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Abstract: The Qinghai–Tibet Plateau is experiencing rapid urbanization and ecological degradation,
which have led to unsustainable development. It is urgent to conduct a scientifically rigorous study
to evaluate its sustainability. Emergy ecological footprint (EEF) is a new modification of ecological
footprint based on ecological thermodynamics. This study applied a modified EEF model and three
indicators to analyze the sustainability using data collected from Tibet and Qinghai Province during
1995 to 2014. The grey model (GM) was applied to simulate and predict the ecological status of
Qinghai and Tibet. Results showed that: (1) the emergy ecological footprint and ecological deficit of
Qinghai province increased in general from 1995 to 2014, while Tibet was still sustainable during this
period despite the fact that its ecological surplus decreased; (2) the three sustainability indicators
indicate that Qinghai and Tibet are moving away from sustainability; (3) the ecological deficit of
Qinghai will keep increasing and the ecological surplus of Tibet will keep decreasing from 2015
to 2024. Finally, several suggestions were proposed to protect the local environment and restore
ecological functions in these regions.

Keywords: emergy ecological footprint; emergy carrying capacity; sustainability indicators;
grey model

1. Introduction

Sustainability, which can be expressed as “the capacity to endure” [1], has become a worldwide
goal of environmental development. Sustainability is crutial for a region’s policy-making. All human
activities depend on the planet’s natural capital, which can be defined as a stock of materials including
ecosystem, minerals, forests, biodiversity, and so on, to provide ecological services and natural
resources [2]. Humans have had significant effects on the earth, associated with population growth
and economic development. Currently, many conflicts have become more notable among natural
resources, environment, and economy, and there are increasing risks of ecosystem quality degradation
and tipping the biosphere into a state where it would be very difficult or even impossible to support
the human civilization [3]. Therefore, studies should focus on the coordination between environmental
protection and economic development. In addition, the conflict between short-term development and
long-term welfare must be taken into account [4]. Since the early 1970s, many reports such as “The
Limits to Growth”, “Our Common Future”, and “State of the World” have warned that the unlimited
growth of the human population and consumption would lead to unsustainability [5,6]. In recent years,

Sustainability 2019, 11, 5587; doi:10.3390/su11205587 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
http://www.mdpi.com/2071-1050/11/20/5587?type=check_update&version=1
http://dx.doi.org/10.3390/su11205587
http://www.mdpi.com/journal/sustainability


Sustainability 2019, 11, 5587 2 of 19

environmental deterioration has still been getting worse. The detrimental effect of human behavior
on the biosphere is also coming to the surface [7,8]. To achieve long-term sustainability, the human
consumption of resources cannot exceed the environmental carrying capacity to maintain sustainability.
It is necessary to measure the consumption of human needs and the region’s carrying capacity to
estimate how much further we can go.

Ecological footprint (EF) was initiated as a policy and planning tool for sustainability [9], and has
become an emerging ecological economics method to evaluate sustainable development quantitatively.
EF of any defined population (from an individual to the population of a city or country) is the area of
biologically productive land and water appropriated exclusively to produce the resources used and
the waste generated by the population. Carrying capacity is the number of individuals of a given
species that a given habitat can support without being permanently damaged [10]. As the ecological
footprint and carrying capacity are measured in the same unit, they can be compared in order to assess
the state of regional sustainable development. If the ecological footprint of a region is larger than the
carrying capacity, the region experiences an ecological deficit; if the carrying capacity is larger than the
ecological footprint, the region is an ecological reminder.

Currently, EF has been widely adopted to evaluate the sustainability of different scales, for
instance national [11,12], regional [13–15], city [16,17], and campus [18], and of different systems (e.g.,
agricultural [19], grassland [20], tourism [21], industry [22,23], and biogas systems [24]. However,
there are some obvious, inherent flaws in EF [25,26]. First, the ‘equivalence factor’ and ‘yield factor’
are based on the global productivity and international standard, failing to reflect the complexity of the
ecological functions and the temporal differences of the natural environment. Second, the conventional
method does not distinguish the renewable and nonrenewable land uses. In addition, it does not
consider the land with low biological productivity. To remedy these deficiencies, many scholars have
combined EF with other methods, such as the input–output analysis [27,28], the thermodynamic
method [29], emergy accounting [4,30], and embodied exergy [31]. In these studies, emergy accounting
was proven to complement the EF and overcome some limitations of the EF.

Emergy (spelled with an “m”), originated by Odum in the late 1980s, is defined as available
energy previously used up directly or indirectly in the process of producing a product or service [32,33].
It is measured in solar equivalent joules and its unit is sej (solar equivalent joules). More detailed
information about emergy analysis can be found in [34–36].

Zhao et al. (2005) [37] proposed an emergy ecological footprint method (EEF) by integrating
emergy analysis into the conventional ecological footprint model. This method provided insight to
evaluate the resource consumption and the impact on the environment through the method of tracking
emergy flows in ecosystems. In recent years, many researchers have introduced this new method to
evaluate the sustainable development [24,30,38–40].

