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Executive Summary

The significance of renewable energy in the cures@rgy systerhas been increasinghe cm-
cernsin greenhouse gas emission motivate researchers to improve technology for distributed e
ergy resourcefDG) and this result in price dragf DG generated electricityn addition, federal
government and stategislaturedorces utility companies to generate energy more from altern
tive energy sourceand also motivates customers with incentivlelsese encouragements have

high impact in energy market

Photovoltaicsystem (PV) becomasuch more financially attractive amgpiDGs since its pa
back period is significantly loweMany solar energy installation companies offer various se
vices for esidentialcustomergo get most benefit out of PV generations. However, installing
large amount of PV panels for companies, unitiess and government institutions is moreleha
lenging than residential customer installatiosyecifically selection of location and size ohpa
els requires additional attentioMoreover, installing energy storage as additional energy
sources in thease of black out and PV intermittency is more challenging since the price-of sto
ageper kWhis currentlyhigher than P\generated pricéDetailed study andecentplanningare

need to be offered since requiressignificantfinancialinvestments in theong term.

The main objective of this researchpigesenting a framework thabffersa complete studto de-
termine the best locations and capacities for solar panels with stoviggfor campus type env
ronmentconsidering profitmaximization electricity stability, and emission factofrSsramework
integrates and utilizegariousefficient methodsto present complete tool for medium and large

scale investors.

GISmodulepresents an analysis tool that calculates the available roof tops fangsiiid spec

fied area.LIDAR (Light Detection and Ranging) data is processed by user defined ifilters
ArcGIS software Mathematical programindpased optimizatiomoduleoffers a detailed model

that considers maximizing the PV installation profits for user defined number of years. Current
and estimated future electricity price, installation and maintenance prices for PV panels and i
verters, incentivesand various consins are formulated to present installation plan in certain

years.Simulationmodulepresents a technical approach to satisfy the PV installations that are



planned in previous optimization moduleower distribution network of the selected area is
modeledin PowerWorld® simulation program for power flow analysis. Each year PV astall

tions are verified and finalized with the simulations for voltage profile limits.

If there is a voltage limit violations in the simulations due to the PV installdtenmework po-

poses two solutionfReallocation moduleproposes a new calculation method fiew location

and size folPV installation that exceeds the voltage lim8trage Modul@roposes anotheps

lution by installing storage unit next to the PV syst€harging and discharging of storage not
only provides additional energy sources but also help to keep the voltage within the limits of
1+5%. Since installing storage units as is an addition into the system, new installation plan for
profit maximization $ proposed to decide when to install the storage unit by consideringcelectri
ity price, storage installation and maintenance prices.

University of Arizona(UA) campus isonsideredas a case studiIDAR data for four square
mile campus area is processeith GIS module and the available rooftops in the campusl-buil
ings are calculated. PV installation plan for twenty year is optimized with maximum profit by
optimization module Simulation module develops an dme diagram of campus distribution
netvork ard run for power flow results with thBV installations. Rallocation and storage
modules are ruraccording to the simulation results. Ressgh®w that this frameworgroposes
both economic and technical benefits by considering different aspects in one program.

Although this framework focuses on Ugampus PV installations only, it can be applicable to
many other ampus type environments. The framework either caa siegle tool or each nde

ule can be used as a separate tool depends on the need. This frahaesnibik potential to be
an appropriate tool for various applications. Potential area of applications and cuskatiners
their interestaare summarized itwo differentgroups in the tabtebelowas 1) entralized ma-
agement of campus type environmant 2) entralized management of single buildings located

in different placesTable also shows which module can be used for the customer needs.



Group 1: Centralized management of campus type environment

Customers

Interests

Related module
(GIS,OM, SIM, STM

and Complete Mad-

Potential to be
a customer

ule: CM)

Government Buildings

. 1 Security N
Military 1 Meet demand CM High likely
Municipalities (parks, | ¢ \jaet demand | GIS and OM Likely
fairgrounds etc.) 1 Reduce emissio
Government agencies o
(e.g. police stations) 1 Outreach CM High likely

Research Institutions

1 Research

1 Meetdemand
Corporate campus (Re- 1 Get incentive
search and Manufactu- from federal CM High Likely
ing Companies, e.g. - 1 Increase reliabi
tel) ity

1 Reduce the cost

9 Provide uninte
Hospitals ruptable servicq SIM Likely

to patients.
Home Development and Management Companies
Retirement communities Likely
Apartment complex 1 Meetdemand Likely
Shopping malls (e.g. & | 1 Reduce the cost GlSand SIM
izona Mills, Tucson 1 Getincentives High likely
Mall)
Educational Institutions
High/Elementary 9 Educational
Schools 1 Meet demand : -
Community Collages 1 Reduce emission CM High Likely
Universities 9 Outreach
Others

Airports T :g/ crease reliabi CM Low to medium
Agricultural companies | 1 Reduce the cost | CM Likely
Religious institutions M Education .
(e.g. Church) 1 Meet demand GIS and SIM Likely
Banks 9 Security GIS and SIM Likely




Group 2: Centralized management of single buildings located in different places:

Related module
(GIS,OM, SIM, STM

Customers Interests and Complete Mad-

ule: CM)

Department Stores

Wal-Mart
Target
BestBuy
Macyds 1 Meet demand CM
Office max I Getincentives
Office depot 1 Outreach
Ross
Home depot
Kohl 6s
Fast Food and Restaurant Chains
McDonalds
T - Meet demand cm
I Getincentives
Starbucks 1 Outreach
Olive Garden

Cheese cake factory

Agencies and Organization Chains

UPS, FedEx 1 Meet demand CM
Airline agencies 1 Getincentives
Insurance agencies 7 Outreach
Factories
GM 9 Reduce emission CM
1 Reduce the cost
Ford M1 Outreach
Small Residential and Commercials
Individual houses 1 Meetdemand SIM
i Getincentives
Small businesses ! Reduce theost
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ACC Arizona Corporation Commsson
AGC Automatic generation control

