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Abstract: Circular economies are critical for alleviating resource pressure and improving environmental
quality at regional level. Emergy analysis and eco-efficiency evaluations play important roles in
measuring regional eco-efficiency and providing supporting information for governmental decision-
making. In this study, emergy analysis and input—output analysis were applied to analyze the changes in
emergy structure, functional efficiency, and sustainable development capacity of Zengcheng, Guangzhou
during the period 2000-2016. The results showed that the proportion of non-renewable emergy in total
emergy structure of Zengcheng increased from 55% to 75%, which placed a greater environmental
load on the natural ecosystem and gradually weakened the capacity for sustainable development.
The rates of emergy utilization and eco-efficiency both showed increasing trends. All indicators
about eco-efficiency showed the development of Zengcheng heavily relied on emergy consumption,
especially on non-renewable emergy. The relationship between emergy utilization and socio-economic
development of Zengcheng can provide decision-making support for economic structure optimization
and sustainable community development.
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1. Introduction

Since the implementation of economic reforms and opening-up policy in 1978, China has
experienced rapid economic growth and accelerating urbanization. This is resulting in extensive
increases of external resource consumption and carbon dioxide emissions and, accordingly, affecting
urban development quality [1,2]. Urban areas have become the main hot spots of resource consumption
and waste generation [3,4]. The contradiction among economic development, resource shortages,
and air pollution is creating urgent need to seek new development pathways, such as circular
economies, which play an important role in alleviating resource pressure and improving environmental
quality [5,6]. A circular economy observes the principle of reducing, reusing, and recycling (3R), which
aims to lower pollutant emissions, implement cleaner production, and minimize inputs of energy and
materials in the production process [7]. A circular economy is a sustainable development strategy;,
which is identified as beneficial from the development economics perspective [8,9]. Promoting circular
economies at the regional level could effectively alleviate energy crises, environmental pollution,
and resource consumption, and thereby could improve regional sustainability and construction
of eco-cities and eco-communities. The economic boom has required significant natural resources
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inputs [10]. According to china statistical yearbook of 2016, the total energy consumption has increased
about 7.6 times from 5.7 x 108 t SCE in 1978 to 4.36 x 10° t SCE in 2016. While the overarching
objectives of the circular economy are not only to achieve pure economic growth but also to improve
eco-efficiency, the prefix “eco” stands for both ecological and economic performance. Eco-efficiency
has been proposed as a concept of “efficiency with which ecological resources are used to meet
human needs” [11] and as a tool of sustainable development [12], which connotes the efficiency
level of economic activity regarding resources, funds, and services. Changes in urban development
sustainability can be assessed based on regional eco-efficiency evaluations over time. Within the
context of new urbanization, eco-efficiency assessment may provide support information for policy
making to promote regional sustainability with less-negative impacts on the environment, and to
better inform construction of eco-cities [13,14].

The application of the circular economy concept in the Chinese context was first proposed in 1998,
and formally implemented by the central government in 2002 as a new development strategy [15].
Development policies were carried out mainly for environmental protection and waste recycling,
while the circular economy model worked as the end-of-pipe treatment. During the period 2003-2006,
pilots of regional circular economies and eco-industrial parks were promoted by the Ministry of
Environmental Protection, with the help of special funds. In 2007, the goal of constructing an ecological
civilization, presented by the 17th National Congress of the Communist Party of China (CPC), was to
vigorously develop a circular economy. The move for such an economy gained momentum on
1 January 2009, when the Circular Economy Promotion Law was enacted.

An increasing number of studies focused on applications of statistical methods for measuring
eco-efficiency including the Delphi method [16], ecological footprint method [17], analytic hierarchy
process [18], and data envelopment analysis [19]. These methods were mainly applied for analyzing
the impacts of emissions on the environment, and the economic benefits [20], while the contribution of
ecological products and services to alleviate these impacts was neglected, as were the loads placed on
ecosystems and problems related to the carrying capacity of economic and industrial development [21].
Currently, most studies concerning eco-efficiency in a circular economy focus on the scientific planning
of eco-cities and eco-communities [22,23]. Lou and Ulgiati (2013) used emergy analysis methods to
analyze the advantages and constraints of Chinese ecological conditions for economic development [24].
Pouriyeh et al. (2016) used envelopment analysis to investigate the ecological efficiency of urban
suburbs in Iran, and not only solved the problems of inaccuracy in previous approaches, but also
provided a creative and scientific way to evaluate fluctuation in the energy structure, ecological
efficiency, and sustainable development capacity [25]. Data used in these studies were directly
obtained from the related statistical yearbook or survey. Therefore, most research on eco-efficiency has
focused on areas such as industrial parks and mega-cities with less focused on that at regional level.
Lou et al. (2015) used emergy accounting method to evaluate the regional environmental sustainability
in terms of power production, industry, mobility, and buildings four aspects [26], which may be better
to reflect the sustainability of sub-economic system and neglected the relationship between different
sub-systems. Therefore, in this study, we combined the emergy analysis and input-output method
to study the eco-efficiency of circular economy from the whole social-economic system perspective
rather than the sub-system. In addition, we aimed to prove the feasibility of combination of these two
methods and extend them in investigations about eco-efficiency of circular economy to regional level.

