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FOREWORD

Water is fundamental to our quality of life, to economic growth and to the environwiht.its

booming economy and growing population, Australia's South East Queensland (SEQ) region faces
increasing pressure on its water resources. These pressures are compounded by the impact of climate
variability and accelerating climate change.

The Urban Water Security Research Alliance, through targeted, multidisciplinary research initiatives,
has been formed to address the regionds emergi:t

As the largest regionally focused urban water research program in Australia, theeABidmcused on

water security and recycling, but will align research where appropriate with other water research
programs such as those of other SEQ water agen
Research Flagship, Water Quality Research tralia,eWater CRC and the Water Services
Association of Australia (WSAA).

The Alliance is a partnership between the Que:
Country National Research Flagship, The University of Queensland and Griffith Unyivéirbitings

new research capacity to SEQ, tailored to tackling existing and anticipated future risks, assumptions
and uncertainties facing water supply strategy. It is a $50 million partnership over five years.

Alliance research is examining fundamenitgdues necessary to deliver the region's water needs,
including:

1 ensuring the reliability and safety of recycled water systems.

1 advising on infrastructure and technology for the recycling of wastewater and stormwater.

1 building scientific knowledge into thmanagement of health and safety risks in the water supply
system.

1 increasing community confidence in the future of water supply.

This report is part of a series summarising the output from the Urban Water Security Research
Alliance.  All reports and adibnal information about the Alliance can be found at
http://www.urbanwateralliance.org.au/about.htmi

D et

Chris Davis
Chair, Urban Water Security Research Alliance
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EXECUTIVE SUMMARY

The Australian urban water sector faces a significant challengegy use is expected to grow to 200
250% of 2007 levels by 203BHowever, Australia aimi reduce greenhouse g&BHG) emissions
80% below 2000 levels by 20500 contrilute proportionately the water sector would need to reduce
the projectedenergydemand in 203®y over 90% or reduce the carbeimtensity of its energy by an
equivalent amount

The problem isotisolated to the water sectaur cities their buildings,and their management are all
part of the challenge. Aack of quantitativeinformation regardingwaterrelated energy has
constrained the motivatiomnd solutions. However, here is substantial opportunitipr action
Understanding the nexus, or connecti@tween water and energy, is the key.

The first objective of thisesearchwas tounderstand theurrentenergyconsumption influencef

water supply and usi cities Particular attention was given understanding not only the direct
energy consumed byater and wastewater services in cities, but also the indirect influence of water
use within citieslndirect waterenergy linkswere focused obecause several authors have identified
that theyare large, and relatively poorly studiedA conceptual modebf all known links was
developedand pgulated for a averagecity of one million Australianpeople. This demonstrated that
waterrelated energyccounted for 13% of the total electricity and 18% of the natural gasinse
Australia in 20062007, Collectively, this represented 9% of the primary energy use or 8% of total
national GHG emissionsWaterrelated energy in cities is equivalent to dhid of the total energy

use of all Australian industry (excluding transport); it is equal to approximatelyheaénergy usage

of the Australian residential sector; and it is over four times the direct energy use of Australian
agriculture (excluding embodied energy use).

Residential wateuse accounted for 45% ofaterrelated energy in cities, withndustrial and
commercial wateuseaccounting for anothet1%. The balance was comprised of utility energy use
energy related toarbon and nutrientloss and t he fiwater componento of

The second lgective sought to understarethd quantify waterelated energy in households. A
detailedMathematicaMaterialFlow Analysis(MMFA) model was developet generically describe
householdlows of water, electricity, natural gas, and rela@dG emissions and cost$he model

was strutured so that either an individual household could be simulated, or a collection of household
types (ie, a city) could be simulated in aggreg&mulation of the current statef an existing
householdwvas validated withthreeyears of independently monitored data from utility recoktsy

factors of influence and uncertaintiegre quantified Waterrelated energy accounted for 59% of
household energy use (excluding transport), and 35% of household GHG emissions. The shower,
clotheswasher and bath stgystems comprised the major share of wedtated energy use. The
clotheswasher, dishwasher and electric kettle comprised the bulk of-vedd¢ed GHG emissions.

Detailed scenarios investigated the impact of change®chnobgies and behaviours within the
household The model was populated for an individual household in Brisbane, Queensland, where
good data was available for many parameters. this household, improvements in technology,
without changng to a solar hot watesystem, result in less than a 15% reduction in energy use and
GHG emissions. In contrast, combined behavioural and technical changes havgreaielpotential.

The simulations also demonstrated that some veaéing technologies, such as installatidn o
energyefficient clotheswasherscould increas&HG emissions if it shifted energy consumption from
natural gas, to codired electricity.

The third djective aimed to develo@mpply and explore amspect of urban metabolism thearith
regard to oumunderstandingf water flows in cities. A mass balance representinguathropogenic
and naturalurban water flows was developed and populdtedfour Australian cities. Thenass
balance exposeldrge volumesof rainwater, stormwater and evapotranspirgtiwhich aretypically
ignored and unaccountddr in current reportingUsing the mass balancing approaghantitative
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indicators of the hydrological performance of the eigre derived Thesehighlighted large intecity
variability within Australia The mass balancapproach proved to be very valuable in termsarbfn
water accounting, monitoring and managemé@iis has widespread implications for designing and
managing cities to increase water harvesting within the urban system.

The fourth objectivewas to define research prioritiefor systematic management and policy
formulation regardingwaterrelated energy in cities. An international workshop was convened with
diverserepresentation. Facilitated discussion identified a vision for successésl agtiwell aselevant
opportunitiesandbarriers. Themes of necessary work were identified using the World Café method
meeting process designed to identify and elicit a degree of consensus from diverse stakeholders about
complex issuesTheidentified themes werganked by participants to helfjuantify the potential of
each initiative and the anticipateffort necessary to undertake it. This enabled the author to @eate
roadmap articulatg a staged programvhich could begin with the easier, highimpact measures; the
low-hanging fruit Priority elementsn the road map for improved management of wettated
energyinclude (i) combined standards, guidelines and funding for water and energy effic{@pcy
development of educational progran(gi) methods to quantify and track watetated energy and
GHG emissionsand(iv) improved understanding and management of custorogvations.

This researchs hows how wurban water management i nfl uei
energy use It demonstrates the importance of understanding houselasida primary source of
influence. It provides a systematic methodology to explore, understand and manageelatmier

energy in cities. It shows how aspects of the urban metabolism framework magdéo uderive
quantitative indicators of performanaad drive accuracy for reporting systems

Overall, he work provides a new way of looking at the influence of water management indiiées.
results provide key insights teelp water and city managerseate better plans for our citieplans

that solve problems at the core, rather than shifting them from one domain to another. This is
anticipated to bef great valuen afutureof water shortages and carbon caps
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1. INTRODUCTION

1.1. The Problem of Rising Energy Demand for Urban Water
Service

In 2005 five major Australian cities faced cridsvel shortages of water. Headlines warned of
AAr maged . We had t o (Stolk@HBABC Neavs 200).cClimate charie was
widely held agesponsiblédHoweet al 2005 Bernsteiret al. 2007 WSAA 2005.

The AMIi Il enni umo dr ou g lubanivaed inflastructaiavestngmt.iinf2006 ant
06, athenrecord AUD $2.4 billion was invested in major cities alone for water (and wastewater)
infrastructure. Mo s t of t he i nvest ment -was a
i ndepende suthdas desalinationeos wastewater rWg8AA 2008. This investment grew

to almost$4 billionin 200708, and over $Billion for 200809. Expenditure fo200310 was forecast
asgreater than $14 billiogWSAA 2009, but stabilised around 3¥llion, excluding the Melbourne
Desalnation Plan{National Water Commission 20)'1

Since 2008, rainfall has temporarily alleviated water shortages in eastern and southern Australia, and
also reduced the pressure for investment or management action. However, a new challenge has
emerged. The energy demands feater in Australian cities is anticipated to grow to 280% of

2007 levels by 203QKenway and Lant 20t1Kenway et al 2008h. In December 2007, Australia
ratified the Kyoto Protocol, and in 2012 established a-teng goal toreduceGHG emissons 80%

below 2000 levels by 205QAustralian Government Department of Climate Change and Energy
Efficiency 2012. This means thaf the water sector wa contributeproportionately then energy

use for urban watemustbe reducedy more than 9% from the projected 2030 levels (Figudg.
Alternatively, an equivalent cut to the GHG emissions of the relevant energy sources needs to be

achieved.

This technical report, summarises the extensive research undertaken for a thesis aimed at contributing
a new perspective relevant to this challefigenway 2012.

500
- O Wastewater
2 400 W Water The
v
o Challenge
8 300
=
o
o
Q. 200 -
-
~
=
= 100 -
e N
o I M
2007 2030 Business Target 2050
as usual (80% ghg
reduction)
Figure 1. The challenge: reduce energy use for water and wastewater services more than 90% of the

2030 forecast*. (Source: Kenway 2012)*.

*Note: 2050 energy target assumes no change to the GHG emissions intensity of fuel used. The target arbitrarily shows water and wastewater in
proportion to the 2030 forecast

1 Estimated then at around AUD $#lion.
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Increased energy use for urban water supplies is oneepnobVhen this is compounded by forecast

rising electricity costs the energy demands of providing water and wastewater services repeesents
significant risk to thé\ustralianwater sectofVictorian Water Industry Association 201 Ultimately,

these costs of producing water have to be incorporated into water prices and passed onto consumers,
indicating the risk is more one for the entikestralian economyConsequently, it is timely to look at
waterenergy connections because such understanding could help find solutions which reduce water
and energy consumption, rather than, for example, solving a water problem with energyversace

1.1.1. A Problem within Other Problems

Large as the urban water energy problem appears, it is only a component of a much larger problem set:
a Russian doll within many others. An arguably bigger problem than the rising energy demand of our
water system is the diggh and operation of citie€ities are increasingly being found at the core of
problems including climate change, global ecosystem health and humareimgi{Sheehan 20Q7

How we think and manage could also be considered part of the larger problem set. Over the past
centuries, science has focussed on narrow, tightly defined challenges, rather tharr eddsige
systems el ated probl ems. For exampl e, hi storically
exchange of matter and energy between humans and the environment. Today the concept is applied far
more to the internal workings of cellBischerKowalski 199§. This reductionism leads to a lack of
adequate knowledge for us to understand the emergence of complex, and wicked problems; problems
which are evechanging and are highly interconnected with actibas could be taken.

In cities, the management of water and energy is frequently shared across three levels of government
and a myriad of regulators. Little consideration is given with regard to: interaction of the components;
to overall efficiency; or tchow performance could be -@odinated. For example, in Figure 2 the
performance indicators are shown out of alignment because they are all managed separately.
Management of the flows of water, energy and materials through cities (the metabolism) skendert

in isolation and to inconsistent boundaries. Consequently, there is little or no recognition that in
solving one problem (for example improving the
another problem may be created (for example shifti t he ener gy perf or mance
l evel ADO .

GHG & heat
GHG & heat

Performance

B- 1 Ecosystem
~_1 health

" Human
well-being

Energy, ghg
and heat
n Water
Materials
and waste

Wastewater

Figure 2. The current paradigm: fragmented urban performance.
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Many waterenergylinks are not well understood or considerédgtile effort has beerexpendedo
optimise the overall cityor its water and energy performance. Compartmentalising the prditdem
meantthat the performance indicators that guide decismaking in each sector are narrowly focused
and no consideratias givento the overall efficiency and function of the city

Finally, the wategenergy problem is dynamic; it is changingith time. As our technologies,
behaviours, infrastructures, pricing of water and energy, and our cities change, the connections
between water anginergyi and the available solution sétalso changeCollectively, this comprises

a very big problem. However, there is much scope for action.

1.2.  An Opportunity 7 Indirect Effects of Water in Cities

Cities offer considerable scope for solving many problems of resefficiency (O'Meara 1999 In
part, this is because large flows of water, energy and materials pass through cities. It is also because
they are centres of investment and are continually being redesignestesated.

To understand wateelated energy in cities, it is helpful to consider bditlect andindirectimpacts.

Direct energy impacts occufor water utiltess when fAmai nsd water or was:
treatedIndirect energy impacts (for utilities) occur when water is used, for example in water heating.
Indirect impacts also occur hgn other water sources are used, for example through the use of
rainwater tank pumps or creating and transporting bottled water. Mordecomgirect connections

exist via flows of carbon and nitrogen in wastewater, in the urban heat island effect, in the production

of food in cities, and elsewhere.

The indirect influences of water on energy are very substantial. For example,-wwhttrdenergy
accounted for 19% and 32% of Californi aKlgn resp
et al 2005. Of this, water use in cities was the majority of the effééater policy, pricing and
restrictions influence water use. So o technology rebates. Clearly water management has a large
potential to affect significant quantities of energy.

In this work, direct impacts are considered from the perspective of water utilities or water service
providers. Indirect impacts are consiglgérfromthe perspective afisers of water. Other authors may
also use the term direct and indirect, however they may do so from a different perspective
(deMonsabert and Liner 1998

A central proposition in this research is that a major opportunity to influence energyisisdrethe
myriadindirect effects that water management has in cities.

Because Australia is increasingly urban, our cities offer the possibility for solutions that
simultaneously address water and energy issime2006 68% of the Australian populationof 21

million peoplelived within major cities(ABS 200§. In 2006, around 90% of Australians lived in

urban settinggPMSEIC 2010. The Australiarnpopulation is anticipatetb grow to 2533 million by

2050 (ABS 2006, with most of the growthn major cites Thi s gr owt h wi | | i n
urbanism ad have major implications for infrastructure and relate@s$tment decisions.

Despite the major significance of cities, the knowledge and understanding of urban performance is
woeful. Sattherthwait€¢2008 points out that even basic statistics such as population can vary by
millions of people pending the definitions adopted. For more complex attributes such as energy or
GHG emissions we understand even l@ssnnedyet al. 2007). This has flowon effects for the
design and management of our cities. Sattherthw@®@8 also notes the central role that well
planned and governed citiesuld play indelinking high quality of life from higlenergy and materials
consumptionandGHG emissons.

Understanding wateznergy links vthin cities will help quantify anticipated changes in one as a result
of changes in the other. With this knowledge, we can better manage the invisibleftsadkich are
occurring, and thereby develogolutions that decouple growth from consumption. Whisuch
knowledge is only a part of the solution set, it will help identify options which simultanemaktige
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water and energy use. It will help our future cities achieve higher levels of water and energy
efficiency.

Consequentlythe first objectiveo f t hi s r e s e ar c¢ iden(fffia@dquantidytthie Vinks 1 0 )
between water supply and consumption, and energy use in cities

1.3. The Need to Understand Households

Within cities, households (groups of people living together) deserve particularioatt®ecause
households are a major building block of citiesv&al studies have demonstrated thatheating of
water within householddominateenergy usef the residential water cyc{@rpke and Hutzler 2006
Cheng 2002 In order to understand the energy influenced by water management in cities, it is
important to understand households

Waterenergy links in households have received far less attention than direct energy use by utilities
(Kenwayet al. 2011¢. To date, only relatively simple models of the connections between water and
energy in households have been b(lheng 2002 Of the modelling wrk undertaken, few results

have beenvalidatel with independent measurement€ey causal factors, uncertaintieasnd
sensitivities, have not been identified. Likewise, the potential for water management in households to
reduce energy use has not been quantified.

The omissionof quantified, validated, sensitivityested studies of known uncertainty is a surprise,
given the significance of such information for policy astdategy.Detailed tools and methoasuld
help guideFederal, Statdocalgovernment policy such as pricing structures or rebate initizgivesd

at influencing water usand related energyConsequetly, the second objectives to understand
household waterrelated energy including key factors, sensitivities, and uncertainties

Water use in the glustrial, commercial and government sectors is also known to have significant
energy influencend is also a major knowledge gap. This area is not addressed in detail here due to
reasons of scope, however it is flagged as of high importancegdesign and management®@HG

smart cites Consequentl vy, wher e 0ci Objeetigedl, therfecusdse s c r |
typically on the residential component of cities.

1.4. The Need for a Framework and Performance Indicators

Given the scale of investment in urban water and cities, we need to know if our solutions are solving
problems,or if they are miply shifting them around. Assessment and management frameworks are
fundamental to this knowledge. Among other things, frameworks establish performance indicators,
method, and ultimatelyoperational tools

Many different framewotrtkosm Isiuncehd a(sTBtLh e afctcroiumlt
(Kenway et al. 20083, and ecological footprinfWackernagel and Rees 1996ave been used to
evaluate urban water performance. Helpful as theyraamy existing frameworks fall well short of
guanifying resourcerelated impactsr efficiency of the overall systerMany, such as the ecological
footprint (which ignores upstream and downstream water flow consequences), are largely irrelevant to
quantifying or benchmarkinjows of water, energy and rrialsthrough citiegSahelyet al 2003.

