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SUMMARY

Sustainable water use management is an imperative task for local and regional
planning authorities. Although water useefatedto land use types dithe physical
characteristis of the built environment, fevstudies have examined tretationship
between growth policies and sustainable water Tiss. dissertation discussas
sustainable water use framewgirkcluding chief determiants of water conemption It
presents sample analyses of sustainable water useem@uahstratea GISbased
planning support system that includetegrated land useater modelscalled
'SustainabléVater useScenariebasedPlanningSwpportSy st e ms 6 .( SWSPSS)

The majoresearch questions in this study:dfg Whatare the relationshgp
between urban form/urban development and uviter use (2) What are the
implications of incorporating laneuse variables into waterse planning?3) How can
planners formulate susteible urban water uggojections by addingnowledge about
local water use andnddevelopmenpattern® (4 How can planners benefit from an
integrated wateland use modelnd (5) Which approach is more effective in creating
more sustainable wates@ a land usedevelopment (urban form) approacheor
technological solutions (including rain water harvesting) approach?

This study is composed of thriseked research analgs a crosssectional
regression analysis to examine the relatigmbetween &y water measures wittounty
waterwithdrawaldatg an empiricabnalysisadopting aspatial erromodelusing single
family residential water billing datand thedevelopment of sustainable water use
sample analysibased on local water use profiles aashwater harvesting (RWH)

potential This analysigstablishes the foundation fie development oén ArcGIS-
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based planning support system udiyghon scripting and ModelBuildéo forecast
future water demand. . The system is then tested on a ndyeas¢aconsisting of 13
counties in the Atlanta metropolitan region.

Theanalyses findhat a series of urban form variables associated with sprawl and
low-density development configurati®(population density, percent of single family
housing, lot &ze) are correlated to water use rates.s€hesults support the proposition
thatacompact growth policyhat promotesigh density an@ mixture of residential
typeswould reduce per capita urban water use in the toimg The case study
demonstrates ghpotential change in water use in a large metropolitan Eineamajor
contribution of this research is to connect land use to water resource planning and to

demonstrate that changes in urban form can result in more sustainable water use.
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CHAPTER 1

INTR ODUCTION

Water is one otheessential resources that cities and regions nesapjoort
urbangrowth Water is a noffeplaceable resource and an absolute necessity for human
living with no other alternativdt is also frequently subsidized for municiadd
agricultural customer@Ventz and Gober 2007)

According to U.SGeological Survey and U.S. Department of the Interior, water
use in the U.S. in 2010 was estimated to be about 3%&nkgthllons per day (Bgal/d)
(Maupin, Kenny et al. 2014 otal water withdrawal haspidlyincreasedlue to
population and economic growlbr last 60 year# the U.S, although 1 exhibiteda
steady trend since 198bigurel). More recently, total withdrawals in 2010 were 13
percent less than in 2005 caused by significant declines in the largegsirgaitthe use,
thermoelectric power. Withdrawals at power plants have declined ingates due to
the implementation of new rules for watficient coolingtechnologyandor conversion
to dry cooing systers (Maupin, Kenny et al. 2014)

Despite of this recent downwaneknd,the largest growth of water demasiill
occurs in urbanized areas due to greptgulationand economic activitie@-itzhugh and
Richter 2004)The percentage of the populati@erved bypublic-supply withdrawals has
increased from 62 percent in 1950 to 86 percent in PdHAdpin, Kenny et al. 2014)
Besides in the last decade, becausgopulation growth rate was much faster in

Southern and Western States (14.3 ané fp8rcent, respectively) compared to



Midwestern States (3.9 percgahd Natheastern Statg8.2 percentfMaupin, Kenny et

al. 2014) more attention is needed for tvater usdrendin urbanized ar@s especially

in urbanized areas in Southern and Western States.
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Figure 1. Trends in Total Water Withdrawals by Water -use Gategory, 19502010 (Maupin et

al and USGS, 2010; page 46)

CONFLICT OVER WATERUSE TRI-STATE WATER WARS

Historically, water has frequentlgeenthe source of competition or controversy

Total withdrawals, in bilion gallons per day

when demandare unmet by supplfArbu®s, GarcggValifias et al. 2003andthe locality

or region faces unexpected wastortagesn times ofdrought As mentioned earlier,

many urban areas in the western and southern regions of tlaedJikely to face

conflict overwater to sustain growthEspecially, he conflict over water resourse

amongthree southeastern statééabama, Gergia, and Florida ¢ o mmo n |

state

Y

wat eaxampla of codpetitionsaarnmbnthoeersyfor water resourceat

c al

theregional scaleFor the last two decades, Alabama, Georgia, and Florida have battled

2

e



over the allocation of water in two foariver basins (the Alabam@oosaTallapoosa

and the Apalachicot€hattahoocheé&lint basns) crossing theiborders (Figure?2).
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Figure 2. Water Resource and Basins inthe Metropolitan Atlanta Area

Alabama needed water fagriculture, industry, fisheries and preservation of
habitats, and power generatjovhereas Florida requires freshwater flows into

ApalachicolaBay to maintain salinity balances for fisher{&fissimer, Danser et al.



2014) Georgiais primarily interested imaintenanceand expansion of water supplies
med the needs of theletropolitan Atlantaregion and other citiegcluding power
generation and recreation 1990 Alabama filed a lawsuit, lat@ined by Floridao ban
theUS Army Corps of Engineers (USACE) from creating water supply rights from Lake
Lanier, the major and almost only water supply sourcé/eropolitan Atlantaegion.
In Metropolitan AtlantaGA, more than 5 million populatidn 16 counties and 90 cities
in metro region rely heavily on surface water withdrdwmam Lake Lanier. This battle
has resulted in a series of litigation atakd counter attaslkamongthethree stateshe
judicial decision in the Federal District Qbin 2009(US District Court 2009)hat put
Georgia in challenge securing waseipplysourcefrom Lake Lanieraoveruling by US
Circuit Court of Appeals (2010arefusal ofthe US Supreme Couf2013) to overrule
the Circuit Court of Appeajsand the following lawsuit filed by Florida against State of
Georgia

Furthermore, the war crises due tbelowaverage rainfall and in consecutive
yeass from 2005to 2008 in Northern Georgia caused a severe drop ilevieeof Lake
Lanier,causing a reduction of the lake stage to a critical level in 2007, triggering a level 4
drought emergecy (Missimer, Danser et al. 201@jigure 3. Thelakelevel droppedl5
feetlow its peak stage in October 20@Zlennon 2009and this reductiom the volume
of stored water puvletropolitan Atlantaegion into a severe water crisis, with a
prediction that Lake Lanier woulae depleted within 32 monthgMissimer, Danser et al.
2014) Becausehtere was no backup water supply except Lakeidr forMetropolitan
Atlantaregion, this was angmains a extremely critical issue in the regiamterms of

both water resource management and sustainable gh@ritaplanning perspective.



Elevation (ft)

1,080

1,075

1,070

1,065

1,060

1,055

1,050

1,045

1995 1996 1997

1998 1999 2000 2001 2002

2003 2004 2005

2006 2007

Lake Lanier Water Levels in July from 1995 to 2014

2008 2009 2010 2011 2012 2013 2014

Elevation (feet) 1,060 1,070 1,071 1,069 1067 1,064 1,063 1064 1,072 1071 1,072 1,065 1,065 1,056 1,066 1,070 1,067 1,064 1,073 1.071

Source: US Army Corps of Engineers: Buford Elevation Data

Year

Figure 3. Lake Lanier Water Levels (Source:Buford Elevation Data, U.S. Army Corps of

Engineers,http://water.sam.usace.army.mil/gage/bufelelitm, Accessed April 201p

Atlanta Regional Commission (ARGereatfte), the regional planning agency,

expects the population to incredsam 4.55 million in 2010 to 6.84 million in 2040

(Table 2.

Table 1. Population Change in 13Counties inthe Metropolitan Atlanta (ARC Plan2040 Forecast

COUNTY | Year 2010 | Year 2020 | Year 2030 Year 2040| Year 2010 2040

Cherokee 214,346 267,877 332,649 392,411 178,065
Clayton 259,424 278,857 300,720 327,552 68,128
Cobb 688,078 739,106 801,831 885,062 196,984
Coweta 127,317 163,781 205,753 239,808 112,491
DeKalb 691,893 725,987 797,405 874,424 182,531
Douglas 132,403 148,306 174,525/ 201,325 68,922
Fayette 106,567 113,128 126,837 143,255 36,688
Forsyth 175,511 254,275 353,748 430,301 254,790
Fulton 920,581 | 1,017,903 1,139,008 1,264,376 343,795
Gwinnett 805,321 951,162 1,146,091 1,350,358 545,037
Henry 203,922 250,746 306,381 351,691 147,769
Paulding 142,324 167,843 211,855 259,578 117,254
Roddale 85,215 96,715 112,106 128,103 42,888
Total 4,552,902| 5,175,686 6,008,909 6,848,244 2,295,342



http://water.sam.usace.army.mil/gage/bufelev.htm

Considering the continuing influx of population to tietropolitan Atlanta
region, legal dispute among three States, and water crisis due ¢htjritne challenges
regarding water resoursér Metropolitan Atlantas likely to continuento the next
generation.Metropolitan Atlantas very likely to face substantial challenges in
maintaining economic growth and a quality of lifielesscertain bng term policy and
planning actiongre implementedrherefore, there is a need for extensive discussion for
sustainable water use management that would support economic growth, prosperity and

healthy life for the metropolitan area.

MOTIVATION OF DISSERTATION STUDY

The situation for most urbanized cities and metropolitarsameghe U.S. are not
much different fronthe case of metropolitan Atlantadlthough individual water use
levels (or gallon per capita use) in US have been gradually declinedtfdelzadeghe
increase of population, urbanization, sprawl, and decay of existing conventional
infrastructure continuously raise water issues in urban areas in the U.S.

In general, water use is closely tied to land use typeshamhysical
charactestics ofthebuilt environment. Literature discussing water use drivers suggests
that there are substantial relationstbptweerthesevariablesat different geographic
scales. Isucharelationship existgplannerscan influence local watarse patters
through tools not directly related to water planning, suctoasg reglationsand urban
growth policy. Zoning regulation affects various propertiesudiandevelopment
configuration such dsind uses typesiensityof land usesiesidential typesand
infrastructure provisions and so.dhthere are substantial relationsiipetween urban

developmentonfiguration variablgand water uspatternsplanners can strengthen



sustainable water use management planning actions by suggesting reasonsiole goal
controlling urban density and development configuration. Such actions imply that
planning autbrities and planners can engagater use management for sustainable
comnmunity more actively.

Besides, if land use types and the magnitfdeater use cabe connected,
planners camot onlyproject future water usdemandbut also visualize the
geographicapatternof water use. This will greatly improvkeir ability to communicate

with stakeholders, interest groupsidwater resource management plagnagenes.

PURPOSE OF STUDY ANICONCEPTURAL FRAMEWORK

This studyfocuses orthe potentiaflole of planning forsustainable water usk
proposeshata sustainable water use framewshould connedand use and water
resourceplanning It illustrates how integrated watdand usedemand forecasting
modelscould beused for sustainable water use planniyecifically, this study
investigatesvhethermaking changes ourban formurban development configuration
would affectwater useand if this6 | aused evel opment configurati ot
effective comparetb other conservation policieslated to water device efficiency
improvementnamelyt htee @h n o | o g i .cThid studymlporaista deiménstrate
thatcommunity or local government canléawv a sustainable water ugath when two
approaches are combineBigure4 showsthe conceptual framework how sustainable

water ug policieswould lead the community to moadternative path.
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Figure 4. Conceptual Framework: Sustainable Water Use Policies and Future Changes

RESEARCH QUESTIONS
The above goalead tothe following research questions:

(1) What are the relationships between urban form/urban development and urban
water use?

(2) What are the implications of incor@iing landuse variables into waterse
planning?

(3) How can planners formulate sustainable urban watepnagections by
addingknowledge about local water use and land development p&tterns

(4) How can planners benefit from amtegrated watetand use modeb promote

local and regional water sustainability?



(5) Which approach is more effective in creating more sustainable watex use
land usedevelopment (urban form) approacht@chnological solutions

(including rain water harvesting) approach?

SIGNIFICANCE OFSTUDY

The currenpractice of sustainable water use and demand forecasting has focused
on the shorterm impacts in complex statistical models and conservation impact by water
efficiency improvement, namey6t ec hnol ogi c aislessrpseachooathen 6. Th
utility of a6 | a n-develogneent configuration approath w hsiassdciated with
impact on water demand loiyban form and urban growth policy contrdl$ie unique
contributon of this dissertatiofs to connecthesetwo separate areas of easch: land
use and water resource plannimyis study also aisito develop &lanning Support
SystemsRSS hereafterjhat integrates GIS models and water demand projection
functions for long term sustainable water planning. The PSS developed imutlyis st
demonstratehow simple models and tools and Python sast be usetb developa

GIS application to conduct geoprocessing tasks and demand calculation tasks.

SCOPE OF STUDY
This dissertation study is composed of several resediats designedo
understan@onnection betweesustainablevater use anthe control variables of urban
form and development configurations. In the festpirical analysisChapter 3this
studyfocuses onthe counties inhe U.Sasa geographic scope of study discagsiounty
water use levels in urban areas. In the second and third empirical analyses,s@hapter
and 5,thegeographic scope study are Fulton County in Georgia ahe Metropolitan

Atlantaregion, respectivelyin the second analysis, water use at @ldeyvel isanalyzed.
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In the third analysis, thirteazounties inMetropolitan Atlantaare choseto make up the

case study area.

STRUCTURE OF STUDY

In order to discusthe longterm water demand with sustainabilitiiis
dissertation studis composed fochaptes including literature and three main analyaes
different geographic scale&irst, thisresearclbegirs with literature reviewChapter 2)
to discuss theoretical background of sustainable water use, research gaps, and motivation
of this disseation reseatt. Next, Chapter 3 discussédw a series of development
configuration, socigeconomic, and climate variablascountylevels are statistically
related to urban water use. pgarticular,a series of variables of interest related to urban
form and land use configuration includespulationdensity, a percentage of single
family housings This study assumes thaye related to county representativeividual
water use level in the U.S. (gallon per capita per day, GR&€aftey.

In Chapter this dissertatiomlsoexamines the relationship betweesidential
water useandone ofthe mosimportant spatially explicit variablet)esize of residential
lots. The residential lot size Brepresentative variables of ledensity development
paterns andirbansprawl.For examplea single family resideran a large lot would be
morelikely to consume more wataitue to excessive water use Vaatering lawnsand
outdoorgarcens and outdoor poois thespring and summer seasoif this is trugwe
can hypotlesze thatreducing typical residential lot size should be able to reduce
residential water use.

Chapter Fiscussehow susté@nable scenarios based thre Metropolitan Atlanta

situation can be developdBecause SWSPSS requires a serigsaohmeters in

10



individual analysis modules in the system, this study desgéigpothetical scenarios to
betestedn aSWSPSS in Chapter 6. The parameters in scenarios reflect both current
urban development configuration characteristics in study aretharnadcal water use
profile including possible ranges for parameter changes for sustainable water use. The
scenarios used in analysis inevitably have to irelmény assumptions because there is
considerableincertainty in determining individual and aggy at ed wat er consu
current and future water use behavior

Chapter @lemonstratehow GIS applications and multiple water use scenarios
can be applied to projeldng-termlocal waterconsumptionAs an extension of planning
support system discussiotiat have existed for decades, this dissertation study shows
how current GIS technologies, Python language, samgple spreadsheet applicatsaman
help planners generate useful informationifiedepth discussion ilocal and regional
sustainable waterse plansThis chapter explains hothe SWSPS$Swhichprojecs
future water demand based differenturban growth and conservation scengri®s
developedThe SWSPSS can be a useful tool as a planning support systems (PSS) that
provi des 0 uosnedplanhersithattheyrcaroanmunicate with public and
interest groups when discussing long term water management plans.

Figure5 summarizeshe major steps and structure of this dissertation research
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Chapter 1: Introduction

Research background, Purpose of Study, Research Questions, Scope of Study, and Structure of Study

=

Chapter 2: Literature Revew
Theoretical background of sustainable water use
Urban water use and estimating water use demand
Definition of sustainable water use framework
Conservations and sustainable water use

Chapter 3: County Level Analysis
Research design: Regression model analyses at County level analysis

Results , discussions and policy implications

-

Chapter 4: Parcel Level Analysis
* Research design: Regression model analyses at parcel level analysis

* Results, discussions and policy implications

Chapter 5: Long-term Sustainable Water Demand & Establishing Conservation Scenarios
Theoretical background: Forecasting urban water demand in sectoral approach
Research design: Scenario development for SWSPSS application (BAU, 5D, and RWH)

< >

Chapter 6: Development of Sustainable Water use Scenario-based Planning Support Systems

Background of development of the planning suppart system for water demand forecasting

Research design & methods: Development of a GIS modeling framework and the SWSPSS application with 3 sub-modules
Estimating water volume from rainwater harvesting (RWH) using GIS data and regression models

Results, discussions and policy implications

Chapter 7: Conclusions

Figure 5. Structure of Study and Research Framework
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CHAPTER 2

LITERATURE REVIEW

THEORETICAL BACKGROWD OF SUSTAINABLE WATER USE

URBAN RESOURCE CONSMPTION AND METABOLISM

Discussios of sustainability and consumption at the metropolitan lexetooted
in the concept athe urbanmetabolism(Wolman 1965)Metabolismis an approach to
understand cities as interconnected-kimdogical systemsemphasizinghe resource
inputs and waste outputs thiesesettlementgWolman 1965, Newman 1996)/olman
attempedto quantifyflows of energy, water, materials, and wastes liryothetical
American urban region of omaillion people A handful of urban metabolisniuslies
have been conducted to follow his pionegdiscussion on metabolism in urban regions
Sahelyet al.(2003)studiedthe metabolism of Toroaf Ontario,Canadaand found that
the city®s metabolismincreagdbetweenl 987 and 1999Sahely, Dudding et al. 2003)
Their study alsasedsustainabilityand metabolism concepts to devetop
environmentahndsustainabilityindicator interms of water use modieg development
(Sahely, Kennedy et al. 2005, Sahely and Kennedy 28@&hownin Figure6,
Newmaris studies, by identifying petapita,inputs and waste outputs of SydnBigw
South WalesAustralig provide a snapshot of how cities consume natural resources and

producedifferenttypes of vastedNewman 1999)
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Figure 6. Resourcelnputs Consumed and Waste Outputs Bcharged from Sydney, 1990

(Source: Newman, 19

Asshown i n Newmano6s

metabolism in terms of input and output quanfignnedy, Cuddihy et al. 200Most

of the water inflow is either discharged as wastewater or lost by watering lawns.

op

exampl e,

water

t

Accordingt o Kennedy and K200)basadlord selecigdiveordd@ities,t u d y

waste water represents betweerp@tcentand 100perceniof the mass of water inflow
Newman (1999) also suggedtithe extendedhetabolismmodel of the citg to include
the setitmentdynamics N e w madmgram of extended metabolism moseggests

thatdifferenttypes of human settlement magsultin differentlevels of waste outputs

andlivability layouts(Figure 3.
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Figure 7: Extended Metabolism Malel of Human Settlements(Source: Newman, 1999

An importantmessagérom metabolism modeland sustainability discussisis
that the moseffectiveway to reducehe potential negative impact caused by output
wastes ortheliving environment is to ragte resource inputMany components in the
Newmanextended modgNewman, 1999are closely related to the walanners
conceptualize how cities grow and expand through complex interactions among different
systems

In general, such systems include nat@nvironment systems ahdmanbuilt
systemsas shown irFigure 8. In humadbuilt systemsmany urban componensuich as
thelayout of transportation systems, buildings, and infrastructure systmisto be
affected by land use typ€eBypically, differenturbangrowth patterns and land use
policiesform differentcommunity resource consumpteand waste production

portfolios Land use pattesnthe natural environmenthebuilt environmentand the

15



economic growth accompanied with populatemploymet influx are dynamically

intertwined.

Economic and

population
/employment
growth
Land Use Human Built Systems
| ] (Transportation and
Pattern Infrastructure)

Natural Resource and
Environment

(Water, energy, habitat)

Figure 8: Conceptual Diagram of Interactions between bnd use Ratterns and Urban S/stems

Economic growtHeads tgpopulation ané@mploymengrowth incities Such

growth requires increaséuaputs of water, energwnd raw materials toonstruct

commerciabuildings,residentiahousing, and infrastructure systemwhich conversely

affectcurrent and future land use patterns gpatialpatterrs of human activites

Within the® dynamic ineractiors, differentland use patterns would consequently result

in differentlevels ofnatural resource inpsiand wasteutputs This arguments similar

to Newmaris extended metabolism diagram.

URBAN WATER USEAND SECTORAL APPRACH

In order to estimatarban water demand, it is necessary to understand the

components of customer types or ars® types. Typically, most public water supply

systems provide water to multiple types of customers including siaglgy residencs
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multi-family residencs, commecial businesses, industrial establishments, and

institutionalcustomers (Figur@).

‘ Urban water use

4

| I |
Non- |
Residential Residential
cn |
1 1 .._l ~ N \
Single Multi- ) . "
Family ‘ Family ‘ Commercml‘ Industrial | Institutional
\ Outd_oor ' ' ( Outd_oor
Indoor Use Use Indoor Use Use

Figure 9. Structure of Urban Water Use (lllustrated by Author, Sources: Vickers, 2001 and
MNGWPD, 2003)

In general, wateuse sectorsf singe-family residences and muitamily
residencesre categorizedsresidentiauses. Nonresidential uses include commercial,
industrial, and institutional (Clhereafter) water useResidential customers consume 50
percento 60 percentof total watemproduction or sales in many communities across
North America(Billings and Jones 2008 1995 accating to the USGSyon
residential sectawater useavasreporedas 17percentfor commercial usel2 percentfor
industrial useand15 percentfor public use and losses from public supplies across the

U.S. (Solley, Pierce et al. 1998)
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Depending on customer types and-e1isé behavior/purpes enduse types can be
categorized by indoor/outdoor yse by water device types such as toilets, bath and
kitchen, water appliances, and otheraiseluding leaks. The breakdown of urban water
use inFigure9is widely adopablewhen local water managhent authorities or utility
providers devise a variety of urban water demaodels and conservation policies,

considering thempact on water use across different customer types eusntypes.

FORECASTINGURBAN WATER DEMAND

Water demand forecastimgodels and methodsave beeronsistently discussed
in literature for decadesnd nany different types of models and methods Hzeen
developedThese models and methagi®unit water demand analygqiBrekke, Larsen et
al. 2002) stochastic process models with time series (@&itiings and Jones 2008)
univariate time series analygiSardiner 199Q)time series regression mod@Polebitski
and Palmer 2010agrtificial neural networks (ANNYAdamowski and Karapataki 2010)
composite models or hybrid approa&@uaiado 2009, Wang, Sun et al. 200@nd
scenariebased approaches and decision support systems (B&%®), Li et al. 2007,
Mohamed and AMualla 2010, Polebitski, Palmer et al. 2010)

Other types bmodels arghetime-series modelthatprojecthistoricalwater use
trends into the future using a variety of techniques susingdetime trends
exponentiasmoothing andhe Box-Jenkins (autoregressive integrated movangrage)
models(Box and Pierce 1970, Box, Jenkins et al. 198¥)he same veirrggression
models embracsocioeconomigactors influencing water usand ecent advanean

developing structural forecast models include nonparametric forecasting models that
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adopt neuranetworks(Ghiassi, Zimbra et al. 2008nd fuzzy logic systems
(Altunkaynak, O zger et al. 2005, Ghiassi, Hianet al. 2008)

According to Donkor et al. (2014), water demand forecasting methods and models
differ depending on the forast variables, the periodicityhich can range from hourly
to annually and the forecasting horizons categorized in eitherunednd longerm or
shortterm (Donkor, Mazzuchi et al. 2012)he end-use unitbased or sectoral approach
is used for maywater utility suppliers for midor longterm demand forecasts, whereas
statistical models or regression models or neural network models are widely adopted in
shortterm or mediurrterm forecasts for optimization and peade estimation. In
general, stastical models or regression models are widely adopted to estimate water
demand using a series of seeiconomic variables describing water consumers, as well
as spatially explicit explanatory variables to captheurban form and local
development configration characteristics.

The ®ctoral approacts an intuitive methodn forecastingong-termwater
demandbecause total consumption for each sector can be calculaggithe number of
customersand the representative water usegate knownThe termis alsosimilar to
thebunit wat er de ma(Brekkea lamsdn ptad0G62, Bilipgs and dowek 6
2008) In this method, customer categories or water de\aceslisaggregatednd vater
demand is calculated by multiplication of per capita use of customer classes and the
number of population or size of customersthiis mathematical expression, this

apprach can be expresses as in tqediionl.

Equation 1. Unit Water Demand Analysis Approach (Brekke, 2002; Donkor et al 2012)



Where:0 = totalwater use in given future time peribd
I =water use coefficient of sector in in time period in t

Ni,t = size of water consumer in sectan time period in t

Although this method isotconsidered as complex or sophisticated as other
statstical models and neparametric neural network models, it ig simplest approach
used by manwtilities in practicelDonkor, Mazzuchi et al. 2012\n example ofthe
applying unit coefficient approach in demand forecast at metropolitan level issisicu
by Hagen et afor Washington metropolitan ar¢dlagen, Holmes et al. 2009)hey
argue that the met hod i s righbhbalangehbetweeredata d e q u a
needs and accuracyo and it is fAtransparent
jurisdictions can apply fHagen, Holmes et al. 2003)/hen this approach is adep for
demand forecasting, unit watese coefficients by different land use gptees such as
residential, commerciaindustrial and institutional (or public3houldbeapplied
separatelyn theforecasting procedsecausehe magnitude of water consumption varies
by water customer typdglagen, Holmes et al. 2003)his approaclalsois usefulfor
measiring the potential water savings by specific conservation polioigbe
technological improvement associated wWahparticularwater use devigs).
One of the most widely adopteéémandforecastingapplicationgakingthe
sectoral approach was th&R-MAIN (Howe and Linaweaver 196%eveloped byhe
U.S. Army Corps of Engineers InstituterfoVater Resource3he IWR-MAIN wasused
by many water utility providers in largeetropolitanareas or citigsncludingthe

Indianapolis Water (27 sutlistricts) ,PhoenixWater Serviceslepartment{four study
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areas)MetropolitanWater District of Soutérn California (57 study areas), Binghamton,
New York, andhe Southwest Florida Watéanagement district (62 study areas)
(Opitz, Langowski et al. 1989, Baumann, Boland et al. 1988} water demand and
forecastimodule intheIWR-MAIN disaggregatethetotal urban water use ingectorial
componentsdemands arealculatedas products of thaverageate of water use (e.g.,
per household or per employee) determined by a sstppdnatoryariables and the
numberof the userssuch as the number of residents or employPemgielewski and
Boland 1989)

Using regression modelde IWRMAIN estimatesesidentiasectoraverage
waterratesfor seven subsectors (singi@mily, multi-family low-density, multifamily
high-density, mobile homes, nearban, useadded, and total residentiafor thenon
residential subsectgrthe IWRMAIN empiricallyestimateshe Cll (commercial
industrial institutional) sectaiks water useThe classification ofCII sectordn the IWR
MAIN follows theStandard IndustriaClassification(SIC, hereaftey codeqOpitz,
Langowski et al. 198%yom the US. Departmenbf Commerce which are composed of
eight major industry groupgonstruction, manufacturingansportatiorcommunication
utilities (TCU, hereafter)wholesale trade, retail trad&manceinsurancereal estate
(FIRE, hereafter)servicesand public administratiorDespitethe availability of the
theoreticamodekin the IWRMAIN, the econometric models withe model elasticities
for explanatory variables are not well defined; hetioe defaulcalaulationis expressed
as thesimplemultiplication ofthenumber of gallonper employee per daypefficientfor
the SIC categoriesvith the number of employsé€Dziegielewski and Boland 1989)

Table2 shows theexample othedaily water use coefficiengjallonsper employment per
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day(GED, thereafter by the SIC codesAs employment data based places of work are

available from the Ub. Census Bureau (USCB}jje water usdor employment sectors

can be easily calculated by using these coefficients.

Table 2: Cll Sector Water UseGED Coefficients (Dziegieleswski and Boland 1989)

Group

SIC codes Water use coefficient

(gallons/employee/day

Construction
Manufacturing

Transportation, communication, and utilities

(TCL)

Wholesale trade

Retail Trade

Finance, insurance, real estate (FIRE)
Services

Public administration

1517
20-39
40-49

50-51
52-59
60-67
70-89
91-97

20.7
132.5
49.3

42.8
93.1
70.8
137.5
105.7

DEFINITION OF SUSTANABLE WATER USEIN LITERATURE

The definition of sustainabl@ater use hakeen discussed in a way similartie

concept of (WECDJ4983 iGleickllodshasoifeded the definition of

6sustai nablfet heatusre w$edwatnsr that supports

endure and flourish into the indefinite future without undermining the integrity of the

hydrological cycle or the ecological systernsa t

d e p €Gleitk 1695) Gleick(1998)

laterhaselaborated othedefinition by suggesting certain criteria for measuring

sustainabilityas following a sufficient level of water quantity sholdé guaranteed to

maintain human health and health -sgstem; water quality should be maintained to

meet certain minimum standard; human actions in thedonghould not impair the

renewability of water stock and flow; institute mechanisms and wateniplga decision

making should be democratiGleick 1998)
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Kotas (2008hasalsodescribe the sustainable use of watasiithe pattern of use
which ensures satisfaction of needs for both the present and future gene(&imtas
2008) In generalthedefinitions of sustainabilitemphasize integenerational
allocation of natural resourcéSolow 1986)and focus on the limits of wer use within
thenatural regeneration ra&leik 1998) Bithas (2008) expanded the definitioh
sustainable water u$®m aneconomic perspectiveeferringto6t he avoi dance o
social wel f ar e(Bithas 2008)Whilelesamininghe impataneerobful
cost pricing and social equity issues hasargued that efficient use of water is onehaf

necessary conditions telaeve sustainabilityBithas 2008)

GAPS IN LITERATURE:THE DEFINITION OF SISTAINABLE WATER USEIN
THIS DISSERTATION STUDY

While discussingheurban water use and sustéildy andtheforecasting
methods, tls study foundhegaps intheliterature thatllustratehow land usehange
and urban growth policy would be linked to sustaile water use management plans.
Despite a wide range ofirical and theoretical work on the estimation of urban water
demandnot manystudieshaveidentified the explicit links betweearbanwater use and
urban land use plannin@EPA 2006, Shandas and Hossein Parandvash 20180y
studieshavediscusedhow land use planning policies impact water qugkigiiner
2007)or urban floodingHolway and Burby 1993however the consideration of land
use planning as a nexus to water quantity or water consumptiohiasernwidely

discusseget
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Based orthemotivation to connect landse planning and water usket
definition statement of sustainable water use (and planning) in this dissertation study is
refined adollows:.