The Qinghai–Tibet Plateau (QTP), known as the world’s third pole, holds the largest typical
alpine meadow ecosystem and provides a unique environment for a wide variety of alpine species.
However, due to climate change and increasing grazing pressures, the QTP is faced with severe
problems on sustainable development. For example, nearly 40% of the QTP’s grassland has experienced
fragmentation and decreased in grassland coverage [41], or degraded to desert or “black soil beach” [42].
This degradation could further affect the ecosystems of surrounding areas and threaten the livelihood of
nearly 40% of the population of China. As the QTP covers wide areas, different regions are significantly
different in economy and environment, so it is not reasonable to evaluate the overall sustainability of
the QTP. The objective of this article is to evaluate the long-term sustainability of the QTP through a
modified emergy ecological footprint model. Qinghai Province and the Tibet Autonomous Region are
taken as the study areass because they are two main regions in the QTP. Moreover, three evaluation
indicators were proposed to analyze the sustainability of Qinghai and Tibet. Finally, the future
sustainable status was predicted with the grey model. Several suggestions considering the local
realities were proposed to protect local environment and restore ecological functions. Results of this
study are expected to contribute to the sustainable development of the QTP.
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2. Materials and Methods

2.1. Study Area Overview

Location of the study area are shown in Figure 1.
Qinghai Province (89◦24′–103◦04′ E, 31◦36′–39◦12′ N) is located in the northeast of the

Qinghai–Tibet Plateau. The total area of Qinghai is more than 7.2 × 109 hm2 (hectare) with a
total population of 5.98 million in 2017. The average elevation is over 3500 m a.s.l, with the altitude
elevation stretching from 1650 m to 6860 m a.s.l. Qinghai has a typical plateau continental climate.
The annual mean temperature is 5–8 ◦C and the annual total precipitation is about 300 mm, both
varying a lot among different areas [43]. Qinghai has experienced rapid economic growth since the
implementation of China’s Western Development policy. The annual increase rate of GDP was up to
20% since 2000. Qinghai is a multi-ethnic populated area, the population of minorities accounts for
more than 40% of the total population.

Tibet (78◦25′–99◦06′ E, 26◦50′–36◦53′ N) is located in the southwest of the Qinghai–Tibet Plateau.
It covers about 1.23 × 1012 hm2 with a total population of 3.37 million. The average elevation is above
4000 m, with a range from 1000 m in the southeast to 5000 m in the northwest. The annual mean
temperature is 2.8–11.9 ◦C and annual total precipitation is 74.8–901.5 mm [44]. There are many rare
species in Tibet, such as the Tibetan antelope, yak, yew, and so on [45]. Tibet is abundant in natural
resources, such as water, forests, and minerals.
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2.2. Data Source and Processing

Original socioeconomic data, such as population, agricultural production, industrial production,
total waste of industry, and gross domestic product (GDP) data, were retrieved from the “Qinghai
Statistical Yearbook” and the “Tibet Statistical Yearbook” for 1995–2014.

The emergy conversion coefficient and transformity used to calculate the unit emergy value (UEV)
for all products and five renewable resources were collected from published literature [4,34,46–50].
Detailed data and data sources on five renewable resources and consumption items are listed in Tables 1
and 2. The emergy conversion coefficient is defined as the amount of emergy per unit product or
service contained. Transformity, the most widely used unit of emergy value (expressed in sej/J or sej/g),
is defined as the amount of solar emergy required to produce a unit of available energy at the output.
It measures the process efficiency—the lower the transformity, the more efficient the conversion [51].
Solar emergy of a flow or a storage is the solar energy used directly or indirectly to generate that flow
or storage. Its unit is solar emergy emjoules (abbreviation: sej) [34].
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Table 1. Emergy ecological footprint of Qinghai in 2014.

Category Items Basic
Data Unit

Emergy
Conversion
Coefficient

Unit Transformity Unit EEF
(hm2)

Eef
(hm2/cap)

Cropland

Grain 631,800 t 1.62E+10 J/t 8.30E+04 sej/J 1.35E+06 0.2322

Wheat 348,600 t 1.57E+10 J/t 6.80E+04 sej/J 5.94E+05 0.1017

Hulless barley 94,400 t 1.62E+10 J/t 8.30E+04 sej/J 2.02E+05 0.0347

Beans 56,800 t 1.85E+10 J/t 6.90E+05 sej/J 1.16E+06 0.1982

Oil plants 315,100 t 2.55E+10 J/t 6.90E+05 sej/J 8.84E+06 1.5156

Melons 12,500 t 2.46E+09 J/t 8.30E+04 sej/J 4.07E+03 0.0007

Vegetables 1,585,846 t 2.50E+09 J/t 2.70E+04 sej/J 1.71E+05 0.0293

Tobacco 150 t 1.43E+09 J/t 8.49E+04 sej/J 2.90E+01 0.0000

Corns 188,800 t 1.65E+10 J/t 2.70E+04 sej/J 1.34E+05 0.0230

Potatoes 359,500 t 4.20E+09 J/t 8.30E+04 sej/J 2.00E+05 0.0343

Sugur beets 980 t 2.68E+09 J/t 8.40E+04 sej/J 3.52E+02 0.0001

Grassland

Meat 334,100 t 4.60E+09 J/t 4.00E+06 sej/J 9.80E+06 1.6798

Milk 312,600 t 2.90E+09 J/t 2.00E+06 sej/J 2.89E+06 0.4956

Cotton 20,718 t 4.60E+09 J/t 4.40E+06 sej/J 6.69E+05 0.1146

Eggs 21,800 t 5.50E+09 J/t 2.00E+06 sej/J 3.82E+05 0.0656

Honey 1533 t 2.95E+09 J/t 8.40E+04 sej/J 6.06E+02 0.0001

Forestry

Walnuts 358 t 2.65E+09 J/t 6.90E+05 sej/J 1.04E+03 0.0002

Pepper 130 t 3.86E+10 J/t 6.90E+05 sej/J 5.52E+03 0.0009

Woods 5000 t 1.57E+10 J/t 4.40E+04 sej/J 5.51E+03 0.0009

Fruits 13,249 t 3.30E+09 J/t 5.30E+05 sej/J 3.70E+04 0.0063

Water areas Fishery 9037 t 5.50E+09 J/t 2.00E+06 sej/J 1.59E+05 0.03

Fossil land
Chemical
fertilizer 1886.4 t - - 1.60E+15 sej/t 4.81E+03 0.0008

Plastic film 7045.86 t - - 3.80E+14 sej/t 4.27E+03 0.0007

Built-up
land

Waste water 2.30E+08 t 5.00E+06 J/t 8.60E+05 sej/J 1.58E+06 0.2704

Waste gas 2.71E+08 t 2.40E+06 J/t 4.80E+04 sej/J 4.98E+04 0.0085

Solid waste 1.24E+08 t 6.90E+08 J/t 1.80E+06 sej/J 2.46E+08 42.1803

Eletricity 3.14E+10 Kw·h 3.60E+06 J/kW·h 1.60E+05 sej/J 2.88E+07 4.9384

Total 3.03E+08 51.96

Table 2. Emergy ecological footprint of Tibet in 2014.