Many current sustainability assessment frameworks help organisations reduce their individual impact,
such as their energy use. However, relatively |
which the organisation is a component. In paftc, the impacts associated with the use of products
supplied by organisations, is almost never consid€edsidering Figure 3, many water organisations

would actively manage their own energy impacts (A) yet be unaware of wider energy use influenced
indirectly by their operations or decision making (B). In some futures, it is possible, and in many cases
likely, that an organisation may reduce its own energy use, yet lead to increased energy use of the
system that it supports (eg Pathway (1) in FigureQnversely, futures are possible where the
organi sational energy use grows, yet the energ)
exist where utility energy use and wider watelated energy use both decrease (Pathway 3).
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Current State Possible Future States

— e

A - Utility 3)
energy use

B — Water-related
energy use

Figure 3. The influence of fAboundaryodo on sustainability perfoc

Organisations, such as governments and industryjneiasinglyreport, and then take responsibility

for, upstream (supplyelated) and downstream (produetated) impacts,in addition to their
operational impactgGRI 2005 Heemskerket al 2002. This is not only due to environmental
stewardship reasons, but also to managing business sisksllalf a component of their supply chain

is unsustainable, there is a likely consequence for the sustainability of their own organisation. As a
resul t, awareness or recognition of the wider
and rekvance within large organisations and also consumers. But what is the system? And what is its
boundary?

Urban metabolismis the theoretical framework used in this research. Urban metabolism is a
conceptuamodelwhich has been used descrbe and analysflows of materialsincluding wateand

energy within cities (e.g. Newman 1999Wolman 1965 Deckeret al 200Q Sahelyet al 2003. A

chall enge however, is that fmetabol (Dankls2002 hodo
Daniels and Moore 2001 As a result, the concept appears poorly underst@orstiey 201p

Because water dominates the mass balance of cif\@®Ilman 196%, it has been suggested as a
priority for metabolisn researctiDeckeret al 2000.

Consequently, the thirdb j ect i ve ( fGlis reseatch i¢ éexpldré potential uses of

urban water mass balanceanalysis in the management of urban waterArguably, water mass
balance analysis represents a very sinallit progressablé window into the potential of the overall
metabolism model.

1.5. The Need for Systematic, Collaborative Research

Several authors haveddtified necessary elements of wad@ergy nexus research, both outside and
within cities. However, overall research priorities have not been well established and no overall
roadmap has emerged to guide progress.

Perhaps the most substantive effort tontdig research and development needs for weatergy
technologies was undertaken by the United States National Laboratories together with allied energy
and water research agencies, utilities and regulg§Rateet al 2007. Over 500 participants were
involved in the process o devel op (Huowdr 20OGRAtmet plo2007). Research
templates for integratl planning alone indicated investment of sd#&D $200300 million over 10
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years(Sandia National Laboratory 2007 his included water, energy and economic modelling, policy
development and monitorin@gnd information collation and infrastructure trid¥ghile the roadmap
was aimed for release in 2007, it remains unavailable in early, 2fEshite over 20 rewrites
(Schneider 2012

Drawing on the limited information publicly availakfldightower 2006 Pateet al. 2007 the roadmap
appears to be highpyl foocauisde d amd tihme @marti cul a
el ectrical energy generation. I n contrast, the
efficiency did not adequately feature. This is surprising given the apparent potentigosind
effectiveness of efficiency measures.

The absence of clear research and policy priorities means that policy, planning, funding, and
evaluation is relatively ad hoc. The fragmentation means that it is much harder for studies to be
compared and for stems to be benchmarked. It is also almost impossible for an overall picture and
strategy to emerge. Arguably much more powerful analysis and solutions could be achieved by
combining the efforts of those working in this area.

Consequently,Objective fourof this research ido identify and describe research priorities for
managing waterelated energy in cities

1.6. Goal, Structure and Significance of this Research

In summary, the research objectives included in this report are:

Objective One: Identify andquantify the links between water supply and consumption, and energy
use in cities.

Objective Two: Understand household waterlated energy including key factors, sensitivities, and
uncertainties.

Objective Three: Explore potential uses of urban water maaknce analysis in the management of
urban water.

Objective Four: Identify and describe research priorities for managing watated energy in
cities.

The relationship between the first three objectives is illustratEdyire 4

"7} GHG & heat

Performance

Wastewater

Energy, ghg
and heat

n Water

Figure 4. Inter-relationship of research objectives in this research.

The Water-Energy Nexus and Urban Metabolism - Connections in Cities Page 8



The collective aim of this research is to improve the quantification of sweltged energy in cities.
Quantitative understanding auld give water and city managerdetter information on the
consequences of their decisiotscouldc ont ri but e to better plans anc
related energyo and i mprove the resourcegeffic
term economic, social and environmental significance for Australia.

Objective three demonstrates some of the potential of the urban metabolism model with particular
attention to understanding the full mass balance, and the subsequent derivation ohapedor
indicators. This has high relevance and will ultimately shape our knowledge regarding the efficiency
of urban system®Quantified urban performance indicators could have considerable impliéatitire
planning, governance, design, fundargd manyother aspects of urban management.

The structure of this report was adopted to provide the overall story, or the collective picture, of the
research. Detail is provided in individual published pap@tgective One- Kenway et al. 2011¢
Kenwayet al 2011k Objective TwoKenwayet al 2012 Objective Three Kenwayet al 2011aand
Objective Four Kenwayet al In press (Accepted 12 December 20489 other papers published or
submitted elsewhere.

The combined picture paints a strong need for improved conceptual, analytical and ultimately
management integration of our urban water and energy systenexciting aspecis that this work
could help transform citieand their water system# aims todo this by providinga new way of
consideringheinfluenceof urban wateon energy use, and associated GHG emissions and costs.
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2. LITERATURE REVIEW

This section briefly summarises the content and conclusions of a literature nevi®staken to
provide background context for, and explore the significance of the research area. The full review is
provided in the Appendix. It considers knowledge of wategrgy linkages in cities including
methods of quantitatively evaluating links.aliso provides background to, and possible applications

of, the urban metabolism model.

2.1. Background to Quantification of the Water-Energy Nexus

There are many compelling economic and political drivers for our increased understanding and
management of the wer-energy nexusThere isa growing realisation that managing water, energy
and carbonand their connections, is vital Bzonomic success of nations and citlas2001 19% of

Cal i f elecmidittpaids32%0 f Ca | indtuoal gasisa Wwas showto be influenced byvater
provision and useCities comprised the dominant portion of the effect accountingl®t of
electricity and 34% oft h e  Snatardl gaduse. Despite the prominencsater strategies and
policiescurrently largelyignore enagy issues

Even thoughhe fAwattergy nwedrly disgcusséds it ipoorly defined. Ths research
considers the waterenergy nexus tor epr esent t hesdO fiont efindeabuhseee € O i
relationships between water and enemyless regularly artulated connection also exists between
water, energy and nutrients. The wataergy nexus in this report is considered within this wider
waterenergynutrient interconnection.

It would be an enormous challenge to research and understand the myria@refn@egynutrient

carbon links because the connections are vast, and many are unquantified ackaryiag.
However, recognising the relevance of these interconnections with water, and developing a structure
within which to identify where the boundariekthe watefenergy nexus start and finish in relation to
these other cycles, will help provide context for the results of research focussed on water and energy.

Understanding mergy useand related emissions relevant to usan and water planning in tleentext
of sustainable cities. This is because urban and water sgstsign have major and interconnecting
influences on energyuse

Diverse methods have been used to understand aspects of theneatgr nexus (se€enwayet al
20119. Three main approaches stand out as highly relevant given the goal of this research to quantify
linkages in cities: (imechaistic modelling with or without monitoring; (iipputoutput (10)
modelling; and (iii)life cycle analysis (LCA). These are all mathematical modelling approaches.

2.2. Background to Urban Metabolism and Sustainability
Frameworks

Conceptual frameworks and supfing theories and principles are important because they provide the
backbone against which methodology is develogédtere are weak and strong interpretations of
sustainability defined in the literature. The weak interpretation usually assumes that manufactured
capital can be substituted for natural capital. The strong interpretation denies this and insists that
naturalcapital must be preservéBriestley 201

Urban metabolism is a conceptumbdelwhich has long been used @analy® urbanflows of water,
energy and materialgcf. Newman 1999Wolman 1965 Deckeret al 200Q. At simplestit considers

the mass balances of all materig@ahelyet al 2003. The idea was first put forward with an aim of
addressing contemporary urban resource issues by Abel Wolman if\¥eBban 196%. Metabolism

was defined asll the materials needed to sustain the cities inhabitants at home, at work and at play.
Wolman demonstrated the dominance of water in the material needs of cities. His city relied on
625,000tonnes (t)/day0.6t/capita (person) per day (cap*d)) of water.
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Since Wol mandés articl e, only a | i mit e @ecketetmb e r
a.(2000) assessed megacities and concluded that
provide critical information about energy efficiency, material cycling, waste management, and
infrastructure archit ect dommancerinthe urbaa flubeckerettale ms o .
(2000 suggest it should be the prime focus of urban metabolism research. In 2007, Kehakdy

drew on other published studies to benchmark urban metabolic rates (water, materials, energy and
nutrient balances)Paucity of published data made trend analysis impossible, however, water and
wastewater flows were typically greater (on a-@egpita basis) in the 1990s than 1970s.

Many conceptual frameworkdor sustainability (eg The Natural Step, Natu@pitalism and
Industrial Ecology) have a high degree of connection with the concept of urban metaBdliem.
these approaches aim to develop and sustain systems where the use of resources is,rasterative
harmfuland efficientand which allow humaresnd ecosystems to thrive.

A strength of the urban metabolism framewor k i
leads to clear analytical options, and strong relevance to urban design. Several authors note the
i mportance of atrtye® i 9y gteesm(Sattariwaite 200D dckeretialo200€)
Floweret al 2007 French and Geldermann 2005ystem boundary definition is a critical first step in
modelling analysigSterman 1991 Without knowing the boundary it would be impossible to know
which factas should be included in, or excluded from, the analysis. The boundary unequivocally
influencedeci si ons of the apparent fAbestd option.

2.3. Conclusions from the Review

What is clear overall from the literature review is that the method selected needsrtmbly guided
by the research objective, the research question being asked and the degree of confidence sought in the
results.

Much is known about utility energy demands for water and wastewater service provision. However,
many of the more distant, inditelinks remain uncharacterised or unquantified. This appears a major
planning and management issue given that some of the more distantly related energy consequences
can be order of magnitude higher than the direct consequences.

Mechanistic modelling appeamvell suited to simulating components of direct and/or limited indirect
impacts of urban water provision and usery/ few studies have taken the step to validation (for
example, through monitoring) of modelling results. Consequently, many of the meaadsnr
theoretical, with little empirical analysis to identify how well grounded they are in reality. Detailed
mechanistic modelling, including sensitivity and uncertainty analysis, is likely necessary to improve
our knowledge of key factors of influence.

IO analysis captures the HAbigger p i -elatad) waber a n d
energy links for the entire econontyfowever, the approach is anticipated to be difficult to apply
city-scale given most analysis and data are at nationalatobest State)evel. Additionally, the
approach has not yet been previously undertaken for water and energy simultaneously.

Urban metabolism theory has clear international academic interest, however, it has not yet moved
substantially into applied resdion of realworld problems. The concept does not yet appear to have
been applied to help understand the linkages between water and energy in cities. Likewise, it has not
yet been incorporated into reporting or planning process or legislation, at |8astralia.

Attractive as the urban metabolism concept is, its full application would have enormous research
implications. This suggests, in regard to the problem of growing energy consumption in the provision
of water services, only a limited investigatiof its extremely wide potential is possible as a
component of this research.
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3. METHODOLOGY ADOPTED

Methodologies for this research were necessarily matched to each objective. A broad literature review
was undertaken as the first step. Literature searches were undertaken in major scientific databases
with a focus on work which addressed systemel interconnections between water and energy.
Emphasis was initially placed on seeking reviews and books, rather than detailed studies (refer also to
(Kenwayet al. 20119).

The intent of the review was to identify recurring and emerging themes and perspectives as well as
strengths and weaknesses of the many relevant approaches. In the final stages, the literatade was r
with a predefined set of questions in mind. The review improved the definition of the-amtegy
Aprobl emo. It al so helped to formulate the fo
approaches.

3.1. Quantifying Water-Energy Links in Cities

Objective One of the research soughtdentify and quantify the links between water supply and
consumption, and energy use in cities-actors influencing wategnergy connections were identified
in a broad literature review (refé&ppendixl andKenway et al. 201)c These included the influence
of perspective, dimension, scale and system boundary.

A targeted iterature search focussed on studies which had quantified-ersegy connections in

cities. This review particularly considered the objective of the study with specific attention to the
connections. It also considered the theoretical framework and miotvar the study, the method

used, and the conclusions. A summary of this review, along with perceptions on the strength and
limitations of the approach is contained in Kenway 2012.

A conceptual model was developed in order to systematise the analyggesénergy links. This
identified the main components of watefated energy in cities including: (i) water provision,

(ii) water use, (iii) energy effects of related resources such as nitrogen and carbon, (iv) the urban heat
island effect, and (v) o#r waterenergy connections. To quantify the links, the mathematical
relationship of wateenergy connections was described using consistent nomenclature. This structure
then guided development of a spreadsheet nauklnput parameter ligKenwayet al 20111).

A number of other wategnergy links were identified including urban agriculture and food production.
However, no estimates of the influence of water policy on related energy via urban agriculture could
be made due to lack of data.

Guidd in part by the landmark work by Wolm@wolman 196%, a hypothetical city of one million
people was useih order to populate the conceptual model. This was considered the most suitable
approach because it overcame limitations of data within individual cities. By overcoming such data
gaps, greater focus on methodology was possible.

Data to populate the modekre primarily sourced from Australian cities. However, international data
(particularly from welstudied California) were necessary to augment gaps. In order to compare
waterr el ated energy to the Atot al ur b atiy flevg eft e mo
waterr el ated el ectricity and natur al gas. These
energy use following the method outlined by Gle{€eick and Cooley 2009 Essentially, this
involves converting electrical energy to the equivalent primary (theenalgy necessary to generate

the electricity. The Australian context of approximately three units of primary energy (largely coal) to
produce one unit of electrical energy was adopted.

Flows of watefrelated electricity and natural gas were also convettedheir carbordioxide

equivalent using standard fact¢Sommonwealth of Australia 20D8Electrical energy was assumed
to have an intensity of 13 CO,-e/kWh. This is approximately equal to the national full fuel cycle
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val ue f or Aust plyahichasipmovided lagely froin codired pewermplants. Natural
gas was assumed to be RRCO-e/kWh. Full fuel cycle values were used because they cafhieire
guantity of emissions released per unit of energy for the entire fuel production anthptiosichain
(Commonwealth of Australia 20D8

Total urban systems energy used was characterised by expressing total Australian flows of electricity,
natural gas, primary energy and territorial GHG emissions on a per capita basis. This broad definition
includes all energy use of all sectors, even for sectors outside the city, including mining and
agriculture. The broad definition was adopted because it was believed that theusiegggctivities

outside the city were related to the city, because these mstiyitovide support for the cities of
Australia. Australian cities would not exist in their current form without the economic activity and
products generated by these activities even though not all of these products pass through Australian
cities. Taking his wide, and to some extent arbitrary, urban boundary definition means that the
influenceebhtBddareergyo as a component of the
than overestimated. If we selected a smaller boundary (say using onblebgicity and other fuels
consumed actually in cities), the proportion that watéated energy would include would be
substantially higher.

Importantly, the adopted approach identified the nature and approximate quantity ofehedéest
energy compoents within the city. This then guided subsequent detailed analysis, with the next step
comprising detailed characterisation of energy consumption associated with household water use.

A disadvantage of t he HfAhypot heiblé to salidatethetrgsdlts ap pr
against measured data such as actual water and energy usage records for an individual city. However,

totals felrathevdhd eel ectricity and natur al gas us:
cities studied. Rah e r our accounting systems track ener (
as fAwatero, fAwastewatero, and Aindustryo. Cons

conduct at the household scale and in the more detailed analysis coridu@égkctive Three of the
research.

Full details of the method adopted and input data is provid@¢eimwayet al. 20111).

3.2.  Quantifying Water-Energy Links in Households

Objective Two of the research wasunderstand household wateirelated enegy including key
factors, sensitivities, and uncertaintiesThis required the development of a detailddthematical
Material Flow Analysis (MMFA) model including: (i) system analysis, (iathematical model
construction, (iii)data collection and calitiian, and (iv)simulation including uncertainty analysis,
sensitivity analysis and scenario calculations. The MMFA was built in sttolgporation with the
Swiss Federal Institute of Aquatic Science and Technolégwég, Switzerland

This approach wataken because it provided an ability to rapidly understand the system based on
current knowledge, and using limited data. In contrast, a large monitoring and data collection
campaign would have taken considerably longer. The approach also enabled uermatoally
explore key factors of influence and the impact of future scenarios.

A custombuilt MMFA was required because no existing available watergy model, such as the
Paci fic | nsto-Aitrud erdasd é&ilWadrer i Wat e r g yEfficiebcy (bdthhoé Al |
which are in the United States), haebimilt functions of sensitivity or uncertainty analy§idonradet

al. 201)).
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A single household was studied because it enabled us to reduce the uncertainties which would have

been very |l arge if an Aaverageod of househol ds
house also improved the ability to compare (validate) modedsdlts with actual measurements. A
specific househol d, in Milton, Bri sbane, Austr

to data. This included quarterly measurements of water, electricity and natural gas use over a three
year period of ratively stable water use. Detailed survey of relevant behaviours and technologies
within the household was also possible and specific measurements could be taken where relevant.

