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Abstract: This review investigates the potential of the emergy analysis (EMA) as a new perspective
and approach to the worldwide used ecosystem services (ESs) framework to quantify and analyse
the potential benefits people obtain from ecosystems. Based on bibliometric analysis method, the
study systematically investigates the latest developments and issues of application of EMA in ESs
in conjunction with thematic analysis. The analysis includes an evaluation of its application in nine
different types of ESs. The results show that the number of publications and cited frequency in this
field grows exponentially. The application of emergy analysis is relatively well established for
agriculture, urban, industrial and wetland ecosystems, but the application for forest, grassland, costal,
marine and other ecosystems has yet to be advanced. Finally, current limitations and future research
directions, including policy and strategy are further discussed. This study found that addressing
incomplete data and parameterization, improving the accuracy of emergy accounting for different
ecosystems in changing environments, and combining emergy with other methods and policy
scenarios remain the long-term directions in the future related studies. These results can pave the
way for further use of EMA in ESs research and provide guidance for decision-makers in the future.
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1. Introduction

Ecosystems are being severely damaged by human activities as a result of
urbanization and rapid population growth. To sustain human society’s development, it
IS necessary to effectively manage nature as an important capital or asset [1,2]. The



question of how to account for and assess the value of nature is an important research
topic for scientists from all over the world. Already in the year 1970, the Study of
Critical Environmental Problems (SCEP) published “Man’s Impact on the Global
Environment”, which first introduced the concept of ecosystem services (ESs). The
1990s saw the rapid development of ESs research [3,4]. In 2001, The Millennium
Ecosystem Assessment (MEA) was the first major global project launched by the
United Nations to provide a comprehensive and integrated assessment of ecosystems in
relation to the links between ESs and human well-being. Since then, the assessment of
ESs has received global increasing attention.

ESs are often defined as the benefits that humans derive directly or indirectly from
ecosystems [5]. The sustained provision of ESs is the basis for sustainable development
of society and nature [3]. Policy makers and stakeholders consider accounting for ESs
as an essential tool to inform and support economic and environmental policy [6]. A
wealth of study has conducted research on ESs from different disciplinary fields over
the past decades, and many studies on the evaluation of ESs are based on material [7,8]
and monetary methods [9-11]. Quantitative empirical analysis methods are based on a
material quality perspective, including exergy (i.e. useful quantity that stems from the
Second Law of Thermodynamics, which is the basis for evaluating fuels and resources,
process, device, and system efficiencies, dissipations and their costs), the ecological
footprint, life cycle analysis, and material and energy flow analysis, etc. [12-14].
Monetary valuation is the assessment of ESs in terms of economic value, such as
willingness to pay, market prices and replacement cost methods. However, these two
methods are certain limitations although they have their own advantages. The physical
quality approach is based on in situ observations, remote sensing interpretation, model
simulations, and survey and statistical analysis to obtain physical quantities related to
the supply and consumption of different services at the required spatial and temporal
scales [15]. Its assessment results are relatively objective and accurate, but do not
facilitate comparisons between different services. The monetary approach can facilitate
comparison between different services and socio-economic capital using the same unit,
but some service types are difficult to value and are subject to market fluctuations,
geographical factors and human preferences, making the assessment highly subjective
[16].

The theory and methodology of emergy was developed by H. T. Odum in the 1980s
[17] and has been becoming an important tool in the field of environmental accounting.
It has been widely used in research areas, such as ESs, ecological assets, ecological
carrying capacity and regional sustainability assessment. It uses emergy as a measure,
converting all forms of energy into the same unit of comparison: the emergy, providing
a common scale for measuring and comparing all forms of energy. Emergy analysis



(EMA) can also unify and quantify ecosystems and economic systems, and plays an
important role in the emerging interdisciplinary field of ecological economics, which
needs to be enriched by scientific and quantitative research methods. EMA provides a
new perspective and approach to ESs analysis, especially, which can strengthen the
understanding of ecosystem services flow in linking human and nature, enabling a more
in-depth portrayal of service flows, which also allows us to compare different types of
energy, resources, products, services flowing or stored in a system in the same energy
category unit (solar energy) in the same time. In addition, the EMA assesses the
contribution of ecosystems to human society from the perspective of natural ecosystem
contributors rather than human preferences and contingencies [18], to some extent
bridging the gap between the physical and value quantity approaches in accounting for
ESs. As a result, Emergy-based assessment on ESs has evolved rapidly in recent years
to encompass a wide range of ecosystems, including agricultural [19,20], industrial
[21,22], urban [23,24], and wetland systems [25,26]. Given this, it is necessary to
carefully examine the application and problems of EMA of ecosystems over the last
decades. However, there are only a few review papers that address the application of
the emergy theory to ESs. Nadalini et al. [14] reviewed research on emergy-based
methodology of ESs and made a comparison among EMA and other assessment
methods. However, research on related topics lacks sufficient breadth and depth, it
remains unclear to what extent the evaluation of ESs has been developed on the base of
emergy theory. Our paper goes beyond analyses of EMA on different types of ESs
providing an overview on current limitations, which might help us better understand
research challenges and future directions of this topic.

To fill the gap, this research systematically summarizes the current status of
research at the interface between emergy and ESs, strengths, weaknesses and scope of
application, and then present limitations and future developments. This work is poised
to provide an overall perspective on the related research progress and reveals the
limitations in the application of the EMA in different ecosystems, which can pave the
way for further use of EMA in ESs research and provide guidance for decision-makers
in the future.

This review is organized as follows. Theoretical background of EMA and its
general methodology are introduced in section 2. The applied data and methods for
bibliometric analysis of publications are described in section 3. Section 4 presents the
results of bibliometric analysis, including the basic analysis of publications,
cooperation analysis and keywords analysis. The application of emergy on different
types of ecosystem services are presented in section 5, whereas section 6 discusses the
current limitations, along with recommendations for future studies and conclusions in
section 7.



2. Theoretical background and methodology overview

2.1. Theoretical background

The flow and transformation of energy is the basis of any living activity, the flow
and storage of energy within an ecosystem follows the laws of thermodynamics. The
first law of thermodynamics holds that energy cannot be created or destroyed, but can
be transferred from one to another. Further explanation is that the energy flowing into
the system is equal to the sum of the variables that store energy within the system and
the energy flowing out of the system. The second law of thermodynamics states that the
energy transformation process is decreasing and that every transformation of energy is
accompanied by a partial dissipation of energy. In addition, the flow of energy within
the system is governed by the "maximum power principle”, that is, the system needs to
be designed and organized in such a way that energy is quickly obtained and fed back
in order to obtain more energy and form a dynamic system, thus ensuring the efficient
conversion and use of energy within the system [27].