Sustainable urban water use plannini ighis dissertation study:igall planning
efforts to promote sustaable urban development configuration and conservation actions
that minimize the costs withithhe water use cycle (withdrawditansfersupplywaste
water treatment) in urban areas while maximizing the befoefhaintaining healthy
natural water resourcey s t &Vhilé water efficiency improvement through
technology innovation can promdteereduction of water demand, a more sustainable
growth policy and compact urban form would also not only reduce per capita water
demand but also minimize the costdem for new water supphyaste water
management systems in urban aréaseductionin water demand allows avoiding both
unnecessary water withdrawal ahe excessiveshorttermusage of water while securing

water use to maintain urban economic growttsod reduction in water demand allows

human settlement to avoid greater damage to the surrounding local ecological and natural

hydrologic systems

DEFINITION OF CONSER/ATION AND ESTIMATIN G CONSERVATION
SAVINGS
Conservation is often referred to the l@¢asst method of accommodating the

demands of a growing commun(tgillings and Jones 2008)Gleick etal. (2003)defined

water conservation as Areducing water us

waterwi t hout decr emasyacign ostechnelagytiaaeréases the

24

e



producti vi t(BleickfHaaszet ad 2003 key éxamined two types of
conservation measures: Oi mproving water us
water for some end usg&leick, Haasz et al. 2003)'he formemefers tothereduction
of water demand without sacrificing functions or goals of waterselatterrefers to
thereduction of water demand which was originally supplied by public water supply
systems, but can be substituted by reclaimed water such as rainwater harvesting for some
enduse like watering outdoor law&leick, Haasz et al. 2003Yickers (2008)lso
defineswater conservatioasthnen benef i ci al reduction in wate
water efficiency as Awatemusethioacaomplishrafuoction,t he a
t as k o rnVickees 2008) Baudmann et al. (1980) defined water conaton as
Aithe socially beneficial reduct-beodit of wat e
approachi{(Baumann, Boland et al. 1980)

According to Billing and Jones (2008het goas of a conservation program
commonly aims to prent water use from exceeding a historically observed normal use
level, to preparéor drought, andmost importantlyto bring actively about a specified
reduction in existing water use patteamd the rate of growth of water demaif@slings
and Jones 2008 heyhaveexplairedthat siccessful longerm conservation can keep or
decreaseurrent water se demang) even as regionapidly increasing population,
employmentand economic activitis expected tincreasgBillings and Jones 2008)
They alschavesuggestdthat @nservation can keep water rastableor prevenia
substantial increase of water ratesn wherethere isthe need for additional supplies of
water andheexpansion of water supptreatmens, transmissios, and wastewater

treatment facilities

25



In this dssertation studyconservation in sustainable water us&nly refers to
thereduction of watedemand within an urban water systbynboth water efficiency
improvement andnagplication of reclaimed water such as rainwater harveg$RviH,

hereafter)

Residential end use agdnservation

Evaluating the savings potential of watemservation options begins with
understandingresenwateruse pattermand baseline usagé/henthe volume of water
use by sectors and potential savings by efficiency measkmewn,the maximum
potential of water savingan be calculated.
Conservation programs targeting activities using larger percentages of total water
offer the best opportuties for water saving®Billings and Jones 2008)I'he esidential
sector is the largest urban watseisectarTypical daily residential indoor water use is
69.3 gallons per capiteFigure10 presentsesidential water share by differesmduse
typesin the U.S. toilets (26.7 percen}, washes (21.7percen}, showes (16.8perceny,
fauces (15.7peren), leakages(13.7perceny, bath (1.7ercen}, and others (3.6

percen} (Mayer, DeOreo et al. 1999)
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Figure 10. Residential Water use (Mean daily per capita) from 12 study sites in the.8
(Mayer et al. 1999, AWWR study)

Many conservation studies, especially sinigmily residential water usgudies
havediscussedhe estimates aivater savingpotential and estimated losigrm
conservation impastVickers (2001 havesuggestdthat waterefficient fixtures for
indoor water devicefr residential usesanreducedaily percapita water use from 69.3
gallons to 45.3 gallons (ercentdecrease It was assumethatpre-1980 model
toilets, designed to use between 3.5 10 GPF(gallors per flush) would beeplaced with
low-flow 1.6 GPFtoilets

More recent standasdor residential indoor use conservatioave been published
by theEPA (EPA 2009) According totheE P A d\aterSens&ingle-Family New
Home Specificatiord(2009) thetypical daily per capitavater use foasinglefamily
home can beeducedrom 49.8GPCDto 39.5GPCD(gallons per capita day)
(20.7ercentdecreaspwhenthenew WaterSense standaateenforced. When

comparing two stdies,however it should be n&dthatthe efficient fixture standards in
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Vickerss 2001 study werelder standardandmore efficient technologies and
appliances become availalsiace thenTherefore,tieGPCDv al ues i n EPAOS
WaterSense study are typigdower thanin Vickerss study.

In residential outdoor use, proper managemoétandscape water use and
minimizing evaporation of outdoor pools are effective conservation actions; however,
satisfactory or consistent estimates of outdoor residentierwae arearelyfound. A
few studies quantfthe effects of proper management on landscapestern Policy
Research (1997) found the combined effects of irrigation scheduling and proper system
maintenance reduce water use by 20 perdeesearch 1997)in amother study in North
Marin Water District in Californiaif wasfound thatthe proper choice of plants and
careful landscape desigxeriscapingould reduce water use by up54 percent
(Nelson 1994) Morerecent study by Sovoco(005)suggest thatxeriscaping,
compaedto water use for turf grass, can s&%8 gallons per square foot annually or
1.5 gallongpersquarefed a a minimumduring thewinter monthsand 9.6 gallonper
square feeata maximun during thesummemonths(Sovocool 2005)Table3
summarizethe results of these studies associated thiglanticipated water savings by

device or program for residential use.

28



Table 3: Water Savings by Device or Bograms (Mayer et al 1999, Maddaus ad Maddaus, 2006,
Vickers 2001, and EPA 2009)

fz%‘gf)e Amy Vickers Source: EPA (2009)
Nom Water Expecte Water Expect
conserva efficient Standa - Sense  ed
tion fix Water rd Use Expect Water
Savings ed Use Savings
Daily Daily Daily Daily Daily  Daily
gallors gallons gallons gallons gallon gallons
Perce
Features per per per per sper per nt
capita capita  capita capita capita capita
(gpcd)  (gped)  (gpcd) (gpcd)  (gped)  (gpcd)
Toilets 18.5 8.2 10.3 8.2 6.5 1.6 20%
Bath and Facets| 12.1 10.8 1.3 11.3 10.7 0.6 4.8%
Showers 11.6 10 1.6 9.9 9.9 0 0%
_ Clothes Washerg 15 10 5 155 8.6 7 45%
_§ Dishwashers 1 0.7 0.3 11 0.7 0.4 33%
£ Hotwater . 39 31 08  20%
delivery systems
Leaks 9.5 4 55
Other Domestic 16 16 0
Uses
20.7
Total Indoor 69.3 45.3 24 49.8 395 10.3 %
- Proper landscape design and xeriscaping can reduce outdoot
water use up to 54 percent (Nelson, 1994)
Xeriscaping - Comparing turf grass, xeriscaping can s&ge3 gallons per
g square foot annuallyl(5 gallonsgq.ft.as min. in winter, 9.6
g gallonséq.ft.at max, in summetSovocool, 2005)
O Rainsensor - 10 GPCD can be saved by rainsor
Effective land - Effective landscaping can save up to 50% of outdooemage
scape strategies for landscapingSource: The Saving Water Partnership "Water
Efficient Irrigation Study: Final Report. May 2003)

Non-residentiakectorend use and conservation

Non-residentialor commonly referring tcommercialindustriatinstitutional (ClI,
hereafte) water useestimatevary widely depending on the demographics oftitiéy
and the way ClI sectors are defin®lorales, Heaey et al. 2011)The difficulty in

estimating currentlIl water use and identifying potential savingshasectordss due to
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limited availability of various types of customarformation device inventories, poorly
standardized data formatndwide vaiations of quantityof water use among the mix of

end usesHowever, several studies and looadfionalwater councildave published
overviews of Cll water use and efficiency measurBgiegielewski et al. (2000)

discussed the characteristics of comnadrand institutional water usédziegielewski

2000) TheEPAG&G Water Efficiency in the CommerciahdInstitutional Sector
(WaterSense 200@an be applied to the industrial use sector despite a lack of subsector
specific data (e.g., watereiBy facility and end usePther studies regarding Cll water
useincludeColoradds Water Wise stud¢The Brendle Group 200,Avhich discussed

the Cll sectors conservation benchmaddgater efficiency manudl or CI | byf aci | it
theNorth CarolinaDepartmenof Environmer and Natural resourcé€ohen, Ortez et

al. 2009) and® water conseration guide for Cll Use&by the New MexicoOffice of

the Statéengineer (1999)

The saving ranges fromanyconservatiorstudies are useful guidelis®or
planners when settinganservatiorscenario TheCaliforniaDepartmentVater
Resourceand theEPA completedhe water audits at 74bmmerciakites in six states
andfound that potentialvatersavings from efficiency measures ranged fronp@@ent
to 26percent(Vickers 2001) Another studywith 902commercialandindustrial (CI)
facilitiesin the Metropolitan Water District of Southern Califormassuggested that
estimatechveragepotential water savingsanbe 29percentwith highoppatunitiesin
domestigplumbingfixtures, industrial processesndlandscapérrigation (Sweeten and
Chaput 1997)Thesurvey reporf{Dziegielewski, Kiefer et al. 200@)om the AWWA

research foundatiomaveestimated p@&ntial savingsare within15to 50 percent range,
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with 15 to 35 percent being typical when implementimgCl conservation programs
(Vickers 2001)

Gleick et al (2003) haveanalyzed Californié urban water use and potential
savings in 200@o provide a comprehensive overvidar urban water use including ClI
end uss (Gleick, Haasz et al. 2003 their worklandscaping (35%i}¥ thelargest
source of water demard the Cll sectors, followed by process (@&trceny, restroom (16
perceny, and cooling (1percen} (Figurell). This studyhassuggestdthat landscaping

and plumbing fixtures in commercial uses are most effective targets for consenvation

commercial usein Cll secto(Gleick 2003)

Source: Gleick, P.. etal. 2003. Waste Not, Want Not:
The Potential for Urban Water Conservationin California.

Figure 11. Estimated Water Use in the Cll Sectors by End Se(Gleick, p. et al 2003)
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Rainwater Harvesting (RWH) as a Conservatiqrii@h

Rainwaters consideredo bewater sourcefor theirrigation of farmland
irrigation of gardendjushingtoilets, cleaning of road and outdoor surfaces, and other
nonpotabk usegBoers and Bn-Asher 1982, Nolde 2007 Rainwater harvesting
(RWH, hereafteris one of many conservation options that potentially preadeess to
a reclaimed water sourcathough many potentiglossibiliiesof collecting and using
rainwaterhave beeifrequenly been ignoredAngrill, Farreny et al. 2012)Jntil 2007
therewereabout 250,000 RWHKystemsn use in the United StatékinkadeLevario
2007) Texas, Virginia, Oregon, thgtate of Washingtorand other states have developed
guidelinesfor designingandinstallingRWH systemsBut RHW isstill anunderutilized
tool, mainlydue to logistial problans such as cisterlocatiors, changes in facility use,
and poor public perception of the harvested rainw@tares and Hunt 2010)

Angrill et al (2002)haveexamined thenvironmental impacts of RWH in terms
of infrastructure associated withetwo layouts ofresdentialurban density 6 c omp act
city model 6 and 6 dAndrill, Basreny et al. R 2)T heyfoundythatmo d e | 6
the compactcity model witha higher density would result in lowaegative
environmental impacts and higher wagéiciencieswith 47 percenof the demand met
(Angrill, Farreny et al. 2012)hey concluded thdia priorio rain water can be a
competitive resource in urban areas with scare water resoGtaéien et al (2000 have
studiedthe cdlection efficiency andhe systemapplicabilityof commercial building
(supermarkets) with large raah London,Englandduring an8-month period Chilton,
Maidment et al. 2000)They found that 53.percentJaruaryi June 1998) and 48.1

percentJulyi November1998) of actual collection efficiencies were achieved in a
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prototype system, and dependingpansisentor heavy rain, 20.percentor 28.6percent

of the averagdemandvas satisfied

SUSTAINABLE URBAN WATER USE PLANNING ANDURBAN DEVELOPMENT

CONFIGURATION APPROACH

DRIVERS OFURBAN WATER USE

Water use isundamentallytinked to economic and socieowthandits well-
being(Franczyk and Chang 2009/ wide range o$tudiesand practical evidense
suggest that waterdemands affected bymanysociceconomic variales, weatherand
climate variablesand local water pring and conservation policie<Common socie
economic variables include population growdhe of the most importadeterminants of
water us€Ruth, Bernier et al. 2007@conomic growtliGleick 2003) price of water
(Agthe and Billings R02, Arbu®, GarcgxValifias et al. 2003 andhousehold income
(Syme, Shao et al. 2004, Domene and Sauri2006, Balling and Cubaque 23)6igk
(2003)assumsthatpopulationand economic growth lead to increasn water
withdrawals and supplyfrastructureexpansior(Gleick 2003) Increasen population
andemploymenusuallyproducenewdevelopmerg intheurban aregsvhich require
additional water use for drinking, irrigation, industrial use, hydroelectric power
production, transportation, and recreasipurposes.

A snapshot of ater use published by the United States Geological Survey
(Kenny, Barber et al. 2009, USGS 2088pwsthat manypopulatedstates, especialin
the South andhe West where increased population trends were showhddastseveral
decads, hadhigh levek of totalwater withdrawals from surfa@nd ground water

sourcegFigurel?) .
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Total withdrawals

EXPLANATION
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Figure 12: Total Withdrawals of Surface and Ground Water in 2005(Kenny, Barber et al.
2009)

Another reasn whythe $uthand the Wést regions havahigh level of
withdrawal is related to weathandclimate variability. Weatherandclimate variables
such as temperatynerecipitation(Balling Jr and Gober 2007, Freayk and Chang
2009) andevapotranspiration (ET¢zhou, McMahoret al. 2002werediscussed as
importantvariables related to weather and climaagiability. Balling et al.(2008) also
discusedthe sensitivity ofresidentialwater consumptioprimarily because outdoor use

is substantially affected by climate vaiilglp (Balling, Gober et al. 2008)Seasonal
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components such as maximum summer tempesadnict precipitatioaare alsctrongly
associateavith seasonal water ugBolebitski and Palmer 2010Hot and dry weather
and climate variability also affect outdoor water bseaiseof theexistence of pools
(Domene and Sauri2006, Wentz and Gober 2@0idhigh evapotranspiration rates
duringlawn watering(Syme, Shao et al. 2004, Fox, McIntoslale®2009)

In theliteratureof water demand modeleousehold income and the price of
waterarediscusseextensively. Domeneand Saur{2006) investigatgthe relationship
betweerurbanizatiortrends andresidentialater consumption in metropolitd&arcelona
and foundhathouseholdncomeis a significantpredictor of water usbomene and
Sauri2006) Balling et al (2007) alsdoundthat a high proportion of higincome
residents woulde anexplanatory factofor spatial water casumption pattersi(Balling
Jr and Gober 2007)According to Arbues et a2003) water picing is an important
variable in explaining the quantity of water us¢hathousehold level. In regional spatial
scale, Sohn (20)Toundthat the quantity of water use in cities and counties in the
Southeastern 13. wassignificantlycorelated to thevater price(Sohn 2011) In
economics standpointater priégng, householdncome, andhe quantity of water use
would be influenced by each othbencewater pricing policy isone offavored
conservatioractiors by many watemanagemerauthorities and water utilities.
However, nonlinear and discontinuitytbie price structure introduces difficulties in
specifying economic models and demand moddlmusePeters and Chang 2011)

Gerrity and Snyder (201 tpnductedh study atthe metropolitanscale. Their
discussion of the various reasons of water withdrawals associated with Gross

Metropolitan Product (GMP), income,demployment is buttressed by their
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investigation of water withdrawal in the 32 most populous metropolitan areas using the
U.S. water withdrawal data for 20Q&enny, Barber et al. 2009)They concludehat the
ratio of GMP tothewaterwithdrawals(GMP/H.O) metric can be useful to understand
water usen metropolitan areas, biitis lessapplicablefor regional analysis due the

unique aspestof water resource portfolios atioelocal economies.

SPATIALLY EXPLICIT VA RIABLES ON URBAN WATER USE

An important recent trend in investigating water use determinants and demand
modeling is to examinthevariables and demarahalyses that are associated with the
spatial patterifHousePeters and Chang 2011$patiallyexplicit variablesusually refer
to the explaatory variablesssociateavith physical andtructural charactestics of the
built environment. They are typicallariation of lot size, lawn, and poats derived
variables from urban settlement typssch as density and perdage of singkéamily
housing.

There is a wide discussion about thanydifferenttypes of spatially explicit
variables such as housing ty@@@oy and Holloway 2004 housingtypology (Fox,
Mcintosh et al. 2009)proportion of singldamily household¢Chang, Shandas et al.
2010) lot size or property siz€Renwick and Green 2000, Balling, Gober et al. 2008)
property values as a proxy for household incgp@wve and linaweaver 1967, Dandy,
Nguyen et al. 1997}¥ize of the outdoor spa¢eousePeters, Pratt el.22010) house
square footagéChang, Parandvash et al. 201€)istence of garden(Domene and Sauri
2006) pook (Guhathakurta and Gober 2007, Balling, Gober et al. 2008Y1
(normalized difference of vegetation indéWentz and Gober 20079r theurban heat

island (UHI) effect(Guhathakurta an@ober 2007)
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Morerecenly, spatial pattersiof urban water use in the context of regional scale
have beemliscussed by Sohn (201He combined four mutually exclusive water sise
public supply, domestiesidential industrial, and thermoelectric povdutson 2004)

0 and conducted spatial analysesdentify trendsof urban water usi thesoutheastern
U.S. The analysesonclucke thatcounties with largguantitesof water use are spatially

clustered Sohn 2011)

URBAN GROWTH, SPRAWLAND WATER USE

Sprawlis frequentlydescribed as a spatial patterrcohtemporaryglevelopment
commonly occurrindgpeyond the edge of developed urban areas. The definitions of
sprawl are discussed in many reports and stdd@ssing onland use change patterns,
excessivdransportatiorcommutingcosts, or impacts on environmental qua{Byrchell
2003, Ewing 2008, Stone Jr 2008)

Households irareas osuburban sprawhay consume more water thidnose who
live in densercitiesdue to several reasarfdrst, in terms othe magnitudef water
consumption, sprawl and ledensity development increase water demand in residential
areagnainly due to large lot sizes and acres of turf grass, a large household, or outdoor
pools(Wentz and Gober 200.7HousePeters et a[2010) discussd spatial
concentratios of water use with large lot sigandaffluencecharacteristics such as
propertyvalue They found that household size afeatindoorwateruse and the size of
the property affeetd seasonal outdoor water ud¢ousePeters, Pratt et al. 2010)

Second, rapidlyncreasinghew water demarsdvould likely to be dispersed all
across suburlmeand rural areas becausest new developmewotcur atfringe of urban

areasNew developments with low densitiessaburban and rural area®upled with
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segregated landsestendto spurnewresidentialand employment water demasid the
suburban ate Figure B represents how sprawl and lalensity development would

affect overall water demand in variopsrspectives

: : : Over all water demand
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Figure 13: Impact of Sprawl on Urban Water Use

Sprawl isalsoprone to elevatkurban service cosisespecially infrastructure
intensive services such as roads, whbes, and sewelinesdue to spatiaflispersion
(Downing and Gustely 1977, Burchell and Listokin 1998)rchell et al (2002)
estimated the totavater and sewanfrastructure costs savings between uncontrolled
growth (sprawl) and controlled growth over 25 years (from 2000 to 2025) in the U.S. as
to $ 12.6 billion dollargBurchell, Lowenstein et al. 2002)able4). Especially, cost of
savings switching from sprawl the control growth scenario in South and West region
were higher than the other two.

Speir anl Stephenson (2@)investigate whether sprawl would increase the

public water and sewer costs associated aligrnativehousing patterns in terms of lot
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size, tract dispersion, and distance from existing water and sewer service (Sgers
and Stephenson 2002puncan et al(1989) and Frankl©89)alsofound that water and
sewagecosts for compact, contiguohsusingpatterns are 6percentand 66perceniof
thosein spreadout patterns, respective{ipuncan 1989, Frank 1989)he results
suggested that émoredispersedhehousing patterns arthe higher cosio supplythe

areawith publicwater and sewer services.

Table 4. Water and Sewer Infrastructure - Uncontrolled-and Controlled -Growth Scenarios (US and
by Region: 2000 to P25) (Burchell, et al, 2002, page 1@ Part of the Table)

Total Infrastructure Costs
Region Uncontrolled Growth Controlled Growth Cost savings
(M) (M) (M)
Northeast 16,015 14,751 1,264
Midwest 30,393 28,839 1,556
South 84,573 79,026 5,547
Weg 58,786 54,544 4,242
United States 189,767 177,160 12,609

Low-density dgelopment and sprawl may impawtgativelyon local sustainals
resource management and econognavth because they are costlin order todiscuss
sustainablevater resource magemenplans planners or planninguthoritiesneed to
understandvhat drivesanincrease of water demand and how water demanidsby

differentgeographicalocations and urban characteristics.
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CHAPTER 3

COUNTY LEVEL ANALYSI S

This chapter explogethe relationship between urban water use and explanatory
factors associated with urban form and the fnlironment characteristics, typically
known as spatially explicit variablels.includes empirical analyses to examine the
relationship between elgnatory variables of interest and water use staiatithe
county scale@ounty level analys)sin the County level analysjaurban form and land
userelated variablesuch agpopulation (urbandlensity, the percemtf singlefamily
units, percent o$tructure built since 1990, and climate variabiditg important
explanatoryfactors intheresearch desigihe resulting estimated coefficients and their
signs, will illustrate the importance of the independent variables togpetadaily water

use.

GOAL OF sUTDY
This section endeavors to develop a cissstional analysis at the county level,
using data provided by the U.S. Census. Thgngoal of tiis countylevel analysiss to
highlight therelationship betweethe variablesassociated with uegn development
configurationsaandurbanwateruse The major goal of the analgsis to identify the
controlling urban fornfactors that local and regional water management planners and
growth policy decision makers and analysts should focus order b promote water

reduction.
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RESEARCH DESIGN ANCMETHODS

To understandhe influence of spatial variables on water use fuythes study
presents a crossectional countjevel analysis Thestatistical regression models are
designedatthecounty leel across 5. metropolitan area The @unty level analysis
focuses on finding useful parameters of urban formtla@drban builtenvironment
characteristics thdtestexplain variatios of urban water useithin and neatheU.S.
metropolitan areasn the following Chapter 4,antrastingwith the County level
analysisthe Parcelevel analysiss designedo seewhether annualater use would vary
by lot size and propertyalug which is considered asproxy ofhouseholdncome

In general, the totarolume of water use in any given countygieatlyaffected by
two causal factors: (1) population size and (2) per capita water use. As urban growth
occurs, population size increases. If a region aims to achieve water reduction given its
population growlt, the per capita water use rate has to be reduced. Therefore, this study
pays attention to per capita water use sst@dependent variable.

Various functional forrmand the selection of the independeatiableswill be

explored depending on the cabeg of water demanah the regression model below

Equation 2. Regression modefor county level analysis
n | T op -5
Where, q = per capitadaily rate ofwater use in geographical ar@aunty |,

Ub = constant,bi = coefficient of explanatory variab¥. - j: errorterms
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DATA COLLECTION AND PROCESSING

First,tal i st of 3,222 counties or county
gathered from the U.S. Census. Tabular datagaodraphic information systenSIS,
hereaftercounty data and boundaries of metropolitan statistics area (& aaftey
data (basgear 2005) were collected and compiled into a GIS database.

Second, 1,744 counties in whitls. Census American Community Survey
(ACS) 3-year estimates from year 2005 to 2007 data of the variables of interest were
available were identifiedAlthough the3-year estimate dataset contains information only
for approximately half of the total countigsthe U.S, most counties with valid estimates
were matched with the counties within or near US metropolitan dneaddition tothe
US Census-3ear estimatg the U.S. CensuSounty Business Patterns (CBP) data and
countylevel web sites also provided data for variables of interest associated with county
employment information, including total employees and industry classification.

Third, a list was createaf the 1,59 counties near or inside metropolitan areas for
which county climate variables, climate normals, were available. The dataset is obtained
from U.S. National Climate Data Center, NOAA (National Oceanic and Atmospheric
Administration). Climate vaables are derived from climat®rmal that are three decade
averages of climatological variable including temperature and precipitation. Climate
normals (for the time period 1982010) of annual temperature, annual precipitation,

heating and cooling degge days (HDD and CDD hereafter), calculated from observations

1 This product is produced once every 10 years. The data is avail&itte: dtvww.ncdc.noaa.gov/data
access/landbasedstationdata/lanebaseddatasets/climataormals
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at

approximately 9,800 stat

ons

oper ated

included in the datasedtigure14 shows the examplef geographic distribution of

climate monitoring stations ithe state of Georgia.

County Water Use Regression Analysis
- Example of the State of Georgia-

Legend

[ stetes

¢  ClimateStations_£6942

[ 1744counties
[ ] a222counties

9

(Source: US National Climate Data @nter)

Figure 14: Distribution of Climate Monitoring Stations in the US: Example é Georgia

Figuresl5and16 show thdong term average temperature and annual

precipitaton 30 yeamormalin the US by county. Counties for which these climate

variables were not available were removed from the selection process. For those counties

with multiple climate monitoring stations, the average of observation values within the

countyis calculated and used as the clinratemal
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Long Term Annual Averge Temperature - 1980-2010 Normals
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Figure 15: Long Term Annual Average Temperature in the U.S, 30 year (1980~20108)ormals
(Source: US NationalClimate Data Center. The mapis produced bythe author)
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Figure 16:

Long Term Annual Precipitation Totals in the U.S, 30 year (1980~2018)ormals

(Source: US NationalClimate Data Center. The mapis produced bythe author))

44




Finally, water uselatain the US at the county level in 200®enny, Barber et al.
2009)were collected and added to the county regression andbtsisase. Table 5 shows
thesummary of data collection process and the maps of selected counties in the US
(Figure I7). The table also shows the number of counties within metropolitan areas
and/or no electrical power thermadater withdrawals available that are used for the

domestiovater use analysis.

Table 5: County SelectionProcess

Dependent
Selection Criteria Variable in Number of Qualified Counties
Regression
Counties or county * * * * *
equivalents
Total
US Census year 6-2007 | Water Use * * * .
3 year estimates available|
Counties with climate
Urban

variablesvalid * *
(temperature, precipitationl water use
CDDs and HDDs)

Located within %
metropolitan areas

Located within

metropolitan areas and no
electrical power thermal water use
water use

Domestic

Number of counties 3,222 | 1,744 1590 810 481
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Figure 17: Selected counties in the study for county analysis (1580unties)

Selecting and processing variables of interest: Dependent vafid®leser use at

county data

In literature most previous analysgsre conducted at the local or regional level,
making a nationdkevel analysis valuable. However, when developing a esessonal
analysis of counties, comparable watse data is limited. Theater use or withdrawal
data at county level across the entire United States is available from the U.S. Geological
Survey (AThe USGS0, hereafter) water wuse
2 0 O(Keamny, Barber et al. 2009Fhe USGS National WateltJse Information
Program is responsible for compiling and disseminating the nation'susgtelata. The
USGS works in cooperation with local, state, and federal environmental agencies to

collect wate-useinformationand then compiles these data to produce water
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information aggregatedltthe county, state, and national levels for every five yams.
most recent water use data at the time of this research was for 2005, which was published
and wee available online in year 2009.

According to the USGS county water use survey data and the study report
(Hutson et al. 2009), #total water use at county level is divided into a series of
categories; (1) public supply, (2) sslfipplied domestic, (3) dustrial, (4) irrigation, (5)
livestock, (6) aquaculture, (6) miningnd (7) thermoelectric power us@githin these
categories,he definition of water use categories related to urban water uses are as below.

1 Public supply: water withdrawn by publicéprivate water suppliers that furnish
water to at least 25 people or have a minimum of 15 connections for public use.

1 Domestic: water used for indoor and outdoor household purposes.

1 Industrial: water used for such purposes as fabricating, processingngyash
diluting, cooling or transporting a product; incorporating water into a product; or
for sanitation needs within the manufacturing facility.

