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Abstract

The following document has been prepared in partial fulfilment of the requirements as a
Bachelor of Science at Worcester Polytechnstitute. The authors, Kazim Naqvi and Timothy Yee, are
submitting this document as an Interactive Qualifying Project/Major Qualifying Project in lieu of the
above mentioned requirements. Kazim Nagvi is a Mechanical Engineering Student at WPI belonging to
the class of 2010. Timothy Yee is a student at WPI majoring in System Dynamics and belonging to the
class of 2008.

The authorswill be trying the address the possible impact of the advent of Riuglybrid
Vehicles (PHEVs) MassachusettsWith Natonal Grid asa sponsor, the authorsvill aimto address the
impact on the electricity distribution sector and National Grichaghole. In order to do this, the authors
will study the time variation of daily electric demand for Massachusetts, which has begitguloby
National Grid.

According tathis data, the authorsdecided to implement policies that only permit the charging
of PHEVs during periods of low electric demand. This has two advantages: firstly, it puts fewer loads on
the local electric grid and @s not require investment in additional electricity generation or distribution;
YR aSO2yRféz GKS StSOGNAROAGE dzaSR F2NJ t19+aQ OK
energy sources such as nuclear and hyalectric power generators.

To do the ame, the authorswill be utilizing Systems Dynamics Modeling as the basis for
experimentation. System Dynamics is a unique field that combines engineering with social science and
serves as a tool for making appropriate managerial decisions. Its advem ih960s has enables the
development of forecasting models that inform policy and decision makers of the impact/effect of their
policies if inplemented in a given system. The authdrave also decided to use System Dynamics
Modeling becausghe system (comrising of PHEVs and gas cars on the road, distribution equipment for
National Grid, and daily electric demand variation) is dynamic and contains several test parameters that
can be changed to study the overall behavior of the system.

The results of varimimodeling, research, and sensitivity exercises conducted during the course
2F (GKAA LINRB2SO0 aK2g¢g GKIFIG t19+Qa R2 Gl11S 2FF FyR
The impact on National Grid is minimal and the daily electric demarthtion does not change
significantly. On the finance side, the costS ELISy 4S5S4 Ay @2t SR F2NJ | dzy OKA Y
upfront and longterm) are minimal. However, this will only occur if the right policies and proceduiess
followed by National Grid, the governmerand the consumers.
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1. Introduction

1.1. Problem Definition and Background

The post 21 century era has seen an incredible change in weekburces and environment
which hasdirectly affectedthe entire human raceThe gradual realization of the existence of serious
problems such as global warmiagd the inevitabledepletion ofnon-renewableenergyresourceshas
necessitated a drav towards intensive researchind strategies to bring forth solutiorthat are often
radicalin nature This drive has fueled a dynangame of global politics, which has several effects on
the problems aswell as their solutionsThe world today islynamic;it changes every day, with every
change influencing several other changes in a vast network of feedback Tdupsrojects a humble
attempt to assess a very sthaart of the world dynamicsThe overalgoal of conducting this research
projectwill be to understand some of the transportatigoroblemsfacing the world today and evaluate
the feasibility of a particular solution to thegeoblems Thevisionthat this project aims to achievie a
positive contribution to the world in general which makes it a better place to live(Ror a
comprehensive outline, please see SectiBn@oals and Objectives)

National Gridis a well recognized feprofit organizationg operated as a regulatechonopoly,
which distributes electricityto consumers in theNorth Eastern part of the United State3he
Massachusettslivisionof National Grids the sponsor for this projegtand hencehe researchshallbe
based on howto introduce positivepolicy changes tothis organization The chief solution to the
problem previously mentioned thahis project will addresss the development of alternative energy
vehicles Thisstudydeals withthe Plugin Hybrid Electric Vehicle (PHEA$ aviable option to be adopted
by consumersin an attempt to sole the problem of global warmingnd the diminishng energy
resources

This projectwill ultimately assesghe impactof PHE® & 2y (i KvBssathusetisgaying ¥
particular attention to itseffect on National Grid SincePHEVsely on gridbased electricityas their
primary energysource, it is incumbent upodecision makers ilNational Grid to understand the effect
of PHEV penetratioon their power grid. The annual average electric demahnds shown a continually
increasing trendn Massachusetts over the past few years doeldnger and hotter summers and the
consequent prolonged usage of air conditioners and other temperature regulatory equipmbat
increased demand is also evident from the following graph of demand variation for residential
consumers over the last five ges.



8300
8600
8400 //
8200

8000 /;0— ———
7800

7600
7400 T T T T 1

2002-03  2003-04  2004-05  2005-06  2006-07

Figurel-1 Growth in electric demand from 20087 for residential customers

This is usually an additional and unforesesst for National Grid, which forces them to use
low efficiency less economicapower stations to prevent loaghedding and compensate for ¢h
additional peak demand An increase in the electity demand during peak hourslue to the
introduction of PHEVsvould be very undesirable for the power generation compaiied would raise
the cost of electricity they sell to the National Grid.

Theprimary purpose of this projeatill thusbe the development of dynamicmodelwhichwill
enable various decision makers to predite maximum sustainable amount of PHEY > plany R
electricity supplyaccordingly The resulting question thatwill be answered upon completion of this
projectis:

& 2 K Willibe the impact of plugin hybrid electric vehicleson the power
distribution system in Massachusetks ¢

In answering this question, several factors tlafiect the predictablyof the growth of PHEQ a
shall be studied Some of these factorsvill be dealt with in greater detail, as they have a more
significant effect on the dynamicd growth inPHEVsThese include the effectsy and onNational Gridl
the envionmentand the consumersf PHEVSThe specificesearchdata and statistics prevalent to the
model will be inputted such thatli K S Y 2eRufist s@rdilate realvorld behavior Many secondary
factors that do not havsignificant impact on the @rall dynamics of the systemill also be introduced
at various intervals intahe modelin order to create an accurate moddlhiswill serve asan integral
part of the sensitivity analysiqsee Section 5l. Sensitivity Analysisfor further detailg. For the
compilation ofthe results a final system modedill incorporatesall of the major factors as well as some
of the minor factors affecting the growth dPHEVsThis projectoutline is geared towards the
achievement othe above explaineglisionand goals for all people involved in the project