Category Items Basic
Data Unit

Emergy
Conversion
Coefficient

Unit Transformity Unit EEF
(hm2)

Eef
(hm2/cap)

Cropland

Grain 4663 t 1.62E+10 J/t 8.30E+04 sej/J 1.00E+04 0.0031

Wheat 237,252 t 1.57E+10 J/t 6.80E+04 sej/J 4.04E+05 0.1272

Hulless barley 680,542 t 1.62E+10 J/t 8.30E+04 sej/J 1.46E+06 0.4596

Beans 22,107 t 1.85E+10 J/t 6.90E+05 sej/J 4.50E+05 0.1417

Other grains 35,173 t 1.62E+10 J/t 8.30E+04 sej/J 7.54E+04 0.0238

Oil plants 63,433 t 2.55E+10 J/t 6.90E+05 sej/J 1.78E+06 0.5606

Peanuts 338 t 2.55E+10 J/t 6.90E+05 sej/J 9.49E+03 0.0030

Vegetables 682,132 t 2.50E+09 J/t 2.70E+04 sej/J 7.34E+04 0.0231

Green feeds 355,752 t 1.43E+09 J/t 8.49E+04 sej/J 6.89E+04 0.0217

Grassland
Meat 286,200 t 4.60E+09 J/t 4.00E+06 sej/J 8.40E+06 2.6437

Milk 340,600 t 2.90E+09 J/t 2.00E+06 sej/J 3.15E+06 0.9922
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Table 2. Cont.

Category Items Basic
Data Unit

Emergy
Conversion
Coefficient

Unit Transformity Unit EEF
(hm2)

Eef
(hm2/cap)

Forestry

Fruits 12,553 t 3.30E+09 J/t 5.30E+05 sej/J 3.50E+04 0.0110

Tea 54 t 1.43E+10 J/t 2.00E+05 sej/J 2.46E+02 0.0001

Matsutake 80 t 9.35E+09 J/t 2.70E+04 sej/J 3.22E+01 0.0000

Mushroom 506 t 9.35E+09 J/t 2.70E+04 sej/J 2.04E+02 0.0001

Walnuts 4352 t 2.65E+09 J/t 6.90E+05 sej/J 1.27E+04 0.0040

Pepper 137 t 3.86E+10 J/t 6.90E+05 sej/J 5.82E+03 0.0018

Woods 74,250 t 1.57E+10 J/t 4.40E+04 sej/J 8.18E+04 0.0258

Bamboo 11,072 t 1.57E+10 J/t 4.40E+04 sej/J 1.22E+04 0.0038

Fossil land

Chemical
Fertilizer 1012 t - - 1.60E+15 sej/t 2.58E+03 0.0008

Plastic film 1724 t - - 3.80E+14 sej/t 1.04E+03 0.0003

Built-up
land

Waste water 4.31E+06 t 5.00E+06 J/t 8.60E+05 sej/J 2.96E+04 0.0093

Waste gas 2.19E+07 t 2.40E+06 J/t 4.80E+04 sej/J 4.03E+03 0.0013

Solid waste 3.83E+06 t 6.90E+08 J/t 1.80E+06 sej/J 7.59E+06 2.3891

Eletricity 3.22E+09 kW·h 3.60E+06 J/kW·h 1.60E+05 sej/J 2.96E+06 0.9323

Total 2.66E+07 8.38

Solar radiation emergy was estimated from a 30 m resolution digital evaluation model (DEM) using
the Area Solar Radiation tool of the ESRI ArcGIS10.4 software. The DEM was downloaded from the
Geospatial Data Cloud website (http://www.gscloud.cn/). Both precipitation data and wind speed data
were based on climate data from the 154 meteorological stations located in the Qinghai–Tibet Plateau
and its surrounding areas. The climate data were downloaded from the National Meteorological
Information Center (http://data.cma.cn/) and were interpolated by ANUSPLIN software. More detailed
information about ANUSPLIN software can be found in [52,53].

2.3. A Modified Emergy Ecological Footprint Method

The method used here followed the emergy ecological footprint model proposed by Zhao et al.
(2005) [37]. The emergy ecological footprint of a region could be calculated based on the following
three steps:

(1) Estimate the amounts of human consumption corresponding to six categories of ecologically
productive areas and the amounts of natural supply.

