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Abstract  

 

A System Dynamics Approach to Implementing Consumer Experience in 
Technology Adoption Models 

 

The ethanol-fuel ecosystem presents a common narrative seen in many systems whose 

components include durable goods with high switching costs to the consumer: Market 

growth does not match policy expectations and model projections. Indeed, despite 

federally mandated volumes for ethanol production, current ethanol fuel blends (E10 & 

E85) are under-consumed. Although the federal policy seeks to provide market assurance 

by prescribing set volumes of ethanol sales, the regulations are unable to require other 

system stakeholders to purchase the available fuel, to manufacture vehicles that can use 

high blend concentrations of the fuel, or to make the fuel available for sale. More 

broadly, the overall behavior of this complex, multi-stakeholder system—emerging from 

the complex linkages and feedbacks between the stakeholders who desire different 

outcomes—is not captured in current system and mental models. This research describes 

the development of a new system dynamics model to improve understanding of this 

problem in order to guide improved system design, system behavior expectations, and 

individual stakeholder decision making and behavior. Past models for the deployment of 

alternative fuel powertrain vehicles have considered situations in which consumers are 

limited to a single fuel choice per vehicle, and show that market growth occurs thanks to 

the buyer’s perceived utility only at the time of purchase, and because of positive social 

diffusion (as peers interact with vehicle owners). Yet the consumer and marketing 

literature suggests that negative experiences with a technology, resulting from poor post-



viii 
 

purchase customer experience, should also be taken into account. By including 

unfavorable word of mouth as a variable, the new model captures the asymmetric effect 

of unfavorable consumer perceptions and interactions on market growth—allowing new 

types of system behavior to be observed. Results show that the removal of potential 

consumers from the market due to unfavorable word of mouth and direct negative 

experience can overwhelm marketing efforts, changing virtuous growth into a vicious 

reinforcement, leading to market collapse. More broadly, the research demonstrates how 

a system dynamics approach can identify the underlying structure that results in system 

and stakeholder behavior and how this can help to achieve favorable market outcomes in 

a complex multi-stakeholder durable good system with high switching costs. 
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 Introduction 1

If the definition of insanity is doing the same thing over and over again and expecting a 

different result, then the history of alternative fuel and vehicle technology in the US fits 

the diagnosis. Since the mid-1970s, billions of dollars in public and private investment 

have been spent developing diesel, compressed natural gas, electric, ethanol, methanol, 

and hydrogen vehicle platforms. All have, at various times, been touted as the “solution” 

to America’s transportation, energy, and environmental problems, based on promises of 

value to the customer, the fuel provider, or the auto manufacturer. Yet all have suffered 

market failures, and despite the massive investments made to push these new 

technologies to market, consumers still overwhelmingly purchase conventional vehicles 

and fuel.   

Take the example of diesel passenger vehicles. In response to new automobile 

efficiency regulations in the 1970s, diesel fuel vehicles were introduced to the US market 

as a dazzlingly attractive option: A powertrain (an engine, transmission, and on-board 

fuel system) that offered higher fuel economy, a potentially improved vehicle 

performance, and a ubiquitous refueling infrastructure. Yet the quality of the vehicles 

turned out to be poor, pollution and health concerns related to tailpipe emissions 

darkened consumer perceptions, and the diesel passenger vehicle market failed.  

Is this failure a unique event?  Or is there a chronic, systemic issue affecting all 

alternative fuel and powertrain ecosystems—and, in general, any complex multi-

stakeholder system containing a durable good with high switching costs to the consumer, 

whose functioning depends on the independent behavior of other stakeholders? The 
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examples above suggest the latter conclusion. Indeed, they suggest that when it comes to 

alternative fuels, the commonly held mental model used by system engineers and policy 

leaders—offer an enticing new product, spend heavily on marketing to introduce it to the 

consumer, and then market growth will follow—is simply wrong. 

Now, an alternative system architecture—comprised of a new fuel and powertrain 

option called super octane—is being considered. It, too, looks highly promising from a 

mechanical engineering standpoint. But history suggests many reasons to fear it could 

suffer the same fate if effective system engineering and analysis are not used to guide 

technology development and deployment, and to coordinate amongst all the system 

stakeholders. Like diesel and other past alternative fuel and powertrain options, super 

octane offers the potential for improved fuel economy while maintaining or improving 

vehicle performance. It also has a similar potential to exploit the pre-existing refueling 

infrastructure. Plus, because super octane fuel contains a relatively high percentage of 

ethanol, the success of this platform could even help to rescue the seemingly doomed 

(and much derided) Renewable Fuel Standard. Sounds great, right? 

To the contrary: If the system models and styles of thinking that have been used in 

the past do not change, the super octane market in the US may fail just as the diesel 

market once failed.  

This dissertation posits a simple idea: That a vital factor has been too often ignored 

in mental models, and in system engineering models, related to the introduction of new 

durable goods with high switching costs, such as alternative fuel vehicles. That factor is 

consumer view formation post-purchase—after the buyer drives the car off the lot and 
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tries to do what drivers do: Refuel and drive successfully, without too many expenditures 

or too much inconvenience. Perceptions formed in this process, and subsequently 

disseminated to other potential purchasers, play a critical role in determining how a new 

alternative vehicle and fuel system will behave, and ultimately, whether that new 

technology platform will achieve market success. Indeed, this aspect of consumer 

behavior may be the missing component in current mental and engineering system 

models. And taking it into account just might save the super octane market from suffering 

a fate similar to diesel, compressed natural gas, and all the others that have gone before. 

 Ethanol and the Renewable Fuel Standard 1.1

To understand the potential significance of the new super octane platform, it must first be 

situated in the context of the current regulatory regime governing the ethanol-fuel 

ecosystem. Recent regulations and mandates are fostering major changes in the light-duty 

passenger vehicle market in the United States. The need for higher efficiency 

powertrains, and in particular, for accommodating increasing volumes of ethanol into the 

US fuel supply system, has created many challenges for the stakeholders: vehicle 

manufacturers, ethanol producers, fuel station owners, energy companies, and consumers 

(Morey 2014). These problems derive from the fact that the current regulations treat 

individual stakeholders as discrete isolated components, but ignore both the system 

linkages and dependencies between the stakeholders that evolve over time.   

The current market provides two avenues for the use of ethanol: through flex-fuel 

vehicles coupled with the retail sale of E85 fuel (containing up to 85 percent ethanol), 

and through conventional powertrains coupled with conventional gasoline that contains a 

low percentage ethanol blend (up to 10 percent). Both fuels are typically used in engines 
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designed and approved for 87 anti-knock index (AKI) octane fuel, AKI being a common 

measure of fuel performance. Unfortunately, this engine design architecture fails to take 

advantage of the high-octane properties of ethanol, and thus, undermines what might 

otherwise be significant benefits to the customer, fuel retailers, and auto manufacturers. 

For instance, an owner of a flex-fuel Toyota Tundra today who fills up his tank with E85 

will get fewer miles per gallon than when using traditional gasoline—because current 

flex-fuel engines cannot fully exploit E85’s advantages. 

The current vehicle-fuel ecosystem thus lacks a vehicle powertrain, like super 

octane, that might actually help the consumer see the benefits of ethanol. As a result, the 

consumption of E85 fuel remains so low that the volumes of ethanol mandated by the 

federal Renewable Fuel Standard (RFS) are not currently being consumed (Figure 1-1) 

(EIA 2013; EIA 2014). The RFS was first established in the Energy Policy Act of 2005, 

setting a requirement to incorporate a minimum of 7.5 billion gallons of biofuels into the 

fuel supply by the year 2012. In 2007, Congress passed the Energy Independence and 

Security Act, which expanded this program and set up an escalating requirement for more 

and more ethanol in the fuel supply, culminating with a 36 billion gallon standard in 

2022. The new program, referred to as RFS2, included specific requirements for the 

lifecycle greenhouse gas reduction capabilities of each qualified renewable fuel. EPA was 

also given the authority to adjust or waive volume requirements in response to 

technology and market conditions—as it was forced to do for 2013 and 2014, when the 

demand for E85 was inadequate (NACS 2013; EIA 2014).   
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Figure 1-1. Renewable Fuel Standard Mandated Fuel by Year (2013; EIA 2013) 

As Figure 1-1 above shows, the RFS currently requires up to 15 billion gallons of 

renewable ethanol (corn ethanol) as well as increasing amounts of advanced fuel 

(typically sugar cane ethanol) and cellulosic ethanol (renewable fuel produced from 

cellulosic biomass). But the lower half of the figure shows the amount actually consumed 

in 2014 after EPA’s waiver. The “blend wall” refers to the fact that most vehicles on the 

road (excluding flex-fuel vehicles) were not designed or approved to use ethanol blends 

above 10 percent, meaning that gasoline retailers can only blend a limited amount of 

ethanol into their products before running the risk of damaging vehicle engines. That’s a 

limitation that a future fleet of super octane vehicles will overcome. 
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But in the meantime, not only has consumption of cellulosic ethanol and advanced 

fuel fallen short, so has overall demand for conventional (corn) ethanol. While some of 

this demand shortfall is the result of limited refueling infrastructure for E85, consumers 

still often choose conventional gasoline over E85 fuel even when both are available 

(AAM 2013). It is this lack of demand for E85 that has consumption levels stuck right at 

the blend wall; and it is this lack of demand that, just maybe, the introduction of a super 

octane platform could fix. 

 The Research Problem 1.2

First, though, it is important to consider more deeply why the ethanol market isn’t 

growing and thriving as planned. Substantial uncertainty exists with regard to which 

factors drive customer acceptance, and the corresponding technological development and 

deployment, of alternative fuel powertrains and fuels. This problem is commonly 

conceptualized as a “chicken and egg” issue: Both engine technology and refueling 

infrastructure (including gas stations that sell ethanol blends) are clearly needed in order 

to create a thriving market—but which comes first?  

The truth is that this way of thinking about the problem is far too simple. It isn’t 

just that the chicken (vehicles sold using a specific engine technology) lays an egg 

(refueling stations to service these engines)—or that an egg grows into a chicken—and 

then a virtuous cycle begins. This narrow view of the problem fails to consider broad 

system boundaries. Instead, a system engineering perspective requires that a third factor 

be considered: The chicken feed (ethanol fuel). Without the feed, the chickens die 

(engine technologies go unused) and there will consequently be no more eggs (fueling 

stations making profits). If the feed arrives late, there will be nothing to consume, the 
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chickens will die and eventually, without a market, the producers will go out of business. 

If the feed is produced and delivered too early it will spoil, the producers will go out of 

business and then the chickens will die, whether the egg came first or not.  

This simple analogy illustrates the complex nature of this system, as well as the 

important role of timing in decisions about the introduction of products by the 

stakeholders. And in reality, the challenge for super octane is even more complex, 

because consumers also have to choose to buy the fuel, and the station owners and 

retailers have to decide to invest in their own infrastructure well ahead of time in order to 

be able to sell it. 

To further underscore the complexity of the system, consider matters from the 

perspective of auto manufacturers. They stare down a suite of fuel economy and vehicle 

regulations, requiring their cars to achieve an equivalent average fuel economy of 54.5 

miles per gallon by 2025 (NHTSA and EPA 2010). This in effect means that the 

automotive industry faces the challenge of improving conventional powertrains, while 

simultaneously having to introduce a range of alternative powertrains into the market that 

compete against conventional ones (Walther, Wansart et al. 2010). Meanwhile, the appeal 

of these competing alternatives to the consumer changes over time, creating another layer 

of market uncertainty and system feedbacks (Kabir, Sharif et al. 1981). 