1.2. Alternative Propulsion Technologies for Vehicles

Plugin HybridElectric Vehicles HEVs) areonly one type of alternative energsehicles In the
model, the primary focuswill be on PHEY¥ and traditional internal combustion engine vehicleghis



does not imply thathe model will be the correct anthe only outcome in the future rather, it is just
the primary focus of this project arah underlying assumption

There are many other typesf alternative propulsion technologiéa development and all are
offeNAy 3 | az2ftdziazy ( Sevek depeSddricé argetroléuihDas€diZuAgind M&Q &
reducethe subsequengreen house gases that are produc&kfore deciding to analyze PHEVs as a
solution to the energycrisis other options currentlyin development must be considered@hs section
gives a brief description of the current and projected technologies that have been suggdegte
researchers and scientists

1.2.1. Fuel Cells

Fuel cells are another form of alternatitechnologycurrently being explored for adaptation in
vehicles They are similar in comparison tan electric vehicle in that they are operated by electric
motors. They differ, however, in that they rely on fuels cells as opposdmtteries as a method of
electricity supply into the motordzuel cellsundergo a chemical reaction that requires a constant input
of reactants, whereas battery uses a chemicab store a charge For use in cars, fuel cell vehicles
(FC\$) have been projected tbein productionaround 2010the same timeframe as thePHEY. *

The current model for theseC\¢ will usehydrogenas a source of powemdwill produce water
and heat adlirect byproducts of the chemical reactionThe current fuel celltechnology will support a
total mileage of200 or lessThey will convert hydrogen inteelectricity through the flow of electrons
through the cell, which can then be used to operate electric motéugl cellhave been rated at 50%
efficiency Half of the energproduced is in the form of usable energy (electricity), while the remainder
is dismissed to the environmerats heat.Hydrogen powered=C\ claim to offer true zero emission
vehiclesduring the physical operation of the vehicfe.

Figurel-21 2y Rl Qa O2 y Guelickiicak @ RNR ISy

! (U.S Department of Energy)
2 (The California Fuel Cell Partnerghip

1C



The FCV in developmerfiowever,faces a major hurdle of Hydrogenfueling and delivery.In
order to facilitate the transformation from gas to fuel cell vehiclése fuel infrastructure must be in
place Currently no such infrastructure developed in Massachusettlindering anyone that operates
such a vehicle to an extremely limited rang&\¢ also face the problem of storagend production of
hydrogen Currenty, hydrogen stoage is large, bulky and heaweducing the effectivenes of the
vehicles In the future, storage solutions might include dissolving hydrogen in metals or small scale
hydrogen production within the vehicle from gasoline or other fu€sducing hydrogemn a large
scaleis also anajor hurtle that must be oveome It is extremely expensiveAnother major concern is
the safetyrelated to hydrogen fuel cell#\ll these factors of storage, production and cost makesEovV
option that is will not be feasiblantil the technology improvesThere might however exist possibility
G2 RS@OSt2L) C/ +Qa FdzSt SR o6& 3IFazftAyS 2N SliKlFIy2f
mileage currently available from the internal combustion endine.

1.2.2. Traditional Hybrids

Traditional hybrids differ fronPHEMN that they use a combination of a traditional internal
combustion engine and electric motors to produce their powEney currently offera widespread
alternative to a traditional internal combustion engine vehidlaeyhave the ability taoperate with one
or both systens in conjunctionwith each other Normal city driving is stop and go; the electric motor
would be usedduring this time saving gag-or longer, consistent periods of ydhe ICEvould be used
to runthe vehicle andgimultaneoushchargethe battery.

The traditional hybridgroduce their own electricitywith no need to be plugged in. Currenity
productionaround the world they haveestablisheda known customer baseThese cars amnore fuel
efficient than most traditional carswvhich is a major draw to the vehiclgSurrenthybrids models are
rated at around 35 miles per gallon (MPG), offering a 10 MPG increaseadiional galine vehicles
In addition tothe increaseduel efficiency the infrastructureneeded to support this type daéchnology
is regularly available and nothing new has to be addéd the transportaton infrastructure to
accommodate thent.

% (U.S Department of Energy)
* (Toyota Motor Sales USA Inc.)
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Figurel-3 Toyota 2008 production Prius

Themain drawbackto this alternativeis thatit still depend onan internal combustion engine
for much of its powerThis means that they are still dependant jpetroleum baseail thus still produce
green house gases, although at a decreased.rhtethis transition phase,raditional hybridsare
currertly priced is at $10,000 greater than a traditional gad vehfcle.

Figure 14 Prius Cut away showing both electric motor and gas engine.

1.2.3. Pure Electric

The idea of a purely electric vehicle has been around for many .yHaeyg are very similar to the
idea of PHEY, in that they use electricity to drive motarsut they do not require an internal
combustion engine tmperate and they run purely on electricityin the transportationindustry, here
are many options to this, including solar arrays that would powsms, and batterjtechnology that
would store electricityIn theory, hese vehiclesvould pollute even less and woujabtentially fit the
zero emission standards of the governmgamhich in turn willreduceoil dependencies in the future

° (Toyota Motor Sales USA Inc.)
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Pure electric vehicleare optimal but they face some of thergatest challengesThe current
battery technology is insufficient to support a vehicle thapieratessolely on electricityThey are too
heavy, bulky and do not store a chailgag enoughThese batteriesvould make the car too heawnd
inefficient for practicaldaily use The idea of solar powered cars has floated aroasdwvell. They too
face their limitations in storagand conversion technologieSome areas of theountry only receive
limited sun, due to weather and other factory

In the long run, it seems thaheé pure electric vehicles have the potentialbe accepted but
they require the most investment and alsduather research in battery technology amdcreasing their
limited range,in order to become a viable alternative to gas powered vehicles

® (Heath)
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2.  Project Description

