&

Mittuniversitetet

MID SWEDEN UNIVERSITY

Ecotechnology working paper 2016-1c

Energy, emergy, and the city!

Erik Grénlund, Morgan Fréling, Torbjérn Skytt
Ecotechnology and Sustainable Building Engineering, Mid Sweden University, 83125 Ostersund
Corresponding Author e-mail: erik.gronlund@miun.se

Abstract

In his book “Environment, Power, and Society” (1971) H.T. Odum introduced a picture of the energy metabolism of a
city based on Wolman's paper from 1965 (Sci. Am., 213: 179-190). With the development of the emergy analysis--a
branch of energy systems accounting--several authors have contributed to develop quantitative measures of HT Odum’s
picture, which from many perspectives are diverging from traditional energy studies. In this paper, studies using emergy
analysis to study cities are reviewed. The research regarding emergy and cities had during the period 1975-1995 its focus
on cities in the United States, e.g. Miami, Jacksonville, San Francisco and Chicago. The research during 1995-2005 was
almost exclusively focused on Taipei. From approximately 2006 up till 2015 the research focus has been on Chinese
cities; Macao, Beijing and 37 other Chinese cities have been investigated. But there are resent also studies made on
Rome (Italy) and Montreal (Canada). Studies up to about 2007/2008 were generally concerned with understanding spa-
tial aspects of the cities investigated. After that, evaluating the sustainability of cities has become a main research focus.
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1 Introduction

With half of the world population living in cities, such anthropogenic structures are important to understand.
One approach is to extend a more traditional thinking on ecosystems to incorporate also the human society
and its technical systems. A central research theme for the systems ecologist H.T. Odum was how ecosystems
and general systems can be described from an energy perspective. This was his approach in the seminal re-
search on food webs in Silver Springs, Florida — a cornerstone study in many textbooks on ecology — and in
the work with his brother, E.P. Odum, on the coral reefs at the Eniwetok Atoll (Cleveland, 2008). In his book
“Environment, Power, and Society” (Odum, 1971) he continued and extended his work applying the energy
hierarchies found for food webs of natural systems to systems also including humans. Working with this ap-
proach, Odum found systems properties of energy hierarchies of systems including many living organisms
that were difficult to deal with using only traditional thermodynamic descriptions of energy flows, developed
for describing heat engines and later chemical processes (Giannantoni, 2002). H.T. Odum thus started to de-
velop new concepts to describe the situation he observed, that would later be grouped under the heading
Emergy. The latest previous overview of this topic is more than 20 years old (Odum et al., 1995). During the
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last decade an increasing amount of emergy papers have addressed cities, especially in China. This paper
gives a review of how the emergy concept has been used in the context of cities during the whole period of
1971-2015.

In section 2 is explained how energy and emergy are related to each other. Section 3 contains the review of
the use of emergy in the context of cities, spatial focus, what quantitative emergy related parameters that has
been used and underlying research motivation is analyzed. The section is divided into two periods: 1971-1995,
earlier described by Odum et al (1995), and 1996-2015. Section 4 contains the discussion.

2 Methods and concepts

This study is based on a literature search in the databases ScienceDirect and Springer Link, and on publica-
tion lists available at the web site Emergy Systems?. Search terms have been “emergy”, “city”, “cities”, and
“urban”. All publications found are reported in Table 3 of this paper, except for a few very short conference
papers.

2.1 Energy and emergy

Emergy is a concept developed in systems ecology (Odum, 1994, 1996), and is in some ways similar to the
concept of primary energy, sometimes used for understanding human constructed technical systems
(Arvidsson et al., 2012). In H.T. Odum’s many studies of natural and human ecosystems he had found that
describing energy flows by the mass flows and their heating values did not capture all qualitative aspects of
the energy hierarchies of the nutrient webs that he could observe. He therefore started to express energy units
in terms of the type of energy that generated it. An example used by Odum (1996) was to express coal power
plant electricity in terms of how much coal energy was needed to produce it. On average, for the existing
technology at that time, it took 4 joules of coal to produce 1 joule of electricity. The electricity from the coal
could then be expressed as 4 coal emergy joules (cej). So far this practice is the same as for a primary energy
calculation.