Given these challenges, one might think automakers would welcome the new 

platform emerging on the horizon—super octane. Recent research has suggested that 

using a mid-level super octane ethanol fuel blend—94-96 AKI/99-101 Research Octane 

Number or RON, another standard measure of fuel performance—can achieve significant 
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fuel economy improvements, as well as increases in ethanol consumption. That’s because 

ethanol allows energy companies to increase octane several RON while using today’s 

refinery blends (Figure 1-2).  Simply stated, additional ethanol can be added to today’s 

blendstock (the current gasoline mix of hydrocarbons and ethanol) to increase the octane 

content.  This is different than what occurred in the past. When ethanol was introduced in 

increasing amounts starting in 2000, the hydrocarbon octane components of the 

blendstock were reduced to offset the octane gains from ethanol to keep the octane levels 

(AKI) the same.   

A range of studies have validated the potential fuel economy benefits of a mid-level 

super octane ethanol blend fuel (Anderson, DiCicco et al. 2012; Stein, Polovina et al. 

2012; Jung, Leone et al. 2013; Splitter and Szybist 2013; Leone 2014; Splitter and 

Szybist 2014). Other research suggests that the RON scale be used to specifically align 

with the properties of ethanol in the fuel blend (Foong, Morganti et al. 2014; Speth, 

Chow et al. 2014). The resulting super octane blends, using 20 to 30 percent ethanol, 

have the potential to offset increased fuel and vehicle costs with reduced fuel 

consumption and improved performance. And since super octane fuel contains a higher 

percentage of ethanol, it could also help to get past the current “blend wall” that is 

preventing growth of the ethanol market. This is a seemingly good mechanical 

engineering solution directed at one system component—but what other system changes 

are needed, and how will this one change affect and be accepted within the broader 

vehicle-fuel ecosystem? 
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Figure 1-2. Estimated RON Values for Ethanol-Gasoline Blends With Contour Lines of Constant Blend Stock 
RON (Anderson, DiCicco et al. 2012) 

So given the theoretical benefits, shouldn’t auto manufacturers rush to design and 

build super octane powertrains, or super octane flex-fuel vehicles that can exploit these 

advantages? Couldn’t a next generation powertrain, designed for super octane ethanol 

blends, finally make everybody happy? 

Perhaps. Certainly, the ethanol consumption numbers suggest that consumers are 

less than thrilled with their current options. And yet existing super octane concepts and 

narratives seem to simply assume—much as occurred with the Renewable Fuel 

Standard—that the fuel will enter the market and achieve pre-defined market growth on 

its own, just as expected by policy makers or regulators (USDOE 2010; Chow 2013; 

E20 using current E10 as base fuel 

E30 using current E10 as base fuel 
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Speth, Chow et al. 2014). This fails to consider broader consumer behavior and system 

feedbacks (for instance, from behavioral changes by other stakeholders) that may occur.  

The research problem is therefore just as clear as it is challenging: How do you 

model this complex system in order to help its various stakeholders achieve better 

outcomes than currently exist, and to better inform policy and decision-making? What 

kinds of system conditions and incentives will allow automakers and fuel-makers to 

collaborate on exploiting the super octane properties of ethanol in a way that will make 

consumers want to buy their products? 

 Stakeholders–Defining the System and Model Components 1.3

At a high level, the vehicle-fuel system is comprised of the fuel production infrastructure, 

the fuel distribution and sales infrastructure, and the vehicles developed, manufactured, 

and sold by the original equipment manufacturers (OEMs), which are commonly referred 

to as car makers (Figure 1-3). Each of these entities makes investments and strategic 

decisions in response to consumer choices and patterns of behavior. Products and 

technologies that are favored by consumers receive more investment, while those that are 

less commercially or economically successful receive fewer investments. 
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Figure 1-3. Basic Fuel-Vehicle System 

Developing a model to capture the nature of this system is obviously a complex 

task: The individual stakeholders each have different, often conflicting objectives. The 

failure to balance these objectives is a key impediment to consumer adoption of 

alternative powertrain and fuel technologies (Byrne and Polonsky 2001). As shown 

below, achieving policy success depends on finding the operational space that meets all 

stakeholder needs (Figure 1-4). So what are those needs?  
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Figure 1-4. Venn Diagram Illustrating the Challenges of Identifying the Union of Stakeholder Needs 

 Vehicle Manufacturers 1.3.1

Vehicle manufacturers need a way to comply with fuel economy requirements that is 

both cost-effective and that produces a product consumers will buy. As far as building a 

super octane powertrain, they have a variety of design options. Proposals include a design 

accommodating up to 20 percent ethanol, a design accommodating from 10 up to 30 

percent ethanol, a design requiring a very specific 30 percent ethanol blend, and an 

evolution of the flex-fuel vehicle into a super octane flex-fuel vehicle (Graves 2014; 

Leone 2014; Woebkenberg 2014).  

These design options attempt to balance the potential for fuel economy 

improvement with a sensitivity to cost and fuel options. Although super octane fuel and 

super octane vehicles may be more expensive, the cost per mile and total cost of vehicle 
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ownership may be lower due to improved efficiency (Anderson, DiCicco et al. 2012; 

Yan, Inderwildi et al. 2013; Morey 2014). This potential for improved fuel economy and 

a lower cost per mile—while maintaining vehicle performance—is the primary 

motivation for carmakers to consider mid-level super octane blends.  

However, from the manufacturing side, there is another cost concern: The wider the 

range of fuel blends that can be accommodated by a vehicle powertrain, the higher the 

cost of manufacturing it. And given the current limitations on the availability of ethanol, 

powertrains also need to be able to function using non-super octane fuel. Indeed, prior 

market experience suggests that consumers will switch to a non-recommended or lower 

octane but cheaper fuel based on their individual economic situations (Hastings and 

Shapiro 2013). Powertrain design needs to accommodate this reality. 

Concurrently, vehicle manufacturers also need a low-blend (not more than 10 

percent ethanol) fuel available at stations to remain compatible with the existing fleet, 

and to work within the two tank system used at fueling stations (Table 1-1 & Figure 1-5). 

In the two tank system, an underground tank for a regular fuel (87 AKI octane) and an 

underground tank for premium fuel (91 or 93 AKI octane) are used, and they are blended 

at the pump for mid-grade fuels with octane levels between the two.  
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Table 1-1. Scope of Existing and Potential US Fuel Blend Options and Fuel Users 

 

 

 

 

Figure 1-5. Schematic of the Two Tank System Used in Fueling Stations 

Finally, if consumers do not use the super octane fuel, then manufacturers run the 

risk of failing to comply with the required fuel economy regulations. EPA may give the 

vehicles a lower fuel economy rating based on their performance with non-super octane 
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fuel rather than super octane fuel.  This is consistent with how the use of E85 is treated in 

flex-fuel vehicles (NHTSA and EPA 2010). 

 Energy Companies 1.3.2

Energy companies need to maximize their profits through the sale of profit generating 

fuel to retailers. Although they are more expensive to produce, premium fuels also 

command a better profit margin at the pump (NACS 2013). Energy companies also need 

a low-cost fuel blend option, so as to comply with the volume and carbon intensity 

requirements of the renewable fuel standard (RFS) and other state regulations (2013; EIA 

2013; API 2014).  

These regulations impose significant risks and challenges to the industry and to 

other stakeholders (Production 2011). As explained above, the RFS requires that up to 15 

billion gallons of renewable corn ethanol and 16 billion gallons of cellulosic ethanol be 

produced and consumed per year by 2022. An additional five billion gallons of other 

advanced renewable fuel is also required (2013). These mandated volumes would result 

in fuel blends that exceed the 10 percent ethanol level allowed in most conventional 

engines and fuel systems (Figure 1-1). Due to production capacity limitations, EPA has 

lowered the mandated volumes on a year-by-year basis, but this cannot be assumed in 

future years.   

 Station Owners 1.3.3

Station owners earn a higher profit margin on the sale of premium fuels and want to 

increase the demand for these products (Eichberger 2014). In order to minimize financial 

risk, any additional outlay to purchase the equipment required to be able to sell fuel 
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blends containing ethanol levels above 10 percent—several thousand dollars per station 

for the above ground components, and about $200,000 for below ground equipment—

will need to be recovered through the sale of the higher profit, super premium (super 

octane) fuel (Coker 2014; Eichberger 2014; Morey 2014). Station owners therefore need 

to see or be able to anticipate an appropriate level of monthly demand for super octane 

fuel before they will invest. Or, they need an incentive to make this investment—and the 

incentive must come prior to the start of sales of super octane vehicles. Otherwise, 

vehicle owners will not be able to find the fuel they need at the gas station. 

 

 Ethanol Producers 1.3.4

Ethanol producers (and the interests that support them) must put forth billions of dollars 

in upfront investment costs to build out new capacity, with lead times over three years 

(Cosan 2013; Abengoa 2014). In order to make this investment, they need not only to see 

a profit opportunity that outweighs the risk, but also to have confidence that profit will 

actually be realized (Parsons 2014; Stech 2014).  

In a nascent industry like this one, demand is hard to forecast. Ethanol producers 

are dependent upon current demand and growth patterns to estimate future demand, and 

thus may use overly conservative forecasts (Parsons 2014). This is further complicated by 

access to financing and how a company may choose to use its financial resources to 

manage opportunity and risk (Bolton, Chen et al. 2011). For instance, following passage 

of the RFS, significant capital expenditures to support cellulosic ethanol production 

occurred. But the failure to produce this cellulosic ethanol at a competitive market price 

has resulted in bankruptcy and halted further expansion (Mongeau 2010). This logically 
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creates risk aversion that can lead to lower levels of future investment, especially without 

confidence that future market demand will materialize.   

Ethanol producers are mindful that because the consequences of financial risk are 

not perfectly symmetric, the “average sale price,” as calculated for any particular time 

period, is not the average price that a business ultimately collects. Markets naturally 

cycle. Following the construction of the production infrastructure, some percentage of the 

time some capacity will be idle. As a result, the average price forecast for the product 

must be adjusted to include consequences of risk. For example, if the price forecast is $ 4 

per gallon of ethanol, an investor might employ a risk factor of 0.8, meaning that the 

investor expects to collect, on average, $ 3.20 per gallon. If the business expects to 

receive a positive return on investment at that value, then it is worth investing. This logic 

forces investors to have a higher expected price to justify investment (Parsons 2014). The 

consequence may be a lower total level of investment, or a delayed rate of investment.  