2.1. Definition

In order to provide a comprehensive definition of this projatis necessary to definf@rst the
terms tha will be referred to frequently irthis report. Thevariablesstudied in this projectonsist of
various factorsthat govern the demandfor the Plugin Hybrid electric vehiclesThese variables
dynamically change the behaviorof the growth of hybrid plugins in the area (the state of
Massachusetis In this case, e systemcomprises of a collection of major and minor variables that are
logicdly and technicallyconnected to the change in the number operating hybrid plugins over a
designatedperiod of time Finally,the proposedmodelis a virtual simulatiorof this system and its
variables whichwill forecastthe change in hybrid pluim dynamics

Theprojectis thereforethe designof adynamicmodelof the previously mentionedsystemand the
study ofthe various scenarios created by it usicgmputer simulation

This definition is consistent with thpreviouslymentioned question outlined ihe problem
definition. The next sectigwill describethe major system variablesncluding howthey are particularly
relevant tothe behaviorof the model

2.2. Understanding the system variables

In order to understand theomplicatedsystembeing studiesit is essential to comprehend the
significantvariablesdescribing its behavioiThe following are definitions ddll pertinent variables that
form the scope ofhis project

2.2.1. Hybrid Plug -ins

This variable is defined by the total number of hybrid phigs in Massachusettover an
extendedperiod of time such a0 years. This quantity can be further broken down into hybrid-piag
on the road and hybrid plumns available for sales, which are dynamically affected by the sales,
production, and scrapingf hybrids. Productiomnd saleof hybrid plugins are alsoaffected by appeal
of hybrid plugins in the market, since automobile manufacturared buyers make decisions to produce
or buy hybrids according to their appealthe market

2.2.2. Traditional Cars
The current norm for transportatiod y (2RI 8Qa &d20ASG& Aa SAGKSNI
vehicks. Inthis analysis, these IGEehicles are directly linked to the increase in PHEVs. As the demand
for gas vehicles decreases, demand for thegftuhybrids will increase. Factors in this analysis include
rising gas prices, maintenance cosasnual sales anthe number of vehicles in Massachuse#isany
particular time

14



2.2.3. Hybrid Appeal

This variable is used tmodel the abstract phenomenon of how attractive PHEVs are as an
automotive option. This factor is affected by the capital and operating coktboth PHEVs and
traditional cars. It is also affected by the numbereasch car type on the road’he appealariableis
directly proportional tothe sale of hybrids such that if the appeal for hybrids increagese will be
more hybrids sold.

2.2.4. kWh Demand and Supply

Kilowatthour (kWh)demandis the amount of electricity that is demandetroughout a 24
hour periodby the consumers in Massachusetts the model, it has been assumed thahe supply
capacity can accommodatairrent demand as well as reasonable overloadalt also be expanded if a
sustained increase in loasl experiences.

2.2.5. National Grid Revenues and Expenses

Sincethe growthof the model is restricted to electricity used by PHEVS, the reveexpeessed
by the model are only due to electricity sold arising from PHEVs. PHEV battsjigse charging one
they are drained, s@onsumers will be charging their vehiddatteries andthus usingan increased
amount ofelectricity. Theadditionalexpenses incurred by National Grid are associat@gd supplying
the additionalelectricity to home users arising froaxtra electricityneeded to charge PHEVs. The cost
associatedwith buying electricity from generating planisalso incorporatednto the systemsince an
increase in electricity demanded and supplied will mean more electricity will need to be bought from
generating plants. The overall aim of this sector is to dethie behavior of howcash(accumulated
profit) will change as a result of electricity usage by PHEVS.

2.2.6. Troughs and Peaks for Electricity Demand

The traditional electric loagrofile for all consumers in Massachusettger a twentyfour hour
time period has peaklectricity consumption between 10 am and 2 pm and the trough, or minimum,
during the night hours. This cyclic load profile is inefficient and does not maximize the capabilities of the
electricity dstribution system. The optimal outcomef the introduction of PHEVs would be to hawe
nearlyconstant demandhroughout24 hours othe day, which maximizes the distribution resourcés
theory, the implementationofi KS t 1 9+xa&a gAff KSfL)I G2 200GFAYy (GKAA W
electricity consumption during off peak hours via overnight charging.

2.2.7. Transformers and Substations

This section examinegte life of the transformers and the associated factthat affect it.In
modeling tre life of transformersa better understandng will be developed foihow the load curves
affect transformer lifeandthe subsequentmeasures that National Grid might be required to takhis
will attempt to predict how the life ofthe transformer will be affected as mofeHEV&ome on the road
and hence how long the current equipment will last. To des,#generic transformers and substations
will be analyzeds well aglaily load curves estimated from previous data.

15



2.2.8. Traditional Car Emissions

Aside from the ever increasing cost of gasoline, the traditional automobile also emits harmful
gases. The primary concern is that thajor greenhouse gasarbon doxide, emitted by the internal
combustion engingwill continue tocontribute to global warmingBy introducing PHEYVY¢here will be
an anticipateddecreasdn these harmful emission$n Massachusettsusing electricity igessharmful to
the environment per mile driven than the purely gasoline powered vehicless the public and
lawmakers become more conscious of this environmental impact, this result will help drive demand
away from the traditionbgas powered car and to the more environmentally friendly PHEV.

2.2.9. State/Federal Policies and Regulations

It is in the best interest of the state and nation as a whole to be conscious afdlieenergy
associated with thetransportation sector of society is supplied and converted from thermal to
mechanical or from electrical to mechanical energiis portion othe model is designed to gauge the
impact on PHEVSs if certain economic policies are impiged. The rationale behind these policiiss
simple: atax creditwould be merited if theamount of harmful environmental emissions associated with
the operation of the hybrids iess than a gasoline or diesel powered vehicle.

2.3. Goals and Objectives

Any new technology will have a significant and wide spanning effect on society. The
implementation of Plug in Hybrid Vehicles is no different. Thus importantto understand what the
effects of implementing REVs will be. This will then give insighbiwhat actions may need tbe taken
in order to incorporate this new technology into extant systems today and take advantage of the
facilities provided by the new technology. System Dynamics modsliagpowerful tool that allows for
the understanding ofuch systems and can give fairly accurate behavioral insight into any chthages
the system faces. There aneimerousstudiesand methods of approacthat can be conducted based
on PHEVsn society. Due to limited time constraints however,the study wil be narroweddown to
achievea specific set obbjectives.