Emergy analysis converts capital, materials, and resources into solar energy values, thereby
linking the natural environment system and socio-economic system. Input—output data provide a
detailed record of the material or capital inflows and outflows [27,28]. The combination of traditional
emergy analysis with the input-output method has been frequently used to measure the flows
of regional energy, materials, information, and capital, and to evaluate sustainability at regional
level [29,30]. The relative emergy-based indices such as emergy yield ratio, environmental load ratio
and environmental sustainability index are directly linked to urban ecosystems in an integrated way
through the combined values of the services [31]. It could capture the dynamics of the system and
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reflect the environmental load, eco-efficiency, the changing trends of energy structures, resource
utilization, eco-efficiency, and the ability to achieve sustainable development [32,33]. Additionally,
it also can identify issues to be addressed during the process of eco-city construction in the name of
circular economy.

Zengcheng, a county in the city of Guangzhou, has taken the lead in eco-city construction in
China. We selected Zengcheng as case study to analyze its eco-efficiency change during the period
2000-2016. The rest of this article is organized as follows: the second section is a description of the
study area, and the third section covers the data processing and modeling. The fourth section lays
out the results that are significant for consolidating existing eco-city achievements, and the final
section includes discussions on the key findings and conclusions. This study not only serves as an
empirical study for evaluating the eco-efficiency of circular economy in Zengcheng based on emergy
analysis, but also provides useful decision-making information to help promote urban ecological
integrated management.

2. Study Area

Zengcheng (113°29" E-113°57' E, 23°5' N-23°37’ N) is located in the east of Guangzhou (Figure 1),
covers an area of 1616.47 km?, of which 55.88% is forested. Zengcheng is in a subtropical zone, with
annual average temperature of 22.2 °C, precipitation of 1869 mm (73.6 inches), evaporation 1330.3 mm
and sunshine of 1830.0 h, which makes it suitable for tropical and subtropical crop growth.

Guangdong Province
[54] Zengcheng City

Figure 1. Geographic location and three economic zones of Zengcheng.

With the objective of ecological conservation and under the guidance of the Scientific Outlook on
Development, a guiding socio-economic principle of the CPC, a “three economic zones” strategy was
employed in Zengcheng to spatially allocate various industries (Figure 1). The northern ecological
industrial zone is a strictly conserved area mainly used for tourism and urban agriculture. The science,
education, and living zone is planned to form a high-end living area by importing residential and
educational components. The new southern industrial zone is served for developing strategic emerging
industries to form an industrial agglomeration combining with the original manufacturing industrial
base there.

Government of Zengcheng paid more attention to the circular economy in the development of
industry. Its sustainable development strategy was implemented via closure of polluting enterprises
and rational allocation of manufacturing districts, residential zones, and ecological conservation areas
under the guidance of a circular economy. In addition, the environmental remedying strategy was
also carried out in 2001. Finally, the government of Zengcheng entitled a privilege of the “Zengcheng
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model”, which was famous for its win-win strategy in terms of ecologically oriented society and
economic development. To ensure a mode of circular economy development, on the one hand green
cleaner production was required, while on the other hand circular utilization of resources was needed.
The annual GDP growth rate in Zengcheng was above 10% from 2000 to 2015. In addition, industrial
structure became more and more rational. In 2015, the gross domestic product (GDP) in Zengcheng
reached $15.23 billion, with the ratio of the first, second and tertiary industries was 5:60:35, and total
exports valued reaching $3.62 billion. The per capita disposable income of urban residents was $5900,
while that of rural residents was just $2822. Circular economy was implemented in Zengcheng in 2001.
Therefore, there is great value in taking Zengcheng as a case study area to characterize the various
aspects of its ecological efficiency and resource utilization, and to speculate on what underlies the
crucial problems encountered.

