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Abstract  
The following document has been prepared in partial fulfillment of the requirements as a 

Bachelor of Science at Worcester Polytechnic Institute. 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 Naqvi 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 authors will be trying the address the possible impact of the advent of Plug-In Hybrid 

Vehicles (PHEVs) in Massachusetts. With National Grid as a sponsor, the authors will aim to address the 

impact on the electricity distribution sector and National Grid as a whole. In order to do this, the authors 

will study the time variation of daily electric demand for Massachusetts, which has been provided by 

National Grid.  

According to this data, the authors decided 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 does not require investment in additional electricity generation or distribution; 

ŀƴŘ ǎŜŎƻƴŘƭȅΣ ǘƘŜ ŜƭŜŎǘǊƛŎƛǘȅ ǳǎŜŘ ŦƻǊ tI9±ǎΩ ŎƘŀǊƎƛƴƎ ǿƛƭƭ ǘƘŜƴ ŎƻƳŜ ŦǊƻƳ ŎƭŜŀƴŜǊ ŀƴŘ ǊŜƴŜǿŀōƭŜ 

energy sources such as nuclear and hydro-electric power generators. 

To do the same, the authors will 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 advent in the 1950s has enables the 

development of forecasting models that inform policy and decision makers of the impact/effect of their 

policies if implemented in a given system. The authors have also decided to use System Dynamics 

Modeling because the system (comprising 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 various modeling, research, and sensitivity exercises conducted during the course 

ƻŦ ǘƘƛǎ ǇǊƻƧŜŎǘ ǎƘƻǿ ǘƘŀǘ tI9±Ωǎ Řƻ ǘŀƪŜ ƻŦŦ ŀƴŘ ŀǘǘŀƛƴ ŀ ǎǳǎǘŀƛƴŀōƭŜ ǾŀƭǳŜΣ ŀǎ ǿŀǎ ǘƘŜ ŘŜǎƛǊŜŘ ƻǳǘŎƻƳŜΦ 

The impact on National Grid is minimal and the daily electric demand variation does not change 

significantly. On the finance side, the costsκŜȄǇŜƴǎŜǎ ƛƴǾƻƭǾŜŘ ŦƻǊ ƭŀǳƴŎƘƛƴƎ tI9±Ωǎ ǎǳŎŎŜǎǎŦǳƭƭȅ όōƻǘƘ 

upfront and long-term) are minimal. However, this will only occur if the right policies and procedures are 

followed by National Grid, the government, and the consumers.  
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1. Introduction  

1.1. Problem Definition and Background  

The post 21st century era has seen an incredible change in world resources and environment, 

which has directly affected the entire human race. The gradual realization of the existence of serious 

problems such as global warming and the inevitable depletion of non-renewable energy resources has 

necessitated a drive towards intensive research and strategies to bring forth solutions that are often 

radical in nature. This drive has fueled a dynamic game of global politics, which has several effects on 

the problems as well as their solutions. The world today is dynamic; it changes every day, with every 

change influencing several other changes in a vast network of feedback loops. This project is a humble 

attempt to assess a very small part of the world dynamics. The overall goal of conducting this research 

project will be to understand some of the transportation problems facing the world today and evaluate 

the feasibility of a particular solution to these problems. The vision that this project aims to achieve is a 

positive contribution to the world in general which makes it a better place to live in. (For a 

comprehensive outline, please see Section 2.3. Goals and Objectives) 

National Grid is a well recognized for-profit organization ς operated as a regulated monopoly, 

which distributes electricity to consumers in the North Eastern part of the United States. The 

Massachusetts division of National Grid is the sponsor for this project, and hence the research shall be 

based on how to introduce positive policy changes to this organization. The chief solution to the 

problem previously mentioned that this project will address is the development of alternative energy 

vehicles. This study deals with the Plug-in Hybrid Electric Vehicle (PHEV) as a viable option to be adopted 

by consumers in an attempt to solve the problem of global warming and the diminishing energy 

resources.  

This project will ultimately assess the impact of PHEVΩǎ ƻƴ ǘƘŜ ǎǘŀǘŜ ƻŦ Massachusetts, paying 

particular attention to its effect on National Grid. Since PHEVs rely on grid-based electricity as their 

primary energy source, it is incumbent upon decision makers in National Grid to understand the effect 

of PHEV penetration on their power grid. The annual average electric demand has shown a continually 

increasing trend in Massachusetts over the past few years due to longer and hotter summers and the 

consequent prolonged usage of air conditioners and other temperature regulatory equipment. The 

increased demand is also evident from the following graph of demand variation for residential 

consumers over the last five years. 
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 This is usually an additional and unforeseen cost for National Grid, which forces them to use 

low efficiency, less economical power stations to prevent load shedding and compensate for the 

additional peak demand. An increase in the electricity demand during peak hours due to the 

introduction of PHEVs would be very undesirable for the power generation companies and would raise 

the cost of electricity they sell to the National Grid.  

The primary purpose of this project will thus be the development of a dynamic model which will 

enable various decision makers to predict the maximum sustainable amount of PHEVΩǎΣ ŀƴŘ plan 

electricity supply accordingly. The resulting question that will be answered upon completion of this 

project is: 

ά²Ƙŀǘ will  be the impact of plug-in hybrid electric vehicles on the power 

distribution system in MassachusettsΚέ 

In answering this question, several factors that affect the predictably of the growth of PHEVΩǎ 

shall be studied. Some of these factors will be dealt with in greater detail, as they have a more 

significant effect on the dynamics of growth in PHEVs. These include the effects by and on National Grid, 

the environment and the consumers of PHEVs. The specific research data and statistics prevalent to the 

model will be inputted such that ǘƘŜ ƳƻŘŜƭΩǎ results simulate real-world behavior. Many secondary 

factors that do not have significant impact on the overall dynamics of the system will also be introduced 

at various intervals into the model in order to create an accurate model. This will serve as an integral 

part of the sensitivity analysis (see Section 5.1. Sensitivity Analysis for further details). For the 

compilation of the results, a final system model will incorporates all of the major factors as well as some 

of the minor factors affecting the growth of PHEVs. This project outline is geared towards the 

achievement of the above explained vision and goals for all people involved in the project.  