While a single household can in no way be considered representative gfiataty a further major

benefit of enabling us to focus on methodology and model development. Understanding one household
was seen as a stepping stone to being able to
of waterrelated energy, and laasis for further more extensive research. With such information, the
waterrelated energy in the residential component of an entire city could be simulated as a mix of
various household types. This could mean that the full system knowledge could bedretain
household scale, without averaging all influences across a city. Sudtalgyanalysis is intended as

a subsequent step in this research.

3.2.1. System Analysis and Model Construction

The first step, system description, involved accurately characterising the main likely systems
influencing water and energy flows in the hous
subsystems (refer tenwayet al 2012. Each suksystem provides the household with watdated

services such as showering, bathicigtheswashing and disktvashing services. The exception is the

fi e n e r gsystem which captures all other major household energy uses. While the model focussed
on factors influencing wateelated energy, all major flows of water and energy were captured in
order to improve valid#on of model results against measured data.

A Ademando approach was t aken. -system for water vasdirstt h a't
developed, and then the corresponding energy was added based on the water balance and related
fi e n erregl ye v aamdtedisticsc énd thermdynamic equations. For example, each individual
resident requires a certain Ashower serviceo ¢
and flowrate.

This approach is similar to (but richer in detail) to that adopte&lower(Flower 2009. However,

this study deviated from Flower in that some water use was modelled directly proportional to
household occupancy numbers (eg, showering or bathing). Other water uses (such as cleaning or dish
washing)were thought to be better characterised at household levetldtheswasher systerwas
characterised in particular detail due to its complexity and because this was recommended by Flower
(Flower 2009.

Overall, this approach was guted because it better identified underlying drivers of the system. It also
meant that detailed polieyglevant questions could be asked.

A stationary (snapshot) approach was selected because of the interest in daily flows averaged over a
period (in this ase three years), rather than dynamic which would consider trends over time. The
model was implemented in the SIMB®Ximulation progran{Baccini and Bader 199®ecause it

was the only available tool that had bt functionality enabling systematic sensitivity and
uncertainty analysis.

The sum ofthe subs y st em fidemands o equals the necessary
added on top of this, based again on characterising parameters that were expected to be most
i mportant. The parameters descrilthbéadowhibaha@yi our :
(suchashedtoss coefficients), and fAgeneral 0o attri bu

2 Modelling program build by the Swiss Federal Institute of Aquatic Science and Technology.
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The work aimed to build a platform which could not only characterise an individual household, but
ultimately describe citgcale fators and validate results with ciggale data. Consequently, it was
necessary to develop a generic structure within which (i) any individual household, or (ii) group of
households, could be described.

3.2.2. Data Collection and Household Simulation

Parameterswere characterised by direct measurement, householder survey or estimation from
literature. Detailed parameter data was systematically recorded in a spreadsheet such that it could be
subsequently read into SIMBOX for a range of conditions or scenarios.

Water and energy costs were estimated using current tariffs. GHG emissions were calculated based on
the current full fuel cycles published by the Australian Greenhouse Office for Queensland
(Commonwealth of Australia 2008

The model was first used to identifyethocal sensitivity of water, electricity and natural gas to the
various input parameters. This demonstrated, for example, how the existing system would respond to
small increases in parameter valuEg@re5). In most cases, an increase in the parameters led to an
increase of household GHG emissions. For example, a 10% increase to the number of adults
(Parameter 1 in Figure 5) leads to an approximée&@hh.d CG-e increase. A 10% increase in the
number of children (Parameter 2 in Figb)deads to around a 0.1 kg/hh.d S©increase.

In contrast, a small number of parameters, when individually increased, lead to a reduction in
household GHG emisgis. For example, increasing the temperature of cold water (Parameter 3 in
Figureb), reduced GHG emissions by approximately 0.45 kg/hh.g-€€OThis (local) sensitivity
analysis helped focus our analysis on those parameters of greatest influence ysténis socal
sensitivity analysis was used not only to determine the key influences on household GHG emissions,
but also total water use, total energy use, waiated energy use and associated costs.

Number of adults

L L.

0
= Parameter number
2 L
- s
~
()
9 i Temperature of cold water
5 o
~ . .
05— Percentage of gas / electric heatmi;
\_Y_I\ )
» | |
Household Shower Bath Clotheswasher
I Subsystems
. gawag
-1.0 —
Figure 5. Change in household GHG emissions associated with a 10% in each parameter*.

*Not all parameters shown, the full parameter list for the household is in Kenway et al. 2012.

% The system is more sensitive to the temperature of cold water than specifiseeteimperatures (eg, shower water use), because the
temperature of cold water influences the energy use of evergystdm where warm or hot water is required.
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The uncertainty associated with an fHdaverage da
household. Three groups of parameters were considered: (i) cengiidmandomly fluctuating, and

(iii) seasonally fluctuating. In group 1, the standard deviation of the average parameter value was
identical for the fAaverage dayo as well as t he
series data is avabie for at least a year, the standard deviation was at J@asttimes smalle(19-

fold) than the standard deviation of the single day. A Monte Carlo analysis was used to generate
probability density distribution functions of key syste/ariables. Parameter ranking was used to
determine the contribution of each input parameter to the uncertainty of results for both the average
and single day cases.

Scenario analysis considered fdApotenti alges. and

Behaviour scenarios were considered as fAreal i st
provided by the subystem remains at the current level for example ensuring that clothes and bodies
are still cl eaned. herd Rasad ¢changei it comfatdeval withid thet housd.  t
APotential o assumed there could be a slight, b

occupantsFor example, the temperature of showers for adults is currently 41°C, whereas thie realist
value was seen as 38°C and the potential one as 35°C.

Collectively, the approach enabled a first probability distribubiaged analysis of an individual
household for wateenergy interconnections. For full details refe(Kenwayet al. 20139.

3.3.  Urban Water Mass Balance Analysis

Objective Three of the research aimedtplore potential uses of urban wataass balance analysis
in the management of urban water

The literature review identified that many urban water analysis articles ignored components of the
water balance, for example, rainfall, evapanspiration, stormwater and groundwater flows or
decerralised water. Consequently, it was necessary to develop a specifibatasse equation for all

water flows in cities. The balance needed to be sufficiently flexible to enableciyoasalysis, it was

desirable to develop a water balance framewogt ttould be applied to any city at any scale.
Critically, the water balance needed to provide a systematic approach to defining all inputs, outputs
and stored water in the urban environment. Thi
aswellas finatural o fl ows.

Identification and definition of a clear and thwdienensional system boundary was the first and
critical step in themethod Ourf ocus was on wunder standandigowit he i |
perfforms.Consequentl y, dithebei tse@anatdd, duchdhat thet h e
exchanges of water between the two could be identified. This meahttkatater storages supplying

the city, groundwater reservegeneaththe city, and watercourses running through the wigre

excluded Including these elements within the balance would intesndfie cityenvironment flows

and cause them to be inconsequential for the water baladoetingait i ght 6 boatisdar vy,
likely to have a low value of stored water \8as an aditional benefit in that ivill lead to increased
accuracy in future water balances. This is bec
(water inputs)and Qqwater outputsiould be theoretically detected and validated.

The watetbalance egation was then populated with data from four Australian cities for -B804

guided largely by data availability and the defined system boundary. All water inputs to and outputs
from the cities were assembled from public and research reports, existintp rmpndesstimationA

small change in stored water was assumed because the boundary definition delineated a relatively
small volume with the mass balance when this study was undertaken. Importantly, this enabled a
powerful crosscheck of the water balancBpecifically, the independently compiled elements of the

(i) total water inputs should equal (ii) total water outputs, plus change of water stored within the
boundary.
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3.4. Research Priorities for Managing Water-Related Energy in
Cities

Objective Four of the research soughtidentify and describe research priorities for managing
water-related energy in cities.The prindple methodology was the convening of an international
workshop to systematically extract converging themes fsemor professionals actively working in
the area. This workshop was augmented with literature review.

California was selected as the location for the workshop because it has a strong physical connection
between water and energy. This has led to a higdl l&f published information on the watenergy

nexus indicating an active research community. More recently, a progressive legislative and
institutional framework for conservation of both energy and water has also been developed. This has
included conduing comanagement trials involving water and energy utilities collaborating to
understand the energy consequences of various water conservation méagirend Navigant

2011h 20113.

To encourage diverse views at the workshop, stakeholders from both the water and energy sectors
were deliberately sought. For a similar reason, representation from state, federal and local government,
industry, academia and the #ot-profit sectors was also encouraged.

The AWorl d @©anh @04 wascusel  dtructure the workshop to hegntify emerging

themes. This fAorganicd process helps identify ¢
of short invited presentations waeg<xe ndbellea dvderient.
subgroups to discuss important gqué i on s . Periodically the partic

move to other tables and take with them important ideas heard at the previous tables. Finally groups
presented back, their views on the following questitvisat are the elements of succesthe water

energy efficient city of the future?. What are the major opportunities foretiestive energy
efficiency via water management in cities? (Session 1). What are the major needs and barriers to
progress in the most important element iderdifie Sessiod? (Session 2)

All sub-groups worked on the same questions simultaneously. At relatively short intervals, the groups
were altered. Al participants moved fAorganica
who remained to infornthe reformed group of where the table was up to. This approach enabled
ideas developed at one table to be brought to other tables. Using this process, it was possible to air a
diversity of issues, and strong ideas had a good opportunity to emerge.

Outcones were summarised and discussed at the workshop, and then subsequently documented and
sent to all participants. Participants were surveyedinenin order to serajuantify the views on
Aipotential o as well as nl ewmdntsiddntifiedf f ort 0 neces:

A scatter plot was usetdpdtoentdiealtd fof teac h eil mittii
for potential staging of work. The dme survey data enabled preliminary analysis of the sources of
variability including insitutional or sectoral perspectives. Outcomes were compared with other recent
publications identifying wateenergy research priorities in order to gain a more complete perspective.

An advantage of the approach was that it drew on the considerable knowledigeperience of

individuals and institutions in a rapid and sequantitative manner. Full detail of the method adopted
is described iffKenwayet al. In press (Accepted 12 December 2012)
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4. RESULTS AND OUTCOMES

The results and outcomes ogfed summarise results published in journal articles referenced at the end
of this report.

4.1. The Influence of Urban Water on Energy Use (Objective 1)

In 200607, waterrelated energy associated with urban water provision and ussgounted for
6,811GWh of (equivalentprimary energ use per one million peopl&igure6). This is equal to 13%
of Australiads el ectri ci t ymptians €his pepresasntedl BoYof thef n a
equi valent primary ener gemissionglabedd.d 8% of Austr al

7,000 2,000 +
O Heat Island - water component

6,000 - ON, P, K loss (resynthesis) Tg 1,800
o= @ Carbon loss (not captured) 8‘ 1,600
© 4]
% d o
S @ 5,000 - M Industrial water use < 1,400 -
ot
& o : 2
] O Commercial water use =
= 2 4,000 £ 1,200
S B R ; o
g 2 ® Residential use (non hot water) ; 1,000 -
g E 3,000 - | Residential use (hot water) 8 300 -
o < =
—= £ M Bottled water E’
2 2 2,000 1, 000
|9 o W Highrise basement pumps (@)
O 400 -
1,000 - O Rainwater tank pumps s
2 200 -
@ Energy use - utilities - wastewater
0 — 0
@ Energy use - utilities - water
Average Average
Figure 6. Water-related primary energy use (left) and GHG emissions (right) in the average Australian

city*.

*Source: (Kenway et al. 2011b). Based on average data for major capital cities (Sydney, Melbourne, Brisbane, Adelaide and Perth). GWhth is
thermal (as opposed to electrical) energy use. It is determined for this paper using 3 units of thermal energy as approximately equivalent to one
unit of electrical energy. Source: (Kenway 2012).

In the average casé&ifure 6), energy associated with residential water use comprised 45% of the
overall GHG emissions effect of waterlated energy. Water use in the commercial and industrial
sectors accounted for 41%. Energy use for utilities in the provision of water and wastewater services
accounted for around 10% of watetated energy. The wateomponent of the urban heat island and
energy related to resources loss (such as Carbon, Nitrogen, Phosphorus and Potassium) accounted for
the balance of energy use and emissions (4%).

Indirect (hidden) energy was nitienes higher than energy used directly by utilities. Consequently,
water euwl-use appears the dominant process influencing welated energy in cities.

The analysis of wataelated energy is underpinned by data for 100 paraméenswayet al 20116
provides details on these influencing factors and related assasipt
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Table 1. Water-related and average energy use and GHG emissions per one million people (2006-07).

Comparative Area Units Australian Water-Related in Proportion of
Average Cities Australian
Average
Electricity use GWhe 10,476 1,379 13%
Natural gas use GWhth 15,154 2,675 18%
Primary energy use GWhth 76,384 6,811 9%
GHG emissions COy-e (1,000 t) 24,239 1,914 8%

Note: GWhe is GWh of electrical energy use. GWhth is GWh of thermal energy use noting that 3 GWh th is required to produce 1 GWhe. Data
source (Kenway et al. 2011b).

At a carbon value of AUD $23/tonhavaterrelated energy represents AUD $920m/annum in the
value of emissions permits.

Firstorder sensitivity analysis suggests that an individual city could vary from the average by 37
238% for electricity, or 68.31% for the use of natural gas. Such a wadege of possibility suggests
considerable scope exists for policy intervention and management.

4.1.1. Sectoral Comparison

Waterrelated energy in cities (Table 1) was compared with sector energy use. To enable this
comparison, energy use accounts publishedhbyinternational Energy Agency, Paris, Fra&A

20117, needed to be converted to equivalent primary energy use. This required estimating the share of
primary energy (eg, coal, gasil) used for electricity generation was attributed to each sector, based
on their proportion of final electrical energy consumed (Figure 7).

Water-related energy_:

Nonrenergy
Commercial and Public Servic

Residential (Householdsgxcluding transport

Industry- excluding transport ]

Transport including household and industry sha

Agriculture

0 5,000 10,000 15,000 20,000 25,000  30,00C
GWh/1,000,000 people.e

@ Direct primary energy use O Embedded primary energy us

Figure 7. Water-related energy use in Australia in 2006-07 including the share of embedded
electricity.*
*Data Source (IEA 2011)f or all sectors in the Australian Economy (Note: these secto

water-related energy (Kenway et al. 2011b).

Waterrelated energy use in cities is substantial. It is approximately half the energy of the Australian
residential sector (excluding transport), or -timed of the total energy of the industrial sector
(excluding transport). It is more than four times the energy use of Australian agriculture.

“ The set pie for the first year of the carbon tax that commences 1 July 2012
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4.2. How Household Water Use Influences Energy (Objective 2)

This section presents the immediate results frieensecond objectivef the research. Thigimed to
understad household wateelated energy including key factors, sensitivities and uncertainties.

This section discusses the results immediately relevant to the single household evaluated. Wider
discussion, including implications of the research, for managingishey energy use in the urban
water system, and possible next steps, are described in Section 5.2. Refer(ldbonay et al. ¢

2012 (Accepted 15 February 201.2)

4.2.1. Quantification of Water-Related Energy

Factors influencing wateelated energy in an individual household were identified in detail. The
modelresults compared wellith monitoring records taken quarterly fitree yeargSee (Kenwayet

al. 2019, Table 3)The r el ati ve si goy sftiecmn cvea o fe staacthl ifisshueb
water use, energy use, GHG emissions and costs.

For the stuikd single (four person) Milton household, watelated energy comprised 59% of total
household energy (11.5 of 19.3 kWh/hh.d). Waedated energy use was for the shower (3.3
kWh/hh.d), clothesvasher (1.9 kWh/hh.d), bath (1.6 kWh/hh.d), taps (1.4 kWhj}h dishwasher

(1.0 kWh/hh.d) and electric kettle (0.9 kWh/hh.d). Losses from the electric hot water system were
calculated as1.4 kwh/hh.d.

Waterrelated GHG emissions accounted for 35% of total household emissions excluding emissions
related to transpb energy (5.4 of 15.6 kgG&e/hh.d). With regard to GHG emissions, tlethes
washer, distwasher andkettle were the most significant ssipstems. The change in ssistem
priority from energy to GHG emissions is due to the proportion of electricajyenenatural gas used

by each suisystem. Electricity used by the household has almostfdidethe GHG intensity of
natural gas. This shows clearly that different strategies are needed to deal with eithezlatatbi(i)

energy use or (ii) GHG emissis. Different strategies would also be necessary to deal with total
household costs related to water use and watated energy.

The household analysed is relatively conservative with resources use. It consumed around 80%, 50%
and 60% of the Australiarvarage (per household) for water, natural gas and electricity, respectively.
This was despite the household having four persons, whereas the Australian average household was
assumed to have 2.6 persons.

Water use in the household studied was similar withet fiaver age/ hypot hetic
household conceptualised by FlowEtower 2009. However, in Fl owersd an:
of waterrelated natural gas (eg, 15.5 kWh/household/day (kWwh/hh.d)) natural gas for hot water
system) was higher than as modelled for the Milton householdk{¥t8hh.d)). Thiswas largely
becauseFlower assumed the clothessher relied entirely on the hot water system for energy
(5.3kWh/hh.d)), rather than internal heating within the applianceofrve r 6 s anal ysi s i n
assumed a temperature of 7.5 degrees lower than the Milton household, and a higher rate of shower
water use.

4.2.2. Uncertainties

Probability distribution functions demonstrated the range of water, electricity, natural gas|ated
carbondioxide equivalents and monetary flows that could be expected in a particular or average day.