3. Data and Methods

3.1. Data

Natural environment data were employed to calculate the emergy contribution to circular
development from the ecosystem, and these consisted mainly of average sunshine hours, annual
precipitation, and above mean sea level. The data were obtained from the database of the Resource
and Environmental Science Data Center, Chinese Academy of Sciences.

Social economic data were applied to estimate the emergy contribution of resources, funds, and
services from the human economic system. It mainly included food consumption (fruit, vegetables,
meat, eggs, fish), energy consumption (coal, fuel oil, electricity), metal consumption, GDP, and waste
(solid waste, wastewater, and waste gas). These data were mainly derived from the Guangzhou
Statistical Yearbooks of years 20012017 [34], the Statistical Bulletin of Social Development of
Zengcheng, and the input-output (I-O) table of Guangdong Province for 2000, 2002, 2005, 2007,
2010, and 2012. The total consumption of food and energy in Zengcheng was acquired, then the
amount of resources, obtained internally and externally, was determined in accordance with the
IO table. Owing to the lack of official statistical data of Zengcheng, in this study some data at the
Guangdong provincial or municipal scale were interpolated into the spatial scale of Zengcheng by
linear regression. For example, the consumption of fuel oil, electricity, and cement were calculated
based on the ratio of Zengcheng’s GDP compared with those of Guangzhou. Of note, the I-O table for
Guangdong was employed for speculating the proportion of import resources in the total.

During the data processing phase, we first calculated the total input emergy of energies, resources,
and capital for Zengcheng. Then, the total emergy was divided into local and external emergy in
accordance with proportions of total output value of domestic and foreign inflows. Here, to avoid
duplicate counting, we followed Lomas et al. (2008) to use the sum of rain chemical emergy and
rainwater potential emergy to replace the emergy of renewable energy [35]. The input emergy of
various non-renewable resources was interpolated based on multiplication of the resource consumption
indicated in the Guangzhou Statistical Yearbook, and the proportion of GDP of Zengcheng within
Guangzhou. The emergy of renewable resources excluding food emergy was calculated as the per
capita consumption of Guangzhou multiplied by the population of Zengcheng. Proportion of rations
accounted for the total amount of grain consumption was 30%; therefore, emergy of grains was
calculated by emergy of rations divided 30%.

3.2. Methods

Emergy analysis and the input-output method were incorporated to evaluate regional
eco-efficiency. Odum (1983) introduced emergy analysis in the 1980s [36]. There is fundamental
difference among various types of energy as long as quality and value are concerned; therefore,
energy cannot be added or subtracted directly in a system [37]. The values of various forms of energy
were standardized into that of solar energy as the standard energy value, based on their emergy
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transformity [38]. After conversion, the emergy of the inputs and outputs can be compared and
analyzed within the same system [39]. An I-O table records the direction of material and capital flow in
the region, providing a detailed database for an emergy analysis [40]. The main procedures of emergy
analysis are: (1) determine the boundary of the study area and project the inner relationship within the
emergy systems [41] (Figure 2); (2) calculate the emergy of the various energy flows; (3) establish an
evaluation index system on a circular economy, and calculate the respective values; and (4) analyze the
dynamics and driving mechanism of the emergy.

Industrial economic
systems

§ ‘:’; Agricultural Economic
System(foods)

Natural ecosystem l

Intentional
tourism
income

Foreign

assets

100108
)

! | ~%y !
Figure 2. Emergy system in Zengcheng.

Traditional evaluation methods, such as material flow analysis, the Delphi method, ecological
footprint method, and analytic hierarchy process, focus mainly on a single parameter, without
accounting for local ecosystem services or the value of existing natural capital [42]. Furthermore, these
methods are not capable of distinguishing the origin of resources (local or external) to assess their
contribution to regional economic development, and are not originally designed for the systemic,
closed-loop feedback features that characterize a circular economy. Emergy analysis incorporates
ecosystems as well as socio-economic systems, analyzes energy flow, material flow, monetary flow,
and other ecological flows, and thus enables choosing integrated evaluation indicators to reflect
the system’s structure, function, and efficiency [43,44]. However, emergy analysis is still somewhat
imperfect; that is, the emergy transformity of energy, materials, or capital may vary by region, and it is
obtained from various sources, which may lead to inaccurate accounting results.

Classification of emergy. Based on the actual situation in Zengcheng, the emergy is divided into
eight types: local renewable energy emergy, local renewable resources emergy, local non-renewable
resources emergy, imported renewable resources emergy (domestic), imported non-renewable resource
emergy (domestic), foreign input emergy, net output emergy, and waste emergy (Table 1). The emergy
is calculated based on the emergy transformity (unit emergy value) of these resources (energy, capital)
according to Equation (1), Table A1 (Appendix A) shows all types of emergy in Zengcheng from 2000
to 2016.