(2) Translate these amounts into emergy unit through the emergy analysis.
(3) Derive the ecological footprint and carrying capacity by dividing the emergy amounts by the

emergy density, which refers to the amount of emergy that each unit area uses.
However, some improvements were proposed in this paper. The improvements are reflected in

the following ways: (1) The emergy ecological footprint was used to assess the influence of regional
population and economic changes on the environment and resources. In other words, instead of using
consumption data, we used regional biological resources productivity and emergy to estimate the
ecological footprint of human population growth and economic development. The conventional EEF
is a global concept, in which the world is regarded as a self-sufficient, closed system where human
consumption equals to the economic yield that humans produce, hence human consumption can be
used as an ecological footprint to indicate the human impact on the entire world. However, the fact
is that the world is an open system because of imports and exports, thus human consumption can’t
reflect the regional ecological impact [54]. The real ecological footprint produced by human is not
the consumption of the products and resources in the area, but the sum of economic activities and
resources extracted within the area. (2) The region emergy density (6.27 × 1010 sej/m2

·a) was adopted to
calculate the emergy ecological footprint and the emergy carrying capacity of Qinghai and Tibet from
1995 to 2014, and a comparative analysis was made between these two regions. RED is the emergy

http://www.gscloud.cn/
http://data.cma.cn/
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amount per unit time of a region (sej/m2
·a). It not only can reflect the true supply capacity and human

consumption in an area, but also can be used to estimate regional patterns in carrying capacity and
ecological footprint. (3) The total waste data of industry, including waste gas, waste water, and solid
waste, were incorporated into the EEF calculation.

2.3.1. Emergy Ecological Footprint

The emergy ecological footprint is calculated by the following equation:

EEF = EEF1 + EEF2 + EEF3 + EEF4 + EEF5 + EEF6 =
∑ UEVi × fi

RED
(1)

RED =
total emergy o f a region

areas o f the region
(2)

ee f =
EEF
N

(3)

where EEF is total emergy ecological footprint (hm2); EEF1 to EEF6 are the emergy ecological footprints
of six land-use categories (hm2), including cropland, grassland, forestry, water areas, fossil land, and
built-up land; UVEi represents the amount of the emergy required to produce the ith product or service
(sej/g, sej/J, sej/$); Fi is the amount of the ith product or resource (g, J or $); RED is region emergy
density(sej/m2

·a); N is the size of population in a region; eef is emergy ecological footprint per capita
(hm2/cap).

When calculating the total emergy of a region, we considered five types of renewable resources:
solar radiation emergy, rain chemical emergy, rain geopotential emergy, wind emergy, and earth
rotation energy [50]. Referring to emergy theory, if the emergy is of the same properties, only the
maximum value will be included. Therefore, the total emergy of a region equals to the sum of the
maximum value from the first four renewable resources and earth rotation emergy [55]. The equation
is as follows:

RE = SA × AR × RD × G (4)

RP = SA × AR × RD × H × g (5)

WE = SA × AD × k ×WS3
× (362.25 × 24 × 3600s) (6)

EF = SA × HF (7)

where RE is rain chemical emergy (J); SA is the area of the study area (m2); AR is the annual precipitation
(m·yr−1); RD is rain density (1 × 103 kg·m−3); G is Gibbs free energy (4.94 × 103 J·kg−1); RP is rain
geopotential emergy (J); H is the average difference between altitude and clouds (m); g is gravitational
acceleration (9.8 m·s−2); WE is wind emergy (J); AD is the air density (1.23 kg·m−3); k is the residence
coefficient (10−3); WS is average wind speed (m·s−1); EF is earth rotation emergy (J); HF is heat flux (1
× 106 J·m−2

·a−1). The above formulas derived from [4,56,57].

2.3.2. Emergy Carrying Capacity (ECC)

The natural resources for society can be separated into renewable and nonrenewable resources.
Carrying capacity is not sustainable unless it is based on the use of resources in a renewable way, so
only renewable resources would be taken into account when calculating the emergy carrying capacity.
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Moreover, 12% of the biodiversity conservation area was deducted from the emergy carrying capacity.
The following equation is used to estimate the emergy carrying capacity.

eec =
e

RED
× 0.88 (8)

where eec is emergy carrying capacity per capita (hm2); e is the renewable resources emergy per capita
(sej); RED is the region emery density (sej/m2

·a).

2.4. Sustainability Evaluation Indicators

2.4.1. Ecological Footprint Index (EFI)

Ecological footprint index, proposed by WU (2005) [58], refers to the percentage reserved for
future sustainable development ability of the region. It is calculated by the following equation:

EFI =
ECC− EEF

EEC
× 100% (9)

where EFI is ecological footprint index.
When EFI = 0, it indicates that the region is in the critical point for sustainability and unsustainability.

When EFI > 0, it indicates that the region is in sustainable development status; that is to say, there is
a margin of carrying capacity to support the growth of regional ecological footprint; the greater its
value, the stronger its sustainability. When EFI < 0, it indicates that the region is in unsustainable
development status; that is to say, the carrying capacity is insufficient to support the growth of regional
ecological footprint; the smaller the value, the stronger its unsustainability.

2.4.2. Ecological Footprint Intensity Per Ten Thousand Yuan GDP (EFG)

The ecological footprint per ten thousand yuan GDP refers to the amount of the ecological
footprint to produce ten thousand yuan GDP in a certain region. In other words, it reflects the rate of
resource utilization of this region. The greater value of EFG indicates lower productivity of biologically
productive land [59].

EFG =
Regional EEF

Regional GDP
. (10)

2.4.3. Development Capacity (DC)

The development capacity is closely related to ecosystem diversity. The DC of a region can be
obtained based on Ulanowicz’s formula of growth and development. The following equation is used
to estimate DC [60].

DC = ee f × EFDI (11)

EFDI = −
∑

(Pi × lnPi) (12)

where DC is the index of development capacity; eef is emergy ecological footprint per capita; EFDI
is ecological footprint diversity index; Pi is the ratio of the ith emergy ecological footprint per capita of
the bioproductive land category to the total EEF.

