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Abstract: The UK has one of the world’s most urbanised societies where nearly 83% of the total population lives

in cities. The continuing population growth could lead to increases in emémtal pollutions and congestion
within cities. The framework of urban metabolism uses an analogy betitées and ecosystems to study the
metabolic processes within complex urban systems akin to natural biologitahs. It remains as a challenge
to fully understand the complicated distribution of resource flows withirudban network. In this paper,
Ecological Network Analysis was applied to study the intra-city floetsveen economic sectors in 35 functional
urban areas in order to investigate their respective metabolic relationships. THoiyrftcavs network of each
area was also supplemented with the geographical distance between tHacearkpes to study the impacts of
spatial distribution on the density of resource flows. The metabolic systeres dominated by 64% of
exploitative relationships with an average mutualism index of 0.93 aretgym index of 3.56 across all 35
areas. The consumption-control and production-dependency relationsleigiedethe hierarchical orders among
the sectors resembling the pyramidal structure of an urban ecosys&twork community classification
emphasized the importance of inter-relationship within the organisatigecbfcommunity class. The producer-
type and consumer-type communities showed the tendencies of those teechaster based on their respective
hierarchical roles in the ecosystem. This work provides an insighthatwide range of intra-city ecological
metabolic characteristics which can potentially expand to a multi-scale ass¢sdmrban metabolism across
the country.

Keywords: Urban Metabolism; Input-Output Analysis; Ecological Network Analysis; Netwmmmunity
structure; Workplace spatial distribution.

1. Introduction

Urban population which made up to 55% of total population worldwide in BQdridergoing fastest growth
in history, from 34% in 1960 and is projected to increase to 662059 (DESA, 2016) The UK has one of the
world’s most urbanised societies where nearly 83% of the total population lives in cities (World Bank, 2017). The
continuing trend of rapid urbanisation presents a challenge for natiahéb@a governments to maintain the
economic growth and standards of living in cities while ensuring theaBtesource consumption return to being
within planetary limits.

The concept of urban metabolism by Wolman (Wolnf865) proposes an analogy between cities and
ecosystems to study the metabolic processes within complex urftemsyakin to a natural biological system
using a hypothetical model. Sin®élman’s pioneering study, research efforts have been invested to explore and
expand the conceptual model by applying real data from various cities (ldodr@hen, 2009; Huang and Hsu,
2003; Newcombe et al., 1978; Warren-Rhodes et al., 2001; Zuchetto, D&@8p)jte the wide range of analytical
frameworks developed to account for various types of material fiovesing and leaving the cities (Cencic and
Rechberger, 2008; Hunt et al., 2014; Page et al., 2008), it remains aghadid¢ully understand the complicated
distribution of resource flows within the urban networlatbtial flow analysis applies mass balance to quantify
in- and out-flows of resources and evaluate the remaining stockem This accounting technique is useful in
tracking circulations of material and to optimise disposal of waste generatedufban activities through
recycling. However, it does not address the spatial distribution and resowsenithin the internal organisation
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of a complex urban ecosystgiRavalde and Keirstead, 2015). For energy flow analysis, emergyaappi®
proposed based on the concept of embodied energy in the flows of ceataimals, which was developed by
Odum (Odum, 1976, 1996) in his theory on the functioning olbgical system. In theory, the emergy approach
addresses and rectifies the problem of incomparable flows betweeremtiffeubsystems and improves
consistency for the losses and efficiencies of different transformations pd&aggwithin the system. The concern
for such approach lies on the use of an appropriate measurencentverting the units of energy and must be
determined for all flows to ensure a unified standard.

From the perspective of ecological networks (Bai, 2016; Huang, 1998; NewW8®9), urban ecosystem is
governed by the complex interactions among its components whictolaathique mechanism in the shaping of
ecological structure and social communities of a city. The Ecological Networksd@ENA) approach dissects
the problems of urban ecosystem at each hierarchical level of the systedhdn its respective functioning roles
and the rates of resource consumption. The concept of ENA was fiwynsmhnecting the smaller individual
entities in the system as an ecological network to understand the edistictgand indirect linkages among the
components, sharing a similar concept with a natural ecosystermvorkef ENA integrated with Input-Output
techniques from Leontiaf model to study the structural distribution of different componentsnireeosystem
(Hannon 1973; Leontief, 1986), hence its impact on the interrelationedredifferent trophic levels based on
the hierarchical structure of an ecological pyramid. ENA was furtheiowegrand refined by incorporating with
flow analysis (to address the total system throughflow, average pagtland cycling index) and hence, the
conceptof “environ” was generated to study the behaviours of an ecological network with the pre-determined
input and output flows at each component (Fath and Killian, 2007; Fifm, Fatten, 1982)From ENA, the
energy and material flows througim ecosystem were simulated to investigate the structural distributiohs an
functionality of the system (Jgrgensen, 2000; Szyrmer and Uland®i8Z). ENA provides an analytical tool for
various applications to study metabolism in cities from different perspectivesadlegical hierarchy relationship,
spatial variation, energy flows in previous scholarly researches (Chen and20ii4; Fan et al., 2017; Fath and
Borrett, 2006; Fath et al. 2010; Zhang et al., 2010, 2016). The teehofdtNA is not limited to intra-system
flows scaled on a single level such as city, region or country but aledafgpstudy interregional energy flows
between connected cities at combined levels, as demonstrated in the case stuthgeT Beijn-Hebei in China
(Zheng et al., in press).