Ei=fixUEVii=1,.,n 1)
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where E; is the emergy of i resources, f; is the ith input flow of matter or energy and UEYV; is the unit
emergy value of the ith flow (from related literature).

Table 1. The types and resources of emergy.

Types Resources Emergy Code
Local renewable energy Sunlight, wind, rain, earth cycle Emg;
Local renewable resources Foods (Grain, vegetable, fruit, egg, meat, fishery) Emgy
Import renewable resources Foods (Grain, vegetable, fruit, egg, meat) Emgs
Local non-renewable resources Water, electricity, metal, cement, oil Empng
Import non-renewable resources Coal, fuel oil, metal Empp

Foreign Import Foreign assets, international tourism income Empvp1

Net Output GDP, total annual exports Emy
Wastes Solid waste, waste water, waste gas Emyy

Note: The total import emergy (Emy) = Emg; + Emgy + Emgs + Emy; + Emyp + Emypypy; External input emergy
(Empvp) = Emgs + Emnp + Empvpr . Foods, solid waste, waste water, waste gas, water, metal, cement, coal and fuel
oil are measured in unit of tons; Foreign assets, international tourism income, foreign assets, total annual exports
and GDP are measured in the unit of USD; electricity are measured in the unit of kWh.

Evaluation index system of emergy. The evaluation index for assessing regional sustainability is
capable of reflecting the information of urban ecological planning, construction, and management [45].
To describe and evaluate the changes of the circular economy in Zengcheng from 2000 to 2016, based
on the related study of emergy sustainability indicators [46], a series of indexes were selected from the
aspects of structure, function, and efficiency (Table 2), all of which supported multiple performance
aspects in resource use. The emergy evaluation index was calculated from the material flow and
capital flow. Further detailed on the emergy method and emergy evaluation index can be found
in [13,24,28,32].

Table 2. Emergy evaluation index system.

First-Level Indicator Second-Level Indicator Formula
Ratio of renewable emergy (Emgq + Emg, + Emg3)/Emy
Structure Ratio of non-renewable emergy (Emyy; + Empp)/Emy
Ratio of foreign import emergy Empyp1 /Emy
Emergy to money ratio (EMR) Emy/GDP
Function Emergy yield ratio (EYR) Emy/ EmIMP
Emergy use per person Emy; /Population
Emergy use per unit area Emy/A
Environmental loading ratio (ELR) (Emy — Emg; — Emg,)/(Emg; + Emg»)
Efficiency Ratio of waste to total import (EWR) Emy /Emy
Ratio of waste to yield Emy /Emy
Comprehensive index Emergy sustainability index (ESI) EYR/ELR
4. Results

4.1. Changes of Emergy Flow of Circular Economy

The emergy of renewable energy fluctuated widely in Zengcheng from 2000 to 2016, mainly as
a result of changes in rainfall, with an average value of 5.31 x 10%° seJ/year, a minimum value of
3.47 x 10% seJ in 2004 and a maximum value of 6.98 x 10% seJ in 2016 (Table 3). Additionally, based
on the calculation results, we can sort the magnitudes of the emergy of renewable energy inputs to
Zengcheng by the Earth’s rotational energy, wind energy, and solar energy.

The emergy of renewable resources is characterized by decreasing inputs and a reliance on local
supply. It decreased from 7.99 x 10?! seJ in 2000 to 6.84 x 102! seJ in 2016. The emergy of renewable
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resources outside the region accounted for about 15% of the total emergy. The types of resources
outside the region and imported to Zengcheng include food, fruit, vegetables, and meat, while the
region is essentially self-sufficient in terms of fish and eggs. Among the renewable resources, the
input emergy of grains was the largest from 2000 to 2016, accounting for over 65%, followed by that
of vegetables, accounting for around 15%. However, the input emergy of grains decreased from
6.08 x 10%! seJ in 2000 to 4.93 x 10%! seJ in 2016, and the emergy of meat and fruits increased during
the same period. Improved living conditions and changes in people’s diet structure were the main
reasons behind this. From 2000 to 2016, the figure of grain emergy was the largest, dominated the
change trend of renewable resources. Although the population continues to increase, the amount of
grains consumption is decreasing rapidly, leading to a variety of renewable resources also showing a
decreasing trend.