The economics of market supply and demand can also have profound effects on fuel 

price. In the short run, on the order of weeks, an imbalance of demand and supply can 

lead to price changes that are ten times the size of that imbalance (Smith 2011). For 

example, an increase in demand by two percent with no change in supply can lead to a 

price increase of 20 percent—or vice versa. An oversupply would therefore have severe 

impacts on the price of fuel, and create financial risk for ethanol producers. An 

undersupply would create a favorable price, but would not be well received by the 

consumer, and would surely turn many customers off from the product.  
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 Consumers 1.3.5

Consumers need to perceive a higher level of “utility”—a measure of value that is 

explained in greater detail in Chapters 2 and 3—in the fuel and vehicles that they 

purchase, relative to competing options. Otherwise, market adoption of alternative 

vehicles and fuels will not occur. Also, consumer risk aversion may often lead to 

suboptimal choices (Denrell and March 2001). This behavior is currently observed with 

flex-fuel vehicles (FFV), where despite the existence of many cars on the road and many 

stations offering E85, the average FFV refuels with E85 less than once per year (AAM 

2013).  

Analysis shows that consumer choice is often driven by the availability and 

convenience of access to fuel, as well as price and vehicle range (Pouloit and Babcock 

2014). Consumers respond to their individual and immediate needs (Walther, Wansart et 

al. 2010). This means that poor experiences early on—such as an inability to find an 

alternative fuel at gas stations—can preclude future experiences that lead to greater 

benefits or improved utility (Denrell and March 2001). The work by Denrell empirically 

captures the phenomenon referred to as the “hot stove effect,” derived from the Mark 

Twain quotation: “The cat, having sat upon a hot stove lid, will not sit upon a hot stove 

lid again. But he won’t sit upon a cold stove lid, either.” This is widely interpreted to 

mean that once a consumer has had a strong negative experience, he or she is unlikely to 

try a good or service again, even if the outcome now offers some benefit. (Denrell’s work 

is explored in greater detail in the literature review in Chapter 2.) 

This observed behavior shows that unfavorable experiences and unfavorable “word 

of mouth” create a major risk when it comes to the introduction of new vehicle 
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technologies and new fuels. Super octane vehicles offer a platform that, when fueled with 

corresponding super octane gasoline blends, can offer greater efficiency, performance, 

and range—even as they can also run on non-super octane fuels (albeit with reduced 

performance) (Splitter and Szybist 2013; Splitter and Szybist 2013; Splitter and Szybist 

2014). From the consumer perspective, the perceived utility of the super octane platform 

must be positive relative to the competing options in order for widespread adoption to 

occur. That sense of utility must also remain positive after an individual buys the car in 

order to support future purchases of super octane fuel, as well as continued purchases of 

super octane vehicles. 

That’s because when it comes to consumer behavior, yet another critical factor 

arises: How consumers influence one another through peer-to-peer communication. The 

mechanism of social contagion traditionally referred to as “word of mouth” (WOM) is 

fundamental to the classical general models of market diffusion and adoption developed 

by Bass and others (Bass 1969; Robinson and Lakhani 1975; Bass 1980; Kalish 1985; 

Kamakura and Balasubramanian 1988; Horsky 1990). WOM is generated as consumers 

using a given technology come into contact with or otherwise communicate with peers, 

with whom they spread their perceptions of the technology. WOM and marketing are the 

two principal mechanisms by which the market for a new technology can achieve growth 

(Sterman 2000). 

Existing models, discussed in more detail in Chapter 2, usually only consider 

positively valenced WOM—in other words, consumers extolling the products they have 

purchased. This naturally leads to broader adoption of the given technology or product 

under consideration. In competitive markets suffused with positive WOM, the relative 
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market growth or dominance of a given platform can only improve, thanks to these 

positive perceptions and their corresponding social diffusion.   

In contrast, the power of unfavorable consumer views and negatively valenced 

WOM is epitomized by the failure of the diesel passenger vehicle market in the US in the 

1970-80s, even as the same technology platform achieved market success in Europe. 

Although the European market grew steadily—proving the potential of diesel 

technology—unfavorable consumer perceptions of vehicle quality and health effects in 

the US effectively eliminated market opportunities for several decades, despite the fact 

that customers had the potential to achieve a high level of utility using diesel fuel and 

engines (Greene 1986; Neumaier 2014). It is only recently, with a new generation of 

consumers who do not hold these unfavorable views, that the diesel market is expected to 

grow (Pyper 2012; Healey 2013).   

 Summary 1.3.6

Together, the five system stakeholders introduced above comprise a complex system 

whose behavior will change over time. Each stakeholder will act in its own best interest, 

often to the detriment of other stakeholders. The interactions and feedbacks between all 

of these competing actions result in the current market challenges for ethanol, and for 

vehicles designed to run on very high octane blends of ethanol-gasoline fuel. The need to 

understand the outcomes of these interactions and feedbacks, and their implications for 

policy and regulatory development, drives the research conducted in this dissertation.  
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 Modeling the System—a System Dynamics Approach 1.4

The failure to consider the full structure of the fuel-powertrain system, and the complex 

behaviors of its stakeholders, is a central factor behind the current, inadequate levels of 

ethanol uptake. Empirical observations of complex systems demonstrate that simple 

linear and simplified feedback modeling can give a misleading representation of a 

system’s true behavior (Levin, Xepapadeas et al. 2013). Better models are clearly needed. 

Within the realm of modeling and analysis techniques, system dynamics is well 

suited to investigate the behavior, over time, of the different vehicle-fuel system 

stakeholders—and how these behaviors influence other stakeholders through feedback 

processes. System dynamics is a methodology for modeling complex systems that 

emphasizes the role of structure of the system (stocks, flows, and feedback loops) in 

generating observed system behavior. System dynamics thus provides a framework for 

understanding the interactions between multiple non-linear feedbacks, a context in which 

simple intuition fails to provide adequate insight. The failure to consider these 

feedbacks—difficult as it may be for policymakers to do so—has been identified as an 

important cause of policy failure (Levin, Xepapadeas et al. 2013).   

Struben and Keith were the first scholars to use a system dynamics approach to 

explore the market growth of an alternative fuel-vehicle system characterized by 

competing consumer choices (Struben 2006; Keith, Sterman et al. 2011; Keith 2012). 

However, their model is based on a virtuous cycle resulting solely from consumer 

familiarity with the product (in Keith’s case, the Toyota Prius). It thus did not consider 

the potential for vicious cycles to occur within the system due to unfavorable consumer 



22 
 

experiences, leading to other system effects that undercut growth or even to market 

decline.  

Exploring the super octane ethanol fuel system suggests limitations in these 

existing models. For example, Keith used sales of the Prius to calibrate his model. But the 

ubiquitous availability of gasoline infrastructure, and the generally favorable perception 

of the Prius by consumers who purchased the vehicle, limit this model’s applicability to 

technology systems where these conditions may not exist, or at least, may not be assured.   

The research described in this dissertation explores the parameters of the ethanol 

fuel and vehicle powertrain market by extending the system boundaries laid out by Keith, 

and also by extending existing system dynamic models and techniques to include 

unfavorable WOM effects. Unlike prior models, it also considers post-vehicle purchase 

consumer fuel choices (between super octane and regular fuel) for those consumers who 

have super octane vehicles.  

The approach in this dissertation also moves beyond the prevalent concept of 

“tipping points,” in which positive reinforcement from policy, mandates, and regulations 

reaches a critical mass that ultimately leads to self-sustaining growth (Greene, Park et al. 

2014). The tipping point approach is predicated solely on a virtuous cycle with an 

assumption of high consumer utility, and ignores the potential for vicious cycles and 

other growth-undermining effects within the system. Energy policy based on tipping 

point theory assumes that the right policy will move the market from line 3 to line 1 in 

Figure 1-6 below, but does not consider the possibility that even with that policy, 

complex stakeholder interactions can lead to market collapse or stagnation (lines 2, 3), as 
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occurred with compressed natural gas vehicle markets. This dissertation, in contrast, 

explores the negative feedback effect that the formation of unfavorable views can have 

on the perceptions of both technology adopters and potential adopters—and ultimately, 

upon total ethanol consumption. 

 

Figure 1-6. Market Penetration Patterns and Behavior (Keith 2012) 

It is important to acknowledge, however, that the research in this paper does not 

explore the full suite of potential system architecture and government policy scenarios for 

the ethanol fuel-vehicle  system as a whole. Rather, limited scenarios are tested in order 

to provide initial insights, validate the concepts embedded in the model design, and 

demonstrate that the basic concept of unidirectional market growth and “tipping points” 

is inadequate for energy policy modeling. Although this model is applied to an ethanol 

fuel-vehicle system, it can be extended to other systems in which consumer choice occurs 
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both during the purchase and use of a product, and/or for which changes and reductions 

in perceived utility, post-purchase, can lead to unfavorable word of mouth. 

 Significance of the Research 1.5

To date, this is the first research to explore if, how, and under what conditions a mid-

level blend super octane fuel-powertrain system will gain market share; and how 

sensitive ethanol demand is to changes in the system’s independent variables (fuel price, 

number of refueling stations, vehicle performance, and numerous others) defined in 

Chapter 3. It is also the first research to include negative consumer views and 

unfavorable word of mouth—as they affect consumer behavior both at the time of 

purchase, and afterwards—as variables in a system dynamics model. As a result, this 

dissertation demonstrates the importance of systems thinking, and of considering the 

complex stakeholder interactions that drive consumer perceptions and stakeholder 

responses, in energy policy modeling and in systems engineering.  

This dissertation also underscores the central importance of considering 

unfavorable consumer view formation and including it in model structures. Indeed, 

through better insights into the effects that unfavorable WOM can have on the ethanol 

market in the US, this research can help stakeholders develop a more accurate projection 

of demand for their products. By observing system behavior and outcomes not previously 

examined, the stakeholders can better understand the system behavior and consider it in 

their decision-making process. More broadly this dissertation demonstrates the 

importance of two new factors in system modeling of a durable good:  the post-purchase 

utility (or value to the consumer), and the valence of the consumer experience (rather 

than just the accumulation of total experience).  These factors are particularly important 
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in the case of super octane, where the system’s ability to adapt is slow, and high 

switching costs limit the consumer’s ability to change technology platforms—thus 

sustaining non-ideal system behavior and experiences.   

Together, these approaches serve to add to the theory and approach of system 

dynamics modeling. The system dynamics model developed in this study is intended to 

be used as a tool by policy makers, regulators, and system stakeholders who currently 

depend on models that are often biased, incomplete, or optimized for idealized scenarios.  

The model can help policy makers by changing the way energy policy is formulated, and 

thereby increasing the likelihood of outcomes more closely matching policy and 

regulatory objectives.   

At the same time, the results provide a mechanism for gaining insight into the 

system architecture and effective system boundaries, in a way that can help the system 

stakeholders make informed decisions and better align their resources, actions, and 

expectations (as illustrated previously in Figure 1-4). Indeed, this research can ultimately 

help them to identify realistic levels of ethanol demand. 

 Dissertation Organization  1.6

Chapter 1 (this chapter) provides an introduction and overview of the research. This 

includes an explanation of the current problem of ethanol consumption in automotive 

fuel, an introduction to the potential solution (super octane), and a high level overview of 

the system, its stakeholders, and their characteristics and needs. The significance of the 

research problem, and the importance of unfavorable WOM, are also explained. Finally, 

the chapter concludes with a discussion of the purpose of the study and the benefits 
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expected from the research. This includes a rationale for using system dynamics as the 

modeling method. 

Chapter 2 presents a literature review and discussion. Emphasis is placed on 

unfavorable WOM, “consumer decision sets” (the options, out of the total possible range 

of choices, that the consumer is actually willing to consider), and consumer behavior 

related to the purchasing of durable goods. Key studies are drawn from the system 

dynamics literature and the marketing community. Most important, the chapter identifies 

the limitations found in existing system dynamics models, and provides a roadmap for 

using the additional (marketing) literature to address these limitations in a new model.   