Ecological energetics is considered to be the origin of emergy analysis. It is a
science that studies the rules of energy flow, transfer and transformation of ecosystems
and complex ecosystems. This research began in the second half of the 19th century
[28]. Since then, a wide range of research has been carried out on this subject by
describing, accounting for and analysing different vegetation communities and
ecosystems, and important concepts such as 'energy metabolism’, 'the law of tenths’,
and 'energy exchange' have been put forward, and a series of energy analysis models
have been developed [29-31]. Thereafter, a relatively complete discipline system was
initially formed., H.T. Odum has conducted systematic and in-depth research on
ecological energetics since the 1950s, proposing a series of new concepts and
pioneering theoretical concept, including energy system, energy quality, energy-quality
chains, embodied energy and energy conversion rates. This is the first time that the
intrinsic relationship between energy flow, information flow and economic flow has
been linked together. However, energy analysis can only be applied to the analysis of
similar categories of energy (e.g. mechanical kinetic energy, biological energy, etc.).
Different categories of energy come from different sources and have fundamental
differences in quality and value that cannot be directly added or subtracted and
compared, which makes energy analysis difficult. In the late 1980s, Odum further
developed a new scientific concept and metric, 'emergy' [17].

Emergy is defined as the total amount of available energy needed directly and
indirectly to produce a product or service [32]. Unlike the physical concept of 'energy’,



which ignores the fundamental differences in the quality and value of energy of
different nature and origin, 'emergy’ reflects the different sources of various forms of
energy and material, and provides a unified yardstick standard for measuring and
comparing different energy and ecological flows [33]. Since solar energy is the initial
source that drives the flow of matter and energy in natural ecosystem processes and
socio-economic activities, it is used as a uniform measure of effective energy and
expressed as solar emjoules, abbreviated as sej. [17]. Through the emergy transformity,
the energy, resources and products, and even items such as labor and services of
different systems can be unified into emergy, and the input and output flows can be
directly compared to quantify the economic benefits and environmental impact of a
system, and access the overall sustainability of a system [34]. The specific meaning is
the amount of emergy contained per unit of energy (J) or substance (g) of a certain
category. The higher the emergy transformity, the higher the energy quality of the
energy and the higher the rank in the system. The application of emergy theory allows
for a more scientific measurement of the true value of resources, the environment and
economic activities within an ecosystem and the relationship between them.

2.2. Methodology overview

The flow of ESs from ecosystems to human society is a gradual process, linking
the biophysical structure of ecosystems and the socio-economic or cultural benefits of
human well-being in the form of a production chain, forming a 'supply-flow-demand'
system [35]. Fig. 1 depicts the processes the formation process ESs and the interactions
with human society. It presents the structure diagram of the analysis ecosystem, which
consists of input module, process module, output module, and consumption module.
The input component is the various types of energy input to the system from the outside
world (i.e. nature and human society) and is the source of energy for the system to
operate, produce and provide services [36]. The process module is the process of
interaction between the biosphere and its environment (atmosphere, hydrosphere,
cryosphere and lithosphere) through material transport, energy conversion and
information transfer processes. The output component refers mainly to the effective
energy, logistics or information flows that are exported from the system, i.e. the various
services that the ecosystem provides to human society. Human well-being is dependent
on ecosystem services, but at the same time, irrational human activities can destroy
ecological functions and thus lead to a deficit or even loss of ecosystem services. Thus,
the two interact with each other. The consumption module refers to the dissipation of
effective energy by consumption and no longer has the ability to do work.



Fig. 1. The concept map of the emergy system diagram.

The flow of energy in an ecosystem is from a high quantity but low quality level
(e.g. solar, wind, rain) to a low quantity but high quality level (e.g. biomass, electricity),
which ultimately serves human survival activities. Fig. 2 demonstrates the generation
and transmission of emergy. The unit of emergy is the emjoules, which represents one
kind of energy consumed in transformations. Producers receive different types of matter
and energy (i.e., sunlight, wind, rain, fuels, deep heat and human activities), which are
converted into another energy flow by interaction. Part of this emergy is exported to
serve the ecosystem and provide benefits to human society; the other part should be
stored in the system to maintain a virtuous cycle. In this process, a small amount of
chemical potential energy is also released. This explains the complete process of input,
conversion and output of all types of energy for ESs. The emergy analysis of ecosystems
can be generally divided into six steps [33]:
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Fig. 2. Emergy system diagram of the ecosystem.

Step 1: Construct a classification system for ESs based on different ecosystem
types and identify the types of respective services;

Step 2: Draw an emergy flow diagram based on Odum's "Language of Emergy
Systems" legend, summarizing the relationship between the various components of
the object of research and the environment, forming an emergy diagram of the
system in terms of the main components and their interrelationships, as well as the
flow directions of energy, logistics and currency flows;

Step 3: List the main energy sources (inputs) and output items of the system,
including local resources, imported non-renewable energy sources, imported goods
and labour, and outputs, and then establish a database;

Step 4: Calculate energy flows of each types of resources, expressed in J; the
material in g; and economic flows in $;

Step 5: Convert various types of energy and material into emergy units, that is, the
amount of various energy materials * corresponding emergy transformity, and
calculate the corresponding emergy currency value;

Step 6: combined with indicator analysis, system simulation, etc., comprehensive
analysis and application of sustainable development of the system can be carried
out to provide scientific basis for formulating system management, control
measures and development strategies.

3. Methods and data

Existing research on emergy-based application on ESs was systematically



reviewed and analyzed to identify current knowledge gaps and discuss future directions.
Fig. 3 illustrates the main review process in this study. Specifically, the first step is to
collect data and create a database to identify the number of publications and related
information. The second step is data analysis, which includes bibliometric analysis and
thematic analysis to illustrate the progress in the application of emergy in ESs through
quantitative and qualitative methods, respectively. Finally, gaps in current research and
future research directions are discussed.
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Fig. 3. Process of systematic review.

3.1. Data sources

Web of Science (WoS) was used for searching scientific literature, which covers a
large number of publications that are published from 1900 to the present [37,38]. The
keywords used for searching the literature in the WoS database were as follows: Topic
= “emergy” and “ecosystem services”, and Language = “English”. The searching data
period was set between 1995 to 2022, because the boost using emergy analysis in ESs
research began in 1995. For the literature search, this study limited the document type
to “article” and “review”, while report and conference proceedings are not covered to
avoid grey literature and the duplication of collections of similar research. Various
information was extracted from these documents to create a database for bibliometric
analysis, including title, year of publication, author, affiliation, abstract, keywords,
journal source and citation information.

3.2. Bibliometric analysis



Bibliometrics provides a systematic method of quantitative analysis of academic
publications [39]. It can visually show the statistical results of academic documents by
using bibliometrics tools such as CiteSpace, VOSviewer, Bibliometrix, etc [40].
CiteSpace is a miscellaneous shareware software developed by Chaomei Chen of
Drexel University, which is among the well-known and widely used to analyse
bibliometric data [39,41]. It is a very useful visual analysis tool in scientific citation
analysis, with identifying and displaying new trends and developments in scientific
literature [42]. CiteSpace software provides structural and temporal analysis of
literature information retrieved from WoS to create various networks, including
cooperation networks, author co-citation networks and bibliographic co-citation
networks. In addition, it can also provide timeline information on the occurrence of hot
keywords. In this study, CiteSpace 6.2 software is used to perform the bibliometric
analysis, including basic analysis of publications, cooperation analysis and keywords
analysis.

