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Abstract

Urban energy metabolism reflects the energy transmission and exchange process to uncover the structure and functionality of urban activities. The
literature on urban energy metabolism is overwhelming and still growing. However, few publications have attempted to provide a specific literature
review of urban energy metabolism. Therefore, this study conducted a systematic bibliometric analysis on urban energy metabolism publications to
explore research status and emerging trends. Results showed that the amount of co-cited literature on urban metabolism displayed an upward trend during
the study period. After 2006, the number of urban metabolism publications implied an upsurge. Based on the co-word analysis of keywords, “energy”
occupied much of the attention of urban metabolism research. The high citation keywords relating to network analytical methods in urban energy
metabolism publications were analyzed via the co-word network, including ecological network analysis, input output analysis, and the complex network.
The combination of input-output analysis and ecological network analysis has been widely applied to urban energy metabolism studies worldwide,
especially in the context of China. Consequently, future research opportunities were suggested from the following aspects: (1) the inclusion of both
spatial and temporal dimensions of energy metabolic systems, and (2) the ability to unravel the interactions of components in a dynamic manner. The
findings of this study were not only beneficial for scholars to detail a holistic picture of current research progress, remained questions and emerging
research methods, but also valuable to assist practitioners to evaluate and monitor the urban energy metabolic performance with suitable network
methods.

1. Introduction

With the high speed of urbanization in recent decades, the population living in urban areas accounts for more than half of the global population and is
expected to achieve approximately 90% in 2100 (Fragkias et al., 2013). Due to extensive and intensive human activities, cities have gradually become
pivotal communities for energy and material exchange to an extent that has never before been seen. More than 70% of material resources and approximately
80% of global energy have been depleted with nearly half of the world’s waste being produced within contemporary cities (Pulido Barrera et al., 2018).
These activities inevitably exert interference over the environmental balance and are recognized over the sustained capacity of the earth (Pincetl et al.,
2012). It follows that understanding energy and material interactions and causal process induced by the operation of cities is imperative if we are to achieve
sustainability.

Urban metabolism (UM) originated from biology, which is widely used to describe the interactions and circulation of material and energy between internal
urban bodies and external environments (Diaz-Alvarez et al., 2014 ). In this regard, it enables us to understand the drivers and mechanisms of urban
activities and their functional properties. The first intellectual development of UM was from social metabolism in the economic theory proposed by Karl
Marx (in Table 1), which is widely applied to gauge the potential relationships between society and environment. Thereafter, Wolman (1965) put forward
the term UM to describe the environmental influence induced by the operation of cities and communities. Later, socioeconomic factors were introduced
into the UM concept by Newman (1999). In the definition elaborated by Decker et al. (2000), UM is considered as a novel technology by which to uncover
the interactions of energy, material, and carbon flows within the urban system (Li and Kwan, 2018). Kennedy et al. (2007) provided the definition of UM,
by clearly covering the components and processes in an urban system, which established a comprehensive framework of UM analysis. From this
perspective, urban is an integrated system which comprises the anthropic activities (e.g. political administration and market trading), resource

Table 1

Definitions of urban metabolism.\

Author Definition

(Year)

Marx Social metabolism acts as an intermediary between the use and exchange of products.

(1887)

Wolman All the materials and commodities needed to sustain the city’s inhabitants at home, at work and at play.
(1965)

Decker et Cities transform raw materials, fuel, and water into the built environment, human biomass and waste.
al. (2000)

Kennedy et The sum of total of the technical and socioeconomic processes that occur in cities, resulting in growth, production of energy, and elimination of waste.
al. (2007)

consumption (e.g. energy and materials), and urban infrastructure (e.g. land use and transportation), thus making it possible to quantitatively assess the
metabolic performance of the urban.

Bibliometric analysis is a statistical and mathematical method by mapping the unheeded linkages of topics, publications, authors, and institutes in terms
of existing literature (Portner, 2008€ ). Compared with conventional literature review, bibliometrics can identify the chronological characteristics of
publications, intellectual structure, research directions, and leading topics within one research area from a more qualitative perspective (Du et al., 2013).
Bibliometric analysis has been successfully applied in the urban area, such as urban resilience (Meerow et al., 2016), urban sustainable development (Fu
and Zhang, 2017; Lehmann, 2011), smart city (de Jong et al., 2015), and resources consumption (Geng et al., 2017). Some UM publications conducted by
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bibliometrics have been gradually developed. Cui (2018) investigated a set of urban metabolic studies to analyze prevailing topics and relationships
between sustainability and UM through the application of bibliometric technology. Newell and Cousins (2015) conducted a bibliometric analysis to detail
the scholarly networks based on the 47 years of UM publications. Borrett et al. (2018) evaluated the research domains, methods, applications, and
cooperators of the ecological network analysis (ENA) via systematically gauging coterm and co-authorship networks based on publications from 2010 to
2016.

Urban energy metabolism (UEM) tracks the process of energy exchanges, consumption and recycle between different components within an urban
environment (Zhang et al., 2017). UEM can overcome the shortfall of incomparable metabolic flows by defining energy equivalents in accordance with
standard conversion factors for all metabolic processes (Beloin-Saint-Pierre et al., 2017). Academic progresses of UEM have also been made for evaluating
metabolic efficiency (Tan et al., 2019), simulating the metabolic process (Lee et al., 2009), comparing metabolic properties (Facchini et al., 2017; Velasco-
Fernandez et al., 2015 ) and assessing environmental sustainability (Mellino and Ulgiati, 2015) in the past few decades. Although UEM publications cover
different scopes, it is imperative to build a holistic literature review so that researchers in this field can detail the current research discipline. To date, few
review articles related to UEM has been published. Voskamp et al. (2020) conducted a comprehensive overview on urban metabolism, including influence
factors and their effects of energy and water consumption. Newell et al. (2019) suggested that urban metabolism provided a suitable boundary for food-
energy-water nexus study based on a 40-year literature review. Most of them combined energy with resources to summarize general and overall metabolic
properties, but rarely provide a systematic and specific literature review of UEM publications.