The main resource that will be affected by PHEVs is electricityall entities, electricity
distribution companies such as National Grid valguably be affected the mostlf PHEVs attain
popularity and begin to grow, an additional demamd electricity will be imposed. PHEVs are also likely
to grow as gas pricaacreaseand electricity pricesemain competitive in relation to gas. NationalidGr
and other dstributors will need to account for this growHnd prepare themselves to be aposition to
meet these increases in demand whirthe situation arises. Onmajor endeavorin this project is to
forecast this behavior of increase in the aldécity demandedper daydue to an increasing number of
PHEV# operation

By taking into account the affect of increased electricity demand substations and
transformers within the model, an understanding has been developed of theaeship between cash
acquired by National Grid and the depreciation of transformers used it will give insight as to
when capital investment into substations may need to be performedhich may prove useful to
companies such as National Grid féamning purposes.
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PHEVs are primarily popular due to their environmentally friendly nature. Sincertbsyy run
on electricity, they produce virtually no harmfchrbonemissions during theiactual operation phase
and significantly less overdihcluding electricity generation)f PHEVs become popular and replacasg
cars on the road, this would equate to a significant reduction of emissions that damage the
environment The model will also be used in attempt to forecast low emissions will change as PHEVs
are introduced and their numbers increase.

2.4. Method of approach

In an attempt to solve the problems presented in this rep&ystem Dynamics modelimgll be
usedas a method of approaclsystem Dynamids a unique subjedhat uses computer based modeling
to predict possible outcomes of a systeifhis form of modeling can be applied to many areas of
interest, ranging fom economics to business amealth care.The model represents a @blem that a
system faces. Afrst, it ismodeled to show how the system would normally behaliee model is then
modified using policies that withopefully help the system fsm either collapsing or failing.sAwith
anything that can be modeledowever,there will never be a model that isompletely correct all
models aresomewhatwrong, because reality is unpredictable.

The first step to modeling is the determining a reference mdde reference mode is based on
KAaG2NAROIE RFGF GKI G &K 2rdide. The réferehde MBde bftardréflécs et Q 6 S K
problem as how the system will behave if lafonethen the solution showing how the model should
behave oncanew policies are implemented.

Once the reference modkas been completed, the next step is to buildynamichypothesis
The dynamic hypothésrepresents the overall model shows which are the key factors to consider in
the model, how each of the factors affegach other, the different flowbetween the factors ad also
the feedback loopsvithin the systemA dynamic hypothesis is built showing the different connections
between the factors.The factors are linked together thi arrows and then positive and negative
symbols showing the growthnd decline that each factor has on the othelsing this overall diagram,
the positive and negative feedback loops can be skeonking at all the factors, their connect®iand
the feedback loops together, theserve as the basis for building the model.

Model construction takes into account all the factors mentioned in the dyndiypothesis and
several minor factors that are not included iretinodel.The factors are represented atocksand the
connections adlows. Thestocks represenan amount of an item such as money, people, cars or any
other measurabletem. The flows represent the change in the stocks, bibth inflow and the outflow.
Examples of these flows might incluteth rate, death rate, money saved or money spebbnverters
are other major or minor factors that affect both stocks and flo@smbining all the stocks, flows and
converters leavesthe basicconcept of themodel. They are then givemumerical valuesand relating
equations to make the system worknce all the parts have been added, the model is test@ben
done correctly, the first model witlreate similar to thosgredicted in the reference mod& hisexposes
the problem trat the system faces and how tlsgstem ighreatened
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Once the first simulation rws) the model represents the problem that the system facBise
next step is to implement different policies that will affect the moitesuch a way that it wiitop the
system from collapsing or failingihe policies that are implemented are designedéavethe system to
behave in a certainpreferred mannerThey can be represented as governmeagulations or as some
sort of industry standard that will affect the syste@nce these policies are written, the model is run
again to demonstrate how the system behaves with the new policy in pldde type of experiment is
known as asensitivity anafsis If the system responds well, then the policy that was implemented
represents a possible solutiol.the system does not respond well, then a new policy must meesmrit
and then retestedWith multiple policies, the best one or combinations of the policies are implemented.
Thesepoliciesare put into effectand a game is created allowing users to change the parameters of the
policy and seeing how the system behavas.with all models, this too will be wronglhe end model
only represents a single out come when there are many possibilities.
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3. Background Research

3.1. Plug-in Hybrid Electric Cars

3.1.1. History

The first concept hybrid, X883 was introduced in 1969 by Genekbtors’. The termplugrin
mean that it could be physically plugged into a wall circuit. In the late 1990s, a new initiative was
brought about to introduce PHEVs as alternative fuel vehicles to help ease pollution in some major
European cities. These contegars were only prototypes, and were never meant for full production and
their cost was nearly double that of a comparable VeEiclé. Still, the idea remained afloat and many
of the major auto industries still expressed interest.

PHEVs prattypes of the past are differentiated from the newly introduced prototypes by a few
key factors. Recently, the idea of house hold phugbattery types, capacity and the instability of fuel
cost, have all driven PHEV popularity to ridew PHEVs that aganned for production later this year
and in the next few years are planned to use lithiion batteries The older models of PHEVs used fead
acid batterie§. The lithiumion batteries offer several distinct advantages over the fornaeg will be
discussed later in this section (3.3.5 Ringdybrid BatteryTechnology)These PHEVs are designed and
marketed to be pluggeth to an ordinary 11&0lt household socket to be chargéhis was also offered
in the XP883 and theAudio A4, in 220 voltages for the European maykett during their time it was
considered dassle to plug them in

¢KS FTAYyLFE FFEOG2NA FFFFSOGAYy3I (2RI polias tawbr®a & A a
greener transportatiorindustry along with thesustained increasef fuel cost. Over the past years, fuel
prices have ranged greatly. Driving this dramatic shift, crude fuel ¢t@sts also risen with oil prices
recently, peaking at an all time high of $105 per bafrall of these factors ultimately contribute to the
rationale behind why PHEVs miag adopted.