1 Thermoelectric power: water used in cooling when generating electricity with
steamdriven turbine generators.

Finally, this study includes three typesd#ily percapita water use rate as
dependent variables of interest: {{Hily per capita total water use rate, @@jly per
capita urban water use rate anddaily per capitadomestic water use rate. this
dissertation study per capita water use rate refers to per day use unless specified
differently. The per capitéotal water use rate is calculated from the summation of all
volume of water in these categories dividgddividing the sum of total water userass

all categories, by county population. The per capibn water use rate is also calculated
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in a similar way using county population; however, urban wateraisalso divides by
county population, but only includes four mutually exclusive wates:ysublic supply,
domestic, industrial, and thermoelectric power use by definition. In the series of report,
the water use categories and their definitions have been changed. Since 2005, USGS
started to provide information on whether the volume of watensisekisupplied (water
from wells or ground water) or provided through a public supply system. In order to
avoid double counting the volume of water use in each category, the dataset was carefully
examined. The total volume of urban water use by cagrdglculated as the summation
of water volumes in public supply, safipplied domestic, seffupplied industrial, and
thermoelectric power use by county. [Bapita urban water use rate is calculated by total
urban water use divided by county populatidn similar way, total volume of domestic
water use is the summation of sslfpplied domestic water and domestic water use
through public supply. Parapita domestic use rate is calculated as total volume of

domestic water use divided by county popuolati

Selecting and processing variables of interest: Independent variables

The independent variatldgvere selected through several iterative processes, on
the basis of (1) literature review, (2) data availability, and (3) detected relationships
among varibles of interestsThis studyorganizeghe independentariablesinto several
categoriegirst: urban form or urban development configuration, demographic, and
regional climate characteristics, and dummy variabldgen the variables asggtributed
to two groupsnamelythe policy variablsand the background variakle

The policy variables refer to the variables mi&ly influenced by specific

policy actions. Good examples of policy variables woulthlegpercentage of single

48



family residential unit§PSFH, hereafte@ndthe population densitpecausglanners
can directly influence such lange patterns through zoning changes and other policy
tools.

The background variables refer to those less easily influenced by policy changes.
Such examples atle climate variables (temperature and annual precipitattoa),
percent of structure built year since 19@@hin or near metropolitan areas (MSAS)
average house hold size, mediacomesand so forth.

The independent variables in the county analgse listed below. The policy

variables this studisi nt er ested i n are .marked with the

a. Urban form or urban development configuratiBopulation density, employment
density, the percent of single family housing units detachethe percent of
structure built since year 1990.

b. Demographic median household income, average household size, total population,
total employment, the number (or the percent) of engdein manufacturing
sector(SIC-level 3), the number (or the percent) of emplent inwholesaleretail
sales, and warehousiiig§IC-level 4), the number (or the percent) of employment
in information, FIRE(finance and readstate)andtechnology services (SHevel
5), the number (the percent) of employment in education and sealtice (SIC
level 6),

c. Local climate characteristics: Lotigrm averages of annual average temperature,
longterm averages of annual precipitation, Cooling degree days (CDD), Heating

degree days (HDD)
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d. Dummy control variables: within or near metropolitarea, excessive water

withdrawal for thermoelectric power generation

To finalizethelist of independent variables of interest andmprove the design
of regression analysis, this study developed a couple of strategies. First, the descriptive
statistcs and frequency distribution curve of observations were examined to see the
skewness of distribution. If the curve was not close to normally distributed and skewed,
thevariablewas transformed to the logarithm form in the regression anaBestswuse
the dependent variable in this analysis is dg¢rm, the model is interpreted eitHeg-
levelmodel (log {) as dependent variable axds independent variabler log-log
model (log ¥) as dependent variable and logy s independent variableln both cases,
interpretation otoefficientsb: is represented as the equasibelow (Wooldridge 2015)

Log-level model: % aey = (100by) sex

Logl og modely=biyaex % e

Second, when the absolute values were appropriate to represent the characteristics
of the county, but high correlations among other variables threatens the validity of
regression analysis, the pentage values of concerned variables instead of the absolute
values were included. For example, total number of wholesale and retail salésv@IC
4) may a good predictor for per capita water use in county; however, it would be highly
correlated to t@l employment; instead the percent of employment in wholesale and retalil
sales sector (SIC level 4) in the countysed in the analysis

Third, the multicollinearity was examined by conducting a bivariate correlation

analysis. As shown in Tab& theresults suggest that there are a couple of high
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correlations (with correlation values larger than 0.8) among several pairs of exploratory
variablespopulation and employment, density of population and density of employment,
average temperature and CIMDD. This multicollinearitythreatenghe validity of
regression analysi§uch variablesvere thusremoved or replaced with other variables in
thesame independent variable category when regression analysis is performed and tested.
Fourth, this study condted testandtrial regression analyses to identify a list of
variables that result in high-8guare and highdtatistics with the statistically significant
coefficients. As a result, this study determined the final list of variables of interest in
individual groups of variables as shown in Tabl&he correlation coefficients among

the final selection of exploratory variables are presented in Vable
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Table 6: Correlation Matrix of Variables of Interests

LN Long- | LN Long- Dummy:
Pecent of LN Long- term term Thermoelef
Dependen Percent of|  lev4 Percent of Percent of|  term LN Long- | averages of averages 0| tric Power|
Dependent Dependen P LN LN lev5 ¢ oe oe
3 percent of] . lev3 |employme lev6 |averageso| term annual annual | Dummy: | (0: No use]
1 2 Percent of Average .| LN Total LN population|employmel employme .
TN X .| structure LN median . . |employme t § employmer| annual | averages of cooling heating | Metro (0: for
LN GPCD,| LN GPCD, single unit| . household . population(Employmer|  density, | t density, i t: i . . .
GPCD, built since X HH income| ", t: wholesales|. . |t:educatior| average | annual |degree day|degree day| Not metro [thermoelec
total water  Urban . | detached size incounty | tTotal |person/sqn|employeel: . information T A N
withdraw | water use Domestic year 1990| N e manufactur| retail sales FIRE. tech and health|{temperatur{ precipitatio| with base | with base | 1: metro) | ¢ power, 1|
total a ng warehousir ser\;ices service |,1980-201( ntotals |65F, 19804 65F, 1980: Use for
g normals 2010 2010 thermoeled
normals | normals ric power)
LN GPCD, total water withdrawl 1
LN GPCD, Urban water use 730" 1
LN GPCD, Domestic total 360" 140" 1
Percent of a single unit detached 020 009 -105° 1
percent of structure built since yd od Lo 103 -009 1
1990
Average household size 097" -004 264" 041 339" 1
LN median HH income -.048 052 -.035 014 234 Jo1” 1
LN Total population in county -.061 135 07 414 052 180" 484" 1
LN Employment Total -.062 136" -014 -7 -.006 075 489" 964" 1
LN population density, “ " " . o o o
pop . Y -271 .045 -.187 -.364 -.012 .054 418 .800 .799 1
person/sqmile
LN employment density, o . - o . - o o o
ploy . y -.244 .058 -.185 -378 -.052 -.019 431 797 .852 975 1
employee/sqmile
Percent of lev 3 employment: - - - - . o . - - -
v S employ -oad| -0y -23d|  289|  -oe8| 088|257 344|206 -1s4| .13 1
manufacturing
Pecent of lev 4 employment: " - - o o " o o o
. Py .108 -.008 A1l 071 .092 178 -.044 -.036 .090 -118 -157 -.309 1
wholesales, retail sales, warehou
Percent of lev 5 employment: o " - o o o o o o o
. . ploy . -.088 .048 .039 -.369 .065 .040) 510 734 762 .649 .685 -.458 -.089 1
information, FIRE, tech services
P it of lev 6 I t: - - - - o . -
ercent otlev b employmen 048 -o014  -068’| -008| -350 16| -253 058 040 037 021 -318 029 -043 1
education and health service
LN Long-term averages of annual
average temperature, 1980-2010 014 058 248" -199" 296" 216" -256° 126" 055 170" 208"[  -050| 003 054 -086 1
normals
LN Long-term averages of annual - o o - o - o .
L -335 .004 -317 .01 .008 -.229 -126 -.024 -.033 .289 .239 .190 -.047 -.031 .022 311 1
precipitation totals
LN Long-term averages of annual
cooling degree days with base 65 -03§ 042 17| -084 210" 213 -238 o074’ 033 180" 134" 066" 08¢’ o015 -057 842 238" 1
1980-2010 normals
LN Long-term averages of annual
heating degree days with base 64~ -.062|  -.086" -267" 257" -.280° -264" 178" -176° -106" -145" -092" 143 -110° -.088" 060  -896 -250° -704° 1
1980-2010 normals
Dummy: Metro (0: Not metro 1: o I o o o o o “ “ “ “ o o o “
metro)y ( -.075 .104 -.017] -.186 222 .196 490 .610 .556 574 .535 -.258 .004 476 -.035 117 .002 116 -114 1
Dummy: Thermoelectric Power (|
No use for thermoelectic power, 357" 560" 011 146" -128 -013 141" 364" 317" 280" 208" 138 -017 248 059 031 -.020 o’ 078 27 1
Use for thermoelectric power)
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Table 7: Correlation Matrix of Variables of Interests:; After Removal of Multicollinearity | ssue

Dummy:
Pecent of Percent of LN Long- Thermoele
LN Percent of| lev4 levs Percent of|  term LN Long- tric Power
percent of . lev3 |employme lev6 |averageso| term Dummy: | (0: No us€|
Percent of Average .| population employme
. .| structure LN median . employme t: employmer| annual | averages o] Metro (0: for
single unit o household ) density, t: .
built since . HH income t: wholesales|. .| t: educatior] average annual | Not metro |thermoelec
detached size person/sqn . information S
year 1990 manufactur| retail sales and health{temperatur{ precipitatio| 1: metro) | ¢ power, 1
le _| FIRE, tech )
ng warehousir ) service |, 1980-201(¢ ntotals Use for
services
g normals thermoeled
ric power)
Percent of a single unit detached 1
percent of structure built since y§
1990 .009 1
Average household size -.047 339" 1
LN median HH income 014 234" 191 1
LN population density, " . "
PopuIatie y -364 012 osd| 418 1
person/sgmile
Percent of lev 3 employment: o o . o o
. .283 -.068 -.058 -.235 -.154 1
manufacturing
Pecent of lev 4 employment: . o o o o
mpoy 071 097 178 -046(  -118"|  -309 1
wholesales, retail sales, warehou
Percent of lev 5 employment: o o o o o o
. . ploymen 369 065 040 510 649°|  -458°|  -089 1
information, FIRE, tech services
Percent of lev 6 employment: o o o o
. bloy ) -.099 -.350 129 -.252 .037] -.318 -.029 -.043 1
education and health service
LN Long-term averages of annuall
average temperature, 1980-2010  -.199" 296" 2767 -256° 170" -.050 003" 054  -.086 1
normals
LN Long-term averages of annual " " " o "
ongrerm averag “l oo ood 226"  -126 289 190 -047  -031 022 auf 1
precipitation totals
Dummy: Metro (0: Not metro 1: o o o o o . o o
metro)y ( -.186 222 196 490 574 -.258 .004 476 -.035 117 .002 1
Dummy: Thermoelectric Power (|
No use for thermoelectic power, -.148 -123" -.013 1417 280" -13¢8" -.017 248 .059 .031] -.020 217" 1
Use for thermoelectric power)
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Table 8: The Final List of Dependent and Independent Variables in Regression ilels

Data
Type Catego Variables Unit | Freque Data Sources
ries noy
g © o Per capita water us
Q@ 9 .
2 2 = rate by county: Gallon | Year Water Use Data, (US Geologic
g= | & |(@)totalwateruse, | o oy | 2005 | Survey/EPA)
o8 g (2) urban water use | P y y
o (3) domestic
£ ,, | Percentof single Percent | a1 | US Census/American communi
E GEJ £ | family units detacheq (%) survey 20052007, 3year estimates
2]
S § 'S | Percent of structure | Percent Annual US Census/American communi
= = *g built since year 1990 (%) survey 20082007,3-year estimates
g ; _‘E Person/ US Census year 20@8007, 3year
3 © | Population density acre Annual | estimates, US Census GIS Dg
(County)
Average household US Census/American communi
size Person | Annual survey 20082007,3-year estimates
Median household US Census/American communi
income Dollars | Annual survey 20082007, 3year estimates
Percent of
- 0 . Percent US Census
S © | manufacturing o Annual :
5'“;’ 3 | employment (%) County Business pattern 2005
cﬁ S
® 5 2 & [ Percent of wholesale
[} DcC O
.(EU g 8 % and retail (Po/eo)rcent Annual ggucrfyn;ﬂ;ness pattern 2005
= 2 w = | employment
> © ["Percent of
S information, FIRE, | Percent Annual US Census
S and technology (%) County Business pattern 2005
o service employment]
s Percent of education
©
= and health service E’f )rcelt Annual giu%? n;lilssiness attern 2005
employment ° y P
> National Oceanic and Atmospher
= Average annual e F - . .
= Administration (NOAA), National
D 1
8 tﬁg;gg@ture, 3gear E]Feziat;\ren Annual | climate data center, 30 year 198
Y 2010Normals
Q National Oceanic and Atmospher
= Average annual - : .
5
g precipitation, 30 yeal Inch Annual S?ﬁ;?;séggogerfg?%)' National
O | Normals 30 year 198@010Normals
@ Inside metropolitan | 0: Not Metro US Censs/American community
% area 1: Inside Metro survey 20082007, 3year estimates
S 0: No substantial w
> Thermoelectric ithdrawal for therm
E‘ Power oelectric power Water Use Data, (US Geologic
S 1: Substantialvate | Survey / EPA)
a r withdrawalfor th
ermoelectric powe
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RESULTS

SUMMARY STATISTICS OF VARIALBESAND MODELS

Thecountylevel analysigests the correlain betweerthe set of independent
variables defined earlier atidree different types of per capita water use. The per capita
water use rate is represented as a gallon petagagi daythereafterGPCD) The Table
7 presents the summary statistics of three different types of variables (total water use rate,
urban water use rate, and domestic water use rate) with a series of independent variables.
When the variables are transihed into logarithm, the original values in the variables
were reported in this summary statistics.

In terms of the means of water use rates, total water use, urban water use, and
domestic use in selected counties were 1,664 galf@@sgallons, and 9§allons,
respectivelyFigure18 shows the geographic representations of GPCDs at county scale
in urban water use. High values in total water use and urban water use in certain counties
were expected because most counties with extremely high GPCDs teiticlcicaw a
large amount of water for agricultural use and thermoelectric pasegthoweverthey
also tend to have relatively a small number of population in their counéese the
relatively highpercapita value.

In terms of the variance of watese rateshethree different dependent
variables of observed counties all vary substantialthoughthe domestic use rate

shows less variance théme other two.
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Table 9: Summary Statistics ofVariables of Interest: County Level Analysis

Std.

N Minmum | Maximum | Mean | Devation
GPCD, Total water withdrawl 1,590 2 97,684 1,644 4,558
GPCD, Urban Water 1,590 1 18,973 730 1,874
GPCD, Domestic total 1,59 6 615 95 45
Total Population in county 1,590 19,032 9,93547% 169,952 415,73
Total Employment in county 1,590 0 3,895,886 69214 186,24
Percent of a single unit detached 1,590 0.3 88.3 68.9 9.9
percent of structure buit since year 1990 1,590 4.1 76.9 264 11.1
Median household income (2007) 1,590 20,584 104,617 45,034 11,504
Average household size 1,590 2 4 3 0
Employ Lev 3: manufacturing 1,590 0 47353% 7,789 18,677
Employ Lev 4: wholesale trade, retail trade, transport 1,590 94 860,09 15,253 39,344
warehousing
Employ Lev 5: information, FIRE, professional scientific 1,590 54 124471% 18,510 64,51
tech services
Employ Lev 6: education, health service 1,590 0 556,584 11,354 29,09¢
Percent of lev 3 employment: manufacturing 1,590 0.0 61.4 17.2 11.4
Pecent of lev 4 employment: wholesales, retai sales, 1,590 0.0 55.0 23.2 49
warehousing
Percent of lev 5 employment: information, FIRE, tech 1,590 0.0 55.7 16.0 7.5
services
Percent of lev 6 employment: education and health sefvice  1,59( 0.0 63.8 16.9 5.9
Population density (persons/mie2) 1,590 2 58,411 395 2,163
Employment densty (persons/mie2) 1,590 0 74,623 194 1,951
Long-term averages of annual average temperature, 1,590 28.1 76.2 55.0 79
2010 normals (Farenhet)
Long-term averages of annual precipitation totals (inches) 1,590 3.2 89.2 41.2 12.9
Long-term averages of annual cooling degree days wij 1,590 1 4,275 1,234 822
base 65F, 1980-2010 normals
Long-term averages of annual heating degree days w 1,590 3 13,509 4,876 2,125
base 65F, 1980-2010 normals
Dummy: Metro (0: Not metro 1: Metro) 1,590 0.0 1.0 0.5 0.5
Dummy: Thermoelectric Power 1,590 0.0 1.0 0.3 0.5
(0: No use for thermoelectic power, 1: Use for thermoelectric p
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Figure 18. Urban Water Use inGallon per capita per day (GPCD)
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MODEL SUMMARY

Table1l07 Table Bshowt he resul ts of the three mode

R-squared, errors in residuals, and coefficiemtghé tables, Model 1 refers to the
regresion model with a logarithm obtal water use GPCD as a dependent variable.
Model 2 refers to the regression model with a logarithm of urban water use GRCD as
dependent variable. Model 3 refers to the regressiotel with a logarithm of domestic
water use GPCD asdependent variable.

In terms of goodness of fit for the regression models, adjussgl&ed values
from Model 1, Model 2, and Model 3 were .347, .340, and 0.274, respectively. F statistics
(DF =13 for the Model 1, 2 and 3 were 65.96, 63.97, and 67.52, respectively, and they
are all significant (p=0.00)In three modelghe Durbin-Watsonstatistic,which tests for
the presence of serial correlation amémgresidualsvas1.97 Modell), 1.935 Model
2), and 2.052Nlodel3). In general, the residuals are uncorrelated when the BDurbin
Watson statistic is approximately fuggesting thato serial correlation among residuals

existed in threenodels.

58



Table 10: Model Summary: Total Water Regression Model

Mo R Square  Adjusted Std. Error of Durbin ANOVA
del R Square  the Estimate =~ Watson F Sig.
1 .352 347 1.150535 1.970 65.96 .000

Dependent Variable LN GPCD Total Water use
Regression df = 13, regression mean squ@®316, residual mean square=1.324

Table 11: Model Summary: Urban Water Regression Model Il

Mo R Square  Adjusted Std. Error of Durbin- ANOVA
del R Square  the Estimate =~ Watson F Sig.
2
.345 .340 1.0123891 1935 63.97 .000

Dependent Variable LN GPCD Urban water use
Regression df = 13, regression mean square = 65.571, residual mean
square=1.025

Table 122 Model Summary: Domestic Water Regression Model Il

Mo R Square  Adjusted Std. Error of Durbin- ANOVA
del3 R Square the Estimate = Watson = Sig.
278 274 .3361230 2.052 67.52 .000

Dependent Variable LN GPCD Domestic water use
Regression df =9, regression mean square = 7.628, residual mean square=0.113

Coefficients estimates siificance and signs of influence

Several independent variables of interest in three models showed consistent
results in terms of signs of coefficients and statistical significance. First, two urban
development configuration variablgeercent of structureuilt since year 1990 and
population density (log were significantlynegatively €) correlated with daily per capita

water use (GPCDJrhe variable of percent of single family unit detached was significant
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in Model2 (urban water use GPCD) and Model 3 (dstic water use GPCD); however,
its sign of coefficients were mixed.

Second, regarding soeezonomic variables, median household (HH) income
(log) was significant variable in three models that are positively (+) correlated with
GPCD; however, the avega household size variable was positively (+) correlated with
domestic GPCD (Model3), but not with the others.

Third, regarding the variables associated wtibinty sectoral employment
configurations, the variables of the percent of SIC Idweploymetiwholesale trde,
retail trade, and warehousing (positive impact: +) and énegnt of SIC level6
employmerteducation and health service (negative impaatiere significant in Model
1; however, irtheother modts, they were not significant. When eticonditions are
equal, the county with higher percentage of employment in the wholesales, retails and
warehousing business turns out per daily per capita water use were high, which is
expected

Forth, in climate related variables, averages of annuaibge temperature were
consistent and significant variable (positive impact: +) positively correlated to all GPCD
types. Longterm averages of annual precipitation totals were significant. However, the
sign of coefficient for Model 1 and 3 were negatijenhereas it was positive (+) in
Model 2, suggesting further studies are needed.

Lastly, the variable of massive withdrawal for thermoelectric power (Dummy)
was significant in Model 1, and Model2, mgt in Model 3. The variable representing

whether thecounty is inside of Metro was only significaiot Model 2.
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Table 13: Results: Summary of Coefficients Estimates: Total Water Regression Model

Unstandardized  Std.

Coefficients  Coeffici t Sig.
ents
Dependent;: LN GPCD Tot&Vater Std.
Beta
Error
(Constant) 443 2.621 .169 .87
Percent of a single famil
Urban g ) -.004 .003 -.026 -1.065 .29

unit detached

development Percent of structure

i i e -.013  .003 -098 -3.892 .00**
configuration it since yr. 1990
LN pOpUIa.t' on density -.418 .04 -382 -10.54 .00
(person/mile2)
Socioeconomic Average household size 152 151 025 1.006 31
(Household) LN median HH income 383 194 064 1.968  .05*

Percent of lev 3

employment: -.002 .004 -.017 -.544 .59
manufacturing

Percent of Lev 4:

wholesale trade, retail

.014 .007 .049 2.078 .04**
trade, transport and
Employment  warehousing
Percent of Lev 5:
information, FIRE, -.002 .006 -.01 -.295 77

professional scientific,

tech services

Percent of lev 6

employment: educatio -.014 .006 -06 -2.267  .02*
and health service

Long-term averages of
Climate- annual average

1.596 276 161 5.787 .00***
Related temperature, 19802010
(NCD 1986  normal
2010, 36year Long-term averages of
normals) annual precipitation -.83 .089 -241 -9.349 .00***
totals
Dummy: Metr °N
ut );_ etto (0- Not .034 .079 012 43 .67
Dummy metro 1: metro)
Dummy:
Thermoelectric Power 1.334 .067 433 20.01 .00***

(0: Nouse 1:Use)

*** p=0.01, **: p = 0.05, *: p = 0.10
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Table 14: Resuts: Summary of Coefficients Estimates: Urban Water Regression Model |l

Unstandardized Std. t Sig.
Dependent: LN GPCD Urban ater Coefficients  Coefficients
B Std. Beta
Error
(Constant) -1.744 2.306 -. 756 450
Percent of a single unit .
Urban detached .005 .003 .039 1.606 .100
Percent of structure e
deV(_anpm_ent built since yr. 1990 -.008 .003 -.070 -2.758 .006
configuration
LN population density -
(person/mile2) -.186 .035 -.195 -5.348 .000
_ ~ Average household g8z -.027 133 -005 -205  .838
Socioeconomic
(Household) LN median HH income  .352 A71 .067 2.058 .040**
Percent of lev 3
employment: .004 .003 .035 1.126 .261
manufacturing
Percent ofev 4:
wholesale trade,
retail trade, transport ar -003 006 -013 -536 592
warehousing
Employment Percent of_ev 5:
information, FIRE, 003 .006 -017 -502  .616

professional scientific,
tech services
Percent of lev 6
employment: education -.005 .006 -025 -953  .341
and health service
Long-term averages of
annual average
Climate-Related temperature, 1980
(NCD 198062010 2010 normals
30- year normals Long-term averages of
annual precipitation 126 .078 .042 1.610 .100*
totals

Dummy: Metro (O:
Not metro 1: metro)

.851 243 .098 3.506 .000***

.208 .069 .083 2.992 .003***

Dummy:
Thermoelectric Power
Dummy (0: No use for
thermoelectric power,
1: Use for
thermoelectric power)

1.598 .059 592 27.236 .000***

*** p=0.01, **: p = 0.05, *: p = 0.1(
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Table 15: Results: Summary of Cefficients Estimates: Domestic WateRegression Model Il

Unstandardized Std. t Sig.
Dependent: LN GPCD Domesticatér Coefficients Coefficients
B Std. Beta
Error
(Constant) -1.129 .683 -1.652 .099**
Percent of asingle unit et
Urban detached -.005 .001 -.119 -4.911 .000
devglopmgnt Pgrcent of structure built - 003 001 - 086 -3.341 001
configuration since yr. 1990
LN population density -083 010 -274 -8.213 000
(person/mile2)
. . Average household size 144 .042 .085 3.389 .001***
Socioeconomi
(Household) LN median HH income .247 .050 149  4.910 .000***
Clmae- o0 7 ter0e o
Related 1.129 .078 412 14.512 .000***
(NCD 1980 ';]eorprflgature, 198062010
2010, 3@year Long-term averages of
normas) g verag 309 025 -326 -12.482 .000**
annual precipitation totals
Dummy: Metro (0: Not 000  .023 000 015  .988
metro 1: metro)
Dummy: Thermoelectric
Dummy Power
(0: No use for 001 019 -002 -067 946

thermoelectric power, 1:
Use for thermoelectric
power)

#k: n=0.01, **: p = 0.05, *: p = 0.1C

MAJOR FINDING AND DISCUSSIONS

INTERPRETATION OF COEFICIENTSOF POLICYCONTROLLABLE

VARIABLES

Populationdensity(policy variable)
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Theanalyses resultsuggest thasomepolicy variables are significély correlated
with changes in water use leveBspecially, the population density variable shows the
consistent results. There is a negatwerelation between population densatydGPCDs
in three different types of modelshichsuggest that higheoanty population density is
related to lower daily petapita water use. Because the dependent variables in Model 1
(Total water), Model 2 (Urban water), and ModeD®(nestic) and the population
density variable are log transformed, the ratio of the acrgase or decrease for
population density becomes the ratio of two outcome variables , holding all other
variables constant.

For example, the coefficiefi) of logarithm of population density (person/mile2)
in Model 1 (total water) is.418 ). Therebre for any 10% increase in county population
density, the expected ratio of the two geometric means for county population density will
be (1.10)% =1.10"(.418) = 0.96094In other wordswe expect about percent(=1 -
0.96(®4) decrease isountytotd water GPCD whewgountypopulation density increase
by 10percent For the Model 2 and Model 3 cases, we can calculate each ratio of the
expected means of each geometric mean for the county urban water GPCD and county
domestic GPCD as (1.10)2186) = 09824 and (1.10)*(083) = 0.9921, respectively.

In other words, we can expect about lpéécentdecrease in county urban water GPCD
and 0.79ercentof decrease in county domestic water GPCD when the county
population density increases by d€rcent dl other variables held constant.

Similarly, changing levels of population density in the three models can capture

the expected ratio of the outcome dependent variable, the county GRAQIBP16 ~19

64



summarize the expected ratio of the outcome and GP@igehn percent across

different density increase

Table 16. ExpectedRatio of the GPCD Changes: 5 % Increase Population &nsity

Density | GPCD Ch
Coeffici Y1 | Ratio of the expected mg ange in pe
ncrease i .
Water Use Types ent n percent ns of dependent variabl{  rcent
(b) - ([ 1®U) ™ [ (1]
(0) 1
Total Water Use | -0.418 5% 0.979812268 -2.02%
Urban Water use | -0.186 5% 0.990966083 -0.90%
Domestic Water Us¢ -0.083 5% 0.95958605 -0.40%

Table 17. Expected Ratio of the GPCD Changesl0 % Increase Population Iensity

.. Density Incr¢Ratio of the expectethean|GPCD Cha
Coefficient ) ) .
Water Use Types (b) ase in perce| of dependentvariable |ge in percer
(Y) ([ 1®pJ) ™ [ (14h-1
Total Water Use| -0.418 10% 0.960943509 -3.91%
Urban Water use| -0.186 10% 0.982428518 -1.76%
Domestic Water Ug -0.083 10% 0.992120463 -0.79%

Table 18. Expected Ratio of the GPCD Changes: 15 %ncrease Population Bensity

Coeffici Density Incr¢Ratio of the expected meGPCD Cha
oefficient ; . .
Water Use Types (b) ase in perce| s of dependent variablege in percer
(V) ([ 1bpu) ~ [T (14-1
Total Water Use| -0.418 15% 0.943253234 -5.67%
Urban Water use| -0.186 15% 0.974339259 -2.57%
Domestic Water Uy -0.083 15% 0.988466782 -1.15%

Table 19. Expected Ratio of the GPCD Changes: 30 %ncrease Population nsity

i Dens!ty InCIRatio of the gpected meanGPCD Cha
Coefficieniease in per( . .
Water Use Types (b) nt of dependent variable |ge in percer
(0) ([ 1®U) ™ [ (149-1
Total Water Use| -0.418 30% 0.896131366 -10.39%
Urban Water use| -0.186 30% 0.95237182 -4.76%
Domestic Water U3 -0.083 30% 0.978459156 -2.15%
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According to the analysiesultsandthda bl es, i f a countyds p
increased by percent the county GPCD for the total water, urban water, and domestic
water would decrease by 2.p8rcent 0.90percent and 0.4(Qpercent respectively when
the other predictor vaables at any fixed value (Tabl®). | n ot her words, i f
planning body set the goal of reducing county total water use GPCD reduction by close to
2 percent active promotion of compagrowth policies could help increase county
population desity by 5percent However, to raise the overall population density, the
new population density should be raised by a larger factor, since in the great majority of
already developed areas density is not likely to change by much.

In general, sprawl or {@-density residential development in suburban areas, have
been considered as to be marstainable urban growth patternditarature. This analysis
suggests that higtlensity urban development configuration or compact growth policy

would be able to redeacper capita daily water use in the county.

