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ABSTRACT: With increasing populations, mounting gommental pressures and aging
infrastructure, urban water and wastewater utditiave to make investment decisions limited by
both economic and environmental constraints. Tlalehges facing urban water systems can no
longer be sustainably solved by traditional siloeater management approacheé. central
premise of contemporary urban water managementigana is that in order for urban water
systems to be more sustainable and economicalnprovement in resource use efficiency at
system level must be achieved. This study provadgsantification of the total resource use of a
typical urban water system exemplified in Greatarc@hnati region from raw water extraction
for drinking water to wastewater treatment and lthsge, providing a better understanding of
resource expenditure distributions within the systnd a necessary benchmark to which future
system improvements can be compared. The emergyodwbgy was used so that the total
environmental work required to produce disparatgtesy inputs could be expressed using a
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common unit. The results were compared to thewoimg life cycle assessment (LCA) and life
cycle costing (LCC) results of the same system. eigy results highlight drinking water
treatment and drinking water distribution as twsowce-intensive stages, with energy for
pumping and chemicals for conditioning representing greatest inputs to the former and
energy for pumping and metals for piping representhe greatest inputs to the latter. For
wastewater collection and treatment stages, aeratial sludge handling were identified as the
highest emergy unit processes, mostly due to enesg Comparison with LCA results
substantiate the environmental concerns associatdd energy use in the drinking water
treatment and distribution stages but indicate tavironmental burdens associated with
infrastructure are more dependent upon upstrearoures use rather than downstream
environmental impact. Results from emergy, LCA &&C point towards aeration and sludge
handling as two unit processes on the wastewats #hat are particularly costly and
environmentally impactful. Results in total are dige suggest alternative strategies that can
alleviate identified environmental burdens and ecoic costs.

1.0 Introduction

Urban water challenges in industrialized natioresray longer solely comprised of the low-cost
provision of supply, sanitation and drainage s@wids populations increase, energy and water
resources become more scarce and ecological impamist, urban water resource managers
must also take into account factors such as testdurce use and environmental impacts of
investment decisions. To do so, managers must adawdistic understanding of current urban
water systems and search for system-level, intedrablutions that maximize public utility
operation (Alliance 2017, Hering et al. 2013, Lu2813). These themes are echoed in recently
developed management approaches including SuskaikBban Water Management (SUWM)
(Larsen and Gujer 1997, Marlow et al. 2013), Indégrl Urban Water Management (IUWM)
and Water Sensitive Urban Design (WSUD) (Wong 2086¢entral theme of each approach is
that in order for urban water systems (UWS, hereadily referring to the infrastructure
associated with the provision of supply, sanitateord drainage services in urban areas) to

become more sustainable, an improvement in oveeslburce use efficiency is necessary
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(Marlow et al. 2013). Thus, a necessary first s¢ehe quantification of the total resource use of

the existing UWS.

Emergy analysis is a method used to quantify amdpewe different resource inputs using a
common unit, providing a unique, broad and inclasiveasure of total resource use of a system.
In contrast to traditional economic accounting, ahhprimarily accounts for the human labor
required to make a product or service, emergy atsmunts for the work done by nature to
produce the natural capital (e.g. water, energyenais, etc.) upon which those products or

services depend, thus providing a direct accourtfribe full resource costs.

Previous studies have used emergy analysis to a&eatlifferent components of the urban water
system including different drinking water treatmetants (DWTP) (Arbault et al. 2013, Buenfil
2001, Pulselli et al. 2011), conventional wastewdteatment plants (WWTP) (Geber and
Bjorklund 2001, Nelson 1998, Siracusa and La R@¥62Vassallo et al. 2009) and alternatives
to conventional WWTPs such as anaerobic digeskdosg et al. 2014) and treatment wetlands
(Arias and Brown 2009, Geber and Bjorklund 2001lshie 1998, Siracusa and La Rosa 2006).
While quantifying the resource costs of water treait using different approaches, which are
shown to be site specific and highly dependent uperiocally-demanded level of service, these
studies also provided significant advances to tmergy methodology. For example, Buenfil
(2001) provided a comprehensive evaluation of wsti@ply alternatives and used the emergy to
money ratio to show that potable water is highlprexmically undervalued. Arbault et al.
(2013), through the use of emergy-based indicatiiewed that DWTPs are ‘rather blind to

economic markets’ and exert a low pressure on Incatrenewable resources at the expense of
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imported non-renewable resources. In studies camgpdraditional WWTPs to alternative
treatment approaches such as constructed wetlatu¥y objectives varied but were loosely
based on the idea that in order to improve theasmability of wastewater treatment, treatment
systems should use more renewable resources aqdotaes resources. To that end, Arias and
Brown (2009) and Nelson et al. (2001) showed tha¢miand area is available and wastewater
flows aren’t very large, constructed wetlands padewvgreater value than conventional WWTPSs in
terms of performance, cost and resource utilizat®iracusa and La Rosa (2006) showed that
treating WWTP effluent with a constructed wetlamd deneficially reusing the final effluent in
dry, rural agricultural areas conferred a reductionet resource use compared to full treatment
in a WWTP and discharge to a river. Lastly, Gelmet Bjorkland found that when holding level
of service (in this case phosphorus removal) comstie total resource inputs required for
treatment using a tertiary WWTP, secondary WWTRnrstructed wetland, and natural wetland

only, were strikingly similar (Geber and Bjorklar01).