3.1.2. PHEVs vs.GasHybrids

PHEVs are hybrid electric cars that run on batefor a limited period, 40 miles then on
combination ofan internal combustion enginand batteriesfor longer period 400 miles. What makes
these types of vehicles different from a current model hybrid is the-piuaspect. While cuent model
hybrids work in a similar waybatteries for short then an ICtr longer periods they cannot be
plugged in to a wall socket to be charged. The PHEV design focuses more on thedrdjteange of
these vehicles. They are designatadtheir battery range as PHEV followed by a number, for example
PHEV20 is a PHEV with a battery range of 20 miles. This offers the PHEVs a unique advantage over the
current hybridsof a greater battery only range.ike other electrical devicethey can I plugged in

’ (Norbye and Dunne)
8 (Vermie)

° (Norbye and Dunne)
10 (Associated Press)
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while stopped during a long road tripithout needing to stop at a gas statioifhe current traditional
hybrids rely solely on their ICE to provide powercharge their batteriesPHEVs will have an overall
better range becausthey rely more on these batteries with the ICE as a secondary soueteerj/ and
charging

3.2. Electricity Usage

To optimize the usage of the electricity distributimystem it is very important to accurately
gauge thesupply of electricity according to the electricity demarit do thisjt is important tofirst
understand the cyclic demand profile as it varies throughout the day.

To better cater to the needs dfs large variety of clienteleslectric uilities have separated the
customers into eleven groups according to their major characteridiash sector distributes electricity
in accordance tats specific demandhroughout the day. The sectors are as follows:

R1: Residential Regatt This sector caters towards general residential customers. The maximum electric
supply for this sector does not exceed 2500 kWh per annum per houséhwmddistribution charge per
kWh for this sector is 2.52 cents.

R-2: Residential Low Incom& his isa minor subsector that has a similar tariff to thel Rlass. However,
the rates are subsidized to adjust to the budget of low income househbldsdistribution charge per
kWh for this sector is 0.376 cents.

R4: Residentiat Timeof-use This sector dars towards residential customers who have an electrical
supply requirement exceeding 2500 kWh per year. The tariffs for this class are considerably higher than
those for R1 (6.312 cents per kWh)

G-1: General Service Small Commercial & Industridlhissector, as its name suggests, meets the
requirements of smalécale industrial and commercial establishments. The distribution charge per kwh
for this class is 4.017 cents (note that this is higher thdnbat lower than Rt charge)

G-2: General Service Demand This sector caters to the electricity demand of large scale industries and
commercial establishments. The distribution charge per kWh for this class is $6.21.

G-3: Timeof-Use This sector meets the requirements of large scale industries thabtibave

continuous large electrical demand. Rather, their electrical demand is abrupt and very high. To prevent a
payment of excess costs by such organizations during times of low electrical demand, this class has a
tariff that only applies when their et#rical demand is exceeds 25 MVA. The average distribution charge
per kWh for this class is thus $3.80

In the analysis, overall electricity demaitia conjunction with the individual demand curves|
primarily be usedor the regular and tgh income residential sectors. TRegular Residentiglector, R
1, factors in the average residential customer who consumes no more than 2500 kwWh per month, and
Timeof-Use ResidentiaR4, takes into account residencies which consume greater than R®00 per
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month. It is a simplifying assumption that the demand for PHEVs will be within these two seEirs.
more information on the rates tariff for each sl&/sector, refer to Appendix.D

Class Total
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Figure3-1 Total Industrial DemandAverage from July 2004 June 2007

The overall demanébr electricity has a peairound midday, while creating troughs during the
night hours. During the areas of high demand, it is important that the distribuit@npany is able to
supply the required amount of electricity to meet this demand. Because oatidsional infrastructure
needed for this increased capacity to accommodate the peaks, the resources are not being maximized

during off peak hours.
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For theresidential sectors @ and R4), it is important totake into account the increase in
demandover its peaks. Although the overall demand profile in Massachupgitfuces a trough at
night, the residential sectors are experiencing peaks during the night hdargever, for the purpose of
modeling, an assumption has been aegthat all the substations in Massachusetts are iaennected.
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This means that the additional load generated by hybrids is equally distributed amongst all, not just
residential. Also, each substation is assumed to be subject to loads largely influsnttedindustrial
sector and hence none are focused at looking at a primarily residential supply.

With these underlying assumptions, the conclusion was developed that the advent of hybrid
cars will not have a major impact of the life of the transformarthe substations and hence they will
continue to function as expected.

3.3. Charging Technologies

3.3.1. The Compressed Air Possibility

Energy is obtained by the sudden expansion of compressed air. The use of compressed air for
storing energyis a method that is not only efficient and clean, but also economical. In 1973 CAES
(Compressed Air Energy Storage) installed their first compressed air energy gitaaga Germany,
making use of natural underground caves éompressed air storage, taking advantage of the surplus
energy produced by the generating plants. Later, similar plants were installed in the United States
(Alabama and Ohio).

These plants are designed to operate 24 hours a day; they charge duringgtiteand they
discharge during the day. The advantage of these kinds of plants is that they make use of the surplus of
electricity (at low cost) by turning it into compressed air stored underground. Later on this eisergy
used in a turbine gnerator to help the electricity network during periods of high demand

CAESvas developed in the early 1970s. It uses compresse &irrn a turbine, which in turn,
produces electricity. The concept is simple, efficient and clean. #irded into an underground cave or
mine during offpeak hours using a compressor. Whetectricity is in higher demandt is released,
rotating a turbine and generatinglectricity. In 1973, the first CAES povpdeint was built in Germany.
The United States would soon follow suite, building similar plants in the years to follow.

On a domestic scale, CAES can be used as an alternatitteafuedn be used to powerehicles.
This idea can be potentially uséfdue toa number of reasonsThe costénvolved to compress the air to
be used in a vehicle atess than thosénvolved with a normal combustion engings a fuel, & isalso
vastly moreabundarn, economicd transportable, storable andonpolluting. The technology involved
with compressed air reduces theqauction costs of vehicles 0% because it is not necessary to
assemble a refrigeration systenfiel tank, spark plugs or silencets. conparison to purely battery
operated vehicleswhich after a while suffeffrom a reduction in performance from the batteriethe
tanks used in a compressed air motor have a longer lifespan

" These assumptions also form the crux of the recommendations to National Grid. Please see Section 6 for more
information.
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Figure3-4 Tata Motor in conjunction with MDI Air Car

Nevertheless, there are some disadvantages associated with this technology which have held it
back from leading the pack of altetive fuel technology vehicles. For one, there isrdted range due
to the current technology available in the markékhe air engine suffers from similar problems to
hydrogen vehicles in this regaftom an energgtandpoint, the ompresson of air is less efficient than
charging a battey with that same energyAlso, vhile the air engine reduces greenhouse gas emissions
from the vehicle, the energy used to compress the alymot come from clean sources. For this reason,
the assumption that air cars produce no harmful environmental siois is not valid. Looking at the
entire process, the werall efficiencys approximately one third dhat of a comparable electric caf.