AVR Automatic voltage regulator

DEM Digital elevation model

DG Distributed generation

GAMS General Algebraic Modeling System
GIS Geographical Information System
kWh Kilowatt hour

LIDAR Light Detection and Ranging

NREL National Renewable Energy Laboratory
p.u. per unit

PV Photovoltaic

PW PowerWorld®

RECPP Renewable Energy Credit Purchase Program
TEP Tucson Electric Power

UA University of Arizona



l.Introducti on

There has been a growing interestenewablesnergy resources particularly for grid connected
distributed electricity generatigiidG). SolarPhotovoltaic (PV)systems have received the most
attentiondue to their environmental friendly power generations, technological advances in panel
efficienciesand easy installationsandfinancial incentive program$iowever,being geograp-

ically distribuied, the intermittehand sudden changeé weatheras well as high price makes the

PV installations more challengin@rreris and Infield 2008)Accuratesizing of PV installations

and theirlocatiors that can economicallgnd technicallysatisfy the demanis one of the ongt

ing research questionk addition,energy storage system would bring further problems when
storage is considered to reduce the variance of PV generation and provide additional energy
source.The energy storage device prices do not decréesteenoughas the PV price does,

hence, planning angdefiningstoragesize andnstallationshave vital importance.

This research proposesframework that @sents a complete stutty determine the Ist loa-
tions and capacities for solar panels with storage tontdA campus area and Tucsoonside-
ing profit, electricity stability, and emission factors via integration of

1 GIS Analysis

1 Mathematical programminigased optimization

1 Simulation
PV installations for UA campus for twenty years atediedboth economically and technically.
The framework develops longterm PV installation strategg two levels. Macro level concerns
the available roof tops of the campus buildings mmaimizes twenty year profit ofPV instalb-
tions for the campusMicro level focuses orlectrical distribution system simulations of UA
campus with the additions of PV installations to explore the impact of installations intorthe cu
rent infrastructure in the case of RMdditions.The program uses data that are provided by UA
Facility Management, TucsoBlectric Power (TEP)Pima Associations of GovernmentdA

Physics Department and Google Maps.

This study has the contribution of combining many aspects fortkmng PVinstallationin one
program.This framework proposes a unique approach ¢batainsdifferent aspectgoptimiza-

tion, economicand technical parts, simulationsh one tool and runs various methods at one



time for longterm installationsUA campus ared considered as a case study; however, this
tool is applicable to any given area suchbagger Tucsonarea Framework includes different
modules which can work as a complete tool as well as separate tools depend on theeneed. Th
rest of the paper is orged as followsSection 2reviewsthe related work and background of

the DG ard its application. Section 3 presents the framework of the proposed tool. Section 4
through Section 8 explains the details of each modules used in the framework. Secten 9 co

cludes the paper.

2Background and Literature Review

There arevarious research studies conducted on renewable energy applications, specifically solar
energy field and their integrations with the utility grids. Both technical and economic impacts of
the PVsystems are investigated. The size and location of the PV installations are other topics of
some studiesuch agqFidalgo, Fontes and Silva 2009)he various locations and sizes o$-di
tributed generations are simulated andithpacts of penetration level and location are invest
gated. Power flow study results of voltage profile and system losses of the distribution network
are the criteria showing the impacts of PV generations. Power flow simulations are calculated
mathematiclly other than using a software packagarge scale PV installations are studied by
(Muneer, Bhattacharya and Canizares 2@ )optimum location and size foBO year invels

ment plan is presented. However, not a detail simulation study is performed. Another optimum
placement of PVs is studied lejazi, et al. 2010)Multi-objective optimization that minimizes

the energy coast is presentédoltage profile of a distribution test case is investigated far var

ous cases using the objective functions. However, again a detailed simulatioarsiualyong

term planning are nas presentedh this work too.Optimum sizing of PV and battery via sim

lation calculations are focused {Muselli, et al. 200Q) The work by(Kaabeche, Belhmael and
Ibtiouen 2011)ombines the optimum sizing of hybrid energy systems both technically and ec
nomically, however, not for lonterm installations. Solar radiation fluctuation is studied by
(Kaplani and Kaplanis 2018nd the optimum PV and battery sizing is calculated throumh st
chastic simulations. A mulbbjective panning framework is presented PAdarcon-Rodriguez,

et al. 2009¥or integration of stochastic and controllablistributed energy resources. A distrib

tion network case study is used as a case study but not a completeiemsaiiaty is presented.

A detailed study on PV installations for Pennsylvania State University is presented as a class



project by a group of studen(®sitelu, et al. 2010)The work includes the calculations afai-

able roof tog in the campus through satellite pictures. Simulation studies are presented; howe
er, it is not a detailed online simulation and not investigates the voltage profile. Econanical a
pect of the PV installations for the university is studied but not forterg planning.

Some studiemvestigatedhe impact of PV installations in to the existing distribution network.

A report by(Agent 2009¥ocused on the voltage profile of the systenerafhe PV additions and
proposes batteries as a supplement to fix the over and under voltage problems. This study is used
a reference at battery module along withishikawa and Kazuhiko 2008)hich also presents a

work on the batterysagethat helps the bad voltage profile due to the PV installations. Detalil
research is presented battery characteristics and their types, the role, and effects on the system
by National renewable Energy Laladory in(Eyer and Corey 2010)

Considering all the above studies, the proposed framepredentsesearchn broadarea that

brings many studies together for letegm installations oPV installations focampus type revi-
ronment.Economic studies are presented through mathematical programemseg optimization
algorithms and technical studies are presented through simulations that check the applicability of

the PV installations.