Though useful, past studies have largely fallemtshaconsidering an individual treatment
system’s interaction with the next larger system,the urban water systems. Although drinking
water or wastewater treatment is a system itsatfphly a subsystem when the entire urban
water system is considered. For example, wateseratithe neighborhood scale may be more
resource intensive than a centralized WWTP, howiveoffsets potable demand and reduces
the piping infrastructure requirements, there mayInet improvement to overall UWS

efficiency, not to mention the greater resilienopferred through a lessened dependence on raw
water import. Unfortunately, examples of such halianalyses remain rare due to the inherent

variability in different systems as well as theklat a suitable framework and common unit of
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measure to assess the complex interactions iraahel concise way (Burn et al. 2012, Hester
and Little 2013). Based on those knowledge of ssiesys the more comprehensive evaluations
of the next larger system (urban water system) fmecmore important if overall system
efficiency and sustainability are the goals of urlater management. After all, the system is
more than the sum of its part (Xue et al. 2015;d¥ial., 2015). Emergy provides the unique
common measure equipped to explore the behaviaisgétem as a whole and the interactions
between subcomponents can be observed and optianizkils sustainability can be assessed.
Often without looking at the next larger systeminitits our understanding of the organization
and relative (in)efficiencies of the current systés the foundation of emergy theory and
evaluation methodsiMaximum Empower Principle states that all self-organizing systems tend to
maximize their rates of emergy use or empower,thase system that maximize empower will

prevail (Brown and Herendeen, 1996; Odum, 1996tther words, prevailing systems tend to

produce a maximum power output, and for this pugpmeerate at optimal efficiency rather than
at maximum efficiency. Emergy method offers aeralative perspective to the historically
narrow attempt to equate ‘sustainability’ with ‘Usever resources’. In the context of societal
sub-systems (i.e. the UWS), implications can begho of in terms of nested feedbacks. Sub-
systems that feed into or back upon the next lasgstem beget stronger, more competitive
systems that are able to reinforce resource iraakiedirect net resource savings into the
development of more organized, sustainable sthlgiag emergy analysis to evaluate the degree
to which resources flow through or are fed backdde a powerful way of gauging the
contribution of alternative UWS configurations keetcompetitiveness, and thus sustainability, of

the larger societal system.
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Lastly, while the complexity of the UWS warrantssgstems approach, its multidimensional
nature warrants the use of multiple metrics to @epiternalization of impacts (Mayer 2008, Xue
et al. 2015). Emergy and Life Cycle Assessment (L@Ffe two integrated assessment metrics
that have been used in parallel or in hybrid in ynaanstainability evaluations of regional or
product systems. Emergy is a donor-perspectivecenwhile LCA is a receiver/user-
perspective one. Emergy captures the naturalalagid ecosystem contribution to a system
(regional or product-based). It focuses on tataburce use. For example, for phosphorus and
its derivative production, emergy includes how muabrk the nature has to invest to produce
phosphorus ore that has market values in technosphén LCA, the system boundary of
phosphorus product starts with the technospherangiprocess, but does not include the
embedded values in phosphorus rock. However, égsite technological inputs, LCA includes
environmental emissions as part of life cycle ineen The environmental impacts are the
focus of LCA. A methodology that uses multiple rnest may compensate each other for
weakness and provide better insights of the conitglext the system performance. (Ingwersen
2011, Raugei et al. 2014, Ulgiati et al. 2006). Duéhe complementary natures of the two tools,
some researchers explore the hybrid approach ssicknzergy Life Cycle Assessment by
combining the features of emergy with LCA (Bak2000; Bakshi, 2002; Ulgiati et al., 2007,
Pizzigallo et al., 2008; Rugani et al, 2011; Rugetnal., 2012). Or the two tools are used as
complementary metrics to capture multi-facets ofeamironmental system that are relevant to

sustainability (Hopton et al., 2010; Ingwersenlegt2014; Arbault et al., 2013).

The comparison of the two metrics may provide th&ghts to maximize system efficiency

while minimize environmental impacts. This studp\pdes the first emergy analysis of a
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complete UWS from source water abstraction to westier discharge, using real data from the
greater Cincinnati area. It is a companion papefue et al., 2018 which provides an LCA and
Life Cycle Costing (LCC) of the same system. Reasalte first presented at the DWTP and
WWTP scale, showing the total resource requiremeinésch unit process and then discussed in
comparison with LCA and LCC findings. Then emerlpwis are shown at the UWS scale, using
a subwatershed located within the service areabeotreatment plants to explore the nesting

relationship of the built environment within itspgorting natural environment.