Percent of a singlamily housingunit detached variable (policy variable)

The variable oPSFHwas statistically significant iModel 2 and Model 3
however, their signs were mixedhichsuggests thdtrtherstudesare needeah future
In general, a low percentage of single family housing unit or a high percentage ef multi
family housing in a county is attributed to more compact urban development se#tsgs.
discussed with the population density variablere compact development pattesn
negativelycorrelate with theper capita water useBetweentwo modelsthe Model 2
(urban water use GPCI¥ more interesting becausetbé positive signs of the

coefficient of thePSFHvariable
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Because th® SFHvariable is not logransformedthe exponengitedcoefficient
Exp(b) for the PSFH variablbecomeghe ratio of the expected geometric meahthe
original outcome variableFor example, for a teanit decreasé¢-10 percent in the
PSFH we expect to geabout 4.88percentthange in the urban GPCGihceExp[0.0050
* (-10)] = 0.95122942%vhen other variables are held at fixed valu€able 20showsthe

urban water us&PCD changes in percentith 5 percentand20 percentdecrease in the

PSFHvariable.
Table 20. Ratio of the GPCD Change: PSFH driable
Percentage
change Ratio of the expecte Cﬁg‘cg in
Water Use| Coefficient | inthe SFH unit| means of dependen ercgent
Types (b) detached variable ?Ex o
variable [Exp(b* d ) * P
( d) d-1)
-5 0.975309912 -2.47%
Urban
Water use 0.005 -10 0.951229425  -4.88%
-20 0.904837418§ -9.52%

In this analysis, the mean obunty percent of SFH is 68p&rcent Hencejn
order to reduce the urban water use GPCD by @héyercent the goal opercentage of
SFHshould be approximatelyase t063.6 percent(=68.6- 5). Similar to population
density, in order to drop thererall countypercentagef SFH, the new percentage of
SFH for new development should be raisealgrger factor becaugbe percent of SFH

in most alreadyleveloped areas will not change by much.

Excessive waterse forthermoelectrigpowervariable Dummy, policy variable)
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Thethermoelectrigppower variable (HP, hereaftey is a significant predictor with
positive sign in coefficienh Model 1 and Model ZBecause in both models, the
dependent variable is legansformed anthe THP is a noihogged dunmy variablejts
exponentiated coefficient is the ratio of the geometric mean for one group to the other
group. Therefore, faiotal water usethe expected percentage increase in geometric
mean from the county group with excessive waitigndrawalfor thermoelectric power
generatiorto the county group without such use is about(3t@entholding other
variables constant, since Exp (1.334) = 3.7968dmilarly, for urban water usehe
expected percentage increase in mean from the county group wegsmecwater
withdrawalfor thermoelectric power generation to the county gmitpout such use is

about 49%ercenEXP(1.598) = 4.9431,30lding other variables constant.

Table 21. Ratio of the GPCD Change:Thermoelectric Power Plant (THP) Variable

Ratio of the expected
Coefficient geometric means sl GPCD Change ir
Water Use Type: original outcome
(b) : percent
variable
[Exp(b)]
Total Water Use 1.334 3.79619785 379.62%
Urban Water use 1.598 4.94313625¢9 494.31%

Typically, apower plant withdraws substantial amount of water for cooling from
a river, but returns waters directly to a river for use by the next downstream users. Hence,
it is less demanding than other uses, such as irrigation. However, substantial withdrawal

of water from streams may impact community or county during sieom drought.

INTERPRETATION OF CE&FFICIENTS OF BACKGROUND VARIABLES
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Percent of structure built since year 1990 (background variable)

The percent of structure built since year 1990 (PSiERedter) is the predictor to
show the relationship between the overall age of building stocks in county and the county
per capita water use rateAccording to all three regression models, higher percentage of
newer structures in counties corresponds tavelger capita water use in countigs
other words, the more recently built structuréhe county, the lower the daily per capita
total water use The negative sign afoefficient for PSTRvariableis as this study
expected because newer hougdesdy to havemoreefficient water devices than old
houses.In particular, as onanit increase in PSTR, we expect to see alhdfpercent
decrease in total water use GPCD since EXBL3 *1) =0.98708413. For urban water
use,al percentincrease of PSTRyould lead to &.8 percentdecrease in urban water

use GPCD.

Table 22. Ratio of the GPCD ChangePSTR Variable

Change in

percent of | Ratio of the expeg C(h;PCD.
.. ange in
Coefficient| structure | cted means of d¢
Water Use Types o ) percent
(b) built since | pendent variablg [Exp(b
1990 [Exp©* d ) : dp_l)
(d)

Total Water Use -0.013 1 0.987084135 -1.29%
Urban Water use -0.008 1 0.992031915 -0.80%
Domestic Water Us¢ -0.003 1 0.997004496 -0.30%

Thisis in line withmany recent studies thpércapitawater usen the United

Statedor thelastfew decades hagradually declinedGleick 2003), presumably owing

to technological improvements in water device efficiefidtye PSTR variables
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categorized aa background variable because age of buildings or overall perceftage
buildingsstock after1990 isnot controllable by policy.However,a consistent negative
sign of coefficients of the PSTR varialtelicates thatve can expect a gradual reduction
in per capita rateasnew housing structures with improved water efficiency measure

(technologial solutions) are added overall housingtocks

Median Householéhcome(background variable)

Median household income (INC, hereafter) is to see the relationship between
affluence levehs a background variabdadthe county water use rat@he andysis
results suggest th&dr any 10percentincrease in INCthe expected ratio for the two
geometric means in total water use will be (1+.18%)1.10"0.383 = 1.0371which is
3.72percentincreaseFor urban water use and domestic water weeexpetabout 3.41
percentand 2.38&ercentncrease in each GPCD when incomes increase Iped@nt

(Table23).

Table 23. Ratio of the GPCD ChangeINC Variable

Ratio of thee | GPCD
Coefficient Percent bange| xpected mea Change in
Water Use Types (b) in income ns of depend percent
(V) ent variable| [ ( 1 ]
([ 18U) -1
Total Water Use 0.383 10% 1.037178244 3.72%
Urban Water use 0.352 10% 1.034118304 3.41%
Domestic Water Usg  0.247 10% 1.023820906 2.38%

Climate variables:@mperatur@nd precipitation (background variadle

The temperature (TEMP, hereafter) variable in three models showed consistent

coefficient signs. The warmer the climate, the greater the county GPCD for total water

70



use, urban water use, and domestic water usavekkr, the relationship between GPCD
and precipitation was more ambiguous, with different models prodddfegently

signed coefficients

InsideMetro orNot-inside Metrovariable(Dummy, background variab)e

The variable of Inside Metropolitestatisical area or MSA (INMSA, hereafter) is
found to be a statistically significant predictor with positive sign for the coefficient only
in Model 2 (urban water use). Because the INMSA is alagged dummy variable, its
exponentiated coefficient is the ratbthe geometric mean for one group (counties
inside MSA) to the other group (counties not inside MSA). We see peir2dnt
(EXP(.208) = 1.2312131) increase in the geometric mean for the urban water use county
GPCD from the county group outside the MSAHe county group inside the MSA,

holding other variables constafifable24).

Table 24 Ratio of the GPCD ChangelINMSA Variable

Ratio of the
expected
Coefficient means of
(b) dependent
variable

[Exp(®)]

Water Use Types GPCD Clange in percent

Urban Water use 0.208 1.23121317 123.12%

POLICY IMPLICATION FOR SUSTAINABLE WATERUSE
This studyconcluds that policycontrol variables associated with urban form and

urban development are significantly correlated with waterltkewgh the magnitude of
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influenceon water use by such variables require more discusghth®ugh the exact
strength of the relationship should be estimated watttion, it isreasonablé¢o statethat
increasing the density of singlamily residential landlevelopment would lead to a long
term reduction in pecapita water usalthough the magnitude of changes would/éey
modest

Then, low much can we reasonaldgt the goal fopopulation density to change?
Let 6s assume a hyimedsdahovdrall deasity by teentdhei o. To
density for new development areas would need to increase by a much higher percentage,
since it would be more difficult to increase density in alredelyeloped areas. Therefore,
a county pursuing an overall populatidensity increase should set the target of
population density for new development much higher than the average density at present
by 10percent In ahypothetical scenario thattaunty with 100,000 people and all
population resides in an urbanized ao€400 square miles for an urban/suburban
density of 1,000 persons per square mile. Over the number of,ytearsounty adds
another 20,000 peopll this case,ite density of new development areas should be
approximately 2,222 persons per square #E0,000 persons / 9 square miles)
produce a 1Qpercentdensity increase (1,100 persons = 120,000 persons / 109 square
miles). Hencegvendoubing the future developmedensity wouldreduce total ware
use rate only by percent urban water use by 75 percentand domestic water use by

0.79percent

21n this hypothetical scenario, urban density and county populd¢insity are considered similar
concepts. Actual urban density would be different from county population density depending on urbanized
patterns.
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Then, ompared to strategies that emphasize technological advances (such as the
increased efficiency of water devices), how effective is this land use development
configuration approach in moderatingute water use growth? Vickers (2001) states
that water efficient fixtures for indoor use can reduce the daily capita water use by 24
gallons (=69.345.3). The EPA r e PpensetSinglEarbilydetv #lome
Speci f (2009 alsosuggests that ailggoer capita water use for a singkmily
home can be reduced by 10.3 gallons (= 43985)(EPA 2009) Comparing toliese
technological solutions, twgallons per capita per day reduction tigh population
density increase less. Furthermore, the water saving outcome of technological solutions
are expected to occur much more quickly than would reductions resulting from changes
in land use, which are harder and more tsoasuming to implement.

Even so, estimating future popul ati on
consumption is critical when estimating water demaiacording to Metropolitan
North Georgia Water Planning District (MNGWPD, 2009, pagy,3veighted average
of overall GPCDfor 15 counties (13 counties in Chapter 6 + Bartow and Hall) is 127
gallons If a successful growth control policy increased population density in a given
county by 1Qoercentover the next 30 years, said county would expect approximately a
decrease of 23 GPCD {1.76percentt 127=2.23), according to Table 17 above.

Atlanta Regional Commission (ARC, hereafter), the regional planning agency, predicts
an increase in metropolitaarea population from 4.55 million in 2010 to 6.84 million in
2040 geeTable 1 previously. Density increases would result in a total volume of water
savings of 15.1 million GPCD (6.8 million * 2.23 GPCD = 15.1 million gallons per day

for 13 counties). Therefore say that landise changes would result in smaller water
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use savigs than the use of more efficient devices is not to imply that such changes would

be ineffective.

CHAPTER SUMMARY

This chapter discussed the relationship between county daily water use rates and a
series of independent variables, including those retatadban development
configuration. On the basis of empirical data across 1,590 counties in the United States,
This study suggests that an increase in county population density and increase in
percentage of muliamily housing ¢r decrease of percentageusing that is single
family) would pranote more sustainable water use through per capita water use reduction
, although the magnitude of such reduction would be very modest.

The empirical findings suggest that urban form and growth polawld play a
role in GPCD reduction, although such change would not achieve greater water savings
than other proposed policy options, such as technological solutions. The next step of this
research is to refine the unit of analysis at a level more precise thahttatounty.
The next chapter will discuss water consumption at the parcel level to determine the
possible relationship between annual water use and residential lot size, which is also

related to urban form and development configuration.
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CHAPTER 4

PARCEL LEVEL DATA ANALYSIS

In the previoushapter the county level analysis testéda trelationship between
the predictorvariables related tarban formland useandother background variablesd
the dependent variables pércapita urban wat use rates. Hyparcellevel analysisn
this chaptehas a more narrow focus, intendedind a range of residentiahnualwater
usefactors at the household level.

In general, a large size lot with high property value has a large size of lawn
(Syme, Shao et al. 200dihd often includes an outdoarqd (Domene and Sauri2006,
Wentz and Gober 200Which would consume more seasonal outdoor water. The
argument in this research design is that smaller lot sizes tend to reduce the volume of
annual water use whemher conditions are held constant; hence compact residential
development is more desirable to support sustainable urban watkr theparcetievel
analysisaresidential lot siz@ariableanda property value (as a proxy of income)

variableexplain amual water usat household level

RESEARCH METHODAND DESIGN

ANALYSIS OBJECTIVESAND A MODEL SPECIFICATION
In thischaptey this study investigates whether a larger lot size would derive a

higher volume of water consumption in residential use. The meabweager volume in
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theparcellevel analysis is actual water billing data recorded from 2006 to 2008 by

individual households or entities in several cities in Fulton County, Georgia.

DATA COLLECTION AND DATA PRE-PROCESSING EFFORTS

One of major challenges carrying out the study of the pard¢eVvel analysis were
to collect and process the billing records of water use at household level, whichdrequire
manual processing of data such as aggregating water use statistics with inconsistent
billing periods byaddressesr by geographic jurisdictions. Data collection and-pre
process began with compiling available data obtained from Fulton County Water and
Billing Service and Fulton County, Georgia. The county provided the water billing
records of individual acamts or premises of cities in Fulton Couripswell, Johns
Creek, and Alpharetta between 2006 and 2008. The dataset was delivered as a plain text
file containing the information of volume of water billed (in gallons) with a variety of
billing periods or ¢rms such as monthly,-monthly or trtmonthly. It also contained
addresssof accouns or premiss, account I3, and device ID(s) in case multiple water
devices were associated with a single account.

Although the original dataset contained total of 3@,8ccount observations over
three years, several steps of selection process were necessary in order to obtain
analyzable data. First, tidain text file was imported into Excel spreadsheet format
dataset. Then the accounts with any zero value in biliogrds, which represents a
temporary account closure, were removed to calculate accurate annual water volume by
premise. Second, this study only used the water billing records between January 2006 and
December 2006 to calculate annual water use becawusgi@experienced one of the

worst water droughts in history during the summer of 28@¥ 2008 which resulted in a
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state of emergency for 85 counties in the northern part of thé. Shateresulting

restriction of outdoor watering would skew reportedervases. Third, a sample
observation set was compiledly whenthe accounor premise has been billed with a
consistent billing period terms of-lmonthly, either a billing set starting from January
(Month 1, 3, 5, 7, 9, 11) and ending in November oiledp set starting from February

and ending in December (Month 2, 4, 6, 8, 10, B2rause cities in north Fulton County
have inconsistent billing periods in the report file, several billing periods were classified
into multiple groups and the recordsrevdiltered to remove duplicates and avoid gaps.
Although this selection process reduced a sample size of observations, this was inevitable
to maintain the accuracy level of total annual volume of water use calculation for
individual account.

Lastly, in ader to combine the water billing records and Fulton county GIS parcel
database in year 2006, address matching process through attribute join was carried out in
ArcGIS GIS SoftwarédESRI Inc). The GIS parcel database (year 2006) provided by
Fulton CountyTax Assessor containglde attribute fields of address, area of lot in acre,
land use or zoning types, total assessed value, land value, improved value of buildings,
building construction date, number of stories of buildings. When performing attribute
joins, a twostep selection process was appli€édst, only single family residential
parcels in the GIS database are selected and joined with water billing r&smaisd, the

parcel with the lot size less than 4 acres voerly selected in order to remewutliers in

3Stacy Shelton and Rhonda Cook, 2008 Summer Drough

Wat er , 0 matCongtitutian, May 25, 2008, sec. A.
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the regression analysiBhe address field on both GIS parcel database and the water
billing record set was used as the key field in joining operatiéinally, 15,594 records
of selected parcel features in three cities were exportedragpa fle formatFigure19

and Table25 showthe gecreferenced locatisof customer billing records fromie final

regression analysis dataset.

Table 25. Number of Observations after Address Matching in the Parcel Level Analysis

Billing monthsandthe cty Roswell el Alpharetta Total
Creek

Billing monthsin February, April, June,

August, October, and December 3,999 1 4,255 256 8,510

Billing months inJanuaryMarch, May, July, . 6,902 182 7.084

SeptemberandNovember

Total rumber of observations 3,999 | 9,157 438 15,594
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b ﬁmﬁ_ﬁj Alpharetta

CiytofAtlanta

Figure 19. Study Area of Parcel Level Analysis: Addressmatched Locationswith Water Use
Billing R ecords

DATA EVALUATION AND REGRESSION ANALYSIDESIGN

In terms of aesearch method, the partelel analysis is similar to the county
level analysis because results and discussions are also derivearérgrassion analysis
method. However, two things are different in terms of the model specifications; (1) for
the pacellevel analysis, the dependent variable is an annual volume of water used in a
single year at household leyahd (2) in addition to OLS model specification, spatial

error model specification is tested in order to resolve spatial autocorrelation issue

Dependent and independent variables of interests

In this parcellevel analysis, variables of interest are different from the county

level analysis. The dependent variable in the pdesel analysis is not a county
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representative perapita watewserate, but a total amount of water billed to an

individual residential account for a year. A list of independent variables of interest in the
parcel levelnalysiss determined while data collection and {m@cessing process is

carried out. Because of lited socieeconomic data availability at individual household
level, an extensive list of independent variables, such as number of people in household,
household income, existence of outdoor pools, price of water, volume of water leaks, and
size of lawnswere not availableln fact, this study favored in a small number of

variables in the analysis due to two reasons: a large degree of freedom and minimization
of multi-collinearity problems.

Two methods were used to improve the validity of the variabfesiterests
available from the given databases. First, when the distribution of a variable is skewed, the
variable is transformed to take logarithm form and put in regression analysis. Second, the
multicollinearity issue is examined by conducting a bataricorrelation analysis. If the
results suggest there are high correlations (with correlation values larger than 0.8) among
pairs of exploratory variables, such variables were not put in regression analysis. The
dependent variable (annual volume of watsd was transformed to logarithm in order to
make the distribution of observed samples not skewed. Within independent variables, a
total assessed value of parcel is included ivéinablelist as a proxy of household income
because the individual hous®#d income data is hdgdavailable Although the living unit
variable was also considered as independent variable, it was omitted from the list because
it was highly correlated to other independent variables such as the building story variable

and the ttal assessed value variable.
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Like the county level analysis in previous chapter, pdmadl analysis

di stinguished o6policy control variableso6 f
6residenti al | ot si zed ¢oht©lVariable,evhegeasftiteer ) v a
6assessed value in county tax assessor dat

(AGE, hereafter), and the building story or floor (FLOOR, hereafter) variables are
background variable. The policy variable is markediwité * 6 s y nHnally, thdd e | o w.
dependent and independent variables are determined as following

Dependent variabid ogarithm of total annual volume of water billed to a single

family residential premise or account from a single year from Januaryt@@$cember
2006(unit: gallon) (LOG_ANNW, hereaftey

Independent variabde

(1) A residential lot siz€LOT) (unit: acre)i policy variablé

(2) A total assessedhlue in county tax assessor database in 2A8GES)(unit:
dollars)

(3) A structure agéom 1950: if a structure was built in 20Q8e age=50
(AGE) (unit: year)

(4) A number of building stories or floo(ELOOR) (unit: floor)

SPATIAL REGRESSION NDDEL ANALYSIS

In the parcelevel analysis, the regression model is designed to quantify the
relationship between annual water use andamqgibryfactors. At the scale of the
community or neighborhood, the observed samples in regression sets are geographically
near eaclother in distance than that of theunty level analysis, which would raise a

issue of a spatial depender{éaselin and Bera 1998Yypically, standard linear
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regression or ordinary least squares (OLS) estimation method requuespai®ns about
the error terms: (a) the sum of error terms would be zero mean (or close to zero); (b) the
error terms are not correlated; (c) the error terms are homoscedastic ; and (d) errors
follow normal distributionfWeiss and Weiss 2012 owever, when a value observed in
certain locations depends on the values observed at neighboring locations, these
assumptions are not satisfigdressie 2015) Fol | owi ng Tobl er 6s first
Aénear things are mor @oblereld978)the absetvedd aaniancki st an
of variables among samples woulddstected by spatial unit (distance). If the things
(objects) are close to each other in location and also tend to be similar in attributes, it
suggests the existence of positive autocorreldomg and Fotheringham 1992 his
reflects the measurement errors or the violation of the random sampling, the nature of
underlying process when generating the sample(btgss and Weiss 2012)hen, the
regression model should be modified to identify and isolate the effects from spatial
dependence in the variables and error terms. Unless samples are racultactigd or
they are fadistant from each other, locational similarity should be accounted for in the
error term when constructing regression modeélserefore, unlike the courdgvel
analysis, the parcéével analysis includes not only OLS regressioodels but alsa
spatial regression model to se¢hié spatial regression models would suggest
improvement in finding a better fit.

In general, spatial regression analysis can improve model accuracy by
acknowledging spatial dependence or a propefrtypatial autocorrelatiofAnselin and
Bera 1998) Spatial autocorrelation is the formal property that deals with locational and

attribute information of gegraphic objects at the same tig@oodchild 1986, Anselin and
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Rey 1991, Ding and Fotheringham 199Zis study assumes that a spategression
modeling effort would resolve spatial autocorrelation issue inessgsn models when
samples are collected from which geographically close and nearby.

There are two types of spatial linear regression models; Spatial Lag Model (SLM,
hereafter) and Spatial Error Model (SEM, hereaftdnselin and Rey 1991, Anselin and
Bera 1998) In the SLM, the dependent variable in placg affected by the independent
variables in both placeandj; hence the model suggest that esentone place predict an
likelihood of similar events in neighboring pladésselin, Bera et al. 1996l the SEM,
the error terms across different sample observations are assumed to be correlated, which
makes the estimates in OLS regression inefficf@ntselin, Bera et al. 1996Yhe SEM
suggests that the omission of spatial errors would improve the validity of inference
(Anselin and Rey 1991)

The parcelevel analys follows the method for testing for spatial dependence in

the SEM, as illustrated in Equati@nbelow

Equation 3. Spatial regression model inparcel level analysis

T -0t Wgt=>rm
| I @& -, g=/We+x (SEM, Anselin and Bera, 1988)
Where:
t =count ofmonthlybilling montrs, either the group of, 3,5, 7,9, 11" month
or the group of 24, 6, 8, 10, 12" month
bi = coefficient of explanatory variabl

Xi = independent variabie
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] = location of billing account premises
- OEGRAADEKEOIANDDODOKAEHOAADAEH CEADNOE D
| = spatial error coefficient (If no spatial correlation between the errors| theéh

X = vector of uncorrelated error term, W = spatial weight matrix

The series of steps tetermine the extent of spatial autocorrelation and run a
spatial regression are: (1) choose a neighborhood criterion; (2) create a spatial weights
matrix; (3) run a statistical test to examine spatial autocorrelation; (4) run the OLS
regression; and (5un a spatial regression by applying weights matrix.

In this study, the spatial regression statistics software package G&oSain
2005)was used to go through these steps and run a spatial regression. First, the GIS
shapdile dataset (spatial reference or projection: NAD 83 Georgia West State Plane
feet) was imported as a GeoDa project file. Second, the spatial weights matrix file was
created with the threshold distance of 1 mile while applying the neighborhood criterion.
Once this spatial weights matrix was created, spatial dependency was statistically tested
by examining Morandés | value. Afterwards
regression were run to examine signs or directions of coefficients of the variables of
interests.

Limitation of data availability makes the analysis hard to suggest a good level of
predictive models due to two reasons. First, most social and economic data or variables of
interest available at a geographically aggregated scale, such ashienkugoup or
census tract level, do not allow for much variability in statistical analysis design. Second,

manynorncapturedvariables that would affect the volume of water use at individual
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consumer8level are hard to be included in this study desi@jithough limited data
availability hasprevented fronenhanang the accuracy of the predictive model,

interpretation of coefficients in resultuld offer meaningful policy implicatiogin
promotingsustainable water use asdstainableirban developmeronfiguration at

community scale

RESULTS

SUMMARY OF DESCRIPTYE STATISTICS

Table26 presend a list of selected variables and descriptive summary statistics.
Particularly the mean of annual volume of total water issB05,733 gallons per year per
household.The mean value afssessedropertyvalues is 345,201 dollars and the standard
deviation (STDV) is 220,231. The mean of lost size is 0.4 acre with a STDV value of
0.3. Finally, the average of structure year in the set is 1989 (base year h@ad +

39.6). For this variable, the higher the value, the more recently the structure was built.

Table 26: Summary Statistics of Selected VariablesParcel level analysis

Minimum Maximum Mean S.td'.

Deviation
Annual total water wes(gallon) 1,500 18,696,600 105,733 182,871
Total assessedalue in 2006 100 3711100 345201 220,231
(dollars)
Structure floor (stories) 1.0 3.0 1.7 0.4
Lot size in acre 0.0 4.0 0.4 0.3
Structure year since 1950
(built year is prel950 or equal, 0 55.0 39.6 7.0
value = 0)

Total observation, N = 15,594
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After producing the descriptive statistics of variables of interest, the study also
generated the hiariate correlation matrix to examine multicollineari®yg shown in
Table27, all covariance cefficients in the matrix were low (8), suggesting there are
few multicollinearity issue raised among independent variables in regression modeling

analysis.

Table 27: Correlation Matrix of Variables S elected forParcel-Level Analysis

Log annual total
total water lot size in appraisal st;ll:)cot:ue Sg#gé”fgé%ar
use acre value in 2006 (stories) (years)
(gallon) (dollars) y
Log annual total 1
water use (gallon)
lot size in acre 297" 1
total assessedalue in . .
2006 (dollars) 508 462 1
structure floor . . .
(stories) .070 -.070 .089 1
structure age from 131" 074" 308" 264" 1

1950 (years)
** Correlation is significant at the 0.01 leveH@iled).

RESULTSFORTHE OLS REGRESSION MDEL

The QLS regressiomodel predicts a logarithm of total annual volume of water
use in a single family residential househ@®G_ANNW) with several the indicators of
a size of loin acre (LOT) anassessefdropertyvaluein dollors (ASSES)a structure
floor (FLOOR), and an age of structure from 1980/ear (AGE) Figure20and Table
28 shows thesummaryinformation of the run including Bquared, Fest probability and

Log-likelihood, the coefficients, the standard error, and significance of independent
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variables Major findings in the OLS estimation including spatial dependence are as
below.

First, as shown in Figur20, high Fstatistic (1398.5, prob=0.00) suggstste
model specification is statistically significant; however thegRared value (0.264) @n
the adjusted Bquared value (0.263) suggest that more information or additional
indicators are desirable for improvement. Second, the multicollinearity condition number
in the regression diagnostics was 183 6vhich suggest no multicollinearity among
independent variables. In general, if this numbgreater than 20, the model is
considered to suffer from multicollinearippnselin 2004) Third, the low probabilities
(0.00) of BreuscHPagen test and KoenkBassett test results indicated existence of
heteroscedasticity. This is not necessarily a surprise aalgpgiendence in the dataset,

if any, would affect the error variance substanti@ipselin 2004)

SUMMARY OF OUTPUT: ORDINARY LEAST SQUARES ESTIMATION

Dependent Variakle : LN ANN GAL HNumber of Observations:15594
E-zguared 0.264088 F-=stati=stic : 1398.55
Adjusted RE-=gquared 0.2638%97 Prob(F-=ztatistic) 0
Eum =quared residual: 4663.56 Log likelihood : -12715.1
Eigma-=gquare : 0.299157 Akaike info criterion : 25440.2
E.E. of regresz=zion 0.5465852 5Schwarz criterion 254785
Sigma-=quare ML 0.2599061
5.E of regrezsion ML: 0.546865
EEGREESSION DIAGNOSTICS
MULTICOLLINEARITY CCONDITICHN MUMEER 13.485346
DIAGNOSTICS FOR HETEROSEEDASTICITY

EST OF WVALUE FRCE
Ereusch-Pagan test 4 1l665.9157 0.00000
Eoenker-Ba=s=sett test 4 748.5837 0.00000
DIAGNOSTICS FOR SPATIAL DEPENDENCE
TEST HI/DF WVALUE FRCE
Moran's I (error) 0.0515 47,1653 0.00000
Lagrange Multiplier {(lag) 1 1302.2675 0.00000
Robust LM (lag) 1 242 .8808 0.00000
Lagrange Multiplier (error) 1 2160.7068 0.00000
Eobust LM (error) 1 1101.1202 0.00000
Lagrange Multiplier (3ARMA) 2 2403.3878 0.00000

Figure 20: Summary of Output: Parcel Level Analysis- OLS
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Coefficients estimateand their interpretations

Table28 summarized the coefficients (B dm) of indicators and significance of
estimates. Among the four independent variabl€3T, ASSESS andFLOOR positively
related to annual water use volunh®©G_ANNW), while AGE is negatively related to
theLOG_ANNW. They are all statistically significant (p=0.000he LOT and the
ASSESSvariables are relatively strong indicators in terms-gstatistics. A positive sign
of LOT coefficient suggest that the single family household living in a large size of lot
tends to consume more water than a similar household in a smaller lot when other

conditions are held at fixed values.

Table 28: Results for Annual Water Use Volume in OLS Model

Unstandardized t- Probability
DependentLog of Annual Water Use . o
Coefficients statistics
in gallon(LOG_ANNW)
B Std. Error
Constant 10.783 0.029515| 365.3362 0.000**
?, Lot size in acréLOT) 0.149767 0.015252| 9.819236 0.000**
©
8 | Assessetalue(ASSESS) 1.37E06 2.43E08 | 56.35322 0.000**
[}
2 | Structure year since 19§8GE) | -0.00178 0.0007| -2.54654 0.011*
Structure floos (FLOOR) 0.057716 0.010742| 5.372791 0.000**

Because this is a lelgvel model [og(y) as dependentith xas independent), the
b = 0.149 gives the interpretation that eun@t (1 acre) increase of lot size in single
family household will result in abouB115 percent increase in annual water use when
the other conditions are equsince Exp[0.149 * 1] = 1.16156This suggests that
residential development patterns in favor of a large size of lot associated with non

compact development pattern or sprasMikely to result in an increase in water use.
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The indicators associated with affluence level of housebalth as assessed
propertyvalue (ASSESSxerving as @roxy of household income and the structure floor
(FLOOR),also suggest that richer housetsoldbuld consume more water thahers
when other conditions are fixe@ihe negative sign of structure y¢AGE) implies that
the volume of water consumed in old buildings is likely to be higher than that of newly
constructed buildings when the other ctiods are the same. This would suggest that

newer houses have been built with more efficient wasarg devices.