Against this background, this study seeks to summarize the chronological evolutionary trends, research hotspots, network analytical methods, current
issues, and future research directions of UEM via bibliometric analysis, literature review and visualization method. Quantitative and qualitative analysis
can help scholars better detail a network picture for current research progress and emerging topics in UEM field, allow them to understand current research
interests, and provide a strategic diagram to urban energy metabolic practitioners.

The research roadmap of this study is presented in Fig. 1. This study firstly presented the process of keyword and document selection. Secondly, the
thematic evolution and study hotspots of UM on the basis of co-citation and co-word network analysis were reviewed. Thirdly, special focuses on the
accounting methods and network analytical methods applied in the UEM studies were presented based on the content analysis and co-word analysis.
Finally, a content analysis to conclude current issues and future directions of UEM.

In light of this, the remainder of this paper is organized as follows. Section 2 introduces a description of bibliometrics followed by data compilation.
Results of bibliometric analysis and future directions are presented in Section 3 and Section 4, respectively. Section 5 draws together a series of conclusions.

2. Methods and data compilation
2.1. Methods

Bibliometric analysis provides an overall structure of a specific research discipline by quantitively uncovering the distributed architecture of publications
and research status (Persson et al., 2004). Citespace is regarded as an effective bibliometric analysis tool for statistical and visualizing relationships among
publications, institutions, and authors on the basis of taking snapshots in terms of a certain study area (Chen, 2004). This tool thus supports researchers to
build and analyze a vast body of networks, for instance, cocitation networks (reflecting the clustering features of publications via citation links and semantic
similarities), co-word networks (detecting research domains in accordance with relationships between documents), and collaboration networks (capturing
cooperation among authors or organizations) from scientific publications. Meanwhile, Citespace is also superior in the bibliographic data sources. This
technique makes it possible to directly derive primary data from the Web of Science Core Collection which comprises full records and references, and is
regarded as one of the most representative sources for the bibliometric analysis (Kamalski and Kirby, 2012). Therefore, this study applied the available
open-source software program Citespace 5.3.R4 to portray the knowledge map of UEM studies. The software Gephi and CitNetExplorer were used to
further visualization of bibliometric results.



2.2. Data sources

The input dataset of this study was retrieved from the Web of Science Core Collection (including the Science Citations Index and the Social Science
Citation Index). It is comprised of a widely accepted corpus and the largest repositories of scientific publications. This study initially analyzed the general
trends and research topics in the field of UM by reviewing relevant academic literature. This review was undertaken in accordance with search equation
(TS% (“metabolism” OR “social metabolism” OR “metabolism flow” OR “social metabolism flow”)) AND (TS% (“urban” OR “city”)) from titles, abstracts
and keywords, and yielded 596 results published from 1900 to 2018. After artificial filtering and excluding duplications, a total of 583 journal papers were
extracted to bibliometrics for UM. Based on the former search items of UM, the search equation (TS% (“energy” OR “emergy” OR “exergy”)) AND (TS%
(“metabolism” OR “flow”)) was further utilized to search the academic literature for UEM between 1900 and 2018. As a consequence, 465 publications
related to UEM were identified from the Web of Science Core Collection. After excluding ineligible papers, 428 publications related to UEM were finally
identified.

3. Results
3.1. General trends of urban metabolism studies

3.1.1. Co-citation analysis

To analyze the research progress and emerging topics of UEM profoundly, this study traced the evolution properties of UM studies on the basis of
bibliometric analysis. Fig. 2 shows the cocitation network of UM from the studies undertaken between 1900 and 2018. The results showed that the number
of co-cited literature displayed an increasing trend. More specifically, the density and size of nodes have enlarged markedly since 2006. In order to further
uncover the temporal variations of UM studies, this study presents a knowledge evolution map with the help of CitNetExplorer (Fig. 3). By combining
Figs. 2 and 3, it can be observed that only a few frequently cited papers existed before the node of Odum in 1996. After that, the number of nodes has
increased significantly. Consequently, based on the findings of Figs. 2 and 3, three main stages can be identified; the nascent period (before 1995), the
growth period (from 1995 to 2005), and the prosperous period (from 2006 to 2018). Table 2 summarizes the basic profile of urban metabolism studies
from the aspects of study area, measurement method, indicator, and research topic in these three periods.