To understand the requirements on resource management andekaninetabolic characteristics of a
urban system, application of ENA on 35 functional urban areas iniithglad Wales was implemented in this
study. ENA linked the socio-economic sectors in the urban area in aitameected network and investigated
the pairwise metabolic relationships through the intra-city monetary tramsgatidlecting the dependencies of
the urban ecological network in terms of its resources flows and cotisnmpl he study was further extended
with the estimated geographical distance between the sectors from the respatplace zones classifications
to address the spatial impact of urban network. For city planning @imympaking, this work demonstrates a
better understanding of different resource demands and circulations Wwihiocal flow network, enabling the
regulation of the needs and wastes of each sector in the city. Strategic resmoagement should improve the
efficiency of the urban metabolism and lead to long-term benefits faottiety.

The goals of this paper are twofold, firstly, it presents a novel atterapntiuct an in-depth inspection of
intra-city metabolism across all urban areas in England and Wales at anategjrimyel, highlighting the
ecological interactions between the components of the urban ecosystetmads. &Sacondly, this paper addresses
the spatial characteristics of urban network community structure and disthesegapact on community
classification based on flow densities.

The rest of the paper is organised as follows. The next section in thisgpfaéns the methodology adopted
in the process of data sourcing and preparation, followed by thege@d methodologies and the functional
analysis implemented in this work. Furthermore, the result of metaledditonships and network community
structures are also included. The final section concludes the study with théapateplications and future
investigations on intra-city metabolism.

2. Methodology

2.1 Data Preparation
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The UK National Input-Output Supply and Use Table 2011 published by Officialndatgiatistics (ONS,
2017a) was used in this study. In order to examine thedt@iocal scale, the data for Gross Value Added (GVA)
2011(ONS, 2017b) of different sectors for each functional urban areausecketo scale down the national flow
data accordingly, assuming the same ratio for local production and quinsuef goods and services compared
to the national figures. This could result in erroneous estimatiomspafrt and export since international cross-
boundary flow does not scale with the local GVA. The resultant fosfrtae input-output data for all industrial
sectors must comply with Leontiefmodel (Leontief, 1986)The input-output monetary flows within the city
were tabulated in the form of a balanced square matrix. This was then utted aajacency matrix was to
construct the resource flow network. In this paper, 35 case studiee identified based on the boundary of
functional urban areas in England and Wales. Table 1 shows the abbrewvidtimanae for all 35 functional urban
areas, in a decreasing order of their total population. The urban audiargwas set to define the scope of the
study for35 funcional urban areas in England and Wales, which includes the core central cith @frea and
its commuting zones (Eurostat, 2017). In this case, the wider foattidban areas might consist of multiple local
authorities (the lowest administrative level of local governing councilsjtascdllecting units. The resultant data
of urban population and GVA of the urban areas were obtained by comnlilhithe local authorities within the
respective boundaries

Rank| Abbrev.| Functional Urban Area Population Gross Value GVA
Added (GVA} Fraction

/£ millions (%)

1 LO London 12,142,021 413,048 48.4
2 WM West Midlands (Birmingham) 2,864,763 52,211 6.1
3 MA Greater Manchester 2,776,368 52,800 6.2
4 LP Liverpool 1,506,492 26,784 3.1
5 NE Tyneside Conurbation (Newcastle 1,199,547 25,672 3.0
6 LD Leeds 1,160,663 26,575 3.1
7 SP Sheffield 908,572 15,597 1.8
8 BZ Bristol 894,582 23,235 2.7
9 CD Cardiff 885,276 15,418 1.8
10 NG Greater Nottingham 870,408 16,528 1.9
11 LC Leicester 836,641 15,845 1.9
12 KH Kingston upon Hull 590,796 10,151 1.2
13 Ccv Coventry 542,820 10,004 1.2
14 PO Portsmouth 520,816 10,905 1.3
15 BU Bournemouth 511,926 10,399 1.2
16 SJ Stokeon-Trent 469,806 7,579 0.9
17 MB Middlesbrough 465,356 7,906 0.9
18 CH Cheshire West & Chester 459,774 8,751 1.0
19 NR Norwich 381,393 8,024 0.9
20 SS Swansea 378,571 5,971 0.7
21 BE Brighton and Hove 370,536 7,287 0.9
22 SO Southampton 361,722 8,248 1.0
23 PR Preston 356,826 7,137 0.8
24 DB Derby 343,858 7,405 0.9
25 EX Exeter 328,271 6,664 0.8
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26 BP Blackpool 325,870 5,359 0.6
27 RG Reading 310,282 10,773 1.3
28 BB Blackburn with Darwen 285,498 4,944 0.6
29 CB Cambridge 272,567 8,321 1.0
30 IP Ipswich 258,319 5,630 0.7
31 NP Newport 236,975 4,331 0.5
32 LL Lincoln 201,603 3,883 0.5
33 GL Cheltenham 197,914 5,006 0.6
34 TN Hastings 180,902 2,786 0.3
35 BN Burnley 176,608 2,651 0.3

118 iCombined regional data based on Local Authority in the UK (2011) (QBIE/c)

119 Table 1. Name and abbreviation of 35 functional urban areas in England/ares.

120

121 The sectors in the National Input-Output Supply and Use eTablintermediate product level were

122  categorised according to UK Standard Industrial Classification of Economic Acti@lié2007) (ONS, 2017d)
123 to allocate thd05sectors to 11 categorie$ the GVA data provided by the local authorities based on the types
124  of economic activity, as shown in Table 2. This was to reduce thkitiescof economic activities in order to
125 obtain the input-output flow data at urban level through GVA scafeg supplementary Table 1 and 2 for the
126 national input-output data of 105 and 11 sectors respectively. See sepagnT able 3 for local intra-city input-
127  output table for 35 urban areas, scaled to local GVA.