RESULTS FORTHE SPATIAL ERROR MODEL

Diagnostics for spatial dependerar® results fothe spatial error model

Back inFigure20, Mo r, hagrangeMultiplier (lag model, error model, and
SARMA), and Robust LM (error and lag model) showed the results of assessment related
to the spatial dependence of the moibel . F
(p = 0.00) indicates existea of spatial autocorrelation of the residuals in the model. The
remainingstatistics, LM test for a missing spatially lagged dependent variable (LM lag),
error dependence (LM error), variants of these robust to the presence of the other (Robust
LM Tlag ard error), and portmanteau test (SARMA), are consistently significant,
indicating present of spatial dependence. The rdbst results typically suggeshat
type of s@tial dependence is at preseBoth spatial lag madel and spatial error model
can beested as all LMs and Robust LMs test statistics results were signifioarever,
only spatial error mod€é5SEM) wasconsidered valid design in this study.

After identifying the presence of spatial dependence, this stasherun the
model with maximm likelihood approach while controlling for the spatial dependence

Figure21 and Table29 show the results from spatiatror model, where a coefficient on
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the spatially correlated errors (LAMBDA) has been added. Because the LAMBDA was
0.762 (positive) ath highly significant, the general model fit improvedsguared and

Log likelihood value were higher than a simple OLS £R.304, Log likelihood =

12351.1). The effects of other independent variables remain the same in terms of signs of
coefficient estnates

SUMMARY OF OUTPUT: SPATIAL ERROER MODEL - MAXTMUM LIFELIHOOD ESTIMATION

Dependent WVarialkle @ LN _ANN GAL HNumber of Chservations: 15554
HMean dependent var : 11.349435 HNumber of Variakbles : 5

3.D. dependent wvar 0.837480 Degreez of Freedom : 155889

Lag coeff. (Lambda) 0.762584
BE-sqnared : 0.304306 E-=zquared (BUSE) HE

3g. Correlation HEE Log likelihood :FLESEL.LEST_E
Sigma-=guare : 0.282716 Akaike info criterion : 24712.4
5.E of regres=zion : 0.531711 Schwarz criterion Z24750.7
DITAGNOSTICS FOR HETEROSEEDASTICITY

BRANDCOM COEFFICIENTS TEST DF VALUE BRCE
Breusch-Pagan test 4 440,2682 Q.00000
DTAGNOSTICS FOR SFPATIAL DEPENDENHCE

E5T OF VALUE FRCE
Likelihood Ratio Test 1 T2T.B228 0.00000

Figure 21: Summary of Output: ParcelLevel Analysis- Spatial Error Model

Coefficients estimateand their interpretations

Table29 summarizes the results for theefficients in theSBM. All independent
variables, thdot size (LOT), the assessed value (ASSESS), and the s ictor
(FLOOR) variables are significant predictors in the modéle resulalso shows thatthe
signs of coefficients of the independe&atiablesare the same as the result fronthe
OLS malel. All independent variables (LOT, ASSESS, and FLOOR) except AGE

variable positively correlates to the logged annual water use variable (LOG_ANNW).
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Table 29: Results for Annual Water Use Volume in Spatial Error Model

Model: Spaial Error Model Unstandardized Coefficients | z-value | Probabili
Dependent: Logarithm of B Std. Error ty
Annual Water Use in gallon

® Constant 10.94506| 0.04900092 223.3643| 0.000**
@ Lot size in acr¢LOT) 0.09546904  0.0175009 5.4%094| 0.000**
‘;“ Assessedalue(ASSESS) 1.02E06 3.77E08 | 27.18061 0.000**
% Structureyearsincel 950 -0.0031069 0.001123549 -2.765259| 0.006**
E,_ (AGE)

3 | Structure flooFLOOR) 0.07846719 0.01147391 6.83875| 0.000**
= LAMBDA 0.7629839 0.02034371 37.50466| 0.000*

Background variables: ASSESS, AGE and FLOOR Variables

The coefficientstfi) for ASSESS, AGE, and FLOOR in the SEM is estimated to
be 1.02E06,-0.0031069, and 0.07846719. Since the dependent variable in SEM is log
transformed, each exponentiated Gicefnt b [Exp (b)] represents the change in the ratio
of the expected geometric means of the original outcome variable. Specifically, when the
assessed value increases by $1,000, we expect to gggdehincrease in annual water
use per household whether predictor variables at any fixed value since Exp [L@RE
*1000] =1.00102. For AGE variable, on&nit decrease means that a structure is one
year older than others. Hence, we can expectfeBdentincrease in annual water use
per each onenit decrease in AGE (one additional year of house age) since Exp [
0.003106 * {1)] = 1.003112. For FLOOR variable we can expect ddigentincrease in
annual water use for every eoait increase in FLOOR, holding other values constant

since Exp [0.0788719 * 1] = 1.081628

Policy controlvariable LOT variable
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For LOT variable, we can expect 10.02 percent increase in annual water use
when one unit (1 acre) increase in lot size since BXj9p46904 1] = 1.100175.
However,with realistic,the averag lot size of a single family housing residential in the
sample dataset in the analysis is 0.4 acre, which is smaller than an acre.

Table30 presents thexpected percentage changes in annual water use per
households corresponding to decrease of lot 4z&EM model when lot size is reduced
by 0.1acres 0.2acres and 0.5 acrewith realistic we expect to see about 08&rcent
1.89percent and 4.66ercentreduction in annual water use per household respectively

when all other variabldsold with fixed values.

Table 30. Percent Change in Annual Water Usei SEM Model

Lot size Cha| Ratio of the expeg Percent Chanae i
Coefficient | nge(Acre): d| cted means adn d
Model Annual Water Use
(b) ecrease nual water use [Expb* 2 -1 ]
(®) | [Expbre )| =P
_ -0.10 0.9905 -0.95%
Spatial
Error 0.095469 -0.20 0.9811 -1.89%
Model
-0.50 0.9534 -4.66%

DISCUSSIONS-OR POLICY IMPLIATIONS

EVALUATION FOR MODEL SPECIFICATONS AND MEAN OF WATER USE

Mean of annual water use per household and dailgag@ta water use rate

As shownabovein Table26, the mearof annual water use per household (or per

account) in this study is calculated as 105,733 gall@ihss is equivalent to 8,811
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(=105,733 / 12) gallons per month per household or 289.68 (= Bb3ED) gallons per
day per householdSince the average household size of Fulton county in 2010 is 2.36
(US. Census Bureau, 2010 Census), the average water use in gallon per capita per day
(GPCD) isapproximatelycalculated to b&22.75 (= 289.68 / 2.36

According to the O6Water Supply and Wat e
published by Metropolitan North Georgia Water Planning District (MNGWPD, hereafter)
in 2009 the gallon per capita per day (GPCD) of single family residential in Fultartyo
in 2005 was estimated to 106 (indoor= 79 and outdoor = 28), whichpsrténtower
than the average value of GPCD calculated in this study. But the affluence level of the
study areanorth Fultoncounty areais higher than that of the county asvhole; hence,
average wateuse per household in three citigsuld be higher than the average of water
use per household in Fulton County as a whole. Therefore, the result of the mean estimate
in this analysis is eeasonableepresentation of the reallume of single family household

water use rate.

OLS Model vs. Spatial Error Model

When comparing a spatial regression model (Spatial Error model) to a simple
OLS models, the spatial error regression models improved the model fit substantially. In
theory,the error term captures all unknown and unincorporated influeémdesling
spatial autocorrelatioan the dependent variable in spatial error motlegrefore, this
studyconfirmedthatthe SEM isamore appropriate model configuration titae OLS
modelto examine the relationship between the predictors (LOT, ASSESS, FLOOR,

AGE) and the outcome variablater uséLOG_ANNW).
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In the results, the spatial error model still shawsnsistentelationship in terms
of +/- signsfor coefficientsbetween theranual water use volume and the four
independent variablesHowever, comparing t®LS model, the coefficients of the
predictors in SEMbecome lowethan in the OLS modelEspecially the coefficient®r
LOT is changedrom 0.14 to 0.095. In the SENheinfluence of lot size on annual
water uses diminishedwhile the error terms were able to capture the unknown and
unincorporated factorf®egardless of these change, the resultsstpportan argument
that smaller lot size is favorable to sustainabléewas through achievingvater
reduction. Then, what is the actual water use savings associated with reduction in lot

size? Would reducing lot size lead to sustainable wateeftesatively?

POTENTIAL OFTHE LAND USE APPROACH INSUSTAINABLE WATER UX

One of the arguments of this study is that compact urban growth policy can play
an important role in water use reduction and should continuously be coupled with
sustainable water use policy in urban areas. Especially, in this study design, lot size
asso@ted with residential density is proposed as a policy control varidleresults
suggest that when other conditions are equal or hold status quo a single family residential
with a smaller lot size auld consume less water annuallyhen how much less?

Letdébs assume Fulton County were to cons
andrecommend zoning regulation changes regarding a typical single family loAsize.
shown previously in Tabl26 andthe average lot size was 0.4 ache terms of density
this isequivalent to 2.5 (= 1/ 0.4) housing unit per acre (HU/Areeeafte). When the

lot size is reduced by 0.1 aaad 0.2 acrehe density becomes3 HU/Acre (= 1/ (0.4
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0.1)) and 5 HU/Acre (= 1/ (0-40.2)) respectivelyhich areequivalent taappgoximately
33 percentand 100percentincreasdrom the mean lot size.

Whenlot size is reduced by 0.1 acr&@sd0.2 acresaccording to the analysis
resultsin Table30, wateruse falls by 0.9percentand 1.8%ercentrespectively. If we
convert this bange to actual volume of annual water use using the mean annual water
use,105,733gallonsper household, actual water savings would be 1,005 gallons per year
per household and 2,000 gallons per year per housghahde 31) As the Fulton County
averagehousehold size is 2.45 person per household, the daily savings per capita value
are calculated as 1.14 (=1,005 / 365 / 2.45) gallons per person per day for 33 percent

single family density increase and 2.24 (=2,000 / 365 / 2.45) gallons per persay per d

for 100 percent single family residential density increase through lot size cizagie.

31).
Table 31. Water Savings P®tential by Lot Size Reduction: SEM Model
Percent Estimated
. Annual Estimated | Estimated
Lot size Change : :
. . Water Use| Daily Water | Daily Water
Change Density n Savings | Use Savingg Use Savings
(Acre): Change Annual 9 9 VINgS
decrease From the Water per | per a(ilcount per Cl?p'ta n
@) average lot Use accountin| in gallons gallons
) gallons (e) 0]
size (c) (d)
(b)
=105,733| _ _
% (C) =(d) /365 | =(e)/2.45
-0.10 +33% -0.95% -1,005 -2.8 -1.14
-0.20 +100% -1.89% -2,000 -5.5 -2.24
Note:
(1) Average lot size = 0.4 acre; (f)leanamual wateruse =105,733jallons; (3)Averagehouseholdsize
in FultonCounty =2.45
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According to MNGWPD water report (20)) the Fulton County single family
outdoor GPCD was an estimated 28 gallons. Fulton would have to increase typical
residential density by 38ercentto reduce the daily outdoor water use rate from 28
gallons to 26.9 gllons. Even doubling the current single family residential density (100
percentincrease) would result in shifting 28 gallons per day to only 25.8 gallons per day.

When comparing to other conservation measures related to outdoor water use,
magnitude oftie effect of water use reduction by land use approagtrysmodestnot
as effective as technological approach such as irrigation scheduling or xeriscaping
(landscape design) for sustainable water use management. Several studies quantify the
effects of poper management on these approach. For example, the study in North Marin
Water District in California, it was found that the proper choice of plants and careful
landscape design (xeriscaping) could reduce water use by up to 54 p@&tetsan
1994) Also, Sovocool (2005) suggests tisaitching from turf grass to xeriscaping
would reduce water use from 73 gallons per square feet annually to 17.2 gallons per
square feet per year (55.8 gallons per square foot annually or 1.5 getcogarefed
at a minimum during the winter montaad 9.6 gallonper square feett a maximum
during the summamonths(Figure22) (Sovocool 2005) In this study, the effect of lot
size reduction by 0.1 acre (or 4356 square feet) is calculated as 0.23 gallons per square
feet per year (= 1,005 gallons / 0.1 acre * 1/43560/f@@®, which is not as effective as
xeriscaping as discussed in Sovocool d0s stu

Neverthelesst should also be acknowledged that most counties in Metro Atlanta
area including Fulton County is expected to see its population increase by more than 2

million over the next 30 years. If it is assumed that approximately 70 percent of the new
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population lives in single family housing in the future, reducing lot size by 0.1 acre can
achieve approximately 1.16 million gallons per day saving (= 2 million * .14

gallon per day) by 2040, which could be also substantial or even critical amount during a
drought season. When considering limited availability in water resource in the Atlanta
Metro region and past water drought histories, the effectiveness ofsaategs by

compact growth policy is still a valuable planning alternative that local planning and
water management authorities should positively considered in sustainable water use

management framework.
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Figure 22. Water Savingsby Xeriscaping (Sovocool, 2005)

LIMITATION OF STUDY DESIGN AND FUTURE DRECTION

A couple of limitation in the analysis design needs to be acknowledged. First,
because the geographic scope in the pdevel analysis is limited tthreecities of
Fulton Gunty, GA, and thus may not be generalizable to other regions with different
climates and built environments. Second, the sample set in the regression analysis did not

include any other uses than single family residential parcels and its water use data. In
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order to discuss urban residential water use or urban water use, other types of parcels
should be included in order to discuss the urban density and urban water use.

Third, data resource constraints in various types of explanatory variables in water
corsumption were a major challenge in the research design. In particular, the analysis
lacked detailed socioeconomic data and building structure information. There remains a
great deal of uncertainty about residential behavior and water consumption. Future
extension of this research would be to gather data on dispegal explanatory variables,
such as lawn size and the presence of outdoor pools, andesociomic variables of
interest such as income at household level, a number of family member, lceapic.

Fourth, this study assumed that the magnitude of water use change by lot size
change is interpreted as an annual per capita outdoor water use. However, most outdoor
water is consumed in spring and summer, rather than equally distributed @zer a y
Therefore, the analysis for seasonal water consumption of April, May, June, and July
ONLY would also suggest meaningful policy implications. In this study, due to
inconsistent water billing periods, the water consumption data has to be aggregated to
totalannual usage values. Besides, planning for surges in water use and changes in
seasonal rainfall averages, including droughts, are a high praodtgoncernashen
devising sustainable water use management plan for many arid cities i8.the U
Therefae, similar studies in future would be improved with access to water consumption

data at a daily or monthly level.

CHAPTER SUMMARY
This chapter examined the relationship between single family housing lot size and

annual water use at household level in faties in Fulton County, GATo test this
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relationship, OLS and SEM regression models were darterms of model validity,
SEM is a more appropriate model than OLS in examining coefficienteetattbnshifs
among variables because it resolves thaapaitocorrelation issue that threatens the
validity of simple OLS models

All predictors of the lot size, the assessed value of parcels, and the number of
stories of residential building are all positively correlated with the dependent variable of
volume of annual water use. Building ageneggativelycorrelated with annual water use
The analysis results suggest that a smaller lot size would contribute to reduction of per
capita water use in singfamily housing however its magnitude is vey modeg¥hen
lot size is reduced by 0.1 acre, we can expect appeiglyn0.95percentof annual water
use holding all other values constar§uch reduction is equivalent to 1,001 gallons per
household per year or approximately 1 gallon per capita per day sa#egause the
average lot size for the study area is 0.4 acres, changing from the average lot size of 0.4
to 0.3 acre requires housing unit density increase by 33 percent. Therefore, local
government may expect achieving 1 gallon per capita per day (G&®Dy when they
change typical single family lot size from 0.4 acre to 0.3 acre€B8&pt increase in
single family housing uniensity).

It is important to acknowledge thitie magnitude of the effect of single family
residential density increase annual volume of water consumption is not as much as
other outdoor conservation measures such as xeriscapiegefore, sustainable water
use management should also embrace various policies related to conservation measure
improvement through technologicsolutions while promoting compact urban growth

policies in the sustainable water use management framework
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CHAPTER 5

LONG-TERM SUSTAINABLE WAT ER DEMAND AND

ESTABLISHING CONSERV ATION SCENARIOS

In chapter 2this dissertatiomeviewed literature discuisg the sectoral approach
for measuring urban water use, long term urban water demand forecasting methods, and
water conservation measures, including rainwater harvesting. Although such studies
provide us with an overall understanding of how urban watecas be disaggregated by
user groups and how each sectoral water demand can be calculated at aggregated group
level, there are always local variations in watseprofiles In chapter 3 and chapter 4,
the analysis showed how water use might vary witttigpvariables, including
residential lot size. Therefore, estimates of future water use should take into account the
local profile, including climate and langse patterns. Such information should be
collected, reviewed, discussed in order to establestining alternatives that reflects
reasonable ranges of water use rate chatoggshieve sustainable water use management
goals.

This chapter discusshow local government and watese planning authorities
can develop locally specific lortigrm watefuse scenarios and plan for more sustainable
water use. Thease ofmetropolitan Atlanta area will bdiscussedsasample study

Thegoal of this chapter is to develoultiple scenariosincluding adesirable
sustainable water use casdich will be apfied to thecase study ithe following

Chapter 60ne of the main research objectives is to develop ab@sed water demand
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forecasting application with representative water coefficients and conservation scenarios.
Hence, the scenarios are establishati wonventional methods in demand forecasting,
which are (1) sectoral approach or end use unit approach, and (2) water conservation and
scenariebased approach. The scenarios developed in this chapter are incorporated to the
anal ysi s f r amanabbeaterade Sderebased Blaneing Support

Systems (SWSPSSJhe final set of eenarios are proposed in the end of this chapter.

RESEARCHDESIGN

DEVELOPMENT OF FUTURE SCENARIOSFOR SWSPSS APPLICATN.
This section endeavors to develop differgrgnarios of urban growth and
conservation scenarios for sustainable water use. As planners should be able to consider
possible outcomes from uncertainty or multiplehppatway s i n t hebastdut ur e,
approachoé i s commonl yvelepnapernatiyegpldns toyassgtinggn ner s
decision makingHopkins anl Zapata 2007)Scenariebased approach is used not only in
water demand forecasting but also in planning pradticgeneral, a scenario reflects a
set of plausible alternatives be analyzedwith logical process and reasonable
assumptionsWhen examing alternative plans, scenarios can be set to answer the
guestions of Awhat might happen or gener at
policy actions occur (dopkingandZagaald8di n peri od
This dissertatiorstudyassunes thasustainablelevelopmergthat combines
urban development cagliration (and us¢ approach and technological conservation
effort would alter the individual representative daily per capita water use coefficients.

These representative coefficieargobtained from local water district reports, literature
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The conceptal diagramin Figure B showshow urban development configuratiolarGd
use approachandtechnological approaelsin sustainable water use assumptions affect
unit-demand changes (per capita, per employees, or per square footage of buildings) in

both resilential and nowresidential water use.

Development Configuration
Approach:

Technological Approach:

Water Effici | t
Sustainable development and B

by end use sectors

land use change urban growth modeling

[ —— —

Increase Increase in Efficiency .. Increase density in
density in percent share Improvement by I Efficiency Improvement non-residential
resider:/tial of multi-family end use type I land-use

housing from i i i
land-use | hg ] " residential : Changes of coefficients (GED)
total housing indoor use I
l l by employment sectors Decrease in
| (SIC codes) outdoor use
Decrease in X l I — {unknown)
outdoor Df.zcrea.se in total Decrease in I t\ T
watering area residential demand Indoor gpcd FAEIURLY
and gncd value because ngd value value I wholesale Services Public and
of multi-family is Gavern.
typically lower I retail
Residential Water use ¢ Cll Water use

Estimates of Building Rooftops in future ‘

) 2

Savings by Rainwater Harvesting (RWH)

Rainwater
Harvesting

Figure 23 The Land UseDevelopment Configuration Approach and the Technological

SolutionsApproach in Scenario Development

To contrast the outcome of different growth policibéss dudy developed several
different development scenarios for the future trend analysis: the case of basiness
Usual (BAU hereafter(Scenario A)the case of the sustainable development (SD
hereaftey (Scenario B)and the case of SD with RWH scendoenario C).In essence,

the SD scenario is different from the BAU in terms of three perspectives
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(1) Substantial increase in residential and employment deinsibe SD

(2) Higher percentage of muttamily housing sharen futuredevelopment

(3) Reduction in representative water use coefficieB3CD(gallon per capita
per day)and GED(gallon per employment per day

Based on this conceptual approacljonassumptions and descriptions of each
scenario are summarizedTable37 at the end ahis chapter.

Based ortheliterature review and local water reports, thtigdyattempts to test
multiple scenarios composed of a serieéndfatif 6assumptionsThe geographic scope

of this studyincludes thirteen counties in metropolitatianta, Geogia (Figure 24)
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Figure 24: A Study Region: Thirteen Counties in Metropolitan Atlanta , Georgia (RWH

analysis Area in Gay)

Land use approach and urban growth assumptions

In the BAU scenarioyesidential densityemploymen density, and infill rates are
determined from reviewingtlanta Regional Commission land use classifications, US
census data, and literatuFer residentialisesof single family residential and mudti
family residential (SFR and MFR hereaftenyefurban core counties (Clayton, Cobb,
DeKalb, Gwinnett, ad Fulton) have higher density valussd infill rates than the rest
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counties. For employment usetje density values fromheN e | s o n §2804)sverar d y
adoptedor this studycase(Nelson 2004)In the SD scenario, residential and
employment densitie®r new developments wenecreasedrom the BAUassumptions
The pecentage of single family housing is decreasedMyezcentfor new development

in the SD. Infill rates are also increased byp&dcent Table 32, 33, and 34 summarize
the differencéetween two growth scenariobhey showlte density changes in each

county for theresidential land useendemployment land uses

Table 322 ResidentialDensity for BAU and SD ®enarios

Sustainable
Base year 2010 BAU scenario Development
Scenario
Density Densit| Density Densit | Density Densit
Average of y of of y of of y of
County | household| single  multi- single multi- | single  multi-
size family family | family family | family  family
units units units units units units
, clayton 2.86 ayy; 10HU | 6HU/ 16HU
£.3 Cobb 2.65 acre  lacre | acre  /acre
O S DeKalb 2.55 or75 Or25 | orl5  or40
0 3 Eulton 245 HU/I—iA HU/H HU/H HU/H
. 1/4~4 >8 A A A
Gwinnet 3.0 HU/acr HU/ac
Cherokee 2.82 e* re*
© Coweta 2.79 or or
= = Fayette 279 10 HU/H acre acre acre / acre
o35 HU/HA A 5 or 20 or 10 or 30
5 g Forsyth | 295 Hoba  HUH | HUH  HUH
= Henry 2.9 A A A
?  pauding| 2.96
Rockdale 2.84

Source*: AtlantaRegional @mmission, LandPraULC Classification System
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Table 33: Configuration of Single Family and Multi-family Housing in Scenarios

Base year 2010 BAT scenario sustamable
(ARC estimates) Development Scenario
Percent of Percent of Percent of
County  singlefamily  Percentof single multifamily Percentof ~ Percentof Infill
*=core units multi-farly | famuly units . Infill rate | single farmily  multifarmuly
co) (mobile H units for units fqr units units rate
Incl) forecasting forecasting
Cherokee 88.2% 11.8% 0% 10% 20% T0% 30% 30%
Clayton* £9.5% 30.5% T0% 30% 20% 50% 50% 30%
Caobb* T2.6% 21.4% 70% 30% 20% 50% 50% 30%
Coweta 70.8% 2.2% 0% 10% 20% 70% 30% 30%
DeKalb* £1.3% 387 E0% 40% 20% 40% 60% 30%
Douglas 8100 13.0% 0% 10% 20% T0% 30% 30%
Fayette 92.0% 8.0% 90% 10% 20 T 30% 30%
Forsyth 95.0% 5.0% 90% 10% 20 T 30% 30%
Fulton* 54.8% 45.2% £0% 40% 20% 40% E0% 30%
Gwinnett* 78.5% 21.1% 80% 20% 20% £0% 40% 30%
Henry 90.5% 9.5% 0% 10% 20% T0% 30% 30%
Paulding 94.2% 5.8% 0% 10% 20% T0% 30% 30%
Rockdale 81.2% 12.8% 0% 10% 20% 70% 30% 30%

Table 34: Employment Density for BAU and Sustainable Developmertscenarios

ernployment density for

BAU ernployment density for 5D

Land use type (employeefacre) (employee/acre)
Construction 2873 4310
Manufacturing 16.44 24 66
TCT 29 88 44 82
Wholesale Trade 1622 24.33
Eetail Trade 16,62 2493
FIEE 3108 4662
Services 31.08 46,62
Fublic Administration 31.08 4562

Source: Arthur Nelson, 2004, Planners' estimating guide 2004, AFA press

The water use scenario in BAU and SD

In orderto understand a local water use profile, this study obtaitietic
GPCDs and GEDBom local water planning authority reports and literatéie
residential useg a ¢ h ¢ GRCBsDfwidgefamily and multifamily uses were

obtained fronthe water report published jorth Georgia Metropolitan Water District
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(MNGWD, 2009) The report provides a list of gallon per capita per day values of single
family and multifamily residential indoor usand outdoor use by countyFor non
residential subsectors, GEWere obtained from parameters from Dziegieleski et al
(Dziegielewski and Boland 198@)able 36)

In estimating conservation savings, a typical example of methodological approach
is shown in Rodrig 6 s (Radrigh 1990)Rodrigo (1990) suggested that water

conservation savings can be estimated in simple equation as below

€ € é é . Equation 4 (Rodrigo, 1990)

Where: $; = conservation samgs for conservation measuraffecting water use sectpr
Qj = base use without cearvation water use in secfor
R ij = percent reduction from conservation measaigecting setor j

Cij = coverage associated with the conservation measusectol]

However, estimatingi;Scan be a fairly complicated procedufdecoverage
factor G requires extensive knowledge of each conservation measure for each sector and
the servicaareasOften advanced statistical procedures are used to estimate R and C;
however, longrange savings can be estimaveten usingactual water use data which is
disaggregated by user classes (such as residential, commercial, and indastnal) as
factoring inseasonal water use pro8ior indoor and outdoor usand potential water
savings by individual device or conservation measures.

In this studythe BAU scenario asswesthat there is no change in GPCDs and
GEDs in future water us&@he SD senarioassunesthat the impact ofonservation

measures in the futumeould achieve significant water savings not onlydeyelopment
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configuration changesiénsityand percentage of SFRt also by improvement of water
efficiency.As a result, the SD ittributed ta20 percent reductioim residential water

use in terms of GPCD and GED for new dememnfditure.Residential reduction ratio is
decided based on indoor reduction rate by EPA WaterSense guideline for new single
family constructionfEPA 2009) whichsuggests that jger capita daily water use for

typical single family home can be dropped from 4@BCDto 39.5GPCD(20.7percent
savings) when new WaterSense standard is enfofsediscussed ithe literature
review,nonresidential sector conservatioreasures and its ranges are hard to determine,
although most efficiencgneasures were within 21 percent to 50 petcé&hts

dissertation study assumadefficiency improvemenof 20 percentn the new

developmenstructures.

Table 35. Modified Residential Water Use Coefficient in the BAU and SD &nario

Single Family Multi-family residential

County Residential GPCD GPCD
Efficiency g ay SD BAU Sb
ratio applied
Cherokee 79 63.2 69 55.2
Clayton 81 64.8 78 62.4
Cobb 82 65.6 67 53.6
Coweta 83 66.4 67 53.6
DeKalb 85 68.0 69 55.2
Douglas 20.7 percent 78 62.4 60 48
Fayette reduction in 87 69.6 63 50.4
Forsyth GPCD 99 79.2 67 53.6
Fulton 106 84.8 83 66.4
Gwinnett 91 72.8 67 53.6
Henry 78 62.4 69 55.2
Paulding 80 64.0 72 57.6
Rockdale 83 66.4 71 56.8
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Table35andTable36 summarie the water coefficientapplied for the new
development in residential and nogsidential usem two sustainablecenariosthe
BAU and the SD.In addition, population and employees residing inZ0&0 base year
also expect to have a percentreduction in GPCDs and GEDs as conservation measure

improvement as shown in the scenario summary table (Table37) at the end of this

chapter.

Table 36: Modified Employment Water Use Coefficient in the BAU and SD &enario

Sustainable
BAU Development
(No change in (20 % of
Employment Type SIC Code GED reduction In
coefficients®) GED
coefficients)
Construction 1517 20.7* 16.56
Manufacturing 20-39 132.5* 119.25
Transport, communication, 40-49 49.3* 44.37
utilities (TCU)
Wholesale trade 5051 42.8* 38.52
Retail Trade 52-59 93.1* 83.79
Finance, insurance, real 60-67 70.8* 63.72
estate (FIRE)
Services 70-89 137.5* 123.75
Public administration 91-97 105.7* 95.13

*source: Dziegieleswski and Boland, 19

Sustainablevater use scenario with rainwater harvesting (RWH)

Lastly, this studyalso consider rainwater harvestifRWH, hereafterpy roofing
areas for suainable scenario becaus@dtentially provide access to a reclaimed water
source, although many potential, possibility of collecting and using rainwater has
frequently been ignore@ngrill, Farreny et al. 2012)Rainwater can substite wateffor

the irrigation of farming, irrigation of gardens, the flushing of toilets, cleaning of road
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and outdoor surfaces, and other potentiatpotable uses. Angrill et al (2012) found that
rain water can be a competitive resource in urban arglaseare water resources

This dissertatiorstudy incorporates RHW into water use scenario planning for
several reasongirst, asthe annual average precipitation leveAittanta ismoderately
high when comparing to other statescase othemetro Atlanta regiontheaverage
annual precipitation for last 30 yedras beempproximately 47 inches per year, which is
closeto or higher thamational averagerherefore RWH couldbeaviable optionin the
conservatiorpolicy. Second, hot summer weattserd droughin the metrgoolitan
Atlanta continuously stresses a supplypwo$tainablevater use. Water collected from
RWH can be used latér reduceshortage of water ipeak demand and drought time.
Third, RWH can reduce flash storm water rusaffimpevious surface arsaForth,
RWH is applicable toeplenish thexisting stock of many singt@mily housing units,
which maycollect more rainwater per unit than m«timily unitsbecause of relatively
larger roof size

In case of the state of Georgiae o r g i glungihgacode 2069 Georgia
Amendments to the 2006ternationaPlumbing, Appendix |,fiRainwater Recycling
systemé- allows rainwater to be collected, tregtadd used indoors for toilet and urinal
flushing and as cooling tower make water. In accordance with this amendment,
GeorgiaRainwaterHarvestingGuidelines (2009) presented a simptimateof the
water harvested and a couple of case studies, which would be an important step in
pursuing water conservation goals in Geo(@gitiairs 2009) The report indicateRHW
is still not economically preferableompared tahe simple public water supply price and

the cost of system installation time shat run; however, RWH would be viableoption

110



when other benefits are considersdch as reductiom storm water runoff, the
alleviated pressure of water shortage during drought season, low ecologicalsrmpact
natural systems, and the energy savings fesinced volume of water and wastewater
treatment system@\ffairs 2009)

While developinga sustainable water useenario, RWH can be considered as
one of many planning polies forsustainable water use long rangeThis study has
attempted to estimate the maximum range of water savings through RWH, using GIS data
of building footprints and regression models. The results show that substantial savings
are possible when a sesiof assumptions are accepted. However, it should be
acknowledged that there are substantial level of uncertainty in actual implementation of

RWH policy in place in the study area the amount savings suggested

CHAPTERSUMMARY AND THREE SCENARIOS FORBWSPSS

This chapter has elaborated howltiple scenariosre developed for the study
areaof thirteen counties imetropolitan Atlantaarea Three scenarios, BAU, SD, and SD
with RWH, are discussed. Tal8& summarized and outlined the context of three
scenarig in terms of two categories of approach{@$ land use configuration changes
and (2)water use profile change3he previously demonstrated cowteyel analysis
results suggested that the increase of density and decrease of single family housing
percemage would contributed to reduction in county GPCDwerefore, regarding land
use configuration changes, sustainable water use scenario would need to include more
compact development, and residential density and employment density values are

increased aardingly.