However, any hard coal or brown coal that can be mined from the ground are in themselves results of
complex biogeochemical processes over long time, and originates ultimately from solar energy captured by
photosynthesis creating the biomass that eventually has been converted into coal. Thus the hard coal could in
turn be expressed in how many joules of solar energy it took to produce it, solar emergy joules (sej). Solar
emergy joules is today the dominating unit to express emergy, but in principle any type of energy carrier can
be chosen. The calculation is also here similar to a primary energy calculation, with a main difference in that
primary energy seldom is calculated further back than through the man made technical systems, whereas
emergy generally takes the calculation back through the bio-geo-chemical transformation in nature to the en-
ergy inputs to the biosphere, with the main input being the influx of solar radiation (but also gravitational en-
ergy generating tidal flows and geothermal heat). A significant conceptual difference to the conventional pri-
mary energy calculations (see Arvidsson et al 2012) emerge from its roots in system ecology, though; if an
ecosystem converts solar radiation into different types of energy carriers, the whole biological system is con-
sidered needed for each of the output, it is not allocated to different outputs (Odum, 1996).

H.T. Odum (1996) described emergy as the previous energy it took to generate the actual type of joule,
and all of them expressed in one type of energy, almost always solar energy, giving the sej unit. Emergy is
often said to be an abbreviation of “energy memory”. This view is relevant in many cases, but sometimes it
can be useful to think of the concept as a steady state equilibrium measure where everything is produced in
average amounts within the time frame chosen (Grénlund, 2009). In modeling terms this means that no stocks
are changed. This is of course almost never the real situation, where stocks of for example wood, or body fat,
are used in cyclic or fluctuating patterns, and stocks sometimes built up, sometimes used up. However, the
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simplified description of ‘no change in stocks’ can still be helpful to grasp the concept of emergy, since it to
some extent diverts from our everyday use of the word energy (where we happily add up different kinds of
energies). Odum also introduced the concept Empower, which is the flow of emergy per time unit.

Emergy can be used to understand structures of ecosystems - the different form of energy that flows
through an ecosystem, and to describe hierarchical patterns created by the living ecosystems channeling ener-
gy flows in different ways. Since humans and the human society can be seen as part of ecosystems, or emerg-
ing from ecosystems, emergy studies can potentially reveal similar information on human societal artifacts,
like cities. Such application of emery studies, especially when applied to cities, is the focus of this paper.

3 Emergy and the city

3.1 The period 1971-1995

Regarding emergy and the city it was addressed already in H.T. Odum’s book “Environment, Power, and So-
ciety” from 1971. In a picture (Figure 1-3 in that book, based on Wolman's paper from 1965 the similarities
between the energy metabolism of an oyster reef and a city were pointed out. No more explicit discussion on
cities was presented in “Environment, Power, and Society”, other than that cities were natural centers, or
nodes, higher up in the energy hierarchies of the world. This had not changed in Odum’s second book from
1976, the more popular written “Energy basis for man and nature” (co-authored with Elisabeth C. Odum).
Cities was not further described in emergy terms except that the internal internal structure of the city was
sketched in Figure 10-2 in that book.

However, during these years several references reveal that cities were in focus in H.T. Odum’s research. A
young Mark Brown — Odum’s long time coworker for the coming 30 years - wrote a Master's thesis on the
subject 1973 (Brown, 1973), and James Zucchetto was also already working on the subject, and his disserta-
tion with an urban focus was presented in 1975 “Energy basis for Miami, Florida, and other urban systems”
(Zucchetto, 1975a; Zucchetto, 1975b). Mark Brown, during the second half of the 1970s, wrote his doctoral
thesis about "Energy hierarchies in urban and regional landscapes", presented 1980 (Brown, 1980).

At some point during this period H.T. Odum also introduced a course - Ecological and General Systems -
that was taught during one semester (Odum, 1983, foreword), and later published in an extended version:
"Systems ecology: An introduction” (Odum, 1983). A separate chapter in this book was assigned to “Cities
and regions” presenting several models from the works of James Zucchetto (1975) and Mark Brown (1980).