128
Sector Number | Sector Code Contents
1 A Agriculture, Forestry and Fishing
2 BDE Production other than manufacturing:
Mining and quarrying
Electricity, gas, steam and air conditioning supply
Water supply, sewerage, waste management, remediation activiti
3 C Manufacturing
4 F Construction
5 GHI Distribution:
Wholesale and retail trade; repair of motor vehicles and motorcyc
Transport and storage
Accommodation and food service activities
6 J Information and Communication
7 K Finance and Insurance Activities
8 L Real Estate Activities
9 MN Business Service Activities:
Professional, scientific and technical activities
Administrative and support service activities
10 OPQ Public Administration and defence; compulsory social security
Education
Human health and social work activities
11 RST Arts entertainment and recreation
Other service activities
Household activities for own use.
129 Table 2. Industrial classification.
130
131 Workplace zones classification data based on the workforce populations @oekal., 2015) were applied

132 to investigate the spatial distribution of the local community structure airdggt on resource consumption.
133  Sector allocations were carried out based on the employment data documente®l (R002 in each workplace
134  zone and two sectors with the two highest workforce populatioressesected. There were two exceptional cases
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of special condition in this part: first, if the employment numbernfoitiple sectors are similar, the zone is
allocated under multiple sectors simultaneously; second, if one sebt@xsts in a particular workplace zone,

it is selected regardless of its population in that area. Geographic Informgsi@mSGIS) was used to measure
the spatial distance between the sectors within the urban areas amdlytthstrelationship between the spatial
connection among the sectors and their monetary flows. The “spatial join” function combined the workplace zones
with each urban audit function area of the 35 cases (ONS, 20kpgcted in this study. The centroid, or
geometrical centre of each polygon in the workplace zone area was idamndifigdG1S to represent the location

of the respective sector, as shown in HigA distance matrix (11x11) was generated to tabulate the average
pairwise distance between all 11 sectors for each area.

LD

. Mamfacturing and di hibu Hon D Meto sulnnbs

[ Rusal B Retail
r_l Serants of society D Suburban services
. Top jobs

(@

Fig. 1. Map showing the geographical location of 35 functional urbeasaincluding (a) the workplace zones in
Leeds with its respective classification based on industrial type atite(bonceptual schematic diagram of
Leeds to demonstrate the network model with multiple sector nodes arettingrilows between them.

2.2 Ecological Network Analysis

The conceptual ecological network model in Higshows that each node represents a sector, located at the
centroid of each workplace zone on the map of an urban area andaivecammection between the nodes
represents the resources flow. In this study, the network hadebtidnal flows with different weights,
corresponded to the monetary value of the flows. For steady-state opetaiamut-output flow system was
assumed to be in equilibrium, where the sum of inflows equals to thefsurtflows, T = 7““. Given that
fij represents flows from compartmgnio compartment and vice versa, the formulae for total inflow and
outflow at compartmentare

n
Ti(m) =T, = Zfij +z; (1)
j=1
n
Ti(out) — Tj = Z fji +y; ()
j=1



156
157
158
159
160
161
162
163
164
165
166

167

168
169
170

171

172
173

174
175
176
177

178

179
180
181
182

183
184

185

L. M. Tan et al. Resources, Conservation & Recycling x¢x (3xx) xxx-

wherez; represents cross-boundary inflow andepresents cross-boundary outflow.

However, the initial regional input-output table was not in equilibrium. {eitgrflows were not accounted
when scaling down the input-output flows according to I6d& data. Only the national import and expwere
taken as cross-boundary flow into and out of the city. To balance ¢hkildra-city input-output table, any
computed difference between the iniﬂé’i") andTEout) was treated as addition to the total cross-boundary flows
around each urban area, regardless of inter-city or international flows.

With the balanced flow matrix, the Ecological Network Analysis (ENAhoeét(Chen and Chen, 2014; Fan
et al., 2017; Fath and Borrett, 2006; Fath et al., 2010; Jgrgensen, Ba0g; &t al., 2010, 2016; Zheng et al., in
press) was employed to study the metabolic relationships between the sdtttor@nvurban area with each
sector being treated as a compartment in the urban network. The functialyalsaftameworks of ENA are as
demonstrated in the next section.