2.0 Methods

2.1 Cincinnati Water Treatment Plants

The two treatment plants studied are the Greataci@ati Water Works (GCWW) Richard
Miller Water Treatment Plant (DWTP) and the Metrifam Sewer District of Greater Cincinnati
(MSD) Mill Creek Wastewater Treatment Plant (WWTB9th located in Cincinnati, Ohio. For
each plant, an LCA and operational cost assessatetiite unit process level was performed
following the International Organization for Standiaations (ISO) 140140 series (USEPA
2014a, b). This study utilized the Life Cycle Intemes (LCI) using operational data from 2011.
The DWTP LCI included the unit processes in thers®uwater acquisition, water treatment
train, and distribution network to the consumere WWTP LCI evaluated the unit processes
including sewer collection network, treatment tragffluent discharge, and sludge disposal. For

infrastructure components, inputs were annualiaest the assumed lifetime of the component
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(Table 1). Both LClIs include infrastructure and igd@nal inputs. General plant parameters are

given in Table 1.

Table 1. General parameters for Greater Cincinnati Waterké/ (GCWW) supply system and

Municipal Sewer District of Greater Cincinnati (MSIQ) sanitation system

Parameter Unit GCWW Supply MSDGC Sanitation
Year of Inventory 2011 2011
Year Plant Built 1906 1959
Annual Volume Delivered/Discharged MGD 89 114
Annual Volume Delivered/Discharged m3 123,560,247 157,615,342
Distribution/Collection Network Piping mile 3,135 1,697
Distribution/Collection Network Piping km 5,045 2,731
Geographic Area Served km? -- 344
Number of People Served ppl. 830,000 518,000
Assumed Building, Tank and Pipe Lifetime yr 100 100
Assumed Pump and Motor Lifetime yr 25 25

The DWTP (Figure S1) has a capacity of 240 millgations per day (MGD) and supplies water
for the greater Cincinnati region and part of Kekiu On average in 2011 it processed 106
MGD of source water from the Ohio River and delecr89 MGD to consumers, with the
remaining 17 MGD attributed to losses in the disttion system. Once source water is pumped
to the plant, suspended solids are removed thraegigulation with aluminum sulfate and

gravity settling. The resulting sludge is thickereetti disposed back to Ohio river, while the
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supernatant proceeds through sand filtration toox&madditional solids. Following filtration,

organics and adsorbable micro-pollutants are rechaxgng granular activated carbon (GAC),
which has to be periodically regenerated on-sitierRo distribution, the water is conditioned to
adjust pH, disinfected, and fluorinated. Chlorirsiduals are maintained in the distribution

system (USEPA 2014b).

The WWTP (Figure S2) has a nominal capacity of VBBD and a maximum capacity of 360

MGD to accommodate high flows from the combined exeduring wet weather events. During

high flow events, the flow can exceed the capacitthe WWTP and the excess combined
sewage bypasses to nearby Mill Creek. During nonweather events, typical wastewater are
from households, industry and stream baseflow. &ifition pumping is necessary along the
collection system, however the majority of transpErergy is gravity-based since the WWTP
sits at the bottom of the sewershed. At the WWHB,tteatment train includes a screening step
for large and settle-able debris, primary sedimemafor suspended solid removal, secondary
treatment of dissolved organics using an aerolivated sludge process, secondary clarifiers to
settle flocs, and disinfection prior to dischar§udge from primary and secondary treatment

steps is thickened, dewatered, incinerated andghes disposed in a landfill.

2.2 Lick Run UWS

In order to perform an emergy analysis of a coneplétVS, a sub-watershed located within the

service area boundaries of the assessed DWTP an@RMMas selected (DWTP and WWTP

total service areas were not used directly as #neynot identical, only overlapping). Lick Run



205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

is a 2,900 acre sub-watershed of the Lower MilleRrevatershed in Cincinnati, OH, which sits
on the north bank of the Ohio River. It has becdh@efocal point of a larger effort by MSD to
reduce wet weather sewage discharges as it hdargest combined sewer overflow (CSO) in
MSD’s service area, representing a quarter of ot tvastewater flow generated within Lick
Run (MSDGC 2009). A number of reports have beertewridocumenting existing conditions
and proposed solutions (USEPA 2011), from whichirbakaracteristics and hydrologic flows
(basin area, % imperviousness, % vegetated, arprealpitation, annual evapotranspiration)
were derived (see Table S9 for calculations andcgs) Since Lick Run is a sub-watershed,
resource flows associated with the DWTP and WWTRewsown-scaled according to the
population of Lick Run (13,750) relative to the \8ee population of both treatment plants.
Treated drinking water allocation to indoor potabledoor nonpotable and outdoor use

according to Mayer et al (1999).