Currently there is some sort of experimentation taking place with this technol®ggsently, i
India, Tata Motors and Motor Development International are completing a joint venture to build a CAES
car. The car requires electricity to compress the air and then this congat@ssis released to drive the
engine of the car. The compression of the ag mentionedis driven by on arboard battery. Details of
the air-car peg the topspeed at 68 mph, and a range of 2800 kilometers (up to 186 miles). These
tanks containing the compressed air can be refilled at special stations, or using -theanhelectric
compressor in 3} hours.

3.3.2. Pneumatic -Hybrid Electric Vehicle

The idea of using compressed air as an enegptor can, for example, also be applied to a
hybrid vehicls. In this case, however, the cylinders functiom compressd air and an additional
battery which uses electricity tereate a vehicle powered solely on electrigagieumatic propulsion.

A Korean Company, Energine,cigrently testing and producing such vehicleBhe caruses
compressed air when the car needsignificant amountof power, in situationssuch as starting up the
car and acceleration. The electric motor comes to life once the car has gained normal cruising speed (12
15 mph)*®

12 (Electricity Storage Association)
13 (PES Network)
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3.3.3. The Fuel Cell Possibility

3.3.3.1 Usage in Cars

Although they arenot expected to reach the mass market before 2010, fuel cell vehicles (FCVs)
may someday revolutionize envad transportation Theyrepresent a radical departure from vehicles
with conventional internal combustion engines. Like battelectric vehicles, FCVs are pefied by
electric motors. Wile battery electric vehicles use electricity from an external source (and store it in a
battery), FCVs create their own electricityydrogen @iel cells onboard the vehicle createlectricity
through a chemical proces which thehydrogen fueleacts withoxygen from the air.

FCVs can be fueled with pure hydrogen gas stored ingrnggsure tanks. They also can be
fueled with hydrogerrich fuelssuch as methanolnatural gas, or even gasa#, but these fuels must
first be converted into hydrogen gas by an onboard device called a "reformer."

FCVs fueled with pure hydrogelo not directlyemit any pollutantsonly water and heatwhile
those using hydrogerich fuels and a reformer produca significant amount of the greenhouse gas
carbon dioxide In addition, FCVs can be twice as efficient as similarly sized conventional vehicles and
may also incorporate other advanced technologies to increase efficténcy

3.3.3.2 Efficiency

Theefficiencyof a fuel cell is dependent on the amount of powkawn from it. Drawing more
power means drawing more current, which increases the losses in the fuel cell. As a general rule, the
more power (current) drawn, théower the efficiency. Most losses manifest themselves as a voltage
drop in the cell, so the efficiency of a cell is almost proportional to its voltage. For this reason, it is
common to show graphs of voltage versus currentdalbed polarization curvesdr fuel cells. A typical
cell running at 0.7 V has an efficiency of about 50%, meaning that 50% of the eoatgnt of the
hydrogen is converted into electrical energy; the remaining 50% will be converted into heat.

For a fuel cell operad on air (rather than bottled oxygen), losses due to the air supply system
must also be taken into account. This refers to the pressurization of the air and adding moisture to it.
This reduces the efficiencsignificantly and brings ihear to the efficiency of a compression ignition
engine. Furthermore fuel cells have lower efficiencies at higher |oBus tankto-wheel efficiency of a
fuel cell vehicle is about 45% at low loads

3.3.3.3 Cost

Chief among the problems associated with fuel callhow expensive they are. Many of the
component pieces of a fuel cell are cosity of themselvesIn order to be competitively priced
(compared to gasolinpowered vehicles), fuel cell systems must cost $35 per kilowatt. Currently, the
projected highvolume production price is $110 per kilowatt

14 (Today)
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3.3.4. The Norwegian HyNor Solution

The Norway HyNor Project is developing rapidly between the cities of Oslo and Stavanger. This
project will provide a sensible means of providing hydrogen transportationg a test strip some 350
miles in length from the years 2005 to 2008. The project will also be quite challenging because of wide
variations in climate and topology including very cold seasonal temperatures, not conducive to many
fuel cell vehites™

Theproject is working with both governmental agencimsd the private sector to produce this
hydrogen corridor. The plans include the commercial feasibility of {acgée hydrogen fuel based
vehicles such as cars, taxis, trucks and buses. Private vehicles will also be used in this globally anticipated
study andfueling stations are to be completed so that a realrld test case can provide the evidence
needed for a shift in the world's fuel dependence.

3.3.5. Plug-in Hybrid battery technology

Thequestionthat challengeghe plugin investorsis whether hybridplug-ins will be successful
or not. This question arises because these cars and more expensive than the conventti@ésand
hence they must provide some sort of benefit to reduce casthe long run. One of the major factors
which wil determine whether thisresult will be observeds the battery.To better understand the
factors involved with this brought category, a deeper look ith® current battery technologies and the
issues corresponding toig necessary.

3.3.5.2.Issues with battery technology

A chief issue with PHEV battery technology is the range of travel allowed for by the batteries
PHEVs range about 40 miles per charge and the car usually takes about 4 hours to fully recharge, making
this investment questionable.

Currently Nickel metal hydride batteriege being used. Like other batteries, those that use
lithium work by shuttling ions (electrically charged atoms or groups of atoms) between their electrodes.
2 KSYy (KS@QNB OKFNHAY3I:Z (GKS A2ya GNI @St Ay 2yS RAN
The most widely used have a positive electrode madenfombalt or manganese oxide and a negative
electrode made from graphite. The electrolyte (the material through which the ions pass from one
electrode to the other) is a lithiurbased gel or polymer. These types of batteries are mainly used in
laptops, andare not welisuited for the automotive environmentwhere they are subject to rapid
discharging and recharging and much higher podemands and extremes of heat and cold. The
problem is that the chemistry is not stableargh, so batteries suffer from overheatn@nd that can
have an explosive effect.