2.2.1. Throughflow Analysis

Throughflow Analysis transfers the initial direct and dimensional flow imaito two dimensionless
integral flow intensity matricesn which N refers to the output-oriented flows whil8 refers to the input-
oriented flows. Firdy, the non-dimensional inter-compartment flow matrices; (g;;) andG’' = (g';;) are given

as

3

I
gij=# (4)

The integral flow intensity matricety, andN’ can be calculated fro andG’ as shown in the following
equations:

N =G"+G"+G*+G*+-+G"=(I-6)"1 (5)

N'=(G)°+G)Y+G6G)+(GP++ G =(U-6")"1 (6)

The identity matrixG® and(G")° represent the self-flow of the compartmetsand(G’)! represent any one-
step, direct flow between 2 compartmer@$,and (G’)? represents any two-step, indirect flow between 2
compartments and™ and(G")" represents the-step, indirect flow between 2 compartments in the network. This
enables the integral throughflow across multiple path-lengths to be consiu&da.

2.2.2. Control Analysis

Control Analysis (Schramski et al., 2006) was conducted to quantifyotamd dependency relationships
between the compartments. Control Allocatiofd() matrix reflects how the receiving sector controls the
supplying sedr, while Dependence AllocatiorD@) Matrix reflects how the supplying sector depends on the
receiving sector. The equations o4 andDA:

!

n n; >0 ca;; = iy i
— _ g i ’ ij - sm . _ .
CA = [caij] = i=1 Mij — N (7)
nl-]- — n']-i < 0, cal-]- =0
n.. —n’..
’ 2] Jt
ni.—n.->0 da;; = —————
_ _ Jj ji ) ij m .
DA = [dau] = jzlnl] n]l (8)
Tlij - n'ji < 0, dal-j =0

The results control and dependency relationships are expressed on a 8dalt based on to what extent the
sectors are in control or dependent on one another.

2.2.3. Utility Analysis
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In Utility Analysis (Patten 1991; Fath and Patten, 1988 type of the inter-compartment relationships can
be characterised by using the dimensionless integral utility intenaityxqU, which is formulated as

U=D°+D'+D*+D3+--+ D"=(U—-D)? 9)
whereD is the direct utility intensity matrixn which the elements;; can be calculated as

(fij — fii)
dij = B (10)
From the positiveor negative signs of the paiug, u;) in U matrix, the types of ecological relationship
between compartmentsandj can be determined, as summarised in Table 3.

(wyj, wji) + -
+ Mutualism Exploitation
— Exploitation Competition

Table 3: Ecological relationship between two compartments based on sign pair§ fratrix.

e If the signs ofu;; andu;; are both positivg+, +), both compartments benefit from each other and hence
have a mutual relationship.

e If bothu;; anduy; are negativé—, —), it means the two compartments are negatively influenced by each
other and compete for resources available so there is a cowgretisitionship.

e If u;; is positive whilew;; is negative, then compartmenteceives positive benefit from compartmgnt
while compartmenf receives negative impact from compartmgii which case, compartmenis the prey
and is being exploited, while compartmens the predator and exploits compartmgnidence, it is an
exploitation relationship whem;; andu;; have different signé+, —), or vice versa.

To identify the overall inter-compartment relationships of the network, tiwertsionless quantities,
namely, mutualism index, and synergism indeX, were computed frorti. M is defined as ratio of the total
number of utilities with positives signs to the total number of utilitiés negative signs in thg matrix.

o = Sy _ Y. max[sgn(u;;), 0] @
S. =¥ min[sgn(u;),0]
If M is greater than, it implies that there are more beneficial relationships than non-beneficial cagesyistém
and hence the system can be considered mutualistic and h&d#tdefined as ratio of the numerical sum of all
positive utilities to numerical sum of all negative utilities in the ovdrathatrix. The value of represents
benefit{o-cost ratio of the system (Fath and Borrett, 2006).

B Zmax(uij, O)
=Y min(u;;, 0)

S (12)

Hence, the overall benefit gained by a system is proportional tHwthkie which depends on the sign
the utility elements,u;; computed from the flow amount between the sectors. Higdlue indicates mo

benefits at lower cost.

2.2.4. Network Community Detection

Networks are divided into modules or grouped in smaller clusters wherotles of the same cluster have
denser connections compared to other nodes. In this study, clustersnofmecsectors were treated as
communities and modularity measures the strength of these communitieslaMypdef a network can be
computed using a community detection algorithm (Blondel et al., 2008)dg the clustering properties of the
nodes and classification of the community groups based on the flow weélgietsalgorithm determines the
community classification by unfolding the hierarchical structure of the syataincalculates the optimised
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modularity based on the clustering properties of the network. ffalsges the resolution limit (Fortunato and
Barthélemy, 2006) to detect smaller communities in the given networkadif sumber of nodes.

Network visualisation and community classification were carried out basetiv@ flow conditions:
monetary-throughflow between 11 sectors, and throughflow defigitpughflow per unit distance). For
comparison across all 35 urban areas under different flow conditiemslow values in the datasets were
normalised over the total maximum flow across all the networks

3. Results and Discussion

Across all 35 functional urban areas in England and Wales listed in Td#eds, one of the major cities
in the UK, was used as the example to represent the common case obstaweesults, unless stated otherwise.
This is because Leeds showed average performance and exhibited thsturttane commonly found in other
areas through in-depth investigations at different perspectives.