2.3 Emergy Analysis

Emergy is defined as the available energy of onm finat is used up in transformations directly
and indirectly to make a product or service (Odu®®6€). Grounded in thermodynamics and
general system theory, it accounts for qualityetéhces between forms of resources and energy
using a single, common unit of measure (solar elagusej). The general application of the
method for inputs to a process or system is demetest in Equation 1: for each input flow of
material, energy or labow;}, a specific quality factor Unit Emergy Valu&HV;) is applied,
resulting in an emergy value for each pathway. UEWs expressed in units of sej (solar

emjoules) per mass, volume, energy or dollars (u&ipg on the particular flow;).

10
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Emergy = Y.ZPUEV; * x; (Eq. 1)

Application of Equation 1 to each individual inpaltows for the quantification of total emergy
input to a process or system (e.g. a drinking waieatment plant). Conversely, if the objective
is to obtain a quality factor, or UEV, for the outpf a process or system (e.g. the treated water
from the drinking water treatment plant), a reageth version of Equation 1 would be used

where individual emergy inputs are summed therdéiby the output quantity

For this study, both approaches were utilized. iRputs to the evaluated components of the
study system, including treatment plants and pipavarks, UEVs were obtained from the
literature. For emergy flows along pathways in shésequent Lick Run analysis, the inversion
of Equation 1 was used to calculate, for example,UEV of treated drinking water provided to
a household. All UEVs used, calculated and cite@diiéer are referenced to the 1.20 E25 sej/yr
global emergy baseline (Brown and Ulgiati 2016) MUbrary and emergy calculation tables are

provided in the supplemental information.

3.0 Results
Table 2 shows the results of the emergy analysistife Cincinnati DWTP and WWTP. It
requires 1.8E+12 sej of resource inputs to provide? of potable water to a Cincinnati

consumer, nearly twice as much as the 9.1E+11 esgjined to collect and treat 1°nof

combined wastewater. For drinking water treatmerdding infrastructure, no distribution, no

11
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source water), 8.8E+11 seffnis within the range of comparable results for kirig water
treatment from the literature of 4.0E+11 to 11E-sk)/nT (Arbault et al. 2013, Buenfil 2001,
Pulselli et al. 2011). For wastewater treatmenhauit collection, 7.3E+11 sejfis required by
the MSDGC system. This is also comparable, thodghtl less than past studies, which
showed a range of 6.9E+11 to 1.5E+12 s&jwmias and Brown 2009, Behrend 2007, Geber and
Bjorklund 2001, Nelson 1998, Vassallo et al. 2009)e fact that the Cincinnati water system
was the largest in size, treating an annual flowl@&E+08 niyr compared to 1.2E+06 to
1.2E+07 ni/yr for past studies, suggests that economiesalé snay be a factor. Another factor
that may have resulted in the lower treatment UgYhat the Cincinnati system is the only one
to treat combined sewage, which likely has a lowarganics concentration than sewage without

stormwater and thus may be easier to treat.

Table 2. Emergy Analysis Results

Parameter GCWW Supply MSDGC Sanitation
Annual Inputs sej/m3 sej/yr sej/m3 sej/yr

Plant Inputs 7.8E+11 9.7E+19 6.1E+11 9.7E+19
Plant Infrastructure 8.2E+10 1.0E+19 1.2E+11 1.8E+19
Distribution/Collection Inputs 5.1E+11 6.3E+19 7.8E+10 1.2E+19

Distribution/Collection Infrastructure  4.0E+11 5.0E+19 1.0E+11 1.6E+19

Total without Distribution/Collection 8.6E+11 1.1E+20 7.3E+11 1.1E+20

Total with Distribution/Collection 1.8E+12 2.2E+20 9.1E+11 1.4E+20

12
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Figure 1 provides a breakdown of emergy inputdheorhajor processes in the Cincinnati UWS
from source water acquisition to wastewater disghaEach process is subdivided into emergy
for infrastructure inputs, operational energy irgp(#.g. electricity, fuel, etc.) and operational

non-energy inputs (e.g. labor, chemicals, etcd,iarshown alongside operational cost data.

Emergy Inputs Economic Inputs

Infrastructure m Operation Cost
Operation - Non Energy

W Operation - Energy

1E+12 0.12

1E+12 0.1
E SE+11 0.08 _
— (]
< E
brd S
2 6E+11 - 0.06 &
& %
5 S
E 4E+11 - 0.04

2E+11 - 0.02

0E+00 -

Water Water Wastewater Wastewater
Acquisition Distribution Collection Treatment
& Treatment

Figure 1. Infrastructure emergy, operation emergy and djgeraeconomic cost by major

treatment stage for the greater Cincinnati urbatemsystem.