Parameter ranking demonstrated that factors influencing the majority of the uncertainty of the
faverageo day and a 0 slkonexanple, dreertainty vegardng tbeoheat i d e
coefficient of the hot water storage and the fiaie of showers for adults contributed 76% of the total
uncertainty of waterelated energy in the average day. In contrast, six parameters contributed 78% of
theuncertainty in the single day results.
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Parameters contributing to the uncertainty in the single day include: (i) the number of warm cycles on
the (front loading) clothewiasher, (i) number of adults in the household, (iii) temperature of cold
water, (iv) heat ceefficient of the hot water storage, (v) number of showers per adult pgratal

(vi) flow duration per shower for adults.

Knowledge of uncertainties can guide the design of additional data acquisition or programs in order to
reduce uncertaintgind improve confidence. Consequently, if it was desirable to reduce the uncertainty
of results in the Milton household, focussing on evaluation of the parameters described above would
be strategic.

At city-scale, water service providers could have inténedesigning monitoring programs to achieve

a particular confidence level regarding watglated energy or GHG emissions. Such knowledge could
be valuable to those seeking to confirm that they had in fact achieved target reductions-ielatater

GHG anmissions relating to water end use. This is particularly the case if the achievement of such
reductions is included as a component of strategies for carbon neutrality.

4.2.3. Scope for Reducing Flows of Water, Energy, Carbon and Costs

Scenario analysis indicatatiat occupant behaviour has a greater potential effect than technology
changes alone. Realistic and potential behaviour change$ e#dneed waterelated GHG emissions
47-72% of the baseline respectively. In contrast, potential and realistic techicbiagges (excluding

a solar hot water system) were only able to reduce weliied GHG emissions 1¥6% fromthe
baseline. With regard to wateglated GHG emissions, realistic behaviour changes had a similar effect
to installinga solar hot water systeffigure8).

1

Technical realistic
O Energy use
= Water use Technical F"”‘*”“‘"'_
Behavioural ’ea"s“c—é
Behavioural P°“”“'~

Solar HWS

Technical+behavioural +solar HWS+washer/dishwasher connected t
and cold water, realistic

Technical+behavioural+ solar HWS+washer/dishwasher connected t
and cold water, potential

o 10 20 30 40 50 60 70 80 90 10cC
Percentage of baseline

Figure 8. Scenario influence on water use and water-related GHG emissions: Milton household.

Data source: (Kenway et al. ¢ 2012 (Accepted 15 February 2012)).

With all possible behavioural and technical changes (including installation of a solar hot water system
and altered plumbing to maximise the use of solar water heating);mktted GHG emissions clou

be reduced to 12% and 7% of the baseline in t
waterrelated energy, a reduction to 26% and 15% of baseline was achieved in the respective
Areal i sticdo and Apotential 06 cases.

The strong influence of bakiour on the system suggests that understanding social fetwsting
wateruse patterns will be critical to achieve the most substantial changes. Further consideration would
be required to adopt the implication of this result into appropriate waeramd management
strategies such as technology rebates or information provision programs.

® Note the household had two children aged ~8 and 10 during the study and they used the bath far more than the shower.
¢ Refer to(Kenway et al. In press (Accepted 12 December 2Gb2)letails.
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4.2.4. Saving Water Does Not Always Reduce GHG Emissions

The modelling also demonstrated that saving water does not always reduce GHG emissions. Replacing
a clotheswasher vith an energy efficient model, could increase GHG emissions even if water use
reduced. Increases to GHG emissions occurred if a change in technology (such as plumbing of the hot
water supply), shifted the fuel source from natural gas to carbon intensisteiciy. An example
would be having a new clothegsher with a cold water only connection (with an internal heating
system) replacing a machine which had been plumbed to a natural gas hot water system.

While most current model cloth@gshers are madeolely with a single (cold water) connection
point, discussions with manufacturers indicated that at least some manufacturers are shifting to enable
both hot and cold water connections. Such a change could help reduce GHG emissions in systems
where naturagas was common for water heating, or where other low emissions energy sources such
as solar heating was used.

4.3. Use of a Water Mass Balance for Cities (Objective 3)

Appl i catnetabolc @ f wat dér rraneeworkieeedlal tage flows of water thpass
unaccounted for through Australian cities (Figure 9). This shows that our cities are currently not
designed for, nor taking advantage of, significant flows of water, particularly wastewater and
stormwater.
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o LB | B

Inputs Outputs Inputs Outputs Inputs ~ Outputs  Inputs Outputs

Sydney Melbourne Brishane +Gold Coa Perth
OCentralised water ODecentralised water (rainwater tanks)
ODecentralised water (groundwater) B Precipitation
BWastewater O Stormwater
O Evapotranspiration O Qutflow to groundwater
Figure 9. Water mass balances of four Australian cities/metropolitan areas in 2004-2005.

Data source: (Kenway et al. 2011a).

The framework quantified the hydrological performance of cities (Sydney, Melbourne, Perth and SEQ
(Brisbane and Gold Coast combined)). Large iotgr variation was evident (Téb 2) (see also
Kenway3). For example,ri 200405, the citiesraried from 0.1-22% in their rainfall harvesting; 257
397% in the ratio of rainfall/centralised water use8B86in wastewaterecycling potential; 4-104%

in their stormwater recycling poteat; and 4% in their reuse of anthropogenic input water.

The Water-Energy Nexus and Urban Metabolism - Connections in Cities Page 22



Table 2. Summary water balance performance in four Australian cities (2004-05).

Rainfall Rainfall Wastewater Stormwater Reuse
harvesting potential to proportion of proportion of  proportion of
meet supply water use water use anthropogenic
water input
Sydney 0.1% 257% 86% 76% 1%
Melbourne 0.5% 322% 79% 68% 4%
Brisbane + 0.1% 273% 48% 104% 2%
Gold Coast*
Perth 22% 397% 26% 47% 1%

*The urban footprint of these two areas were considered representative of the South East Queensland (SEQ) area because they accommodate
the majority of the population of SEQ. Data source: (Kenway et al. 2011a).

The water balance enabled a powerful independent-chesk of the many data usedthe analysis.

For the metropolitan areas of Sydney, Melbourne and SEQ (Brisbane + Gold Coast), total water inputs
were within 4% of total outputs with the exception of Perth where inputs appeared to be 80% of
outputs (Figure 9).

This result is consistémwith the (tight)adopted system boundary definition. The boundary adopted
means t hat stored water (S) in Athe systemo i ¢
water ( &S) would be expected to be ngognen the Thi
diversity of data sources and large variability between the cities evaluated.

It was not possible to quantify the water turnover rate with confidence because water stored within the
system could not be measured or accurately estimated. Censigguhe performance indicator
Awater turnover rated coul d nlo7tGL bfevatat storegléntall y d €
four cities evaluated would indicate that the anthropogenic water inputs would turnover this storage
some 1,1068,300 timeger year, or three to nine times per day.

4.4. Managing Water-Related Energy in Future Cities (Objective 4)

Research for Objectivé first used an international workshop tonceptualisea city successfully
managing the wategnergy nexusSuch a city wasonsidered to béveable, locally seksustaining

and have diverse and affordable water and ensugply options. The cit would have limiteddraw

on the surrounding environment for inputVaste outputs would be smalkitically, it would operate
within its local water and energy (carbon) budget éfficiency paradigm is embracéar thefi wh o | e
s y s t lefasters creativity, design innovation, business and economic sutbestull detail of the
work is described ifKenwayet al In press (Accepted 12 Decemi2€x12).

While progress in many areas is important, four areas appeared to have a stronger case for immediate
attention. The average effdad-potential ratio for initiatives developed suggested the following to
have highest priority:

Integratedstandards, guidelines, funding, and planning. It is vital that the planning and development
processes in cities work together to optimise the entire system. Ideally, this involves simultaneously
reducing water and energy flows through the city. Therenisea for greater clarity of the vision, data
needs, technigues and methods, appropriate technologies, tools and development patterns in this area.

Waterenergy education programs are needed at tertiary institutions, schools and within agencies and

utilities. This is necessary to progress towards more-agiency collaboration for planning and
decisionmaking.
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Met hods and then target@atadeeneedgd &od &awabde

Methodologies are necessary to ensure that welated energy is being accounted for consistently
and accurately. Target setting would require -bestefit analysis in order to find leagtst, system
wide implications.

Understanding, and then using, behavioural motivations to achieve urban resourcesgffidiee to
the strong influence of customer behaviours, understanding motivational factors was viewed as vital to
helping cities more rapidly progress towards efficiency modes.

Other areas seen as necessary to progress include: full cost charging -amaknadge understanding
of the urban metabolism; aligning technology development and adoption with the need; integration
with transport and waste; adaptive management; and blueprints for urban development.

Improved tools and metrics are needed, particutagdyrding the economic implications of the water
energy nexus. Relationship building and trust across the myriad organisations is also important.

Barriers to progress include fragmented jurisdictional boundaries, real physical differences between
water anl energy (and the associated system operation implications);tstmorpolicymaking and
the wider issue of agency fAentrapment 0.

The work identified here complements other recently published material. However, the research
roadmap developed in this pagexs a distinct focus on cities. Consequently, they are arguably more
relevant to urban design and the development of resource efficient cities at least from temevgier
perspective. Other publications have focussed on national policy and actiotigsrigfiwWE and
ACEEE 2011 PMSEIC 2010 or specific recommendations for conserving energy via water
conservation(Elkind 201). The recent release of these diverse and +sialkieholder reports
recommending aspects of watarergy research highlights the breadth of interesie issue.

The process used for the workshop was viewed positively by participants. The view was that it will
assist them in understanding problems, identifying objectives and defining alternatives. It is possible
that the approach has application patdntor use in addressing other complex natural resource
management issues.
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5. DISCUSSION

This chapter summarises and builds on the discussion initiated in individual papers published in the
thesis(Kenway 2012 It also provides a comparison across the individual resesbjgttives, to
identify a number of more immediately achievable research and implementation steps.

The tapter reconsiders the relationship between the weatngy nexus and urban metabolism in the
light of the overall research findings. The future manag& of cities and sustainability is considered
within the trajectory of our current knowledge and management sysiRatential usesnd further
developmenbf the urban metabolism model are also addreSdad.is followed by consideration of
the veraciy of the research results and conclusiamshin a range of possibleconomic and
technologicakcenarios.

5.1. Quantifying the Water Energy Nexus in Cities

In relation toObjectivel, identify and quantify the links between water supply and consumption,
and energy use in cities this researchhas expanded the knowledgease by conceptualising a
structure for the systematic identification and evaluation of all known major urban-ematgy
connections.

The quantum of wateelated energy in each category (&g, provision or use of water) compares

well with other authors largely because the analysis was based on available literature. However, the
percentage of total primary energy use influenced by urban water (9%) is far higher than previous
reports regardig Australia. For examp)é&Kenwayet al (2008h articulate that water service provision

in cities accounts for less than 0.5% of total primary energy.

The difference in reported percentaggedue to issues of (i) boundary, and (ii) energy transformation

and loss. In thisesearch fewraetl at ed ener gy o0 i indodcteffbassratharthen d e r
considering utilities aloneas was reported by Kenway al (20088. Notably, this includes energy

related to water use, such as water heating. fi@gsarchalso includes the actual primary energy
(largely coal)consumption necessary to create the electricity used by water utilities (or for water
heating). Accounting fcoyrclperdi mwearyy, € nsercgoyn siinsttemit:
work of several author@g,Klein et al. 2005 Wolff and Wilkinson 2011Gleick and Cooley 20Q9lt

is argued as more realistic than the comparison ofusadelectricity with total primary enerags
undertaken by Kenwagt al (2008).1 gnor i ng t hi s feduneig Gb% the dppafemta c t i
significance otklectricityusewhen sourced from fossil fuels

The results presented are for an fiaverageo or
Australia or elsewhre could be expected to have large variability based on local conditions. Time also
has considerable effect, for example comparing drought versus high rainfall yedhngr lnalysis

would be necessatyeforeconclusions about a specific citpuld be mad This is particularly the

case for characterisation of the industrial and commercial sectors which are scarce in data and
influence almost half the overall effect. Outside Australia, the results could be expected to be
approximately applicable to otherestern countries with similar overall sod¢gchnological regimes,
climates and water, and energy use patterns.

5.1.1. Implications for Managing Water-Related Energy

The Australian watesector currently influences nearly nine times more energy use inditbethythe

sector itself consumes directly. Arguably, more substantial emetated goals could be included into

water planning processes.

Many steps could be taken by water businesses, urban planners, wider government and industry,

which could have signifant impact on waterelated energy. As pointed out in sectb2.3 water
use and, waterelated energy use of the residential sector could be significantiynisad with a
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range of technical and behavioural changes. Such changes can be encouraged by a mixture of
programs, measures or government instruments. For example, targeted information provision (eg,
communicating of water use and related energy use)nfluenmnce behaviour. Creation of financial
incentives and penalties for particular behaviours can also have effect. While water and energy pricing
and structuring (such as stepped tariffs) are typical examples, financial incentives also can be used for
installation of efficient technologies.

On a longer timescale, standards appropriate for achieving combined savings of water and energy
could be considered. It would also appear strategic to support development of technologies which
simultaneously reduce watand energy use. These mechanisms could apply not only in the residential
sector, but also in industrial and commercial situations. While the Australian water sector is highly
active and effective in promoting wateonservation measures, it would seetogical extension to
consider the joint potential of these programs to also influence energy use and GHG emissions.

Goals for water businesses to reduce wagkated energy could lead enhanced involvement of the
water sector in the engse water managenteif his could lead to far greater efficiencies of household
water and energy use. A great difficulty, however, will relate to how to quantify indirectnesitrd
energy. Further, because multilayers have influence (eg, household owners, watetiagili
councils, regulators), identifying who has enabled the result could be challenging.

Information alone is unlikely to fully mobilise industry to reduce the larger pool of energy indirectly
influenced by water in cities. Ratherwader, more integraté suite of programs and measures, or
complementary government policy instrumentsuld help progress change. Consideration of the
overall institutional frameworks, governance arrangements and business models for water and energy
management in cities may also be necessary. Mechanisms for increasing the connection between
serviceprovision and revenue need to be strengthened. Likewise, decoupling the rdeprudence

of utilities on volumetric sales of water and energy could be highly strategic, for example as incentives
for reduced resource throudflow (Lesh 2009.

5.1.2. Reflection and Possible Next Research Steps

The broad challenges of managing and optimising watated energy in cities are raisedkdanway

et al 201lb. Improved kowledge of waterelated energy in cities would be highly valuable for
designing and managing cities awséeénbutldeagandh
s e n s i Tha need &or. further methodological development andagiglysis is evident. Comparison

of actual data on wateelated energy and trends over time, for a range of cities for would be highly
instructive.

The research undertaken for Objective O developeda method for quantifying, in overview,
waterrelatedenergy in citiesThe key parameters identified capture the physical eandeffect
relationships. However, the influence of nomhysical factors onthese linkageshas not been
determined. Such factors could include behaviour/cultecenomis, existirg infrastructure local
conditionsor decisioamaking processesuch as building approval or regional planning) and related
standards This is particularly importantvhen consideringhe design of future systems. Further
research into these ngmysical divers would help identify leverage poims waterrelated energy
both in the water system, and the city it supports.

Further end use and technology assessment is necessary to identify the most effective or accessible
areas to target, or, effective pglienterventions. Least cost analysis and the production of cost
abatement curves would be helpfdlowever, as Gleiclet al (Gleick and Cooley 20Q9o0int out,

options which conserve water will likely eperform those which encourage continued patterns of

high usage. This could beagicularly expected in a future where water and energy are more
expensive.
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The analysis could be improved significantly using more sophisticated modelling. For example, a
MMFA (Mathematical Material Flow Analysis) model could be developed and applieK&waeay

et al 201). Because of the importance of lanse patterns, a spatial component to such a model
would be highly valuabl e. | mpr o dealsh bedbenkficial.iThisi on s
could potentially be guided by land use patterns characterised in stormwater models. Ultimately, such
a model could also include economic considerations. Use of a full mass balance for witensae

et al 20113 could ensure that all water flows were consideredouild also help develop quantified
performance indicators.

It is anticipated that modelling wateglated energy in the industrial and commercial sectors would
present a challenge because of complexity and lack of available data in these sectoisg/Aosiart

could be to develop sectby-sector estimates using water and energy consumption records. This
woul d necessitate estimating the fidegree of <co
was done by Kleiret al (Klein et al 20095. Alternativueby,anal yidvios t ofm
individual sectors could be undertaken, as outlined by Wolff and Wilkifidaiff and Wilkinson

2011). MRIO modelling and/oiL,.CA approaches could also be used, particularly if indirect water
energy connections through the supply chain are of interest.

Finally, this research has also reli edreladedr gel )
energy |t does not yet explore Awhat could beo. (
and energy use) would appear possible. This is particularly the case if the full thermal and physical
properties ofwater (for example for heat storage and repcpvevaporative coolingetc) are
considered.

5.2. Household Water-Related Energy Use (Objective 2)

Objective2 of this researchwas tounderstand household wateirelated energy including key

factors, sensitivities, and uncertaintiesResults specific to the rgjle Milton household evaluated

were discussed in Section 4.2. This section reflects on the methodology and potential next steps
including city-scale analysis and management of wegéated energy in households.