3.4. Environmental Impact

With so much hype about the depleting ozone layer, it is also important to analyze the
environmental impact associated with the implementation of PHEWs!l also be important to develop

1o (HydrogenCarsNow)
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a better understanding of other ways in which these vehidig®ctly and indirectlyaffect the
environmentsuch as the emissions of other harmful contaminants into the atmosphere.

The major threat @ the environmentis the commonly known greenhouse gaarbon dioxide
(CQ). In the context of this report, GQvill be considered to be the sole greenhouse gas related to the
operation and production of the PHEVEhe emissions of thegas aredirectly attributed to the
combustionof carbon fuels (such as gasoline, natural gas, caalo#étmer petroleum based fuels) in the
following manner:

Gasoline and diesel vehicles all undergo a combustion reaction, in which carbon dioxide is
produced as a byproduct along with water and heat. In this case, the actual emissions can be directly
calculated (in kg) from the chemical structure of fuel and the amount consumed per eathe
situation associated with the plda hybrids, however, the erssions are somewhat concealed. The
daily operation does not directly output any form of green house gas. Instead, it indirectly contributes to
the problem when the electricity used to powtre vehicle was obtained from a carbon emitting powe
plant.®

In Massachusettsthe top four methods forelectric energy generation are natural gas, coal,
nuclear and petroleunrespectively. Each means produces some form of harmful effectnatural gas,
coal and petroleum, the main pollutant is carbon dioxide, with small amounts of carbon monoxide and
NOx gasses. Nuclear, unlike the other hydrocarbons, does not directly emit carbon dioxide or other
chemicals typical of a combustion prosefnstead, it produces hazardous nuclear waste which must be
disposed of under strict safety regulation®f the top four, nuclear is the only source that can be
considered carbon neutral. Coal is the dirtiest burn (produces the mosp€&Qnit energy gnerated),
followed by petroleum and the natural gas.

Strictly speaking in terms of units of energlye large scale electricity production process more
efficiently creates energy than the ICEs can. In Massachugaigsprocess also produces less, @ér
unit energy. It is important to note that this is true in large because of the presence of cleaner burning
fuels such as natural gas as opposed to coal which is more widely used in other parts of thé'nation.

Aside fom the widely analyzed greenhouse gases, other common pollutants are associated with
the operation of both gasoline and electric powered vehicles. Nitrogen monoxides and nitrogen dioxide,
commonly abbreviated as N(jases are often associated with the cdmstion process. These
pollutants are generated when nitrogen (the most abundant element in air), reacts with the oxygen in
any combustion process. The reaction is unfabte at low temperatures, whichhecomes a
troublesome contaminant at higher temperaks. These gaseslong with other volatile organic
compounds (VOCs), combine to form the common phenomenon known as smog. Currently,,the NO
gasses associated with ICBee far greater than that of the electric generation processes in
Massachusetts®

Thesedifferencesdiminishthe carbon footprintleft by the transportatiorindustryand decrease
the harmful effects of VOCs associated with the daily operatiorebicles. This result vghat ultimately

18 (Xie)
7 (Net Generation by State by Sector)
18 (Reay)
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serves ashe driving force behind the governmeimtcentive programs that will promote the onset of the
vehicles in the future.

3.5. Incentives for Going Green

Various organizations and governments offer incentives to their citizens and customers for
redudng their environmental impacin other words,for W32 A y D NG\ Sayill 2brEeAly (o ttldey/
the various incentives offered by National Grid, EPA, the US Department of Energy, and various State
Governments.

3.5.1. National Grid Incentives

Forsmall businesses (customers with an average demesedof 200 kilowatts or less, or 40,300
kilowatt-hours or less, per month), National Grid offersambined rebate and loan prograffor the
installation of energyefficient equipment. National Grid provides a free energy audit and report of
recommended energy efficiendgnprovements. If theclient decides toimplement therecommended
improvements, National Grid will pay 80% of the cost of the installatiognefgy efficient equipment.

The remaining 20% can be paid off in the form of a zero interest loan over a maximum period of 24
months. Eligible energy efficient equipment includes: lighting upgrades, energy efficient time clocks,
photo cells for outdoor gjhting, occupancy sensors, programmable thermostats, and-watlooler
measures.

Energy Staris a joint program of the & Environmental Protection Agency and the US
Department of Energthat facilitates bothmoneysavingsand environmentprotection through energy
efficient products and practiceResults are already adding ggAmericanswith the help of Bergy Star
saved enough energy in 2007 alone to avoid greenhouse gas emissions equivaieose from 27
million cars, all while saving $16 billion on their utility billhe programprovides for examplethe
opportunity to purchase lergy Starlight bulbs and fixtures at a discounted pricEheselighting
products consume an average of 75% less energy and last 1 times longer than traditional light
bulbs. The National Grid (Mass Electric) New Construction program offers incentives and technical
support to help their customers who are building an Energy Star certified home. In addition, the Energy
Star Rebatgrogram offers various rebates to National Grid's residential customers for the purchase
and/or installation of certain Energy Star certified equipment. Eligible equipment includes lights,
washers, room air conditioners, refrigerators, central air conddrs, heat pumps, and ECM tas
installed in gas furnaces, anelrates range frontwo dollars to three hundred dollars

3.5.2. Massachusetts Government Incentives

State Income Tax CreditMassachusettgprovides an income tax credit for individuals who install
renewable energysystems (solar or wingdowered) in their residences. The credit is 15% of the net
expenditure (including installation) for the system, or $1,000, whichever is less.

1% (National Grid)

28



State Sales Tax Exemptioistate law exemptghe user from the state sales tax fdhe sale of
equipment directly relating to any solar, wind, or heat pump system to be used as a primary or auxiliary
power system for heating or otherwise splying the energyeeds of a person's principal residence in
the state.