Pi =
ee f o f a certain land category

EEF
. (13)

2.5. Sustainability Predication

In this paper, we used the grey model (GM) to predict the future sustainability of Qinghai and
Tibet from 2015 to 2020. Among all the prediction tools, the grey model is the most widely accepted
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with a certain degree of accuracy despite it being simple [61]. It is a time series forecasting model,
which means it is a first-order univariable forecasting model. It can predict system developing trends
with limited information [62] and has been widely used as a prediction tool in many fields, such as
CO2 emission [63], electricity consumption [64], and stock price [65]. The GM (1,1) model is the most
widely used model. The first ‘1’ in GM(1,1) means there is only one variable in the model, the second
‘1’ means the first order grey differential equation is used to construct the model [66]. The steps of GM
(1,1) are as follows:

Step 1: Calculate the ecological surplus of the study area and line as a primitive sequence:

X(0) =
{
x(0)(1), x(0)(2), · · · , x(0)(n)

}
, (n = 1, 2, 3, . . . , n) (14)

where X(0) is primitive sequence; x(0)(n) is primitive data; n is the number of the data.
Step 2: Take accumulated generating operation (AGO) on X(0):

X(1) =
{
x(1)(1), x(1)(2), · · · , x(1)(n)

}
, (n = 1, 2, 3, . . . , n) (15)

where X(1)(k) =
k∑

i=1
x(0)(i) (k = 1,2,3 . . . ,n). X(1)(k) is the accumulation generating operation of

X(0)(k) denoted as 1-AGO.
Step 3: Establish a first order grey differential equation:

dX(1)

dt
+ aX(1) = µ (16)

where a is developing coefficient, µ represents grey input.
Step 4: Use the ordinary least square method to estimate [a,µ]T using the following equation:

[a,µ]T =
(
BTB

)−1
BTY (17)

where

Y =
[
X(0)

1 (2), X(0)
1 (3) . . .X(0)

1 (n)
]T

(18)

B =



−
1
2

[
X(1)

1 (2) + X(1)
1 (1)

]
1

−
1
2

[
X(1)

1 (3) + X(1)
1 (2)

]
1

...
...

−
1
2

[
X(1)

1 (n) + X(1)
1 (n− 1)

]
1


(19)

Step 5: Obtain the grey prediction equation:

X̂(1)(k + 1) = [X(0)(1) −
µ

a
] × e−ak +

µ

a
, (k = 1, 2, . . . n) (20)

where X̂(1)(k + 1) is the basic grey predicting value of X(1)(k + 1).
Step 6: Take inverse accumulated generating operation (IAGO) on X(1):

X̂(0)(k + 1) = X̂(1)(k + 1) − X̂(1)(k), (k = 1, 2, . . . , n) (21)

where X̂(0)(k + 1) is the basic grey predicting value of X(0)(k + 1).
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Step 7: Test the efficiency of the grey forecasting model:

PE(k)(%) =
x(0)(k) − x̂(0)(k)

x(0)(k)
(22)

MAPE(k)(%) =
1
n

n∑
k=1

∣∣∣∣∣∣x(0)(k) − x̂(0)(k)

x(0)(k)

∣∣∣∣∣∣ (23)

where PE(k) and MAPE(k) are the shortage of percentage error and mean absolute percentage
error respectively, both of which are used to compare original sequence and simulative sequence.
The proposed forecasting model yields plausible prediction values when the MAPE is low [60]. MAPE
for GM(1,1) accuracy is shown in Table 3.

Table 3. MAPE for model evaluation [64].

MAPE (%) Forecasting Power

>50 Weak and inaccurate forecasting
20–50 Reasonable forecasting
10–20 Good forecasting
<10 Highly accurate forecasting

3. Results

3.1. Analysis of Emergy Ecological Footprint

3.1.1. Analysis of Composition of EEF

The account of the study area’s EEF is shown in Tables 1 and 2 (taking 2014 for an example).
Qinghai’s EEF consists of six categories: cropland, with 11 products; grassland, with five products;
forestry, with four products; water areas, with one product; fossil land, with two products; and built-up
land, with four products. As shown in Table 2, the emergy ecological footprint (eef) of cropland
(eef 1) was 2.17 hm2/cap, the eef of grassland (eef 2) was 2.36 hm2/cap, the eef of forestry (eef 3) was
0.01 hm2/cap, the eef of water areas (eef 4) was 0.03 hm3/cap, the eef of fossil land (eef 5) was almost zero,
the eef of built-up land (eef 6) was 47.40 hm2/cap. Thus the eef of Qinghai in 2014 was 51.96 hm2/cap.
Among the six land-use categories, the built-up land produced the most emergy ecological footprint.
The contribution of the built-up land to the total eef was 91.22%, followed by grassland (4.54%),
cropland (4.18%), water areas (0.06%), and fossil land (0). Table 2 reflects that rapid urbanization
consumes a lot of resources and has a significant effect on local environment.

Tibet’s EEF consists of five categories: cropland, including 10 products; grassland, including two
products; forestry, including eight products; fossil land, including two products; and built-up land,
including four products. The total eef of Tibet was 8.38 hm2/cap. Among the six categories, grassland
contributed 43.44% to the total eef and built-up land contributed 39.74% to the total eef in 2014.

Comparing Tables 2 and 3, we can find that the eef 6 of Qinghai was more than 14 times as much as
that of the Tibet, but the eef 2 of Qinghai was about 64.84% of that of Tibet, indicating that urbanization
in Qinghai develops much faster than that in Tibet. The economic development in Qinghai mainly
depends on rapid urbanization, particularly industrialization; while Tibet mainly depends on animal
husbandry as well as urbanization.