5.2.1. Reflection on the Methodology

The methodology developed in this research provides adist assessment and simulation of the
probability distribution functions of household watefated energy and associated GHG emissions
and costs. It also represents the first systematic houssteddanalysis of associated uncertainties.

Characterising the full water and energy balance for the housefagldrery useful for validating the
modelled results with monitoring records. This helped improve confidence in the overall conclusions.

The use oftiermodynamic equations was fundamental in characterising the overall water and related
energy demadfs including losses. Developing a model structure guided by activities within the house
provides a critical understanding of scenarios, and consequentlg, goide more detailed policy
development. In contrast, modelling watefated energy based, say, on size (square meters) of house
or typical water usage rates, would provide far less relevant information for policy development. This
is because it is thgattern of water usage, and not the size of the house, that are drivingehsttf
energy. Further, because the MMFA metliogs not aggregate everything into a single unit (like an
overall ecological footprint) it is possible to understand the poteejiercussions of individual and
collective actions.

Local sensitivity analysis was highly useful during the early stages of the study. It guided the search
for data towards parameters with the most leverage on the system (eg, the number of adults, the
temperature of cold water). However, because local sensitivity analysis only works for continuous (not
discrete) parameters, its main value was in the assessment of the baseline case, rather than in the
exploration of scenarios.
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Given the strong influence tiehaviour, it is likely that other households would behave differently to

the household studied. Comparison of a larger sample size would be necessary to rsdaecity
conclusions. In order to understand and managewditg trends, it would be necesgao either

(i) aggregate results from many individual households, or more desirabfgdmgate results of

mul tiple representative aver age h eeunseerhgoyldd ntoydpee
been structured to enable this analysis asxastep.

5.2.2. Possible Next Research Steps

There are a number of highly relevant follow research activities that could be undertaken regarding
household waterelated energyThe model developed in this research could be further improved by
adding factors sth as: (i) the percentage of water heated within the clatlasker, (iithe related

energy use in clothes driers, (iiginwater tank pump energy use, (iv) swimming pool heating, (v)
water chilling, and (vi) waterelated energy in cooking. Equationsdgrarameters characterising the
exchange of energy between the water system, and building interior (eg, as cold or warm water enters
a building and warms, or as warm water leaves a building), could add a further dimension to the
model.

Such inclusions shddi be based on systems knowledge and the importance of such aspects to the area
investigated. Use gprobability distributionsfor input parameters (rather than mean, deviation and

di stribution Atyped (such as | o qeccoracynt would alsor ma |
create a much more substantial demand for data. This could perhaps be best achieved at the level of
representative Ahousehold typeo.

It is clear from the analysis that the performance of individual technologies is highly dependent on the
system into which it is placed (see clothessher example describedKienwayet al 2013. It would

also be desirable to move towards standards t
rather than an efficiency to be achieved from an indaditechnology.

City-scale analysis of watenergy connections in householis a great possibility City-scale
knowledge of wateenergy connections is arguably paramount to the design and implementation of
successful water strategies aimed at reducimgggnconsumption. Citgcale analysis could underpin

a benchmarking effort regarding the relative energy efficiency of the urban water system including the
enduse of water and the associated technologies. There appears to be wide room to consider improved
analysis of the energy, cost and GHG emissions implications of various demand management
programs.

For city-scale analysis, there is a need to better understand a range of householbtypeample,

how is watefrelated energy influenced Mwjfferent ) building types (houses/apartments), ibcic
demographic (eg, high/low income, different occupancy rates)béfiaviours (eg, conservation

versus norconservation oriented), and (it@chnologies (eg, highly efficient versus not efficient).
Differences in hot water system types and in&mad intercity climatic variability also have a major
influence.Thereisaneed t o better wunder st andd rheoswp o nndditva dpu
circumstances or configurations. Such knowledge wouldptdicy be crafted to the applicable
circumstance. This is likely to be more effective than relying on average conditions alone. If we
continue to rely on average conditions, it is likely that policy could be misguided.

This research has only quantifiedetiperformance improvement potential at the level of a single
household. However, there remains the possibility of significantly reducing water, and related energy
demands at a range of scale including precincts and whole cities.

How connections between veatand energy in households and cities change through the course of
time is another major gap. For example, how do waeted GHG emissions change through a day?
Or, how are sockbechnological changes likely to influence the wateergy connections wiin
individual households and cities over the coming decades? How could cities transition to minimise
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water and related energy use? In order to answer such questions, it would be necessary to develop a
dynamic model.

5.3.  Urban Water Mass Balance Analysis (Objective 3)

Objective3d of this researchaimed toexplore potential uses of urban water mass balance analysis in
the management of urban water

The urban water mass balance approach developed in this research reveals water flows through cities
typically not included Kenwayetak?201la Bhisincludes voblumesi b a |
of rainfall, stormwater, evapotranspiration and decentralised water sources. Awareness of these
volumes is a first step towards designing cities that take advantage of these flows.

In future, much more water is likely to be harvested locally within cities. Drivers will include growing
water use (largely due to growing populations), higher costsstiftaiting water, and the emergence

of suitable technologies and policy frameworks encouraging use of more locally sourced water. For
example, the projected water supply growth for greater Adelaide (from 2014 onwards) is dominated
by planned increases using wastewater and stormwater as well as achieving improved efficiency of
water us€Government of South Australia 2009

Changes in urban water flovesxd storagénave energy implicationg-or exanple, it is possible that
stormwater, rainwater and wastewater could be used or recycled at lower overall energy costs, than
other options such as desalination or transporting water from distant sources. However, the high
energy demands of some small (decalised) systems or inefficient desigiRetamalet al. 20091

means that low energy use is not necessarily always achieved. System design ccitical for
reducing energy use. For examplainwater tank systems could be designed to use less than 0.2
kWh/m? if they utilised header tanks, low pressure pumps and reconfigured toilet valves so that they
operated under low pressuyeunio and Sproul 2009Energy for reuse of wastewater can be reduced

if land use planning enables locating industries which can use recycled water close to the point of its
production. Similar scenarios are likely to éx stormwater harvesting.

Knowledge of full urban water balances could also help quantify other eredeyant aspects of
urban design. This could include: ifiyproved quantiication of the urban heat island effect
(ii) potential for energy generatio(eg, micrehydro), and (iii) potential for thermal storage and
recovery.

Finally, understanding the full urban water balance is vital for comparing -vedéeed energy
demands from city to city. To take one example, the mass balance revealed magityidiéferences

in decentralised water use. Consequently, in cities using a large proportion of decentralised water
supply, it would be essential to consider the eneggynands associated with those flows. For
example, 46% of P e rcedirénmsdecgrdralised graaind pvatér yources. This dornr

of provision could be expected to have considerably different energy demands to alternative water
supply options (such as desalination), or to cities of similar size and climate.

Consequently, future ater strategiewould be aguablymore energyelevant if they (iquantifiedall
urban water flows using a mass balance framework, andidintified how the overall balance
influenced energy use and generation.

The influence of detailed engse pattern®n the watebalance were not investigated in this work.
Water end use has considerable significance for the urban water balance because it influences both
inflows and outflows of water. Where watasing appliances or technologies produce wastewater
(sucdh as toilets, showers, baths, clotiwesshers, etc) reductions in watase will also reduce
wastewateflows. This would have a marked influenceonthe er a | | Afant hropogeni
of the city.
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Given that water end use is also the critical pahtnfluence on waterelated energy (refer to
ObjectivesOne andTwo of thisresearchfurther consideration of the role of end use management in
the overall water and energy balance of the city is highly warranted.

5.3.1. Other Benefits and Challenges of the Mass Balance Approach

Adopting a mass balance forced a definition o
powerful crosscheck of the overall accuracy of all urban water inputs, outputs and storage.
Importantly, the mass balance quantified perforcegaindicators for the city. This has high relevance

to the design, management and evaluation of water flows through cities.

While the results are potentially only of specific relevance to western cities of similar land and water
use patterns, and/or simil climates, the methodology could well be used to evaluate any human
habitation at any scale including individual households or cluster developments. Evaluation and
understanding of performance is an important step in designing improved future systems.

A potential disadvantage of the water mass balance approach is that it does require prescriptive
tracking of water fl ows across t he Aboundary
Understanding and managing dat a dreate chalenges tha nc e
exiting information management programs and reporting frameworks, because many are based on
other geepolitical entities such as local or state government. However, as the sophistication of our
knowledge management systems has growry vapidly over the last decade or so (including
Geographic Information Systems), this disadvantage would not appear insurmountable. Conceptually,
a mass balance could provide a gitigle framework forreporting and management of all urban water

data.

5.3.2. Reflection and Possible Next Research Steps

The mass balance analysis undertaken could be improved by development of a MMFA model (refer to
Section 5.1.2 above arkenwayet al 2019. Further development of the systdraundary definition
appears highly warranted. Ideally, this should include more detailed description of the role of water
reuse and water netwolisses within and outside the boundary. Similarly, techniques to estimate or
measure stored water in the city could help lead to a tighter measurement of change in stored water.
This could drive further accuracy into the overall urban water balance.

Transcity analysis established the accuracy of the overall balance and gave confidence in the results.
Analysis over the performance of a particular city (or set of cities) over the course of time would seem
highly worthwhile. Such analysis would help captueasonal changes as well as the influence of
urban growth and development, and related water use patterns.

With a tighter definition of the system boundary it is likely that greater accuracy of urban water
models would be achieved. A tighter boundary womelan a smaller change in stored water and
consequently, a smaller volumetric difference between (correct) total input and output flows.

In the longer term,he mass balancapproachappears highly suitablas a frameworlon which
i wa-t el autbandriagy, nutrient andsHG balances could be built. Undertaking such work could
progressively esrteabaltiesdh mehtea bfoullils nfiowaotfert he ci ty

From a compr ehensienegyndirierd bakmrice Miuclk moreveautd de learnt about
overall urbanperformance. By carefully constructing and tracking such a balance over time, the
influence of water policy and management could likely become far clearer. Ultimately, such a balance
could underpin the feffi ci encyhas ménanl placeriogsomeo f ¢
time at the level of technologies, and now buildings, it has yet to emerge in a quantified way for our
more complete urban systems.
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5.4. Research and Action Priorities (Objective 4)

Objective4 of this research aimed tdentify anddescribe research priorities for managing water
related energy in citiesGeneral major knowledge gaps were identifiedGhjective One (refer
Kenwayet al 20119. These major gaps include economic, social and institutional/legal dimensions of
the waterenergy nexus as well as understanding the connections in the industrial and commercial
sectors. Collectivelythese gaps could take a decade or more to substantially progress.

Research priorities more specific to wagerergy links in cities are summarised in Sectiohand
Kenwayet al. In press (Accepted 12 December 20I})e benefit of the overall roadmap is that it
helps to identify the potential staging of relevant studies necessary foramatgly nexus research
and policy development.

At this point, the roadmap identifiehie necessary research themes. Considerable more work is
necessary to articulate the research questions embedded within in each theme. For example,
devel opment of integrated standards to achieve
involve considerable systems and technoléggussed research. Similarly, planning and funding
processes for water and energy systems, and their cities, would first require review of the relevant
legislation and processes.

5.4.1. Reflection on the Method Used

Themethodused tadefine researchpolicy and implementatiopriorities could have been improved in
a number of waysFor example, wder stakeholder involvememtould likely have elicited a greater
diversity of issues. Involvement fronegulators, local governmennhé notfor-profit groupswould
have strengthened the diversity of opinions. Mimee for discussiongvould bring out richer detail.
Surveysof a larger group could help refipeiorities and help identify sources of variability

A different processa different group, or undertaking the work at a different tim@aoation, may also
have led tdifferentresuls. However what is certain is that the process teased out much more clearly
the need for significant and widely collaborative effort to betefine and manage watenergy
interactions.

5.5. Water-Energy Nexus and Urban Metabolism

The research also considered implications of the results across a humber of the research objectives.
For example, as articulated in Section 5.3.2, this research exptdyea very small proportion of the
potential application of the urban metabolism model. Even with this limited exploration, the model has
been shown to create valuable context for decision making. It clearly demonstrates the need for our
city and water @nners to consider all flows of water and energy when implementing water strategies.
This section explores the wider potential value of the metabolism framework in two firetg, it
considers the potential for performance benchmarkoilpwed by comideration of its use for system
optimisation.

5.5.1. Performance Benchmarking

Exploring t he me t a@rgamismd tolpaetn s i awii tdiee st haeroa et i c al
possibilities. As a theoretical starting point, it could enable benchmarking of theref§ia@é urban
performance (or their components) with organisms. This could help us understand if the city was
functioning as efficiently as natural systems shaped by the local environment and evolutionary
pressureUnderstanding of the relative efficiency @ties could give us some idea of the quantum of
improvements that could be achieved. Such knowledgéd contribute to theedesign of cities and

their water systemsdrawing inspiration from highly efficient natural systenfSome of this
benchmarking s al ready happening, but at the Aorganod
of wastewater treatment plants has been compared with kidneys (on an energetic or salt removal basis)
(Leslie 2009.
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Metabolism also provides critical context for benchmarkingdédstanding the wat@nergy nexu

the absence of a metabolic framewaevkuld be like trying to understand human health solely by
observing sulsystems of the body (for example the candiscular system), without any knowledge

of what was happening to the body in question itself. Dodgve a good diet? Is it running or
sleeping? Considering urban metabolism simultaneously with the-araéegy nexus provides critical
context to our discovery and understandinghafrelevance of the connectioridut another wayif

urban metabolistmeasurelt he over al | p er f o uripaasystem, thavaterénergye e d 0
nexus could be thought of as the gearbox or wiring.

Indicators derived from a complete water, energy and nutrieags balance could potentially enable
guantitative benchmarking of the resouedéiciency of the city.In the first instancecomparison of

cities would be possible across a range of scales. In the longerttenay be possible to quantify
indicators hat are equivalent to those used in physiological assesshenganismsFor example,
considering water al one, we may be able to id
Athirsto of a city, eg, b a s e ds obstored water. Iiweetaddr ¢ o
energy and nutrients into the picture, we may also be able to determine indicators such as the
Aimetabolic rated of the city. For practitioner
such information could be m® useful than knowing a footprint alone.

While there are many possible future pathwiysmaterial flow and metabolism resear&leckeret

al. (Deckeret al 2000 identify some sweeping goalsheysuggest that understanding the energy and
materials processes of urban systems is imperative for addressing the social, environmental and energy
challenges of the next centuijhey conclude with a wideeachingurban researchgenda. It begins
with: (i) correlating input and output variables to enafilg predicting material and energy fluxes for
arbitrary cities in a bigeochemically useful way. From thdte suggests(iii) development of a
gridded, regional time-dependent model to(iv) demonstrate urban growth and evolution
(v) determine a set of state variablaad i) construct a biogeochemical theory of city composition
and structure. Such models and data should be usédijogquantitativédy consider the earth system
level climax state we appear to be approachamgl {iii) draw insigh from wild ecosystems to help
ensure the stability and persistence of urban ecosystems.

While this is both visionary and compelling, other authors have mbiote that correlations of
complex systems, by themselves, do not help understand causal factors and relationships. For
example, crime rates and iceeam sales in cities could be correlatddwever, correlation will not

reveal that both are triggerbg elevated temperatures

Just like organisms, the internal processes of cities govern the rate of consumption and throughput of
materials and energgDeckeret al. 200Q. As pointed out by Baccini and BrunnéBaccini and
Brunner 199}, systematicquantified, causendeffect analysis is necessary to manage the social
material and energy flux.

5.5.2. System Optimisation and Urban Design

This research has not sought to fAoptimise the
important. Optimisaton studies could example how a certain goal, say accommodating one million
additional people, at a certain quality of life, with minimum water and energy inputs could be
achieved. Optimisation studies could be undertaken at a range of scales: watedigasigstem,

city, or nation.

A massbalance defined boundary, consistently applied, could provide a reference point against which
optimisation of resource flows (converting water, energy and nutrients into humabeingj) could

be achieved. Whout a cmsistent boundaryit is likely harder to fully understand the energy
implications of water management or other urban strategies. It wouldgmssible to know which

factors offer the highest potential for influencing the systadoption of different bondaries could

lead to inclusion or exclusion of very different sets of linkages and conseqaealtyssis could reach

very different conclusionsFor example, if water el at ed energy in the fi L
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considered with, or without, the enerigyplications of enelise, approximately 90% of the implication
could be missed.

If our goal is total efficiency of resource use then urban metabolism is a highly useful way of thinking,
and analysis framework. What underpins sustainability of our sociét igbility of our populations

to keep accessing resources and i mproving the
resources into useful forms. Urban metabolism forces planners and managers to look at the overall
efficiency.

A key future researchuestion regarding urban metabolism relates to whether the concept will help
identify favourable solutions to the design of future cities (and systems), with less effort than other
existing methodologies. Can it identify better outcomes, say comparedtidthapproaches?

5.6. The Emerging Landscape

Innovative cities could reduce water and energy use and GHG emissions by an order of magnitude.
They could achieve this while simultaneously maintaining or improving ecosystem health and human
well-being (eg, fromFigure 2to Figure 10) Enabling this change is a major challenge for society.
Such a future is likely to require increased efficiency of cities. It is likely this will require increased
recycling of water, materials and heat, at local and district/citgide Enabling this landscape would
require a truly multdisciplinary effort spanning government, industry, research and community.
Some of these challenges, including planning, funding, regulation, data management, target setting
and reporting requireménare summarised in Table 3.