The emergy of non-renewable resources show an increasing trend: from 1.12 x 10° seJ in
2000 to 2.75 x 10?? se] in 2016, respectively. While, Zengcheng’s economy has recently rapidly
developed, resulting in rising demand for energy, the rising use of private automobiles has also raised
consumption of oil and other resources. Among the emergy of non-renewable resources, electricity
had the largest proportion, of 40% (except for in 2000, when it accounted for 29%). The emergy of

022

cement showed a decreasing tendency from 2000 to 2016 owing to the well-built infrastructure with
less renovations or repairs required; frequency of using cement is resultantly decreasing. The emergy
of other non-renewable resources showed differing degrees of increase and emergy outside the region
accounted for about 20%. The local supply of coal was at a low level, and depended mainly on resources
outside the region. The emergy of electricity, water, and cement reflected the basic self-sufficiency in
Zengcheng, while emergy of other resources still needed external supply.

The emergy of foreign inputs and outputs both show an increasing trend, and the gap between
the two sides has widened. The emergy of foreign inputs reached 1.44 x 10?! seJ in 2016, which
was 2.44 times the 2000 figure. The emergy of foreign outputs increased from 1.99 x 10%! seJ to
1.98 x 10 se] during the same time with about a tenfold increase since 2000.

The emergy of outputs is increasing rapidly, though the emergy of waste is still large. The emergy
of GDP reached 1.46 x 10?3 seJ, with an increase of 1.32 x 10?3 se] over the 17-year period. During this
period, the emergy of waste showed an unstable trend, first increasing, then decreasing. The emergy
of solid waste accounted for the largest proportion, at about 90%. These data show the cycle capacity
of the economic system in Zengcheng is weakening. Disposal of waste and recycling should be
strengthened to minimize emissions incurred in future development.

On the whole, the input emergy in Zengcheng maintained an increasing trend. More specifically,
the input emergy outside the region increased from 3.16 x 102! seJ in 2000 to 7.21 x 10! seJ in 2016,
accounting for 16.5% to 21% of the total input emergy. Similarly, the local input emergy also kept
an increasing trend, but the proportion decreased, mainly due to introduction of a large amount of
oil resources.

4.2. Changes in the Emergy Evaluation Index of the Circular Economy

Figure 3 shows the changes in the circular economic structure in Zengcheng. Non-renewable
energy emergy dominates the emergy structure in Zengcheng. The total input emergy was
3.65 x 10?2 se] in 2016, about twice the 2000 figure. The emergy of non-renewable resources increased
from 1.12 x 10?? seJ in 2000 to 2.75 x 10?2 seJ in 2016, accounting for about 75% of the total input
emergy in 2016 (Figure 3). Over the same period, the percentage of the emergy of renewable energy
decreased from 39.4% to 18.7%. The change of proportion of foreign input emergy accounting for
the total input emergy is not significant over the 17-year period, about 3-10%. These data show the
economic development in Zengcheng relies mainly on non-renewable resources, such as coal and
oil, and this will inevitably affect the local ecological environment in the processes of development,
transportation, and other use.
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Figure 3. Changes in the total input emergy, non-renewable emergy, foreign input emergy, and
renewable emergy in Zengcheng, 2000-2016.

As the socio-economic system in Zengcheng has been improved, the efficiency of emergy
utilization and production has increased. The system’s emergy became increasingly dependent
on the purchase of foreign emergy from 2000 to 2016, with the increase becoming more rapid over time.
As a result, the emergy yield ratio (EYR) experienced a partial change in volatility and then finally an
overall decreasing trend (Figure 4, Table 4). Emergy use per unit area and per person increased, while
the ratio of emergy use to GDP decreased (Figure 5, Table 4). The emergy use per unit area nearly
roughly doubled from 1.25 x 10" seJ/km? in 2000 to 2.26 x 10'° seJ/km? in 2016, while emergy use
per person increased from 2.74 x 10! se] /person to 4.14 x 10 seJ/person. Additionally, the ratio
of emergy use to GDP decreased from 1.21 x 107 seJ /$10,000 to 2.31 x 10'® seJ /$10,000 (Table 4),
indicated that less emergy was needed to produce something of equal value. It mainly because of that
the emergy use efficiency improvement was due to the technical progress.

EYR

2000 2002 2004 2006 2008 2010 2012 2014 2016

Figure 4. Changes of emergy yield ratio (EYR), 2000-2016.
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Table 3. Emergy of inputs and outputs at Zengcheng (unit: se]).