During the 1990s research using emergy to understand cities was continued with publications by Whitfield
(1995), Lopez and Brown (1995), Woithe (1995a, b) and Doherty (1995), all summarized in the 1995 project
“Zonal Organization of Cities and Environment - A Study of Energy Systems Basis for Urban Society” (Odum
et al., 1995). This project also included an important international cooperation with Dr. Shu-Li Huang, who
brought the urban focus in emergy research to East Asia.

3.1.1 The 1995 report

The report “Zonal Organization of Cities and Environment - A Study of Energy Systems Basis for Urban So-
ciety” (Odum et al., 1995) was the result of a new cooperation around the fast growing cities in Asia, but it
also summarized research on emergy and cities so far. The research summary was the base for the spatial de-
scriptions of cities presented in Figures 1 and 2. In Figure 1, the left hand side of the figure represents the
older “agrarian city” with most people living outside the town center, but centered on and around it. The right
hand side in Figure 1 represents a newer town structure, with the city built during a period of increased use
and high availability of fossil fuels. A theory of emergy and landscape hierarchy was presented; some of the
hypothetical outcomes are presented in Figure 2.
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Fig.1. Model of zones of a city in an agrarian landscape and in a city in a fuel-based urban landscape, both with hypothetical distribution of
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Fig.2. Hypothetical gradients in zonal properties around a city. (Redrawn from Figure 3 and 4
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In the report (Odum et al., 1995) a city was considered a natural concentration of information and people,
in the energy hierarchy of landscapes. The similarities between cities and ecosystems were pointed out; Lopez
and Brown (1995) mentioned succession and metabolism. As in natural ecosystems there are succession
phases: growth, homeostasis, regression, renewal and oscillation (Odum, 1983). The metabolism of the city is
also similar to natural systems like coral reefs or ant hills in the respect that a city assimilates resources from
the surroundings, transforms them within the city structure, and releases waste to the surroundings.

Lopez and Brown (1995) investigated Miami along seven transects and found a clear zonation in the city
from the center to the periphery 25 km out. The highest Empower (emergy/time) was found 5-15 km from the
center. Whitfield (1995) investigating Jacksonville, Florida, also found structure in the energetic organization.
However, here the center of the city had very high Empower, decreasing fast at first and then slower out to
east and west. Woithe (1995b) investigated different zones for empower density in Chicago and San Francis-
co and found gradients in all of them.

3.2 The period 1996-2015

While earlier emergy studies of cities mainly considered cities in the USA, the main body of the scientific
publications after 1995 considers cities outside the USA with a main focus on Asia. For several years in the
beginning of this period nearly all published emergy studies regarding cities was on the single city Taipei,
Taiwan.

3.2.1 Taipei

The earlier mentioned report including the overview of emergy studies on cites published in 1995 (Odum et
al., 1995) was a co-project with professor Shu-Li Huang, National Taipei University, Taiwan. Already in
1991, Huang and Odum (1991) published a plan for this project for emergy analysis of Taiwan, and from
1995 up to 2011 Huang and co-workers published many papers on the investigation of Taipei and its hierar-
chical position in relation to the full island of Taiwan (Chen and Huang, 1998; Huang, 1996, 1998, 2003;
Huang and Chen, 2005; Huang et al., 2011b; Huang and Hsu, 2003; Huang et al., 2007; Huang et al., 2001;
Huang et al., 2006; Huang et al., 1998; Huang et al., 1995; Huang et al., 2010; Lee et al., 2008, 2009).

In Huang and Chen (2005) was repeated the distribution picture from Odum et al. (1995). Huang et al.
(2006) published the time frame from 1936-98 where Taipei showed the same urbanization pattern as other
cities studied, and Huang et al. (2007) could verify the spatial picture from the earlier studies of American
cities regarding Empower density. Lately Huang and coworkers (Chang and Huang, 2015; Huang et al.,
2011a) have tried to develop the emergy concept to be used in addressing urban flooding vulnerability.

