08 0.05 0.09 0.35 −0.06 −0.49 1.06
Con 268.11 250.85 146.26 150.32 176.72 135.09 91.43 249.78

G2
Cen −0.21 0.24 0.07 1.66 5.25 −0.02 −0.31 −0.31
Con 18.95 50.11 38.34 148.42 396.97 32.11 12.03 12.03

G3
Cen −0.12 −0.13 11.03 −0.13 0.05 3.67 −0.13 −0.12
Con 0.88 0.72 180.10 0.72 3.61 61.80 0.72 0.88

G4
Cen −0.2 1.84 −0.4 0.09 0.46 −0.26 0.57 −0.81
Con 63.77 242.92 46.21 89.24 121.73 58.50 131.39 10.20

3.3. Carbon Emissions and Nutrients of the Eight Clusters

Carbon emissions of the eight clusters are shown in Figure 1. this data shows that the carbon
emissions were significantly different. Due to high food consumption, the highest carbon emissions
were from cluster 5, which was 700.37 g CO2eq. For cluster 5, the consumption of whole grains was the
largest compared to other clusters, which produced 52.82% of the total carbon emissions in that pattern,
while the lowest carbon emissions were from cluster 7, which was only 196.36g CO2eq. Individuals in
cluster 7 consumed the fewest G1 foods and the second largest amounts of G4 foods compared to other
clusters. The consumption pattern of cluster 7 should be looked at more closely, as this pattern was
followed by the second most respondents. Because of its highest popularity, the consumption pattern
of cluster 8 is also worthy of attention. This cluster produced the third least carbon emissions per day.
As for the carbon emissions source, G1 was the most important carbon emissions source for all the
clusters except cluster 5. Moreover, carbon emissions from beans can hardly be found in any clusters
except 3 and 6, due to their deficiencies in bean consumption.

Energy and ten nutrients, mainly from CR foods, were chosen to evaluate the current consumption
models. The different nutrient intakes of the eight clusters are shown in Table 6. Numbers in bold in
the table mean that the nutrients reach the recommended standard in each cluster. The results show
that clusters 7, 8, and 1, which accounted for most of the individuals, were severely insufficient in
nearly all the nutrients chosen. These results indicate that current CR food intake behavior is unhealthy
for about 80% of Chinese individuals. On the other hand, the consumption patterns of clusters 2, 3,
and 4 reached nearly all the recommended goals for the energy and 10 nutrients. The results also show
that cluster 5 reached nearly all the nutrients standards, but exceeded the recommended upper limits
of energy, carbohydrates, and magnesium, because it featured the highest consumption of G2 foods.
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Cluster 1 2 3 4 5 6 7 8

Energy 1050.18 1236.52 1244.66 1107.20 2092.17 820.98 463.88 920.91
Protein 29.33 33.74 56.40 29.37 54.55 30.13 12.69 25.90

Carbohydrate 225.84 265.13 244.63 232.68 434.31 168.22 99.79 198.12
VB1 0.49 0.69 0.79 0.69 1.44 0.48 0.27 0.40
VB2 0.23 0.32 0.36 0.29 0.59 0.22 0.13 0.19

Niacin 6.07 8.29 7.34 6.81 12.82 4.94 3.36 5.02
Magnesium 136.69 199.42 310.96 220.64 479.22 167.04 76.75 111.11

Iron 7.20 9.36 17.21 9.61 19.91 8.82 3.54 6.11
Zinc 3.95 4.52 6.43 4.55 9.05 3.70 1.63 3.51

Calcium 69.29 90.19 186.15 81.15 159.24 91.15 35.45 58.59
Potassium 589.56 1237.87 1887.04 885.83 1730.38 940.85 577.58 373.67

3.4. Optimized Dietary Scenarios

Linear programming was adopted to qualify sustainable diets, which were constrained by healthy
and environment friendly standards. Recommended diet and optimized current diet scenarios have
been developed to compare with the current dietary pattern. The CR food consumption of three diets
is shown in Figure 2.