1.2. Alternative Propulsion  Technologies  for Vehicles  

 Plug-in Hybrid Electric Vehicles (PHEVs) are only one type of alternative energy vehicles. In the 

model, the primary focus will be on PHEVs and traditional internal combustion engine vehicles. This 

 

Figure 1-1 Growth in electric demand from 2002-07 for residential customers 
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does not imply that the model will be the correct and the only outcome in the future; rather, it is just 

the primary focus of this project and an underlying assumption.  

 There are many other types of alternative propulsion technologies in development and all are 

offeǊƛƴƎ ŀ ǎƻƭǳǘƛƻƴ ǘƻ ŀƭƭŜǾƛŀǘŜ ǘƘŜ ŎƻǳƴǘǊȅΩǎ severe dependence on petroleum based fuels and help 

reduce the subsequent green house gases that are produced. Before deciding to analyze PHEVs as a 

solution to the energy crisis, other options currently in development must be considered. This section 

gives a brief description of the current and projected technologies that have been suggested by 

researchers and scientists. 

1.2.1. Fuel Cells 

 Fuel cells are another form of alternative technology currently being explored for adaptation in 

vehicles. They are similar in comparison to an electric vehicle in that they are operated by electric 

motors. They differ, however, in that they rely on fuels cells as opposed to batteries as a method of 

electricity supply into the motors. Fuel cells undergo a chemical reaction that requires a constant input 

of reactants, whereas a battery uses a chemical to store a charge. For use in cars, fuel cell vehicles 

(FCVs) have been projected to be in production around 2010, the same time frame as the PHEVs. 1 

The current model for these FCVs will use hydrogen as a source of power and will produce water 

and heat as direct byproducts of the chemical reaction. The current fuel cell technology will support a 

total mileage of 200 or less. They will convert hydrogen into electricity through the flow of electrons 

through the cell, which can then be used to operate electric motors. Fuel cells have been rated at 50% 

efficiency. Half of the energy produced is in the form of usable energy (electricity), while the remainder 

is dismissed to the environment as heat. Hydrogen powered FCVs claim to offer true zero emission 

vehicles during the physical operation of the vehicle. 2 

 

Figure 1-2 IƻƴŘŀΩǎ ŎƻƴŎŜǇǘ ƘȅŘǊƻƎŜƴ fuel cell car 

                                                           

1
 (U.S Department of Energy) 

2
 (The California Fuel Cell Partnership) 
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 The FCV in development, however, faces a major hurdle of Hydrogen fueling and delivery. In 

order to facilitate the transformation from gas to fuel cell vehicles, the fuel infrastructure must be in 

place. Currently no such infrastructure is developed in Massachusetts, hindering anyone that operates 

such a vehicle to an extremely limited range. FCVs also face the problem of storage and production of 

hydrogen. Currently, hydrogen storage is large, bulky and heavy, reducing the effectiveness 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 fuels. Producing hydrogen on a large 

scale is also a major hurtle that must be overcome. It is extremely expensive. Another major concern is 

the safety related to hydrogen fuel cells. All these factors of storage, production and cost make FCVs an 

option that is will not be feasible until the technology improves. There might however exist a possibility 

ǘƻ ŘŜǾŜƭƻǇ C/±Ωǎ ŦǳŜƭŜŘ ōȅ ƎŀǎƻƭƛƴŜ ƻǊ ŜǘƘŀƴƻƭ ƛƴ ǘƘŜ ǎƘƻǊǘ Ǌǳƴ ŀǎ ƛǘ ǿƻǳƭŘ ŀǘ ƭŜŀǎǘ ŘƻǳōƭŜ ǘƘŜ Ǝŀǎ 

mileage currently available from the internal combustion engine.3 

1.2.2. Traditional Hybrids  

 Traditional hybrids differ from PHEV in that they use a combination of a traditional internal 

combustion engine and electric motors to produce their power. They currently offer a widespread 

alternative to a traditional internal combustion engine vehicle. They have the ability to operate with one 

or both systems in conjunction with each other. Normal city driving is stop and go; the electric motor 

would be used during this time, saving gas. For longer, consistent periods of use, the ICE would be used 

to run the vehicle and simultaneously charge the battery. 

The traditional hybrids produce their own electricity, with no need to be plugged in. Currently in 

production around the world, they have established a known customer base. These cars are more fuel 

efficient than most traditional cars, which is a major draw to the vehicles. Current hybrids models are 

rated at around 35 miles per gallon (MPG), offering a 10 MPG increase over traditional gasoline vehicles. 

In addition to the increased fuel efficiency, the infrastructure needed to support this type of technology 

is regularly available and nothing new has to be added to the transportation infrastructure to 

accommodate them.4 

                                                           

3
 (U.S Department of Energy) 

4  (Toyota Motor Sales USA Inc.) 
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Figure 1-3 Toyota 2008 production Prius 

The main drawback to this alternative is that it still depends on an internal combustion engine 

for much of its power. This means that they are still dependant on petroleum based oil thus still produce 

green house gases, although at a decreased rate. In this transition phase, traditional hybrids are 

currently priced is at $10,000 greater than a traditional gad vehicle.5  

 

Figure 1-4 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 years. They are very similar to the 

idea of PHEVs, in that they use electricity to drive motors, but they do not require an internal 

combustion engine to operate and they run purely on electricity. In the transportation industry, there 

are many options to this, including solar arrays that would power cars, and battery technology that 

would store electricity. In theory, these vehicles would pollute even less and would potentially fit the 

zero emission standards of the government, which in turn will reduce oil dependencies in the future.  

                                                           

5
 (Toyota Motor Sales USA Inc.) 
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Pure electric vehicles are optimal, but they face some of the greatest challenges. The current 

battery technology is insufficient to support a vehicle that operates solely on electricity. They are too 

heavy, bulky and do not store a charge long enough. These batteries would make the car too heavy and 

inefficient for practical daily use. The idea of solar powered cars has floated around as well. They too 

face their limitations in storage and conversion technologies. Some areas of the country only receive 

limited sun, due to weather and other factors.  6  

In the long run, it seems that the pure electric vehicles have the potential to be accepted, but 

they require the most investment and also a further research in battery technology and increasing their 

limited range, in order to become a viable alternative to gas powered vehicles.  