3.1 Intra-city Metabolism

From an ecological perspective, intra-city metabolism resembles a natwsgsteco consists of multiple
hierarchical levels. Individual units in different levels are connectedighrinteractions with each other in the
form of a pyramidal structure based on the ecological characteristidsi¢erar consumer) of the units, as shown
in Fig. 2.

Testiary
Consumer
Secomdary
Consumer

Primary Consumer

Producer

Fig. 2. Pyramidal structure showing the different hierarchical of an ecosystem.

Those units represent different roles in the ecosystem to maintain thiefistity of the system and promote
organisational growth as a whole. From the lowest level, the producdresuggsources to the units in upper
levels to fulfil their needs or in other words, the upper levelgwion sufficient inputs from the lower levels.
These form unique paired relationships among the units in differeatrdtigral levels and the types of existing
relationship can be explored through ENA.

Control Analysis identifies the degrees of control relationship basedsnmption-input and dependence
relationship based on production-output between the 11 sectors.dhigw8 the results of network contr6i4(
and network dependenci4) relationships for the urban ecological network with a norradlsrale from 0 to
1.
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245 (c) (d)
246 Fig. 3. Results of (a) network control (sector number in column controlled bgecoter) and (b) network
247 dependency (sector in column depended on row sector) of Lasedithe average results of (c) network control
248 (sector in column controlled by row sector) angretwork dependency (sector in column depended on row
249 sector) of all 35 functional urban areas.
250 Network control result in Figgashows that Business was not controlled by any other sectorsbntritlled

251 the consumption-input of all 10 other sestior Leeds network. The highest degree of control relationship was
252  74% over Production, followed by 68% control over Finance and &ms@. In terms of dependency relationship
253 in Fig. 3b, Business was completely independent while the Public Administration was foubd highly
254  dependent on the production-output of other sectors, in which ytdefbendent on Distribution and not been
255  depended on by any other sector in Leeds.

256 Furthermore, the average @ andDA matrices across all 35 cases were computed to investigate the overall
257  network control and dependency relationships in all 35 urban areasti@@werage network control results in
258  Fig. 3¢ Business remagd as the key controlling sector of resources consumption-inghbse urban areas. In
259 this context, identifying the significant control relationship in theaorecological network helps in understanding
260 the functions of each economic sector and the impacts on other sEotdtse case in Figc, the network control
261 relationship between Busine®roduction Manufacturing Construction formed a structured ecological pyramid
262  to demonstrate the resources supply chain from the producer at tst level to the top-levelled consumers, as
263 shown in Fig. 4aThe chained relationship between these sectors formed a control hierarchy esotinees
264  supply from the lower level controls the consumption of the levelalipand affects all the subsequent levels,
265 under the same principle as the natural ecosystem pyramid shoRig.i2. To connect the producers to
266  consumers, processes of material transformation at the intermediate levels weceitteaiigd by the producers
267  while it also had control over the consumers. However, due to the higlapopuaensities and intensive business
268 activities in the urban areas, the Business sector remained in strong owatrall other sectors, hence it was
269 placed at the lowest level of the pyramid to show its dominance owaotisumption of all the upper sectors
270  despite of being a resources consumer in nature. This presenteeagehin regulating the supply and demand
271 for resources in urban development planning to ensure sustainable cbosamyith adequate production flows
272  within the network

273 From the average network dependency results shown in Fig. 3d, depenelatiopship was identified
274  between Finance and InsuranBeal EstateDistribution and Public Administration (PAPn the highest level
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of the pyramid shown in Fig. 4PA activities such as education, social security and defence depended on the
production of Distribution sector, including the services providechbyldcal transportation system and goods
delivery. On the second highest level, Distribution was dependergalrERtate on the lower level which in turn
relied on the production of Finance and Insurance on the lowekbfabhe pyramid

Construction (56%) PA (94%)
Manufacturing (52%) Distribution (63%)
Production (71%) : Real Estate (67%)
Business Finance & Insurance
(@ (b)

Fig. 4. Pyramidal structure of urban ecosystem based ofA@nd (b)DA results. The width (shown in
percentage) of each level reflects the degree of control or depgmadationships between the sector and the
sectors the lower level.

Further analysis on stable metabolic relationship identified the repetitive charactenistie pairwise
relationships which the 35 urban areas have in common. This was damersgcting 35 sets of relationship
matrices of all areas to find the common relationships. The results are tabulatedbiag-ggsymmetrical square
matrix along the diagonal based on the types of relationship. Maregbe exploitative relationship is directed to
tell which sector is being exploited by the others. See Supplementary4Tiableabulated relationship matrices
of 35 urban areas.

1 M C Variable
2 E 7 E’ M | Mutualistic
3 E M E’ | 26 E’ E Exploitative (x + y)
4 E | & | c | e PE El txpicitative (v — %)
5 E E M E E C C  Competitive
6 M E
7 & E E
8 C E E E M
9 E’ E M E’ E’
10 E | E ] E| M | E
11 C E E M
1 2 3 4 5 6 7 8 9 10 11

Fig. 5. Stable relationships between the 11 sectors across atban areas.

Excluding self-flow at each sector for internal promotions (Patter,)189 stable mutualistic relationship
was found in all 35 cases. Three pairs of competitive relationship werevedbser six different sectors.
Exploitative relationship dominated the overall network as fifteen pairs were elisemith the highest
occurrence at the Distribution sector for exploiting others while the Busieet® svas mostly exploited by
others. For instances, Distribution exploited Produ¢fidenufacturing Real Estate and Business. On the other
hand, Business was being exploited by Construction, DistribwRioblic Administration and Other Activities.