The recommended diet was strictly constrained and produced about 358.1 g CO2eq d−1 each
person. The recommended diet could reduce 44.73% of carbon emissions compared to the average
current diet. It showed that eight types of food in four groups were covered in the recommended diet
model. In G1 foods, due to their lower CF, only wheat flour (second) was chosen among the three foods.
For the G2 foods, although the total weight only slightly increased from 33.5 g to 48 g, the proportion
of the four foods (maize, maize flour, millet, and avenanuda flour) changed significantly, and maize
flour and millet consumption were completely removed. In addition, G3 foods are recommended
to be eaten 102 g d−1 from the current 3.17 g to ensure the protein content. Moreover, 100 g d−1 of
G4 foods was a qualifying element in this scenario. However, it should be noted that due to their higher
calcium content, sweet potatoes should be increased to occupy 97% of the total G4 foods. During the
optimization procedure, calcium was the key nutritional factor that affected the consumption patter of
G4 foods. On the other hand, the optimized current diet was set according to the current diet. In this
scenario, 10% of the lower bounds were set to ensure that all 12 CR foods are covered. The consumption
pattern of the 12 CR foods in the current optimized diet is shown in Figure 2, and carbon emissions
could be reduced to 387.2 gCO2eq d−1. The major difference between the recommended diet and
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the current optimized diet is that rice, tailored flour, maize flour, and millet increase to their own
minimum limits in the latter pattern. Although a current optimized diet that includes 12 CR foods
every day is too radical to achieve, it is in line with the principle of the dietary guidelines for Chinese
residents, i.e., more varieties of food should be consumed. Thus, it could be healthier to reduce the risk
of insufficient nutrients, although this perspective was not considered in this research. In addition,
the optimized diet model could be achieved within a short period of time, such as one week.Sustainability 2019, 11, 1875 10 of 15 
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4. Discussion

Total carbon emissions produced by the 12 CR foods were 683.38 g CO2eq d−1 per capita. Due to
differences in data sources and types of selected foods, outcomes obtained were usually different
from one study to another. The carbon emissions in the current study are higher than those of many
previous studies in China [50,51]. Daily Chinese diets, covering 22 kinds of foods, were calculated by
using the weighted average CF for each food category [50]. The results showed that dietary carbon
emission was 0.9 kg CO2eq per day per capita, and about 25% of total carbon emissions were from
cereal and bean foods. Furthermore, food-related carbon emissions of Chinese urban households
were investigated by using an input-output model, and the results showed that cereal consumption
per capita produced 205.4 g CO2eq, accounting for 17.2% of the total carbon emissions embodied in
household food consumption [51]. However, the results of this study were lower than those of the study
by Song et al. [31], which showed that carbon emissions embedded in food consumption per capita were
about 1170 g CO2eq. A comparison of diet optimizations to reduce GHG emissions in the UK, France,
Spain, Sweden, New Zealand, and China was carried out, and the results showed that consumption
patterns of meat are the main topic of research [6]. CR food diets in China were responsible for an
annual total of 341.9 Mt CO2eq in this study. In addition, according to the studies [31,50,51], CR
foods are responsible for about 20%–40% of total carbon emissions embodied in household food
consumption. Therefore, there is great potential to reduce the carbon emissions from CR foods.

The results in Tables 5 and 6, and Figure 1 show that it is difficult to choose one popular
consumption pattern that is healthy and has a low CF. Clusters 1, 7, and 8 produced smaller emissions.
However, these patterns are insufficient in nearly all the nutrients. The major function of a diet is to
provide nutrients. In addition, levels of most of the nutrients from clusters 2, 3, and 4 were within the
recommended ranges. Further, the three patterns also produced smaller emissions than the average
CR consumption. Thus, these pattern clusters should be paid more attention to. However, they were
applied by fewer respondents, especially in cluster 3. By comparing the results in Table 4, the total
consumption of CR foods should be reduced from 490g to 400g, and total consumption of G1 foods
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also should be reduced to 150g. The traditional Chinese diet and Mediterranean diet have some
characteristics in common, i.e., both include a high consumption of grains [52]. However, the unrefined
cereals that play an important role in the Mediterranean diet make it healthier and create fewer
environmental impacts [15,32,53,54]. With economic development, refined rice and wheat foods are
often preferred by most people due to better mouth feel (such as the pattern in cluster 8). However, there
are few micro-nutrients in refined grains. Whole grains and beans should be consumed to supply
nutrients to preserve health. In addition, people should be mindful of over-consuming carbohydrates,
which occurred in the pattern of cluster 5. A study by Park et al. [55] showed that when carbohydrate
intake provided over 70% of energy, the consumption was highly associated with diabetes and low
high-density lipoprotein cholesterol in Korean females. Moreover, a higher carbohydrate intake could
be associated with mortality [56] and an increased risk of head and neck cancer [57].