Chapter 3 covers the research methodology and research framework, including a 

discussion of systems thinking and system dynamics modeling. The dependent and 

independent variables are introduced and defined, including basic assumptions for their 

use in a full system dynamics model.   

Chapter 4 provides substantial background on the theory and tools used to develop 

the model and analysis. The basic building blocks of system dynamics modeling—causal 

loop diagrams and stock and flow models—are presented as a foundation for the 

development of the full model. Then, the causal loop diagrams are built up, gradually 

growing from basic components into a full diagram for the ethanol fuel ecosystem. The 

casual relationships and their significance in the ethanol fuel ecosystem are explained, 

and the dynamic hypotheses to be tested are derived.   

In Chapter 5, the core stock-and-flow model is built up and refined from existing 

system dynamics models. All of the stocks, flows, and auxiliary variables, and the 
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structure of the simulation model, are explained. The equations and mathematics used in 

the model are also provided and explained. The use of and rationale for loop knockout 

and Monte Carlo simulations to exercise the model and test the hypothesis are discussed. 

Chapter 6 presents the simulation results. Model outputs are used to test the 

hypotheses. Model validation approaches are also discussed. Then, the chapter discusses 

the influence of unfavorable WOM and unfavorable views on ethanol market growth in 

light of the observed results from the simulation.  

Chapter 7 concludes the dissertation. A summary of the results and hypotheses 

testing is reviewed. Different stakeholder behaviors and the role of perceived utility in 

consumer view formation—which, in turn, serves as a foundation for ethanol market 

development—are reviewed. Selected key observations and interpretations about 

stakeholder and system behavior within the ethanol ecosystem are provided. This 

discussion is not directly derived from the simulation, but related to the broader context 

of the study problem and ethanol market development. The chapter also contains a 

discussion of research limitations and future research opportunities for complimentary 

system dynamics model development. 
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 Literature Review 2

The research problem at the center of this study involves an inadequate understanding 

and representation of the system in and how the stakeholders and structure of a complex 

multi-stakeholder system lead to or inhibit the uptake of new technologies. To address 

this knowledge gap, it is necessary to investigate the role of unfavorable consumer 

perception, and resulting negative WOM, on sales of a durable good (an alternative fuel 

vehicle) with a high switching cost (the price of switching from one product to another, 

or in this case, buying a new vehicle) for the consumer. The defining characteristics of 

the system and its components were covered in Chapter 1.  The characteristics align with 

the traditional challenges of introducing an alternative fuel technology into the market.  

(Byrne and Polonsky 2001; Vliet, Vries et al. 2010). It is important to note that empirical 

evidence on the functioning of a super octane ecosystem does not yet exist, since the 

technology has not yet been deployed. Thus, the dissertation research relies on evidence 

from related systems to help build up an understanding of the factors influencing 

consumer behavior that will be necessary to develop the model.  

The parallels between these related systems and the challenges for a super octane 

system are quite apparent. Recently, sales of the Tata Nano, a highly anticipated 

conventional gasoline vehicle designed to appeal to low income consumers in India, 

failed to meet market expectations. This poor performance was attributed to negative 

consumer perception, and in part to stories about the vehicles catching fire. This negative 

flow of information prevented potential consumers from considering the vehicle, despite 

its benefits over comparably priced two-wheeled transport options (Akhtar 2013).  
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The experience of the Nano echoes the development of the diesel passenger vehicle 

market in the United States in the late 1970s and 1980s, in which the negative 

experiences of initial adopters—due to poor product quality and a perception of health 

risks from tailpipe emissions—resulted in market failure. Consumers chose not to 

repurchase diesel vehicles, and the unfavorable WOM generated by these direct 

experiences also resulted in other potential customers choosing to avoid the technology 

(Greene 1986; Neumaier 2014).    

So under what conditions do negative consumer perceptions cause markets to fail? 

This chapter presents an overview of the existing research literature on this subject, as a 

way of explicating which components will be used in the model, why they were chosen, 

and how they will be used.  

 Utility 2.1

Central to assessing consumer perceptions and behavior is the concept of “utility,” an 

economics term related to consumer demand and behavior theory. Ideas of utility date 

back to the early 1700s in the work of philosophers Jeremy Bentham and, later, John 

Stuart Mill (WEB*pedia 2014). The more contemporary application of the concept to 

consumer behavior started in the 1920s with work by Miller at Oxford University (Miller 

1927). The concept was then extended to consumer choices in the 1960s by Tolley, who 

described these choices as a function of relative utility changes or value (Tolley and 

Gieseman 1964). Although the study of consumer utility lies in the domain of economics, 

it is also essential for understanding the structure of complex engineering systems.    
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The core idea behind the concept of utility is that consumer demand for a given 

good or service is a function of the value or satisfaction derived from that good or service 

(Croitor 2012). Utility is defined by the many attributes of the product, as determined or 

perceived by the customer—it therefore necessarily contains a substantial element of 

subjectivity and opinion. It is considered an abstract concept and is treated as a 

dimensionless number in absolute terms, with a value ranging from -1 to +1 assigned to 

each product attribute. Total utility is then the aggregate sum of the individual utilities of 

each of the attributes of a good or service, as perceived by the consumer(Gilboa and 

Schmeidler 1997; Heakal 2014). For a super octane vehicle, these attributes are fuel 

availability, price per gallon, vehicle performance, and initial cost.  

Research also points, however, to a need to disaggregate different types of utility. 

Specifically, a different perceived utility exists for the consumption of a good or service, 

as opposed to for its initial acquisition (Weber 1971; Muehlbacher, Kirchler et al. 2011). 

A consumer may be thrilled by her sleek new eco-friendly vehicle, and may brag about it 

to every person she meets—until she realizes just how hard it is to find fuel. The research 

thus points to the importance of establishing different utility functions for the initial 

purchase of a vehicle, and for the ongoing purchase of fuel following that initial 

purchase.   

A review of existing alternative fuel system dynamics models reveals that only one 

type of utility, utility as perceived at the time of vehicle purchase, is used (Keith, Sterman 

et al. 2011; Struben, Sterman et al. 2013). This is a major limitation that this dissertation 

aims to address.   
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 Consumer Heterogeneity 2.2

Consumer heterogeneity refers to the idea that while there may be general or average 

preferences or perceptions of a given product or technology amongst all consumers, the 

actual preferences and perceptions still vary from individual to individual. Consequently, 

analyzing the average utility as perceived by the consumers is not enough. A model using 

this single value to characterize behavior across all consumers would fail to capture the 

heterogeneity that exists (Allenby 1999; Arnould, Price et al. 2004). This heterogeneity is 

important for new market entrants, and also describes some patterns of consumer 

response (Corrocher and Zirulia 2010).   

Consideration of consumer heterogeneity is necessary to avoid the “flaw of 

averages” (Savage 2009; Zoepf, Mackenzie et al. 2013). For example, let’s assume that 

the total utilities for five consumers of the same product are 0.2, 0.5, 0.4, 1, and 0.6, 

giving an average of .54. For a competing product, meanwhile, the five consumers’ total 

utilities are 0.6, 0.4, 0.2, 0.6, and 0.7, for an average of 0.5. Glancing at these numbers, 

one might incorrectly conclude that the first product has a higher utility, and will 

therefore capture all five sales. In reality, only the 2nd, 3rd, and 4th consumers would 

chose the first product and the 1st and 5th would chose the second product, because their 

values are higher in a one-to-one comparison. The products are much more evenly 

matched than they might appear. The average utility cannot therefore be used as an 

absolute determinant for the behavior of all consumers.    

Research by Windrum et al. examined the role of heterogeneity in consumers’ 

willingness to consider new environmentally beneficial technologies, underscoring the 

importance of this factor in establishing a market for super octane vehicles (Windrum, 
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Ciarli et al. 2009). Consumer heterogeneity is also linked to social diffusion by Osborne, 

who notes that existing models fail to consider both switching costs and also learning 

costs—for instance, the time spent learning about vehicle options—for consumers of a 

new technology (Osborne 2010).  

 Unfavorable Word of Mouth and Negative Experience 2.3

To date, the consideration of unfavorable consumer perceptions in system dynamics 

policy modeling is limited. Sterman used the concept of unfavorable WOM in his People 

Express model, demonstrating the effect that unfavorable consumer views can have on a 

business, in this case a discount airline (Sterman 2014). However, the People Express 

model is limited to the service industry, and merely tracks the valence of word of mouth 

using two simple variables (favorable and unfavorable) (Sterman 2014). A ratio of the 

two variables is then used in the calculation of consumer choice using a logit model. The 

problem is that by tracking WOM in a variable instead of in a stock, the model cannot 

simulate the retention of consumer views; it only reflects instantaneous experience. 

(Further discussion of stocks and variables is found in Chapter Four.). In system 

dynamics, as in the full model explained in Chapter Five, logit models form the core of 

the system’s consumer choice model, and are embedded within the underlying 

mathematics of the model. A logit is the logistic transform commonly used in statistics, in 

which the function’s parameter (p) represents a probability and the logit function:   

logit(p) = log
1

p
p

 
 − 

         (2-1) 

yields the logarithm of the odds.  The probability of a consumer view formation or 

change, and the underlying mechanics and causes (component interactions) that lead to 
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that change, is therefore critical to more fully understand the system—and in turn build a 

model to accurately represent it.  

The marketing and consumer research communities have also studied the 

importance of unfavorable consumer views and WOM, providing critical insight into the 

structure and behavior of the super octane fuel-vehicle system. The idea of unfavorable 

WOM was discussed in the 1960s (Arndt 1969) and gained more prevalence in the 1980s 

(Richins 1983). Wangenheim, later supported by Lee, compiled the existing analyses on 

the relative impacts of unfavorable and favorable WOM. One major conclusion was that 

unfavorable WOM had a greater impact, and a higher likelihood of converting other 

consumers into holding negative views, in relation to the perceived importance of the 

technology under consideration, and also to the level of consumer risk aversion. 

(Wangenheim 2005; Lee and Romaniuk 2009). The study also found that the stronger a 

consumer’s unfavorable experience, the more likely that individual is to effectively 

convert other potential consumers, causing them to also share that unfavorable point of 

view (Yang, Hu et al. 2012). WOM has also been identified as a stronger influencer than 

marketing, due to the much higher perceived trustworthiness of peer-to-peer 

communication (Laczniak, DeCarlo et al. 2001).        

WOM is, therefore, a very powerful force. For products or technology systems 

involving high levels of manufacturer investment, such as a new automobile powertrain 

or an ethanol production facility, it is increasingly seen as important to avoid unfavorable 

WOM (Lau and Ng 2001). While some firms still fail to appreciate the importance and 

severity of negative WOM, it can effectively lead to the failure of a product or 

technology (Lau and Ng 2001). The mechanism is consumer-to-consumer 
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recommendations to avoid a product, thus effectively removing potential purchasers from 

ever seriously considering it (Lau and Ng 2001). The level of dissatisfaction matters 

greatly, with up to 90 percent of customers choosing not to repurchase a product when 

the experience is strongly negative (Richins 1983). Dissatisfied customers are also more 

likely to spread their unhappiness: Over a third actively inform others about their 

negative experience (Richins 1983).   