111



For the case of water use profile changes, identifgorgervation measures for
different water use sectors are hard to determine precisalyings from the county
level analysis athparcellevel analysis suggestat compact growth would rade water
use rate. However, this dissertatolmesnot attempt to estimatedividual GPCD
reduction ratis (or actual magnitude of reductiohy county to be exact. Rather,
representative water use rates by county and by end user types are detemourgd th
local water use report and literature and incorporated to three sceraraly, Table 37
presents the summary of three scenarios and main characteristics for two approaches.
In the following chapter, the three different scena&i®AU, SD, and SD+

RWHG are applied to metropolitan Atlanta to generate {targh watefuse projections
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Table 37. Summary of Three Senarios

Urban development configuration

Technological appioach

Scenarios Land use approach o
_ (water efficiency)
(urban growth modeling)
Z Low density
| sprawl continues Z No substanti al [
Scenario ) o )
A Z Popul at i on/ e m efficiency for indoor use for futuréemand
BA.U in base year (2010) will be applifz Coef fi ci ents of ¢
to future developments (GPCD) by county will remain the same
_ z 20% of reductioni
ZSubstanti al _ _ _
_ . EPA-standard) is applied to new residen|
population/employment density ft o
use and 20% of reduction in GED (gallon j
new development _ _
) _ employee per day) to Cll (neesidential)
Scenario |2 Substanti al
_ _ sectors
B: percentage of lowdensity single .
_ _ Zz 10% of reducti oni
SD family housirg
_ EPA-standard) and GED (gallon p
zSubstanti al ) _ o
_ _ employee) is applied to p010 existing
residential outdoor use rate | .
_ (base year) population and employm
smaller lot size
sector users
Scenario = Same as Scenario B
C: +
Same as scenario B _
SD + Z Rai nwat er (RWH)r from
RWH residential and nenesidential buildings
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CHAPTER 6

DEVELOPMENT OF A SCENARIO-BASED PLANNING SUPPORT

SYSTEM WITH SUSTAINA BLE WATER USE SCENARIOS

This chaptediscusses GIS modeling frameworénd its usefulness in the
context ofa plannirg support system (PSBereaftey thatwould enableglanners to
project anceasilycomparethe results ofutureurban water demanshsed orifferent
scenaricassumptiongnd parametsr This chapter produsa&a samplenalysis to
illustratehow the integated land usgvatermodel could be uskin planning.

The GIS modeling frameworkntroduced in this researdharesubstantial
structural similarity wit hwhatifPédevelepedsby i ng pl
Klosterman(Klosterman 1999) The modelingrameworkin this analysiss composed of
a series osimple and easily modifiable GIS modeling toatgeractive tabular datasets
andPython scripts irmn ArcGIS environment (ESRI, 2015)his GIS framework is
uniquein thatthe systenallows usesto test both alternative urbamowth and land use
change scenarios and water efficiency improvement scemaaapatial context This
application can produce spatial layergebgraphicalater usealistributionsin the future
based on different scenario inputs. Comparison cfehlbernativesenricheslocal
sustainablevater use policieandlong-term water resource managemplanning
actions.Thus the framework named SustaindMater usescenariebasedPlanning

SupportSystem (SWSPSShereaftey, can be used in a variety dapning practices
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GIS, SPATIAL DECISION SUPPORT SYSTEMSAND PLANNING SUPPORT
SYSTEMS

The definitions ofgyeographic information systemSIS), spatial decision support
systems $DSS, andplanning support systemB$S, and their evolutionary path in
planning disciplinedave beemliscussed in many studiéBensham 1991, Harris and
Batty 1993, Hopkins 1999, Klosterman 1999, Brail and Klosterman 2001, Geertman and
Stillwell 2003) PSS isusuallydistinguished fronGIS or SDSSGeertman and Stillwell
2003) GIS is typically described as a general compatded system with a
functionality of data collection and manipulation, spatial analysis, and visualization and
display for a wide diversity of tasks and problem sol{iBgrrough 1986, Huxhold 1991,
Goodchild 1992)The term SDSS, meanwhile, refesssystems designed to support a
decision process for complex spatial problems basedemxpert knowledge of
decisionmakerg(Densham 1991, Geertman and Stillwell 200B8) general, SDSS
consist of database management systems with analytical models, graphical display,
tabular reporting cagbilities to support sheterm policy making in decision making
groups(Geertman and Stillwell 20033DSScommonly includesIS functionalities,
spatial modeling andrbangrowthmodeling capability variousspatialscales.

PSS, meanwhildypically aims to spport a particular or whole planning process
by providing integrated environmen{Brail and Klosteman 2001) Because planning
practice deals with various spatial data, modeigtools,PSS often incorporates GIS and
SDSS(Geertman and Stillwell 2003)PSS are distinguished from the other two for its

particular utility for the planning professigGeertman and Stillell 2003)
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Harris and Batty (1993juggest #£SS combinga range of computdyased
methods and models into an integrated system to be used in planning practices and to
support a particular planning functi@darris and Batty 1993)They describe PSS as the
framework with three components combingd the specification of the planning task,
problemsand data; (2) the system models and methods for analysis, prediction and
prescription; (3) the transforrian of data into information for modeling and design
(Harris and Batty 1993)

Brail and Klosterman (2001) have extended the definition of PSS as information
technologies used specifically by plannersthair planning profession¥hey define the
PSS frameworlasa combinationof information, models, and visualization to be
delivered to the public realiBrail and Klosterman 2001Klosterman (1997) elaborated
how the role of PSS has evolved as the prevailing perspective of pldmsogganged
from applied science discussing urban models in thesl&@6political process in the
1970s, to communication in the 1980s and
how planning traditions and the role and usefulness of PSS have followed the intellectual
discussion in planning discipline and evolfemm simple tools adopting urban models
into computer systems to more sophisticated communicative and conberiding
tools in planning practicélosterman 1997)

However, Hosterman (1997) hasdsopointed out that a PSS is not comprised of
GIS alone although GIS is an essential part of the PSS. He has suggested that desirable
PSS should enable users to (1) select the appropriate analysis or forecasting tools, (2) link

the gpropriate analytic model to the information, (3) run the models to determine the
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implications of alternative policy choices and assumptiand(4) view the results
graphically(Klosterman 1997, Brail and Klosteam 2001)

The usefulness of PSS also depends on the implementation of present and future
assumptiongorming as scenarios for alternative policy review. Planners typically
employ scenarios as alternative plans to test how incidents or policy actiomscaose
different outcomes. Various present and future assumptions can turn into hypothetical
scenarios in the part of spatial analysis components in PSS. Then planretarare
the impacs or consequences, forecasting outcome frondifferenthypotheical
scenariogo discuss more desirable asustainabl®@utcomes. By doing so, planners can
provide Ouseful déd information to public rea

a specific planning process actively

DEVELOPMENT OF RANNING SUPPORT STEM FOR WATER DEMAND
FORECASTINGIN LITERATURE

A PSS with the capacity to model urban growth and changes in land development
could be used in watarse scenario plannifgecausepatial patterns of
population/employment distributicare closelyelated ¢ land use typesTherefore, the
ability to project future land use patterns should greatly impuosee abibtyoto project
future water use demand pattespstially

In water resourcemanagemenplanning,somestudieshaveintegratel the
scenariebased approach into P§Sober, Wentz et al. 2011, Donkor, Mazzuchi et al.
2012, Wang, Burgess et al. 201Pheusefulness of adopting either P&SGISin urban
water resourcenanagemendnd demand forecastirggealso discussefPanagopoulos,

Bathrellos et al. 2012, Wang, Burgess et al. 20P2ahagopoulos et a[2012)presented
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methods to seek and model majeterminatesf future growth olurbanwater demands
of Mytilene, Greece. They showed havfferentthematic layers derived from Gtsuld
be used to map out future water demtordhe city. Specifically they applied the AHP
(analytichierarchyprocess) (Saaty L 1977; Saaty, T. L. 1990; Marinoni 2004) in the
evaludion of factors whilespatially visualizinghe potential water demand maps
(Panagopoulos, Bathrellos et al. 2QIR)ey conclude that the results dhe AHP
application in combinatiorwith the GIS techniquescouldbe a useful tool for planners
that assessfuture water demand.

Wang et al(2012) measured lotwater savings bynultiple conservation options
by implementing the commercially availaldeftware, CommunityVifWang, Burgess et
al. 2012) In their study, they demonstrated how conservation scercanitdbe
developed based on water consumption characteristics per land use and possible climate
change (temperature and precipitation). They calculated dailythtgpand annual water
use atheparcel level by usingepresentativealues of daily per capita indoor water
consumptiorby land use types dlsebaselineThen, conservation scenariagreapplied
based ontheassumption ofhe combinatiorof reduced didy per capita indoor water use
by land use types and xeriscaping for outdoor Tieey concluded that the model and
systems they developed give citizamgldecision makers a useful tool to make decision
about water consumption by explorimgriousconsevation options and their impact on
waterconsumption

Gober et al(2010) developed scenaricbased planning support systeailed
WaterSim forPhoenix, ArizongGober, Wentz et al. 2011} simulateshow alternative

climate conditions, population growth, apdlicy choices affect the future water supply
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and demand in the study are&eTsystem includes four componer(ts) exogenous
uncertainties related to climatbange and water supplariability; (2) policy levers
associated witpotentialactions from decision makerS) arelationship that describes
theequation andequiredvariables and(4) anoutcome measure that shows water
availability or ground water deficst This structural system is ldtiby adoptinga system
dynamic approactstockandflow) to represent interactive relations among water supply
and demand determinants. The system generated and cdmpptaetial outcomefor
groundwater shortage and future water demand changes bagsed¥airifscenarios.
Theauthorsconcludel that Phoeni& water supply would not suffice in the long run if

the communitgs currentbusinessasusualconditioncontinues

RESEARCH MOTIVATION

Despite the volume of literature previously covering the appllity of PSS to
water use managemenit manystudiesconnectand use change anchter demand
forecasting in the context @&1S-basedntegrated PS®ith Gimple model§(Klosterman
2012)and easily cusimizable tools Most GIS models anBSSlinking land use change
to waterresources focusn surface water qualifyffong and Chen 2002nd storm water
managemenplanning(Harbor 1994)

Models andauser interface embeddedarstandalonehardwiredPSS typically
provide limitedadapability of models and input parameteiBherefore, this dissertation
study attempts to develop a PSS thnatdek and tools inside the PS&nbe customized
to project longterm water use demandth aspatial data base. This dissertation
demonstrate howimple and easily modifiabl®olsare integrated and applied to

generate spatial datapresenting future water use pattern at urban sthieGIS
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modeling frameworlcan beused as complementary tools in promoting sustainaater

use planning.

RESEARCH DESIGN AND METHODS

INCORPORATION OF ANALYSIS CONCEPB FROMOANHAT IF? 8ND CCUFO
INTO SWSPSS

This study proposes a scenabiased water demand forecasting framework or
GI'S model called Osubbaedapl anwahgrsuppost
(SWSPSS). It allows analysts to project and map out spatial pattern of long term water
use. Local and regional water planning authorities can use SWSPSS to discuss more
sustainable water demand options and implementation plans more effectively.

The GIS modkng framework for SWSPSS incorporates many of the design
concepts i n t hief (RoSEman 299%re the GalftrreatUrban
Futures (CUF) moddLandis 1995) What if? is a scenaribased policyoriented
planning support system that incorporates a series of GIS data to support community
based processes of collaborative planning and collective decision njglosterman
1999) The system allows us& conduct a sergeof analysg in What if? component®of
6Suitabilityd, o6Growthé and O6All ocationbd t
planning and development process: (1) land suitability analysis (Suitability); (2) land use
demand analysis for future use (@th); (3) and allocation analysis that allocates the
projected demand to the most suitable locations (Allocation). In this dissertation study,
the concept of three components, Suitability, Growth, and Allocation are incorporated

into theSWSPSSlesign franework
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The California Urban Futures (CUF) is the forecasting and simulation models of
urban growth patterns and the impacts of development policy at various levels of
governmen{Landis 1995) The models allocate growth to sites based on development
profitability and accessibility in the development proggssidis 1995, Landig001)

The CUF model is built on two primary units of analysis, incorporated cities and the
developable land units (DLUs). The DLU is a small size of land units in polygon
representing status of undeveloped or developed areas that can be updated by polic
changes. In this dissertation study the concept of DLU is also incorporated into the GIS
analysis framework. The name of such land unit and the GIS polygon layer contains
various attributes in this dissertation study is called land development grilDGitJ,
hereafter) layerwhich is also similar to the concept of UAZ in the What if? application
(Klostorman 2001)

Although this dissertation has incorporassyeralkconcepts from other PSShis
study pesens a new set of tools for integrating lande scenario planning with water use
estimations. Especially, this study demonstrates how Python scripting can be
incorporated into the system so that users can conduct complexgesgpng analysis in
GIS eaily. Table 38summarizes similarities and differendegtweenWhat if?and the

SWSPSShn thisdissertatiorstudy.
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Table 38. Comparison of SWSPSS and What if?

What if ? (Klosterman, 1999

SWSPSS

System overview

Standaloneplanning support
system software

Scenariebased policy testing
Menudriven user interface

Graphical display and report
generation capability

Loosely coupled system composet
of python scripts, ModelBuilder
models in ArcGIS (ESRI), and MS
Excel spreadsheets

Suitability, land demand, allocatior
and water use calculation modules

A collection of tools/models in
ArcGIS and MSExcel

Development
environment

Mi crosoftbs
ESRI 6s MapObj

ModelBuilder models in ArcGIS
(ESRI)

Microsoft Exel Spreadsheet

Python scripting and ArcPy modul
for geoprocessing

Suitability analysis

Suitability component in the
system

GIS vector overlay operatiorn

Cell-based raster algebra operatio
using ModelBuilder models in
ArcGIS

Land demand
projection

Growth Assumptions
component

Interactive Excel Spreadsheets

Allocation for land
use projection

Allocation components in the
system

Python Scripts in the allocation
module

Water use calculation

Not applicable

Python scripts in the water use
allocationmodule

Unit of analysis in
spatial data

Uniform analysis zone
(UAZ), typically in irregular
shapes

Land development grid unit
(LDGU) polygons (1 hectare squat
shape)

GIS Data type
compatibility

Input: GIS vector layers in
SHP format

Output: GIS vector layers in
SHP format; limited data typ
conversion capability

Input and output: SHR;eodathase
(ESRI), Rasterformats

Maodification of input
parameters and valug

Typing in values through
menus or component work
sheets

Modifying values in list data or
dictionary data in Python language
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GEOGRAPHIC SCOPE OBTUDY

This dissertation study choot@erteen counties in theetropolitanAtlanta
region, Georgias acase studgrea Figure24, previously. The gatial extent of MSA
Atlanta often refers to twenty three coi@s as of year 2009; howevéris studyhas
included only thirteen counties in Atlanitaorder tomaintaina consistency of

geographical and temporal extent of GIS LULC datasets

DEVELOPINGTHE SUSTAINABLE WATERUSE SCENARIO BASEDPLANNING
SUPPORT SYSTEM (SWSPSS)

The SWSPSS is a composite modeling framework that comthiaeoncept of
deter mi ni-8drilcd opr da esad 6 s(Pettlt 2005agthesectoal mo d e |
water use forecasting techniqg@&aumann, Boland et al. 1998)accordance with user
defined future scenariosThe system is designeddramine the impadf alternative
scenarios in both urban growth and local water use profile changesvilles spatial
dataand graphical visualization for thieture land use changes and water use incliease
long run

The system is essentially composed of several modulesh&3&i suitability
module, land demand module, urban growth allocation module, and weiar use
calculation moduleThe suitability module produs¢he composite land use scoring
layers reflecting the probability to be developed or converted to other lantheskand
demand module calcula&uture land demand for developmenhe ubangrowth
allocation module produsduture land use allocation GIS layerEhe water use
calculation module calculates the total water use demand inénggeanalysis grid

layerbased omiven water use profile assumptions aadnarios.Figure25and26
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present the components of modules andnalysisframework in detail. Notice the

scenarios established @hapter5 are incorporated in the SWSPSS application analysis

framework.
Land Use Change Modeling in ArcGIS environment
The Land Use and Land I === : ===
Cover GIS Dataset: The ! Analvtic Hierarchical Analysis !
LandPro dataset (2009) ! (AHP) !
| 1
| .
P GIS Overlay and Network Analysis i
| 1
. I . o
County/local urban V| Various Suitability Factor Layers i
development and L T ==l
water use profile p \
.| Run Python script or ArcGIS
g Model builder Models

A 4

Model assumptions
(Utban growth
densities and water
use coefficients, e,
gped & ged changes)
by county
)

Change densities and
water use coefficients
(python model

parameters)

n
[ 3

‘

Rule-based land use allocation for two growth
scenarios using 1-hectare land development unit
grid data (5-year term, 2010 ~ 2040):

v

Land use
Changes

Population

Employment
merease 1

1ncrease

v

—l—b[ Run Python script: water use ]

v

Calculate Water use change in 1ha grid,
census tracts, or county level geographic scale

for different scenarios

'

Examine results of water use spatially /
[dentify the hot spots of water use
and associated energy use in future

v

Planning and Policy implications

PopulationEmployment
Projection from ARC
(2010 ~ 2040)

Urban Growth & Water Use
Scenarios

- Scenario A : Business as usual

- Scenario B: Sustamable urban
development + technological
approach (reduction of daily capita
use by efficiency improvement)

- Scenario C: Sustainable urban
development + technological
approach + ramnwater harvesting

(RWH)

__;..a*"- Test th\)‘.---

— Scenariog —

Figure 25: Analysis Flow and Frameworkof SWSPSS
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Calculates increase in population. employment,

I popempwaterCale() " and water use for projection vears (2015 ~ 2040) E
WATER USE CALCULATION MODULE
........................................................................................... td

Figure 26: Modules in SWSPSS
Land Suitability module
Generating Suitability composite layers
Theland suitability module contains a seriedasfd suitability moded built in

ModelBuilder in ArcGIS environmenf Typic al sui tabil ity anal ysi s

land areas for future development by combining multiple GIS layers that represent local
characteristicgKlostorman 2001, Malczewski 20Q04hese characteristics, aftbeing
collectively decided by planning experts, are put into the analysis as GIS factor layers,

and converted into suitability scores to determine the prioritized developable lands.
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Because multiple GIS layers are used as multiple criteria in deterntiv@rggitable
locations through decision making process, this approach is typically aafiatii-
criteria decision making approach (MCM@@ollins, Steiner et al. 2001, Malczewski
2006)

Fourteen GIS layers inclugy two growth pattern layers and two masking layers
are preparedising he GIS dataset published by Atlanta Regional CommisgiaRE,
hereafte) to prioritize suitable locations for future land development. Each suitability
factor layer contains the sefrom 10 (least suitable) to 90 (most suitable). Two growth
pattern layers also have scores from 10 to 90 which represent likeliness to be developed in
future depending on different spatial grow
centersoriet edd and Otransit accessibility oriet
conservations are used as Boolean layers to excluddewaiopable region from future
developable landsThe list of layers and GIS factor layers are shown in Appendix $ectio
A (Figure 47 ~ Figure 53)

- Suitability factor layers: a layer of network distance to interstate highway ramps
(S1) , a layer of distance from major roads (S2) , a layer of network distance to
station and local town centers (S3), a layer of distancal®o(S4), a layer of city
boundaries or sewer areas (S5), a layer of distance from lakes/rivers (S6), a layer
of distance to parks (S7), a layer of distance to negative facilities (S8), , a layer of
slope (S9), and a layer of existing industry (S10)

- Masking layers: 100 year flood plain (M1) and public land or conservation areas
(M2)

- Growth Pattern layers:
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0 a network distance layer from regional growth centers defined by Atlanta
regional commission (G1)
0 acomposite score layer (score 1 ~ 10) of proti to existing transit system

(MARTA stations, bus stops, and transit routes) (G2)

The suitability factors are integrated through map algebra techniques in order to
generate final suitability score layer by each land use types. Map algebra or miap over
approach has been widely applied in lars@ suitabilityMalczewski 2004)Boolean
overlay operation and weighted lineammbination (WLGC hereaftey are considered the

most straightforward and the most often employed methods in order to determine the

composite map | ayer c¢ont a(Maczewski 2004, Diokne b i | i t
and Lisec 2009) In specific, WLCassighave i ght s of O6r el ati ve 1 mpo
attribute map | ayer in order to make the o
scores or scaled values6, which can be und

for the certain land use or conversion to be developed to other lafidaiseewski
2004) Thecalculation ofsuitability scores areepresentedsthe equation below

(Pereira and Duckstein 1993, Eastman 1999, Mendoza.2000)

Equation 4. Composite Suitability Score

Composite suitability scorex wXi * @Cj|
where:

wi = weight assigned to factor I,  Xi = criterion score of factor I, Cj = constraint |

Ranking and Weights: Analytical Hierarchy Analysis
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In order to develop weightthis studyhasincorporated the Analytical Hierarchy
Analysis(AHP, hereaftey method(Saaty 199Q) The AHP can be empjed to derive the
weightsfor the alternativesrhen a large number #fiose alternativeimvolve or when
aggregating the priority of all level of the hierarchy structure or alternaieeseeded
(Eastman, Jiang et al. 1998, Malczewski 2004 prder to decide relative importance
among factor layers in composite score calculatiuis,studyhascreatedables with 5
level ordnal scale (1: least important ~ 5: most important) to measpae-wise
comparison distance among factor layers. (T&8B)e

In Table39, if two layers are in the same ordinal scale group, relativenpsg
comparison score of 1 will be given and puthe AHP matrix calculation. If individual
layers in ordinal scale group become distant, the relativexpsgr comparison scores
will be increased (or decreased) as shown in the AHP matrix by land use types. Because
importance of factor layers play dflently depending on land use types, 12 land use
typesareaggregatedhto four groups to distinguish a list of weights obtained from AHP
matrix. Four groups are (1) single family residential, (2) nfahiily residential, (3)
constructioamanufacturingwholesales, and (4) TCU, retail, FIRE, service, and
government or public instituteThe AHP matrix tableareshown in the AppendiXable
47, 48, 49, and 50As a result, he table of weights and rankings a@eterminedas
shown in theTable51 andTable52 in Appendix The GIS overlay proceduradopts

these tableto create composite suitability score layers
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Table 39: Degree ofimportance for Suitability Factor Layers by Land Use Typesand the Land Use Allocation Order

Resicential use Employment use
Layersto  Single family multi-family Constructi  Manufacturi  Whol TCU Ret FI  Servi Govern.
Produce Residential Residential on ng esales al RE ces Public
Allocation 6 5 10 1 9 8 2 3 4 7
Order
Increasing Growth pattern layer (G1* or S10_existing N -
importance G2*¥) industrial use Growth pattern layer (G1* or G2*)
Most .
4 important S3_station
r S2_major roads _town activity S6_lakes_reservoirs S3_station_town activity centers
centers
S5 _city .
boundaries Sl_lnt_e rstate S4 railroads S1_interstate Hwy exit ramps
More . Hwy exit ramps
. :sewer
Important S1 interstate
— S2_major roads s8 negative facilities S5_cityboundariessewer
Hwy exit ramps
S7_parks S4 railroads S5_cityboundariessewer S2_major roads
AHP S6_lakes_resen S5_city
Importance Moderately ~ oirs boundaries S2_major roads S4 railroads
important :sewer
S3_station s8_negative
_town activity _Neg S1 interstate Hwy exit ramps s8_negative facilities
facilities
centers
Sg—ﬂ?ga“"e S 10_e(|_st|ng S7_parks S6_lakes_reservoirs
Less facilities industrial use
Important _510_e>qst|ng S7_parks Growth pattern layer (G1* or G2** S7_parks
] industrial use
y
S4 railroads S6_Iakgs_reserw S3_station_town activity centers s10_existing industrial use
Least oirs
degeasing important
importance s9_slope s9_slope s9_slope s9_slope
Note: G1*= regional growth center oriented growth pattern layer for BAU scenario, G2**= transit oriented growth pattern layer fol
' sustainable development scenario)
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Construction for thévlodeBuilder Models in ArcGIS

GIS suitability layers and suitability ranking/weights table are incorporated into
GIS suitability model in ArcGIS/1odelBuilder(Allen 2011) Themodel generates a
series of raster dataset of suitability scores by different land use types. Because the
model is designed to accept the weights of suitability layers as parameters, a user can
modify the weights and compare res@ésily (Figure 27 andrigure28). This study
created a number of ModelBuilder mode(&igure58 in Appendix Ashows another
examplg. The models are categorized into a number of toolset and stored in
ArcToolbox in ArcGIS Figure 29 shows the snapshot of the toolsets foEBBS.

Finally, suitability score layersf two scenarios bglifferentland use types are
generatedSuitabilityscore layers by different land use type refer to the laysingfe
family (SF)residentialthe layer oimulti-family (MF) residentialthe ayer of
ConstructiorManufacturingWholesales use, and the layer of RefalRE services

TCU-Governmenuse(Figures 54 ~ Figure 57 in Appendiae generated
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h - = - o = = &N "y 2N B
Feature to Feature to Feature to Feature to Fealure to
Feature to Feature to Feature to Feature to Eecdrwesio Feature to
Raster (2) Raster (5) Raster (6) Raster (7) Raster (8) Raster (9) Raster (10) Raster (11) Raster (12) Raster (13) RE=nik)

= “ =5 = e Cl = ]

Figure 27. Example of ModelBuilder Modelwith Parameters
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e createSDSuitScorelayerbylandUse = B R = B swspsstoolboxthx
=] % allocation

ot b createSDSuitSc P MODlCreateAIIocationFFbyCounty\u’erB_NoAreaF\eld
D: WhropboxWDissertation_currentwork Wanalyses WCh4_swsps: & MODlC!EEtEEAUA”DC.EtIDnFbeCDLIthVEFZ
1} Create a P MOD1 CreateSDAllocationFChy CountyVer2
iy e suitability scoring a MOD1CrezteSDAllocationFChyCountyVer3CalAreaDirect
BAU_?FR layer for BAU 2) o MODEL createCountyAllocationlayers_TestBed
92_weight mxd = e MODEL3MergeNewDevinfill AllocAllBatch
0.193 maodule/mxd/Suitabil B & suitability
51 weight g} i i = & suitabilityByGrowthScenarios
0121 oordinatesystem: Pa createBAUSuitScorelayerbylandUse
2 weight NAD 83 UTM Zone
52_weig 16N 4 Pa createSD5uitScorelayerbylandUse
0.133 (meters) 4) & wuitabl
input = 1 growth =] suitabilityByLandUseType
s53_weight layer + 10 Pa createsuitabilityConstManuWholes
0.072 suitability layer + 2 Pa createsuitabilityMFRes
s4_weight masking layers Pa createsuitabilityRFSTCUGOV
0.042 (floodp E”_d :Dﬂ createsuitabilitySFRes
s5_weight conservation) 5) =] %: watercalculation
0.121 Uu@tpu; ; final :nn Model
s6_weight suitadiity scores :Dﬂ Model6CalculatePopEmpWaterCTSummary
for 13 counties. 6)
0.072 growth pattern EDU col3luextractdevelopable
s7_weight layer = EDU colcreatealloclayer
0.072 Gﬂ_reg\TU)naI growth ED:‘ createBAUSuitScorelayerbylLU
s8_weight center 5 createCountylanduse
0.042 reclasfication table Fpa createSDSuitScorelayerbylLU
s9_weight = scpre—we\ghl 5" createUndevelopedEachCounty
0.027 matrix EDU extractcountylanduseNoname
s10_weight i = MODELZMergeMewAllocInfillAlloc
o042 _ |, i - Snn MODELZBAUMergeMewAllodnfillAllocWaterRasterVer
= e MODEL3MergeMNewDevinfill Alloc
oK ] [ P— ] [Enwronmants... ] [ <« Hide Help ] [ Tool Help ] e MODEL3MergeNewDevinfill AllocAllBatch_backup
e MODEL4CalculateWaterChangeForEachYear

~

Figure 28 Example of Suitability Models and Weights Rrameter (Left)
Figure 29. Example of Tool Sets and Modelsn SWSPSSRight)

Once raster suitability score layers are generated, the results are teansfer
GIS layer containing-hectare sizgrids ¢ allarid ®evelapment Unit GridLDUG,
hereafteylayer. The LDUGI ayer , which is produced by app
statisticso6, O0fishnetd tool, astomshan Ooverl

suitability scores correspondingdifferent land use development typEgyure30 shows

the graphical presentation af LDUG layerfor Gwinnett County
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Figure 30: Creating a Land Development Unit Giid Layer (100 x100 meers = 1 hectare)

The LDUG layer also containgformation onland use type in base year 2010.
Spatial information of 10 differeménd use classdsingle family residential, muki
family residential, wholesales, construction, manufacturing, TCU, indystiRE
financial and real estate, and pubhstitutional useprederived from LandPro 2009
dataset published by the Atlanta Regional Commission (ARGgries of multiple
models are constructed and executed to generate final LDUG fayech couty. The
final LDUG layers becomes the allocation template layer in the allocation module in the

SWSPSS later.