3.3. Thematic analysis

Thematic analysis is used to analyse each content of all the records identified from
the bibliometric statistics. Thematic analysis can be used to identify, classify and
analyse themes in detail and is currently applied in a wide variety of qualitative research
contexts [43,44]. According to the process of thematic analysis, phase one is
familiarisation with data. This step has already been done during the bibliometric
process by exporting the relevant publications in WoS. Phase two is generation of initial
codes, in which we carefully read 293 papers and deleted the irrelevant records. Seven
papers were found that were not relevant to this research and in which the term “emergy”
was merely mentioned but did not actually refers to ES. Therefore, 286 publications
(i.e., research papers and review papers) were finally selected and encoded here. Phase
three is searching for themes, where the codes were sorted into ten distinct themes, all
of which were extracted with relevant coding information. Phase four is defining
themes, where each theme is defined and named. Phase six is analysis and writing up.
This step will be completed in two stages, providing a short description and assessment
of each theme on the one hand, and discussing research gaps and future directions on
the other.

4. Bibliometric analysis of publications

4.1. Basic analysis of publications

In this chapter, the basic characteristics of retrieved publications in the field of



EMA and ESs research are analyzed. The annual number and cited frequency of
publications, the source of the publication, and the most highly cited publications will
be considered.

4.1.1. Analysis of annual publications

The change of research topics year by year and the future development trends can
be reflected in the number of published papers. Fig. 4 represents the overall number of
publications and cited frequency of selected samples from 1995 to 2022, which shows
an exponential growth of the number of papers on using emergy analysis for the
assessment of ESs. The average annual number of publications during the study period
is 10.5. From the perspective of the number of published papers, the academic research
in this field from 1995 to 2008 can be considered as its initial stage, with relatively low
annual number of publications. From 2006, the number of published papers showed a
fluctuating upward trend, and then reached the peak in 2019 (36 papers), with an annual
growth rate of 13.3%. Meanwhile, the cited frequency of the research rises from 3 in
1997 to 1348 in 2022, with reaching the peak in 2021 (1392).

Fig. 4. Publication number (PN) and cited frequency (CF) of articles published during 1995-
2022.

The type distribution of 293 publications is shown in Fig. 5. Among these
publications, just two main publication types are collected, with research articles
accounting for 94.5% (n=276), while review articles account for only 5.5% (n=16).



Fig. 5. The distribution of type of publications.

4.1.2. Reference sources

Emergy-related publications had been published in 90 different journals from 1995
to 2022. Table 1 shows the top ten most productive journals in the related field. All
these journals can be considered as mainstream in the field of ecosystems,
environmental assessment, and sustainable development. Among them, Journal of
Cleaner Production was the most productive and influential journal, with the highest
numbers of publications and impact factor (IF). Ecological Modelling published 37
papers in this research field and it ranked the second among all the journals, followed
by Ecological Indicators (NP=30), Sustainability (NP=16) and Ecosystem Services
(NP=11). Specifically, Ecological Engineering was the first journal to publish papers
in this field, with the year of 1995. This is mainly because these are all international,
interdisciplinary journals that focus on environmental, sustainability research and
practice, and aim at describing ecological processes through mathematical models and
system analysis.

Table 1
Top ten publication sources.

Rank Journal NP IF Start year
1 Journal of Cleaner Production 47 11.072 2006
2 Ecological Modelling 37 3.512 1998
3 Ecological Indicators 30 6.263 2007
4 Sustainability 16 3.889 2014
5 Ecosystem Services 11 6.91 2014
6 Science of the Total Environment 11 10.754 2011
7 Environmental Science and Pollution 9 5.19 2014
Research
8 Ecological Engineering 8 4.379 1995
9 International Journal of Environmental 6 4.614 2017




Research and Public Health

10 Journal of Environmental Management 5 8.91 2003

Note: NP: Number of publications; IF: Impact factor.

Fig. 6 shows the co-citation network of the cited reference. It is well-marked that
the biggest node is Ecological Modelling, which revealed that it is the most popular
journal in the term of cited numbers with 267 times. In addition, papers in this field
have gradually been cited in well-known journals during the recent years, including
Energy, Land Use Policy, Renewable and Sustainable Energy Reviews, Applied Energy,
etc. This indicates that the peer-acceptability of the application of emergy to the
valuation of ESs have been increasing over the past years. This also indicates that the
research field was gradually coming to the attention of more cross-disciplinary research.

Fig. 6. Distribution of cited journals on application of emergy on ESs during 1995-2022.
The size of a circle is in proportion to the number of citations to the journal. The colors of the
rings of a circle correspond to the respective year. The flows represent the network of journals
that cite each other. The legend on the left indicates the year.

4.1.3. Highly cited publications

Table 2 provides the information of the top ten most cited publications in 1995-
2022. As is shown in the Table 2, these papers mainly focused on the emergy theory,
the development of emergy methods and the application of emergy. Among these
publications, “Embodied energy analysis and emergy analysis: A comparative view” by
Brown and Herendeen is the most cited paper so far in the field related to emergy and
ecosystems, with a total number of citations (TC) of 385. In addition, we found that the
one titled “Effects of River Impoundment on Ecosystem Services of Large Tropical



Rivers: Embodied Energy and Market Value of Artisanal Fisheries” ranked the fourth
among all papers. This paper belonged to the field of emergy application in ecosystem
evaluation. It is obvious that in recent years, the practical application of emergy and the

combination of study cases is gaining more and more attention.

Table 2
Top ten highly cited publications related to ecosystem services and emergy research
Rank  Title Reference Country Source Type TC AC
1 Embodied energy analysis and [45] USA Ecological Article 385 14.8
EMERGY analysis: A comparative Economics
view
2 Promise and problems of emergy [46] Columbus Ecological Article 261 145
analysis Modelling
3 A modified method of ecological [47] China Ecological Article 233 13.7
footprint calculation and its Modelling
application
4 Effects of River Impoundment on [48] USA Conservation  Article 184 14.2
Ecosystem Services of Large Biology
Tropical Rivers: Embodied Energy
and Market Value of Artisanal
Fisheries
5 Accounting for Ecosystem Services [49] Columbus Environmental Review 159 13.3
in Life Cycle Assessment, Part I: A Science &
Critical Review Technology
6 Expanding exergy analysis to account [50] Columbus Environmental Article 147 8.2
for ecosystem products and services Science &
Technology
7 Obscuring Ecosystem Function with  [51] USA Conservation  Article 120 10
Application of the Ecosystem Biology
Services Concept
8 Ecosystem Services assessment: A [52] Italy Ecological Review 118 14.8
review under an ecological-economic Modelling
and systems perspective
9 Industrial and ecological cumulative  [53] USA Energy Article 116 7.7
exergy consumption of the United
States via the 1997 input-output
benchmark model
10 The value of the seagrass Posidonia [54] Italy Marine Article 112 124
oceanica: A natural capital Pollution




assessment

Bulletin

Note: TC: Total number of citations; AC: Average number of citations.