                                                           

6
 (Heath) 
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2.  Project Description  

2.1. Definition  

In order to provide a comprehensive definition of this project, it is necessary to define first the 

terms that will be referred to frequently in this report. The variables studied in this project consist of 

various factors that govern the demand for the Plug-in Hybrid electric vehicles. These variables 

dynamically change the behavior of the growth of hybrid plug-ins in the area (the state of 

Massachusetts). In this case, the system comprises of a collection of major and minor variables that are 

logically and technically connected to the change in the number of operating hybrid plug-ins over a 

designated period of time. Finally, the proposed model is a virtual simulation of this system and its 

variables which will forecast the change in hybrid plug-in dynamics. 

The project is therefore the design of a dynamic model of the previously mentioned system and the 

study of the various scenarios created by it using computer simulation 

This definition is consistent with the previously mentioned question outlined in the problem 

definition. The next section, will describe the major system variables, including how they are particularly 

relevant to the behavior of the model. 

2.2. Understanding the system variables  

In order to understand the complicated system being studies, it is essential to comprehend the 

significant variables describing its behavior. The following are definitions of all pertinent variables that 

form the scope of this project. 

2.2.1. Hybrid Plug -ins 

This variable is defined by the total number of hybrid plug-ins in Massachusetts over an 

extended period of time, such as 50 years. This quantity can be further broken down into hybrid plug-ins 

on the road and hybrid plug-ins available for sales, which are dynamically affected by the sales, 

production, and scraping of hybrids. Production and sales of hybrid plug-ins are also affected by appeal 

of hybrid plug-ins in the market, since automobile manufacturers and buyers make decisions to produce 

or buy hybrids according to their appeal in the market. 

2.2.2. Traditional Cars  

The current norm for transportation ƛƴ ǘƻŘŀȅΩǎ ǎƻŎƛŜǘȅ ƛǎ ŜƛǘƘŜǊ ƎŀǎƻƭƛƴŜ ƻǊ ŘƛŜǎŜƭ ǇƻǿŜǊŜŘ 

vehicles. In this analysis, these ICE vehicles are directly linked to the increase in PHEVs. As the demand 

for gas vehicles decreases, demand for the plug-in hybrids will increase. Factors in this analysis include 

rising gas prices, maintenance costs, annual sales and the number of vehicles in Massachusetts at any 

particular time. 
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2.2.3. Hybrid Appeal  

This variable is used to model the abstract phenomenon of how attractive PHEVs are as an 

automotive option. This factor is affected by the capital and operating costs of both PHEVs and 

traditional cars. It is also affected by the number of each car type on the road. The appeal variable is 

directly proportional to the sale of hybrids such that if the appeal for hybrids increases, there will be 

more hybrids sold. 

2.2.4. kWh Demand and Supply  

Kilowatt-hour (kWh) demand is the amount of electricity that is demanded throughout a 24 

hour period by the consumers in Massachusetts. In the model, it has been assumed that the supply 

capacity can accommodate current demand as well as reasonable overload. It can also be expanded if a 

sustained increase in load is experiences.  

2.2.5. National Grid  Revenues and Expenses 

Since the growth of the model is restricted to electricity used by PHEVs, the revenues expressed 

by the model are only due to electricity sold arising from PHEVs. PHEV batteries require charging once 

they are drained, so consumers will be charging their vehicle batteries and thus using an increased 

amount of electricity. The additional expenses incurred by National Grid are associated with supplying 

the additional electricity to home users arising from extra electricity needed to charge PHEVs. The cost 

associated with buying electricity from generating plants is also incorporated into the system since 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 depict the behavior of how cash (accumulated 

profit) will change as a result of electricity usage by PHEVs.  

2.2.6. Troughs and Peaks for Electricity Demand  

The traditional electric load profile for all consumers in Massachusetts over a twenty-four hour 

time period has peak electricity 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 distribution system. The optimal outcome of the introduction of PHEVs would be to have a 

nearly constant demand throughout 24 hours of the day, which maximizes the distribution resources. In 

theory, the implementation of ǘƘŜ tI9±ǎ ǿƛƭƭ ƘŜƭǇ ǘƻ ƻōǘŀƛƴ ǘƘƛǎ ΨǘǊƻǳƎƘ ŦƛƭƭƛƴƎΩ ǊŜǎǳƭǘ ōȅ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ 

electricity consumption during off peak hours via overnight charging.  

2.2.7. Transformers and Substations  

 This section examines the life of the transformers and the associated factors that affect it. In 

modeling the life of transformers, a better understanding will be developed for how the load curves 

affect transformer life and the subsequent measures that National Grid might be required to take. This 

will attempt to predict how the life of the transformer will be affected as more PHEVs come on the road 

and hence how long the current equipment will last. To do this, a generic transformers and substations 

will be analyzed as well as daily load curves estimated from previous data.  
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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 the major greenhouse gas carbon dioxide, emitted by the internal 

combustion engine, will continue to contribute to global warming. By introducing PHEVs, there will be 

an anticipated decrease in these harmful emissions. In Massachusetts, using electricity is less harmful to 

the environment per mile driven than the purely gasoline powered vehicles. As the public and 

lawmakers become more conscious of this environmental impact, this result will help drive demand 

away from the traditional gas 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 of the ways energy 

associated with the transportation sector of society is supplied and converted from thermal to 

mechanical or from electrical to mechanical energy. This portion of the model is designed to gauge the 

impact on PHEVs if certain economic policies are implemented. The rationale behind these policies is 

simple: a tax credit would be merited if the amount of harmful environmental emissions associated with 

the operation of the hybrids is less 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, it is important to understand what the 

effects of implementing PHEVs will be. This will then give insight into what actions may need to be 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 modeling is a powerful tool that allows for 

the understanding of such systems and can give fairly accurate behavioral insight into any changes that 

the system faces. There are numerous studies and methods of approach that can be conducted based 

on PHEVs in society. Due to limited time constraints, however, the study will be narrowed down to 

achieve a specific set of objectives. 