The literature also suggests that consumers are more impacted by losses and 

perceived risk than by gains, and need to see a strong upside to a choice in order to 

overcome potential risks (Bettman, Luce et al. 1998; Wangenheim 2005). The weight that 

consumers place on different aspects of a vehicle they are thinking about purchasing 

(performance, price, range, and availability) will vary, and this variation will ultimately 

shape the relative weighting of the utility factors in a model (Bettman, Luce et al. 1998).  

Risk is divided into three types in the literature: functional, financial, and social. The first 

two types of risk are particularly germane to consumer choices when it comes to fuel 

purchases. The later was a factor in the Keith model, in which social pressures (for 

instance, what you think your peers will think of your new vehicle) may influence the 

early uptake of hybrid powertrain technology depending on the norms, values, and 

expectations of an individual’s social group.  

In the literature, four general categories of consumer decision making, and resulting 

influence upon other consumers, are defined: 1) Low cost to switching and high 

dissatisfaction, 2) high cost to switching and high dissatisfaction, 3) low cost to switching 

and low dissatisfaction, and 4) high cost to switching and low dissatisfaction (Figure 

2-1).  
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Figure 2-1. Four Categories of Consumer Decision Making 

The likelihood of switching to a different product varies across these four categories 

(Lee and Romaniuk 2009). Vehicle choices always fall into categories 2 or 4; it is 

principally in category 2 that the persistence of unfavorable views can, in turn, lead to 

market failure. Research also suggests that consumers are more open to and dependent on 

WOM for newer or less established products or technologies, such as the super octane 

platform under consideration (Chen, Liu et al. 2013). 
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The research by Denrell on the hot stove effect and consumer response to direct 

negative experience, noted in Chapter 1, deserves particular attention (Denrell and March 

2001). In effect, Denrell’s work defines the negative end of the consumer response 

spectrum. On the other end is product loyalty, in which a fully satisfied or near fully 

satisfied customer is unlikely to try an alternative product (May 1969; Mannering and 

Winston 1991; Keane 1997). Although the hot stove concept may seem obvious, Denrell 

was able to empirically measure and calibrate this effect, with particular attention to risk 

aversion and the role it plays in consumer behavior. Of particular note is the consumer’s 

increased likelihood of sticking with a choice that has lower utility than the alternative in 

both the short run and the long run, simply because of a strong negative experience 

(Denrell and March 2001).   

Subsequent to this work, Denrell explored the topic of adaptive sampling—how 

consumers choose to acquire new information—and the information that a decision 

maker (in this case, a consumer) has about available purchase alternatives. This work 

implies that in a decision framework that is risk adverse, such as when purchasing a 

durable good with high switching costs, a stronger perceived payoff (based on the 

available information) is needed to incentivize a change in behavior or the purchasing of 

a new or different product (Denrell 2007). Additional research by Denrell provided 

supporting analysis on how the consumer’s aspirations regarding a product (their hoped 

for or desired outcomes from owning it, which reflect their set of personal values) 

influence their decisions on whether to purchase it (Denrell 2003; Denrell 2008). These 

aspirations are often quite different from the actual expected performance of the product. 

Taken together, the work by Denrell provides the necessary context and understanding 
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for modeling consumer choices in the acquisition of a durable good, such as a new 

vehicle, when both favorable and unfavorable experiences may occur.  

Denrell’s research is further complemented by Hauser’s research into 

“consideration set theory,” an approach that explores how consumers decide to consider a 

technology or individual product in the first place, based on experience, level of 

satisfaction of their existing product, and the ability and cost involved in acquiring new 

information. The research has been shown to be valuable for understanding market entry 

of new product types (Jedidi, Kohli et al. 1996), and Hauser specifically notes its 

applicability to the automotive industry (Hauser 2014). In consideration set theory, it is 

assumed that consumers limit the purchase options under consideration, collect 

information about those options, and then choose among them (Hauser and Wernerfelt 

1990). Given the many options available, it is infeasible to consider every one of them; 

moreover, the consumer is resistant to seeking new options if he or she is satisfied with 

more familiar choices. Consumers are also far less likely to reconsider an option if there 

has been a past negative experience with it. The key relevance of this research is that it 

establishes the rationale for grouping consumers into stocks in a system dynamics model, 

based on their views of a given technology platform (Hauser 2014).  

Hauser’s research also highlights the need to conceptualize consumer perceptions 

about the purchasing of durable goods as a specific type of market behavior. The study of 

consumer responses to durable goods has a long history in the literature. More recent 

focus has been on consumer grouping, and consumers’ ability to choose between 

competing products (Bayus and Carlstrom 1990). Consumer behavior based on risk 

aversion, familiarity, and utility is not unique to the automobile industry, but is observed 
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in a wide range of durable goods markets characterized by high switching costs, such as 

the market for air conditioners (Biddle 2008). Using this technology system as a model, 

researchers have also identified the importance of considering long term energy costs in 

deciding between paying the upfront cost of higher efficiency (and reaping long term 

monetary savings) versus spending less now and paying more over time (Krumm 1983; 

Krumm 1986; Rapson 2014). 

 System Dynamics Models 2.4

System dynamics provides a framework for understanding the interactions between 

multiple non-linear feedbacks, where simple intuition is insufficient to understand the 

behavior of the system. The viability of using system dynamics to explore the market 

growth of an alternative fuel-vehicle system was established by Struben and Keith 

(Struben 2006; Keith, Sterman et al. 2011; Keith 2012); current alternative fuel adoption 

models developed by these researchers utilize the social contagion/diffusion model 

common in system dynamics (Struben 2006; Keith 2012). Unfortunately, these models do 

not contain any mechanisms by which market growth can turn into collapse due to 

negative consumer experiences. This limits the opportunity to observe a growth-then-

collapse scenario for any reason other than limits on fuel infrastructure, or where 

competing technologies become more attractive (as will be explained further below) 

(Vedenov, Duffield et al. 2006).  

Struben constructed a model that helps to explain the market growth or market 

dominance of competing alternative fuel options (hybrids, electric vehicles, methanol fuel 

internal combustion engines, hydrogen fuel cell vehicles, and compressed natural gas 

vehicles) (Struben 2006). The model compares the total utility of each alternative fuel 
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option with that of conventional E10 engines to determine market share for new vehicles. 

In turn, technologies which are favored by consumers receive more investment by 

manufacturers, and also benefit from increasing rates of social diffusion through positive 

WOM.  

Although all technologies benefit in a positive way from these effects, the market 

in Struben’s model is constrained. That’s because when one technology captures more 

market share, others must of necessity capture less. Over time, a “path dependence” 

occurs, in which one or more “winners” emerge as the technology favored early on 

continues to improve its market share while the others fall behind. Under a separate set of 

conditions, a different technology might be favored in the early time steps of the model, 

leading to a different technology evolution path with a different outcome. The research 

by Struben underscores what is sometimes referred to as “lock-in,” in which a dominant, 

favored, or entrenched technology becomes hard to displace due to self-reinforcing 

positive investment and social diffusion (Sterman 2000; Struben 2006). 

Keith builds upon the fundamental market dynamics established by Struben. His 

model emphasizes empirical calibration at the local level, using sales of the Toyota Prius.  

The result is better calibration of market heterogeneity and of social contagion. As a 

result, Keith was able to show that sales of Prius were impacted by supply constraints, an 

insight that represents an important evolution of Struben’s market growth model. In 

Keith’s model, vehicle supply constraints affected the Prius’s availability and sale price. 

But the effect could extend to fuel availability in more general models.  
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Both of these prior models use a single utility at the time of purchase to determine 

market share. The social diffusion effects that enhance consumer awareness do not 

consider valence: Awareness is always treated as positive, and increases over time (minus 

some rate of consumer forgetting, or loss of awareness). Awareness is affected by both 

WOM and marketing. Over time, the number of potential consumers willing to consider 

the technology then grows in a non-linear manner (Figure 2-2): 

 

Figure 2-2. Consumer Familiarity with the Prius (All Light Vehicle Drivers) (Keith 2012) 

The actual vehicle purchase rate is determined by the utility of the technology 

platform, which, for a given platform, is dependent on the associated infrastructure. This 

varies over time as a function of the total infrastructure and the ratio of infrastructure to 

vehicles. Thus, in the work of Keith and Struben, refueling infrastructure deployment 

does affect a technology platform’s utility, and is tied to the sale of vehicles. However, 
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this only affects the immediate decisions of potential consumers, and does not capture 

longer-term effects or the delayed effects of consumer opinion about the technology 

platform. (The fundamentals of delays are explained in Chapter 4.) 

Another way of framing it is that in these models, if an infrastructure lag ends then 

vehicle sales can then resume. But the research on negative WOM suggests that in reality, 

the system doesn’t behave that way. Negative opinions developed due to infrastructure 

shortcomings will persist, and will continue to thwart uptake of the new technology. 

Indeed, since negative opinions tend to prevail, there is a key asymmetry in the system. It 

is much harder to move people away from a negative view once it is formed than it is to 

disappoint them (and create that initial negative view) because of a bad first-hand 

experience.  

When it comes to the spread of opinion about a new product, Keith and Struben use 

the well-established social contagion model, which is analogous to disease contagion 

modeling (Sterman 2000). In this approach, interaction of a technology adopter with 

others in the population occurs at a given rate. With each contact, there is a chance of 

transmission, or passing on product awareness. The probability is different for direct 

experiences, such as riding as a passenger in a vehicle, than for direct verbal 

communication. The effect of marketing is similar; it is also treated as having a particular 

probability of creating retained awareness. (The model measures marketing as a function 

of dollars spent.) 

To continue with the disease analogy, the Keith and Struben models fail to consider 

the potential for consumer “immunity.” Immunity is an important part of disease 
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modeling, and is analogous to the negative view formation process described above, in 

which consumers with unfavorable views will not purchase a vehicle (much like a person 

who cannot contract the disease). Such immunity can occur from inoculation (WOM) or 

through direct negative experience (acquired immunity). This consideration of the 

development of consumer “immunity” in an alternative fuel model represents the chief 

new advance of this dissertation.   

 Summary 2.5

This literature review has focused broadly on the decision frameworks that influence 

consumer choices about whether to join, through their purchases, an alternative fuel 

ecosystem. Three primary factors that influence consumer choice were identified: 

consumer utility, consumer heterogeneity, and unfavorable WOM. The chapter also 

established the importance of considering an automobile, and its associated powertrain 

technology, as a durable good with a high switching cost to the consumer. 

This chapter also presented a review of the relevant existing system dynamics 

models, and their strengths and limitations. Despite these limitations, the models provide 

a strong foundation for using system dynamics as a broad approach. However, the 

literature review suggests a need to build additional model structures to improve upon 

past studies’ limitations, incorporating key new components and examining how their 

attributes and relationships lead to an improved understanding of  the system and its 

resulting behavior. The two major limitations that will be addressed in this study through 

the development of new model architecture are: 1) a failure to consider the differing 

valences of consumer views (positive and negative), and 2) the failure to consider that 
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consumer views change, post-purchase, based on fuel availability, fuel price, and vehicle 

performance.    