9of 16

Emergy 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Local renewable energy (x 10%9) 542 598 429 401 347 571 656 493 678 4.87 5 378 518 546 534 647 698
Import renewable resources (x 10%%) 845 1111 1263 719 11.09 11.83 1584 10.77 1054 10.03 1693 1274 9.89 10.64 11.27 10 11.63
Local renewable resources (x10%1) 7.15 6.7 725 734 655 649 568 631 58 554 472 511 524 507 531 54 5.67
The total renewable emergy (x 10?1) 799 781 851 805 766 767 726 738 691 655 641 638 623 613 643 6.4 6.84
Import non-renewable resources (x 1021y 232 227 229 231 234 244 254 313 331 3.3 4.09 452 5.3 5 511 523 6.05
Local non-renewable resources (x10%!) 8.84 9.4 1092 1358 141 1551 1639 1648 1523 1549 168 1729 172 1847 1832 208 215
The non-renewable resources (x 10%2) 112 112 117 132 159 164 179 18 196 18 188 209 218 225 235 261 275
Foreign input (x 10%9) 5.88 7.2 795 832 1023 1219 1451 1993 1798 1798 2516 28.07 2131 1938 199 141 14.4
Net output (x 1022) 1.65 191 211 246 286 342 43 533 649 715 9.08 10.84 1193 14.01 1436 152 16.6
Wastes (x10%0) 562 675 724 847 936 828 934 813 922 1024 1135 997 9.08 868 686 923 101

Table 4. Changes in the emergy evaluation index of the circular economy.
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
EYR 541 507 528 652 570 566 508 476 453 453 365 3.65 373 401 394 452 422
ELR 164 18 199 225 269 283 347 334 327 358 481 472 445 471 455 471 473
Ratio of waste to yield (%) 341 353 343 345 328 242 217 153 142 143 125 092 076 062 048 061 061
Ratio of emergy use to GDP (seJ/$10,000) 12.15 10.8 10.66 10.02 886 833 701 603 603 453 393 350 29 264 233 224 228
EWR (%) 277 325 316 336 368 302 330 276 330 371 374 318 289 270 212 267 277
ESI 330 274 266 289 212 19 146 143 138 126 076 077 084 08 087 096 0.89
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Figure 5. Changes in emergy use per unit land, the ratio of emergy use to GDP, and emergy use per
capita, 2000-2016.

Pressure exerted on the ecological environment system gradually increased in Zengcheng during
the period 2000-2016. The ELR of Zengcheng showed an increasing trend (Figure 6), mainly because
of the decreasing emergy of renewable energy within the system. Apart from that, the increasing
input emergy and non-renewable emergy resulted in overall rising of ELR. The ELR changed suddenly
in certain years, mainly owing to abrupt decreases in rainfall, which further caused the decreasing
emergy of the renewable energy inputs from 2004 to 2010. The EWR and ratio of waste to total imports
decreased (Figure 6, Table 4), utilization efficiency of emergy within the entire system increased, and

output emergy increased. Although the ratio of waste to total imports continued to decline, the emergy

of waste rose, particularly that of solid waste, which was equal to the emergy of renewable energy.

Ratio of waste to yield

—— ELR
EWR
50 40
45 L 35
40 3.0
35 | { 25
3.0 F 4 20
25 |} {15
20 | {10
15 ¥ 1 05
1.0 1 1 1 1 1 1 1 O
2000 2002 2004 2006 2008 2010 2012 2014 2016

Figure 6. The changes of environmental loading ratio (ELR), Ratio of waste to yield, and ratio of waste
to total import (EWR), 2000-2016.
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The emergy sustainability index (ESI) decreased with fluctuation during our study time period
(Figure 7, Table 4), indicating the system development capability decreased continuously. The ESI
sharply decreased from 3.3 in 2000 to 0.76 in 2010. From 2010 to 2016, it kept around 0.8. A large
amount of input emergy comes from outside of Zengcheng, and the emergy of non-renewable resources
accounts for 80% of the total input emergy. Furthermore, the local renewable energy was decreasing
during the study period, which led to a smaller ESI value. These data showed that the sustainability of
socio-economy system was decreasing.

35
3.0
2.5

2.0

ESI

1:5

1.0

0.5

0.0

2000 2002 2004 2006 2008 2010 2012 2014 2016

Figure 7. Changes of emergy sustainability index (ESI), 2000-2016.

We examined the accuracy of our results via comparison with related research. We referred to the
results of Sweeney et al. (2007) on circular economies in various countries [47]. The ratio of renewable
energy in Zengcheng is below the China’s average level (0.26 in 2006) and has maintained a decreasing
trend in recent years. Our results on ratio of renewable energy are above the average level (0.03 in 2006)
in Japan, which may be due to Japan’s heavy reliance on resource imports. ELR is about twice more
than China’s average level (2.83 in 2006). The EYR in Zengcheng is similar to the China’s average level
(4.03 in 2006), and lower than that for Russia (11.33 in 2006), indicating the efficiency of emergy use
is higher in developed countries. The ESI figure is higher than that for Japan (0.04 in 2006), showing
better sustainable development of society and the economy in China than in Japan. In sum, the recent
development level of the circular economy has increased, but it is still clearly problematic compared
with what is seen in developed countries.