As shown, the most resource-intensive stage iidignwater distribution, followed closely by

drinking water acquisition & treatment and wastewateatment. The high emergy inputs to the
drinking water distribution system are due to thghhenergy inputs associated with pumping
uphill owing to the location of the plant at thettban of the Ohio River valley (and vice versa to

explain the minimal energy inputs required for easiter collection) as well as the extensive

13
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pipe network; as shown in Table 1, the total mieeafpiping for the distribution system is about
double that of the collection system, despite hagdmuch less water annually. The high
resource cost of drinking water treatment is int ghre to the source water quality; GCWW
receives its source water from the Ohio River, Whig prone to contamination by upstream
municipal wastewater discharge, sanitary sewetawsfand urban and agricultural storm water
runoff. This is reflected both in the energy inpusjuired for this stage as well as the non-
energy inputs, which include chemical inputs likelism hydroxide and aluminum sulfate used
for conditioning and solids adsorption, respectivdtor wastewater treatment, energy inputs
make up 65% of the total emergy input, mostly doeelectricity required for aeration and

natural gas required for sludge incineration.

A breakdown of inputs by unit process is given igufe 2. In drinking water unit processes,
distribution is the most resource-intensive witloetions split approximately in half between
electricity for pumping and infrastructure, mosiign piping. Following distribution are energy

for pumping at the plant then conditioning with sod hydroxide.

On the wastewater side, only 20% of the total emargut is allocated to the collection system,
while the majority of the plant inputs are allochte the treatment process (80%). At the unit
process level, aeration is the most resource iiMenall attributed to electricity. This is followe
by wastewater collection then sludge incineratihijch is primarily the result of natural gas

use.

14



302
303

304

305

306

307

308

309

310

311

312

313

314

315

316

Aeration Distribution

Wastewater Collection Energy for Pumping

Sludge Incineration Conditioning
Sludge Thickening and Dewatering GAC Reactivation

Primary Sedimentation Flocculation

Adsorption
Lime Addition

Pumping at Wastewater...
23%

Q“\\ 5%

Primary Disinfection
Secondary Clarifiers [ Source Water Acquisition
Primary Disinfection
Labor
Labor
Facility-Wide Costs

o
67% Flouridation 28%

4%

Waste Disposal Filtration

H Plant Inputs H Plant Inputs

& Plant Infrastructure

Screening and Grit Removal Maintenance 2 Plant Infrastructure

Piping = Collection Inputs Piping M Distribution Inputs
Mobile Fuel Use, at Plant @ Collection Infrastructure Sedimentation 2 Distribution Infrastructure
0 SE+11 1E+12 0 5E+11 1E+12
Emergy (sej/m?3) Emergy (sej/m?)
b) WWTP a) DWTP

Figure 2. Annual and infrastructure emergy inputs to a) CRVand b) WWTP at the plant,

distribution/collection, and unit process level.

As the above results have shown, the total resdoaerints of supply and sanitation services
are largely driven by a select few unit processdsch are a function of energy, material or
labor inputs. For both services, approximately 48%he total resource footprint is attributable
to electricity. For supply, this is followed by t&ason for distribution piping (20%), sodium
hydroxide (11%) and natural gas (5%) which togethi¢n electricity make up 77% of the total
emergy input (Table S4). On the sanitation sidectatity is followed by natural gas (14%),
labor (12%) and concrete (12%) which together wltctricity make up 77% of the total emergy
input (Table S8). First, these rankings indicatg the total resource footprints are most sensitive
to the selection of, and uncertainty in, the UEVthese main inputs. For example, a wide range
of UEVs for electricity exist in the literature fdossil-fuel based electricity. If the grid mix

include sources like nuclear and wind, the uncetyan UEV is even higher (Brown and Ulgiati

15
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2002, Caruso et al. 2001, Odum 1996, Rugani €(dl1). Second, if resource use reduction is
the goal, replacing these main inputs with the drasng less emergy should be considered. For
example, renewable energy sources like solar and geénerally have lower UEVs (Brown and

Ulgiati forthcoming).

4,0 Discussion

4.1 Comparison with Other Metrics

The results of the LCA analysis also showed theirenmental significance of energy

consumption at the DWTP, WWTP and distribution sgstBased on those results, it is evident
that electricity for water distribution pumping,irtking water treatment in-plant pumping, and
wastewater treatment aeration were the top thregribators to the environmental impact

categories such as fossil fuel depletion, acidiiice smog, ozone depletion, human health
cancer and human health criteria. Thus, effortsethuce energy consumption of various unit
processes will be beneficial from both an emissiompact and resource appropriation

perspective.

The LCA analysis did not however find comparablevimmmental impact associated with

drinking water infrastructure, concluding that th&astructure stage contributed less than 10%
of environmental impacts with the exception of rhekapletion and human noncancer impact
categories. This discrepancy is due to differentesmethod goals and scopes. Emergy

accounting takes a donor-side (or producer) petsggeand captures the work done by the

16



340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

geobiosphere in producing a product, incorporatireggtime scale of material cycles. In other
words, the scarcity of the resources is indirectiptured in the UEV values. LCA, on the other
hand, takes a user-side (or consumer) perspectigdefacuses on the various environmental
impacts of any product or process (Ridolfi and Basmi 2008, Rugani 2010). Emergy is
therefore better able to identify use of comparagrcer resources, providing an indication of

excessive appropriation of specific resources.