3.Framevweskription

The proposedrameworkconsists oftwo main levels and five moduledlacro level includes
GIS andOptimization modules, Micro level includes Simulatioomodule. Reallocation and
Storagemodules are both in macro and micro levelsgure 1 shows the framework program
flow chart. Program starts with the processing of LIDAR (Light Detection and Ranging) data
that includes the four square mile of UA area. Tilers defined in GIS module (ArcGIS def
ware) process the LIDAR data and geneeat@utput that lists theumber of PV panels that can
be installed on\ailable rooftops of university building$he available rooftops with number of
PV panelsareused in Optimizatiomodule to maximize the profit of PV installationstimenty

years.Optimization moduleruns amathematical programminligased optimization considering

! Obtained fronPima Associations of Governments



the datathat includes the predicted PV panel costs, future incentives and fleotcity price.
The output of the module is the optimum location and size of PV panel installations in next
twenty years. Each year installations gn®vided to the next Simulatiomodule. This module

uses PowerWorfdi (PW) simulation program that calculates the power flow of gietettric
power distribution network

AzSMART Project Overview
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Figurel Framework program flow

In thisframework, UA campus distribution network is modeled in PW and PV installations co
ing from the optimization module aezldedas power generationSimulations are run with the
added PV generations and the voltage profile of the network is chdtklee.bus voltage are

within the limits of £5%0f 1 p.y thecalculatedPV installationsare appropriatéoth econom

% Data is povided by TEP



cally and technicallyand can be integrate with tlegisting campus power network the vol-

age is not within the limits, program offers twwdules as aolution: Reallocation andStorage
modules. Since the amount and the location of PV are not appropriate, changing the location and
the amount helps to correct the voltage profle-allocationmodule calculatesew location and
amount of PV generation based on a rule. N&Wlocation is tested andvoltage profile is
checked with power flow simulations. This process repeats unless the voltage profile is satisfied.
Storagemodule presents another solution by addirggagageright next to the PV installations.
Charging and dischargingtoragehelps to keep the voltagerofile within the limits and the
amount ofstorages defined by a rule of thumb through simulations. This solution has high coast
comparing to thdrke-allocationmodule solution, thereforean installation plan for installing ¢h
storages optimized for future year3.his whole processepeatdor each year installations until

the voltage profile is within the limit&\ll the simulations are rufor two cases; teady state and

time-step simulations for sunny and cloudy slay

4.G1' S Modul e

Geography Information System (GIS) is a system designed to capture, store, manipatate, an
lyze, manage, and present all types of geographically reference(E&Ra 2009) In the sin-

plest terms, GIS is the merging of cartography, statistical analysis, and ddéatestogy GIS

has advanced a lot during the past decad#s the development of information technologies,
data collecting and aeronautics. GIS has been aseth applidgon in numerous fields, such as
earth surfacévased scientific investigations, resource management, location planning, &nd env
ronment i mpact assessment . Dean Djokice-impler
termined several routines for water flaamd transpor{Djokic and Maidment 1993)Shawna

used GIS to explore the distribution of invasive alien plants to do spatial regression analysis
(Dark 2004) Stan presented Glisased potential modelinig Dutch physical planning practice
(Geertman and Ritsema Van Eck 1998divontas developed a GIS decision support system to
determine the distribution of the economically exploited biomass pote(\i@ivontas,
Assimacopoulos and Koukios 2001)

Since the need for amnewable energycreasesmanyscholars focus on solar enenggsearch

However,some new methods are needed sinceartdtitionalmethods seem to be inefficient. As



an integrategystem, GIS provides database calculation, real data analysis amt&fised po-
gramming, which can help us simplify our work on solar energy. Combination of GIS module
with solar energy research has got big attention in the last decades. Bent usetb anGdigl

solar resources based on satellite data and to match it with demand modeling on a habitat basis.
Combined with land use data, PV potential use is presented on the basis of practical areas for
cdlection usgSorensen 2001§5IS implemented to renewable energy applications in many a
pects Solar radiance, wind speed, grid distance and house density are recalculated and selected
by GIS to determine how much power of each tggmador and Domingue2005) Adel and

Yassine generated solar radiation maps using GIS and showed the area that is high potential of
solar radiation. At last, they did some sensitivity analysis on slope usin(3asfi and Charabi
2010)Marcel etc. al used GIS to calculate the expected average annual electricity generation of a
standard PV system and the theoretical potential of PV electricity geng@tionet al. 2007)

In this study, GIS is expected to find the suitalteof topsfor PV panel installationand dete

mine the maximum numbehat canbe installed for certain PV panels at certain buildingkis

study is presented earli€€Chaves and Bahill 201@¥ith its detailsand briefly redescribed in

this sectionFive filters are builin GISmodulet o fi nd t he suitabllk | ocat
lation by considering height, slope, aspect, radiance and human fdttxisaumnumber of PV

panels at each locatiois calculatedbased on some assumptions and algorithms defined in
ArcGIS.

41.Datpmgepr ocessing

The original input of GIS module ISSDAR (Light Detection And Rangingjlata obtained from

Pima Associations of GovernmentLIDAR data contains numerous useful information idelu

ing sun irradiance, slopes, aspects, heights and areas of certainL{is%. uses ultraviolet,
visible, or near infrared light to image objects and can be used with a wide range of targets, i
cluding normetallic objects, rocks, rain, chemical compounds, aerosols, clouds and even single
molecules(Cracknell and Hayes 20Q7pwing to its comprehensive information, LIDAR has

been used widely for academic research asagetommercial uses.



LIDAR datais a raw data andannot be used directly before gnecessed since all the imfo
mation is combined toget her . isfusediseaxmmODAROf t war
data as a digital elevation model (DEM), which b&nused in ArcGISoftware The digital ed-
vation model obt ai nedFidune2 ithe médel aunalyzed four ssjuare h o wn

miles surrounding the University of Arizona in Tucson.