3.2.2 Macao

From 2008 a series of emergy papers was published by Kampeng Lei and coworkers at South China Universi-
ty of Technology and the Macao University (Lei et al., 2012; Lei and Wang, 2008a, b, c; Lei et al., 2008; Lei
et al., 2011; Lei et al., 2010). In 2014 their research was summarized in the book: “Ecological Emergy Ac-
counting for a Limited System: General Principles and a Case Study of Macao” (Lei et al., 2014). A major
outcome were the positive Net Emergy Ratio that Macao experiences, since the vast amount of tourists enter-
ing the town was found bring with them and spend more emergy than they take with them leaving the town.
The net emergy gain from tourists has supported Macao’s socioeconomic development for many decades.

3.2.3 Beijing

During the latest years of the period up till 2015, most international journal publications regarding emergy
and cities has studied Beijing. Researchers Zhifeng Yang and Bin Chen, Beijing Normal University, seems to
be the common denominators for the long list of publications by Yan Zhang et al. (Zhang et al., 2011; Zhang
et al., 20093, b), and Gengyuan Liu et al. (Liu et al., 20114, b, c, d; Liu et al., 2011e, 2014; Liu et al., 2013;
Liu et al., 2012; Liu et al., 2009a; Liu et al., 2009b). Other journal articles on Beijing have been published by
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Hu et al. (2010); Cai et al. (2009); Chen and Chen (2011); Li and Wang (2009); Song et al. (2014); Song et al.
(2015). Several time scenarios have been published and the amount of emergy data regarding Beijing has
been growing fast in resent time.

3.2.4 Other Chinese cities

A number of other Chinese cities have also been investigated, but not with the same intensity as the cities
mentioned above Yangzhou city in East China was studied by Hu et al. (2009). Liu et al. (2009a) evaluated
31 Chinese cities regarding emergy and found a pattern where they could divide the cities into six distinctive
groups. Based on these groups they proposed an urban ecosystem health evaluation framework describing
efficiency, structure, impact and flux with an emergy-based index. In another paper they (Liu et al., 2011d;
Liu et al., 2013) proposed an urban emergy loss evaluation framework including human-made capital and loss
of natural capital as basis for sustainable policy-making and design of urban sustainable development
schemes. Liu et al. (2009b) also made a separate ecosystem health evaluation of Baotou City, located in the
west of the Inner Mongolia Autonomous Region. Su (2010) investigated the Yangtze River delta urban clus-
ter, Su et al. (2011) the Pearl River delta, and Su and Fath (2012) investigated Guangzhou. Lou et al. (2015)
investigated the regional environmental sustainability based on emergy indicators for the city of Shanwei in
the Guangdong region.

3.2.5 Rome and Montreal

A few western cities have also been investigated in recent years. Rome was studied by Ascione et al. (2009),
and Montreal by Vega-Azamar et al. (2013). Ascione et al. (2009) used the approach of comparing emergy
indices of the city with national averages for the same indices, e.g. for emergy use per person, empower den-
sity, and emergy/GDP. The conclusion from the Rome study was that emergy intensity indicators and per-
formance ratios confirmed Rome as a special resource attractor, but also confirmed “...its fragility and unsus-
tainability, due to the excess reliance on non-renewable and outside resources” (Ascione et al. 2009).

3.2.6 Emergy indices

The emergy papers focusing on cities reviewed here show a variety in the choice of indices, but they also to
some extent use different names for the same index. Examples are given in Table 1 showing a variety of
emergy indices used in selected studies. Emergy density, ED (suggested by Brown, 2009, later to change
name to Empower Intensity, since it is a surface measure, not a volume), percent renewable emergy (R/U),
emergy per capita (EP), and environmental loading ratio (ELR), are all commonly used indices that also show
little variation in names between authors. Emergy yield ratio (EYR), emergy sustainability index (ESI),
emergy exchange ratio (EER) and waste to emergy ratio (W/U) are less commonly used, but basically con-
sistent nomenclature vise. Emergy intensity of currency (EIC) is rather commonly used in papers but show
under a variation of names (e.g. EMR, EDO). Emergy investment ratio (EIR) and metabolic dependence
(ESR) are less common and show variation in names. The most striking example of name change is Liu et al.
(2009a) who renamed what many other have called EIR to a modified EYR called NEYR. Table 1 also indi-
cate that it is common to suggest new indices in the emergy literature on cities.