In terms of operational costs, the highest arebated to drinking water and wastewater
treatment stages (Figure 1). For drinking wateat tine operational costs are greatest at the
treatment plant is intuitive to a degree; ensutlmgreliable production of water safe for public
consumption is a complex process requiring somaitgd technology and close oversight, while
the distribution phase may be relatively more ‘lmmdf’, largely dependent on energy for
pumping, pressurized piping system and materials eégtensive infrastructure networks.
Interestingly, the operational emergy inputs taking water distribution are very high due to
electricity inputs (4.92E+11 sejfor 96% of total operational emergy) but operatiaosts are
not, despite the largest cost input also beingbated to purchased electricity ($0.026/ror
69% of total operational cost). In contrast, theyést cost input to wastewater collection is for
labor, ($0.021/y or 95% of total operational cost) though operaloemergy inputs to
wastewater collection are almost negligible. Thiigytility managers were seeking to solely
reduce operational costs of water supply, econamigators may point to drinking water
treatment, treatment being more costly to operhasm tdistribution. Conversely, a focus on

environmental costs (emergy) and impacts (LCA) wopbint towards the energy use of
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distribution. Vice-versa with wastewater collecti@s efforts to reduce labor costs of collection

would have little relative effect on treatment glanvironmental burdens.

The discrepancy between cost in dollars and emadipplayed most prominently for water

distribution and wastewater collection in Figurgahd Figure S3 at the unit process level),
illustrates the value of directly comparing the tamcounting methods. Economic costs reflect
the work done by labor in obtaining materials anérgy, whereas emergy accounts for both
these human services as well as the work done éygéobiosphere in generating the raw
materials. For wastewater collection, the relagivelinimal energy and materials reflect the

resource efficiencies that can be achieved by ugnmayity as the source energy and large,
unpressurized pipe networks to convey flows. Thatikely high dollar costs, 95% of which are

attributed to labor and miscellaneous operation araintenance, are reflective of the large
personnel efforts required to operate and mairgaich an old conveyance system (like many
historic US cities, some parts are over 100 yells thdeed, a direct comparison of emergy to
dollars at the unit process level reveals thatidlas one of the greatest $/emergy ratios (Figure
S3). In comparison, the fact that unit processeb si8 pumping have a low $/emergy ratio may
imply that the total resource costs may be undemestd if using traditional economic

accounting methods.

4.2 Implicationsfor Future Water Alter natives

The large allocation of resources to the distridnutystem may reflect the fact that the system is

designed around one quality standard (i.e. drinkirsger) but used for many lower quality
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purposes such as firefighting, irrigation, clothveashing and toilet flushing (Ma et al. 2015,
Okun 2005, Walski et al. 2001). When combined \lith need to periodically flush the system
to maintain adequate public health standards @dn lpotable and non-potable purpose, these
factors result in system inefficiencies and oveiglesAlternatively, drinking water systems
designed around a decentralized and ‘fit for puep@®ncept such as nonpotable water reuse
may be able to alleviate some of this heavy resbroden by realizing additional efficiencies
(Grigg et al. 2013). Particularly in a locationdilCincinnati (which is also typical of numerous
other large cities located on a major river), déedized nonpotable water reuse could reduce
the degree of treatment required, which is impartana city with relatively poor quality of
source water. Furthermore, decentralization holdsmgse for reducing the pipe network

required to distribute large quantities of water.

At the WWTP, the high emergy inputs required foraéien and sludge incineration support the
notion that the traditional aerobic approach tode dissolved organic waste is energy and
resource intensive ((NACWA) 2008). Furthermore,riemt management requires still more
resource investment to prevent eutrophication ceikéng water bodies. Recent work indicates
the emerging efforts to seek more comprehensive saisthinable solutions to maximize the
recovery of water, energy and nutrients (Ma e@ll5, Schoen et al. 2014, Xue et al. 2015).
Biogas generation from anaerobic digestion mayetftee energy consumption and address
sludge production issues . Furthermore, if combingh the concept of source separation so that
the nutrient and organic flows of wastewater arearemncentrated, not only does a wastewater
treatment plant have the possibility to be enemggitive (Ma et al. 2015, McCarty et al. 2011), it

can also help restore important nutrient cycles @flal. 2015, Zeeman et al. 2008). Emergy
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could be a useful tool in weighing the additiontibets required for energy recovery, like new
unit process infrastructure and labor, againstsystem benefits of reduced energy use, while

LCA could help characterize any potential net bignéd reduced nutrient discharges.