Applications of metabolism to urban studies can be traced back to the 1960s. In the nascent period, Wolman (1965) initiated the study of UM in a
hypothetical America city to calculate the rate of input and output flows, and emphasized the possibility of calculating interactions between an urban
system and its surrounding environment. This initial impulse led to an increase in the number of UM studies. During this phase, two accounting methods
for UM, material analysis and emerge analysis, were proposed. Having first originated from the quantitative analysis of UM, material analysis has been
widely applied within a broad range of cities worldwide, including Tokyo (Hanya and Ambe, 1977), Hong Kong (Newcombe et al., 1978), and Vienna
(Baccini and Brunner, 1991). The emergy analysis proposed by Odum during the 1970s made it possible to quantify different types of flows by a unified
type, thus it has been gradually applied in the field of UM studies. For instance, Zucchetto (1975) assessed the relationship between economic and natural
systems in Miami by calculating 42 storage and emergy flows from an emergy perspective, whilst Duvigneaud and Smet (1977) examined the energy
balance in the urban system of Brussels via quantitative analysis of environmental factors and human activities. Meanwhile, some papers that sought to
elaborate upon the urban food metabolism were also published. Bohle (1994) initiated a metabolic analysis to assess food metabolism in developing
countries. Above all, the focus of UM studies during this nascent period was not only on human activities but also on biological activities by evaluating
the strength of metabolic flows; thereby revealing the relative integrated behavioral patterns of metabolic process in the urban system.
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In the growth period, UM studies showed a relatively modest growth trend along with concern about urban sustainability. Huang et al. (1995) proposed
ecological energetic analysis to evaluate both ecological economic status and the contribution of solid waste and water resources of the Taipei metropolitan
region via a series of waste water indicators. Newman (1999) noted the importance of taking habitable indicators into account in UM and established a
metabolism model containing livability indicators such as income, health, education, housing, and employment. This work facilitated the customization
of the State of Environment Report in Australia and gave rise to the combination of UM with sustainability in the following studies. For example, Hendriks
et al. (2000) detailed the differences of material metabolic processes between Vienna and Switzerland by comparing resources input and waste output.
Warren-Rhodes and Koenig (2001) evaluated the ecosystem appropriation and environmental influence induced by resource use and waste discharges in
Hong Kong with the help of an ecological footprint model. Sahely et al. (2003 ) analyzed the urban
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Fig. 2. Co-citation network of urban metabolism. Note: the size of a node displays the number of times a study has been cited; the position of a node indicates its publication year; the
color represents the referred time of a specific publication by different studies. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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material metabolism of a region in Canada and compared the material flows of a number of worldwide cities from a sustainable development perspective.
A vast body of metabolism publications in the growth period concentrated on the urban ecological or environmental sustainability from a macro
perspective, while failing to reveal how the mechanism of metabolic processes within cities.

Compared to the growth period, the co-cite literature in the prosperous period presented a higher concentration. There were several clear clusters; thus, it
can be seen that there was an upsurge in research in the field of UM during this period. Moreover, the UM studies undertaken in this period were
characterized by the fact that they opened the “black box” of the urban system (Cespedes Restrepo and Morales-Pinzon, 2018 ; Kennedy et al., 2011). To
achieve this goal, complex mathematical algorithms, advanced simulation models, and large volumes of data have been gradually conducted to evaluate
the performance of metabolic flow, and uncover inner structure properties and operation mechanism of an urban system. At the start of this phase, Kennedy
et al. (2007) conducted a literature review to uncover the evolution of UM studies and then compared water, materials, energy, and nutrients flows of
several cities to illustrate which key metabolic processes occupied important positions in urban sustainability. Pincetl et al. (2012) expanded the framework
of UM by integrating policy and socioeconomic analysis in a quantitative manner. Venkatesh et al. (2014) evaluated the sustainability of urban water
services and the influence of metabolic flow in the water system via the environmental, physical, functional, and economic indicators. Kennedy then went
even further and accounted for energy and material flows through 27 megacities worldwide to evaluate energy consumption patterns and provided the
strategy to achieve energy efficiency improvement (Facchini et al., 2017; Kennedy et al., 2015).

In this period, UM studies were also claimed to elaborate evolution patterns and regional properties of urban systems from systematic and dynamic
perspectives (Han, W. et al., 2018; Velasco-Fernandez et al., 2015). For instance, Zhang conducted a series of urban metabolic studies upon carbon (Zhang
et al., 2016a), water (Zhang et al., 2010), and energy (Zhang et al., 2016b) flows via network analytical methods (e.g. ecological network analysis, input-
output analysis) to uncover the structural characters of UM. Pulido Barrera et al. (2018) developed a multi-level conceptual framework to analyze the roles
of UM in the context of energy dynamics and validity from an ecological perspective. Li and Kwan (2018) summarized the common shortcomings of
conventional urban metabolic methods and proposed a three-dimensional (3D) geovisualization to analyze spatial and temporal characters of UM. In
summary, UM studies in the prosperous period put an emphasis on reflecting upon the mechanisms and the interconnections of UM in a dynamic and
systematic way.

3.1.2. Co-word analysis of keyword

Keywords allow the tracing of research themes from academic articles. Fig. 4 presents the visualized co-word of UM. According to the top keywords, the
three main scopes of UM publications can be summarized, namely study scale, environmental impact and management, and research methods. The frontier
topics in the study scale include “urban”, “city”, “industrial”, and “China”. It is worth noticing that “China” holds a high position in the UM studies. One
explanation is that China has caused high pressure on the surrounding environment due to the high-speed economic development in recent years. “Energy”,

“material”, “nitrogen”, “flow”, “ecological network analysis”, “input-output analysis”, and “carbon” are main research methods for UM studies. More
specifically, “Energy” holds the top position after “urban metabolism,” “city”