Land demand analysis module
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The land demand module allows users to calculate the land demand in future
projection years in the M&xcel spreadstet format (Figur&l). This interactive
spreadsheet allows the user to modify the input parameters of average household size,
percentage of single family housing, density of single family housing, density of multi
family housing, density of neresidentid(employment) densities, and infill rates in
future developmeniThe range of parameters are decided baseédlanta regional
commission ARC) projection data anceports The population and employment
projection informatiomat county level arebtainedfrom ARC.The urban density
changes in different growth scenarios until 2040 are incorporated into the land demand
analysis as tabular dat&ny user can modify the density values of single family
housing, multifamily housing, arelghtnon-residential se densitieg theland demand
module.The range of parametersdensities are already discussed in Chapter 5.

The results of demand analysisowhow much new land would be required in
individual counties by different land use types under a hypothgacation of density
of population and employmenthe results from this module are thteansferred to the

land use allocation module

4 http://www.atlantaregional.com/File%20Library/Info%20Center/Forecasts/For\WébTU_PopiHEmp_TAZSDCounty.xIsxand
http://www.atlantaregional.com/File%20Library/Info%20Center/Forecasts/ForWwébTU_EmpNAICSSIC_TAZBCounty.xIsx
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Figure 31. Example ofInteractive Spreadshees in Land Demand Analysis

Land use allocatio module and water calculation module

Theland use allocation module enables users to create GIS layers that can store
the information of future land use, increase of population, increase of employees,
increase of water use athkectaresize gridsin this module the location of new
developments are prioritized on the basis of suitability scores and new latypessae
allocated to individual grids in the LDUG layer accordingljhe allocation algorithm is
embedded as a function that upgatéland wse values in developable land gridsato
new land use unttbtal new land demands are metevery projection yearFigure 2
shows a graphical representation of the allocation algoritima function requires a pre
defined allocation order of langse ypes. This study caset the allocation order as
foll owing: Omanufacturingodosenviet eamllydbo mofk i in
residential 6, dédgovernment 6, TéiFstudydssumédwhol es

that possibléand use corersion toeithernew residentiabr employmenuseswould
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occur at first in existingf or est 6, o6éagricultured and 060t he
0 dev el landsa Im Every projection year, the algorithm finds the LDUG grid with

the highest suitability scegridamongt hr e e 06 d landedaype gridslarel 6

updats it with a new land use value until a total size of new updated land reagteea

given new land demand cégr corresponding use. For infill development, it is assumed

that single familyuses would be converted to other uses such as-faniiiy or non

residential use

Year list [2010 2105, ... ...2040] New OR Infill ?

| Allocation land use list [SFR, MFR, Manuf.,Com... ]

e toueh e 1

Iterate through land use list:

Using UpdateCursor object :

While total size of land developed < = Given demand cap
in land use type:
.

Search the grid within developable use
with max value of suitability score

3

Update land use value in the grid

T

Update total size of land developed

ma

4

Return the Updated Feature Class of LDUG Layer

Figure 32. A Diagram of the Land Use Alocation Algorithm
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The modules are designed to accept multiple input paramétersounty LDUG
featureclass, a list of population density by county, a list of employment density by
county, a list of the order of land use allocation, and a list of county residential water use
coefficients, and a list of employment water use coefficients. When thessoept
executed, the module returns a new county LDUG feature class. The new LDUG attribute
table contains a list of fields of population change, employment change, and water use
change by land use types from year 2010 to 2040

The modules including allocat algorithm are constructegPython script as
shown inFigure 33. In order to access geoprocessing tools and funciaors,cPy
moduleis importedin the scripts Figure34 presents the example of the allocation results

afterrunning the scripts itheallocation module.

Water use calculation module

Once individual LDUG layers by county are generatied water use calculation
script runs to calculate increase of population, employment and water use in each grid in
LDUG layersby countyfor multiple projection years. Once the layers stores the
information,they are exported as tabular dataset so that the system can calculate water
use at census tract level. In order to aggregate the water use at census tract level, pivot
tables are generate@ecaise the pivot tables contain the number of population or the
number of employees in each census tract, a user can calculate a total water use in census
tracts with conservation measures (ratios) are applied including.RW&Hinal output

tabular data cabe joined back to GIS spatial layers for further analysis
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merge_fc = raw_input(” the name of
try:
## BAU_merge fc = gg.path.join(output_workspace, "BAU_"+ merge fc)

4 BAU_merged = argpy.Merge management ([BAU1, BAU2, BAUS, BAU4, BAUS, BAU6, BAU?7, BAUS, BAU9, BAU10, BAU11, BAU12, BAU13

SDB_merge fc = os.path.join(output_workspace, "SDE_"+ merge fc)
SDB_merged = arcpy.Merge_managemenc ([SDB1, SDB2, SDB3, SDB4, SDBS, SDBé, SDB7, SDBE, SDBS, SDB10, SDB11, SDB12, SDB13],

£
## SD_merge_fc = gs.path.join(outpuc_workspace, "SD_"+ merge_fc)
$# SD_merged = arcpy.Merge_management ([SD1, SD2, SD3, SD4, SDS, SD6, SD7, SDg, SD9, SD10, SD11, SD12, SD13], SD_merge_fc
print ("\n "
print (" Merging Process for 13 counties in BAU, SDB, and SD Jgapariq is complete. *)
o print (" n\a")
=] except Exception as e:

+ print e.message

print (" )
print (" A1l Batch Processing has completed. ")

print (" )

# Checking total processing time

finalTime = datetime.now()

+ print("Total Batch Processing Time: %s" &(finalTime - initialTime))

? except Exception as e:
print e.message

# INPUT FC IS TYPICALLY IN THE FOLDER INPUT FOLDER OF POPEMPWATER --> SWSPSS/MODULE/POPEMPWATER/INPUT/GWIN MERGED LU_ALL.SHP
4 OUTPUT FILE WILL HAVE NEW ADDED FIELDS AND SAVED IN ' SWSPSS/MODULE/POPEMPWATER/RESULTS.GDB'
def CreateFeatureClass PopEmpWaterChange (scemaric, county, popemp_num list, water_coefficient_list, input_fc):

initialTime = datetime.now()

env.workspace =r'D:\Dropbox\Dissertation_currentWork\Analyses\Ch4_swspss\swspss\module\popempwater\output\results.gdb’
input_workspace = r'D:\Dropbox\Dissertation_currentWork\Analyses\Ch4_swspss\swspss\module\popempwater\input'
output_workspace -r‘D:\D:prnx\ﬂl!se:tat1Er:7cu:xe ork\Analyses\Ct
env.overwriteOutput = True

_swspss\swspss\module\popempwater\output\results.gdb’

print(" -
print (" ADD Fields: popenpch2015 ~ popempch2040 and waterch2015- waterch2040: ")

DAL (%% % % o8 R R R R R R AR R AR R T

Figure 33. Example ofPython Scripts in the Allocation M odule.

. 2
Miles

Figure 34. Example of Allocation Result (year 2020-BAU scenario)
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ESTIMATING VOLUME OF WATERFROM RAINWATER HARVESTING USING
GIS BUILDING FOOTPRNT AND REGRESSION MOMELS
The volume of RWH is calculated by measuriatal roof areasrThis study
suggestamethod to estimate the roofing areas in regression model. Once thsimgres
model is developed, the total size of roofing areas are estimated for each projection year
A similar approach to estimate area size of impervewrgcencluding roofing
area is attempted by Lee and French (2009). They employed a regressiotomodel
estimate the size of future impervious surface area using aerial photo imagery and
regional impervious coefficients by land use typenf@tropolitan AtlantgLee and
French 2009)This study useactual building footprint GIS dataseis illustrated in

Figure35, below.
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Residential and commercial building
footprints GIS dataset
(Fulton County LandBase Structure
Data)

v

Calculate and summarize total area of
building footprints (=roofing areas) by

census tract using GIS Independentvariables:
v * number of population
Run regression model * number of employment
Dependent variable: total size of . * Percent of single family housing
residential and commercial roofing areas | units in 2009
(unit of analysis = census fracts) * Network distance to city of
Atlanta (city hall)
‘ * the size of census tract

Apply regression model to
predict the size of roofing
area in each projection year

r

Calculate potential water Annual precipitation value
savings fromRWH (annual [« (49.7 inch per year)
and daily) Conversion ratio =0.1

Figure 35 Analysis Steps to Estimate Water Saving Potentialfrom RWH

The total sze of roofing areas are derived from building structures GIS database
calledd_andBaseStructure Datéin Fulton County GA. The databaseontains the
spatial data ofhe base grountivel outline or footprint of buildings and other marade
structures irFulton County (Figur@6). The unit of analysis is individual census traots
the regression modelofal size of building footprint polygongeresummarized by
census tracts. Independent variatalestotal population total employment, percent of
singlefamily housing units in 2009, network distance to city of Atlanta from tract
centroid, and tract size in 200Bhe size of tracis alsoincluded in the model ascontrol

variable because larger sizes of tracts are more likely to have more residehtial an
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commercial buildingsA number ofregression modeypeswere tested with different
form of variableslpg-level models and letpg modelg in case the variabdeshow a high

level of skewness.

Commercial building footprint Residential building footprint

Figure 36. Residential and Comnercial Building Footprints in LandBase, Fulton County, GA

Once the regression model idided, the total size of roofing areas in each
census tracts for every projection year is estimaldukroofing area for each projection
year is estimatethrough egression model©nce the roofing area is calculatdtg
amount of potential rainwater harvesting from new development can easily calculated.
This studyassumed 1@ercentas a efficacy ratiq representing a combination of a
collection efficiency rati@nd a coverage ratidCollection efficiency refers to how much
of water can be collected and stored in tanks through roofing, areides coverage ratio
is the percentage of totsiructuresuitable for RWH deviceinstallation In other words,
the efficacy ratio represents how many individual residential or commercial buildings

would be able to adopt the RWH devices and collect rainwater to offset the amount of
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water supply. Because limited availability regarding actual two ratios, this study only can
hypothetically set the goal of RWH efficacy ratio as ten percent. As a respkydént

of roofing areas from existing buildings and@€rceninewly constructed roofing areas

are accounted for RWH calculation.

The total size ofgofing arean each casus tracto RWH volume conversion is
expressed abe firstequation belowEquation 5a). As alaststep, estimated daily water
demand with RWH are subtracted from the previously estimated water demand in 13
counties in the sustainable scenario at semsact levelThe secondequation(Equation
5-b) indicates that future demaritfough water supply systems will be reduced by

increaseof total size of the roofing area each projection year.

Equation 5. Calculation of potential RWH water volume:

1 Equation 5a: Daily water saving potential (gah [49.7 inches (annual

rainfall in ATL)°& area of roof surface (acré)43559 sgare feetacreé
144 square inches/ggrefea € 0.00433 gal/cubic inchg 0.1 efficacy

convesion ratio / 365 days
1 Equation 5b: Total daily water in census Tracin projection year t=
[total daily residential water use- total daily employment water uge-

amount of daily RWH saving in year

5 Source:NOAA, http://www.srh.noaa.gov/ffc/?n=rainfall_scorecard
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RESULTSAND DISCUSSIONS

RESULTS OF THEPROJECTION OF LAND GE CHANGE UNTIL 2040
SWSPSSasproducel LDUG outputGIS layes by countywhich contains newly
allocated land usealues, populationnumbersand employmentumbers storeth grids
for each projection yearFigure37 shows the diffenet growth pattern resuin terms of
population and employment increasegraphics in two growth scenario, the BAU and
the SD scenario. Tab#is thesummaryesulttable of new land demand in 13
counties Simulation results in both graphical represgiun and tabular format clearly
show discernible differences between two scenalmotsie BAU scenario 15%.thousand
hectare®f land(new: 121.4 thousand + infill: 30.3 thousamiallocated to meet the
development needs from 2010 to 2pd@ereas S3cenario only needs 71.8 thousand
hectaregnew: 50.3 thousand + fill 21.5 thousanldiring the same periodAccording to
the results, lowand mediurdensity residential use is a dominant land use class future
land use demand followed by commercial ¢ and commercial wholesale and
construction use. These land uses cause substantial land conversion from forest and
agricultural uses accordinglyn both cases, Gwinnett, Fulton, Forsyth, and Henry
Countiesare expected to experience significant corieersf undeveloped areas.
Oncethe allocation procedure up to 2040 is complete, another Python script in the
allocation modulean, calculate andstoral the number opopulationor the number of
employees in grids in LDGU using a python dictionary dapaii which contains density
values for land uses. Once iteration process completes, new develaphamill areas

(grids) stord the value of increased population or employee numbegare 37 shows
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the example 08D representation showing the pattefmewly increase of population

and employment in 13 counties.

Table 40: New Allocation Land Demand in 13 @unties

BAU SD
County 2'('3?/2?382&2 allocation in infill allocation in a!logation in
use (Ha) (Ha) developable use (Ha) infill (Ha)

Cherokee 12,060 3,015 4,783 2,050
Clayton 2,849 712 1,230 527
Cobb 9,631 2,408 4,230 1,813
Coweta 6,918 1,729 2,724 1,167
DeKalb 7,559 1,890 3,359 1,439
Douglas 5,033 1,258 2,020 866
Fayette 2,547 637 1,081 463
Forsyth 15,383 3,848 6,049 2,592
Fulton 16,290 4,073 7,351 3,150
Gwinnett 20,276 5,069 8,447 3,620
Henry 12,497 3,124 4,917 2,107
Paulding 7,413 1,853 2,899 1,242
Rockdale 3,000 750 1,197 513
Total 121,467 30,367 50,286 21,551
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Figure 37: Increase of Pbpulation or Employment from 2010 to 2040 in Two Growth $enarios, the BusinessasUsual (BAU) and the

SD Senarios

Note: 1 ha grid polygons are extruded for 3D visualization;
Extrusion height = increase of population or employment * 25 (meters)
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WATER USE PROJECTIONN THE BAU AND THE S BEFORERWH
IMPLEMENTATION

The systenalso calculated wateise based on both the BAU and the SD scenario
accordingly. Figur&8 presents the result of projected spatial pattern of urban water
demand.As shown here, this graphic visualization allows us to observe spatial pattern
of futurewater intensity. Such infmation can be imperative in identifying high priority
areas for additional watesewer infrastructure systenihis is one of many benefits that
integration of land use change modeling in PSS and impact analysis of conservation
policy implementation.

Figure39 andFigure 40show that water demand in 13 counties would be
changed from 585 million gallons per day in 2010 to 997.5 million gallons per day by
2040 unless current water use profile and growth pattera to changenowever, the
SD scenario wilachieve 154 million gallons per day savingdp.5percenteduction
from the BAU scenariolhe source table of charts are available in Appendix B section
(Table54 and Tableb5). According to the analysis results, without any conservation
effort andcontinuance of current urban growth pattern accompanied with population and
employment trends (i.e., the BAU scenario), the water demaitna df3county study
areawould increasdrom 585.8 million gallons per day in 2010 to 997.5 million gallons
per dayby 2040 due toising population and employmentiowever,under conditions
that encourage sustainable water, tise total water demand in the same study area
would be reduced to 843 million gallons per day without rainwater harvesting (RWH)
option by 2040, which is equivalent to 15percent(154.2 million gallons of water

saving) less than the BAU scenario
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Figure 38. ProjectedSpatial Pattern of Urban Water Demand in the BAU and the SD

Note: 1 ha gd polygons are extruded for 3D visualization;
Extrusion height = Gallons per day / 0.5 (meters)
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Figure 39: Results of Projected Water l$e in the BAU
(See Table 3in Appendix B)
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Figure 40: Results of Projected Water Use in the SD
(See Table 5 Appendix B)
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WATER USE PROJECTIONORTHE SDWITH RWH IMPLEMENTATION

Results in rgression model to estimate roofing area and water saving calculation

The regression modeling analysis for rainwater harvesting potential was run and the
results are described as belokirst, Table41 present the summary of descriptive statistics

from the regressioranalysis

Table 41. Descriptive Statistics and the Bunds ofVariables for the Regression Mbdel: RWH Analysis

Variables OBS. Min. Max. Mean Std. Dev.
Size RoofinQXSQ.FT) 165 181,584 36,428,169 5,724,047 5,741,287
POP2009person 165 281 35,201 5,35.9 4,349.7
Emp2009person 165 .0 47,750 4,114 7,109
Percent ofingle family 165 .027 1.0 .540 276
HU (1 = 100%)

Networkdistance to 165 12 29.4 8.43 7.33
Atlantacity hall (mile)

Tract size(Acre) 165 22.1 45,757.5 2,048.4 4,510.5

According to the resultpopulation, employment, percent of single family housing,
network distance from census tract centroid to Atlanta city hall, and size of tract were significant
independent variables that explaineda@tcentof the variation(Adjusted Rsquare)n the total

size of residential and commercial roof area. (TdRle

Table 42: RegressionModel and Variables Statistics for Rainwater Harvesting Btential

Model R R Square Adjusted R Std. Error of the  Sig. Durbin-
Square Estimate Watson
1 .956 914 .912* .247 .000* 1.988

a. Predictors:Qonstant)]og of sze of Tract in ACRES|og of total employment , Network Distance to City of Atlanta City Hall in mile,
population, percentage of sirg family housing units

b. Dependent Variable: Log of total area of all structure inSQ.FT. (excluding unknown useg F =339.7
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Table 43: Regression Model and Variables &tistics

Dependent Variable LN_Total Area Rofing SQ.FT.

Independent Variables Unstandardizec Standardizec t-statistics Significance
Coefficients Coefficients p>|t|
B Beta
Constant 10.549 58.861 .000***
Population 4.105E005 215 5.855 .000***
LN_EMP A71 .324 11.086 .000***
Percenof SFH 375 125 4.187 .000***
Network Distanceto City hall -.012 -.110 -2.746 .007***
LN_Size of census tract in acres .454 .649 13.655 .000***

where: LN_total_area_roofingSQ.FT: Logarithm of roofing area (square feet)

POP: number of populatn (person) L_EMP: Logarithm of employment (person)

Percent of SFH: percent of single family housing unit in census tract

Network Distanceo City hall: Network distance in mile to Atlanta city hall from census tract centroid
LN_Size of censs tract in acres: Logarithm of Census tract area (acres)

The tstatistic ofindependentariables and the-Btatistic test also show the overall
model is statisticallgignificant(Table 43. Since the variables included lgnsformations, the
R-squae value is not directly interpreted as the prediction power and taking exponentials to
retransform the function might produce a Ki&@s/nes, Peterson et al. 1986pwever, the
transformed model wouldibtprovide better results than raglata model.

Not surprisingly, population and employment, percent of single family housing unit
coefficients in the model showed a (+) sign, which indicates a positive correlation between the
independentariables ana total size of rookurfaces in census tradnterestinglythe
coefficient of the percertf single family housing tssa positive sign, which meathatthe total
size of roofing areas in tHhew-densty singlefamily-oriented development areas may baeo

greater than densenulti-family oriented areas other conditionsare equal This makes sense
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becauseatypical suburbarsingle family residential house $wnore roof per capita than urban
multi-family housing. This supports a policy optiandffseta higher volume of water
consumptionn suburban areaBased on the result, the total size of roofing areas in each tract

was predicted using the regression equdtigow.

Equation 6. Calculation for roofing area size from he regression model

Log (square feet of roofing area in Trag) =
[10.549+ 0.00004105* (populationk) + 0.171* log (employmenjk) + 0.375* percent of single
family housingk - 0.012 * distance to Atlanta city halv 0.454 * log (size of &ct in acre) ]

Where:i = census tract k= projection year.

The total size of roofing area by census tracts are converted into potential volume of
RWH based on the equations stated in method section. After applying the equation above,
Figure4l, 42 and Tablet4 show the estimated roofyj area$Q.FT) in each projection yeathe
change of roofing are between 2010 and 2@4@ predicted rainwater harvesting potential in
gallons from 2010 to 2040The resulshowsthat 194.5 thousand acres of newfing areas
would be available until 2040, which is equivalent to 72 million gallons per day potential water

savings througiRWH collectionscenarib.

6 There were a couple of RWH gallon per day potential value estimates that exceed actual totaéwatmEnssis tracts as

outliers. In order to calculate water use within a reasonable range, the expected estimates from outliers are regiaced with t
mean RWH potential values in each corresponding year. The census tracts where mean RWH values ar@ used are
13117130600 (Census FIPS) (S Forsyth) for year 2025, 2030, 2035, and20813505020ZNorth Gwinnett) and
1322312060@East Paulding) in year 2040 and (3) 13077170500 (SW Coweta) in year 2030, 2035, 2040. The values replaced
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Table 44: Potential Savings from Rainwater Harvesting: Regression Model anBrediction of RWH

Chang
e
2010
2040

Year 2010 2015 2020 2025 2030 2035 2040

Predicted roofing

117,933 121,467 128,582 139,494 152,815 170,839 194,551| 76,617
Area (Acres)

Total rainwater
harvesting potential 43.61 44.92 4755 5158 56.51  63.18 719| 28.33

(Mil. g_;allons/day)

Acres
200,000

194,551

170,839

152,815 :

150,000 139,494 l

117,933 121,467 128,582

100,000

50,000

2010 2015 2020 2025 2030 2035 2040
Year
Figure 41: Predicted total size of roofing area

with are: Year 2025 250,732 gal/day (or 14,766,186.ft), Year 2030 =343,144 gal/day (a20,208,407%q.ft). Year 2035 =
527,384 gal/day (or 31,058,688ft) Year 2040 = 695,548 gal/day (or 40,962,%ddt)
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Figure 42 Predicted Rainwater Harvesting Potential (million gallons per day)

The RWH conservatioaption analysis result sugststhat additional water saving of 72
million gallons per day from new building roofing area by 2040 can be achignstjuivalent
of 7.6 percentadditional savings from thBAU scenario.

The RWH strategy is particularly suited to Atlanta becauselofe met r opol i t an
humid climate However the magnitude of volume of water savings estimatzeis calculated
based on a series of assumptions and hypothetical sceségimficant shifts in climate patterns,
for example, could mean actual raiihfavels differ greatly than projected heféherefore, the
actual volume of savingsould needs furtheverification Actualimplementation of sustained
RWH strategy would also require political commitment and consensus building, which are not

accoungd for in the SWSPSS.

Scenario C (SD + RWH implementatiae)the combination of the SD scenario outlined

earlier and the water savings from RWH estimated. Adre newly estimated water demand in
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Scenario C for each projection year is calculated by acitg RWH water savinfyjom the
projected water demand in the sustainable scenario at census tracFigust43represents the
result of Scenari€. The source table of Scenario C is avdédab Appendix sectiorfTable58).

Table45 presend a final summary table of projected water demand in the BAU and the
SD, both with and withouthe RWH conservation option. As shown in the table, the SD with
RWH requires a total 771.4 million gallons of water per day in 2040. This ésiditional

reduction of7 percentfrom the BAU scenario.
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Table 45; Estimated Water Demand in BAU, SD and with/without RWH (unit: gallons per day)

Scenarios Type Yea 2010 2015 2020 2025 2030 2035 2040
Residential | 384,272,290418,717,35. 446,730,29 480,230,88 516,269,00 555,497,38 597,958,57
Scenario A | ‘
(BAU) Employment| 201,552,965 267,317,69! 295,382,26 319,190461 344,976,68 373,245,91 399,600,51
Total 585,825,255 686,035,05: 742,112,56 799,421,34 861,245,69 928,743,29 997,559,08
Residential | 384,272,290 371,483,451 392,533,47 417,937,52. 444,963,61 472,995,88 503,763,78
Scenario B
(SD: compact A
growth and Employment| 201,552,965 234,719,72: 257,428,20 276,408,81 296,985,76 319,002,73 339,589,55
efficiency
improvement)
Total 585,825,255 606,203,17¢ 649,961,67 694,346,33 741,949,38 791,998,62 843,353,33
Scenario C
Total 542,209,982 561,281,05! 602,408,27 642,757,25 685,433,74 728,817,30 771,402,74
(SD andRWH)

157



ADVANTAGES OF USING SWSPSS FORUSTANAINABLE FUTURE

This chapter illustrated howtegrating land use into water demand forecasting could be
donein a GIS modeling frameworKhe GIS modeling framework BWSPSSs designed to
connect two separate areas of research, land use and water resource.dlagranglysis
results forthe metropolitaritlanta case studghowthat a sustainabl@ater ug scenan
combining two different approachesje that focuses on increasing density and one that
concentrates on reducing water use through technological nvaanse effectively incorporated
into the GIS modeling framework.

This study found that usirgWSPSS offers several distinctive advansdgelanners as
a part of planning practice. They af&) scenario testing to find sustainable poktternativesn
collaborative environment; (2nproved customization ability; (3happing capability fotocal
and regional water management discussions

First, me ofmanyadvantagethat plannes can enjoy when using PSS is scenario testing
in acollaborative environment witamap-centered approadettit 2005) Planners cashange
and calibratesustainable wateuse scenario® test oupossible alternativesy adjustingvarious
input parameteraugh asalistof6 we i ght i ngs dhesuitabiliymoduleence o i n
residential and employment density by countthedemand moduleand county GPCDs and
GEDsin thewater use calculation modulé his testingprocesgor numerousalternative
scenarig can occur i collaborative environment wheredal and expert knowledge asieared.
This helpsplannergo find the most effective sustainable scenario through calibratisome

extent (Rettit, 2005)while workingwith people in othedisciplines
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Second thesesimple and easily modifiable models can be developed iG & software
environment. Theresults forthe metropolitanAtlantacase study suggedtsat adopting
individual representative daily peapita water use coefficients for differemdausesn simple
modelscansuccessfullyprovide a reasonableng-termwater use demand randgecause
SWSPSS is built ithe ArcGIS (ESRI) environment as a collection of ModelBai models and
Python scriptsusershave almostull control in customizng theGIS model frameworkand in
setting thescenario settingsheinput and output datand themodeling parametersicluding
densities and water use profile. In general, mostmercialtandalone PS$rohibitusers
from replacing underlying assyotions, parameters, and equations (Pettit, 2008)ke stand
alone hardwired PSS, the GIS models embedded in SWSPSS can be customized,amutated,
utilized for other types of natural resources demand proje@eveloping models and tools in
ArcGIS usng ModeBuilder andPython scriptoffersa modeling framework that is more
flexible and transparent.

Third, the mapping component of the SWSPSS increases its atilityhe
communicability of its resultsin themetropolitan Atlanta case stud§WSPSS s able to not
only quantify future water demand but ateqoroduce maps regardisgatial pattersof water
use For example,Figure44 presents the results bbt spot analysigMitchell 1999)derived
from new water use increase until 2040 in the BAU scenario and théi83spot analysisises
vectors to identify the locations of statistically significaimbt spots andficold spoté in datain
terms of high and lowalues. Hot stop analysis results can answer the question of where
high/low values for a particular attribute cluster spatialiiie two maps of hot spot analysis

results present high and low volumeeapectedvater demandy location.
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Planners can condustich analyset® engage in sustainable water use planning practice.
In case of hot spot analysannerscan seavhich comnunity or local areas (in this case, hot
spots)can be expected to produ@pid increasein water demand and whether those areas are
spatially clustered or noBecause hot spot analysrludesthe degree of clustering, local
planning authorities can ideftithe areas which may require new provision of new

infrastructure oincreased maintenance.
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Water usc increasc hotspots (Getis-Ord Gi*)
in SD scenario, year 2010 to year 2040, Metro Atlanta

Water use increase hotspots (Getis-Ord Gi¥*)
in BAU scenario, year 2010 to year 2040, Metro Atlanta
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Figure 44. Hot Spot Analysis from water demand increase in 2040 (Left: BAU, Right: SD)
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Figure45 and Figured6 present another examgleat enrich the sustainability
discussion in metropolitan case study context. The siaps thevolume of water
increase until 204@ith adot density map stylenedotrepresent250,000 galloaper
day. The maps show clear distinction between twamaoes (BAU and SD) in terms of
the volume of water changes and locations of such changes. By comparing the results
shown in the maps, this study found that BAU would cause more substantial withdrawals
from two surface water sources than SD in future.m&sationed in Chapter 1, the region
extract about 8percentof water supply from the Lake Lanier (top right in figures) and
LakeAllatoona reservoirss(left in figures), which are considered to be a sole source
(MNGWPD, 2009; Missimer et al, 2014). Besauhese reservoirs are subjected to
severe supply limitations caused by droughts, BAU would thnetheviability of the
water sources and supply reliability in the regiothi@long run

Adding the water basin GIS layer to the maps also provideestiteg insights in
terms of waste water management plag and interbasiransfer(IBT). An interbasin
transfer takes place whevater is withdrawn from one river basin, and distributed for use
in another river basjiwith nowaterreturning to the basiaf origin. IBTs are commorin
metropolitan Atlantabut controversialor some counties/hich straddle two or more
river basins and watavaste water system€urrently,IBT is a key element in supplying
water throughout the Metidorth GeorgiaVater Digrict (MNGWPD 2009) The

majority of water interbasin transferfrom the Chattahoochee RivBasin (Tablel6).