B oot e e erate e e ane e teaeaeetenrnas . GHG &heat

Performance
1 -B ' Ecosystem
L___i health
N < L " H
oo , Human
: Wastewater ' A I well-being
. ) - | Energy,ghg
recycling L [ 4| andheat
[ ]
u n Water
[ ]
Materials
and waste

recycling

Figure 10. The future paradigm: co-ordinated performance in sustainable cities.

This research contends that the use of performance indicators to a common boundary will be important
inenabling this transition. There is a need for
its flows of water, energy, GHG emissions, materials and waste. With such a framework, resultant
methods and tools, we will be better able to systematicaltierstand and manage the considerable
influence of our cities.
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Table 3. The emerging landscape of water-energy linkages.

Where We Are - 2010 (Figure 2) Where We Are Going - 2030 (Figure 10)

Planning, funding, regulation and standards for water Comprehensive simultaneous consideration and

and energy are managed i n i | managementofwater, energy and related cycles (including
of water and energy impacts occur. nutrients). Governance fr amewor ks ens

efficiencydo through plannin
(eg, regional planning and building approval processes).

Methodologies for assessing water and energy address Better informed decisions, enabled by comparison of

only narrow component elements. The system boundary options using standardised methods and boundaries will

is either not considered or inconsistently applied. influence the total material and energy fluxes through cities.
Data sets and monitoring are scattered widely. Coordinated and inter-locking data-sets and monitoring

programs will enable diverse and powerful analysis and
management of water and energy simultaneously. (This is
the metabolic equivalent of a co-ordinated sensory system
and single brain rather than scattered ganglia and sense-
response systems.)

Unquantified indicators of urban performance or limited | Quantified performance indicators which simultaneously
quantified performance indicators (such as ecological consider water, energy and related flows underpinned by a
footprint) which give little policy guidance, particularly to the | metabolic framework and mass balances.

water sector; analysis frameworks inconsistently applied.

Optimisation analysis of the urban space for overall water | Optimisation studies will contribute to or guide blueprints for

and energy efficiency is totally absent. urban futures (eg, Regional and City Plans). They will also
strongly inform development assessment and building
codes.

Targets for urban systems are missing or unquantified. Quantified targets for the resource efficiency of cities.

Government, industry and business function in a co-
ordinated manner to achieve them.

Separate management and reporting of water and energy | Co-ordinated reporting is used to evaluate the efficacy of
performance. urban design and management (including human well-being
and ecosystem health).

5.7. Consideration of Future Scenarios

This section discusses some implications of various ssmoomic and technological future
possibilities. Afterconsidering these perspectives the conclusions of this research would remain
unchanged.

5.7.1. Implications of Energy Technology Development

How would the importance of the watemergy nexus change if an emissifre® source of energy
became rapidly available?

Clearly such a technology would, if connected to every walated energy demand, reduce GHG
emissions to negligible levels. However, considerable time would likely be necessary to implement
such technology even if it were available today. Further, dtis¢ @f such technology could well be
prohibitively expensive. Consequently, implementing available solutions now to reduce not only water
use, but also related energy and GHG emissions, will at the very least buy us time to develop such
technologies.Conseguently, our understanding and management of the links between water and
energy will be critical to optimisation of these limiting resoufoesonsiderable time to come

572. I mplications of more APerfecto Mar ket F
Could market forces solve the problefriging energy use if all externalities (such as the impacts to

local waterways due to water use or global changes associated with GHG emission) were incorporated
into the price of water?
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It seems possible thatcorporation of all externalitieégto the price of water and energypuld create

more incentivdor consumers tgave water and energgowever, such a view is premised on at least
two major assumptions: (i) complete and timely incorporation of all externality costs, and (ii) markets
which function perfectly (that is, without distortion).

Clearly, changes in the price of water or energy will influence solutions. It could be a highly
interesting economic (and behavioural) analysis to consider such changes and how they would affect
the accefability of solutions at household level and also at-sigle.

If individuals can afford to use water with wipdwered desalination to circumvent local water
restrictions, then why should this not be possible?

While this question is difficult to answar relation toa specificindividual case, the collective picture

offers some insight. Namely, should it be possible for the entire populatamtéss unlimited energy

to solve local water problem&hould we all be abl® consume whatever amount of @rabr energy

we choose? From a strong sustainability perspective this is clearly not possible, because there are
limits to the supply of waterand we have a curreahergyconstraint due to the implications of GHG
emissions From the collective perspecty local desalination is unlikely to represé¢iné leastcost

way of achievingadesired outcomeven if it does meet the needs of individuals

Are all forms of water interchangeable?

The tradeoffs between types of watérand the associated energy penaltraises a further issue of
inter-changeability of the various forms of water (eg, centralised, decentralised and bottled). To
compare the extremes of lexost, lowenergy centralised and higlost, highenergy bottled water,
perhaps many circumstancesadl to individuals wanting bottled water to optimise convenience,
guality and comfort. While this research makes no particular moral view on the use of bottled water, it
seems likely that such behaviour would happen less often if the full implicatiorsosisdof carbon
emissions were incorporated into the price of bottled water. It would also likely happen less if high
quality centralised water is available and convenient to all, when and where it is needed.

5.8. Energy Accounting Inconsistencies

During the reearch, inconsistency was observed in national and international energy accounts. For
example, major differences were observed in how transport energy was accounted for. The Australian
Bureau of Statistics (ABSJABS 20113 included energy for private transport as a component of
Ahousehol do energy use. | n c o (IEAr2019 12011, arfdehe | nt e
Australian Bureau of Agriculture and Resource Econorf@snmonwealth of Australia 201@eport

all transport in an overall transport section.

Differences in accounting for energy transformation were also observed and embedded energy is not
consistently handled. For example, the ABS energy account@DQBS 20113 cites a total energy

use figure by directly adding primary and secondary energy consumipticontrast, the International
Energy Agency(IEA 2011, 2010 and Australian Bureau of Agriculture and Resource Economics
(Commonwealth of Australia 2010 epor t o n (efetgp)t a h s U mphNarié coh the
organisations add the primary and secondary energy used by a particular sector (say industry) to
identify the proportion of primary energy used by the sector (ie, by including the primary esecyy

to make electricity, but excluding the electricity used derived from that primary energy).

A consequencef this inconsistency is the great difficulty in deriving consistent percentages for the
relative signifi crlatedengoyfo saesc tao rcaol mpoorn efinta toefr t ot
The ABS have acknowledged that adding primary and secondary energy is not ideal and are working
towards a netted, rather than gross supply and use account, while still striving to meet international
protocolsfor the System of Economic and Environmental Accountiragvson 201}
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6. CONCLUSIONS

6.1. Urban Water Management Influences Energy

This paper shows that water management significantly influences energy use aneh@s®ns. It
demonstrates that urban watefated management is either directly or indirectly responsible for 8% of

total Australian GHG emissions. Of this, timglirectorfhi d den 6 f r arelated energyonf wa't
the urbarenvironment is over 90%Vater end use in the residential, industrial and commercial sectors

has strong influence on energy use. In contrdst,direct energy used by water utilities, while
significant, is only a smalblbeit rapidly growingcomponent.

If water management reduced emiath of the energy usimdirectly affected by water management

(for example in the conservation of hot water in households), the direct energy use of water utilities
would be completely offseManagi ng thidgdemaierenrgyrapighear s i n
Au st r brigiteandGHG reductiongoals It could be important to finding leasbst water
managemergolutionsin cities

This research has contributed a framework and method for quantifyingnefatied energyn cities.

The developed method brings together disparate data to quantify-ematgly linkages in an
Australian urban context. It uses the framework to identify the significance of components ef water
related energy.

Quantification of waterelated enayy in specific cities would be needed to make specific
recommendations. This research will enable water and city planners, managers and regulators, to
evaluate potential implications of a range of water strategies and options. A benchmarking effort
comparng a range of Australian and/or international cities could be highly valuabléysfsand
comparison otities over short or lonterm timeperiodscould also be highly informativand help

detect trends.

Further work is necessary to determine the imftigeof nonphysical factors such as so@oonomic

and legal/institutional parameters in the system influencing wel@ted energy. The method
developed here could also be further improved, and our knowledge deepened, through the
development of a Mathertieal Material Flow Analysis (MMFA) model. Such a model could help
guantify key factors, sensitivitieanduncertaintieslt could also help identify key drivers and process

and design scenarios targeted at-witgle reduction of water and related energiie complex and
confidential industrial and commercial sectors may present a challenge to such analysis and warrants
specific attention. Scenario analysisguantify the potentialfor water management to reduce energy

use is also warranted

6.2. Water Use in Households has Considerable Energy
Implications

This research contributed the collaborative development and application of an MMFA model to
characterise household watetated energy and associated GHG emissions and costs. The MMFA
approach enabled this e achieved without detailed monitoring and using only a relatively limited
dataset. It demonstrated that 59% of energy use within a single household, was influenced by water
use, even though the household was relatively wateservative.

In the particlar household evaluated, realistic and potential improvements in technology and
behaviour could reduce waterlated GHG emissions to less than 15% of baseline. Water use and
costs of water and energy could also be substantially reduced. Identifying unpiest and
overcoming constraints to implementatiaihsolutions to reduce water and related energy use appears
to be a major need in a future constrained by both water and carbon.
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Some watesavings initiatives, such as installation of a watkicient clotheswasher could increase

GHG emissions, even if water use is reduced. This happened if the fuel source for heating water
shifted from natural gas to cefiled electricity within an appliance due to plumbing to a cold water
intake only. Schemes whicltonsider only saving water, may in fact exacerlfak¢G emissions.
Consequently, before rolling out subsidies for technologies (such as rainwater tanks -@&fficégat
clotheswashers) we first need to understand how the system is going to respond.

This research represents a first ever consideration of probability distribution functions, sensitivities
and uncertainties of wateelated energy at the scale of an individual household. It identified key
parameters of influence. It also identified how undetis in parameters, expressed as (i) a single
day, or (ii) an average day, contribute to different levels of uncertainty in the results.

A large part of the cost of individual watesing behaviours such as showering and cletfeeshing is
actually theenergy costin households Consequently, codtenefit analysis of water conservation
should also include the saved energy. This may help wéfieiency programscompare more
favourablyother optionsncluding those focussed on supply augmentation

The research provides a foundation for a systematicwitle analysis based on multiple household
types. The model developed in this work, has been structured to undertake such analysisleCity
results would give managers detailed information on optiongahla to manage water and water
related energy. Further development of the model is warranted including movement towards dynamic
analysis.Ultimately, this could be used to understand and manage a range of transitioning strategies
and issues such as peatergy loads.

Where this work goes further is in thaderstanding of factorafluencing the system, including their
probability distribution functions and their contribution to uncertainty in the resoifortantly, by
tracking each flow, MMFA createan ability to assess detailed alterations atsrgbem level, for
example including altered technologies, behaviours or environmental condittiagnformation is
anticipated to beritical for the design, planning and management of buildamgkcities in a future,
constrained simultaneously yater and energy.

6.3. Mass Balance Quantifies Flows and Performance

The third Objective involved a water mass balance (metabolic) analysis of four Australian cities in
200607 and demonstrated that urban water flass not well known or accounted for. The water
mass balance accounting identified a variety of unused water sources in cities, which were described
as experiencing water crisis at the time.

The mass balance quantified major differences in the hydrolqugcgirmance of the cities evaluated.

This demonstrated major differences in: overall water balance (and data quality); water system
centralisation; and rainfall, stormwater and wastewater potential to meet water supply needs. City
water strategies recog@ some of these flows as important future water resources and this chapter
illustrates the related energy implications of their development. While it is theoretically possible that
such water can be harvested using relatively low energy, schemes to agatetyhically not
demonstrated this. Greater attention to the eneffigient design of such systems, and cities, appears
strongly warranted.

In order to undertake a mass balance calculation and a resource use comparison, a clear definition of
the gstemiAidboundaryo was essential. This defini
most previous studies. Based on the (tight) adopted metropolitan boundary, mass balance enables the
development of a structured equation suitable for quantifyifg bllo ws bet ween #fAt he e
Aithe cityodo in any city, at any scal e. |l mportan
storages of water outside the <city, and natur a
cities. Itshows how a powerful crosheck of all water flow data for any city is possible when a mass
balance is used.
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While the method of analysis highlighted major differences between the cities studied, only results
from a single year are available. Further madthrough time and capturing a range of climatic
conditions are necessary to draw definitive conclusions. Detailed mathematical moidetejly

with a spatial componerit could be useful for identifying key factors of influence, sensitivities and
uncertainties. The water mass balance appears to provide a foundation upon which otheslateter
balances, including wateelated energy and GHG emissions, could be based.

6.4. Water-Related Energy Research and Policy Development

The fourth objective of thisesearchcontributeda roadmap to assist the systematic reseamalicy
formulation and management of watmlated energy in citiesBroad knowledge gaps include
economic, social and institutional/legal dimensions of the watergy nexus as well asderstanding
of the connections in the industrial and commercial sectors.

An international workshop convened in California identified necessary action, research and policy
development necessary for successful combined management of urban water andretgted-our
priorities are: (i)combined water and energy standards, guidelines, funding and efficiency planning,
(i) development of wateenergy educational programs, (iii) improved methods to quantify and track
waterrelated energy targets, and (improved understanding and management of factors motivating
consumers in regard to their consumption of water and related eSexion4.4 andKenwayet al

In press (Accepted 12 December 20ta@htain further detailsNVhile these priorities were identified

in, and hence could be Califorrigiented, it seems likely that they apply to cities with similar socio
technological regimes.

Collaboration across sectoand institutions is anticipated to be essential in making progress. A
coordinated research effort could enable many component pieces of information to be united and help
a collective picture to progressively emerge.

Because this researchfiscussed ortities the research priorities identified here would seem more
likely to contribute to urban desig®ther effortsto characterise research priorities, identify some
similar elements, however, they are typically broader and address nataf@issuedlternatively,
they are narrower and focus on water conservation efforts alone.

The method used for development of the roadmap was well supported by workshop participants. The
workshop and ofine survey method used could offer a model for the developaierther roadmaps
relating to complex, mukilisciplinary issues.

Should a longer term water, energy, or economic (or combined) crisis emerge, having undertaken
relevant research and development would help all involved respond far more quickly andesffectiv
Policy based on solid evidence is likely to be far more effective than deaigsikimg on the run. The

time for implementing such research is well ahead of any expected crisis.

6.5. Conclusions from the Integration of Water-Energy
Approaches

This researcltollectively provides a number ofiethod capable of improving knowledge of water
related energy in cities from a macro to a micro scale.

Objectivel has provided aoverall assessmetn identify major components of wateglated energy
in cities. It demastrates the significance of watelated energy in Australian Cities.

Objective2 explains a mathematical technique to detail specific areas, in this case for households. It

applies this to a single household to show how 59% of the energy use of teadidus influenced
by water choices.
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Objective3 demonstrates how to improve our knowledge of the water balance of cities. It also shows
how this could help improve understanding of waidated energy can be in future.

Finally, Objectived develops a ture-oriented road map for management and policy development
regarding waterelated energy in cities.

Quantification of waterelated energy is likely to support better management of both water and energy

in cities. It is relevant to water and urban plarmalike. Such knowledge is arguably the key for
designing waterand energpge f f i ci ent ci ti es, and buildings. QL
systemo is vital i f we seek to solve probl ems,

The detailed understandjnof causeandeffect relationships enabled through MMFA provides
understanding on the relevant levers of performance. While, at this stage, this has only been conducted
for a single household, there is the potential to extend the MMFA approach to daveteatelated
energy. It could also be extended to address
met abolismd of the city is understood, systemat

Only a small fraction of the potential of the urban metabolismemha@s assessed in this research.
The use of a mass balance approach offered a significant analytical and practical value for
understanding and managing urban waldre concept of urban metabolisappears tgrovide a
conceptual an@nalyticalbasis against which investigation of the wagsergy nexus in citiesould

have far greater rigour and quantification.

Wider use, understanding, and reporting of urban metabelisuid be highly beneficial tthe future

of urban water and energy manageiné could change how we think about our cities. We could view
our cities as sources of water, and we could view our water as part of the solution to thexedergy
GHG emissionsproblem. Such thinking could lead to considerati@nges in the physicaha
institutional structuresAs pointed out by Abel Wolman in 1965, there is no shortage of water or
energy, however, finding appropriate solutions for better management and balance requiersnong
thinking.
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APPENDIX - Literature Review

Background Context

This research focuses on waesrergy interconnections in cities. It also considers the use of urban
metabolism theory, with particular attention to the water balance. Particular effort is taken to describe
existing methods, arttieir strengths and weaknesses.

This research does not specifically address whether we have a problem or set of problems such as
climate change. This is assumed. Rather, the research addresses application of a conceptual model and
its component approachds.uses this application to identify potential research insight for cities and
households.

Taking a fresh look at these areas was considered important because there appears a glaring need to
improve the performance metrics of our cities, particularly wetpard to water and its influence on

energy. While this would appear to have significant implications for urban (and consequently national)
management, these implications were not a particular focus of this research. Rather, the attention was
on improvedquantification. With better analysis tools, methods and data, it was hoped that the
political implications would be more likely to enable appropriate responses.

Why Study the Water-Energy Nexus?

You think that because you understand Aoned th
and one make two. But you forget that you must

(2007).