3.1.2. Analysis of Trends of ecc and eef

Generally, the ecc of both Qinghai and Tibet showed a downward trend from 1995 to 2014, but the
eef showed an upward trend during this twenty-year period. The eef of Qinghai Province increased
from 7.29 hm2 in 1995 to 39.9 hm2 in 2014, reaching the maximum value (43.63 hm2) in 2013 (Figure 2).
The ecc of Qinghai decreased from 12.27 hm2 in 1995 to 11.36 hm2 in 2014. We can observe from
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Figure 2 that the eef exceeded the ecc since 2004, which reveals that Qinghai experienced an expanding
emergy ecological deficit beginning in 2004.
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Figure 2. Emergy ecological footprint per capita and emergy carrying capacity per capita of Qinghai
and Tibet.

The eef of Tibet increased from 4.04 hm2 to 11.7 hm2 during 1995–2014, with an increase rate
of 189.60%. However, the eef of Tibet was still within the ecc, which had an average of 39.28 hm2.
Thus Tibet was still sustainable. It can be observed from Figure 2 that the ecc of Tibet was about four
times as much as that of Qinghai Province, but the eef of Tibet was much less than that of Qinghai,
especially after 2004, indicating that environment of Qinghai is less sustainable than that of Tibet, but
its economic development and human activities have more impact on local environment and resources.
As a result, Qinghai became unsustainable since 2004, while Tibet was still sustainable.

3.2. Analysis of Sustainability Indicators

3.2.1. Ecological Footprint Index (EFI)

The EFI of Qinghai and Tibet declined from 1995 to 2014 (as shown in Figure 3). The EFI of Tibet
decreased gradually during 1995–2004, dropping from 90.85% to 63.63%, which means that Tibet was
still at a high level of sustainability. EFI of Qinghai fluctuated between 2005–2013, with values greater
than zero from 1995 to 2004, which showed that emergy carrying capacity was sufficient to support the
growth of regional emergy ecological footprint. However, EFI was less than zero from 2005, which
indicated that emergy carrying capacity was insufficient to support the growth of regional emergy
ecological footprint.
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3.2.2. Ecological Footprint Intensity Per Ten Thousand Yuan GDP (EFG)

EFG of Qinghai and Tibet showed a downward trend in general from 1995 to 2014 (shown in
Figure 4). It revealed that the resource utilization efficiency and the level of economic development of
Qinghai and Tibet continuously improved. This result can also prove that both Qinghai and Tibet are
devoted to upgrading industry structures, improving energy use efficiency, and increasing capital and
technology investment in dealing with pollution. The EFG of Qinghai was much higher than that of
Tibet, which indicates that the resource utilization efficiency of Qinghai was higher than Tibet.
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3.2.3. Development Capacity (DC)

The DC of Qinghai increased from 1995 to 2014 (shown in Figure 5), reached a maximum of
43.43 hm2/cap in 2013 and declined to 38.17 hm2/cap in 2014. The annual increase rate of Qinghai’s
DC (13.67%) is smaller than that of its EEF (22.37%). The DC of Tibet increased from 4.61 hm2/cap in
1995 to 11.69 hm2/cap in 2014, with an annual increase rate of 43.47%. This result indicates that the
improvement of the DC in Qinghai and Tibet has mainly contributed to the increase in the EEF rather
than the increase in the diversity of land types. Moreover, the decreasing rate of diversification of
land-use types indicates that both Qinghai and Tibet attempted to balance the distribution among the
six land categories from 1995 to 2014, but this distribution is still far away from equilibrium.
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3.3. Analysis of Prediction Result

The forecasted values for an ecological surplus of the study area from 1995 to 2014 were shown
in Tables 4 and 5. Tables 4 and 5 show the actual ecological surplus per capita, forecasted ecological
surplus per capita, percentage error, and mean absolute percentage error obtained by Equations (22)
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and (23). Table 4 shows that forecasted data from 1995 to 2004 for average, maximal, and minimal
percentage error were 0.03%, 0.39%, and 0.07%. The MAPE for GM (1,1) from 2005 to 2014 was 2.45%
for validation data. Furthermore, according to Table 1, the GM (1,1) was adequate to forecast ecological
surplus of Qinghai. Table 4 indicates that Qinghai’s ecological deficit per capita will rise from 37.93
hm2/cap in 2014 to 443.08 hm2/cap in 2024. Qinghai will be seriously unsustainable from 2015 to 2024.
Table 5 shows in this twenty-year period, the forecasted data for maximal and minimal percentage
error are 11.97% and 0.72%, respectively. The MAPE for GM (1,1) are 0.37% and 1.53%, respectively.
So, the GM (1,1) was adequate to forecast ecological surplus of Tibet. Table 6 indicates that Tibet will
remain sustainable in 2024, but the ecological surplus per capita will decrease from 23.81 hm2/cap to
17.38 hm2/cap in 2024. In other words, Qinghai will hardly be able to meet the requirements of basic
sustainability for the fast-growing economy, while Tibet will be able to meet the requirements for local
economic development.

Table 4. Ecological surplus for actual value, forecasted value, PE, and MAPE of Qinghai.

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

Actual value (hm2/cap) 4.98 5.20 4.20 3.40 2.75 2.22 1.80 1.45 1.18 0.95
Forecasted value (hm2/cap) 4.91 4.13 3.83 2.87 2.67 1.93 1.19 1.09 0.24

PE (%) 0.38 0.18 0.20 0.14 –0.11 0.07 –0.39 0.16 –0.36
MAPE (%) 0.05

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Actual value (hm2/cap) –1.86 –4.94 –6.30 –8.91 –9.89 –15.02 –27.66 –30.18 –33.01 –37.93
Forecasted value (hm2/cap) –7.08 –8.91 –11.21 –14.10 –17.75 –22.33 –28.10 –35.36 –44.50

PE (%) –43.27 –41.36 –25.78 –42.60 –18.15 19.26 6.88 –7.13 –17.32
MAPE (%) 2.45

Table 5. Ecological surplus for actual value, forecasted value, PE, and MAPE of Tibet.