162



Table 46. Summary of Interbasin Transfe's in Metropolitan North Georgia Water District
(MNGWPD 2009)

Net Interbasin Transfers
Source Basin Receiving Basin| Net Transfer (million gallons per day)
Chattahoochee Ocmulgee 100
Chattahoochee Oconee 7
Coosa Chattahoochee 14
Flint Chattahoochee 2
Flint Ocmulgee 5

Forexample Cobb Couty in Metropolitan Atlantawithdraws water from both

the Etowéh and Chattahoochee rivetben discheges a majority ofthewaste water to

the Chattahoochee, resulting in a net loss of water fromttiveali Rver. DeKalb and

Gwinnett Counties withdraw water frotine Chattahoochee River Basinddischarge to

bothinside and outside of the Chattahoochee B@dIMGWPD 2009) Geographic data

of future water use pattegenerated in SWSPSS provides approximate projection for net

water changes by IBT8Vhen comparing two maps for BAU and 3BAU is likely

causes greateret transfer among basins tHab because new deand increase is much

higherand dispersed in spaadthough further investigation would be needed to quantify

the amount of IBT and correlation with developmeXionitoring the possiblaet gain

and lossmpactof IBTswithin basins in future isnperative, given the repeated légad

political, in addition to environmental, issues surrounding water use.
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LIMITATION OF CURRENT VERSION OFSWSPSS AND FUTURE
IMPROVEMENT

Several limitationgn the analysis framework of tl®NVSPSSnd the research
designshould be acknowledged First, SWSPSS is designed to project leilegn water

demand at large scale geographic ayélasrefore SWSPSS is not suitable fpredicting
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short term water use changasrit is appropriatdor water use estimation at individual
water consumer leveSecondthe GIS land use moddlstegratedn SWSFSS isstatic
and deterministic imaturebecausé¢he analysis requirea pre-defined set ohssumptions
and parameters, exogenous seetonomic data input that are rbtanged during the
analysis procedure Third, SWSPSS adopts representative daily per aap#ter use
rates (GPCD) for different land uses and end use characteridtisandicates thahe
volume ofwater usecalculated in each unit of analysishectare polygon grids ia
LUDG layer,represera merelya totalwater use volumeaggregatedyy water
consumption fodifferent water use groups in terms of land use typdser ef or e o6t he
gener al principle of <c¢omposistheitheanythatn d noi s e
overall totals can be obtained by adding all the disaggregated groups together
forecasting errors will tend to fAnet outo
combined(Billings and Jones 2008)

Fourth due tothelack of water device inventory data and conservation measures
information,sustainable water use and developnseenario (SD) has to assume GPCD
or GED valus associated witBnd usesectorsvould bereduce reasonably bg certain
hypotheticalpercentage value(sJollecting more accuratgater device daten
residential and nenesidential uses is extremely challenging. EN¥esuch data were
available the effectiveness of conservation measures and watem s u lbbebaviad
which affect magnitude of water savingsuld bestill unclear; therefore, possible water
reduction ranges has to be determined by multiplication of representative water use rates,

GPCDs and GED, while using ehypothetical reductioratio, approximately 2@ercent
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in mostcategories of GPCDs and GEDBhe parameters entered into the SWSPSS
would have to change depending on more accurate data orusatbehavior.
Finally, overall desi gn (Kloster3 &IPS 1 s
that both areule-basel models. Typically, ruldbased models assume that various
assumptiosassociated with suitability, future trends in urban developseert
effectiveness of public policies are cortddenceSWSPSS, like other ruleased
models, is limited by its buiitn assumptionsUnless these assumptions prove to be
correct, the magnitude of actual water savibgsctual conservation poligould be
either underestimated or overestimated. Therefore, without concreate verification
methoddo testtheassumptions ajut conservation measures and urban growth modeling
parameterssuch as residential densities and percentage of single family housing, actual

numbers of water demand and savirggorted here should be interpreted with caution.

Improvingfunctionality d SWSPSS frameworik future study

Based on limitation of current research design, a couple of suggesdiohe
madeto improve SWSPSS frameworkirst, it is strongly recommended to swittie
unit of analysis from -hedare size grid to actual parcétsGIS data.Parcel data contain
more specifianformationsuch aghe location of water consumers, physical
characteristics of buildingand current landise types As discussed ithe earlier section
on parcetlevel analysis, incorporatingparcel datbase would allow users to estimate
water trends a geographicallysmaller scalesuch aghe community neighborhoolgvel.

Presumably, geographic locations for analysis can be easily scaled up once this parcel
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based inventory and GIS database are incatpd into SWSPSS, whiatould allow
greaterguality and accuracy local water demand forecasting

Second, incorporating higtesolution digitalimagery data into SWSPSS would
open up another research opportunity for sustainable water use managenmemg plan
Becausea GIS parcel databasmntains geanformation of individual lots, it is pogsle
to estimate outdoor water use more accurately by extractingnfggmation such as
existence obutdoor poolsthe size of building rooftopfhe size of lawnsr turf gass
from satellite imagery and digital pheggometic imagery dataAs discussed earlier,
spatialy explicit variables such as location of water consumers, lotakexistencef
outdoor pools are important predictors in estimatiolgme d water consumptioatthe
household level Measuringactual rooftopsizesfor individual buildings will improve the
accuracy level ofhe RWH estimation method discussed in this chag@embining
multiple GIS data andigital imagery data would providaore information for policy
control variables discussedhoth the parcelevel analysis and the RWH estimates.

Third, the user interface @WSPSSlso needs improvement so that users can
use the system withodifficulty. It is important that models drtools in PSS should be
well organized andasily comprehensihldhe user interface of the PSS should be
intuitive so that any users can easdifow each step of the analysBpecific potential
improvements includgl1) adoptinghegraphic user intéace (GUI) of Tkinter in Python
language; (2) creating a toolset that would contain all ModelBuilder models, Python
script tools;and(3) adopting Adebn menu functionality available in ArcGIS

environment
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CHAPTER 7

SUMMARY AND CONCLUSIONS

This study eplored the challenges tfansitioning to more sustainable water use
in urban aream the U.S, with a case study ahetropolitan Atlanta. This studgxamined
interdisciplinary literature and developed empirical analyses to demonstratdithef
consdering both lanelse patterns and technological advancesistainable water
planning. This concluding chapter summasiiedings, discusseisnplications for
sustainable planning and polizyterventionas well aguture researchand concludes

with a dscussionohp| anner 6s role in sustasinabl e wat .

SUMMARY OF RESEARCH

To investigate sustainable urban water use and planning practice suggestions, this
study conducted both theoretical and empirical analyses. thebecticaldiscussions,
this study reviewed severalpics:sustainable water use and urban metabolism:long
range forecasting methods for urban water wsgerconservationincluding rainwater
harvestingthedrivers of urban water use; and urban water use projedtiexisting
planning support systems. Ttieoreticaldiscussions revealed thadt many studies
have discussed how integrated land-wsgéer model€ould be used to promote
sustainability in urban water use managemehis studyhas thus proposetisustainable

water use frameworkontaining two approaches combindte 6 | a n development
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configuratiotméapphoatbdi anéd sTohleu tdil cann da pupsreo
approacho is closely related to debael opmen
growth policeswh er eas t he oOtechnol ognostlyadwaterol ut i on
device efficiency improvemesaind water reclaiming strategjesich as rainwater
harvesting (RWH).
Beyond theoretical discussion, tisisidy ha conducted threenterrelated
analyses with different geographic scapgés a munty-level analysiof 1,501 counties
in theUnited States(2) a parcetlevel analysiof threecities in Fulton CountyGGeorgia;
and(3) thedevelopmenand testinghe SWSPS3n thirteencounties in metropolitan
Atlanta.
To return to the initial research questions:
(1) What are the relationships between urban form/urban development and urban
water use?
(2) What are the implications of incorporating lamsk variables into waterse
planning?
(3) How can planners formulate sustainable urban wateipugiections by
addingknowledge about local water use and land development p&tterns
(4) How can planners benefit from amtegrated wateland use modeb promote
local and regional water sustainability?
(5) Whichapproach is more effective in creating more sustainable wates use
land usedevelopment (urban form) approachadechnological solutions

(including rain water harvesting) approach?
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To answer the firshind the seconquestiors, this study collectedounty water
withdrawal data in the U.S. in 2005 adiata ina series of variables of interest for 905
counties The results from the crosgctional statistical analyses suggested that urban
development configuration variabless policy control variabk,such as county
population density and percentage of single family deta@redositivelycorrelated
with the countyurbanwater use in gallonger capitgper day (GPCD)however this
study also acknowledges ttiae magnitude of the relationshipssnall Other
independent background variables, income, temperature, inside metropolitan statistics
area, excessive water use for thermoelectric panesalso positivelgorrelated with
county GPCD

Next, parcelevel analysis was conducted using actuakwhilling data in 2006
in north Fulton CountyGeorgiato examine whethegheannual volume of water use is
correlatedwith properties of single family residential, especiédtysize. This study
utilized aspatial error moddISEM) to capture unobseed effecs, including spatial
autocorrelationThe results confirmed that lot sizeaggolicy control variable is
positively correlated with the volume of annual water, igsvever jt should be
acknowledged thahe expected water reductionsdbgcreasig lot size is modest in
magnitude Other background variabl@sassessed property values as proxy of household
income, number of floors and age of building struduaee also positively correlated
with water volume.

Regardinghethird questionthis studyreviewed interdisciplinary literatutéat

suggestdranges oper capita water use rates by different user groups associated with
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land use types. Three different scenarios, business as usual (BAU), sustainable
development (SD) and SD with rainwater hatves(RWH), were proposed, to be
incorporated int@ GIS modeling framework.

Theforth research questias related to the development of the integrated land
usewater model to project urban use in ArcGIS environment using ModelBuilder and
Python scriptsThis studyemployedthe conceptual framewofkom dNVhatif?6
(Klosterman, 1999) anpgroduced models and script tools to generate spatiabtieag-
term watedemand. Th&l1S-based modeling frameworkc a | BustainaliéNateruse
ScenariebasedPlanning SupportSy st e mo (. BhwStlRIBilistrated how this
land usewater model can be used for the case study for metropolitan Atlanta.

In order to predict potential savings through rainwater harvesting, building
footprint GIS data for Fulton Countégeorgiawascollected and calculated total size of
roofing areas by census tracdslog-level type simple OLS regression models
developed to predict total size of roofing areas by census tracts. The weselts
incorporated tahe SD to examine thenge ofadditionalsavings Finally, the study
results proposed that SD would allow 13 counties in metropolitan Atlanta to reduce total
projectedvolume of wateusedby 114 million gallonger day in 2040Rainwater
harvestirg has gotentialto reduceha number by a further2 million gallons per day

This study also found that using SWSPSS offers distinctive advartage
planners(1) scenario testing to find sustainable policy alternatives in collaborative
environment; (2)ncreased opportunities taistomize the analysi$3) mapping

capability for local and regional water management discussions
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POLICY IMPLICATIONS

Policy implications and the answers for thstresearch question were discussed
through interpretation of coefficients from twegressionanalysesn Chapter 3 and 4.

First, 1 f a countyodos I1pmemranfthe tountylGPCGDe nsi t y
for the total wateuseand urban wateuseare expected to decrease by Be®centand
1.76percentrespectivelySimilarly, a 10 percentdecrease of single family housing
(SFH) detached share in coumtguld result in-4.8 percentchange in the urban water
use GPCD.

Second, in the parcével analysis, when lot size is reduced by 0.1 acres and 0.2
acres (mean = 0.4 acres), about @8Bentand 1.8%ercenteduction respectivelyin
annual water use (mean = 105,733 gall@osiid beexpected.

However, this study found that suleimd usechanges would not necessarily
function as a better alternative to technological solutions whé&mgdengterm water
conservationSpecifically,an increase ipopulation density by 1percentadecrease in
percentage of SFH byercentanda reduction in averadet size by 0.1 acrevould
reduce GPCDs by 2.2 gallons, 3.0 gallons, and 1.14 gatlesysectively. On the other
hand, technological solutions approach in literature sugggsbximatelya maximum of
10.3gallons or 24 gallons savingshich are substantially high€bee Table 3)

Whethercontrolling urban form (i.e, increasing densayd percent of muki
family housing)to reduce county GPCIB the mostffectiveplanning strategies or not is
debatable; bwever,urban formdevelopment configuratiompproach should still be

consideredBecause metropolitan Atlanigcurrently expectetb add2.3 million
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additional ppulationin thenext 30 yearsgvena small degree of changes in daily per
capita rates cdd converted intcsubstantial water savings

Thereforewhen local and regional water planning authorities devise sustainable
watermanagement plans, the land use change component should not be a lesser priority
than other conservation regulatory initiatives and approachestainablevater use
planning in practice should combine tlaad usedevelopment (urban form) approach
and tehnologicalsolutionsapproach together to lead communityatmoresustainable

path asillustrated in Figuret in the ntroductoryChapterl.

PLANNEROGS R GTAINABLE URBBN WATER USE PLANNING

This studyhasfound that planners have great potdrtbecontribute to sustainable
water planning.

First, planners are familiar with local and regional demographic characteristics,
thebuilt environment, natural resource conditioasgsociceconomidistory and
variability, all of which can inform and improvewater resource management and water
demand forecasting.

Second, planners influence zoning regulations and comruribgrregional
growth policies in midand longrange planningSincecontrolling urban forrand use
configuration can influence ¢hchanges in daily per capita water use rglesners offer
new potential to watemanagement authorities and other parties interestedtar
conservatiorandsustainability

Third, plannerganform the scenarios arkéepthe assumptions as realistis

possible. As Klosterman (2012) pointed out, planners can promote more open and
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democratic policy making by makirgxplicit and factual assumptiaesnd simple
6exploratoryé model s-scenBrip baded integrategland-gse s i mp | e
water moded, planners can provide informative spatial data and maps for collaborative
processesihere expert knowledge and openly democratic discussions can take place for

more sustainable water planning.

FUTURE TYPES OF RESARCH

This dissertation study suggeséveral promisingvenues fofutureresearch.

First, a future study can attempt to condoatinty-level analysis with the water
withdrawal data for more than one pertocexplore changes over timia this case,
panel data analysis and tirseries anatis wouldincrease the understanding of the
correlation between land use and water use.

Second, for parcdevel analysisafuture studycouldexplore the relationship
between seasonal water use and other variables of inteohstling lot size. Becae
most outdoor water use is consumed in spaing summer, investigating correlations
between lot size and seasonal water use only will provide more meaningful insights to
reduce outdoor water use by controlling residential density and associated zoning
policies.Usingdata such as actual lawn area and existence of outdoor fak@s from
satellite imagery, would refine our understanding of seasonal changes of water use in
urbanized areas further.

Third, adopting satellite imagery data and aerial pfggtometry data would offer
the opportunity to extract actual building roofiageas This will improve the analysis in

RWH discussed i€hapter 6.
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Fourth,the user interface of SWPSS needs improvement so that users can access
the system conveniently eventiut any expert knowledge. A couple of methods are
recommended for further studyl) adoptingvarious modules available in Python
language including thgraphic user interface (GUI) okinter; (2) creating toolssthat
would contain all ModelBuilder odels,includingPython script tools; (3) adoptiragid-
on menu functionality available in ArcGIS environment. These attecapigreatly
improvet he SWSPSS6s functionality and utility

interested conservationists.

CONCLUDING REMARKS

This studymakes ainique contribution by connecting two separate areas of
research: land use and water resource planfiutgre researcshould continue tisi
exploration of the relationship betweerban form and urban water use pattefigs
studyconfirmedcorrelationdbetweernand usecompact urban formariables andirban
water useLocal and regional water managemauthoritiesand utility providers should
continuouslypromoteconservation policie€ven though a strictly landsebased
approach to water conservation would be less effective than a technologically dependent
approach,e&cognition otheurban form andand use changareessentiain sustainable
water planning.

To envision sustainable urban communitganners shoullave keen
understanding of spatighriability of urban settlement patterns and should be able to
guantifysuchimpacts onwater demandThis studywill enrichthe discussioms towhy
conservation and proper growth policies are criticabgal and reginalwaterdemand

plaming.
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APPENDIX A

Layer S1: Hwy Ramp
B 0.5 - 1 mile network
0 1 - 2 mile network
[ ]2-4mile network
7] < 0.5 mile network
[ > 4 mile network
Highway

— Highway

Figure 47. Suitability layer S1 (Highway Ramp) and S2(Major Roads)
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Legend
Layer $2: Major Roads
[ 1 < 0.5 mile buffer
I 0.5 -1 mile buffer
B 1 - 1.5 mile buffer
B 1.5 - 2 mile buffer
B > 2 mile buffer
Highway

— Highway



Legend
Layer S3: StationActivityCtr:
[ ] <1 mile network
I 1 - 2 mile network
B 2 - 4 mile network
B 4 - 6 mile network
B > 6 mile network

Legend
Layer S4: Railroads
B < 1 mile buffer
[ 1 - 2 mile buffer
[7771 2 - 4 mile buffer
B > 4 mile buffer

Highway Highway
9 ~——— Highway — Highway
0 5 10 20'liles 0 5 X
!/ [ S T { L = VRS

Figure 48. Suitability layer S3 (Station-activity center) and S4(Railroads)
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Legend
Layer §5: CityBoundary_Ses
Il within Cities
B 05 - 1 mile buffer
B < 0.5 mile buffer
[ 1> 1 mile buffer
Highway

—— Highway

Legend

Layer S6: Lakes Reservoirs
I < 0.5 mile buffer
I 0.5 - 1 mile buffer
I > 1 mile buffer
Highway

—— Highway

! . I

Figure 49. Suitability layer S5 (City Boundary-Sewer)and S6(Lakes Reservoirs)
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Layer S8_N egativefadlities
Bl < 0.5 mile buffer
I 0.5 - 1 mile buffer

[ 11-2 mile buffer

[ 2- 3 mile buffer

I > 3 mile buffer

X Highway

|
N
N
+ \ Y + ~——— Highway
20 Miles "
i ,‘k 0 5 10 20 Miles

r S7: Parks
B < 0.5 mile buffe
[ ] 0.5 -1 mile buffe
[] > 1 mile buffer

Figure 50. Suitability layer S7 (Parks) and S8(Negative Facilities)

180



Legend

Layer $10: Industrial sites
|| < 0.5 mile buffer
[ 0.5 - 1 mile buffer
I 1 - 2 mile buffer
I > 2 mile buffer
Highway

Legend

Layer S9: Slope
B < 5 percent
5- 10 percen
B > 10 percent
Highway
— Highway
£ 0 5 10 20 Wiles { N B 1
{ L L 1 1 1

Figure 51. Suitability layer S9 (Slope)and S10(Industrial sites)

—— Highway
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Legend
Layer M1_floodplain

I 100 Year Floodplain
[ not 100 Year Floodplain
Highway

— Highway

Figure 52. Suitability layer M1 (Floodplain) and M2 (Conservation)

182

Legend

Layer M2_Conservation
[ noT a public Land / Park
B public Land / Park

Highway

—— Highway



attern G2

CompositeLayerscores

G1:
1 < 1 mile network
0 1 - 2 mile network
B 2 - 4 mile network
B 4- 6 mile network
B 6 - 8 mile network
B 8 - 10 mile network
7] > 10 mile network
Highway §
~—— Highway — Highway

20 Miles

Figure 53. Suitability layer G1 (Regional CenterOriented Growth) and G2 (Transit-oriented Growth)

183



Table 47. Suitability AHP matrix for single family residential land use

Gl g S5_cit Consist
— | S1 inferst | S3 stati v S6 lak S8 neg S10 exi '
rowth = 2 m - iy o - . = O AHP ency
ate - ons S4 railr | bounda | es S7 pa | ative 59 sl | sting
Factor _patt S ajor_r . y . - oy — .2 | (Coeffic
highway — | activity | oads ries reserv | 1ks faciliti | ope industri | . _
ern | . oads _ . - = ient) Measur
— | ramps centers _sewer | oirs es al
ayer e
ed
fl—gm‘ﬂh—pa“em—laye 1 2 1 3 4 2 3 3 4 5 1 0.193 | 11205
S1_interstate hwy ramps 1/2 1 1/2 2 3 1 2 2 3 4 3 0.121 | 11.188
52 _major_roads 1 2 1 3 4 2 3 3 4 5 4 0.193 11.205
53_stations_activity 1/3 12 1/3 1 2 12 1 1 2 3 2 0.072 | 11.100
centers
S4 railroads 1/4 1/3 1/4 172 1 1/3 172 1/2 1 2 1 0.042 11.052
S5ty 12 1 12 2 3 | 2 2 3 4 3 0.121 | 11.188
boundaries sewered
S6_lakes reservoirs 1/3 1/2 1/3 1 2 12 1 1 2 3 2 0.072 11.100
S7 parks 1/3 172 1/3 1 2 12 1 1 2 3 2 0.072 11.100
S8 negative facilities 1/4 1/3 1/4 12 1 1/3 1/2 1/2 1 2 1 0.042 11.052
S9_slope 1/5 1/4 1/5 1/3 172 1/4 1/3 1/3 1/2 1 12 0.027 | 11.080
S10_existing_industrial 1/4 1/3 1/4 172 1 1/3 1/2 1/2 1 2 1 0.042 11.052
Lambda 11.12 Cl= 0.01 RI= 1.52 CI/RI = 0.008
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Table 48. Suitability AHP matrix for multi -family residential land use

S5 cit

Gl _gro | S1_inter S3 stati v S6_lak S8 neg S10_exi ALP

wth_ state S2_major_ | ons_ S4 railr | bounda | es_ S7 pa | ative S9 sl | sting y Consistency
Factor = - y fry . ) s — . (Coeffic |

pattern hwy roads activity | oads ries reserv | rks _faciliti | ope _industr ient) Measure

layer ramps centers sewere | oirs es ial

d
G1_growth_patter 1 2 2 1 3 3 5 4 3 5 4 0.194 11.2721
n layer
SLinterstate frwy 12 { 1 12 2 2 4 3 2 4 3 0.122 11.2685
ramps
2 major roads 12 1 1 12 2 2 4 3 2 4 3 0.122 11.2685
S3_stations_actrvit 1 2 2 1 3 3 5 4 3 5 4 0.194 112721
y centers
S4 railroads 113 12 12 1/3 1 1 3 2 1 3 2 0.074 11.1750
S5 city
boundaries _sewere 1/3 12 1/2 1/3 1 1 3 2 1 3 2 0.074 11.1750
d
36—15’1{8""—”“”0“ 1/5 1/4 1/4 15 1/3 1/3 1 12 1/3 1 12 0.028 11.1030
S7 parks 1/4 13 1/3 1/4 12 1/2 2 1 12 3 1 0.047 11.0449
f’i—negmwe—fm'ht 1/3 12 12 1/3 1 1 3 2 1 3 2 0.074 11.1750
S9 slope 1/5 1/4 1/4 /s 1/3 1/3 1 1/3 173 1 12 0.028 11.0859
;ﬁfmtmg—mdu 1/4 1/3 1/3 1/4 12 1/2 2 1 12 2 1 0.044 11.0886
Lambda
- 1118 Cl= 002 RI= 152 CIRRI = 0.0115
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Table 49. Suitability AHP matrix for Construction, manufacturing, and wholesales land use

S5 cit
Gl_gro | S1_inter S3_stati A S6_lak S8_neg 510_ex ALIP
wih state S2_major ons_ S4 _railr | bounda es_ S7_pa ative S0 sl | isting . | Consistency
Factor - - il - . 1ees — . (Coeffici
pattern hwy roads activity oads ries reserv rks _faciliti ope _indust ent) Measure
layer ramps centers _sewer oirs €s rial
ed

G1_growth_patter 1 12 1/2 2 1/3 12 1/4 1 1/3 2 1/4 0.044 11.0502
n layer

S1_interstate hwy 2 1 1 3 12 1 1/3 2 12 3 1/3 0.074 11.1275
ramps

2 _major_roads 2 1 1 3 172 1 173 2 172 3 1/3 0.074 11.1275
S3_statlons_activit 1/2 1/3 1/3 1 1/4 1/3 s 1/2 1/4 1 15 0.028 11.0773
y centers

S4_railroads 3 2 2 4 1 2 12 3 1 4 1/2 0.122 11.2290
S5_city
boundaries_sewere 2 1 1 3 1/2 1 1/3 2 1/2 3 1/3 0.074 11.1275
d

?6—151{'35—”“”0” 4 3 3 5 2 3 1 4 2 5 1 0.194 11.2426
S7_parks 1 12 12 2 1/3 1/2 1/4 1 1/3 2 1/4 0.044 11.0502
ii-;iinegatlveifamllt 3 2 2 4 1 2 12 3 1 4 12 0.122 11.2290
S9_slope 12 1/3 1/3 1 1/4 1/3 1/5 1/2 1/4 1 1/5 0.028 11.0773
S10_existing indu 4 3 3 5 2 3 1 4 2 5 1 0.194 11.2426
strial

Lambda 11.14 ci= 001 RI= 152 CI/RI = 0.0095
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Table 50. TCU, Retall, FIRE (finance-real estate) and Government/Public Land use Suitability AHP matrix

S5 cit

Gl gro | S1 infer S3 stati y S6 lak S8 neg AT

wth_ state S2 major_ | ons_ $4 railr | bounda | es_ S7 pa | ative p Consistency
Factor iy - ht = . ) L (Coeffic |

pattern | hwy roads activity | oads ries reserv | 1ks _faciliti fent) Measure

layer ramps centers _sewer | oirs

ed
G1_growth,_patter | 2 3 1 3 2 4 4 3 0.193 113014
n layer
SLinterstate hory (88 1 2 112 2 1 3 3 2 0.122 11.3078
ramps
2 _major_roads 1/3 112 1 1/3 1 112 2 2 1 0.073 11.222:
53_stations aetivit | 2 3 1 3 2 4 4 3 0.193 11.3014
y centers
S4 railroads 1/3 112 1 1/3 1 112 2 2 1 0.073 11.222:
S5 city
boundaries/sewere 1/2 1 2 1/2 2 1 3 3 2 0.122 11.3078
d
Sﬁ—lakes—rese“'o” 1/4 1/3 172 14 112 13| 1 1 112 0.044 111268
S7 parks 1/4 173 1/2 1/4 112 173 1 1 12 0.050 11.0370
téigs—neg"‘m’e—fmh 13 12 1 113 1 12 | 2 2 1 0.073 11.222¢
S9 slope 1/5 1/4 113 1/5 1/3 1/4 1/2 1/3 1/3 0.028 11.0985
S&j%em"“““g—mdu 1/5 14 1/3 /s 113 v | w2 | 1| 13 0.028 11.0985
Labmda 11.20 Cl= 0.02 RI= CIRI = 0.0134
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Table 51. Suitability Factor Weights and Ratings: Residential uses

Factor Layer Singlz Family Residential Multi-Family Residential
Proximity AHP Factor Classification AHP Classification Rating
Weirht Weisht
Ml Floodplain, Public Lan Dichotomy (Boolean) TrueFalze TrueFalze
Growth pattem layer Network 10 (least 10 (least
GlG2 (Reg. centers o ]_}'Lstam:e 0.193 | 1-mile interval preferred)~ 0,194 1-mile interval preferred) ~
Tianeit-Orjentad) 20 (most 20 (most
< 0.5 mile Network 60 < (0.3 mile Network 10
) 1 mile Network 10 1 mile Metwork 80
51 1‘““‘3:5“’-" ESt NetvorkDistance 0121 2 mille Network 30 0.122 2 mile Network %
P 4 mile Network % 4 mile Network 30
> 4 mile Network 80 > 4 mile Network 60
< (.3 mile Buffer 10 < (.3 mile Buffer 10
| milz Buffer a0 1 milz Buffer a0
82 Major Roads Buffer Distancz 0,193 1.5 mil= Buffer %0 0.122 1.5 mile Buffer 0
2 mile Buffer 80 2 mile Buffer 80
1 mile Buffer 10 =2 mile Buffer 10
| mile Network 60 1 mile Network 80
. . 2 mile Network 10 2 mile Network 80
g Station E”““AC““' Network Distance 0072 4 mile Network % 0.194 4 mile Network 70
y Lenters 6 mile Network % 6 mile Network 70
> 6 mile Netwotk 60 > 6 mile Network 0
| mile Buffer 30 1 mile Buffer 30
. . 2 mile Buffer 10 2 mile Buffer 10
54 Ralwads  BuffaDistamee 0042 ) e Bughr % 00T it Butter %
>4 milz Buffer a0 >4 milz Buffer a0
Sewersd Areas 80 Sewered Arsas 80
. City boundaries- A (1.5 mile Buffer 10 (.3 milz Buffer 0
5 Sewered Armas oo O 70 004 il Buther 70
>1 mile Buffer 30 >1 milz Buffer 30
< 0.5 mile buffer a0 0.3 mile buffer a0
S6  LakesPondsReservoirs Buffer Distance  0.072 1 mile buffer 10 0.028 1 mile buffer 10
> | mile buffer 10 > | mile buffer 10
< 0.5 mile Buffer a0 (.3 mile Buffer a0
§7 Parks Buffer Distance~ 0.072 1 mile buffer 10 0.047 1 mile buffer 0
> 1 mile buffer 30 > 1 mile buffer 30
(1.3 mile Buffer 10 (.3 mile Buffer 10
Negative Facilities 1 mile Buffer 30 1 mile Buffer 30
58 (Landfill' Wastewater Buffer Distance 0.042  2mile Buffer 10 0.074 2mile Buffer 10
Treat Plant) 3 mile Buffer 0 3 mile Buffer &0
=3 mile Buffer a0 =3 mile Buffer a0
<3 % slope %0 < 3% slope 90
59 Slope 100-foot resolutior  0.027 5 -10 % slope 10 0.028 5-10% slope 0
=10 % slope 30 > 10 % slope 30
< (.5 mile Buffer 10 < (.3 mile Buffer 10
Prommity to Emsting _ 0.3 - 1 mile buffer 30 0.3 - 1 mile buffer 30
S0 mivstral Use oo e 004 bt 60 O ) e uttr 60
> 2 mile buffer a0 > 2 mile buffer a0
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Table 52. Suitability Factor Weights and Ratings: NortResidential uses
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