Even though comparison between emergy investigations meet some methodological problems since ap-
proaches are not yet standardized, a few have anyhow been made. Lei et al. (2008) compared Macao with
Taipei, Zhongshan, Miami-Dade County and San Juan (based on Doherty, 1995; Woithe, 1995a; Huang and
Hsu, 2003). Ascione et al., (2009) compared Rome with Macao, Taipei, and San Juan (based on Doherty,
1995; Huang, 1998; Lei et al., 2008). Vega-Azamar et al. (2013) compared Montreal with Miami-Dade Coun-
ty, Zhongshan, Beijing, Guangzhou, Rome, Shanghai, Taipei, San Juan, and Macao (Based on Lei et al.
(2008); Ascione et al., 2009; Zhang et al., 2009c; Zhang et al., 2011). Of these Vega-Azamar et al. (2013)
made the deepest analysis and found significant correlations between population density and emergy density,
between population and total emergy used, and between per capita available space and emergy density. A
weaker correlation was also found between population density and emergy per capita, but no significant cor-
relation was found for total population and per capita emergy utilization.



Gronlund et al. / Ecotechnology working paper 2016-1c

fa13/(d33. dAT=as13
souzpuadap aoqelsiY=1/(N+d)=4S3

(fyotnasreorpil “E'a ‘asn PRIENUAOUOD=] §] ‘530 105 "E'8 “[eInr pasiadsip =) Aoumroigns-Jieg AWy = (TN+ON<Y) = Tns-Jegmwyg

onjes paseqind asn ASrRmwg=r1/q

STQEMATAT O] 31F8 M =0/ Y,

ones £51mma 0] 35N =1/,

XapU] eI WalsAsooT Ueql[) peseq-ASewI=[1a0T
dea/n=tpdey ASRwE=gg

12npoIg JUSIWwe( SSID=J0D

OREY FEwEYDRy AERWwT=g44q

d9/N=giF=~,2uann) Jo fysuaiu] LS1mg=111

N I=Rgemauay=11%

ATE A I=xapu] Sipqemelsng ASwE=]5q

readeare/| I+ N ="21502( ramodwg=g

(8+g) d=oney weunsasu] AS1ewWE=4T

AN+ L)=0nEy SEpE0] [EIRWHCHATT=4Td

d/R=oned plR1x ASRwE=gxd

S+N={spodmr) Joegpaad=4

ajdoad Jo jrom pred a1 ‘JoqE] pUR s20TAlRE (papodun) peseqaIng=g
STETIRIETH MET PUE 5pood ‘s[ang ‘stersumm (paprodum) saseqoun =]y

paanpoxd wery r2isey dn pasn W oo 153307 TIOF STRINIT ‘s[ang (1550 “Es IUaTmomnAna (B30 A1 WO ASISWR A[qEMATLIION 335 =N]
“3}3 “310AD IER “SRAEM “UTET “PULM BNS FE 5indUT [EULSTIGONATS JO ASI0TWE S[QEMATRT 331 =]