To further analyze the developing trend of cited publications, this review ranks the
top 10 publications by AC. As is shown in Table 3, most of publications with high AC
were distributed since 2018. China gradually becomes the most productive country in
this field. Some papers with higher average annual citations have lower total citations
relative to those published in earlier years, this is due to their later year of publication.
Meanwhile, it is obvious that the focus of scientists in recent years has gradually shifted
from theory and methodology to practical application and case studies. The results
listed in Table 2 and 3 show that half of these highly-cited publications are the result of
transnational collaborations, which enhance exchanges among countries, so as to result

in high-quality papers.

Table 3
Top 10 publications with the highest average number of citations.
Rank Title Reference Country Source Type TC AC
1 Analysis of driving forces on wetland  [55] China Science of the Article 69 69
Ecosystem Services value change: A Total
case in Northeast China Environment
2 Resilient urban forms: A macro-scale  [56] Japan Cities Article 89 29.7
analysis
3 Small-scale urban agriculture results  [57] Australia Proceedings of  Article 88 29.3
in high yields but requires judicious the National
management of inputs to achieve Academy of
Sustainability Sciences
4 The issue of microplastics in marine  [58] Italy Marine Review 67 22.3
ecosystems: A bibliometric network Pollution
analysis Bulletin
5 Assessing the Sustainability of urban  [59] Italy Ecological Article 42 21
eco-systems through Emergy-based Indicators
circular economy indicators
6 Emergy-based Ecosystem Services [60] China Ecosystem Article 39 195
valuation and classification Services
management applied to China's
grasslands
7 Emergy synthesis for aquaculture: A [61] Brazil Reviews in Review 18 18

review on its constraints and
potentials

Aquaculture




10

The eco-efficiency assessment of [62] Iran Journal of Article
wastewater treatment plants in the Cleaner

city of Mashhad using emergy and Production

life cycle analyses

Emergy-based valuation of [63] China Journal of Article
agriculture Ecosystem Services and Cleaner

dis-services Production

Quantitative analysis of the dynamic  [64] China Journal of Article
changes of ecological security in the Cleaner

provinces of China through emergy- Production

ecological footprint hybrid indicators

18

17

17

Note: TC: Total number of citations; AC: Average number of citations.
4.2. Cooperation analysis

Cooperation analysis has been widely used in various fields where a social
network is visualized from a statistical and mathematical perspective [65]. In this
section, the cooperation of country’s scientific and technological achievements from
distribution of publications and social network is analyzed.

4.2.1. Country/region distribution of publications

Fig. 7 shows the country/region distribution of publications from 1995 to 2022,
covering a total of 43 countries. Among them, China has the most publications (162
papers), followed by Italy (82 papers), USA (65 papers), Brazil (31 papers), and
Luxembourg (9 papers).
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Fig. 7. The country/region distribution of publications.
4.2.2. Countries/regions network

Countries/regions network can represent the production distribution and
partnerships among countries/regions [66]. Fig. 8 shows the evolution of emergy-based
analysis of ESs at a national scale and their international cooperation network. The
cooperative network consists of 43 nodes and 81 links, which indicates that 43 countries
have contributed to the field of the using emergy in ESs. Betweenness centrality is an
important component of the cooperative network, representing the strength of a node in
the entire network [67]. In Fig. 8, nodes with a betweenness centrality greater than 0.1
are marked by purple rings, indicating that the node has strong collaborative
relationship with other nodes. During the study period, the USA has the highest degree
of centrality (Centr = 0.63), followed by China (Centr = 0.58), Brazil (Centr = 0.4),
Italy (Centr = 0.29), and Spain (Centr = 0.1). This shows that these countries are
important hubs for scientific cooperation in the field of emergy and ESs. At the same
time, this research found that it is not the case that the higher the publication numbers,
the stronger the cooperation. For example, China is the most productive country in this
field, but the centrality of the USA is higher than that of China. From the viewpoint of
time sequence, the research related to emergy was originated from USA due to the
creation of the emergy theory by Odum et al. [17]. Then, the emergy was introduced
into Italy firstly by Bastianoni [68], further developing and improving the emergy
evaluation method. It was in 2001 that emergy was introduced to Sweden and China.
Subsequently, countries successively began to conduct the emergy in ESs. Among them,
China is developing the fastest. Additionally, results show that there is close
international cooperation among countries/regions, especially among the top three most
productive countries (i.e., China, Italy, and USA).

Fig. 8. The cooperation network of countries/territories during 1995-2022. The size of a



circle is in proportion to the number of publications of the country. The purple rings of a circle
represent the high degree of centrality of a country. The flows represent the network of
countries/ territories. The legend on the left represents the year.

4.3. Keyword analysis

The keywords usually reflect the author’s research purpose and interest in a
research field. To gain an insight into the important research topics in the field of EMA
and ESs, this section analyses the evolution of keywords, constructs co-occurrence, and
performs burst detection of keywords.

4.3.1. High frequency keywords in different periods

Table 4 expresses the top 10 keywords used in the publications of emergy and
ecosystems in four periods, with providing the frequency of these. The most used
keyword is ‘ecosystem services’ in both the second period (2006-2015) and the third
period (2016-2022), even in the whole period (1995-2022). In recent years, the
frequency of the keywords *sustainability’ and ‘emergy analysis’ have been increased.
Since 2016, the keywords ‘China’, ‘life cycle assessment’, “management’ are appeared
frequently. As a result, the keywords ‘ecosystem services’, ‘sustainability’, ‘emergy
analysis’ appeared most frequently throughout the research period.

Table 4
Top 10 keywords used in emergy and ecosystems in four periods.

1995-2005 2006-2015 2016-2022 1995-2022

Keywords Freq Keywords Freq Keywords Freq Keywords Freq

sustainability 5 ecosystem 50 ecosystem 107 ecosystem services 160
services services

ecosystem 3 sustainability 32 emergy 50 sustainability 81

services analysis

design 2 systems 24 sustainability 44 emergy analysis 69

goods 2 energy 23 systems 34 systems 59

services 2 emergy 17 energy 33 energy 58
analysis

embodied 2 valuation 16 emergy 30 emergy 43

energy

indicators 2 emergy 14 china 26 emergy evaluation 36
evaluation

carrying 2 index 14 emergy 23 china 29

capacity evaluation

cost 2 emergy 13 life cycle 18 valuation 26

assessment




exergy analysis 2

exergy

management

life cycle

assessment

26

Note: Freq: Frequency of keyword used in a given time period.

4.3.2. Keywords burst detection analysis

Identifying the keywords that have surged in a certain period and using burst
detection analysis to observe rapidly growing research topics can help understand the
changes in research themes in recent years [66]. “Burst” is a term widely used in short
period to identify the emerging and fading themes. The usage of each term could be
considered as similar to a person's life circle that develops through the birth, growth,

fade and death stages [69].