Fig. 6 shows the results &f andS indices from Utility Analysis on all 35 urban areas, in a decreasireg ord
of the index values from left to right on the horizontal axes. Bats are used to show the data distribution across
all cases.
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Fig. 6. Bar charts of (a) Mutualism indei, and (b) Synergism indeX, of the 35 urban areas and the respective
data distribution plot.

From Fig. 6a, only ten cases, which corresgaitd seven urban areas in the ten highest populated areas and
also Reading (Rank 27), Brighton and Hove (Rank 21), and PartBr(iRank 14) have mutualism index value
greater than Jindicating a healthy urban metabolic system. The avevhgeross all 35 cases was 0.93 which
implies only 48% of all utilities were positive, in which London hhd highest mutualism index of 1.20 and
Blackburn had the lowest, 0.70. It is worth noting that these areas haparative synergism indices as shown
in Fig. 7 andwere both above the average value. In term§,dfeeds (Rank 6) lied at the average value of 3.56
with Derby (Rank 23) at the highest and Ipswich (Rank 30) veatirest. With larger population in major urban
areas, formation of a more diversified and matured economic struttangtherd the connections in the
network to promote mutual benefits locally for growth

By definition, M measures the overall system mutiyafjuantitatively by the number of positive or
negative utility count observed whifetakes into account of the numerical magnitude so it is affected by the
guality of each count. From observation in Fig. dachanged gradually from the highest value on the left to the
lowest value on the right compared to the changevitich shoveda larger difference in the values between two
consecutive areas illustrated in Fidp. The gap between the highest and the second hi§hvedtieswas seven
times larger than the gap between the second and third highaktes. According to the distribution $fdata
shown in the box plot, the four lowest valweare the outliers in this case. This was due to the large differences
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between the magnitudes of those positive utilities intmeatrix. The main contributor of those positive utilities
was the self-flowof a sector for internal benefits and promotions, so these observsiiggsst that the inter-
sectoral flowswere less mutualistic than the internal flows and more prompted to exhilex@oitative
relationship with other sectors. This is supported by the dominatierploitative relationships (Fig. Svhich
made up to 64% (Competitive 20; Mutualistic 16%) of the overall urban metabolimsystess all 35 cases
Findings from the Utility Analysis agreed with the pyramidal gite of the urban metabolic ecosystem
constructed based on the network control and dependency results froontha Enalysis. Business sector was
located at the lowest hierarchical level of the ecosystem as the limiting factioe sgsteris metabolism by
controlling the consumption of other sectors and it is also mostly exphyitether sectors asconsumer.

3.2 Network Community Structure

Structural Analysis studies the clustering of the economic sectoiis Withurban ecological network based
on the minimal nodal modularity to identify the classification of commugribyips formed among those sectors.
In this study, throughflow network &5 urban areas were constructed to study the clustering properties of th
network community structure. A common structure was observedjority of these areas showing the similar
community groups classification except for four sparsely-populated ataeh exhibited a varied version in their
throughflow network structure. This was based on the total throughiddwe calculated at each sector using
Throughflow Analysis to account for all direct and indirect flowsoas multiple path-lengths through other all
sectors within the same network. The throughflow value repietiam integrated flows across the full network.
The clusters formed are known as community groups where the sectarg teetbhe same community group are
more strongly attached to one another. Classification of network conynguoitps considered the modularity at
each node with one of the computing parameters being the resultant wekgbteghflow value from all other
nodes across the fully connected network after normalisation.

Visualisation software was used to demonstrate the classification of colaot-cochmunity groups in all
urban areas studied. The results of community groups classificased lon throughflow network are as shown
in Fig. 7. The common network community structure was illustrated tise example of Leeds in 2011, which
shared the similar clustering structure with 30 other cases ingladme of the highly populated urban areas such
as London, Birmingham Manchester, Liverpool, Newcastle as well as areasnaltarspopulation in Burnley,
Hastings and Cheltenham. The size of the nodes and edges are proportioaaveerall degree and weight of
the flow respectively. The placement of nodes was arranged in a circulairagfodescending order of weighted
in-degree to each node in counter-clockwise direction to show the conswinptivf resources at each sector.

As in Fig. 7 the largest node, Manufacturing had the highest weighted overall degree as iapla
important role in the processof energy transformation as an intermediate consumer, connecting tlieipgod
sectorto the final-users. However, according to the placement order of the imoctamter-clockwise directign
Manufacturing had the lowest weighteddegreeof resources consumption flows into the sector, followed by
Business, implying that Manufacturing and Business sectors were theproducers in the network with high
output contributions and low input consumptions. In richer areasfagtlgrowing business activities and higher
GVA per capita, such as London and Reading, the Business sectookvdeaufacturing as the largest node
within the intra-city network. An exceptional case is Kingstonruplall where Construction was larger than
Business. On the other hand, Real Estate, had relatively high consusgstiibmvas ranked as the lowest in terms
of weightedin-degree among the 11 sectors although Agriculture was the smallest notleeviitwest weighted
degree in all cases.