Table 2

Chronological review of studies on urban metabolism.\

Period Reference Study area Measurement Indicator Research topic
method
Nascent Wolman A The balance Water and air pollution The first originated
period (1965) hypothetical between study of urban
America matter and metabolism; evaluate
city energy the rate of input and
output flows in a
hypothetical city
Zucchetto Miami Emergy Select 42 storage and Analyze the
(1975) analysis emergy flows; fossil fuel relationship ~ between
energy density, energy to economic and natural
money ratios, and ratio of systems by considering
natural to fossil fuel metabolic activities
energies
Hanya and Tokyo Material Construction materials, Account urban material
Ambe analysis entrance and exit of flow and propose the
(1977) goods, raw water, oxygen, reverse production
and wastes system to solve
environmental
problems
Newcombe Hong Kong The balance The inflow and its Measure the
etal. (1978) between metabolic network within sustainability of a
matter and an urban system, capacity modern city via urban
energy of natural and social metabolism
circulatory systems
Bohle (1994) Developing The balance Review the current state of Conduct urban
countries between food urban food supply, food metabolism to detail
supply and security, and  social the functioning and
consumption vulnerability determinants of key
food
metabolic process
Growth Huang et al. Taipei Emergy Ratio of waste water to Apply emergy theory
period (1995) analysis renewable emergy flow, to urban environmental
ratio of waste water to management
total emergy used, and
ratio of investment on
solid waste treatment to
total emergy used
Newman Sydney Material Energy, food, water, solid Provide extended
(1999) analysis waste, air waste, and metabolism model by
human livability considering livability
to evaluate the urban
sustainability
Hendriks et al. Vienna, Material Water, fossil fuels, and Elaborate the urban
(2000) Swiss analysis construction materials, material metabolism of
lowlands consumer products, air, Vienna; develop
oft-gas, sewage, material management
consumer products, and models for urban
solid wastes sustainable
management
WarrenRhodes Hong Kong Ecological Food supply, food Assess the direct and
and footprint consumption, renewable indirect environmental
Koenig resources  consumption, impacts of Hong Kong
(2001) nitrogen discharges, fossil from resource
fuel use, and water use consumption and waste
discharges
Sahely et al. Toronto Material Food, water, energy, Unveil the overall
(2003) analysis material, solid wastes, air fluxes of greater
emissions, and Toronto area based on
wastewater discharges the urban metabolism
analysis
Prosperous Kennedy et al. World Material Water, material, energy, Review urban
period (2007) metropolitan analysis and nutrients metabolism studies and
cities identify critical urban
metabolic processes
Venkatesh et Oslo Dynamic Environmental indicators, physical indicators, Conduct a
al. (2014) functional sustainability
Metabolism Model indicators, and economic indicators assessment of urban
water services
Zhang et al. Beijing ENA Carbon metabolic rates, carbon metabolic density, Illustrate spatial
(2016a) ecological relationships, and key flows distribution, metabolic
structure, and
ecological
relationships of urban
carbon metabolism
Zhang et al. Jing-Jin-Ji MRIOA, ENA  Ecological relationships and ecological Detail energy
(2016b) hierarchy utilization

characteristics and



ecological
relationships among

regions
Han et al., Shanghai, MuSIASEM Exosomatic metabolic rate, Compare the metabolic
(2018b) London, economic labor productivity, social overhead of human patterns of four global
Tokyo, Paris activities, and energy efficiency megacities
Liu et al., Saskatchewan IOA, FEEIO model, System efficiency, ecological hierarchy, Analyze potential
(2018)a redundancy, and benefits of urban GHG
ENA robustness emissions metabolism

system and uncover
reduction pathways
Maranghi et Beijing Life cycle  In degree, out degree, eigenvector, PageRank, and Evaluate the
al. (2020) assessment, betweenness centrality complex network interconnections
among urban  sub-
dimensions to reflect
urban sustainability

Note: MuSIASEM % Multi-scale integrated analysis of societal and ecosystem metabolism; IOA % Input-output analysis; ENA % Ecological network analysis; FEEIO model % Factorial-
based ecologically-extended input-output model; MRIOA % Multi-regional input-output analysis.

and “sustainability”, indicating energy issues have occupied much of the attention of researchers. Turning to environmental impact and management,

s

“sustainability”, “ecosystem”, “greenhouse gas emission”, and “management” are the frontier keywords.

3.2. Accounting methods of urban energy metabolism

3.2.1. Emergy analysis

Energy measurement types in the context of UEM can be further divided into emergy and exergy analysis (Beloin-Saint-Pierre et al., 2017). Emergy takes
account of the physical flows and transformations induced by producing resources, economic goods, and services in a life cycle (Blondel et al., 2008).
Emergy is defined as the invested energy utilized from primary solar radiation to the final produce activities. Solar emjoules (sej) is a unified unit of emergy
for quantifying solar equivalent energy (Odum, 1995). According to the emergy theory, energy cannot be created or destroyed, but the quality of energy
declines in the energy flow process through transformity. Emergy indexes, including renewable emergy, nonrenewable emergy, input emergy, and total
emergy, are normally conducted to measure the performance of a specific urban metabolic process. Emergy flows are regarded as bridges that connect
renewable and nonrenewable sources, as well as the natural system and the socioeconomic system during the urban metabolic process.