The next chapter will cover the research methodology used in this study. It also 

identifies the independent variables and the dependent variable under consideration, in 

the context of outlining a research framework. This framework, in turn, provides the 

foundation for the creation of the research hypotheses. 
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 Research Approach and Methodology 3

System dynamics modeling and methodology, based on systems thinking, is the approach 

adopted in this dissertation. Systems thinking is broadly defined by Peter Senge in his 

seminal work, The Fifth Discipline, as  

a way of modeling certain aspects of reality or of seeing things which were 
previously overlooked or bypassed. It is about the need to consider the larger 
environment, or “system” in which the experience is taking place. It introduces 
the learner or practitioner to the idea of seeing all events as part of a larger 
integrated system. It’s “the discipline of seeing wholes” (Senge 1990).   

More simply stated, systems thinking is the practice of considering wide system 

boundaries so as to more fully to capture the broad set of interactions and feedbacks that 

occur over time between the different system components.   

 In the context of the vehicle-fuel ecosystem, system thinking means extending 

system boundaries to incorporate a factor that was previously missed: post-purchase 

consumer experience. It also means looking beyond any one component to the 

interrelationship between the system components, and their combined role in creating the 

experience for the consumer.  It thus requires evolving one’s outlook, from one that is 

focused on identifying a discrete mechanical engineering design solution with a 

theoretical value, into a systems perspective that sees the broader problem as involving 

the market growth of a durable good with high switching costs- a good whose value to 

the consumer depends on other individual system components that have competing 

interests.   

The application of system dynamics techniques helps create a framework and 

method, starting with simple test models to evaluate fundamental concepts that can later 
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be built up into more robust models of complex systems. Systems dynamics thinkers 

typically note that even simple models are valuable for understanding complex systems 

affected by the design of policy (Ghaffarzadegan, Lyneis et al. 2010).   

The approach in this study followed a typical system dynamics research roadmap. 

Prior to the development of a full dynamic model, a static representation of the system, 

called a Causal Loop Diagram (CLD), was built up in stages. (CLDs and the basic 

building blocks of system dynamics modeling are explained in more detail in Chapter 4.) 

The CLD helps to visualize and identify the key relationships among the different 

variables and different stakeholders in the ethanol fuel-vehicle ecosystem, as identified 

during the background literature search and problem identification process. It is not a 

functioning model, and does not predict or provide values for any of the variables. 

Instead, the insights gained from the causal loop diagram allow for the formulation of the 

study hypotheses.  

The next step in the process was to develop simple but fully dynamic stock and 

flow models in order to understand, validate, and visualize aspects of the system’s 

behavior. Then, a full system model was built and tested. As part of this process, system 

dynamics models commonly use elements and components from an existing library of 

working models. This approach allows the researcher to focus on examining the new 

structural elements while retaining confidence in the core behavior of the model.   

It also is common within the system dynamics community to refer to the 

“archetypes” of observed system behavior, resulting from basic types of system structure. 

These archetypes were developed after observing common types of system behavior, and 
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were articulated as a simple way to begin to think about system problems (Senge 1990; 

Senge, Kleiner et al. 1994). From a business, policy, and system engineering and 

modeling perspective, the use of the archetypes provided a well understood set of 

common building blocks, a particularly useful tool given the limitations on software and 

computational power available in the 1970s and 1980s. While these archetypes provide a 

good starting point for understanding how basic system structure—derived from causal 

loop diagrams or from combining stocks and flows—leads to general types of behavior, 

caution is urged in their rigid application. The initial eight system patterns, and their 

subsequent expansion into archetypes, can unduly constrain the thinking and observations 

in the model (Senge, Kleiner et al. 1994; Lane and Smart 1996). Forrester himself, the 

father of system dynamics, has criticized and challenged the validity of system 

archetypes when used in a freestanding way, questioning whether they actually display 

the explicit behavior attributed to them (Forrester 1994; Homer 1996). While exploring 

this issue, Wolstenholme argued that the archetype categorization should be restructured 

into four high level archetypes, based on a different ordering of reinforcing and balancing 

loops (Wolstenholme 2003; Wolstenholme 2004).  

The new software and computational power available to system dynamics modelers 

today has allowed for more complex systems to be built and simulated. Behavior that can 

combine the original archetypes, or systems than can switch archetypal behavior, can 

now be easily observed. Therefore, while an understanding and appreciation of 

archetypes is valuable in helping to think about a problem and in the development of 

causal loop diagrams, a strict reliance on them may unduly restrict system thinking and 

model development and analysis. Consequently, while the principles embodied in Senge 
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and others regarding archetypes are considered and used in the exploration of the 

underlying problem, and in understanding and validating the model, this research will not 

be strictly framed or discussed in this manner.   

After creating the dynamic stock and flow model, simulations were run and the 

output analyzed to test the hypotheses. The objective was not to predict or forecast any 

output, but to elucidate and understand the key relationships between the different 

variables over time, and uncover the mechanisms influencing the adoption of super 

octane technologies and ethanol consumption. Although system dynamics models can 

and have been used for forecasting, that is not commonly viewed as their purpose, and 

the role of forecasting remains a topic of disagreement both in system dynamics and more 

broadly for the modeling of complex systems (Lyneis 2000; Makridakis, Hogarth et al. 

2009). Challenges to forecasting are amplified when the model is calibrated from data 

outside of the system, as is the case for the super octane system (Belsley 1988). Thus, a 

more reliable outcome of modeling in this case is fundamental system characterization. A 

set of simulations are performed to provide a range of possible system outcomes and to 

assess sensitivities to parameter changes (Kabir, Sharif et al. 1981; Rose, Smith et al. 

1991). The approach used in this study thus aligns well with the advantages assigned to 

qualitative versus quantitative modeling in system dynamics models (Wolstenholme and 

R.G.Coyle 1983; Coyle 2000).  

 Research Methodology 3.1

Figure 3-1, below, visualizes this research framework. First, the problem was identified 

and studied. A conceptual model was developed and refined until a clear understanding 

of the problem could be articulated. Then, available data and information were used to 
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build the stock and flow model. This work was performed iteratively, as each new model 

structure was incorporated and tested. Additional data sources were sought out as needed. 

Finally, after validating the model, simulations were performed and the results used to 

test the hypotheses (which are articulated in Chapter 4).       

 

 

Figure 3-1.  Research Methodology 
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 Research Framework 3.2

After the CLD was used to identify the key variables, they were characterized as 

independent or dependent. The research framework below (Figure 3-2) helps explain the 

relationship between these variables, and how they work within the overall ecosystem. 

This visual representation helped to define the research goal and structure. Seeing the 

relationships and variable dependencies displayed in this manner also helped to support 

the use of a systems oriented research methodology. 

In order to avoid confusion, this research framework does not show any polarity 

(positive or negative) in the relational links of the independent variables to the dependent 

variable. Directionality is not consistent for each variable over time, and depends on the 

relative values of each individual variable. For example, fuel price impacts the buyer’s 

utility. Higher gasoline prices would therefore intuitively seem to increase the utility for 

the buyer of a super octane vehicle. However, higher fuel prices also increase the cost of 

super octane fuel to a lesser degree, and the directionality of influence also depends on 

the price of ethanol. This is further compounded by the possibility that very high gasoline 

prices could force consumers to bypass super octane blends altogether and go with an 

even higher efficiency hybrid powertrain—which would have the opposite effect of 

lowering the buyer’s perceived utility when it comes to purchasing a super octane 

vehicle.  

Other variables, like vehicle price, operate in a less complex fashion. A higher 

vehicle purchase price will lower the buyer’s perceived utility when it comes to a vehicle 

or powertrain selection. The actual effect (positive or negative) still depends, however, on 

the magnitude of change in price relative to all competing platforms.   
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Figure 3-2.  Research Framework 

 Independent Variables 3.3
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Fuel Price: Fuel price is the price of fuel that the consumer sees at the retail or refueling 

station—more colloquially, “at the pump.” It is expressed in dollars per gallon. In a 

vehicle purchasing decision, consumers consider both the average fuel price over recent 

months (rolling average) as well as the instantaneous price during refueling. 

Fuel price is a function of several factors, including the cost to produce and 

distribute the fuel, taxes, and the station’s profit margin. The relevant factors for this 

model relate to supply and demand. As demand goes up relative to supply, price will go 

up. As demand goes down relative to supply, so will price. There is typically a delay in 

the response time, however, so these effects may be out of phase. Both demand and 

supply will also independently vary over time. Supply and demand respond to one 

another, but they are also both influenced by external factors such as seasonal demand, 

economic activity, and fuel economy of the vehicles on the road. 

Most important, in the context of this research, fuel price depends both upon the 

price of ethanol fuel and also on the price of gasoline. The energy density of ethanol is 

only 73 percent that of gasoline (Yan, Inderwildi et al. 2013). Since these two types of 

fuel have different energy costs per gallon, the price needs to be converted into a price 

per unit of energy to compare the relative value of the different fuels. 

Ethanol Price:  Ethanol price is the wholesale price per gallon of ethanol. The ethanol 

price contributes to the overall fuel price as a function of its blend ratio with gasoline. 

In addition to supply and demand issues, ethanol price is also influenced by the 

feedstock price and by production costs. Some feedstocks, like corn and sugarcane, are 

influenced by outside market factors, including the behavior of food markets. The 
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feedstock price drives a majority of the ethanol production cost and can vary significantly 

(Kwiatkowski, McAloon et al. 2006). Cellulosic ethanol costs vary widely but depend 

much more on very large capital expenditures, in the billions of dollars (Zhang, Zhang et 

al. 2013). Since capital expenditure costs are fixed, there is less price fluctuation expected 

in cellulosic ethanol.  

Gasoline Price: Gasoline price is the wholesale price per gallon of gasoline. Gasoline 

refining is a mature industry. Over time, as gasoline prices have increased due to global 

demand, the petroleum feedstock (crude oil) has contributed to an increasing percentage 

of the production cost (Figure 3-3). Gasoline price contributes to the overall fuel price as 

a function of its blend ratio with ethanol, a relationship that can be expressed as: 

$ $ *% $ *(1 % )gal ETOH ETOH gas ETOH= + −        (3-1) 

where $gal is the price of the fuel at the pump, $ETOH is the price of ethanol per gallon and 

$gas is the price of gasoline per gallon.

 

Figure 3-3.  Average US Retail Gasoline Price Contribution by Input (McCarthy 2014) 
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Ethanol prices and gasoline prices respond differently to market demand and 

production factors. The ability of one fuel to substitute for the other contributes to a 

reduction in price spikes, since demand can more easily switch in response to supply 

disruptions. While this may contribute to the appeal of super octane vehicles, it also has 

the unintended consequence of mitigating potential price spikes for E10 gasoline, which 

can reduce the appeal of super octane fuel (Özatalay, Grubaugh et al. 1979; Bodger, 

Hayes et al. 1989; Valentine 2011).   

Station Availability: Station availability is a reflection of the consumer’s ability to 

access a refueling station for a given fuel. It depends not only on the absolute number of 

stations, but their location and proximity to the consumer in terms of travel time or 

distance. The former (travel time) has emerged as a more credible value, as it better 

reflects the metric consumers really care about. For example, driving a mile in rush-hour 

traffic in downtown Manhattan may take longer than a five mile drive in a suburb in the 

evening. Consumers naturally want to maximize convenience by minimizing the amount 

of time spent traveling to a refueling station. Thus, the higher the overall station 

availability, the higher the perceived utility of a fuel. 