Figure2 Digital elevationmodel from tision

However, since the DEM is not geeferenced, the data is needed to bergéerenced using the
Georeferencing Toolbar in ArcGIS, which can be used to build GIS model. Before modeling,
verification of geereferenced DEM layer is needed. The resulting dsiwers and point lac

tions of the geaeferenced image is verified with the use of several points whose location is

known with certainty.

42Model ing in GIS

Some solar radiation information correspond to latitude is included within the ArcGIS software.

A solar map is generated fromthe gee f er enced i mage speci é&ying T
grees and a yearly interval. This solar map considers several factors which would influence the
radiance, such as the changes in the elevation, the position ontlas stell as any shading e

fect caused by buildings or other objects in the input raster. If the result of solar map is higher
than the pralefined threshold, there exists sufficient radiance to install PV panels and assign the
value of cell to 1. The re#twof the solar map is shown Figure3. The green part in the figure is

the suitable part for installation considering radiance.



Figure3 Radiancdilter

Besides the solar map layer generated eadtber factors should also be considered. Intuitively,
solar panels should be installed on the top of certain buildings in the campus. Therefage, an el
vation layer is needed to get rid of the ground part of campus. Acbatefile is generated from

the DEM and geereferenced to the same coordinates as the input image. Then a binary ground
raster is generated that assigned a value of 1 for arrgnooimd cell higher than or equal to five

feet and assigned O to all others, which are ground cells. Theatsldvation layer is shown in

Figure4. The green part in the figure is the suitable part for installation considering elevation.
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Figure4 Elevation fiter



The aspect of location for installation should be south facing or horizontal since Tucsort-is loca

ed in the northern hemisphere, solar panels located on-fminly slopes will have a higheo-s

lar power outputhtan those located on notfiicing slopes. An aspect raster is generated from the
georeferenced image. The cells that have south, southeast, southwest or flat aspects are assigned
the value of 1; others are assigned the value of 0. The result of aseeds Islyown irFigureb.

The blue part in the figure is the suitable part for installation considering aspect.

Moreover, the slope of the roof should be less than 35 degrees, which means the PV panels can
face the sunshine perpendicularly. The result of slope layer is shdviguire6. The purple part

in the figure is the suitable part for installation considering slope.

Figure6 Slopefilter
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In addition, other information which cannot be acquired from GIS and LIDAR data should be
considered as well, such as roofs with pipes, air conditioning units, athletic stadium seats and so
on. According to the five filters defined earlier, all of thera eombined into a final raster. If

the value of any cell in the final raster is equal to 1, it means that the cell is a suitable place to
install PV panels. The final result is shownHigure7. The green part is the suitable place for

installation considering all the factors described above.

Figure7 Suitableplace ofPV installation
43.Resanlatl ysi s
In order to calculate thavailable area for PV installations, it is assumed that each PV panel has
one and a half square meter surface area which is an average number for PV panelsrin the ma
ket. Since area calculation of rooftops in GIS is provided, the maximum number of AY @ane

each building is calculated. The result can be shovAgare8 andTable 1.

Tablel Percentage of suitable buildings for different installation strategies

Theoretical

# of Solar Panels Max 1
Area 460429.4 | 450844.6| 444162.7 | 418968.9| 347408.5| 260259.1| 180693.0
0,
Area as % of 4.70% 470% | 4.54% 4.28% | 355% | 2.66% | 1.85%
buildings
# of solar panels 306953 301050 | 292220 | 276391 | 230150 | 172866 | 120194
Total Capacity
456 44.7 43.4 41.0 34.2 25.7 17.8
(MW)

10



1

Arizona Health Sciences Center

Tyndall Garage

Park Ave Garage

CHERRY AVENUE GARAGE
McCLELLAND HALL
Student Union

COLLEGE OF LAW BUILDING
ROY P. DRACHMAN HALL
AEROSPACE AND...

LA ALDEA

COMPUTER CENTER
SECOND STREET GARAGE
PARK STUDENT UNION
ARIZONA STATE MUSEUM...

m”””ﬁﬂﬂm

||

1000 2000 3000 4000

o

Figure8 Capacity of eachuilding

0]

5.0ptimization Modul
One of the main concerns in the design of a long term distributed generation (DG) system is the
accurate selection of annualG system size ands location that can economically satisfy the
demand. This depends on the suitabid available spaces for solar panels, the capital and ru
ning cost of system components, and the annual load that ought to be metmaduig a fa-
mulationfor optimizing the design of twentyear PV installation is developethis formulation
employs integer programming techniques to maximize twenty year profit of installing P\é.panel
Thedevelopedcomputer programmingeceiveshe necessary input daiag. available roof tops,
installation and maintenance coast, incentive ratey, and omputes the number of the panels
thatshould be installed in different roof topshe program also decides about the type of panel
that should be installed. In order to study the effect of parameters predefined, several sensitivity
analysis studies are ppermed, and the effect of federal and state tax credits, utility rate, load
growth, maximum available suitable solar area, and inverter life time are investigated. According
to the result of GIS module and target by TEP and UAcapacity constraint, losv bound ge-

eration target constraint and emission constaiataddedSincewith the installation of PV pa&
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els, power stability, especially voltage instability, becomes more and more signiéinattier
stability constraint which foresgthe installation to bedistributed more uniformly to enhance the
stability of wholePV systemis used.The proposed optimization technique is tested on Univers

ty of Arizona dataas a part of framework.