Emergy accounting has been widely utilized to analyze urban metabolic processes at the global (Brown and Ulgiati, 2016), national (Ghisellini et al.,
2014), urban (Fan et al., 2018; Qi et al., 2017), and neighborhood (Zhang and Chen, 2017) levels. In practice, however, this accounting method faces lacks
transformity data. This deficit gradually impedes the application of energy analysis in UM studies (Brown and Ulgiati, 2010). To address this issue, emergy



accounting can be improved by thermodynamic input-output analysis (IOA) to obtain emergy-to-money ratios from a sectoral perspective (Ukidwe and
Bakshi, 2007). Chen et al. (2010) proposed a biophysical balance modeling with the help of an input-output table (IOT) to measure embodied resources
and emissions in the context of the Chinese economy. This provided a methodological foundation for obtaining transformation data. However, a significant
challenge for emergy accounting method still exists; namely, that it needs to converse multiple energy sources into a unified unit by considering their
spatiotemporal properties (An et al., 2015).

3.2.2. Exergy analysis

The concept of exergy derived from thermodynamics has been utilized to assess the maximum amount of available energy consumed during a productive
process (Rosales Carreon and Worrell, 2018). This form of energy exhibits the amount of real used up part that cannot be conserved. As a result, it follows,
that the volume of exergy is always lower than it entering the urban system (Eisenmenger et al., 2017). According to the concept of the second law of
thermodynamics, the wasted fraction always occurs in the process of transformation or, to put it another way, improving the performance of exergy is
actually a process of decreasing wasted fraction. Exergy has been conducted to evaluate the efficiency of natural resource within the urban metabolic
system, and this has also enabled us to gained insights into resource supply and reclamation (Biihler et al., 2016; Stylos et al., 2018), and the efficiency of
resource management (Ravalde and Keirstead, 2017). More recently, exergy analysis has been applied to uncover the dynamic properties of the exchange
of resources flows in economic activities from a historical perspective (Brockway et al., 2015; Chen et al., 2014). In these studies, exergy puts forward
appropriate metrics to establish a common measurement of metabolic flows, which thence provides more information as to the amount of available energy.
In summary, this technology can be applied to diagnose the dysfunction of energy metabolic processes and uncover the mechanisms of the urban system.
3.3. Co-word network of urban energy metabolism

In order to identify the hotspots in the UEM corpus, this study built the keywords co-occurrence network on the basis of Gephi software (Fig. 5).
Meanwhile, this study presents the highfrequency keywords after combining and deleting similar and insignificant items. Table 3 shows the top 30
keywords by use frequency in the period 1900 to 2018 within the 428 publications. The keywords fall into 3 main groups; research objectives, study area,
and research methods. The research objectives of UEM include societal sustainability assessments, energy efficiency evaluations, environmental impact
assessments, metabolic flow accounting, and measurements of resource use. Energy metabolism studies were conducted on multiple scales, including
global, national (especially China), urban, and communal levels. Turning to the research methods, several high citation keywords relating to network
analytical methods are identified, including ENA, IOA, the social-economic-nature complex ecosystem (SENCE), and the complex network. Network
analysis is a widely accepted research method in UEM studies by providing systematic and dynamic perspectives (Dai et al., 2012). Network structure has
the merits of elaborating the complex structure of UM systems by projecting its structural patterns and inner connections through links (Gao et al., 2018;
Zhang et al., 2011). Therefore, reviewing network analytical methods is necessary for UEM studies.

In the SENCE theory, the metabolic process can be described as a complex network that consists of a series of multiple factors derived from social,
economic, and natural systems (Wang et al., 201 1a; Yao et al., 2015). This study thus treated SENCE as a part of complex network analysis. The following
section introduces key network analysis in UEM studies from three aspects; IOA, ENA and complex network analysis.

3.4. Network analytical methods for urban energy metabolism

3.4.1. Input-output analysis

As shown in Table 3, IOA takes the second position in terms of

Urban metabolism Model Ecosystem Material Ecological
network
analysis

Management  Flow Land Cco2 Transition
use emission
Emission Input Carbon Emergy Indicator
output
analysis

Social metabolism Impact
Life cycle Indicator Design Impact
Sustainability
Water Ecology Nitrogen
Industrial ecology Waste
Climate Greenhouse Urban
change gas Energy

emission consumption



Fig. 4. Co-word analysis of keywords in UM research.

e ]
N g
o 7 .
e * L
. S
. R - rmlti-scale intégrated analysis @ %
o MUSESER o metabo . . J i
T %ﬂ%ﬂconomﬁ:-nam{ﬁe comptex ecosystem
. - e landuse s - o -
- societal metabollsm vl -
A= s e“ﬁu‘ﬂ:s:ale intéginter anelirs impactC ONONTY et séale el
- . wedigscal ST araiyes
Jp o h, emargy “analysis senigpuica -
- # enmen SUSTATIIAD A Uyreraysmairs
L ;gut output analyms
Hongkong  “# greenhouse gas emission
4 -
- il vetsgner Samforic
consurmngn 5

energY nogytosc CTETZY 548 S ST
vl efficiEncy perqu;‘é’ﬁliésiw ecology resowges we @tha e

emergy §ynthesis ) L comgisiny
(031" i
28 Beijing y energy flow analysis R /al .
B i b “m‘mn!b 1 complex network wain
e urban metabolismitem s bz
model o
. netwouk enffivon analysis ¢ suhen, raiggnstibplisn climate change ot S
cCOos S cm change “ L
. it em@ﬂg[ ’““*e"mf‘ﬂi’ﬁﬁble Bievel opment
= A energy consumptiognetabolism e iy N -
..... APl design ihdustxﬂ ecology distributie cortrol
metaboliz pioces managément =
T ecologica L o
S = ccoldeical ngtwork analysis ,
01\61\9
S e )
= codied quantitativ assessment low cafpn city > -
- industrial syrbiosis 5 pmp ” s
= i social-ecoNBIC- AR . 5. - .