Corporate Income Tax DeductiorA business which purchases a qualifying solar or ‘powlered
climatic control unitor water heating unitis allowed to deduct from its net income, for state tax
purposes, any costdncurred from installing the unit, provided the installation is located in
Massachusettand is used exclusively in the trade or business efctbrporation

3.5.3. Federal Incentives

The US Department of Energy has decided to provide around $20 Ailfimn further
development of advanced batterider PHEVs. The primary concern for developers is a reduction in
battery size and weight and a simultaneous increase in the capacity and efficietioy battery. The
research fund will be utilized for achieving this goal.

Connesticut ®nator Joseph Lieberman believes t#t percent of all the new cars sold in the
U.S. ought to behybrids within two years, no matter how much they cost asthtes thathe will
introduce a bill that would make the hybrid quota the law, in part to reduce global warrielgerman
predicts that plugin hybrids could use alcohehhanced fuel to achieve up to 500 miles per gallon and
contribute to the reduction in hydrocarbopollution. By 2014 Lieberman would require 50 percent of
the new cars sold in America to Igbrid electricor based on some other gasolisaving technology.
Liebermanand Senatodohn McCain, a Republican from Arizan&roduced a similar bill last year but it
was defeated 6€B8.

A tax deduction reducethe amount of income for which one tsxed. For example, the
O dza (i 2 dM&bidcome s $50,000, a $2,000 dedtion would reduce it to $48,000. Sthe
customerwould pay taxes on an income of $48,000 instead of $50,000. This rheaastual savings
would be a fraction of the $2,000 deductiontiie customerfallsinto the 28% tax brackehe will save
just $5@ from the $2,000 hybrid tax deduction.

A tax credit reduces the total amount of income tane owes. So, if a persoawed $10,000 in
federal income tax, a $2,000 credit would reduce the amcdumbwed to $8,000. With a creditis
actual savings would BE&2,000.

For the 2006 tax year, hybrid vehiclaghen purchased neywwere allocated upwards of a
$3,150 tax credit to help offset some of the hybrid automobile expense premiuming the 2006
legislative session, the Minnesota legislature establishgdugin hybrid electric vehicle (PHEV) task
force. This task force was assigned the responsibility to look intciplagbrid vehicles and identify
barriers to their adoption and discuss strategies to overcome these barriers. The final report proposed
the following incentives for owners of hybrid phirg hybrid vehicles

20 (US Department of Energy)
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Acquisition Incentives

Federal PHEV Tax Credithe federal tax credit that was directed iafluencing purchase of hybrid
vehicles was originally set at $3000. That credit decreasetheasléemandfor hybrids increasedit is
currently at $1575.

State sales tax exemptiofor PHEVs (6.5%)
Reduced priceor freelicense plates

Feebates: Develop and implement a graduated feased system that penalized dirty technologies and
reward clean technologies. Fbates are tax neutral fee incentive combinations.

Plugin-partners type coalition Collecting shadow orders for PHEV#ftuence production

G¢NB . ST2NB | :dodner.odzhait tetiNGse [idbgrams fpotential PHE buyers to gain
experience and confidence in the technoldmgfore purchase

Small demo opportunity RSLJX 2@ Ay 3 Ay &l h! w/LIFwWND [INER 30NKESY  GFE2NE t6
0dz2¢ FT2NJ O2y adzySNA ®

Assessment of externality value of Twin Cities air qualitise as a guide to value of state support for
avoidance.

Use Incentives

1. Free parkingn publicly owned garages

2. Free battery recharging ipublicly owned garages or parking lots
3. Gas Taxedree or reduced for PHEVsS

4. Reduced electric ratedor transportatian/state purchased electricity for transportation (free to
user)

5. Free access to commuter lanes

6. Fee for acces® non-attainment or congested urban areathisfee is waived for PHEVEhe fee for
access concept is used in Londdmansponder technology could be used to track trips and record
access.

7. Require University of Minnesotavehiclesand other state university vehicles (on campts)be
renewably powered

8. Lottery for a PHEV givaway:. to attract attention and provide publigit
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9. Create a special designatidior clean transportatiorand recognize communitiegor public service
fleets that meet criteria; could be modeled after the ENERGY STAR rating for appliances.

10. Insurance poal develop and finance amsurance pool that would reduce or offer free insurance
rates for PHEVs

11. Freepublic transitfor owners of PHEV

12. Packaging a number of incentives togeth&r create enough value to buy down PHR&back
time.
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4. A System Dynamics Model of
PHEVs Growth

4.1. Reference Modes

It is necessary to establish a set of reference mobefore beginning any modeling of the
system under study. The reference modes define expected behaitbe major variable in the siam.
In the model, one suclvariable is the growttof PHEVswhich can be matched to the reference modes
2F YHRikN WYhOSNAEKR2YR W dad 268 oL iatSEI ENI A a 20 FA 2 dza
referencemode that should be established iy1e model The next sectiomill briefly discuss each of
the three reference modes and how they occur.

4.1.1. No growth

This reference modis withessedvhenthe modeldemonstrates little or no growtin the major
variable of the system under study, nameMEVsThis type of behaviads clearly undesirable because it
would imply that the policies implemented the model are not effectiveln this case another set of
policies will have to be introduced intbe modelto account for the lack of growth

of Hybrid Plug

No

DI
—

—

Figure4-1 Curve shape for no growth reference mode

Time f vears

There are several possible scenarios that produce this behavior. Firstly, if the appeblHys
does not increase, therwill not be a significant number of manufacturers and potenbalers of
PHEVswithin the observedsystem. Consequently, the number BHEV®n the roadwill not take off.
Secondly, if the governmeraind National Grid do not offer incentives to pateal buyers ofPHEVsthe
cost of the vehiclewvill not decrease As a result, they will have a lewappeal and the number of
PHEVsn the road will not increase.

These are just a few examples of what poss#taations might fostetittle or no growth of
PHEVSA detailed study of edcfactorwill follow in the sectiord.3, Feedback Loops
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4.1.2. Overshoot and collapse

The potential for an overshas another reference modthat may occur during the simulation of
the model. It is produced whethe major variable PHEVsgrows very rapidly; reachesa peak and then
collapse. This type of behavior occurs when several strong causal loops influence the ch&iEVs
and one of themrgsultingin a decline irPHEVsbeco