The main resource that will be affected by PHEVs is electricity. Of all entities, electricity 

distribution companies such as National Grid will arguably be affected the most. If PHEVs attain 

popularity and begin to grow, an additional demand on electricity will be imposed. PHEVs are also likely 

to grow as gas prices increase and electricity prices remain competitive in relation to gas. National Grid 

and other distributors will need to account for this growth and prepare themselves to be in a position to 

meet these increases in demand when if the situation arises. One major endeavor in this project is to 

forecast this behavior of increase in the electricity demanded per day due to an increasing number of 

PHEVs in operation.  

By taking into account the affect of increased electricity demand on substations and 

transformers within the model, an understanding has been developed of the relationship between cash 

acquired by National Grid and the depreciation of transformers used by it. This will give insight as to 

when capital investment into substations may need to be performed, which may prove useful to 

companies such as National Grid for planning purposes. 
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PHEVs are primarily popular due to their environmentally friendly nature. Since they mostly run 

on electricity, they produce virtually no harmful carbon emissions during their actual operation phase, 

and significantly less overall (including electricity generation). If PHEVs become popular and replace gas 

cars on the road, this would equate to a significant reduction of emissions that damage the 

environment. The model will also be used in an attempt to forecast how 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 report, System Dynamics modeling will be 

used as a method of approach. System Dynamics is a unique subject that uses computer based modeling 

to predict possible outcomes of a system. This form of modeling can be applied to many areas of 

interest, ranging from economics to business and health care. The model represents a problem that a 

system faces. At first, it is modeled to show how the system would normally behave. The model is then 

modified using policies that will hopefully help the system from either collapsing or failing. As with 

anything that can be modeled, however, there will never be a model that is completely correctτall 

models are somewhat wrong, because reality is unpredictable. 

The first step to modeling is the determining a reference mode. The reference mode is based on 

ƘƛǎǘƻǊƛŎŀƭ Řŀǘŀ ǘƘŀǘ ǎƘƻǿǎ Ƙƻǿ ƻǘƘŜǊ ǎȅǎǘŜƳǎΩ ōŜƘŀǾŜ ƻǾer time. The reference mode often reflects the 

problem as how the system will behave if left alone then the solution showing how the model should 

behave once new policies are implemented. 

Once the reference mode has been completed, the next step is to build a dynamic hypothesis. 

The dynamic hypothesis represents the overall model. It shows which are the key factors to consider in 

the model, how each of the factors affect each other, the different flows between the factors and also 

the feedback loops within the system. A dynamic hypothesis is built showing the different connections 

between the factors. The factors are linked together with arrows and then positive and negative 

symbols showing the growth and decline that each factor has on the other. Using this overall diagram, 

the positive and negative feedback loops can be seen. Looking at all the factors, their connections and 

the feedback loops together, they serve as the basis for building the model. 

Model construction takes into account all the factors mentioned in the dynamic hypothesis and 

several minor factors that are not included in the model. The factors are represented as stocks and the 

connections as flows. The stocks represent an amount of an item such as money, people, cars or any 

other measurable item. The flows represent the change in the stocks, both the inflow and the outflow. 

Examples of these flows might include birth rate, death rate, money saved or money spent. Converters 

are other major or minor factors that affect both stocks and flows. Combining all the stocks, flows and 

converters leaves the basic concept of the model. They are then given numerical values and relating 

equations to make the system work. Once all the parts have been added, the model is tested. When 

done correctly, the first model will create similar to those predicted in the reference mode. This exposes 

the problem that the system faces and how the system is threatened.  
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Once the first simulation runs, the model represents the problem that the system faces. The 

next step is to implement different policies that will affect the model in such a way that it will stop the 

system from collapsing or failing. The policies that are implemented are designed to have the system to 

behave in a certain, preferred manner. They can be represented as government regulations or as some 

sort of industry standard that will affect the system. Once these policies are written, the model is run 

again to demonstrate how the system behaves with the new policy in place. This type of experiment is 

known as a sensitivity analysis. If the system responds well, then the policy that was implemented 

represents a possible solution. If the system does not respond well, then a new policy must me written 

and then retested. With multiple policies, the best one or combinations of the policies are implemented. 

These policies are put into effect and a game is created allowing users to change the parameters of the 

policy and seeing how the system behaves. As with all models, this too will be wrong. The 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, XP-883 was introduced in 1969 by General Motors7. The term plug-in 

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 concept cars were only prototypes, and were never meant for full production and 

their cost was nearly double that of a comparable ICE vehicle8. Still, the idea remained afloat and many 

of the major auto industries still expressed interest. 

PHEVs prototypes of the past are differentiated from the newly introduced prototypes by a few 

key factors. Recently, the idea of house hold plug-in, battery types, capacity and the instability of fuel 

cost, have all driven PHEV popularity to rise. New PHEVs that are planned for production later this year 

and in the next few years are planned to use lithium-ion batteries. The older models of PHEVs used lead-

acid batteries9. The lithium-ion batteries offer several distinct advantages over the former, and will be 

discussed later in this section (3.3.5 Plug-in Hybrid Battery Technology). These PHEVs are designed and 

marketed to be plugged-in to an ordinary 110-volt household socket to be charge. This was also offered 

in the XP-883 and the Audio A4, in 220 voltages for the European market, but during their time it was 

considered a hassle to plug them in. 

¢ƘŜ Ŧƛƴŀƭ ŦŀŎǘƻǊǎ ŀŦŦŜŎǘƛƴƎ ǘƻŘŀȅΩǎ tI9±ǎ ƛǎ ǘƘŜ ǊŜŎŜƴǘ ŀŘǾŜƴǘ ƻŦ ƎƻǾŜǊƴƳŜƴǘ policies toward a 

greener transportation industry along with the sustained increase of fuel cost. Over the past years, fuel 

prices have ranged greatly. Driving this dramatic shift, crude fuel costs have also risen with oil prices 

recently, peaking at an all time high of $105 per barrel10. All of these factors ultimately contribute to the 

rationale behind why PHEVs may be adopted. 