Comparison between consumption patterns of the 8 clusters and the two optimized diets showed
that a significant structural difference exists. Cluster 3 had the most similar consumption pattern to
the optimized diets. However, consumption of G3 and G4 was still different between cluster 3 and
the two optimized diets. This result implies that a significant change in Chinese diets should be
made to achieve environmental and health goals. Linear programming could help develop diets with
lower impacts than diet scenario studies [20,22]. On the other hand, in this research, the consumption
of G3 increased significantly in the two optimized diets. MacDiarmid et al. [58] also showed that
optimal diets generally have a tendency for higher legume intake, such as a 50% increase in the UK.
In this research, only the CR foods, rather than all foods consumed in China, were considered in the
optimized diet. However, nutrient intake was still reasonable when all foods were considered, because
the optimized diet was set in accordance with the principle of dietary guidelines for Chinese residents,
i.e., the weight constraint of different groups of food was considered. A sustainable dietary shift was
necessary for GHG reduction [2]. The potential to reduce dietary carbon emissions depends on the
carbon intensity of current diets and of the production of the dietary ingredients. Due to the relatively
low GHG intensity of current Chinese diets, the per capita mitigation potential is lower than that in
developed economies [6]. The current study has shown that by optimizing CR food consumption,
a large amount of carbon emissions could also be reduced.

5. Conclusions

CR foods, which are the most important energy source in China, are essential parts of the daily
Chinese diet. However, their carbon emission is often neglected because animal-based foods are
commonly considered to be more efficient to reduce GHG emissions. The carbon emissions caused
by current CR food consumption were studied in this paper. Total carbon emissions produced by
the 12 CR foods were 683.38 g CO2eq d−1 per capita. Furthermore, carbon emissions produced by
G1 foods accounted for 92.17% of the total carbon emissions from CR food production. In addition,
according to the characteristics of CR foods consumption, 4857 individuals were divided into eight
clusters. Clusters 1, 7, and 8 produced smaller emissions and were applied by more than 80% of the
total respondents. However, the three patterns are insufficient in nearly all the nutrients. Clusters 2, 3,
and 4 provided the most nutrients and produced smaller emissions than the average CR consumption.
However, the three patterns were applied by many fewer respondents. It is difficult to choose one
popular consumption pattern that is of low carbon and nutrient sufficient. Linear programming was
used to qualify sustainable diets. The recommended diet produced about 358.1 g CO2eq d−1 each
person, and reduced 44.73% of carbon emissions compared to the average current diet. The optimized
current diet produced about 387.2 g CO2eq d−1 each person, and reduced 40.24% of carbon emissions.
Reduction of G1 foods and increase of G3 foods were the focus of dietary structure changes for CR
food consumption, from environmental and health viewpoints.

In this study, sustainable CR food diets were proposed. However, food choices of consumers are
influenced by many factors, such as consumer culture, nutritional knowledge, food price, product
enjoyment, etc. Future consumer focused work should pay attention to research on policy guidance
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for the low carbon consumption behavior of residents. The nutrient and health aspects of food
could be advertised to encourage people to consume more food with lower environmental impacts.
Information on news networks should be intensified to popularize nutritional knowledge about
coarse foods, and thus to construct a healthy and environmentally sound conception of consumption.
Moreover, price is one of the key factors in food choice, and the effects of price measures on
consumption of environmentally sustainable food options should be studied. In addition, the taste
and texture of food are also important influencing factors. Although some coarse foods are healthier,
consumers still show preference for rice and tailored flour due to their better taste. Thus, more incentive
mechanisms should be established to encourage nutritionists to devote themselves to improving coarse
food science and technology.

In this study, only CR foods were analyzed. As substitutes within the same food group are more
likely to be accepted by residents, more food groups, such as animal based foods and vegetables,
should be studied in the future. Therefore, the development of a richer local food CF database for
unique food sources is urgent. In addition, the most significant role of food is to provide nutrition
and energy. A sustainable diet should be evaluated on nutritional quality. This study used nutrient
constraints that considered the characteristics of the Chinese diet. To evaluate the carbon emissions
driven by other food groups in other regions, nutritional constraint models should be food-group
specific and locally characterized. The carbon emissions produced by diet were considered in the
current study, but more diet-associated environmental factors, such as energy, water, and biodiversity,
should be considered in future work.
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