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

Actual value (hm2/cap) 40.09 41.08 37.86 39.12 39.16 39.31 35.41 36.04 34.63 32.91
Forecasted value (hm2/cap) 41.96 40.66 39.40 38.18 36.99 35.85 34.74 33.66 32.62

PE (%) –2.14 –7.40 –0.72 2.50 5.90 –1.24 3.61 2.80 0.88
MAPE (%) 0.37

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Actual value (hm2/cap) 31.74 28.27 30.99 32.27 25.15 28.98 27.26 23.94 24.65 20.47
Forecasted value (hm2/cap) 31.24 30.05 28.91 27.82 26.76 25.74 24.76 23.82 22.92

PE (%) –10.51 3.02 10.40 –10.60 7.66 5.57 –3.45 3.35 –11.97 –10.51
MAPE (%) 1.53

Table 6. The forecast of ecological surplus/deficit of Qinghai Province and Tibet from 2015 to 2024.

Years 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Qinghai –56.00 –70.47 –88.68 –111.59 –140.42 –176.70 –222.36 –279.81 –352.11 –443.08
Tibet 23.07 22.36 21.66 20.99 20.34 19.71 19.10 18.51 17.94 17.38

4. Discussion

In this study, the model of emergy ecological footprint was modified by using region emergy
density to calculate emergy carrying capacity and emergy ecological footprint. This method not only
can reflect the true supply capacity of the ecosystem and human resource consumption situation in
the study area, but also make the results of carrying capacity and ecological footprint comparable.
As a result, the assessment of regional sustainability is more reasonable. In addition, we used the 30 m
resolution of the digital elevation model (DEM) to estimate solar radiation emergy. Compared with the
method of using the average solar radiation, solar radiation emergy that is calculated by the above
method will better reflect the real situation of the study area. Actually, when calculating regional
renewable resources, this part of emergy was too small to be included. Instead of using consumption
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data, we used regional biological resource productivity and emergy to estimate the ecological footprint
of human population growth and economic development, because only the sum of economic activities
and resources extracted within the area can reflect the real ecological footprint produced by humans.
The eco-economic system is complex, so we simplify the complex system to assess sustainability of the
study area. However, this approach does not include data which are difficult to obtain (such as topsoil
loss, soil erosion, waste material, and so on), and some data of consumption are not available in each
county’s statistical yearbooks, which can cause a small amount of deviation between study results and
actual conditions. The modified method can increase the reliability of the study results to some extent,
but still needs further improvement.

Tables 2 and 3 show that among six land-use categories, built-up land contributed more than
half of the total eef of Qinghai in 2014; while in Tibet, the contribution of grassland was the largest,
with a value greater than 40%. This result indicates that the growth of Qinghai’s eef is primarily
caused by the rapid urbanization, particularly industrialization, because Qinghai is abundant in many
resources that provide great convenience for industry development. However, Qinghai’s resource
utilization efficiency is low due to the backward technology, so a lot of wastes, including waste water,
waste gas, and solid waste, which are main proportions of the built-up land category, are produced
in the processing of production. Moreover, the proportion of land-use categories reflects that the
distribution of the eef is far from balanced. As for Tibet, animal husbandry is the main industry and
many residents make a living by grazing. Therefore, grassland produced the most emergy ecological
footprint. The urbanization in Tibet has developed fast in recent years, but not as fast as that in Qinghai,
so the contribution of built-up land to the total eef of Tibet is lower than that of Qinghai.

Figures 2 and 3 indicate that the sustainability of Qinghai and Tibet decreased from 1995 to 2014.
Qinghai’s ecc exceeded its eef in 2005 and since then EFI of Qinghai has been less than zero. This result
is consistent with Wang and Ding (2011) [67] and Liu et al. (2011) [68], both of which indicated that
Qinghai’s ecological carrying capacity decreased but the ecological footprint increased and Qinghai
is already unsustainable (Liu et al., 2011; Wang and Ding, 2011) [67,68]. Tibet’s ecc was always high
enough to cover local eef and its EFI was more than 60% in the investigated period. The results
are in accordance with An and Chen (2014) [69] and Li et al. (2015) [70], who proved that Tibet’s
sustainability showed a downward trend, but its carrying capacity was still larger than local ecological
footprint. Qinghai is abundant in petroleum, nonferrous metal, natural gas, and so on. More than
72.71% of local industrial enterprises are heavy industrial enterprises, which are highly dependent
on local resources and cause serious damage to the environment (Pan and Gai, 2016) [71]. Qinghai
is less developed in terms of science and technology, so the resource utilization efficiency was low,
resulting in a large amount of resource waste. Many factors, including population growth, urbanization
acceleration, economic, social, and industrial development, have resulted in the growing demand
and consumption of resources. These are the main factors which led to the increase of eef in Qinghai
province. Qinghai features a plateau continental climate, the rainfall is about 300 mm a year and
varies a lot among different areas [43], so the ecc of Qinghai was impossible to support the increasing
eef. Tibet is one of the most important biological reserves in China. Environmental protection is the
primary goal of local economic development. The modern industry in Tibet is backward—up to 2014,
there were only 763 industrial enterprises, more than 54.91% of which were light industrial enterprises.
Most Tibetans make a living by grazing—the output of animal husbandry accounts for 49.98% of the
gross output of farming, forestry, animal husbandry, and fishing. The economic development pattern
in Tibet is relatively primitive so the environment was less disturbed. After the implement of “Western
Development”, the economy of Tibet began to develop gradually, but Tibet still puts the most effort
into protecting the environment because of its momentous ecological status. As a result, the eef of Tibet
increased at a low speed. Tibet is abundant in rainfall and solar radiation due to its unique location
and climate (Zhao et al., 2005) [37], plus with the ecosystem integrity, vast territory areas, and low
population density, the local environment shows the features of primeval ecology, so the ecc is high
enough to maintain local economic activities.
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From Figures 4 and 5, we can see that the resource utilization efficiency and economy of the study
area were improved from 1995 to 2014. The resource utilization efficiency of Qinghai was lower than
that of the Tibet, but Qinghai’s economy developed faster. Equation (11) shows that EFG has a positive
relationship with EEF but a negative relationship with GDP. Despite the fact that Qinghai’s GDP was
more than that of Tibet, Qinghai’s EEF was almost three times as much as that of Tibet, thus EFG of
Qinghai was lower than that of Tibet. However, compared with other developed areas, both Qinghai
and Tibet should be improved in further development (Weng et al., 2006; Wei and Wu, 2011; Qin,
2013) [72–74].