5. Conclusions and Discussion

On the whole, the input emergy of Zengcheng has been increasing, mainly stemming from an
increase in non-renewable resource emergy, which means non-renewable energy emergy dominates
Zengcheng’s emergy structure, especially coal resources. The increasing input emergy and
relatively low efficiency are the main reasons leading to the large annual amounts of waste emergy.
The development model in Zengcheng relies on high emergy consumption, as a tradeoff for economic
development. This exerts great pressure on the ecological environment system in Zengcheng.
Although the efficiency of emergy utilization and production has increased, the capability for system
development has continuously decreased. This mode of development is not sustainable and will
affect the system’s capacity for sustainable development in Zengcheng. To sum up, the emergy
structure in Zengcheng should be adjusted to better reduce the use of non-renewable resources and
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develop a circular economy in the future. These results help decision makers have a comprehensive
understanding of the development of circular economy in Zengcheng and aids in decision-making to
promote construction of ecological communities and implementation of urban ecologically integrated
management. It also proves combination the emergy analysis and input-output method can be applied
to evaluate the eco-efficiency at regional level.

There are some suggestions for policy makers to improve the eco-efficiency and sustainability.
Based on the ESI formula, it is abundantly clear that increasing use of local resources is vital for
reducing dependence on resources outside the region. Reducing use of non-renewable resources
to ensure a relatively high ESI should yield positive effects. First, to develop new energy sources
(e.g., solar energy and wind power) and the low emergy demanding technologies, and improve the
emergy use efficiency; second, to adjust the energy structure and reduce the dependence on resources
outside, especially the non-renewable energy; third, to develop the technology of wastes recycling
and improve the use efficiency of wastes; fourth, to adjust the high emergy consumption industries,
e.g., energy intensive industries, and accelerate the development of the tertiary industry and optimize
local economy structure; at last, local government should encourage citizens to have a low emergy and
healthy lifestyles.

The lack of official statistical data on Zengcheng means that we have to scientifically convert data
from Guangdong Province or Guangzhou City to derive proportional coefficients. Therefore, there
may be errors between the calculated and actual data. However, based on the emergy analysis method
and input-output method, compared with the results of Brown (2006) [25], the discounted data in
Zengcheng are within a reasonable range. These results reflect the basic changes in the trends of the
circular economy and development of a social economic system in Zengcheng from 2000 to 2016.

The present research broadens investigations on regional eco-efficiency evaluation based on
emergy analysis. Our results of Zengcheng indicate eco-efficiency calculated via an emergy model is
capable of reflecting the comprehensive situation of circular economy development, including structure
of resources, function and efficiency, and sustainability of the socio-economic system. Compared with
the data at national and provincial levels, there are some difficulties in data collection at regional level.
However, the results may reflect a more realistic portrait of the socio-economic system. In the future
study, we will carry out field research and consult with the related government bureau about energy
flow, material flow in Zengcheng, and to assess the reliability of calculated data thorough comparing the
investigated data with the calculated data. Combined with the Chinese characteristic, the construction
of circular economy may achieve better results adopting a bottom-up model. In some sense, it is
important to evaluate the development of a circular economy at the regional level. The present study
provides the database and decision-support information for further optimization the circular economic
structure for building an ecological city, ecological communities, and pursuing development at even
smaller spatial scales.
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Appendix A
Table A1l. The emergy of Zengcheng City, 2000-2016 (unit: seJ/year).

Types 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Sunlight (x1018) 710 710 710 710 710 710 710 710 710 710 710 710 710 710 710 710 7.10

Local Wind (x1019) 499 499 499 499 499 499 499 499 499 499 499 499 499 499 499 499 499
renewable Rain (chemical potential) (x10%) 527 580 417 389 337 555 637 478 658 473 486 3.67 503 531 519 553 6.04
energy Rain (geopotential) (x101%) 156 172 124 115 100 165 189 142 195 140 144 109 149 157 154 164 1.79
Earth cycle (x101%) 938 938 938 938 938 938 938 938 938 938 938 938 938 938 938 938 9.38

Total (rain) (x 102) 542 598 429 401 347 571 656 493 678 487 500 378 518 546 534 647 698