3.1.2. PHEVs vs. Gas Hybr ids 

PHEVs are hybrid electric cars that run on batteries for a limited period, 40 miles, then on 

combination of an internal combustion engine and batteries for longer period, 400 miles. What makes 

these types of vehicles different from a current model hybrid is the plug-in aspect. While current model 

hybrids work in a similar wayτbatteries for short then an ICE for longer periodsτthey cannot be 

plugged in to a wall socket to be charged. The PHEV design focuses more on the battery-only range of 

these vehicles. They are designated by their 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 hybrids of a greater battery only range. Like other electrical devices, they can be plugged in 

                                                           

7
 (Norbye and Dunne)  

8
 (Vermie) 

9
 (Norbye and Dunne)  

10
 (Associated Press) 
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while stopped during a long road trip without needing to stop at a gas station. The current traditional 

hybrids rely solely on their ICE to provide power to charge their batteries. PHEVs will have an overall 

better range because they rely more on these batteries with the ICE as a secondary source of energy and 

charging. 

3.2. Electricity Usage  

To optimize the usage of the electricity distribution system, it is very important to accurately 

gauge the supply of electricity according to the electricity demand. To do this, it is important to first 

understand the cyclic demand profile as it varies throughout the day. 

To better cater to the needs of its large variety of clientele, electric utilities have separated the 

customers into eleven groups according to their major characteristics. Each sector distributes electricity 

in accordance to its specific demand throughout the day. The sectors are as follows: 

R-1: Residential Regular: This sector caters towards general residential customers. The maximum electric 

supply for this sector does not exceed 2500 kWh per annum per household. The distribution charge per 

kWh for this sector is 2.52 cents. 

R-2: Residential Low Income: This is a minor subsector that has a similar tariff to the R-1 class. However, 

the rates are subsidized to adjust to the budget of low income households. The distribution charge per 

kWh for this sector is 0.376 cents. 

R-4: Residential ς Time-of-use: This sector caters 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 R-1 (6.312 cents per kWh) 

G-1: General Service ς Small Commercial & Industrial: This sector, as its name suggests, meets the 

requirements of small-scale industrial and commercial establishments. The distribution charge per kWh 

for this class is 4.017 cents (note that this is higher than R-1 but lower than R-4 charge) 

G-2: General Service ς 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: Time-of-Use: This sector meets the requirements of large scale industries that do not have 

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 electrical demand is exceeds 25 MVA. The average distribution charge 

per kWh for this class is thus $3.80. 

In the analysis, overall electricity demand in conjunction with the individual demand curves will 

primarily be used for the regular and high income residential sectors. The Regular Residential sector, R-

1, factors in the average residential customer who consumes no more than 2500 kWh per month, and 

Time-of-Use Residential, R-4, takes into account residencies which consume greater than 2500 kWh per 
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month. It is a simplifying assumption that the demand for PHEVs will be within these two sectors. For 

more information on the rates tariff for each class/sector, refer to Appendix D. 

 

Figure 3-1 Total Industrial Demand. Average from July 2004 ς June 2007 

 

The overall demand for electricity has a peak around midday, while creating troughs during the 

night hours. During the areas of high demand, it is important that the distribution company is able to 

supply the required amount of electricity to meet this demand. Because of this additional infrastructure 

needed for this increased capacity to accommodate the peaks, the resources are not being maximized 

during off peak hours.  
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Figure 3-2 Total Residential Demand Profile for R-1. July 2006 ς June 2007 

 

Figure 3-3 Total Residential Demand Profile for R-4. July 2006 ς June 2007 

 For the residential sectors (R-1 and R-4), it is important to take into account the increase in 

demand over its peaks. Although the overall demand profile in Massachusetts produces a trough at 

night, the residential sectors are experiencing peaks during the night hours. However, for the purpose of 

modeling, an assumption has been made that all the substations in Massachusetts are inter-connected. 
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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 influenced by the industrial 

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 transformers in the substations and hence they will 

continue to function as expected.11  

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 energy is 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 storage plant in Germany, 

making use of natural underground caves for compressed 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 during the night and 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 energy is 

used in a turbine generator to help the electricity network during periods of high demand.  

CAES was developed in the early 1970s. It uses compressed air to turn a turbine, which in turn, 

produces electricity. The concept is simple, efficient and clean. Air is forced into an underground cave or 

mine during off peak hours using a compressor. When electricity is in higher demand, it is released, 

rotating a turbine and generating electricity. In 1973, the first CAES power plant 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 alternative fuel that can be used to power vehicles. 

This idea can be potentially useful due to a number of reasons. The costs involved to compress the air to 

be used in a vehicle are less than those involved with a normal combustion engine. As a fuel, air is also 

vastly more abundant, economical, transportable, storable and nonpolluting. The technology involved 

with compressed air reduces the production costs of vehicles by 20% because it is not necessary to 

assemble a refrigeration system, fuel tank, spark plugs or silencers. In comparison to purely battery 

operated vehicles, which after a while suffer from a reduction in performance from the batteries, the 

tanks used in a compressed air motor have a longer lifespan. 

                                                           

11
 These assumptions also form the crux of the recommendations to National Grid. Please see Section 6 for more 

information. 
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Figure 3-4 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 alternative fuel technology vehicles. For one, there is a limited range due 

to the current technology available in the market. The air engine suffers from similar problems to 

hydrogen vehicles in this regard. From an energy standpoint, the compression of air is less efficient than 

charging a battery with that same energy. Also, while the air engine reduces greenhouse gas emissions 

from the vehicle, the energy used to compress the air may not come from clean sources. For this reason, 

the assumption that air cars produce no harmful environmental emissions is not valid. Looking at the 

entire process, the overall efficiency is approximately one third of that of a comparable electric car.12 

Currently, there is some sort of experimentation taking place with this technology. Presently, in 

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 compressed air is released to drive the 

engine of the car. The compression of the air, as mentioned, is driven by on an-board battery. Details of 

the air-car peg the top-speed at 68 mph, and a range of 200-300 kilometers (up to 186 miles). These 

tanks containing the compressed air can be refilled at special stations, or using the on-board electric 

compressor in 3-4 hours. 