Index/Set

m set of locations to install PV panels

k set of PVpanel types

t,f set of period to install PV panels

Parameters

ASH Annual sunny hours in Tucson

dr deratingfactor

UR(f) Utility rate in yearf

r Discount factor

ABU Power output of panel typewith agey

Ot Monthly average of daily solar insolation in morith
P(k) Failure rate of inverter with ade

Ot Number of the days in month

a Maintenance coefficient as percentage of installation cost
L(t) Minimum amount of energy generation in year
Ca(m Roof capacity of buildingn

NSOt R Net system cost of PV installation in yedor panel typeQ

C(t) Inverter replacement cost in yeiar

0 0Q Avoided emission of pollutant tyge

00" Target of emission reduction for pollutant type

0 0 Upper bound for total installation in feeders in year
a o Lower bound for total installation in feeders in year

12



DecisiorVVariables

B Total benefit

IC(t) Installation cost in year

YO Total inverter replacement cost
OoMC Operation and maintenance costs

n(t, k, m) Number of panel typd installed in yeat on building m

IC Total installation cost

X(t) Total number of inverters installed in year

I(t) Number of Inverters installed in yeafor newly installed panels
o o Amount of power generated on buildings of feesleryeart

51.,For mul atpi olgl e e
The goal of the optimization technique is to determine annual size, type and location ohPV pa
els so that the constraints can be economically satisfied. For this reason, the decision variables
are number, location anglige of the panels which must be installed in each year. The objective
function to be maximized is total profit of installing PVs in T years and the constraints-are e
pressed through load requirement, roof capacity, emission factor, uniform distributRw of
panels among sufprids The distribution network of whole campus is divided into four parts,
which is called as sufrids, to investigate the voltage profile and its stabilitye objectiveof
this model is maximize the total profit, hence, the objective functigengrated by summation
of the present value of total benefit of PV installat{@B), total installation costIC), total in-
verter replacement cofRC) and operation and maintamce cosfOMC). The profit function
can be written as:

A OWY6 00 OYOOL L O (@)
Following sections explains each components of the objective function.
511Tot al benefit (TB)
One of the major benefits offered by DGhe avoided cost that the costumer saves for ngt bu
ing theelectricityfrom utility. The total benefit in time horizon of the project (F) will be suanm
tion of present value of benefit of each year. GRN'Q, the utility price per kWh in yedr the

present value of utility rate is equalY' QT p i . Total benefit is given by
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UR( f)

TB= ASH?»dra(1 a a _atkn)ek) ()
where
ASH:é'Z Hi) Oay ¥ 3)

t=1
It should be noted that degradation of ¥ panels weakens the systems output over time.
Therefore power output of panel typeis a function of its ageA derating factoiQ iis consd-
ered due to the loss of wiring, inverter and connec@nsthe other hand®V panels cannot ge
erae all the time during the day, hendmnual sunny hours in TucsASH) is introduced in

model to describe the generatioinPV panels.

51.2Totimdt aldati ¢h C)

There are several factors which would affect the cost of PV panel installations,sslatioa

cost, inventory cost and transportation cost. However, to simplify the problem, one assumption is
predefined in the model as the cost of PV panels is linear with power generated. Conditiering
ferent policy such as the tax credit, incentigesitechnology innovationdenote the cost of PV
panels as Net System CoBISQ. The total initial investmenis calculatedusing an installation

cost of 0 "Y&NQ per kWas followings:

c=a kéN(fqrt) 9 Ak mdk) (4

In order b get the present value of installation cost in yediscount factor is considered.

513 nverepkeacemdantobt ained by recursive relatior
The lifetime of an inverter is usually shorter than that of a solar p@hetefore it might be

necessaryo purchase additional inverters before the life span of the project coresetad. If

the price of buying an inverter at yeawould bed 0 per kW, the present price can be caltula

ed considering discoum&ctorr. Inverters are bought once at theginning of the each ye#or

newly installed panel$0 . Thenumberof the invertes purchased for new panels is propamtio

al to the amount of power installéd,® 0, the totalnumberof inverters installed in yearis

summation of inverters fareplacementand inverters of newly installed pané®) . As men-

tioned before,P(t) is the failure rate of inverters with ageTherefore, at year the number of

14



failed inverters with agewould beP(t) times number of inverters with agex(0). Similarly, the
number of failed inverter with its age at yeéaan be obtained. Therefore, the summation would

be thetotal number of failed inverters at ydar
T -
RC=1 . CO[X()- 1(1)]

I =0 (@+r) ©

with
X(®)=PHXO) Rt HXQ) -+ PHX(L 1 A ®
0=ra &ntkmdky @

It should be noticed that installation cost for inverters of newly installed pasnsiasidered in
installation cost of PV panels gection 5.1.2Therefore(t) should be subtracted in replacement

cost of inverters.

5140per atimmnnaedancse

This cost includes issugeriodical maintenance of PV panels suchegsilardusting or washing
of PV panels and inspection of electrical connections and inveltt&ssassumd that the opea-
tion and maintenance cost in yéds proportional to total cost of installation in year

OMC:a'aT'_ t;‘j|c:( f) (8)

t=0 f 9

515Constraints

The first constraint that ought to be met, while maximizingatbiective function, is serving the
annual renewable targethe annual targaes usedas a percentage of demaindthese calca-
tions The second constraint that ought to be met is the available area wisigtiable for PV
installation. Thereforethe tdal number of PV panels installed in certain building cannot exceed
its capacityThis data igprovided byGIS module.

dra anttkmeky> L) (9)
4 Antkme Ca 10

k=1t#9
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Another constrainto be considered is the target for environmental impact reduction. lotrodu
tion of DG will result in reduction of capacity needs of conventional plants due to two reasons:
(1) the real power generated by solar panels will directly reducpaiver neededrom utility
companyand (2) the resulting linss reductions will further decrease the output needs from
conventional plant§Chiradeja and R.Ramakumar 200&)jnce Carbon Dioxide is the most
emission during generation, ondy/ is considered in our moddf avoided emission of palt

tant typej, ! %@ is given pekW, totallbs target of emission reduction for each type of pollutant

should be more than the nimim target. This constraint can be written as

AET()¢ AR() & 304 & Atk m €k) ay
t=0 f 8k Em 1=
Another constraint that should be taken into account is voltage stability. The location of DG has
the main effect on system voltage stability. Efiect of DG capacity and location on voltage
of radial system shows that distributing the same capacity of DG at all feeders is better from
voltage stability point of view than concentrating the same capacity at one or two feeders only
(Hemdan and Kurrat 2008)Therefore,voltage stability should be considered as a constraint
when dedhg with optimum allocation of P\panels.6 &0, amount of power generated on
buildings of feedes, in yeart, can be calculated by
Vt9=dE & Afkm ek ] 12
f=0k £2m §(9

The amount of power which is generated in year each feedes should be among two pred

fined amounts.
mHeV(t9 EM() (13
M(t)- m(t) o(f)D (14)
According to the twdormulasabove,it canbeforced that thedifference of PV panel installation

between each feedirlimitedto some threshold to enhance the stability of the whole system.