Table 5

Top 25 keywords with the strongest citation bursts.
Keywords Strength  Begin End 1995-2022
energy analysis 3.93 2001 2012
embodied energy 3.17 2002 2011
ratios 3.22 2005 2008 _—
evaluate 2.57 2005 2008 -
index 483 2006 2013 -
emergy synthesis 231 2007 2012 -
exergy 5 2009 2014
constructed wetland 2.5 2009 2014
classification 2.28 2009 2014 —
valuation 4.47 2013 2015 N
framework 3.15 2014 2016 =
energy 3.68 2015 2015 =
emergy evaluation 3 2015 2018 —
transformity 2.83 2017 2018 —
marine protected areas 2.55 2017 2022 -
land use 3.18 2018 2020 -
sustainability -
assessment 349 2019 2020 -
impact 2.8 2019 2020 :
protected areas 2.33 2019 2022 —
eco exergy 2.33 2019 2022 —
china 3.25 2020 2022 —
flows 2.41 2020 2022 —




region 2.39 2020 2022
geobiosphere 3.07 2021 2022
system 2.77 2021 2022

Note: Strength: represent the weight of a burst word between its length; Begin, End: start and
end time of keyword bursts. The red lines indicate the duration of the keyword bursts, blue lines
represent the entire study period.

Based on constructing the keyword co-occurrence network for the collected
publications, we detected 293 burst keywords. The top 25 bursting keywords are listed
in Table 5. The beginning of a blue line depicts when an article is published. The
beginning of a red segment marks the beginning of a period of burst, whereas the end
of the red segment marks the end of the burst period [70]. Where no end date is noted,
the keyword is defined as still active. The term strength represents the weight of a burst
word between its lengths; therefore, a higher value could be a result of using longer
period, higher frequency, or both [71]. The strongest bursting keyword is ‘exergy’ with
4.83 strength, followed by ‘index’ and “valuation’.

Since 2016, there are more than 10 bursting words, which indicate the application
of emergy in the ecosystems gradually develops in different directions. Among bursting
keywords in the third period, the strength of the keyword ‘sustainability assessment’ is
the strongest, which began in 2019. Based on the frequently occurred keywords listed
in Table 4 and the bursting keywords listed in Table 5, we conclude that the research
topics of recent publications mainly focus on the methods, models, emergy applications
in different ecosystems and case studies. We found that it is the mainstream trend of
academic research to apply these theories and models to solve, optimize and make
decisions on practical problems.

4.3.3. Co-occurrence and timeline view analysis

Co-word cluster analysis can obtain the evolution relationship of research
literature and present the evolution process of keywords, which can help scholars
identify research frontiers and distinguish the research development trends [42]. The
co-word analysis assumes that keywords which frequently occur together are connected
thematically [72]. This review analyse the cluster views, and timeline views provided
by CiteSpace. In the process, the key points and the dynamics of the research front were
identified.
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Fig. 9. Co-occurrence network of keywords. The colors represent different cluster
networks. The tag signed by the “# + number + phrase” represents the cluster number and
name. The node size indicates the frequency of keywords. The numbers in the upper part of
the figure represent time periods.

Fig. 9 shows the co-word clustering results. CiteSpace tools are used to divide the
relevant research literature into 10 categories according to keywords. Each node in the
figure represents a keyword whose position depends on the year in which it first
appeared. The size of the node represents the frequency of co-occurrence of this
keyword from the year of its appearance to the present. The timeline view generated in
this work consists of 10 clusters: clustering #0 and clustering #8 are related to the
concept and methods of emergy; clustering #2 is related to the emergy application in
ESs; clustering #1, #3, #4, #5 are related to methods, including other methods used in
ecosystem evaluation and a comparison between various methods with emergy; #6, #7,
#9 are related to evaluation of different categories of ecosystems.

5. Application of emergy for the analysis of different types of ESs

In this part, this research reviewed the initially collected 293 papers and deleted
the irrelevant records. Seven papers were found that were not relevant to t research and
in which the term "emergy" was merely mentioned but did not actually refer to ES,
which just mentioned the term emergy but did not actually apply to ESs. Therefore, 286
publications (i.e., research papers and review papers) were finally selected for content
analysis here. This study mainly analyzed the application of emergy analysis for the
evaluation of different ESs.

w 4 environmental accounting

#5 ecological network analysis

#7 socio-ecological systems



Fig. 10. Research topics of selected publications during 1995-2022. PN represents the
numbers of publications; CF represents the frequency of citation.

Fig. 10a divides the total 286 publications into ten topic categories. According to
the publications related to emergy and ecosystems, there are nine ecosystems, including
wetland ecosystem (lake, river basin), agro-ecosystem (orchard, aquaculture, crop
production), coastal ecosystem (including island), marine ecosystem (seagrass, marine
phytoplankton), urban ecosystem, industrial ecosystem (hydropower, dam, wastewater),
regional ecosystem (administrative district or natural terrain). In addition, this study
found that there is a category of publication that do not belong to any ecosystem, which
focus more on the discussion of theories and methods. Hence, this research divided
these publications into the category “methodology/concept”. Fig. 10b represents the
publication numbers and cited frequency of the research categories of ecosystems. This
study also analyzed the application of emergy in different ecosystems. In terms of the
publication numbers, wetland ecosystem is the most popular field of interest, followed
by agro-ecosystem and urban ecosystem. While from the perspective of cited frequency,
urban and industrial ecosystems have attracted more attention from the paper authors.
Agro and wetland ecosystems follow closely behind. Only a small proportion of
publications focus on grassland, forest, coastal or marine ecosystems. Based on the
results of this analysis, studes on value accounting and sustainable assessment of
different ecosystems based on emergy have been the hot topic in the 21st century.

5.1. Agro-ecosystems

The application of emergy theory to agro-ecosystems was first proposed by Cuadra
et al. [73]. In his study, the production, processing, and export of coffee were analysed
for the first time to assess the impact of traded products to the environment. Since then,
many scientists have applied the emergy theory to the valuation of agro-ecosystems.



Current research in this area covers crop cultivation and fertilization [74,75], gardening
[73], animal husbandry and its dairy products [76-78], transgenic production [79],
commercial fisheries and aquaculture systems [80], urban aquaponics farms [81]. Due
to the complexity of agro-ecosystems, which involve multiple ecosystems, some studies
have combined agro-ecosystems with other ecosystems, which include for example the
assessment of coastal systems and fisheries [80], agricultural watersheds [82], and
urban agriculture [83,57]. Some of the studies are devoted to coordinating the
contradictions between landscapes with specific characteristics and agricultural
development, such as agriculture in karst regions [84] and agriculture in reservoir areas
[85], with a view on resolving the conflicts caused by limited land. These studies focus
on production intensification and attempts to increase productivity, enhance ESs and
reduce environmental damage due to economic development [86].

In recent years, food security [87], resource recycling and sustainable agriculture
research [20,88] have started to become hot topics in the field. In the face of diverse
agricultural management and technologies, there is an urgent need for a suitable
integrated evaluation method based on multidimensional indicators [89], to address
complex issues such as agroforestry systems [90] and agro-livestock [91]. For the field
of agro-ecosystems, the papers have mainly used case studies to model the system based
on the Odum Energy System Language, and some studies have used scenario setting to
identify the functional positioning of the components of circular agricultural systems to
provide a basis for rational allocation of environmental resources [20,88,92]. In
addition, the integration of agricultural systems with carbon emissions is a major
research priority [75,93], offering opportunities for greenhouse gas emission reduction
and sustainable intensification of agricultural systems through the restructuring of
agriculture.