Grain (x10%) 361 607 774 223 680 7.09 1116 598 583 531 1098 634 501 525 522 485 597
Import Fruit (x10'6) 917 813 867 660 707 633 763 852 837 996 844 892 11.04 970 1178 1327 16.03
renewable Vegetable (x1020) 274 283 277 279 219 231 232 242 268 263 329 329 337 236 296 308 340
resources Meat (x10%) 200 213 203 210 203 237 228 229 194 199 257 301 140 292 297 193 210
Total (x10%0) 845 1111 1263 719 11.09 1183 1584 1077 1054 1003 1693 1274 989 1064 1127 1000 11.63

Grain (x1021) 572 523 588 598 523 518 432 495 451 419 327 359 382 364 38 414 433

Egg (x1016) 126 151 132 150 145 161 151 150 176 173 191 226 217 210 228 246 288

Local Fishery (x1016) 205 205 202 181 180 199 208 209 243 241 264 309 291 303 308 327 373
renewable Fruit (x109) 275 225 229 165 176 155 174 186 174 200 197 159 173 180 250 269 3.36
resources Vegetable (x1020) 912 925 870 824 805 717 782 805 690 638 7.33 639 527 639 652 698 7.40
Meat (x10%) 491 521 476 514 498 579 558 537 643 695 695 858 882 771 770 536 565

Total (x1021) 715 670 725 734 655 649 568 631 586 554 472 511 524 507 531 540 567

The total renewable emergy (x1021) 799 781 851 805 766 7.67 726 738 691 655 641 638 623 613 643 640 684
Imoort Coal (x1021) 223 221 224 226 225 227 245 249 248 249 264 278 252 249 247 256 232
N n_nr“Fr’lorw - 0il (x1020) 0 0 0 0 0 0 0 542 687 623 1162 1563 2492 2174 2419 243 346
Oresjufce: € Metal (x101%) 890 551 459 498 865 1737 928 950 1459 1842 28.08 17.67 2863 3414 2201 24 269
Total (x10") 232 227 229 231 234 244 254 313 331 330 409 452 530 500 511 523 605

0il (x1021) 284 291 315 320 323 336 356 373 405 442 457 445 389 462 449 582 6.05

Local Electricity (x1021) 325 373 460 577 684 7.8 804 892 857 855 966 1024 1065 1096 1148 121 12.8
non_r:flzwable Cement (x10?") 260 255 294 424 358 396 417 310 206 200 197 207 219 228 189 245 213
e Metal (x102°) 151 207 231 365 444 382 621 736 549 524 597 530 467 607 468 470 481

Water (x1016) 397 539 518 563 594 569 553 567 578 581 59 595 592 605 617 632 65

Total (x 1021 884 940 1092 1358 1410 1551 1639 1648 1523 1549 1680 1729 1720 1847 1832 208 215

The non-renewable emergy (x 1022) 112 112 117 132 159 164 179 189 196 185 1.88 209 218 225 235 261 275
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Table A1. Cont.
Types 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Foreign assets (x 1020) 507 630 683 747 925 11.10 13.14 18.09 16.52 16.32 2248 2581 19.62 17.80 18.10 122 123
Foreign input  International tourism income (x101%) 819 9.01 112 856 9.73 1092 13.71 1839 1453 1661 2683 22.61 1691 1579 17.60 19.1 203
Total (x10%0) 588 720 795 832 10.23 1219 1451 1993 1798 1798 25.16 28.07 2131 1938 199 14.1 144
GDP (x10%2) 145 167 187 218 249 289 357 436 542 612 768 9.16 1020 1205 1231 131 14.6
Net output Total annual export (x 10%1) 199 243 245 279 366 534 722 964 10.61 1031 14.01 16.77 1731 1952 2050 21 19.8
Total (x10%2) 165 191 211 246 286 342 430 533 649 715 9.08 10.84 1193 14.01 1436 152 16.6
Solid waste (x1020) 469 575 623 763 844 749 856 741 805 919 1034 900 820 776 6.16 853 9.38
Wastes Waste water (x10%%) 894 956 966 805 865 753 742 689 1125 999 946 899 813 845 639 634 6.57
Waste gas (x 1018) 341 417 452 333 5.02 418 370 312 3.82 468 607 724 626 675 657 639 732
Total (x10%0) 562 675 724 847 936 828 934 813 922 1024 1135 997 9.08 868 686 923 10.1

Data source: Guangzhou/Guangdong Statistical Yearbook from 2001 to 2017, Guangdong IO Table of 2000, 2002, 2005, 2007 and 2012.
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