For both plants, non-infrastructure inputs to plamatment processes, including materials,
chemicals, energy and labor are the largest emeamys. However, resource requirements for
infrastructure are still a non-trivial component tbe overall system, being 27% of the total
drinking water system and 24% of the total wastewsystem. This is in contrast to many urban
water LCA studies which demonstrate that the doution of infrastructure to overall impacts is
small enough to justify omission of these composemhis highlights an important difference
between emergy, an upstream donor-side perspathigh emphasizes on the total resource use
including natural capital, and LCA, a downstreaicereer-side perspective which focuses on the
impacts of resource flows. While the downstreamadatp of material usage may not be great
relative to those of operational inputs, the ndtwapital consumption is still important,

particularly for nonrenewable materials such asateetnd plastics.

The comparison of economic to emergy inputs alghlights an important shortcoming of
traditional economic accounting, in that approjoimtof natural resources is not directly
accounted for, only the services associated wituig@tion and processing of the resources.
When finite resources are considered in sustaitatal/aluations, it is imperative to couple
multiple tools to better capture the complexiti€svater systems and provide a more complete

system perspective (Xue et al. 2015).
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4.3 A Systems Per spective

The utility of emergy analysis is in part due ® dbility to place disparate flows of material and
energy on a common unit of measure, accountingh®cumulative (in space and time) resource
inputs at multiple scales. At the system scales lgmds itself to evaluation of the total resource
use of alternative system configurations. Figur@sudd 3b show the Lick Run UWS in terms of
the major flows of water and emergy, respectivebldulations in Table S9). In these diagrams,
the components of the built environment are groutmggbther above the components of the
natural environment. This is done partially for iy@tic reasons (the emergy inputs to the built
environment are generally more concentrated thanreghewable flows supporting the natural
environment, leading to greater emergy density le built components) and partially to
illustrate the fact that in its current state, wnegter flows within Lick Run are largely separated,;
water inputs to the built environment, includingteratreatment plants and consumers, are
generally separate from water inputs to the naemalronment. Only in certain cases, including
leakage from distribution system and stormwatelectibn, do built and natural flows intersect.
Greater interaction between the built and naturalirenment is a central theme of SUWM,
IUWM, and WSUD, and as Figure 3a illustrates ggeatentials for improvement in this fairly

typical watershed.
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453 Hydrologically, precipitation is the largest cobutor to the system, with 11.6 million cubic

454 meters per year (Mifyr), followed by abstraction from the Ohio River the DWTP at 2.8
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Mm?/yr. Of that, 13% is allocated to potable indooe,u82% to nonpotable indoor use, 49% to
nonpotable outdoor use and 16% is lost throughwmeitsi/stem, mostly to groundwater through
pipe leaks. Of the 6.6 Mttyr of precipitation that is not evapotranspiredgsinbecomes as
groundwater recharge or stormwater runoff whichemwltcombined with runoff from the built
system (e.g. outdoor use of distributed water) ltesn 3.9 Mni/yr of generated stormwater.
Compared to the other main inputs to the collectigstem of potable and nonpotable indoor use
(0.96 MnT/yr), stormwater dominates the flow input to thestesvater system. This flow pattern
is a common scenario in the U.S., as nearly 860icipalities nationwide have combined sewer
systems (CSS) (USEPA). Compared to a natural systéere 50% of rainfall is infiltrated and
ultimately supports photosynthetic transpiratiord drealthy streamflow conditions, the flow
pattern of a CSS reduces these natural processésindreasing the burden on the collection
system and WWTP (U.S. Environmental Protection Age2003). The implementation of green
infrastructure practices throughout the watershemlilev restore a more natural hydrologic
behavior thus promoting overall system productivignd resilience as well as reducing the

burden on built infrastructure.

When viewed in terms of emergy flows, several olsgyns become apparent. First, inputs are
hierarchical, with food inputs making up the fiestd largest tier, followed by inputs to water
infrastructure, then by renewable inputs, all sefgat by at least one order of magnitude. The
difference between inputs of food emergy to socaty inputs of nonrenewables to the built
UWS clearly demonstrates the magnitude of resoummats to the modern agricultural system
and demonstrates the unique perspective offereénbgrgy in comparing these two system

inputs. This partially explains the large expendiguin the sanitation sector, as the concentration
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of food-related inputs generates correspondinglyeland concentrated wastewater flows which

must be managed to protect human and environmieeddth (Kennedy et al. 2007).

Crucially, the emergy flows illustrated in Figure &e overwhelmingly linear, with high-emergy
water and sewage passing through the system wlthtbh no feedback. Although the majority of
the energy content of the food is extracted by hutmady metabolism, approximately 10% is
passed in urine and feces along with importantients such as phosphorus, nitrogen and
potassium (Rose et al. 2015). Even if only 10%hef low in Figure 3b could be utilized, this
still represents a tremendous potential source refrgy and nutrients. Under the current
treatment configuration, this wastewater flow isuid and resources have to be spent on
management of these “wastes” by the WWTP. Stradesgieh as source separation and anaerobic
digestion for energy recovery could not only redtioe treatment expenditure, but also offset
upstream inputs for energy production. For examiplthe system expands to the agricultural
sector, the recycle pathways from the UWS (e.g.atlened sludge, struvite, etc.) could improve
the resource efficiency of food provision (Ma et2015). Although such an analysis is outside
the scope of the current study, the resource iitfeasthe current food production system and
its interaction with the UWS (food-water-energy ugk highlights the need of domestic
wastewater resource recovery and incorporation esfeficial feedbacks to improve overall

system efficiency.