Fig. 5. Combined frequency and centrality of keywords during the entire investigation periodNote: The size of the node represents the frequency and centrality. The color represents a
group of nodes based on their frequencies and centralities. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 3
Top 30 keywords with co-occurrence analysis.\
Rank Keywords Frequency Rank Keywords Frequency
1 Urban metabolism 222 16 Climate change 193
2 Energy 221 17 Beijing 191
3 Sustainability 220 18 Exergy analysis 190
4 Ecological network analysis 219 19 Complex network 189
5 Consumption 214 20 Urban ecology 188
6 China 213 21 Multi-scale integrated 184
analysis
7 Ecosystem 211 22 Land use 183
8 Input-output analysis 207 23 Metropolitan area 182
9 Energy flow analysis 206 24 Global 181
10 City 205 25 Efficiency 180
11 Emergy 198 26 Growth and development 179
12 Societal metabolism 197 27 Model 178
13 Social-economic-nature complex 196 28 Impact 177
ecosystem
14 Economy 195 29 Environmental analysis 176
15 Energy consumption 194 30 Community 175

network analytical methods. IOA examines the cumulative resource requirements and environmental impacts according to the input and output
relationships that exist between various industrial components at the macro level (Hong et al., 2016). IOA, with consideration of region-specific
characteristics, can be split into single-region input-output and multi-regional input-output (MRIO) analysis. The former is restricted by ignoring spatial
disparities, while the latter allows for investigating regional characteristics in energy interactions (Tang et al., 2019). As a consequence, MRIO has been



widely applied in energy metabolism research. Meanwhile, the IOT is regarded as the foundation of IOA, which could present all infinite interdependencies
among sectors in the forms of monetary flows. In order to further reflect physical reality, the physical IOT is developed with the physical flows as a basic
measurement unit; this is dominant in the existent literature which focuses on energy metabolism (Alcantara and Padilla, 2003 ). Consequently, by
providing a highly integrated data on the basis of IOT, this method makes it possible to quantify energy metabolic flows at the sectoral and regional levels.
IOA has been extensively used to analyze energy metabolic processes around the world (Bagheri et al., 2018; Kennedy and Bachmann, 2017). Most of
these studies have focused on the practical application of IOA in energy accounting (Pan et al., 2018), energy distribution (Kucukvar et al., 2018; Wu and
Chen, 2017), and energy utilization (Guevara and Domingos, 2017; Liu et al., 2018). There are only a few research for theoretical developments. For
instance, Liang et al. (2010) performed a regional energy metabolism accounting by proposing a Hybrid Physical input-output model in hybrid units.
Rocco and Colombo (2016) proposed a bioeconomic input-output model with the consideration of human labor in energy analysis. With the extension of
investigated resources, the IOA method has also been applied to illustrate the coordinated relationships that exist between energy and other flows, including
food-energy (Xiao et al., 2019), and energy-water (Wang et al., 2017; Yang et al., 2018); within such studies attention has been drawn to the co-benefits
that may accrue from resource conservation and security (Fang and Chen, 2018). IOA provides insights on discovering the mechanisms of UEM, while
failing to elaborate upon the characteristics of the internal network (such as network structures, the roles of components, and the exchange processes of
energy flows within the urban system).

3.4.2. Ecological network analysis

ENA is the most frequently used method in network analysis for UEM studies according to the result obtained in this study. This technology, which is
induced by graph and probability theory, can imitate the complex interactions of energy metabolism to uncover the robustness of an ecosystem with the
help of substantial ecological parameters (Dai et al., 2012; Fath, 2007). The purpose of ENA techniques is to build an ecological network flow diagram
consisting of network nodes and directed energy flows (the transfer of energy between nodes). Structure, nodes, and control analysis have been widely
applied in ENA to evaluate ecological trophic levels, the property of components, and integral mutual relationships (Borrett et al., 2018). ENA provides
an effective systemoriented means by which to analyze the ecological relationship between nodes in a quantitative manner on the basis of numerous data
information (Zhai et al., 2018). The data sources in ENA studies can be divided into two major forms. The first originates from national or regional
statistical books. Su et al. (2017) compared the national energy supply security from the database of the national statistical yearbook. Hu and Mu (2019)
constructed an UEM system to depict the metabolic evolution properties based on time-serious inventory data collected from regional energy statistics.
Zhang et al. (2010) analyzed the energy metabolic network structure and ecological relationships with statistical data of four Chinese cities. However,
there exist difficulties in trying to build an energy matrix that allows the depicting properties of inflows and outflows among sectors based on statistical
data. Furthermore, the database also fails to reflect indirect energy interactions. Given this background, the second form of data source for UEM studies is
the IOT. Special concern has been paid to the conjunction of ENA and IOA, which has been widely applied to multiple scales, including countries (Sun
and An, 2018), urban agglomerations (Zheng et al., 2018), and regions (Chen and Chen, 2015; Tan et al., 2018). In these studies, IOT is regarded as a
major data foundation to elaborate upon direct and indirect energy information between nodes in the form of a matrix.

It is worth noting that IOA-based ENA has been widely used especially in the context of China. The empirical areas include Beijing (Chen and Chen,
2015), Guangdong (Zhai et al., 2018), BeijingTianjin-Hebei (Zheng et al., 2018) and so on. This may be due to the fact that the volume of energy
consumption in China has sprung up in the last few decades whilst energy efficiency remains at a lower level (Xiong et al., 2019). ENA models can reflect
the energy metabolic properties at the annual scale based on these macro statistical data, whilst they are restricted to uncover the network dynamic changes.