Methodologically, the construction of an agricultural life-cycle theory based on
emergy is currently a hot topic [94,88]. Some studies also compare different methods
(EMA, economic cost and return estimation, ecological footprint and life cycle
assessment) to explore their economic feasibility, ecological carrying capacity and
sustainability assessment [95,89].

The structure of agro-ecosystems is largely influenced by consumers and regional
policies [96], therefore, it is necessary to consider and simulate the assessment of agro-
ecosystems under different scenarios. Differences in scenarios may lead to changes in
energy inputs, ecosystems and their subsystem structure [97]. Emergy-based scenario
analysis allows for more accurate comparisons and analysis of differences in ESs values
under different policy scenarios, and explore better agricultural governance models.

5.2. Wetland ecosystems



Wetlands are characterized by rich biodiversity and biomass, representing
important parts of global terrestrial ecosystems [98]. In 2005, the application of emergy
in wetland ecosystem assessment began to enter people’s field of vision [99]. Since
then, a great deal of research in this area has been carried out. Currently, it is mainly
concerned with wetland fish farming [99], urbanizing watershed [25], urban wetland
parks [26], biological invasions by exotic species [100], and freshwater lakes [101,102].
Some papers have focused on wetland ecosystems in different temperature zones, such
as subtropical wetlands [25], tropical wetlands [48], temperate wetlands [103] and
plateau wetlands [104]. Assessing their impact on wetland systems for specific
functions is also part of the research in this area. Hoeinghaus et al. [48] studied the
important ESs provided by river storage in large tropical rivers. Li et al. [105]
systematically assessed the impact of freshwater release on wetland ESs. Due to the
certain negative impacts of human activities on wetlands, wetland construction,
restoration and conservation are urgent [106]. Some works have begun to assess the
extent of pollution of wetland systems by land use change and urban/community
development [107,108].

In wetland system assessments, we observe an increased use of combinations of
methods. Such combinations include an integrated evaluation of emergy and eco-
exergy [109], emergy accounting and life cycle assessment , emergy accounting and
ecological footprint [98], emergy combined with the INVEST model [110], emergy
combined with Logarithmic Mean Divisia Index decomposition analysis (LMDI) [55],
and a joint application of ecological indicators [100]. The combination of emergy and
various other methods weighs the various service functions of the wetland system, thus
guiding environmental flows decisions and informing management decisions [111]. In
recent years, the analysis of the contribution of drivers to wetland ESs [55,101] and the
development of eco-compensation standard using emergy theory [112-114] have been
hot topics and trends of research in this field.

5.3. Urban ecosystems

Urban areas are complex ecosystems consisting of natural, social and economic
components whose development comes at the cost of environmental degradation and
ecological stress [115]. Urban ecosystems were the first to introduce emergy theory and
apply it to case studies compared to other systems. Huang et al. [116] used emergy
synthesis to evaluate the benefits of an ecological engineering on the environmental
quality and sustainable development of the metropolitan region. Early studies aimed to
focus on urban regulation and spatial optimization. In addition, the construction of a
framework for evaluating urban ecosystem health indicators to assess urban ecosystem
health was a hot topic until the 2010s [117,118].



Due to land use changes and continued urban expansion caused by global
environmental change, some scientists started to focus on peri-urban ESs [119]. As the
research progressed, the focus changed from the health evaluation of individual cities
to the integrated health evaluation of urban agglomerations [120,121]. In the earlier
period, studies were conducted on urban agglomerations in a single year and focused
mainly on the spatial differentiation of urban ecosystems in order to better understand
regional variability [122,123]. In this process, circular economy [124], resource
metabolism [125] has also emerged, which is essential to alleviate the pressure on
regional resources and improve environmental quality. In recent years, studies have
begun to focus on changes in urban resources over time series [126], as well as on
historical evaluations and future projections of urban ecological safety and sustainable
development [64,127].

Due to the complexity of urban systems, they are also closely integrated internally
with other ecosystems. Thus, urban wetlands [110], mountainous urbans [128], urban
parks [123], and urban agriculture [57] are also popular topics of research. The
complexity of the urbans has also resulted in a diversity of research content and scope.
Some papers have studied the functions and services of urban systems, including
municipal solid waste management [129], urban waste-energy self-circulation [130],
urban tourism [131], and urban infrastructure [132,133]. In addition, there are studies
of ecosystems in different types of urbans, such as: resource-based cities dependent on
energy resources for development [134], megacities [135], coastal cities [110], and
watershed cities [102,136]. Similar to other systems, the methodological research on
urban ecosystems is mostly a combination and modeling of multiple methods
[137,138,64].

5.4. Industrial ecosystems

Before 2010s, the research field was dominated by attempts to incorporate emergy
theory into industrial systems, led by the American academic Bhavik and his colleagues.
Bhavik was the first to use thermodynamics to joint analyze industry and ecosystems,
considering both ecological inputs and the effects of industrial emissions. During this
decade, the development of emergy in industrial systems has been dominated by the
use and development of thermodynamics to evaluate industrial systems [46,53]). After
2010s, the use of emergy in industry became widespread. These include dam
construction [139,140], electricity production [141], industrial symbiosis assessment
[21,142], industrial clusters [143], environmental building design [144,145], renewable
resource flows [146], bioenergy systems [147], hydropower construction [148]. Of
these, wastewater treatment [149-151] and the joint construction of reservoirs and their
environmental sustainability [152,153] are two of the major research hotspots in the



field.

In addition, over-exploitation and depletion of resources in old industrial areas is
a growing problem, and most of them are experiencing decline and ecosystem
degradation, issues that are of concern to academia and local governments. Therefore,
some studies assess the energy flows of material input-output in old industrial areas and
the current state of industrial area systems and reconstruction networks in order to
provide relevant recommendations for policy makers [154,155]. International trade
patterns can be seen as ways to redistribute natural resources and manufactured
products, by means of convergence and divergence pathways. With the promotion of
international trade, some scientists focused on the driving forces affecting the balance
of export and import resources [156], as well as assessing international trade from an
environmental perspective [157].

The application of emergy in industrial systems focuses on the application of the
emergy synthesis method. These include model development [147,149], life cycle
assessment (Buonocore et al., 2015), synergic use of geographic tools and emergy [146],
indicator devising [151], ecological cumulative exergy consumption (ECEC) analysis
[158]. In recent years, the focus of attention in this area has been mainly on sustainable
development of light manufacturing [159,160,85], waste utilization [161,162], and eco-
compensation [163,164].