Looking at emergy inputs other than food, nonrer@aputs to the built environment are still

an order of magnitude larger than renewable infutie natural environment, which represent

just 2.4% of total inputs to the system (Table SR2ill, this is to be expected, as cities are not
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self-contained entities and require much extern@tiyboth time and space, i.e. ancient biomass
derived fossil fuel) appropriated natural capit@a $upport. Moreover, renewable inputs to the
United States in 2008 were also approximately 2%eghey et al., 2007). Accordingly, the
overall system sustainability can be increaseditiyeeimproving the resource use efficiency of
existing processes (thus lowering nonrenewable ureso inputs), altering the internal
configuration with other more efficient unit proses or reorganizing the internal flows of
resources to create beneficial feedbacks. For ebeamypilizing the currently underutilized
stormwater and greywater flows (mostly renewableuis) as a nonpotable source to offset
potable demand (mostly nonrenewable inputs) and \WWRd (mostly nonrenewable inputs)
may represent a more sustainable and balancedrsgstdiguration. A system framework using
emergy analysis allows decision makers to seedhgrehensive internal interactions, calculate
the degree of internal feedback relative to tatauis, identify productive vs. wasteful patterns,

and holistically design urban water systems to m&e resource use efficiency.

5.0 Conclusions
This study quantified the total resource inputaoexisting UWS and placed the results within
the context of the surrounding environment. In dogo, we have identified particularly
resource-intensive and inefficient components ofe tleurrent system allowing for
recommendation of targeted improvements. Cruciaibmg fundamental principles of emergy
theory, we suggest that the lack of internal, biereffeedback within and between sub-systems
is ultimately limiting the degree to which the costiiveness, or sustainability, of the larger
system may be improved. Through the future evalnatif alternative system configurations,

mainly those that incorporate internal feedback$hsas water, nutrient and/or energy reuse, we
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can test the hypothesis that naturally stems frbis work, mainly: systems that incorporate

internal, beneficial feedback mechanisms allowirgg fnaintenance or enhancement of

productivity (or level of service) at reduced lexelf environmental resource appropriation will

similarly reduce their level of environmental impac

Key findings of this study include:

Centralized potable water supply, including treattrend distribution, is the most resource
intensive urban water service in terms of emerggmbined with the lack of internal
feedback within the existing system, decentralinedpotable water reuse systems could
help offset potable demand, reducing the need ftensive infrastructure networks and
resource-intensive potable-level treatment, padditywhen source water quality (e.g. large
rivers with highly developed and industrialized graheds) is poor. Future studies should
guantify the value of this feedback relative t@ataystem inputs

Aeration and sludge handling processes of the wasée treatment stage that remove the
organic waste fraction without utilizing any of ittherent energy are the sources of greatest
impact at the wastewater treatment plant, as medsulny resource use (emergy),
environmental impact (LCA) and cost (LCC). Procest®t obtain energy from “waste”,
such as anaerobic digestion, could be used to wepte status of all three of these metrics.
Emergy and LCA results both pointed towards drigkivater treatment and drinking water
distribution as environmentally burdensome stagdabe urban water system, however LCA
results emphasized environmental impacts associattd electricity use while emergy
results emphasized energy use as well as infragteumaterial demands, particularly for the

distribution system. This illustrates how the twethods, used together, can substantiate the
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most environmentally critical aspects of a procassystem, and also where using just one
method may not be able to characterize the fullrenmental burden.

* Important insight into the sustainability of complsystems can be gained by conducting
analyses that quantify resource use (emergy), e@mviental impacts (LCA) and cost (LCC)

of the total system.

The data and framework presented here is intenoldgktpart of an integrated sustainability
framework that will be used to assess water sysfemthe City of Tomorrow (Ma et al. 2015).

This work will eventually be combined with ongoingsearch in the fields of human health risk
assessment, life cycle costing, life cycle assessraad resilience of UWS components to

generate a truly integrated sustainability frameuwor

Supporting Information. Unit process diagrams, emergy tables, calculateinils and data

sources. This material is available free of chatigdahe Internet at http://pubs.acs.org
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Holistic Analysis of Urban Water Systems in the Greater Cincinnati
Region: (2) Resource Use Profiles by Emergy Accounting Approach
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Highlights

» Centralized public water supply is the most resource intensive urban water service
» Distribution is particularly resource intensive owing to energy and infrastructure
* Most resource intense wastewater unit processes are aeration and sludge handling

»  Emergy and LCA together can better quantify full environmental burdens