3.5. Complex network analysis

Human activities inevitably have repercussions on the UM due to a vast body of social and economic interactions (Grosskurth and Rotmans, 2005). It
follows, that considering the human activities into the urban metabolic framework is critical. SENCE theory allows portraying the mechanism of metabolic
interactions with considering multiple levels of the system from a holistic perspective. In this theory, the urban system is separated into multiple
determinants, including natural, social, and economic subsystems. Against this configuration, a natural subsystem plays the role of a supplier providing
natural resources and ecological services to support economic and social subsystems. Accordingly, natural, social, and economic subsystems include
excessive exchange activities with the form of energy, material, and information (Wang et al., 2011b). In the context of the SENCE technique, an
ecocomplexity network within urban metabolic activities can be built which includes two major analytical tendencies. One is the standardized quantitative
analysis that prefers to describe the network in a unified form. For instance, Yao et al. (2015) proposed a standardized analytical network framework
containing dominance, consistency, and sustainability levels to elaborate the regional biofuel metabolism. Wang et al. (2016) evaluated the regional
sustainability of the Chinese Yellow River Delta using SENCE theory and emergy analysis as underlying methods. Along with the quantitative analysis,
obtaining accurate and adequate data, and unifying standards among multiple subsystems are difficult for metabolic studies (Gentleman, 2009). The other
analytical perspective, qualitative analysis, was proposed to address this problem by providing system-level information. SENCE theory also offers a
qualitative insight into the Chinese traditional human philosophy that draws attention to the self-reliance and symbiosis that exists within a system.

In addition to SENCE theory, complex network has also been adopted in urban energy studies. Complex network technique disaggregates metabolic flows
coming in and going out between different nodes within a specific system. This technique has the merits of describing the intricate processes, robustness,
and resilience of a network through the application of a holistic and systematic angle (Chen et al., 2018). In addition, it allows for the examination and
adjustment of different systematic structures and links by analyzing specific components and their interactions in the entire network (Hong et al., 2019).
Different from ENA, the complex network technique draws attention to uncovering properties of the metabolic system from a social perspective. A wide
range of studies focusing on the complex network technique have been conducted from multiple levels. At the global scale, previous studies drew attention
to capturing primary international energy interactions during multilateral trading processes (Chen et al., 2018; Shi et al., 2017). The national studies mainly
focused on exploring the roles of regions or sectors in energy transfer systems (Sun et al., 2016; Tang et al., 2019). Regional level studies were conducted
to compare properties of energy consumption among different urban scales (Chen and Chen, 2015; Gao et al., 2018). Furthermore, previous



Table 4
Overview of urban energy metabolism studies.\
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(2015) and quality of lands percentage of NASA metabolism  with
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energy transfer publications also unraveled the energy trade relationship by considering the
process on the whole energy supply chain, from inflow and outflow perspectives, which is
similar with the metabolic process. Based on the bibliometric results in Table 3, the complex
network technique is in the lowest position compared to IOA, ENA, and SENCE. Thus, this
technique could potentially be applied to the urban energy metabolic system to assess key
nodes and flows, and uncover the inner mechanisms of the energy transfer system.

4.Discussions
4.1. Issues on urban energy metabolism studies

Following the bibliometrics and content analysis of UEM studies, this study made an in-
depth investigation of several representative research to analyze the current knowledge
gaps. Table 4 and Fig. 6 summarize the properties, gaps, and future directions of UEM.
Current research objectives of network analytical methods in UEM publications can be
summarized from four parts, including descriptive analysis, comparative analysis,
exploratory analysis, and optimization analysis. Descriptive analysis focuses on unraveling
inherent properties of the metabolic network; comparative analysis devotes to detail
metabolic differences among urban energy systems; exploratory analysis draws attention to
how metabolic system operation; optimization analysis enhances the performance of UEM
system. However, most of these publications have provided a snapshot of UEM from the
temporal scope, while ignoring the inherent spatial properties. Some studies expanded time
span by combined spatial phenomena, such as land use, with energy metabolic process.
They rarely reflected comprehensive spatial and temporal factors into urban energy
metabolic frameworks. From a temporal perspective, energy metabolism has been
investigated based on annual performance with the macro statistical data. These data
sources can portray static energy metabolic flows but fail to evaluate dynamic changes.
Several studies pointed out that dynamic evolution properties of UEM needed to be
considered in further study (Hu and Mu, 2018; Li and Kwan, 2018). Energy interactions
gradually become more interconnected and highly dynamic due to the frequent exchanges
of commodities and services that takes place among regions. Ignorance of these
characteristics may cause an accounting blindness which, in turn, misinterprets the results
of energy metabolism studies. Therefore, integrating geographical and dynamic
characteristics into urban energy metabolic framework is imperative if one wishes to obtain
a clearer metabolic map that supports urban management by the government. Network
analysis of UEM in the future need to contain the following two aspects: (1) the inclusion
of both spatial and temporal dimensions of energy metabolic systems, and (2) the ability to
unravel the interactions of components in a dynamic manner. Based on this, the following
part proposes analytical methods that could be used in future metabolic studies.