After taking into account all thabove items, the final model becomes as follows:
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Objective Function:

maxz= drg H@)an(z)a(‘i+<;) & & rikmdk)

! KNSO(tk)M T AX)- U

-tazéke (1+) m1=(tkm)6(kD /’to=cl (l-l‘) 13
IO KNSQ f R M

ag a a.—— df.kmek 0

t=0 f Dk & (1+I’) m 1=

Subiject to:
X(t)=P(t) X(0) At H XD --+ PHX(t 1) -I(t

I©)=ra antkmek )

k=l m#

drg antkmekjz L)

k=1 m#

K T

a ant.k,me¢ Cq n
k=1t #9 (16)

AET() ¢ AR() & 503 A Atk m € k)

t=0 f 8k Fm 1=

V(t9=drd 4 An(fkmék )

f=0k £m §(9

mH e V(L9 EM(Y

M(t)- m(t) ow(9)D
52Data used for cal culeastuilarss and optimization
The developed optimization algorithm implemented in to UA campus as a caseT$tisdye-
tion providesthe datd used for calculationand the results of the proposed optimizatidine
time horizon for this test case is twensars. Threg¢ypes of panelbave been consideredtims
studyand their specifications ashownin Table2. These panels are selected from the TEP test
yard in which the performances of various PV panels are being investigated in Tucson weather

condition.

% Data is provided by TEP
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Table2 Parameters of three types PV modules we used in our model

Max
Approximate | Pmppt Voc Isc Vm Im System
Manufacturer Model Technology ee oe ee oe .
Surface Area (A) V) (A) Voltage
SPR215 .
Sunpower px-Si 1.25 m2 215 | 485 | 5.8 | 39.8 | 54 600
WHT-U
Kyocera KC150GA px-Si 1.18 m2 150 | 28.50| 7.26| 22.50| 6.67 | 600
. PowerBond :
Uni-Solar VL pXx-Si 0.93 m2 64 | 23.80| 4.80| 16.50| 3.88 600

Solar radiance data was collected every month from 1961 to 1990 National Renewable Energy
Laboratory (NREL) and the date for Tucgsrused in this model. However, more data is avall

ble on the NREL websité&igure9 (NREL 2007)shows the monthly average of daily solamoins

lation in Tucson.The data shown in the figure is monthly average number of thirty years from
1961 to 1990which can be used to approximate the solar radiance in Tucson in the future since
no significant changes occur. This data is used to calculate the annual sunny hour and power
generation by PV panels in the model, which would make the result more accurate

Variability of Latitude Fixed-Tilt Radiation

Monthly Radiation (kWh/m?/day)

—— 1961-1990 Average

1 I 1 ! !

[

B -+ }
Jd F M A M 3 4 & 8 © H

o+
<
=

Figure9 Yearly irradiance in Tucson

The utility rate changes every year according to the price of fuel, operation cost, policy and so
on. The utlity rate of Tucson increases every yaarwellas shown irFigure10. This data is
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provided by TEPThe blue color in the following figure shows total base power supply charges,

the red color shows fuel and purchase power charges and the black one shows environmental

compliance.

Utility Rates, ¢/kWh
20.00 -

m Environmental Compliance

15.00 - (¢/kWh) (CO2 Tax)

il

2011 2014 2017 2020 2023 2026 2029

Figure10 Utility ratesin Tucson

It should benoted that photovoltaic power technology qualifies for federal and state tax credit
and also Tucson Electric Power (TEP) Company is offering incentive payments through its R
newable Energy Credit Purchase Program (RECPP) for residential photovoltamssyste-
courage th installation of solar power. Even though the raw price of PV panels is very high, the
net system cost of solar panels would be less owing to the benefits obtained from government
and utility company. The Net System Cost of solar pamelBucson is listed as followghe
Kyocera brand PV panel price is obtained and the prices of other panels are calotudteely

according to the same formula.
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Installation Cost of PV, $/kW
2,500

2,000 -
$/kW

1,500 -

1,000 -

== Net System Cost with Tax Benefits & Incentives

2011 2014 2017

T T

2020 2023 2026 2029

Figure1ll Netsystemcost of PV installation
As mentioneckarlier, the failure rate of inverters are higher comparing to the PV rafigyse
12 shows the relation between the age of an inverter and probability of its fdélia&rés used in
optimization

Failure Rate
60%

50%

40% /
30% - /
20% /

10% /

0% -

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figurel2 Failurerates of inverers

The University of Arizona is expected to grow in the future due to the campus wide gevelo
ments; thereforghe demand of whole campis expected to increase yeaakyshown irFigure
13in whichthe blue color shows AJ utility demand Due to the expected PV panel installation,
the net demand would be less that is shown as green in the figguee 13 shows that even
though the total demand of the campus will increase in the future, the net demaddkeep

almost the same. Intuitively, the installation of PV panels m#ke net demand of UA stable.
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MW U of A Utility Demand, MW

30.0
20.0 -
15.0 -
U of A Campus Demand, MW
10.0 -
Net U of A Campus Demand,
5.0 MW

2011 2014 2017 2020 2023 2026 2029
Figure13 Demandprofile of UA for next twenty year

Arizona is one othe datesthat thefederal government challengithe utility companies ton-
crease the utilization of renewable enesgyrces in 29 states. According to the Arizona Gorp
ration Commision (ACC) Renewable Energy StandartE% of energy theyutility company
generats should be from renewab&nergyresources by 202ACCRES 2006) Therefore, TEP

makes poliesto satisfy the requiremebty ACC, which is shown irFigure14.