3.3.2. Pneumatic -Hybrid Electric Vehicle  

The idea of using compressed air as an energy vector can, for example, also be applied to a 

hybrid vehicles. In this case, however, the cylinders function on compressed air and an additional 

battery which uses electricity to create a vehicle powered solely on electrical-pneumatic propulsion. 

A Korean Company, Energine, is currently testing and producing such vehicles. The car uses 

compressed air when the car needs a significant amount of power, in situations such as starting up the 

car and acceleration. The electric motor comes to life once the car has gained normal cruising speed (12-

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

3.3.3.1 Usage in Cars 

Although they are not expected to reach the mass market before 2010, fuel cell vehicles (FCVs) 

may someday revolutionize on-road transportation. They represent a radical departure from vehicles 

with conventional internal combustion engines. Like battery-electric vehicles, FCVs are propelled by 

electric motors. While battery electric vehicles use electricity from an external source (and store it in a 

battery), FCVs create their own electricity. Hydrogen fuel cells onboard the vehicle creates electricity 

through a chemical process in which the hydrogen fuel reacts with oxygen from the air.  

FCVs can be fueled with pure hydrogen gas stored in high-pressure tanks. They also can be 

fueled with hydrogen-rich fuels such as methanol, natural gas, or even gasoline, but these fuels must 

first be converted into hydrogen gas by an onboard device called a "reformer." 

FCVs fueled with pure hydrogen do not directly emit any pollutants, only water and heat, while 

those using hydrogen-rich fuels and a reformer produce a 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 efficiency.14  

3.3.3.2 Efficiency 

The efficiency of a fuel cell is dependent on the amount of power drawn 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, the lower 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 current (so-called polarization curves) for fuel cells. A typical 

cell running at 0.7 V has an efficiency of about 50%, meaning that 50% of the energy content of the 

hydrogen is converted into electrical energy; the remaining 50% will be converted into heat. 

For a fuel cell operated 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 efficiency significantly and brings it near to the efficiency of a compression ignition 

engine. Furthermore fuel cells have lower efficiencies at higher loads. The tank-to-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 cells is how expensive they are. Many of the 

component pieces of a fuel cell are costly in of themselves. In order to be competitively priced 

(compared to gasoline-powered vehicles), fuel cell systems must cost $35 per kilowatt. Currently, the 

projected high-volume production price is $110 per kilowatt. 
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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 transportation along 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 vehicles.15 

The project is working with both governmental agencies and the private sector to produce this 

hydrogen corridor. The plans include the commercial feasibility of large-scale hydrogen fuel based 

vehicles such as cars, taxis, trucks and buses. Private vehicles will also be used in this globally anticipated 

study and fueling stations are to be completed so that a real-world test case can provide the evidence 

needed for a shift in the world's fuel dependence.  

3.3.5.  Plug-in Hybrid battery technology  

The question that challenges the plug-in investors is whether hybrid plug-ins will be successful 

or not. This question arises because these cars and more expensive than the conventional vehicles and 

hence they must provide some sort of benefit to reduce costs in the long run. One of the major factors 

which will determine whether this result will be observed is the battery. To better understand the 

factors involved with this brought category, a deeper look into the current battery technologies and the 

issues corresponding to it is 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 batteries are being used. Like other batteries, those that use 

lithium work by shuttling ions (electrically charged atoms or groups of atoms) between their electrodes. 

²ƘŜƴ ǘƘŜȅΩǊŜ ŎƘŀǊƎƛƴƎΣ ǘƘŜ ƛƻƴǎ ǘǊŀǾŜƭ ƛƴ ƻƴŜ ŘƛǊŜŎǘƛƻƴΦ ²ƘŜƴ ǘƘŜȅΩǊŜ ŘƛǎŎƘŀǊƎƛƴƎΣ ǘƘŜȅ Ǝƻ ƛƴ ǘƘŜ ƻǘƘŜǊΦ 

The most widely used have a positive electrode made from cobalt 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 lithium-based gel or polymer. These types of batteries are mainly used in 

laptops, and are not well-suited for the automotive environment, where they are subject to rapid 

discharging and recharging and much higher power demands and extremes of heat and cold. The 

problem is that the chemistry is not stable enough, so batteries suffer from overheatingτand 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 PHEVs. It will also be important to develop 
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http://www.eaa-phev.org/wiki/Prius_PHEV#_note-ev_range
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a better understanding of other ways in which these vehicles directly and indirectly affect the 

environment such as the emissions of other harmful contaminants into the atmosphere. 

The major threat to the environment is the commonly known greenhouse gas, carbon dioxide 

(CO2). In the context of this report, CO2 will be considered to be the sole greenhouse gas related to the 

operation and production of the PHEVs. The emissions of the gas are directly attributed to the 

combustion of carbon fuels (such as gasoline, natural gas, coal and other 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 year. For the 

situation associated with the plug-in hybrids, however, the emissions 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 power the vehicle was obtained from a carbon emitting power 

plant. 16 

In Massachusetts, the top four methods for electric energy generation are natural gas, coal, 

nuclear and petroleum, respectively. Each means produces some form of harmful effect. For natural 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 process. Instead, it produces hazardous nuclear waste which must be 

disposed of under strict safety regulations. Of the top four, nuclear is the only source that can be 

considered carbon neutral. Coal is the dirtiest burn (produces the most CO2 per unit energy generated), 

followed by petroleum and the natural gas.  