(paseafar) pasn LSraws [E10] ‘PAti=1=1

£10Z e
nim deap wgNg g aq I3 MAT  [ERRUO 12 EWEZV-ESAA
Ao I H an TS
nrﬂﬂaagmn.éugm
* immos(dED T ) fop(deD /) 6007
~ immon[ 1anl] deomy  gaon (WA Is9 I UId MAT smoy “TE 12 QUOTISY
usH dd oaid ad Rgict Bwlieg  [707 “[E1° Sueyy
(139 13)/ N+ SATJID
(I TAAN)=IHENH oqq WA gd =¥AIN ¥Td |saum) T ESO0T “TE 1R ]
SISO PUE (/] /s ¥ad dn wwd /iy s ad W 9T ¥Ad OBIEJN 8007 "B 1]
prilicd 00T
SIIO pUE SEemd WM (UM dn wwWa  nd ag B radie] ‘uaty) 23 Suenyg
512 B AR oarg
IO PUE JTMHOT0S [EWISIXS 27 deamsn AR BU  jEsn [T opRnd c661 “AIego
Aunon
-5 o 2PE( )
SISTRO pUE deomsn  Jaon WY BT s -n) -TWerp CH6T “SIpIoM
MO WST WA M ¥Id dI D13 0¥ 1S3 i MIZI 914 HAd s3I APIIY

"S3TII2 JO SUOTEN[EAR ADISUS UT PIST SIOTPUT JO MATATIAD UV T A[qeL



Gronlund et al. / Ecotechnology working paper 2016-1c

"3]qE1 31 ™ pawesasd 25 SAN(EA 15202] A1 AU S[2TUE 1} W paIUssald SITIRS A0 AT THOIS 4ay

"300T 1B 12 12 £q PIIE[NIEIAT SANEA 4

nomrzodmos Xapur aures o AJI0EXE LM 10T Ing ‘Womsodmod Xapuw JEIINS [k paonpord 20 TN S UT SROJEL
"1 2[qE] 01 5200y 31} W pawiE[dya are 2[gE] SIL BT SUOTRIASIqOE &

§/ls €107 T
%6068 QTISTD  TTaPST 2618 FIATIET T1TE08 FEO'T 00T [E2RUON 12 BUEZY-EEAA
3/les 600T
orance  TTHEFT 26870 o FId0°T £F 00 ot c00T Moy “TE 12 2UOTEY
§/les #xx 10T
%t FE ordecy  ETHITT ETH88°E £CTEs 00T Suilieg “[e 12 Buery
ITa BT T1d5°s 000 00 #00T ESEQ] BS00T TTE 1o NP
80°¢T1 BT CTd8F S Fe'l 8Lk $007  UOYRBUEY) ES00T TTE 1 0P
8t BT ETHTOS 696 6L TIE F00T TEYSUEYS EG00T TTE 1R O
g/Tes

Zra CE'T  OTHRT'S  TIH6ET %ET°0 10000 +1HFE™8 LT9 £FL £FL0 #00T OBIEY 8007 "Bl ]
§/les #4500T
2ok T L TF 850 QTd80C  TTHELT 2k ETdeS L 8 0L 8661 redie] ‘w2 %y Sueny

g/los 0Ty
£0°T  OTHOTT  TIIFOT 2010  6E0000  ETHIOL o6 o6 080 Ta61 opang 5661 A1ago

Lumony

g/los ape(]
0611  OTdIFE  TIH0OT 208 0E000°0  ETHIET LT LT 73070 0661 ~TETA wxSGAT oM

Ieak FUETY
JLLANES Jgu/las

=45 WAL /AL L] dd 214 v ) aq M1 T AT Ie3x 53 AT

$007-8661 poutad o) WO 21 SN[ ] 2[QEL UT S2OIPUT 21 JOJ San[EA JO MATATAAO Uy T A[qEL



Gronlund et al. / Ecotechnology working paper 2016-1c 9

Table 1 may be slightly misleading in the listing of evaluation indices since many of the papers rather use
the basic variables (Y, R, N, M, S, and F) and the emergy model producing them for conclusions regarding
sustainability. Some papers use the emergy model in an explicit way while other only show it in principle in
the method section.

Table 2 give examples of quantitative values for the indices in Table 1 from the indicated publications. All
the reported figures are average values for the cities studied.

3.3 Overview of investigated cities

Table 3 gives the full list of all cities investigated with emergy accounting in the papers found published dur-
ing the period 1971-2015. The overview shows the strong development of urban emergy research in China
after the millennium shift. The number of references shows that Beijing, Macao, and Taipei are the most in-
vestigated cities. It must be remembered, though, that the number of references don’t reveal the depth of the
individual investigation, some of the references are short conference papers while others are full doctoral dis-
sertations (e.g. Zucchetto, 1975b).