4.2. Further directions

4.2.1. Spatiotemporal network analysis

Conducting a spatiotemporal investigation is important in UME studies and, therefore, a
network framework should be developed in a more integrated manner. GIS can be applied
to integrate metabolic processes with spatiotemporal information. Based on the technique
of GIS, the energy metabolic flows can be detailed in a map with transparent geographical
information. This technique can be combined with metabolic flows to reflect spatial
properties in urban infrastructure construction studies. However, GIS is only capable of
providing land information but fails to reflect the
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Fig. 6. Future research directions for urban energy metabolism.
temporal trajectory of a specific metabolic process (Han et al., 2018; Zhao et al., 2018). To conduct an in-depth analysis of urban metabolic mechanisms
from temporal and spatial perspectives, MeiPoKwan (2012) developed a 3D space-time conceptual framework based on GIS, which consists of a series of
thematic layers that include geographical maps and time slices. In the UEM context, a 3D geovisualization framework can facilitate energy metabolic
networks to reveal dynamic spatial trajectories along with the axes of time and landscape. Particularly, spatiotemporal metabolic networks can be visualized
to clearly reflect the density of metabolic flows on a geographic map (Li and Kwan, 2018). GIS can provide insights with regard to the geovisualization of
UEM and, from that, it is possible to clarify the relationships that exist between economic activities and geographic characteristics. In addition to reflect
spatial information, a spatiotemporal framework also enables the tracing of energy flows transmissions through the upstream supply chain at the industrial
level. However, integrating GIS with network analytical methods faces a number of issues with regard to the availability, accessibility, and compatibility
of data. Energy metabolic processes are directly and indirectly correlative with human activities, weather conditions, and economic levels; these comprise
a large volume of complex data sets. According to Table 4, data sources of current UEM publications mainly obtained from aggregated national accounts.
Lack of data on metabolic flows is one of the difficulties in current UEM studies (Su et al., 2017; Velasco-Fernandez et al., 2015). Big data provides an
effective platform to obtain massive data for analyzing such a corpus and has been applied in the urban metabolism area. Shahrokni et al. (2015b) noted
that smart-city technologies have the potential to be applied in urban metabolism to provide real-time and high resolution data. Later, Shahrokni et al.
(2015a) conducted an empirical analysis based on the smart urban metabolic framework and information and communication technology. Yeow and Cheah
(2019) used big data technology to obtain freight transport data for understanding material flows. In the future study, how to mine, integrate and use the
dataset through big data analytics to support further UEM studies remains challenging.

4.2.2. Dynamic network analysis
Metabolic interactions within the urban system have dynamic characters that are constantly changing natural, social, and economic factors between city
actors along with time. Dynamic network analysis makes it possible to unravel metabolic interactions among components. Computable general
equilibrium (CGE) models arising from IOA allows the tracing of dynamic metabolic interactions containing a set of equilibrium equations from
productive and consumptive perspectives in accordance with macroeconomic principles (Arto et al., 2019). CGE models have been widely applied to
simulate energy emission and consumption on macroeconomic activities. Su et al. (2018) simulated and predicted dynamic relationships among urban
energy, water and environment systems by a CGE-based integrated mode. Cao et al. (2019) combined CGE and dynamic material flow analysis to
estimate the Chinese building stock under the socioeconomic metabolic framework. Pauliuk et al. (2015) proposed a general system structure of social-
economic metabolism based on CGE model. Formulated in line with this, equilibrium equations can be built to elaborate dynamic inter-linkages within
urban energy metabolic systems at the macro level. Furthermore, this analytical framework can provide additional insights into the potential impact of
urban metabolic policy actions by assessing the feedback from the policy practice in advance. From the micro perspective, agent-based models (ABMs)
can handle out-of-equilibrium dynamic problems by paying attention to agents (Semertzidis, 2015). The agents in the ABMs can be used to reflect the
heterogeneity of components by considering multiple characteristics in the urban metabolic network. The behaviors of agents can be contextualized and
imitated within the urban metabolic system by considering several alternative scenarios. Meanwhile, integrated network analysis methods with ABMs
provide a decisive capability to incorporate uncertainty and can, therefore, be further used to simulate the urban energy metabolic activities.

5. Conclusion

In order to understand the status quo of urban energy metabolic studies and propose future directions, this study conducted a systematic bibliometric
analysis based on the data from Web of Science Core Collection. The results revealed that urban metabolism publications could be divided into nascent,
growth, and prosperous periods based on the number of co-cited literature. By conducting co-word analysis, the hot topics of urban metabolism have been
summarized into three scopes, including study scale, environmental impact and management, and research methods. In particular, “energy” occupied much
of the attention in urban metabolism research. The high citation keywords relating to network analytical methods in urban energy metabolism publications
were analyzed based on the results of keywords cooccurrence network, including ecological network analysis, inputoutput analysis and the complex



network. With the increasing of energy consumption and poor energy efficiency performance, more research attentions have been focused on Chinese
energy metabolism by combining ecological network analysis with inputoutput analysis. Current research objectives of network analytical methods in
UEM publications can be summarized from four parts, including descriptive analysis, comparative analysis, exploratory analysis, and optimization
analysis. Though the literature review, future research directions for urban energy metabolic network analysis were suggested from two aspects: (1) the
inclusion of both spatial and temporal dimensions of energy metabolic systems via Geographic Information System and big data; and (2) the ability to
unravel the interactions of components in a dynamic manner based on the computable general equilibrium and agent-based models.

The main academic contribution of this study is to provide valuable insights into the knowledge of urban energy metabolism so that scholars can better
understand current research progress, remained questions, emerging research methods and explore the research opportunities. Meanwhile, this study is
also valuable for practitioners to evaluate and monitor the urban energy metabolic performance with suitable network methods.
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