Number of Stations. Currently, there are approximately 150,000 public gasoline 

refueling stations in the US, serving the approximately 250,000,000 gasoline vehicles on 

the road (NACS 2013). The model assumes that no new stations will be constructed, but 

that the existing gasoline stations can be upgraded to sell both E10 gasoline and mid-level 

blend super octane fuels—if the station owner thinks it is a good business opportunity.   
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Pump Availability. This measurement refines the number of stations to reflect a 

customer’s actual access to the pump. If demand is high and the number of pumps at a 

given station is low, wait times may occur. The consequence is consumer dissatisfaction 

and a subsequent reduction in user utility (U2). If a pump is simply unavailable (for 

instance, out of service) and the consumer is forced to use another fuel, that will also 

create a strong unfavorable view and reduce U2. 

Car Performance: The car (or vehicle) performance refers to the collection of attributes 

that may appeal to the consumer and that are specific to the fuel and powertrain in the 

vehicle. For example, it does not refer to the general attributes of a Toyota Camry, but it 

does refer to the differences that can be observed by the consumer between a standard 

four cylinder gasoline engine, a hybrid electric powertrain, and an engine designed for 

super octane fuel. These include differences in fuel economy, range, acceleration rate, 

and drivability (a term used to describe a vehicle’s throttle responsiveness, ability to start 

in the cold, and other fuel related performance issues). All of these factors have a positive 

correlation with perceived utility. Car performance also varies based on the type of fuel 

used, as follows: 

With Regular Fuel: Conventional gasoline and hybrid vehicles are designed to use the 

current E10 gasoline, and the customer has a particular expectation about how a vehicle 

should perform when this fuel is used. Super octane vehicles may also be designed to use 

this fuel, so that consumers will have access to the fueling station network that is already 

in place. The result, however, will be a reduction in fuel economy performance of 10 to 

20 percent (Splitter and Szybist 2013; Splitter and Szybist 2013), as well as a potential 

reduction in acceleration and drivability. The consequence of this difference is a 
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reduction in perceived utility. This may lead to consumer dissatisfaction, depending upon 

how much the driver values vehicle performance relative to the difference in fuel price 

between super octane and regular gasoline.    

With Super Octane Fuel: For vehicles that are designed to use super octane fuel, 

consumers will also have an expectation of vehicle performance when using that fuel. For 

instance, the consumer will expect better fuel economy.   

Vehicle Price: Vehicle price is the purchase price paid by the consumer for a given 

vehicle with a given powertrain. The purchase price is determined by the manufacturer, 

based on manufacturing costs, desired profit, and monetary incentives to the customer. 

Monetary incentives may occur if a manufacturer needs to sell greater numbers of a 

particular type of vehicle in order to clear inventory or to meet fuel economy regulations.  

The purchase price is important for two reasons. First, the purchase price usually 

translates into a monthly cost based on loan or lease rates. Second, recent research has 

shown that even seemingly small increases in vehicle price can have disproportionate 

effects on consumer purchasing, due to the upfront financial constraints (Busse, Knittel et 

al. 2013).  

In light of all this, of particular importance to this study is the difference in price for 

different powertrain options. Consumers’ perceived utility will vary greatly depending on 

just how much more expensive super octane vehicles are in comparison to their more 

traditional counterparts. 
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 Utility    3.3.1

Utility, as defined in Chapters 1 and 2, is the variable that reflects the foregoing variables 

and is directly connected to the dependent variable (ethanol demand). Two distinct utility 

factors exist in the model, and each is calculated from the set of other independent 

variables. These utility variables can be calculated endogenously (internally) within a 

model or, as explained in Chapter 5 and applied in Chapter 6, they can be determined 

exogenously (externally), in order to isolate and observe the relationship of the dependent 

variable to controlled changes in a utility variable.   

Buyer Utility (U1). Buyer utility is the perceived utility that the consumer uses in making 

a vehicle purchasing decision. It is the sum of the individual utilities from each of the 

independent variables influencing buyer utility: fuel price, station availability, vehicle 

performance and vehicle price. Each of these independent variables is translated into a 

dimensionless number which allows for a comparison of buyer utility for each powertrain 

option.   

1 Pr( )FPpurchase SA VP V iceU U U U U= + + +        (3-2) 

For U1, UFPurchase is an average of the fuel price for the several months prior to the 

purchase, and reflects the perception or belief that the consumer has about what the fuel 

price is likely to be in the future. USA, UVP and UVPrice are the values for station 

availability, vehicle performance, and vehicle price at the time of the purchase decision.   

User Utility (U2): User utility is the perceived utility that the consumer uses to make a 

fuel purchasing decision. It is the sum of the individual utilities from each of the 

independent variables influencing user utility: fuel price, station availability, and vehicle 
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performance. Each of these independent variables is translated into a dimensionless 

number that allows for a comparison of user utility for each powertrain option.   

2 FPuser SA VPactualU U U U= + +          (3-3) 

The utility values for fuel price and station availability are different than in U1, but are 

derived from the same independent variables. The UFPuser is the instantaneous fuel price 

the consumer sees at the pump. The USA is the station availability at the time of refueling, 

and will change over time. UVPactual reflects the consumer’s perceived utility based on 

actual use of the fuel—in other words, how he or she thinks the vehicle will perform 

when using a given fuel option, based on existing experience. Using the value of U2, a 

consumer may choose E10 or super octane fuel at the time the decision to refuel is made.   

The relative utility for U1 or U2 is then determined by a ratio of the utilities for each 

choice available (E10 gasoline, E10 hybrid, super octane gasoline for U1, or E10 and 

super octane for U2). For example, the relative utility for super octane versus E10 

gasoline at the pump is: 

10

SO

E

U
U

                                          (3-4) 

Consumer choice is then determined by this ratio, using a formula or table embedded in 

the model. The relative value for each of the factors included in U1 and U2 is 

undetermined, and may vary. Consumers may value fuel price more than vehicle 

performance, for example. Since the values are not empirically known, different 

scenarios can be tested. 
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 Dependent Variable 3.4

The Model has one dependent variable: Ethanol consumption in transportation fuel. This 

variable is a function of the mix of vehicles on the road, which in turn is determined by 

U1 and the users’ choice of fuel (U2) during each refueling. The total ethanol consumed is 

calculated from the number of vehicles using either E10 or super octane fuel, and the fuel 

economy of each vehicle. The average distance traveled for each type of vehicle is 

assumed to be the same, at 12,500 miles per year (FHWA 2012).  

Other factors outside of the scope of the study that can affect total ethanol 

consumption include average vehicle miles traveled by all the cars on the road (fleet) and 

the total number of vehicles on the road. This model holds the fleet constant at 250 

million vehicles to simplify the analysis, and so as to more easily quantify how changes 

in U1 and U2 affect the dependent variable. The fuel economy of new vehicles sold each 

year improves at a rate equal to the regulatory requirements of about 4 percent per year 

on average from 2014 to 2025 (NHTSA and EPA 2010).  

 Summary 3.5

This chapter has described the research methodology and identified the study variables. It 

began by explaining that the overall study employs a systems approach, using system 

dynamics modeling, and discussing how system “archetypes” will (and will not) be 

considered in the research. It also briefly discussed the development of causal loop 

diagrams (CLDs), which will be used in the next chapter to develop hypotheses that can 

then be tested in a full stock and flow system dynamics model, through scenario and 

sensitivity analysis. 
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 The chapter then explored each of the study variables. The independent variables 

are: fuel price (for both ethanol and gasoline), vehicle purchase price, vehicle 

performance (on both regular gasoline and super octane fuel) and station availability. 

These independent variables feed into two primary independent utility variables, buyer 

utility (U1) and user utility (U2), that in turn influence the dependent variable (ethanol 

consumption).  

The independent and dependent variables identified and characterized in this chapter 

will form the basis for the model development, starting with causal loop diagrams or 

CLDs (Chapter 4). Then, in Chapter 5, the system dynamics model described will be built 

using the qualitative and quantitative techniques previous developed and explored in the 

literature and this section. A comparison of the dependent variable (ethanol consumption) 

across model scenarios will be used to determine if the hypotheses (derived at the end of 

Chapter 4) improve the model structure, and if they can provide improved insight into the 

relationships between the variables that drive the system’s behavior. This methodology 

will allow for improvements in the model structure, so as to more accurately simulate 

potential behavior scenarios in an ethanol fuel-vehicle ecosystem. 
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 System Dynamics Elements, Causal Loop Diagrams, and Hypotheses 4

 Fundamentals of System Dynamics Modeling 4.1

At its core, system dynamics is based on solving a set of simultaneous differential 

equations to determine the quantity of a stock over time (Nanez 2012). Causal loop 

diagrams and stock and flow models are built from a basic toolbox that allows for a 

general visual representation of how the system is built, and of relationships within the 

system or the dynamic model (Figure 4-1).   

 

Figure 4-1.  System Dynamics Building Blocks 

In this chapter, each of these building blocks will be described, and the CLDs for 

the super octane fuel-vehicle ecosystem will be built up. The methods and approaches for 

building and evaluating CLDs are fairly standard among practitioners. The explanation 

presented here draws on the guidance provided by Sterman, Nanez, Kim, and Kirkwood 

(Kirkwood 1986; Kim 1992; Sterman 2000; Nanez 2012).  
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The full stock and flow model will be shown in Chapter 5, but this chapter also 

introduces a basic stock and flow structure and a simple model, so as to demonstrate how 

the system dynamics building blocks can be used, and how CLDs and stock and flow 

models interrelate.   

System dynamics model development begins with the common first step of creating 

one or more CLDs. This helps the practitioner to visualize the connections and cause and 

effect relationships between the primary system variables that will later be modeled. 

CLDs help create a static image of the system, but cannot capture its dynamic behavior 

over time (Azar 2012). CLDs are also incapable of identifying the system parameters, 

such as those conceptually outlined in Chapter 1 (Figure 1-4), or of determining the rates 

of change of the system stocks and the non-linear flows that occur over time. This limits 

their value in predicting the actual dynamic behavior of the system (Richardson 1997). 

As a result, caution should be exercised with CLDs, and they should only be used to infer 

a limited number of system insights. For an understanding of the dynamic behavior of the 

system, a full stock and flow model is needed. 

 System Dynamics Components 4.2

 Causal Loop Diagrams  4.2.1

CLDs express the link between two variables, as well as the polarity of that link—in 

other words, is the relationship positive or negative (Figure 4-2)? Polarities should 

always be used in CLDs. Links, sometimes called “influencers,” are also used in stock 

and flow diagrams and models to connect variables, stocks, and flows with or without 

polarities. 
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 Here are two types of links: 

 

Figure 4-2.  Positive and Negative Links 

In the links above, the direction of the arrow indicates the causal route from one 

variable to another. The independent variable in the relationship lies at the tail of the link, 

and the dependent variable lies at the arrowhead. A plus (+) or a minus (-) sign indicates 

polarity (positive or negative, respectively). Thus, a positive sign indicates that a change 

in one direction for the value of the independent variable results in a change in the same 

direction for the value of the dependent variable. Increase the former and the latter 

increases; decrease the former and the latter decreases. A negative link, in turn, means 

that a change in one direction for the value of the independent variable results in a change 

in the opposite direction for the value of the dependent variable. For a negative link, then, 

an increase (decrease) in the independent variable results in a decrease (increase) in the 

dependent variable. Note that polarity does not indicate the magnitude of the change in 

either variable. It merely states the directional relationship between the two.   