There are many compelling economic and political drivers for our increased understanding and
management of the watenergy nexus. fe Wor | d Busi ness Counci |
sustainable solution@o global natural resources problem® must ensure that we address water,
energy and climate change invholistic way. It is not practical to look at them in isolation. When you
have an energy problem, you (WB&SD200. wat er pr obl e

There & a growing realisation that managing water, energy and cagswhtheir connections, is vital

to economic succes®Vater and energy are not only connected; they are collidmyt&yes of water
are impacting on energy production potensiad pricing inthe USA, Asia, Europe and elsewhere
(Hightower and Pierce 20D8\ew waer swpplies require more energy. Increased energy supplies will
require more water.

The Sandia National Laboratories notes that i
United States depends on a sustainable supply of both energy and watertwihestical resources
are inexticably and reciprocally linkez(United States National Laboratories c208

The ecolmic relevance of watexnergy interconnectioris taken further byrichardL. Stanley,Vice
President,EngineeringDivision, GeneralElectric, at the 9 July 2009 hearing afhe United States
Congress and the Department of Energy House SciencBeghdology Subcommittee on Energy and
Environment fi | t c oauildd dwr seconomy runs on fwtaher e x Hs
bet ween power generation and water usage i s or
policy challenges .

Goldsten, et alreport that the Southwest the United States particularly vulnerablevith regard to
thewatere ner gy nexus. T sage watbrgesaurces dontinue tothe uiliseid beyond
their natural recharge rates, and innovative approdoheke integrated use of water and energy are
not implemented, the serarid regions of the hited Statesmay be economically constrained and
environmentally degraded, with potentially severe impacts to the social §¢@atdsteinet al 2009.
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Considerably morglobal political attentions being given to the issue in part because wat@major
avenue for climate change impacts. The wat@rgy nexusappeared on agendas of the G8
Environment Ministers meetings in 2007 and 2012, and many other high level international meetings.

However, despite the promineneegter strategies and policiesrrently largelyignore energy issues
(Marsh 2008. At best, the direct implicatiorare consideredsimilarly, energy policy and strategy is
typically silent o water issuesk-or example, the international energy outlook prepared by the United
States Department of Enerdipepartment of Energy 20)1lonly very superficially addresses the
associated water consenuces; there is no quantification of necessary consumptive amounts, or the
availability of such water. Likewise, wateglated impacts are hardly mentioned.

| believe nowledge of the links between water and energy in both the production and consumption of
water is necessary for us to optimise the use of, and the impacts of using, these reSbarces.
efficiency of cities is critical in this regard, because cities are focal points of resource flows.
Significant quantities of water, materials and energy gasstly through our cities as energy, water

and materials. Even more significant quantities pass thrimgliyiectly embedded in food and products

(eg, Avirtual 06 water). With regard to these ¢l
virtually no information. With no information, it is exceedingly difficult to know if our strategies and

plans are improving the overall efficiency of the city.

The Water-Energy Nexus and Related Carbon and Nutrient Cycles

Even thoughhe fAwatergy nwedely distusseds it ipoorly defined. Ths research
considers the waterenergy nexus tor epr esent t hesdO fiont efindeabuhseee € O i
relationships between water and energy. When there is a connection, a change in one leads to a change
in another(eg, more water requires more energy which requires more watkeynatively, a change

in a third factor causes a change in both water and energy use. For example, increased food production
or consumption, means increases to both water and energy use.

Because water and energy pervade every aspect of ecosystems, human systems and economic activity,
the connections between water and energy are everywhere.

There is a frequently described relati WBGhi p b
nexu s(é.g. Prouset al 2007). Theclassic example, the Australian drought situation from 220027,

is that a drying climate may reduce available water supplies and increase water demand. This can lead
to an increase in energy required to provide the water. The additional energy usenctoffset,
contribute to more GHG emissions and thereby accelerate climate change. The increased energy
demand can also create demand for watecdoling energy plant8vcMahon and Price 20)1

A less regularly articulated connection also exists between water, energy and nutrients. For example,
industrial processes consume energy to manufacture nutrient fertiliser. Food production in agriculture
requires water, nutrients and energy (eg, for pumping water). The influence of urban water on the
nutrient cycle has been known for some time. In 1840, the pioneering German chemist Justus Leibig
wrote to the British Prime Minister regarding the propos#doduction of the closet toilet. His
concern was that flushing nutrients into the sea, rather than collection and reuse, would lead to soil
nutrient impoverishment and consequential plant productivity decline and the need for (energy
intensive) fertilise replacement$O'Mearal999. Barles(2007) analysed the trend of nitrogen flows
through Paris. In 1913, 40% of the nitrogen in food inflows to Paris flowed back to agriculture as
valued fertiliser. Barles showed how increased residential water use, and the wider usagef sew
systems, led to increaséiduefaction of organic wastes renderitigoo wet to economically reuse.

This contributed to a subsequent rise in the dependence on synthetic fertiliser.

" This includes theUnited Nationsmeeting in Bali, 2007, the World Economic Forum in Davos, 2008 and varioudelvighwater
conferences including World Water Week in Stockholm, 2008, International River Symposium in Brisbane, 2008, UNESCO Water and
EnergyNexus Symposium in Paris, 2008, and the 5th Wavlater Forum in Istanbul, 2009, and the inaugural World Congress on-Water
EnergyCarbon (Dublin 2012).
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More recently, energy has also been invested to remove nutrientsvist@water in order to protect
receiving environments.

Humans have tapped into the energy flows to manage water and nutrients (food) as part of the
civilisation process.Herbert Spence(1862/188() stated in hisfFirst Principle® t h asbcietdi
progress is based on energy surplus. First, it enabldal growth and thereby social differentiation.
Second,tiprovides room for culturalctivities beyond basic vital needs

It would be an enormous challenge to research and understand the myriad efneeggnutrient

carbon links because the connections are vast, and many are unquantified ackameyeaqg.

However, recognising the relevance of these interconnections with water, and developing a structure
within which to identify where the boundaries of the waeergy nexus start and finish in relation to

these other cycles, will help provide context floe tesults of research focussed on water and energy.
Approximation of the influence of the other cycles will help give confidence that the conclusions
remain valid if wider linkages or an alternative perspective were also considered. It is anticipated that
the urban Asystem boundaryo, i mportant for met

Previous Studies of Water-Energy Links

Research on various aspects of the watargy nexus has been undertaken in several countries. In the
United States energy shortagebave fostered a number of studiemalysing the wategnergy
relationship(Gleick 1994 Gleick and Cooley 20Qohenet al 2004 Klein et al. 2005 Lofman et

al. 2002 Stokes and Horvath 20p6Research irCalifornia has been considerable, partly because
significant energy is invested in moving watieroughout that State, and in part due to an energy crisis
which wnfolded in 2004Marsh 2008,

Much of the work in the United States has been led by the energy sector including the Californian
Energy Commission(Public Interest Energy Research (PIER) Program{l the Electric Power
Research Institute (EPRI).

Australia has also been very active in watregy nexus research (Refé¢enwayet al 2011¢ and
Chapter 2). In contrast to the United States however, thievator appears to be either (i) water
shortages leading to energy shortages, or (ii) a desire to minimise environmental impact of water
management in response to perceived climate change impacts.

Kenwayet al (20119 summarises a review of international literature on the veatergy nexus taking

a broader perspective. It classifies the research by objedirension and scale. The analysis
identifies both the focus of research to date as well as the many knowledge gaps. Major gaps include
our understanding of (i) energyater connections in the industrial and commercial sectors, and (ii) the
influence of ecnomics, social and political/legal/institutional factors. These omissions are substantial
considering the wide influence of the industrial and commercial sector, and the strong importance of
economics, human behaviour and political/legal issues to ourgmanemt of water and energy.

The review also identified a number of important recurrent and emerging themes. These include the
need for wateenergy sector collaboration, the potential for combined governance frameworks in
water and energy, and the potehtd urban metabolism as a guiding theoretical and analytical
framework.

The lack of a unifying framework has meant that an enormous diversity of research approaches have
been undertaken, with no particular consistency. This means that comparability stadbss is
virtually impossible. The quality or depth of the research also varies. Many studies are qualitative in
their analysis of causand effect, or deal with average conditions only. Very few have made the step
to understand the sensitivities of thestem or the uncertainties.
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The absence of studies analysing the influence of time was another surprise. Consideration of time
could help establish whether the connections between water and energy are changing over decades, eg,
as cities grow or waterogrces change. It could also help identify how changes, throughthau24

cycle contributes to peak demands in energy loads.

Quantification of Water-Energy Interconnections

Klein, et al (2009 conducted a startling and welted analysis of the wat@nergy relationship19%

of Cal ieléectvicitymand3P%o f Ca | indtusal gasisa Wwas related twater provision and

usel n Kl einbéds analysi s, ci t i ehe effeco angounting % of he do
electricity and 34% of natural gasise(see(Kenwayet al In press (Accepted 12 December 2Q12)
Agriculture accounted for 4.2% and 0.1% of the electricity and natural gas use respectively.

More recently, Wolff and WilkinsorfWolff and Wilkinson 201ls epar at el y est i mat €
waterr el at ed energy as comprising 20% of tusee St at
Wolff and Wilkinson indicate that the 32% cited by Klein, represented the use of natural gas for all
other purposes other than electricity generation. Tégiff and Wilkinson 201)st at e t hat K
32% is equivalent to about 18% of eda(1995f ior ni ad
deMonsaberi(1998, noted tke financial significancef waterenergy connections in homes: in the

United States aloneverUSD $15billion was spent on residential water heating.

I n apparent contr ast (2008) idéntifiedi tadis Australia,kurban Kvater w a y
provision and residenti al water heat i mygtemsons ut
energyo. I n Kenwayds wor k, ur b a ratasproottien rofstotae n e r g
state primary energy use including all stationary and-gtationary fuels (eg, coal, diesel, petrol,

natural gas, hydropowerlowever, a limitation bthis analysis is that it compares emske of energy

such as electricity consumption (the numerator) with total primary energy use (the denominator). This
underestimates the proportion of primary energy use because thermal electricity generation requires
approximately three units of primary energy (largely coal) to create and distribute one unit of electrical
energy to end use(&leick and Cooley 20G9EA 2017). The scope of Kenwayods
only a fraction of the wateznergy intedinkages addressed by Klein.

Additional differences in the Californian and Australian results are likely to be attributable to
differences in water use and the energgnsity of water supply. For example, while indoor water use
in Australia was estimated at arouhtlitres per capitgperson) per dafl/(cap*d)), the Californian
estimate was approximately 2B{cap*d) (Klein et al. 2005. Similarly, total residential water use in
California (372 L/(cap*d)) was higher than Australia (23@&ap*d)).

Water provision inCalifornia also takes more energy per unit of volume, due to longer pumping
distances and elevatio&lectricity usefor water supply inCaliforniais 1.1-3.3 kilowatt hours per
cubic meter of waterkiVh) /nt) for Northern and Southern California respectivalyater supply
systemsservicing Australian capital citieaveragd around0.8kWh/m® (Kenway et al 20081 in
200607.

Klein& residential estimate includedater usefor showes, taps dish andclotheswashing, toilets,
landscape irrigation, chilled watece making and swimming poolsra spas. Residential energy uses
related to these activities inclutlevater filtering softening, heatinghot water circulation loops,
icemakers and chilled water systemsd groundwater pumping of private wells.

Commercial waterelated electricityand natural gasuse reported by Kleinet al (2005, was
dominated by wateroolingand heatinglndustrial waterrelated energy was largest in theblishing
and broadcastingorinting petroleum refiningnonmetallic mineral product manufacturing afbd
production sectors Comparable Australian data have not been identifiGehway et al (20119
identifies that a relately sparse group of studies have undertaken research on the connections

8 Equal to 4,00aL2,700 kWh/million gallons.
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between water and energy in the industrial and commercial sectors. It also identifies this as a major
gap considering the significance of the interconnections. The lack of detaitkelsstoay be due to
issues of complexity and namiformity of process (every industrial site is different), and also
commercial sensitivities of the data.

What is clear is that considerable energy is consumed when water is provided and consumed. What is
also clear is that improved methods will help with comparisons. Wolff and Wilki(idtiff and

Wilkinson 2011 reinforce this point. They indicate that whileh e i r estimate i s si
di fferences in the methedalppgyeatéyscygosti mant
t oo s e.rni particaldr Wolff and Wilkinsonflag that there are numerous differences in the
natural gas estimes that would move the numbers apart rather than closer.

History of the Water-Energy Nexus

The development of the watenergy nexus has a lomdstory and is founded in our socEconomic

and technological regimes. In a rare historical narrative, Mgkarsh 2008 evaluates the
development of the wat@nergy nexus in the context of the Australian State of NewhSdlales.
Adopting a focal point of water and energy infrastructure (rather than water use), she identifies how
the development of the energy sector in Australia has been crucial for the development of the water
sector in its current form: their historiase intertwined.

Marsh points out that Australi abs a-dieepmdotoosh o f
and institutional models, largely from the United Kingdom, and later the United States, have shaped
the waterenergy interconnection iAustralia. For example, subsidies for major water and energy
infrastructure projects in the mid 2@entury were not only socially and politically acceptable but
considered critical to national development. Marsh notes that this infrastructure, whictisewts|
beyond | ocal or municipal boundar i (Marsh200%also s hap
articdates how reforms instigated by the Federal Government through the Council of Australian
Governments (COAG) in the latter 2Century brought about an interstate trade of energy and water
via the National Energy and Rural Water Markets respectively. Mamstiudes with the opeended
observation that in the current era water and energy sectors are expected to makectiost
decisions regarding infrastructure development. She observes that a current major driving force for
these decisions is the matkeechanism under economic rationalist theory. Little information appears

to exist on historical development of the wageergy nexus in other nations, or within cities.

The Need to Focus on Energy-Related GHG Emissions

Many previous wateenergy nexus gtiesonly considerenergyrelated GHGemissionge.g. Cohen
et al 2004 Kenwayet al 2008l). Diffuse or fugitive emisens are largely ignored&nowledge of
waterrelated energy usevill help characterise a substantial portion of all watdated GHG
emissionshowever other sourcesxist.

Focussing on energy usad related emissioris arguablymore relevant to tnianand water planning
in the context of sustainable cities. This is because urban and water ggsigmhave major and
interconnectinginfluences on eergy use In Australig electricity from coafired plants is the
predominant source of enerffgenwayet al 20088. Consequety, reducing energy use will have a
significant imp&t on GHG emissions.

Management of total wateelated GHG emissions would also need to include fugitive emissions
associated with water systemiBhere is a wde set of fugitiveemissions.For example,diffuse
emissions frommethane releases from flooded vegetatiomwater storagef.ofman et al 20029 or
methane anditrous oxideemissions fromsewersand wastewater treatment plantShe physical,
chemical and biological processes thavellGHG emissions in urban water aemticipated to be
different tothose thatredriving energyuse For example, treatment plant design and management is
amajor factor influenimg GHG emissions at treatment pla(i® Haast al. 2009.
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Laneet al (2009 also note that some demntralised systemsuch as septic tanks, use low energy, but
may produce significanGHG emissions.While this appears potentially a significant issue for
decentralised systems, the vast majority of water supply and wastewater in Australian citieis is with
large centralised systems.

Consequently, this research focuses on enmrigged GHG emissionsSimilarly, this research is
focussed on operational, rather than-tfele energy use. This is because many studies have
demonstrated that operational enetge dominates energy use through the water ¢$attekes and
Horvath 2006 Stokes and Horvath 20R9This is particularly the case for centralised water systems
which dominate our cuent cities.

Methodologies to Quantify Water-Energy Links

Diverse methods have been used to understand aspects of thenveatgr nexus (sg&enwayet al
20119). Three main approaches stand out as highly relevant given the goal of this research to quantify
linkages in cities: (ijnechanistic modelling with or without monitoring, (iput-output (I0)
modelling, and (iii)life cycle analysis (LCA). These are all mathematical modelling approaches.

These are discussed below to clarify their existing features and uses, and to form the basis for the
methodology selected for this research.

Mathematical Modelling

Mathematical models have advantages which include: (i) enabling investigators to organise their
theoretical beliefs and observations, €éXpedite the analysis, (iii) test system modifications, and
(iv) analysis is generally less costly than observiegststen{Fishman 1996

In addition toquantitative methods, a range of qualitative methods have also been used to understand
or describe wateenergy interconnections. For exampRrpustet al (2007 summarised the meta

policy environment surrounding the watarergy nexus. Mars{Marsh 2008 undertook a historical
surveyof the nexus development in New South Wales. Structured interviews and literature review
have been used by Cammern{afi09, as have case studies by Reta(28D91. Qualitative methods

may help illuminate many sources of influence including suspected physical, social, legal or economic
factors affecting trends and behaviour.

In order to simulate changes, to establish performance, to determine key factors in complex systems,
or to undestand confidence limits, quantitative approaches are necessary. Quantified understanding of
the causandeffect chain of water and energy is needed to identify how systems will behave into the
future. Quantified understanding is essential, rather tharelabon alone, particularly when non

linear responses can be trigge(®tkadows 200y

A range of quantitative tools such as elast analysis, and supplyased pricing have also been used

to evaluate economic dimensions of the wateergy nexus. These are not reviewed here as this
research focuses on quantification of physical watergy connections. The exception is that 10
modelling is considered because it has been used to study a wide range of indirect connections of
physical resources within economies. Optimisation approaches were also excluded because knowledge
in this area is so preliminary and the objecfiwections (opimisation criteria) relevant in a system, as
complex as a city, have not yet emerged.