Strictly speaking in terms of units of energy, the large scale electricity production process more 

efficiently creates energy than the ICEs can. In Massachusetts, this process also produces less CO2 per 

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 the nation.17 

Aside from 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 NOx gases, are often associated with the combustion process. These 

pollutants are generated when nitrogen (the most abundant element in air), reacts with the oxygen in 

any combustion process. The reaction is unfavorable at low temperatures, which becomes a 

troublesome contaminant at higher temperatures. These gases, along with other volatile organic 

compounds (VOCs), combine to form the common phenomenon known as smog. Currently, the NOx 

gasses associated with ICEs are far greater than that of the electric generation processes in 

Massachusetts.18 

These differences diminish the carbon footprint left by the transportation industry and decrease 

the harmful effects of VOCs associated with the daily operation of vehicles. This result is what ultimately 
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serves as the driving force behind the government incentive programs that will promote the onset of the 

vehicles in the future.  

3.5. Incentives for Going G reen  

Various organizations and governments offer incentives to their citizens and customers for 

reducing their environmental impact, in other words, for ΨƎƻƛƴƎ ƎǊŜŜƴ.Ω ¢Ƙƛǎ ǎŜŎǘƛƻƴ will briefly outline 

the various incentives offered by National Grid, EPA, the US Department of Energy, and various State 

Governments. 

3.5.1. National Grid Incentives  

For small businesses (customers with an average demand use of 200 kilowatts or less, or 40,300 

kilowatt-hours or less, per month), National Grid offers a combined rebate and loan program19 for the 

installation of energy efficient equipment. National Grid provides a free energy audit and report of 

recommended energy efficiency improvements. If the client decides to implement the recommended 

improvements, National Grid will pay 80% of the cost of the installation of energy 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 lighting, occupancy sensors, programmable thermostats, and walk-in cooler 

measures.  

Energy Star is a joint program of the US Environmental Protection Agency and the US 

Department of Energy that facilitates both money savings and environment protection through energy 

efficient products and practices. Results are already adding up ς Americans, with the help of Energy Star, 

saved enough energy in 2007 alone to avoid greenhouse gas emissions equivalent to those from 27 

million cars, all while saving $16 billion on their utility bills. The program provides, for example, the 

opportunity to purchase Energy Star light bulbs and fixtures at a discounted price. These lighting 

products consume an average of 75% less energy and last up to 10 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 Rebate program 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 conditioners, heat pumps, and ECM motors 

installed in gas furnaces, and rebates range from two dollars to three hundred dollars. 

3.5.2. Massachusetts Government Incentives  

State Income Tax Credit: Massachusetts provides an income tax credit for individuals who install 

renewable energy systems (solar or wind-powered) in their residences. The credit is 15% of the net 

expenditure (including installation) for the system, or $1,000, whichever is less. 
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 State Sales Tax Exemption: State law exempts the user from the state sales tax for the 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 supplying the energy needs of a person's principal residence in 

the state. 

Corporate Income Tax Deduction: A business which purchases a qualifying solar or wind-powered 

climatic control unit or water heating unit is allowed to deduct from its net income, for state tax 

purposes, any costs incurred from installing the unit, provided the installation is located in 

Massachusetts and is used exclusively in the trade or business of the corporation  

3.5.3. Federal Incentives  

The US Department of Energy has decided to provide around $20 million20 for further 

development of advanced batteries for PHEVs. The primary concern for developers is a reduction in 

battery size and weight and a simultaneous increase in the capacity and efficiency of the battery. The 

research fund will be utilized for achieving this goal. 

Connecticut Senator Joseph Lieberman believes that 10 percent of all the new cars sold in the 

U.S. ought to be hybrids within two years, no matter how much they cost and states that he will 

introduce a bill that would make the hybrid quota the law, in part to reduce global warming. Lieberman 

predicts that plug-in hybrids could use alcohol-enhanced fuel to achieve up to 500 miles per gallon and 

contribute to the reduction in hydrocarbon pollution. By 2014, Lieberman would require 50 percent of 

the new cars sold in America to be hybrid electric or based on some other gasoline-saving technology. 

Lieberman and Senator John McCain, a Republican from Arizona, introduced a similar bill last year but it 

was defeated 60-38. 

A tax deduction reduces the amount of income for which one is taxed. For example, if the 

ŎǳǎǘƻƳŜǊΩǎ taxable income was $50,000, a $2,000 deduction would reduce it to $48,000. So, the 

customer would pay taxes on an income of $48,000 instead of $50,000. This means his actual savings 

would be a fraction of the $2,000 deduction. If the customer falls into the 28% tax bracket, he will save 

just $560 from the $2,000 hybrid tax deduction. 

A tax credit reduces the total amount of income tax one owes. So, if a person owed $10,000 in 

federal income tax, a $2,000 credit would reduce the amount he owed to $8,000. With a credit, his 

actual savings would be $2,000. 

For the 2006 tax year, hybrid vehicles, when purchased new, were allocated upwards of a 

$3,150 tax credit to help offset some of the hybrid automobile expense premium. During the 2006 

legislative session, the Minnesota legislature established a plug-in hybrid electric vehicle (PHEV) task 

force. This task force was assigned the responsibility to look into plug-in hybrid 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 plug-in hybrid vehicles: 

                                                           

20
 (US Department of Energy) 

http://www.consumeraffairs.com/news04/2005/hybrid_senate.html
http://www.consumeraffairs.com/news04/2005/hybrid_senate.html
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Acquisition Incentives 

Federal PHEV Tax Credit: The federal tax credit that was directed at influencing purchase of hybrid 

vehicles was originally set at $3000. That credit decreased as the demand for hybrids increased. It is 

currently at $1575. 

State sales tax exemption for PHEVs (6.5%). 

Reduced price or free license plates 

Fee-bates: Develop and implement a graduated fee-based system that penalized dirty technologies and 

reward clean technologies. Fee-bates are tax neutral fee incentive combinations. 

Plug-in-partners type coalition: Collecting shadow orders for PHEVs to influence production. 

ά¢Ǌȅ .ŜŦƻǊŜ ¸ƻǳ .ǳȅέ ǇǊƻƎǊŀƳ: loaner or short term lease programs for potential PHEV buyers to gain 

experience and confidence in the technology before purchase, 

Small demo opportunityΥ ŘŜǇƭƻȅƛƴƎ ƛƴ άIh¦w/!wέ ǇǊƻƎǊŀƳ ŦƻǊ tI9±ǎ ŀǎ ǇŀǊǘ ƻŦ ǘƘŜ ά¢Ǌȅ ōŜŦƻǊŜ ȅƻǳ 

ōǳȅέ ŦƻǊ ŎƻƴǎǳƳŜǊǎΦ 

Assessment of externality value of Twin Cities air quality: use as a guide to value of state support for 

avoidance. 