20%

Annual Renewable Target, %
15% -

10% -

5% -

0% T T T T T T T T T T T T T T T T T T T
2011 2014 2017 2020 2023 2026 2029

Figure14 Annualrenewabledrgetfor UA

The model is developed as described in earlier sections based on the data provided. The optimum

solution is calculated usin@eneral Algebraic Modeling Syste@AMS) programming. Codes
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in detail can be found iAppendixA. During the programming, all the constraints and objective
function are changed to linear form which can be solved more accurate andrfases.shows
the result from GAMS

Table3 Optimal Result of PV panel installation
Numbers of PV Types of PV

Year Buildings
panels panels
2011 Second Parkin@Garage 770
Health Center 397 Medium
Architecture 988
La Aldea Housing 983
Graham 951
Law Building 396 .
Drachmann Hall 31 High
2012 Computer Center 887
Music Building 858 High
Second Parking Garage 81
Health Center 374
2013 Education 411 High
Roby Gymnastics 389
2014 Bookstore 102
Highland Parking 366 High
Six Street Garage 431
Eller 661
2015 Biomedical Research lab 600 High
Highland Parking 1000
2016 Six Street Garage 1000 High
Biomedical Research lab 640
2017 Main Library 780 High
Biomedical Research lab 900
2018 Six Street Garage 778 High
Eller 942
2019 Tyndall Garage 760 High
Highland Parking 1000
2020 Bookstore 1026
Medical Research 777 .
Health Center 54 ALl
Park Union 813
Museum North 770
2021 Medical Research 1000
Modern Language 770 Hiah
Frank Sancet Field 760 9
ECE 696
Mining 294
2022 Mining 401 High
Physics Atmospheric 694
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Biological West

693

Social Science 674
Nursing 673
McClelland Park 465
2023 Centennial Hall 567 Medium
McClelland Park 170
Harvil 630
Apache 616 .
Science Library 605 High
Menial 586
Hall 248
Villa 525
2024 Bookstore 404 High
Hall 282
Family and Consumer 525
Colonia 503
Posada 496
Pueblo 475
Coronado Hall 461 :
Astronomical 456 S
Civil Engineering 442
CESL 435
Anthropology 430
Chemistry 422
Psychology 418
Veterinary Science 382
2025 Recreation Center 127 High
Veterinary Science 35
Kuiper 394
Roby Gymnastics 3
Biological Science 373
Cochise 353
Heating and Refridgation 337
Math East 333
El Portal 310
Life Science South 309
Facilities Shop 307 ,
Communication 300 Medium
Engineering 293
Astronomy 286
Ica Stadium Restrooms 280
Forbes 276
Pharmacy 276
Art 275
Chemical Science 274
Environment and NatureeR 268

source
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Speech and Hearing 265
Old Main 250
Learning Service 241
Sonora Hall 191
Arizona Hall 160
2026 Main Library 1960 High
DrachmarHall 1038 9
AME 1023
Math Teaching lab 99 Medium
2027 Optical 1113 High
Arizona Health Sciences Cente 3087
2028 MCKALE MEMORIAL 3240
CENTER High
Recreation Center 1080
2029 Park Garage 2221 High
Cherry Garage 2189 9
Drachmann Hall 70
2030 Student Union 1546
Tyndall Garage 1891 High
Eller 295
Law 868

Figure15 shows the result of 10 yearinstallation plan. llow part denotes the suitable places
to install PV panels which can make the total profit maximum. It contains all the previols insta
lation before the 18 year.

Figurel5 Result of Year 10 from Optimization
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53.Sensiadaniaviytsy s
In order to study the effect of parameters the resulisseveral sensitivityanalysesare pe-

formed to investigate the effects panel output poweraitility rate, tax credit and incentives.
Some of the results are given below.

Effect of utility rate

Utility rate changed every day according to the price of coal, oil, and ttimgs. Figure 16
showsthe price of oil in the past 30 yeasccording to he Figure 16, it is understood thathe
price of oil would increase rapidly in the futufEherefore,sensitivity analysis based on utility
rateis performed andesults are shown ifable4.

Plains All American L.P.'s WTI Crude - Posted Price

| copyright cilnergy.com, 2011 |

data provided by
7 | Plains All American Pipeline, L.P.

Average Monthly $BBL

o
1978 180 1982 134 1968 1%BE 1560 1362 1384 1558 1%6E 2000 2002 2004 2008 2008 2010 2012
Average monthly data from January 1978 through July 2011

Figurel6 Price of oil in the past 30 yeaiBlains All american Pipeline, L.P n.d.)

Table4 Sensitivity Analysis based on Utility Rate

Increment 0 10% 20% | 30% 40% | 50% | 60% | 70% | 80%

Total Cost
(millions) 28 28 28.3 32.2 32.3 32.4 32.4 322 | 32.2
Tot_aI_ProfIt -13.8 -12 -105 | -8.78 | -6.84 | -5.17 | -3.28 | -1.32 | 0.51
(million$)
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Table4 shows that he t ot al cost doesndt change a | ot
80%. However, the total profit would increase linearly with utility rdtethe utility rate n-
creased by 80%, the total profit would become positive.

Sensitivity Analysis for total profit

2 5
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c= . .
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Increment of Utility Rate

Figurel7 Increase of Total Profit with Utility Rate

From the figure above, it is known that with the increment of utility rate, the total profit from the
installation would increase linearl@nce theincrement exceedd0%, the total profit would be
positive which means that the investment would get bewéhin 20 years. The result would be
helpful for consumer since consumer can determine whether they will invest on solampanel i
stallation according to different utility rate.