Based on the current economic development pattern and growth rate of population, the future
sustainability of the study area was forecast by GM (1,1). The prediction results showed that the
unsustainability of Qinghai would intensify, and the sustainability of Tibet would continue to decrease
from 2015 to 2024. This is probably because the ten-year time frame is too short for Qinghai to reform
local development pattern, and the economic growth still depends on the consumption of natural
resources. The gap between Qinghai’s EEF and ECC becomes larger, and the environment is more
unsustainable. As for Tibet, the increase of local population leads to the increase of livestock, which
in turn leads to the excessive exploitation of grassland resources (Zhang et al., 2007) [75], so as local
grassland vegetation coverage and grass yield will decrease, the grazing capacity will also decline.
Moreover, because of the lack of scientific and effective management, Tibet’s grassland experiences
different degrees of degradation and grassland pests and diseases are getting more serious. Although
Tibet is still sustainable at present, the annual reduction rate of ecological surplus will reache 2.70%,
which indicates that Tibet is surely to be unsustainable in the near future if the development pattern is
not changed.

Policy Implication

In order to achieve sustainable development of the Qinghai–Tibet Plateau, different regions should
adopt appropriate policies and measures to develop the local economy.

Resource-based industries have made great contributions to Qinghai’s economic growth, but also
lead to severe environmental degradation. Since Qinghai plays an important ecological service role to
China and the rest of the world (Wang et al., 2015) [76], efforts to promote sustainable development
with the balance of economic growth and ecological protection should be made. First, Qinghai should
be actively engaged in developing a circular economy that aims to improve resource efficiency by
exchanging byproducts and reusing wastes (Geng et al., 2016) [77]. Second, Qinghai can optimize its
industrial structure by developing more service-oriented businesses because such businesses consume
less materials and produce less impact on the local environment. Qinghai has become one of the
most famous tourism destinations because of its abundant landscapes, rare species, and minority
culture. The tourism income accounted for 8.77% of Qinghai’s GDP in 2014, but there is great potential
to further expand it. Besides, it is urgent for Qinghai to make the best use of national policies and
regional advantages to import advanced technologies and attract talents. Qinghai can also build up
ecological compensation mechanisms to reduce environmentally damaging behaviors and recover
the local ecosystem. However, Qinghai is one of the less developed regions in China, which lacks
money to further protect local environment. Ecological compensation seems to be an effective method
to balance ecological protection and economic growth. Thus, how to determine an appropriate
compensation rate is of great importance. In this regard, more research should be made to identify the
best compensation rate.

Tibet is an important ecological reserve in China. Protecting the environment should be on its
priority list. Considering the decreasing trend of sustainability, Tibet should first continue to carry out
the policy of giving rewards and subsidies (GRS) for grassland ecological conservation, which has
been implemented by the Chinese government since 2009. The GRS policy encourages herdsmen to
determine the number of grazing animals by the size of pasture. If herdsmen cut down the number of
livestock, they can get rewards and subsidies from the government. Then the problem of overgrazing
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can be solved, the grassland vegetation coverage and grass yield will be increased, and carrying
capacity of grassland will be improved (Yang, 2014) [78]. Second, Tibet should make full use of local
renewable energy resources, such as hydroenergy, water resources, and geothermal power, to develop
the economy because renewable energy can not only help reduce pollution caused by fossil fuel,
but also bring more economic and sustainable benefits. Tibet is also well-known for its primary
environment, rare species, and Tibetan Buddhism, so developing tourism is a good choice to develop
the local economy. Tourism income accounted for 22.15% of the Tibet’s GDP in 2014, but there is still a
great potential to further expand it. Last but not least, Tibet should increase the resource utilization
rate through technological innovation to reduce the waste of resources.

5. Conclusions

As the main components of the QTP, Qinghai and Tibet show a great difference in sustainable
status. This study evaluated the emergy ecological footprint and emergy carrying capacity of the study
area through an improved emergy ecological footprint method, and applied three indicators (EFI,
EFG, and DC) to analyze the sustainability of Qinghai and Tibet for the period of 1995–2014. Results
showed that Qinghai had been experiencing an expanding ecological deficit since 2004, but Tibet was
still at a high level of sustainability in 2014. The resource utilization efficiency of Qinghai and Tibet has
improved, and their levels of economic development have also been increasing. The prediction result
of future sustainability indicated that Qinghai will be likely unsustainable, and Tibet will become
less sustainable in ten years. Policy suggestions are provided by considering their different economic
development conditions. Nonethess, the eco-economic system was simplified in this study, and
some data were either difficult to obtain or unavailable in the statistical yearbook. As a result, there
might be a small amount of deviation between study results and actual conditions. The modified
method proposed herein can increase the reliability of the results to some extent, but it still needs
further improvement.
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