5.5. Grassland ecosystems

The application of EMA to the assessment of grassland ecosystems is relatively
new. In 2012, Dong et al. [165] conducted a study on natural pastures and applied
emergy theory to grassland systems for the first time. As the greenhouse effect
continued to intensify due to the dramatic increase in carbon emissions, some studies
laid a focus on grassland carbon stocks and carbon cycling [166]. Yang et al. [60]
assessed the value of ESs in China’s grasslands based on emergy and proposed emergy-
based index of classification management of grassland, providing a systematic
approach to biophysical accounting and sustainable development of grassland
ecosystems. The latest research is an assessment of cultivated grassland with a view to
the rational allocation and scientific management of cultivated grasslands on desert
margins [167]. Overall, there is a lack of research on grassland ecosystems based on
emergy theory.

5.6. Forest ecosystems

Forest ecosystems are characterized by their wide distribution and large biomass.
Their stability and balance not only play an invaluable role in maintaining global energy
flows and material cycles, but also provide a variety of direct and indirect products for



human life and economic development. In 2003, Tilley and Swank [168] introduced
emergy synthesis to the environmental assessment of temperate forests. However,
research on forest ecosystems and emergy has been stagnant for a long time. It was only
in 2012 that research resumed on the application of EMA in forest ecosystems again
[169]. Up to now, research on forest systems has been divided into two broad categories:
accounting for the biophysical value of forest ESs [170,171]; and calculating the life
cycle of wood resources, which includes both natural and planted forests [172,173].
Overall, there is also a paucity of research on forest ecosystem assessment based on
emergy theory. Integrating the economic value of ESs into the integrated assessment of
the emergy of forest systems, as well as focusing on the contribution of forests to carbon
sequestration and the value of the aesthetic and cultural services that they provide to
humans, are poised to sustainable management of forest ecosystem.

5.7. Coastal ecosystems

The coastal zone is a complex geographic unit linking marine and terrestrial
systems, and is an area with the most superior resource and environmental conditions,
which is closely related to human survival and development. Lu et al. [175] were the
first to apply emergy theory to coastal ecosystems. Recently, the research topics of the
coastal ecosystems are relatively diverse, including assessment of freshwater releases
[105], assessment of economic forestry [176], fisheries management [177], costal
wetland reserve [178,179], uninhabited islands [180], benthic ecosystems [181,182].
As the coastal zone contains islands, this type of system is mostly closely integrated
with other ecosystems, forming an assessment of integrated ecosystems [183].

The development of coastal cities is also a hot topic of research in this field.
Coastal cities have experienced rapid waves of industrialization and urbanization and
resulted in serious ecological and environmental problems. Assessing urbanization and
its associated tourism impacts on coastal ESs is increasingly attracting academic
attention [184,185]. Liu et al. [186] established a non-monetary ESs valuation
framework for classifying and evaluating marine ESs. The valuation of coastal ESs in
various coastal countries from the perspective of ecosystem contributors provides some
reference for decision making. However, due to the difficulty of acquiring marine
spatial data, current emergy-based studies have not spatial-explicitly investigated
world’s coastal ESs, this knowledge gap should be addressed in the future.

5.8. Marine ecosystems

Marine ecosystems are among the most productive environments [187] .
Degradation of global marine ecosystems and loss of ESs have been caused by
increased pressure on coastal areas from human activities and the conflicting



relationship between economic growth and ecosystem health [188]. In contrast, the
application of emergy theory for assessing marine ecosystems is relatively late
compared to other systems [54]. Up to now, the relevant content has mainly focused on
the study of seagrasses [54] and phytoplankton [189]. Most studies have constructed
biophysical and trophodynamic environmental accounting models for marine protected
areas based on emergy, mainly by assessing habitats, to value the natural capital of
marine protected areas [190,191] (Franzese et al., 2017;). At the same time, some papers
have studied the trajectory of changes in ecosystem values, highlighting the importance
of long-term monitoring of environmental management and protection of natural capital
[192]. Assessing the unevenness of the degree of development of marine ecosystem
service values has also been a hot topic in recent years, which is crucial for the future
development of the oceans [192,193]. However, the open nature of marine ecosystems
leads to particular complexity in characterizing the trophic dynamics of benthic habitats
and assessing the environmental flows that support the generation of natural capital
stocks [191]. Therefore, the combined biophysical and economic-monetary valuation
of natural capital stocks within marine areas remains to be explored in the future,
requiring a systematic interdisciplinary approach. In addition, the impacts of natural
disasters, such as tsunamis, saltwater intrusion, coastal land subsidence and marine oil
spills, on marine ecosystem assessments should also be considered.

5.9. Other ecosystems

This study has categorized papers that are could not be assigned to specific
ecosystems. Therefore, a category was introduced “other ecosystems” for these studies.
This category includes papers on sustainability assessments for different regions,
ranging from large to small and, including assessments of the world [194], countries
[195,196], provinces/states [197], and geomorphological areas [198,199]. These studies,
from the perspective of natural capital, aim to resolve human-land conflicts and
maintain regional ecological security, and are closely integrated with policy
development with a view to achieving sustainability of ecosystem services
[198,200,201].

In summary, current studies cover ecosystems such as cultivated land, forests,
grasslands, wetlands, urban and industrial mining, coastal and marine areas, while there
is still a gap in the field of using emergy for the assessment of ESs such as deserts,
tundra, and the cryosphere. Desert ecosystems provide important ecological services in
terms of climate regulation, hydrological regulation, soil retention, biodiversity, and
provide the basic material basis for the survival and development of people living in
desert areas [202]. Cryosphere ecosystems also provide water supply, hydrological
regulation and habitat support for people and animals in extensive arid and cold areas



of the world [203]. Therefore, the use of emergy theory to evaluate such terrestrial
ecosystems is also a priority for future research.

6. Limitations and future directions

Based on the joint bibliometric and thematic analysis of retrieved publications,
this chapter further discusses the limitations and future directions in the research field
of emergy and ESs.

6.1. Strengthen research on the coupling of supply and demand for different ESs based
on emergy

Accurate measurement of the spatial characteristics and spatial matching of
ecosystem service supply and demand is the scientific basis for regional ecosystem
management and restoration [204]. Existing use of emergy theory to assess ESs has
mostly focused on the supply side of the service, while research on demand and the
relationship between supply and demand is fragmented and scarce. Therefore, in the
future, there is a need to study the process of spatial and temporal changes in emergy
based on emergy system dynamics models, and to enrich and improve research on
demand and systemic, multidimensional supply and demand relationships by
combining human demand for ESs and the characteristics of the economic and social
activities that arise. However, it is still a major challenge to accurately determine the
emergy input and output for a system, especially the value of the emergy transformative
rate for the various energy and material flows, which is influenced by the level of
production and efficiency. Therefore, when assessing ESs based on emergy theory,
more local characteristics need to be considered and integrated to determine the emergy
conversion rate scientifically and rationally.

Many ecosystems are not limited to a single country, such as marine ecosystems,
glacier ecosystems, wetland ecosystems, etc. This means that not only the people of
that country benefit from the ecosystem, but also provide services that benefit other
countries as well [186]. Open questions in this regard are how to integrate the planning
and policies of different countries for the same system, coordinate the interests between
countries, and achieve policy integration needs to be further taken into consideration?
However, recent studies have shown that insufficient stakeholder commitment,
procedural complexity, lack of cross-border harmonization of rules, and weak interest
among managing authorities are common problems currently existing in cross-border
ecosystem coordination [205, 206]. Therefore, future in-depth exploration around tele-
coupling between different systems should be conducted.