Mechanistic Modelling
Many variations of mechanistic models have been used to quantify-evetrgy interrelationships.
Most are deterministic, meaning that the moalelays produces the same output for a given input.

Mechanistic modelling has been typically supported by various degrees of monitoring and data
mining.
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Mechanistic models express the caamdeffect relationship for certain processes or a system as
mathenatical equations. The models, in principle, reflect our understanding of how the system works.
They are also based on certain accounting or physical principles, or laws such as conservation of mass,
energyandmomentum(Aral 2010.

In 1998, deMonsabelfdeMonsabert and Liner 1998sed mechanistic modelling quantify the

impact of water conservation on energy savings in United States government facilities. The
WATERGY model developed used algorithms derived from published studies and appliance data.
DeMonsabertodés contri but isale factoassaffettiog direct evatdr,iandya Kk ey
number of indirect energy, savings. For example, these included water savings from toilets and urinals,
taps, showers and baths, clothesshers and dishwashers. Energy savings in the faoiligye
calculated inalding conservation of boiler water use. Utility savings were also determined.
DeMonsabert noted that the complexity of each individual facility made generalisation problematic.
Using a Ahypothetical o facility slihgewatéreffieiant i f i e
shower heads, taps, and reduced boiler wastewater (blowdown).

In 2002,Cherg (2002 modelledenergy use through the residential water cycle, includmgsehold
pumpsused to pressurise water for delivery in high rise buildings. Limited monitoring was also
undertaka. Cheng unitised all energy use per unit of water delivered to the apartment studied. This
approach identified that pumgsntribute relatively little to the energy in the urban water cycle (0.14
kWh/m® of 6.5 kWh/m® (water supplied)). However, water hiegtin showers (4.74 kWh/fr(water
supplied}® used far more energy.

Two studies led by Retam@&009a 20091 identified the relatively high energy use iinwater tank
pumps (per cubic meter (A swpply) as an emergingsue. She used mechanistic modelling together
with detailed monitoring to understand likely rainwater tank pump energy use.

Flower (2009 used mechanistic modelling and data mining to characterise-wetdéed energy in

three average (hypothetical) houses with different hot water systems. Critical parameters in his
analysis included the frequency and duration of various events (eg, cycles/household/day or
events/persons/day) coupled with water and energy usage patterns. Etmweared baseline
conditions and alternative scenarios at-sitgle.

Beal et al (2008 undertook detailed monitoring of water and energy in six households. dhe w
established the fAmetabolismo of an fAecosensiti)
benchmarked with a local suburb (The Gap), the council area (Brisbane City) and the Australian
average. The work gave insight into housefsaldle wateand energy flows. However, the particular
devel opment studied coul d be de sig consbauahtly ac Agr
representative of mainstream households in Australia and hence not scalable to understand trends in
existing cities.

Bacdni and Brunner(Baccini and Brunner 199Jpoint out that in order to understand the matge
water and energy fluxes of societies (the metabolism), it is necessary to undertake systematic and
quantified analysis of the material flows around activities, goods and processes.

A range of decisioisupport systems have been used to understand-eratggy linkages. One of the

more detailed approaches is Material Flow analysis (MFA) which has been used for a number of
environmental probles ol vi ng approaches. I n the 199006s MF
concepts in order to simulate flows ofatter influenced by anthropogenic activitiéBader and
Scheidegger 20)2resulting in Mathematical MFA (MMFA). However, to date MFA has not been

used to understand watenergy interconnections within households. Similarly, no existing models

° DeMonsabert considered direct savings to be at thétyaaild indirect savings to be at the utility. This language is a reversal of that used
in this thesis, which considers the direct implications at utilities.

10 actual energy requirements for heating water used in the shower was 26 kkdiwaver, Cheng coerted this to the equivalent energy
use per unit of water delivered to the household to enable more ready benchmarking with the water supply and wastewategrgyste
intensity.
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used for analysis of watenergy links appeared tave inbuilt processes to identify sensitivities (key
factors) or uncertainties linkagéSonradet al 2011). As the tool SIMBOX had been used to exdé
both water and energglated questions, and containedbinilt sensitivity and uncertainty analysis
capability(Baccini and Bader 1990it appeared a highly desirable approach for this research.

Input-Output Modelling

IO analysis is an approach used to understand the overall economy, itss,sactdr their
interdependencies. Historically, 10 has been used to assess financial data using monetary flows.
Recently, many more applications have been developed including analysis of water and energy flows
through the economiwWiedmann 2009 The foundations of® analysis stem back to the™8entury,
however its current form, including the addition of environmental and resource accounts, has been
shaped by Wassily Leonti¢Foranet al. 2003. Increasingly, 10 is being used to asses#tinnegions

(MR), leading to development of MRIO methods. The methodology lends itself well to examining
links between water, electricity and the wider econg@ktgrsh 2008.

Foranet al (Foranet al 2005 Foranet al ¢c 2004 articulate how financial 10 tables can be used with

the System of National Accounts (1998)nited Nations 2003developed by the United Nations to
understand the flow of resources, and environmental impacts in the economy. The materials intensity
of each sector of the economy (including its supply paths) can be determined. The method reveals a
diversity of impactghrough the supply chain of services and products. The approach can identify
indirect (embodied) water and energy used indirectly when various goods and services are consumed.
IO analysis appears to have wide policy implicatigDanielset al. In Press Accepted November

201D).

Lenzen(2008 used 10 to linkAustralianWater Accountsand national(financial) accountso show

direct and total (indirect ptudirect) water flows through the entire Victorian economy. IO has also
been used to identify the direct and indirect water (or energy) flows embedded in the products from
each sector of the economy and between ngiidiesimann 200P For exampleLenzen(Lenzenet

al. 2010 demonstrated that the carbon footprint of the United Kingdom has been increasing due to
out sourcing ofo ftdoi.rGhyi npar oducti on

IO modelling overcomes two key disadvantages of most othdroae Firstly, it is scalable. IO can

be used to track individual products, businesses, or entire national or even global ec{foraiet

al. 2009. Secondly and probably more importantlit is flexible with regard to thesystem boundary
through the supply chain. Consequently, analysis of indirect effects associated with the consumption
of goods, or use of services, which occur through the supply chain, are readily undertaken. However, a
limitation of IO computations is thalhe relationships developed can often not be generalised to other
conditions because mechanistic relationships have not been established.

IO approaches appear philosophically consistent with the theory of urban metabolism because both are
focussed on inpatand outputs to discrete entities/sectors. Consequently, it appears to have high value
to the proposed research togiowever, in practice 10 data is typically so high level (eg, say®D

sectors of a state or national economy), it may be difficult to use the approach other than an overall
screening assessment and general characterisation. While IO methods appeaellivewyted to
analysis of the wateznergy nexus there has been only one study by M&ftatsh 2008 which used

it for this purpose, and that had a focus on the state of New South Wales, rather than individual cities.

Direct and Indirect Energy and Water Flows
The preceding text shows thagpknding on the perspectjwdifferent linkages between water and

energy are ggarent. For example, energy is used by water providers (at differenfroatedifferent
sources) to provide water to end uséfad users consume energy at different rates when water is

1 Eg, production with higher levels of waste such as cadioxide emisins per unit of product.
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consumed. When products move fregriculture to other sectarsr from industry and commerce to
residential consumers, embedded or virtual water and energy also flows to the consumer.

Proustet al (2007 identify that significant energy can be embodied in the supply chain of goods and
services such as food. Water and energy i mpact
layer) can be ordesf-magnitude greater than theeggy or water directly consumed.

If, the goal is to reduce the consumption of water and energy in the provision of water, a particular set
of links and solutions will emerge. However, if the goal is to reduce the consumption of water and
energy for a regio or nation, then a different set of linkages may be relevant. Adopting the
perspective of the endser or final consumer is perhaps the most complex (and powerful) because
many of the linkages end up flowing to this point. Considering only the linkageiie A pr ovi si
Aproductionod of wat éssesrauchlofteerpieturgy per spective m

Life Cycle Analysis

LCA is another tool commonly used to understand the watergy nexus in the delivery of particular
products or services. LCA is an environrt@mmanagement tool for identifying and comparing the
Afcradle to graveodo environment al i mpacts of the
and disposal of human artefacts. This wholistic approach considers direct and ideally relatekproce
includi ng hmardkeent 6o rf |fionmosn o f raw materials and
material, and energy outputs associated with the sy&amiels 2002 citing Guinge

Daniels(Daniels 2002 suggests that the primary objective of LCA is to create relative comparisons of
the potenti al environment al harm of alternatiyv
he also points out that once the overarching goal shifts to the sustginatplications of specific

material (including water) or energy flows, thietirA will be required to place the results into a real
regional context.The LCA procedure typically involves comparison of a small number of
substitutable products assumed tovide a similar consumption servi¢gtokes and Horvath 2006

Two major formsof LCA exist (i) processbased €g, using thdS014040Standar), and (ii) 10-
based. Procedsased LCA involves iterative stepgi) goal and scopéefinition (including system
boundary definition)(ii) inventory analysis(iii) impact analysisand(iv) improvement analysi3O-
based LCA use financial data (see d$ooften with environmental extensions, to understand flows
and impacts of various activities, or developments, through the economy.

More recently a third or hybridLCA approachhas also been use&tokes and Horvati2006
combinednationallO datawith resource consumptipemissions and waste data model direct and
supplychain linkagesrelating to alternative centralised urban water service provision options in
California Stokes and Horvatt2006§ argued thisminimisedtime and data requirements for analysis.
Procesdased LCA was used to assess the environmental effects of system construction and operation.
They are also flexible to use in common software (such as Microsoft Excel) amddéstake
sensitivity analyis (Stokes and Horvath 20p61ybrid LCA methods have nget beerstandardised

Daniels and McBea(2009 observedhat LCA techniques are one of the few, if not the only, material
and energy flow analysis methods governed by standards (eg, 1SO14040). No current internationally
recognised standard exists for related analysis approaches such as Material and Sulmstance Fl
Analysis, Water Footprint Analysis or Virtual Water Accounting.

SeveralLCA investigations have identified that the operational plofiseater systemsisesmake up

the vast bulk of energy when the full life cycle is considered. For exa@petet al (Grantet al

20006 analysed the LCA performance of rainwater tapgtems (including their purgpand compared

this withthe centralisedvatersystemHen ot ed t hat Acapi t al infrastru
much | ess important than operational i mpacts f
imported, desalinated and recycled water options for California, Stokes and H@®@$point out

that over 90% of energy consumption is in the operational pRiseer (Flower 2009 addresses this
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very issue anctonclude that in water syemsfioper at i onal 0 i suseuustdies part
analysis rather than life cycle impacts.

Mithraratneet al (2006 use LCA to show that the designof a water supplygystem can have a big
influenceon thelife-cycle energy consumptigrparticularly for small scale atecentralised systems.
Theydemonstratethat water supply operational energy can vary from 65% (Auckldaed Zealand,
reticulated supply) to 12% (plastic rainwater tank). However, as centralised water systems dominate
the water system withimost large ities, and as for these systems operational energy comprises the
bulk of energy us€Stokes and Horvath 200%tokes and Horvath 20Q6attention to operational
energy use appears warted.

Kenwayet al (20080 notes the substantial inflence that sitspecific conditions can have on energy
use. For example, Melbourne uses very little energy for its water stupptynent and pumping 5
GJ/ML) because the supply primarily drafinem elevated protected catchments. In contrast, Sydney
Perthand Adelaide use8.0-6.0 GJ/ML (in 200607) primarily due tahe need to pump water long
distances or heights or treat more marginal quality walérs energy consumed for water supply can
range widely varyindrom 10-80% of the total energy to supply, treat and distribute water depending
on thesource(Stokes and Horvath 2009

The dominance of operational engrgnd the major impact of local sources in water management
appear tdoe significart to the relevance dfCA approacheslt means that globabr even national

level, averages have relatively little meanir@ecause operational energy dominates thecijtde

impact of water systems, it would appear prudent to focus on the energy use associated with the
operational phases of the syste

Urban Metabolism

Urban Metabolismis the theoretical framework used in this research. Urban metabolism is a
conceptuamodelwhich has been used descrbe and analys flows of materialsincluding wateand

energy within cities (cf. Newman 1999Wolman 1965 Deckeret al 200Q. At its simplest urban
metabolism considers the mass balances of all materials of urban s{Sadmlyet al 2003. At most
complex it draws on the rich metaphor which considers cities literally as orga@misnan 1965
Deckeret al 200Q. FischerKowalski et al (1998 argue that the concept of urban metabolism has
become one of the most powerful paradigms and interdisciplinary concepts for the empirical analysis
of the societynature interaction.

History and Uses of the Metabolism Concept

FischerKowalski (1998 reviewed the intellectual history and application of urban metabolism
analysis to material and energetic processes within society as far back as theSh8atstes that it

was Marx and EngeldMarx and Engels 1867/19BWho first applied the term metabolism to society
within the foundations of social theory. Their work had been moulded by Mokgd852 who
described metabolism as an exchange of matter between an organism and its environmehgrrather
as a cellular biochemical conversias modern textbookdo. FischerKowalski concluded that the
concept assembles widely scattered approaches in biology, ecology, social theory, cultural
anthropology and social geography

FischerKowalski (1999 argues that thepplication of the term metabolism to humsoriety cis
across t he bdtwpenaghe natudili amdi sdceldsciences. In the 1860s, when this divide was
notas wide, the concept of metabolism, which tihwes emerging in biology, quickly found resonance

in much of classic social science thedrgter, whle being developed further in biologynd ecology,

the social science usage of this condsgtame more or less restricted to outsiddes. conclusion

was that metabolism is the mode in which societies organise the exchange of matter and energy with
their natural environmer(FischerKowalski and Huttler 1993
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FischerKowalski alsocites several authors at that time, including Ged884, who sought to find
a unified calculus based on energy and material flows capable of providing a coherent framework for
all economic and social activity. Many still aspire to sl 130 years later.

The idea of urban metabolism was first put forward with a core intent of addressing contemporary
urban resource issues by Abel Wolman in 198®Iman 196% He suggested it as a means of
simultaneously addressing the then clear probl
airo as well as theiscalbhs®or Apublic economic ¢

Wolman defined urban metabolism @ the materials and commodities needed to sustain the cities
inhabitants at home, at work and at plakis includedthe construction materials needed to build and
rebuild the city

In a hypothetical city of om million people, Wolman demonstrated the dominance of water in the
material needs of cities. His city relied on 625,0ffines (t)/day (0.6t/ capita (person) per day
(cap*d)) of water which entered fisil edomhapt and
material flux of the city. The same city produced around 500,000 t/day (0.5 t/(cap*d)) of sewage. Total
fuel consumption was approximately 9,500 t/day which included 3,000, 2,800, 2,700t/da006f

coal, oil, natural gas and motor fuel regpeddy. Food input was around 2,000 t/day. Wolman also
commented on the complexity of the urban energy cycle. He pointed out its distinct differences to
water including a lack of a centralised collection system that sewers provide.

Wolman also considerethe relative price of water with other services such as communications and
alcohol . He tshbuldde aleardhattAmaitans ftdn afforgpdy for all the water they
needo. I n Wol mandés time, wat er wa 8uengeohe nadien&@ n as
economy.Wolman summarised that there is plenty of water available but that supplying it requires
foresight.

Since Wolmandés | andmark articl e, only a | imite
Almost all have focussed daroad or complete inputs and outputs of individual ciie=nnedyet al.

2007. In most cases the research effort has been aimed at understanding the throughput of cities or
how to manage cities to reduce the draw from and impact on local and global environments. More
recently, the concept has been used to understand the throughput of cities for specific substances such
as nitrogen flows through PafiBarles 200Y.

In one of the first systematic reviews of cities, Deqi@800 compares the metabolism of the largest

20 cities (megacities) of the world with regard to théaod, fuel, water andiir cycles Decker
concludes that understanding the energy and material processes of urban systems is both grossly
understudied and an imperative facing the social, environment and energy challenges of the next
century. He support sat Wited isnthe dosninant breaterialvflaxt dnad that t h
atmospheric (emissions) pathways surface as the most important for understanding the more recent
impacts of megacities on neighbouring and global ecosysifitis.regard to spatial focus, Decker

notes thatittle effort to date has been invested in the cooging comparison of the growth of
megacities. He suggests that it is critical to broaden the study of individual cities into systematic cross
city comparisonsDec ker concl udes t habdismfardrsacteyson vall provide ur b
critical information about energy efficiency, material cycling, waste management, and infrastructure
architecture i n ur baaminangesiin themsban fluBeekeratuak 2000 f it
suggests it should be the prime focus of urban metabolism research.

Kennedy also published a review article on metaboflsennedyet al. 2007. I n contrast t
work, Kennedy drew on other published studies to benchmark metabolic rates (water, materials,
energy and nutrient bal an clkesnedyimndicaththaite lpancitydi s p i
published data made trend analysis impossible, however, the data did suggest that water and
wastewater flows were typically greater (on a-papita basis) in the 1990s than 1970s. He also
indicated that while overall perapita energwse is increasing, the efficiency of one city (Toronto)
improved, possibly as a result of changes to industrial processes.
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