Sensitivity Analysis of Total Cost
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Figure18 Changes of Total Cost with Utility Rate
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Effect of Efficiency

With the development of technology, the efficiency of PV panels would increase in the future.
However, It seems that the increment of effic
utility rate. Table 4 shows the effect ofieféncy.

Table5 Sensitivity Analysis based on Efficiency

Increment 50% | 60% | 70% | 80%

Total Cost | g | 554 | 247 | 27.3 | 288 | 32.2 | 344 | 366 | 39.1
(million$)
Total Profit | 130 | 1509 | 1104 | 931 | -8.77 | -755 | -6.71 | -5.96 | -5.16
(million$)

6.Si mul ati on Modul e

Simulationmodulemodelsgiven electric power distribution networknd investigates the impact

of PV installations on voltage profitrough simulationThis module uses PowerWorld Siraul

tor® program which is developed for power flow studies. The main functionality of this module
is developing the simulation model @ectric power distribution networfkom oneline diagram

and simulatingwith the current and future PV generations. Simoiaalso calculates the bus
(PV and load connection point) voltage and checks if it is within the limits of af5¥%gp.u The
amount and location of PV generations are defined by the pre@&isndoptimization mal-

ulesand used as an inpiar this modué.

|

Power Flow
Simulation

Figure19 Simulation module in the framework

PowerWorld Simulator® prograrfPowerWorld Corporation n.dthat uses ondine diagram,

animated power flow and counter plots for voltage profile is used in this mddalso has the
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capability of timestep simulation for one day data simulations to investigate the effect of PV
intermittency. Power flow study is aimerical analysis tool that uses diree diagram and per

unit notations to analyze steady state operation. It calculates all the bus voltages and power flow
through the distribution lines for over loading the lifsigrayanan 2010)rherefore, this -

gram is selected to analyze PV installations in twenty year.

The objective of this module is to analyze the steady state performance of UA distribttion ne
work with and without the additions of current and future PV generatindesr different conel

tions such as cloudy and sunny day. It simulates yearly PV installatiomsenty years and
checks the voltage of each bus after each year installationake sure that PV installation does

not have negative effect into the system

6.LUA campus distribution system

Oneline diagram of UA distribution network is modeled in PowerWdRdV) simulation po-
gram. Partial campus distribution netwdtis redrawn in PW Typical distribution system data
including cable, transformespecifications and partial campus network are used for ciredit p
rameters. UA Facility Management provided four existing PV installation information is added
to the distribtion network modelingFollowing section explains details of the data biddis-

tribution network.

6.2Current PV i nsatnad ldaitsitornisb uitni olhA system map
UA distribution system currently has four PV installations with the teakrationof 665 kW.

The specifications of these installations l&sted inTable6.

Table6 UA PV installations

Location # of Panels Total generation
352 Panels | 75.68 kWdc
Location B 1472 Panels | 316.48 kWdc
Location C 128 Panels 27.52 kWdc
Location D 1168 Panels | 245 kwdc

* Oneline diagram is provided byuEson Electric Power (TEP)
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TEP provided ondine diagram of UA distribution networtkatshows the physical locations and
electrical connections of the loads, transformers, switches and feleideng21 shows theone

line diagram The campuss divided into two partsandboth are supplied from TEP with diffe

ent feeders. The two networks are connected to each other througHeafesg@ugr to supy

loads. All the loadsand transformersre identifiedwith their connection configuration and
lengths of the feeders are measured using AutoCAD softiwarsefor the cable impedancelea
culations. Thalistributioncable datapresentedn (Narayanan 2010ndin Table7 are used for
impedance calculations. PV generators are connected right next to the loads that reprdsent buil
ings in the campus. The amount of B¥herations and their installation locati@re calculated

by the optimization module and aireserted as power generatioinsPowerWorld. PV genear

tions are modeled as conventional generators in PowerWorld, howewematic voltage reg

lation (AVR) and automatic generation controhGC) are disalked since PV generation has a
constant active power injection. Reactive power injections of the PVs are considered as zero
since reactive power injections of inverters are not become a standard yet. The convemtional ge
erator thatrepresent$V generations used as a combination of PV and its inverfggure 20
depicts the PowerWorld model of the UA campus distribution network.

Table7 Cable specifications

Size (AWG) Resi stanc Reactance Capacitanc

#1/0 0.127 0.099 0.055
#2/0 0.102 0.097 0.059
#4/0 0.0635 0.092 0.07
#350 0.0385 0.085 0.085
#500 0.027 0.082 0.098
#750 0.018 0.077 0.116

6.3.Load and PV generation dat a

The buildings in theUA campusare considered as loads in the simulations. Buéhe difficu-
ties of accessing each buildidgmanddata, typical university building electricity consumption
data that are publicly available are used to estimate the building loaghd&aUniversity n.d.)

(P. S. University n.d,XItron n.d.) Some of the building consumptions are estimated based on a
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reference building data and considering the size and type of the building, the electneity co
sumptions are estimatedrigure 22 shows the daily electricity consumption of builditigat is

used as base ddgt@search building) da{@. S. University n.d.)

Figure20 PowerWorld campus model
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Figure22 Typical research types building daily consumptidnS. University n.d.)

Thenumber of PV panels and the amount of total gener&idefined by the optimization rde
ule. However, this amount is only the maximum power of the PV oufmé.dayPV generation
data is needed for tirmtep sinulation which simulates twenty four hour generation anat co
sumption Daily PV generations data from TEP test y@tiotovoltaics at University of Arizona
n.d.)is usedfor time stepsimulations. Typical sunny and cloudyay data can belownloadedn
1-sec to thour time intervals. Thamount of PV generation calculated dyytimization module
is consideredas the maximunamountand dailyPV generation iduplicatedfor simulations.
Figure23 shows 1sec interval field recorded data.

Figure23 PV generation for August 1
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