6.2. Conducting spatially and temporally explicit assessments of emergy-based ESs

Global warming has already and will increasingly lead to changes in the structure
and function of ecosystems, with profound implications for nature and human systems. .
Therefore, studying and predicting the ecological impacts of global warming and the
response of ecosystems to it is a critical issue for future research in this field. At present,
there are only few studies that use emergy to study the effects of climate change on
ecosystems [207]. In addition, many ESs are delivered at landscape scales [208,209],
e.g., urban wetland systems, urban-agricultural ecosystems, and coastal-agricultural
ecosystems. Thus, these services are influenced not only by localized processes, but
also by landscape-level processes occurring in heterogeneous spaces [210,211].
Different ecosystems interact and restrict each other, making the structure and function
of the composite ecosystem more complex. In addition, the interactions between
various ESs within the same system are currently unclear [212]. Therefore, in the
broader context of climate change, the quantification of ESs through landscape-level
processes based on emergy is an area that needs to be explored. This requires assessing
ESs processes that occur simultaneously at multiple scales and in landscapes with
different structures [213]. On this basis, the emergy interactions within and between
coupled systems are evaluated and analyzed. Through a comprehensive analysis of the
degree of sustainable development of coupled systems, a deeper understanding of the
mechanisms of change in ESs can be provided, so as to explore a better governance
model that coordinates the development of human economic and social systems and
natural ecological systems.

6.3. Strengthen and coordinate in-situ and remote sensing observations and to improve
emergy-based ESs models

The current ESs assessment still has limitations due to incomplete data and
parameters in some parts of the assessment process, which lead to the fact that some
services are not accounted for. Therefore, scientists are still facing the problem of
insufficient data, which hinders a more complete assessment of ecosystem services in
future related studies. In addition, current research lacks an understanding of key
ecological processes. EMA for ESs are mostly static, few studies have focused on the
dynamic processes within and between stocks and flows. Interactions between system
processes are characterized by a certain lag, so long-term monitoring is essential for us
to assess changes in ecosystem diversity and ESs. Therefore, future studies need to
integrate and strengthen in situ monitoring, remote sensing observations, model
simulations, and socio-economic statistics to provide solid data base for emergy-based
analysis of different types of ESs.



In addition, due to emergy theory estimates ESs values based on the energy of
input process, values estimated using only emergy accounting methods still have
limitations with respect to changes on the receiver side [167]. Therefore, emergy
synthesis may be an important tool for assessing the sustainability of ecosystems. To
date, publications focused on comparing EMA with energy analysis [45], integrating
thermodynamics[68], combining emergy with ecological footprints [214], improving
energy vale assessments using life cycle theory [215], constructing energy value
indicator systems [216], using GIS to visualise energy value assessment results
[217,218], and constructing a non-monetary ecosystem service function framework
based on emergy and integrated monetary methods [219] The combination of emergy
with other methods remains the long-term directions in the future related studies, also
the integration of geoprocessing tools with emergy is also a trend in ESs research, such
as geographic information systems (GIS), remote sensing (RS) and global positioning
systems (GPS), to facilitate better identification and assessment of spatial and temporal
changes in different types of ESs.

6.4. Develop emergy-based management system of ESs

Integrating ESs into the decision-making process is important to achieve regional
sustainable development. Regional ESs are influenced by the natural environment,
human activities and policy development. Therefore, consideration could be given to
including multi-scenario models in future assessments and simulating ecosystem
assessments under different scenario models. Scenario analysis can improve the scope
and validity of assessment results by comparing different management options and
providing useful insights to decision makers responsible for ensuring sustainable
management of regional systems and energy security of local communities [220].
IPBES aims to achieve long-term human well-being and sustainable development by
strengthening the impact of science policy on biodiversity and ESs [221]. This study
proposes to create an emergy-based platform for ESs analysis and management of ESs,
and to develop an ecological risk diagnosis and early warning system.

7. Conclusion

This study systematically reviewed the current progress and problems of the
emergy-based evaluation of ESs based on a joint use of the bibliometric and thematic
content analysis methods. It analyzed some basic characteristics of retrieved
publications in terms of publications, cooperation, and keywords, recognized the global
research focus, and forecast future research directions. Results show that the topic of
EMA application in ecosystems has received much attention, with an exponential



growth trend in the publication number and cited frequency of selected samples. The
most important contributors with regard to using emery analysis for ecosystem services
assessments (i.e. China, Italy, and the United States) have close academic collaborations.
Journal of Cleaner Production, Ecological Modelling, Ecological Indicators are the
most productive and influential journals. After that, the keywords “evolution analysis”,
“burst detection analysis”, and “co-occurrence analysis” are conducted. The results
show that the keywords ‘ecosystem services’, ‘sustainability’, ‘emergy analysis’
appeared most frequently throughout the research period. In recent years, especially
since 2016, the keywords “‘China’, ‘life cycle assessment’, “management’ are appeared
frequently. In addition, the research topics of recent publications mainly focus on the
methods, models, emergy applications for different ecosystems and case studies.

This work further analyzed the EMA application in ESs. We have found that the
extent to which EMA are used varies across different ecosystems. The application of
emergy is relatively well established for the assessment of agro-ecosystems, urban
ecosystems, industrial ecosystems and wetland ecosystems, but the application for
assessments of forest ecosystems, grassland ecosystems, costal ecosystems, marine
ecosystems and others has yet to be advanced. Although the application of EMA in ESs
assessments has made great progress in current decade, there are still some limitations
in this research field. The incomplete data and parameters are currently major
challenges for academics to face. Furthermore, due to the limitations of current emergy
methods, emergy synthesis is still the trend in the future research. There is still a gap in
the field in the use of emergy to assess ESs in special landscapes such as deserts, tundra,
and cryosphere, which needs to extend the exploration of other terrestrial ecosystems
in the future.

The emergy-based assessment of ESs contributes to a better understanding of the
generation and formation of ESs, which is expected to represent the flow of ESs more
objectively and accurately. This approach can be also used as an appropriate tool for
the development and improvement of ecosystem management and related public policy
to assist decision-makers in balancing synergistic inter-systems and achieving
sustainable development.

Although bibliometric-based assessment is an effective method for summarizing
and sorting out the literature, it still has its limitations [222]. Because bibliometric
analysis is quantitative by nature, bibliometric qualitative assertions can be relatively
subjective, and the relationship between quantitative and qualitative results is often
unclear [223]. In this study, thematic analysis is combined on the basis of quantitative
analysis, overcoming the limitations of bibliometric methods to a certain extent.
However, using only documents from WoS for the analysis may also lead to an
incomplete collection of documents. Therefore, this study has certain limitations.



Nevertheless, this study provides a holistic and objective picture of publications of
emergy-based application in ESs and future research directions. In summary, this
review study is intended to serve as a guide and reference for scientists, stakeholders
and policy makers interested in emergy-based evaluation of ESs.
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