In terms of community group classifications, two clusters wenmédrwhich consist of eight and three
sectors respectively.

e Larger cluster: Business, Information and Communication, Financel@suwtance, Other Activities
(including arts, entertainment and household activities), Distributionst@arion, Public Administration
and Real Estate

e  Smaller cluster: Manufacturing, Production and Agriculture

From the clustering structure, the producers and intermediate consnmiersmall cluster had higher tendencies

to form a cluster among those sectors with stronger economic consectios larger cluster in the network

consisted of mostly final consumers or end-use sectors in tegstem. The two largest nodes with the highest
overall weighted degrees, Manufacturing and Business, belonged diffievent community groups. Hence, the
classification of the remaining nine sectors could be influenced and deterbyirted weightage of the flow
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connections between the remaining nodes and the two largest nodesemépg the two clusters Leeds, the
eight sectorén larger cluster were mainly the consumer-type receivers from Busieess while the remaining
three sectors in the smaller cluster act as the producer-type suppBegsrtess with supportive role

A different type of community structure, as shown in Figwas observed in Norwich, Ipswich, Lincoln
and Exeter. In these areas, the Production sector belonged to the large olustetedi by Business and the
smaller cluster consisted of two nodes: Manufacturing and Agriculture@atyparing this result with the more
common structure in Figla the Production sector was more connected to consumer-type receiverkangehe
cluster with more connections and increased its overall degree. This bd@gbtused by overwhelming
consumption of resources in these areas resulting in insufficientgtianto meet the high demand. Nonetheless,
the types of economic activities (including mining, quarrying, et@gtrand water supplies) in Production sector
indicates its fundamental role as a primary producen urlaan ecosystem. In this study, the analysis was limited
to intra-city flows only hence, any inter-city supplies of rescaisteeh as export of local products to other regions
was not considered. Further investigations on inter-city metabolism egpldre the flows between different
areas and their interactions with the external surroundings.

(a) Common structure — eg. Leeds, similar structure (b) Structure variation — eg. Norwich, similar
toundin 31 cases. structure found in Ipswich, Lincoln, and Exeter

Sector number:

1. Agriculture 5. Distribution 8. Real Eslate

2. Production 6. Information & 9. Business

3. Manufacturing Communications 10. Public Administration

4. Construction T Finance & Insurance 11. Other activities

Fig. 7. Classification of community groups into two clusters based on through#omork (white nodes for the
large cluster and grey nodes for the small cluster) showing (a) the costmoture in Leeds and (b) the
variation observed in Norwich.

Investigations of the spatial impact of geographical distance betweeedttgs on network community
structure gives throughflow density networks, as shown in&iglassification of community groups basad
throughflow density network in Fig. 8a were similar to the thrdloghnetwork in most cases with the common
structure shown in Figia The sectors were grouped based on its economic activities and functioies@ the
urban ecosystem, either consumers-type in the large cluster ocerdgpe in the small cluster. However, sizes
of the node differed in the throughflow density networks becausedight®d degree changed with the average
spatial distance between the sectors. In the density networkse8usiad higher degree and denser connections
than Manufacturing and the size of the Manufacturing node decreasddwvilensity due to the larger distance
between industrial zones for manufacturing activities and the othermersin the same urban area. In contrast,
the biggest node, Business sector processed higher density flewsithuproximity benefits from closer location
and higher accessibility to the consumers in other sectors.

13
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In some cases, the lower degree and reduced dominance of Manuéseoior in the density network
resulted in more complicated interactions in the urban ecosystem whemptets of spatial characteristics were
considered. For example, the throughflow density network of Derliig. 8b shows both the producers and
consumersvere found in the large cluster while the small cluster consisted of Public Athatios and Other
Activities only. The producer and consumer sectors are well spatiattgrechand equally distributed across the
area owing to the strategic geographical location of Derby in the Midlands, sgamaicentral region of England
(Midlands Connect, 2017erby’s highly connected resources network contrésiid its highest synergism index
(S = 4.03) and benefito-cost ratio across all 35 areas.

Another variation in Fig8c shows the different clustering propertiasExeter where the Manufacturing
nodewas smaller than Business and ConstructionNorwich, classification of community groups based on
throughflow density network shows a similar structure as itaigifbow network except for the changes on the
size of the nodes due to the spatial distribution of the sectors in the uthankpas shown in Figd.

5 @/@/

(a) Common structure - eg. Leeds, similar structure
found in 30 cases.

/i X ‘
St

(¢) Structure variation - Exeter (d) Structure variation — Norwich
Sector number:

1. Agriculture 5. Distribution 8. Real Estate

2. Production 6. Information & 9. Business

3. Manufacturing Communications 10. Public Administration
4. Construction I Finance & Insurance 11. Other activities

Fig. 8. Classification of community groups into two clusters based on througb#osity network (white nodes
for the large cluster and grey nodes for the small cluster) showing @)rtimeon structure in Leeds and the
variation observed in (b) Derby, (c) Exeter and (d) Norwich.
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There were insufficient spatial data on several sectors in Blackpool andyBuesldting in smaller sample
sizes for the number of sector nodes in the network and therefore, Saluanalysis on clustering properties of
the throughflow density network of these areas are excluded isttioig.