Table 3 Cities investigated with emergy accounting during 1971-2015

City References

America

Chicago Woithe, 1995b

Ft. Myers Brown, 1980

Gainesville Brown, 1980

Jacksonville Whitfield, 1995

Miami Lopez and Brown, 1995; Woithe, 1995a; Zucchetto, 1975a; Zucchetto, 1975b

Montreal Vega-Azamar et al., 2013

San Francisco Woithe, 1995b

San Juan Doherty, 1995

Europe

Rome Ascione et al., 2009

Asia

Baotou Liu et al., 2009b

Beijing Cai et al., 2009; Li and Wang, 2009; Liu et al., 2011a, b, c; Liu et al., 2011d; Liu et al., 2013; Liu et
al., 2012; Liu et al., 2009a; Song et al., 2014; Song et al., 2015; Su et al., 2013; Su et al., 2009;
Zhang et al., 2009a,b; Zhang et al., 2011; Zhang et al., 2009¢

Changchun Liu et al., 2013; Liu et al., 2009a

Changsha Liu et al., 2013; Liu et al., 2009a

Chengdu Liu et al., 2013; Liu et al., 2009a; Su et al., 2009

Chongging Liu et al., 2013; Liu et al., 2009a; Su et al., 2009; Zhang et al., 2009¢c

Fushun Su et al., 2009

Fuzhou Liu et al., 2013; Liu et al., 2009a

Guangzhou Liuetal., 2013; Liu et al., 2009a; Su and Fath, 2012; Su et al., 2013; Su et al., 2011; Su et al.,
2009; Zhang et al., 2009c

Guiyang Liu et al., 2013; Liu et al., 2009a

Haikou Liu et al., 2013; Liu et al., 2009a; Su et al., 2009
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Hangzhou Liuetal., 2013; Liu et al., 2009a; Su et al., 2013; Su et al., 2009

Harbin Liu et al., 2013; Liu et al., 2009a; Su et al., 2009

Kunming Liuetal., 2013; Liu et al., 2009a; Su et al., 2009

Lanzhou Liu et al., 2013; Liu et al., 2009a

Lhasa Liu et al., 2013; Liu et al., 2009a

Macao Lei etal., 2012; Lei et al., 2015; Lei and Wang, 20084, b, c; Lei et al., 2008; Lei et al., 2011; Lei et
al., 2010; Lei et al., 2014a, b

Nanjing Liuetal., 2013; Liu et al., 2009a; Su et al., 2013; Su et al., 2009

Nanning Su et al., 2009

Qingdao Suetal., 2009

Shanghai Liuetal., 2013; Liu et al., 2009a; Su et al., 2013; Su et al., 2009; Zhang et al., 2009¢

Shanwei Louetal.,, 2015

Shenyang Liuetal., 2014; Liu et al., 2013; Liu et al., 2009a

Shenzhen Suetal.,, 2013; Su etal., 2011; Su et al., 2009; Zhang et al., 2009¢c

Shijiazhuang Liuetal., 2013; Liu et al., 2009a

Taipei Chen and Huang, 1998; Huang, 1996, 1998; Huang and Chen, 2005; Huang et al., 2011; Huang and
Hsu, 2003; Huang et al., 2007; Huang et al., 2001; Huang et al., 1998; Huang et al., 1995b, a; Lee
et al., 2009

Taiyuan Liuetal., 2013; Liu et al., 2009a

Tangshan Cai et al., 2009; Su et al., 2013; Su et al., 2009

Tianjin Cai et al., 2009; Liu et al., 2013; Liu et al., 2009a; Su et al., 2013; Zhang et al., 2009c, Zhang et al.,
2012