Use Incentives 

1. Free parking in publicly owned garages. 

2. Free battery recharging in publicly owned garages or parking lots. 

3. Gas Taxes: free or reduced for PHEVs. 

4. Reduced electric rates for transportation/state purchased electricity for transportation (free to 

user). 

5. Free access to commuter lanes 

6. Fee for access to non-attainment or congested urban areas. This fee is waived for PHEVs: The fee for 

access concept is used in London. Transponder technology could be used to track trips and record 

access. 

7. Require University of Minnesota vehicles and other state university vehicles (on campus) to be 

renewably powered. 

8. Lottery for a PHEV give-away: to attract attention and provide publicity. 
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9. Create a special designation for clean transportation and recognize communities for public service 

fleets that meet criteria; could be modeled after the ENERGY STAR rating for appliances. 

10. Insurance pool: develop and finance an insurance pool that would reduce or offer free insurance 

rates for PHEVs. 

11. Free public transit for owners of PHEV. 

12. Packaging a number of incentives together to create enough value to buy down PHEV payback 

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 modes before beginning any modeling of the 

system under study. The reference modes define expected behavior of the major variable in the system. 

In the model, one such variable is the growth of PHEVs, which can be matched to the reference modes 

ƻŦ Ψbƻ ƎǊƻǿǘƘΩΣ ΨhǾŜǊǎƘƻƻǘ ŀƴŘ /ƻƭƭŀǇǎŜΩ ŀƴŘ Ψ{ǳǎǘŀƛƴŀōƛƭƛǘȅ.Ω ¢ƘŜ ƭŀǘǘŜǊ ƛǎ ƻōǾƛƻǳǎƭȅ ǘƘŜ Ƴƻǎǘ ƛŘŜŀƭ 

reference mode that should be established by the model. The next section will briefly discuss each of 

the three reference modes and how they occur. 

4.1.1. No growth  

This reference mode is witnessed when the model demonstrates little or no growth in the major 

variable of the system under study, namely PHEVs. This type of behavior is clearly undesirable because it 

would imply that the policies implemented in the model are not effective. In this case, another set of 

policies will have to be introduced into the model to account for the lack of growth. 

 

Figure 4-1 Curve shape for no growth reference mode 

There are several possible scenarios that produce this behavior. Firstly, if the appeal for PHEVs 

does not increase, there will not be a significant number of manufacturers and potential buyers of 

PHEVs within the observed system. Consequently, the number of PHEVs on the road will not take off. 

Secondly, if the government and National Grid do not offer incentives to potential buyers of PHEVs, the 

cost of the vehicles will not decrease. As a result, they will have a lower appeal and the number of 

PHEVs on the road will not increase. 

These are just a few examples of what possible situations might foster little or no growth of 

PHEVs. A detailed study of each factor will follow in the section 4.3, Feedback Loops. 
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4.1.2. Overshoot and collapse  

The potential for an overshot is another reference mode that may occur during the simulation of 

the model. It is produced when the major variable (PHEVs) grows very rapidly; reaches a peak, and then 

collapses. This type of behavior occurs when several strong causal loops influence the change in PHEVs, 

and one of them (resulting in a decline in PHEVs) becomes dominant over the others after some period 

of time. 21 

 

Figure 4-2 Curve shape for Overshoot and Collapse reference mode 

For example, the appeal for PHEVs may increase their growth significantly. If adequate measures 

and policies are not implemented by National Grid in advance, the demand of electricity may exceed its 

maximum supply capabilities on the distribution side, as a result of which National Grid will have to 

increase their electricity tariffs. This will eventually increase the cost of operating and maintaining PHEVs 

which decreases their appeal and thus the number of PHEVs on the road.  

4.1.3. S ɀ Shaped growth  

The third and final reference mode is the most desirable behavior, since it shows that the major 

system variable (PHEVs) will increase in an s-shaped curve. This implies that the number of PHEVs over a 

period of time shall be influenced by a number of factors and causal loop22 relationships. The dominance 

of some of these factors over others results in s-shaped growth. 

                                                           

21
 /ŀǳǎŀƭ ƭƻƻǇǎ Ƴŀȅ ōŜ ǘŜǊƳŜŘ ΨǎǘǊƻƴƎΩ ƻǊ ΨǿŜŀƪΩΣ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ŜȄǘŜƴǘ ƻŦ ƛƴŦƭǳŜƴŎŜ ǘƘŜȅ ƘŀǾŜ ƻƴ ǘƘŜ ƳŀƧƻǊ 

system variable, which is hybrids on the road in this case 
22

 For more information on causal/feedback loops, please see Section 2.4. 
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Figure 4-3 S-Shaped growth curve 

An initial exponential increase in the PHEV appeal, for example, will result in a similar increase in 

the number of PHEVs. When the number of PHEVs on the road reaches a certain point, the growth in 

appeal of PHEVs will decrease, so that it attains a final steady value. This is because a greater number of 

PHEVs on the road shall imply greater electric demand and consequently higher operational costs for 

PHEVs. As the hybrid appeal reaches a steady value, PHEVs on the road will follow similar behavior. 

SςShaped growth is used for sustainability in several applications, including the world 

population growth model. The initial exponential shape and final attainment of a steady value (due to 

limits to growth) is a very desirable reference mode that the model will attempt to reproduce.  

4.2. Dynamic Hypothesis  

The dynamic hypothesis is a set of feedback loops that shows the overall behavior of the major 

variables in a system. For the model, the dynamic hypothesis outlines the various positive and negative 

feedback loops that influence the change in PHEVs on the road. (Please see next page for dynamic 

hypothecs. Various feedback loops have been explained in the next section) 
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Figure 4-4 Dynamic Hypothesis 