3.3 Implications and Limitations

The intra-city flow network, constructed with ENA and supplementeth wie geographical distance
between the workplace sectors, represents the inter-connected structunebafreecosystem. The flows between
the sectors were projected in the network to study the distributi@sadirces within the boundary of a functional
urban area. Understanding the ecological relationships between the aedtihrs classification of the community
groups in an urban network helps to identify the points of intgive for efficient policymaking with larger
impact by targeting the dominating sector with the strongest influ@nother sectors. This provides a foundation
to build an effective resource network in urban areas througtataguthe overall production and consumption
of the sectors through the chadrelationships in the intra-city ecosystem.

Findings from the throughflow density networks provide a néwmedsion to the current scope of ENA
studies to address the spatial component of the system. This watddpbtentially contributed to a novel
investigation into the spatial properties of urban flows network witherstructural variations in terms of the
network clustering and classification of community groups based enfltdw densities.The current
implementation of flow densities, however, should not go unqualifieghrésented in this study, a census-based
classification of workplace zones has been used to examine the spatial distaresnlihe eleven sectors. This
mostly identifies the predominant activity taking place within a workplane and not necessarily articulated in
terms of the economic sectors under which the activities would falsush, the assignment of sectors to
individual zones has been primarily based on the likelihood of the sexttivity matching the classification
profile for a given zone. This has necessitated the use of average pdistasee in this work by taking the
average distance between all zones tagged under the same classification of wedgdtacgithin an urban area.
In strict terms, this would smooth out the pair-wise distance distribigittmeen economic sectors. Besides, since
the intensity of activity within each workplace zone is unknovistadces are treated equally and unweighted
possibly biasing the mean distances used. Overcoming the effectshofAggregate approach would require a
further consideration of sectoral employment surveys and ttawebrk modes in order to better identify the
workplace zones associated with certain sectors and the intensity of actikitiggatee in each zone so that the
spatial profile can be weighted based on the prominence of economic sectors.

On intra-city level, granularity of data remains the main constraint sincagtalaggregated urban level
from larger scales (eg. national and regional data) is required. Crossabpflod/s including imports, exports
and inter-city flows are excluded from the analysis of network camitiynstructure due to the limitations of data
available. The steady-state assumption was made to compensate for any unifflalasceith external import
or export. As such, the downside would be negligence of trexeliffial between inter-city and international trade
flows. Although the approach taken in this study managed to cdaptgteractions between the sectors at intra-
city level, there will be space for improvement if more detailed data becomes availfitledaesearchers.

In this study, monetary transactions of the Input-Output Supplyaedlable were used as material flows
between the sectors within urban areas. Nonetheless, in reality, iyosmetamaterial flow accounts are non-
equivalent. To counterbalance for any non-equivalences between the fims,where is a need to explore the
knowledge gaps in understanding of the correlation between monetamaseribl flows for different sectors in
future research. Other suggestions for further investigations are: (1) datsitaan at local urban level for each
urbanised area including inter-city flows to accurately account for a-tragndary flows in and out of the area,;
(2) trends and temporal changes in the metabolic relationships and constiuityre between the sectors within
the network; (3) the impacts of spatial distribution on the characteristimstabolic relationships and the relevant
numerical indices.

4, Conclusion

The ENA results in this study described the metabolic characteristics afbdre system in England and
Wales as exploitative. The exploitative behaviour observed in the ecological netv@arkuottional urban areas
suggests that tivemetabolic systems are still in developing phase for further imprawsimehe Business sector
was being exploited by others and also in comtféhe consumptions in most of the other sectors. The sector was
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exploited as it was at deficit in terms of the resultant throughflow with higilows than inflows passing
through the Business node. As such, the sector also acted as timg limde orthe “gatekeeper” to control the
amount of resources received and consumed by other seldighdy concentrated business related activities and
services in cities have significant impact on urban metabolism. Mutualissyaedyism indices generated prove
that London has the most matured system among those cities. Econ@rsitydin the urban areas with larger
population contributes to the development of healthy urban metabolic systenghtbbalancing and regulating
the distributions of resources among different sectors in the citiesdrasadous types of activities and demands
for different resources.

In terms of community structure, the classification of sectors shanistortance of the inter-relationship
within the organisation of each community class. In most of thes,afeanation of the producer-type and
consumer-type clusters separated the economic sectors based on their resfzatiohical roles in the
ecosystem. The producer-type cluster maintains the foundati@sairces supply chain to different sectors in
the cities while the consumer-type cluster focuses on the distribution ofsesoeceived by the consumer sectors
for final expenditure. The throughflow density network emphasingh®@impact of spatial distance between the
sectors within a functional urban area. The analysis considered the sieecitff proximity and accessibility of
those sectors. In the case of Derby, the geographical location of a diyatsuaffect the community structure
of its ecological network. This result emphasisethe importance of addressing the impact of spatial distribution
in planning resource management strategies.

Understanding the correlations between the economic activities and their spsttidutibn assists
policymakers in the decision-making process and implementation ofreldtaresource management strategies.
This study has considered the intra-city network of all functiormareas in England and Wales to provide a
better understanding for the characteristic sectoral exchange patternsvertileurban system of England and
Wales which facilitates development of national levers for change, rathemlbtiarss isolated to a single city.
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