Urumchi Liuetal., 2013; Liu et al., 2009a; Su et al., 2009

Wuhan Liuetal., 2013; Liu et al., 2009a; Su et al., 2009

Xi’an Liuetal., 2013; Liu et al., 2009a; Su et al., 2009

Xiamen Suetal., 2009; Yang et al., 2012; Yang et al., 2014; Yang et al., 2013

Xining Liu et al., 2013; Liu et al., 2009a

Yangzhou Hu et al., 2009

Yinchuan Liuetal., 2013; Liu et al., 2009a; Su et al., 2009

Zhengzhou Liu et al., 2013; Liu et al., 2009a

Zhongshan Lei etal., 2008

Zhuhai Suetal., 2013; Su et al., 2011

4 Discussion

H.T. Odum and coworkers found zonation in emergy distribution in cities during the period 1975-1995. From
this they put up many hypotheses with a spatial focus, considering changes in emergy indices when moving
along transects from the city center to the periphery. A total of seven cities were actually studied, all of them
in America. In the period after 1995 significantly more emergy evaluations have been performed on cities,
mainly but not exclusively on cities in East Asia. The works by Shu-Li Huang maintained a spatial focus and
could to some extent confirm the hypotheses and findings from the earlier studies of cities in the United
States during 1975-95. However, most of the later studies in East Asia have not had a spatial focus in the
same way as the Odum and Huang groups. Instead the focus has been on evaluation of the cities from a sus-
tainability perspective. This has been especially prominent in the works of Kampeng Lei and his group ad-
dressing the city of Macao. It seems like H.T. Odum’s wish (Odum 1995) to develop predicting models for
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spatial organization of cities is still yet to be proved. It is interesting that the newer investigation for Rome
(Ascione et al., 2009) did not address the spatial prediction made by Odum et al. (1995).

The research groups in Beijing, with main authors Zhifeng Yang, Bin Chen, Yan Zhang and Gengyuan Lei
seem to have moved emergy research on cities in new and innovative directions, suggesting many new indi-
ces for evaluation of for example urban ecosystem health. This group has also substantially increased the vol-
ume of investigated cities. The significant increase in amount of available data is promising for future new
knowledge and hypotheses regarding emergy and cities.

However, even though many new indices are developed, a problem seems to be the interpretation. What do
the indices actually tell us? The question of what are “good” or “bad” values often remains unanswered, or
answered in a way inconsistent with other emergy investigations.

In the preparation of this paper an attempt was made to verify the energy diagrams in Fig.1 (in Odum et al.,
1995) with data from the newer investigations published after the millennium shift. However, published data
are generally not available for different zones, thus not allowing for this analysis.

Generating Table 1 from the studies obtained revealed that even though the method of emergy accounting
has reached a certain level of standardization (Odum, 1996; Brown and Ulgiati, 2004), the level of standardi-
zation is not strong regarding the use of indices. As can be seen in Table 1 the names of some of the indices
are varying. Our interpretation is twofold: on the one side a lot of creativity is still invested in the method, on
the other side comparisons between investigations are still problematic hampering the possibilities for more
generalized conclusions.

Looking into studies to put together Table 1 also revealed that even though indices are used to report re-
sults from emergy accounting, conclusions from the studies are often more based on the total picture the au-
thors have from their evaluations than what are captured in the indices reported. This is similar to general ex-
periences from the field of modeling: the value of the modeling procedure often lays more in the process of
learning to know the modeled system than what can be revealed in modeling outcomes (Meadows, 2008). Liu
et al. (2014) connects to this issue in their model of *“...dynamic mechanisms of urban development, resource
consumption and environmental impacts”. Their outcome was not that one single index or even set of indices
could best capture sustainability, rather the model itself showed which important parameters that were neces-
sary to include.

5 Conclusions

During the period 1971-1995 the research on emergy and cities mainly studied cities in the United States The
main research during 1996-2005 took place almost only in Taipei. From approximately 2006 up 2015 the
main research considers Chinese cities.

The main interest up to 2007/2008 was on the spatial aspect of the city with different emergy signatures
for older agrarian cities compared to newer cities. However, data available is still not differentiated enough to
conclude anything regarding these hypotheses on spatial aspects of cites. The more recent emergy studies of
cities have moved to evaluating sustainability as a main question. Different approaches were used regarding
sustainability conclusions, some based to a larger extent on the emergy model, and some based more on a
variety of sustainability indices.
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