A “closed loop” is created by two or more links and variables. The signs on each 

link help determine the overall sign for the complete loop. A loop with all positive links, 

or an even number of negative links, is called a “reinforcing loop,” or what is more 

Positive Negative
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popularly known as a feedback loop. A loop with an uneven number of negative loops is 

called a “balancing loop” (Figure 4-3).  

Reinforcing behavior can go in both directions. A positive reinforcing loop will lead 

to continued growth of the variable (positive feedback), but if the links are both negative, 

the reinforcement will lead to a continued decrease in the variable (negative feedback) 

(Senge 1990). In such a loop, any change in a variable, however small, will lead this 

reinforcing behavior to occur. It is also important to note that a variable can switch from 

being independent to dependent and back again, as one works through a loop.   

 

Figure 4-3. Examples of Reinforcing and Balancing Loops 

A variable may also be part of more than one loop. This is illustrated using the classic 

chicken and egg analogy from Chapter 1 (Figure 4-4): 

 

Figure 4-4. Combination of Reinforcing and Balancing Loops 

Reinforcing Loop Balancing Loop 
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In this example, the chickens lay eggs, which, after a delay from incubation 

(denoted by the symbol above that resembles two parallel lines; see also Figure 4-1), lead 

to more chickens—and the pattern repeats. If only this loop existed, the chicken 

population would grow indefinitely. Fortunately (or unfortunately), chickens cross roads 

and some of them are killed. The more chickens, the more road crossings, and the more 

road crossings, the fewer the number of chickens. This has a balancing effect that serves 

to keep the population (at least partially) in check.   

As the above example indicates, causal links can occur with a delay. This means 

that a change in the independent variable is not immediately reflected in the dependent 

variable. Delays are important, because they result in behaviors that are not necessarily 

apparent in the current system condition at a given time. This often results in responses 

that overshoot or undershoot the ideal value, and consequently, system behavior that is 

not optimized.   

Overall, it is important to note that the CLD above tells a basic story of how the 

system behaves. In fact it emulates one of the basic system archetypes (dubbed “Limits to 

Growth”) noted in Chapter 3, in which the population reaches some upper limit due to the 

increasing influence of the balancing loop as the chicken  population increases (Senge 

1990; Senge, Kleiner et al. 1994).   

 Stock and Flow Models  4.2.2

In a stock and flow model, a stock is a “state variable”; it gives the state (or quantity) of a 

component of the system at any given time step in the model. A common analogy is to a 

bathtub, which has a particular “stock” of water in it at a given time. Stocks can only be 
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changed by a “flow” or flows into or out of the stock, and therefore are ultimately defined 

by the accumulation (flow in) and draining (flow out) that has occurred up to a given 

point in time (Figure 4-5). Again returning to the bathtub analogy, a flow out of the 

bathtub occurs when the drain is opened, while a flow in occurs when the faucet is 

opened.   

 

Figure 4-5.  Basic Stock and Flow 

In the super octane stock and flow model, a stock variable will be used to keep 

track of the number of super octane vehicle owners at a given “time step.” The time step 

is simply any fixed unit of time (a day, a month, a year, etcetera) that is set by the 

modeler, and that the model iterates on. The model calculates the simultaneous set of 

equations for each time step, and provides the value for the variables and flows at that 

time step.     

As noted at the beginning of this chapter, system dynamics is based on solving a set 

of simultaneous differential equations to determine the quantity of a stock over time. 

Now that the basic relationship between stocks and flows is established, it can be 

expressed mathematically as: 

( ) _ ( ) _ ( )dStock t Flow in t Flow out t
dt

  = −  
      (4-1) 
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The value of the stock is therefore given by:   

0( ) [ _ ( ) _ ( )] ( )Stock t Flow in s Flow out s ds Stock t= − +∫     (4-2) 

It is also important to note that a system can be either open or closed. In a closed 

system, the sum of all the stocks remains constant, even as the value of the individual 

stocks may be changing. In an open system, by contrast, the sum of the stocks can 

increase or decrease over time. In a closed system, all flows must start and end in a stock, 

but in an open system, flows can enter from a “cloud” or end in one, and are not so 

constrained. A “cloud” simply refers to an open “source” (which adds to a flow) or “sink” 

(which decreases a flow) that is not accounted for in the model. For example, the 

population of planet Earth is ostensibly an open system. The flow of humans into the 

system is not fixed (or limited), and the planet’s population keeps increasing. 

The final system dynamics building block that needs to be discussed is the variable, 

typically called an “auxiliary variable” in the stock and flow model. A variable can either 

be constant, or can change over time. In the latter case, the variable is calculated from the 

stocks, flows, and from other variables. The calculation does not involve the use of 

differential equations, and therefore avoids adding increasing and unnecessary 

complexity to the model. 
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Using the same chicken and egg analogy, the CLD in Figure 4-4 can now be 

converted into a stock and flow model (Figure 4-6): 

 

Figure 4-6.  Illustrative Stock and Flow Model 

 In this example, the eggs and chickens are stocks. The reinforcing loop behavior 

seen in the CLD in Figure 4-4 is now modeled by the egg laying (a flow) that is 

calculated from the number of chickens, and a constant variable that reflects the rate at 

which chickens lay eggs. The time delay before chicken births occur is calculated using 

the incubation time (another constant variable). The balancing loop behavior is captured 

in the number of deaths (flow), which is determined by the rate of road crossings per 

chicken (a constant variable).  

Natural deaths are also considered by using the average lifespan (a constant 

variable) to calculate the number of deaths as a function of living chickens.  Another 

variable could be added to this model, called change in chicken population. It would be 

calculated by subtracting chicken deaths from chicken births and, unlike the constant 

variables mentioned previously, would change over time.  

Now that we have examined both, this is a good opportunity to note the distinction 

in value between a CLD and a stock and flow diagram. While the CLD provides 

g 
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qualitative insight into how to the system behaves and what the important variables and 

relationships might be, it is incapable of providing quantitative values for any of the 

variables over time. This is only accomplished through the stock and flow model. 

Without the actual simulation provided by the latter, it is not possible to accomplish the 

necessary learning to inform policy or decision making (Sterman 1994; Richardson 

1996). 

 Building Causal Loop Diagrams for the Ethanol Fuel Vehicle System 4.2.3

The core research problem considered in this dissertation is the inadequate understanding 

and representation of this complex multi-stakeholder system. This results in an 

incomplete understanding of how the system stakeholders and structure leads to the 

uptake of a new technology (super octane).  The technology in question is broadly 

defined as a durable good with high switching costs, in which the post-purchase utility, as 

perceived by the consumer, is dependent on the behavior of other system components. 

Addressing the problem specifically requires understanding of how unfavorable 

consumer view formation will affect the market potential for super octane fuels, and 

thereby, total ethanol consumption. The market potential is thus dictated by consumers’ 

perceived utility of these fuels in a changing marketplace. This system, too, can be 

depicted in causal loop diagrams. Below, an increasingly comprehensive set of CLDs are 

built, so as to illustrate and explain the workings of the ethanol fuel-vehicle ecosystem. 

First, Figure 4-7 captures the basic fuel supply and demand behavior: 
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Figure 4-7.  Basic Fuel Supply-Demand Causal Loop 

Since the amount of super octane fuel available is fixed, the behavior of the system 

follows a conventional supply and demand pattern. If the price drops, the fuel becomes 

more attractive from the perspective of consumers at fueling stations. This, in turn, 

increases the demand. As demand increases, price will also increase, which will lower the 

fuel’s attractiveness. While the exact level of demand will vary at any given time, the 

general behavior would be a fluctuation around a mean demand. This will not change 

unless the supply is changed, as illustrated in Figure 4-8, which introduces a new player 

in the ecosystem, ethanol producers: 
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Figure 4-8.  Basic Fuel Supply-Demand Causal Loop with Ethanol Supply Increase 

Here, more super octane demand requires the production of more ethanol, and leads 

to an ethanol price increase. After a delay, the producers perceive the increase in price 

and increase the production capacity and supply. This, in turn, will lower the super octane 

price at the pump, and the balancing effect seen in Figure 4-7 will again occur. But now, 

overall demand for super octane fuel will be higher. 

Note, however, that because of the delay in bringing ethanol supply to the market, 

the balancing effect above will not occur, and super octane demand will not grow, until 

the additional supply enters the market. In the interim, consumers may be frustrated by 

high prices, even as retailers and suppliers may benefit from those same higher prices 

until demand is balanced.  

From this CLD, the factors that can lead to an overall increase in ethanol capacity 

and market demand are starting to emerge, but the image is still very far from complete. 

Refueling infrastructure is also very important, and ultimately dictates the accessibility of 

super octane fuel to the customer. This effect is illustrated in Figure 4-9:  
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Figure 4-9.  Basic Fuel Supply-Demand Causal Loop with Ethanol Supply Increase and Refueling Infrastructure 

As super octane demand increases, refueling infrastructure grows (with some delay), and 

the attractiveness of the fuel increases. The two reinforcing loops (versus one balancing 

loop), however, do not necessarily mean that overall super octane fuel demand and 

ethanol demand will grow. This question is beyond the scope of a CLD, and can only be 

answered by actual modeling. 

Now another critical factor, the refueling infrastructure and its behavior, has been 

considered—yet understanding of the system is still not complete. The consumer 

response also needs to be included. Unfortunately, this is where much oversimplification 

tends to occur. The CLD in Figure 4-9 depicts the common mental model that most 
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policy makers have about this part of the process (Keith 2014):

 

Figure 4-10.  Causal Loop Diagram for Basic Consumer Response 

In this diagram, when super octane fuel attractiveness increases, a positive 

reinforcement behavior occurs. Increased fuel attractiveness leads to an increase in 

vehicle sales, which, in turn, results in the typical social diffusion behavior of increasing 

consumer awareness, and ultimately, more consumers purchasing the vehicle. Car 

manufacturers then respond to consumer demand by continuing to invest in better 

technology. This improves vehicle performance and/or lowers the price of the 

technology, resulting in improved utility.  

If this were the complete system, then any new technology would be expected to 

enter the market and, over some period of time, achieve dominance. But logically, and as 

consistently observed in the real-world, this cannot be the case. Other competing 
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technologies also continue to improve, and consumer heterogeneity results in a range of 

preferences. The result is a balancing effect due to competing technologies. Thus, the 

previous diagram can be improved as follows (Figure 4-11) (Kabir, Sharif et al. 1981; 

Struben 2006):   

 

Figure 4-11.  Causal Loop Diagram Showing an Expanded Range of Consumer Responses 

At this point, we can link the consumer familiarity and car manufacturer loops, 

above, with the super octane and ethanol supply and demand loops examined previously 

(Figure 4-12): 

R
Social

Exposure

Vehicles
in Use

Vehicle
Retirements

Vehicle Sales

Consumer
SuperOctane Vehicle

Choice

+

Manufacturer
(Vehicle)

SuperOctane
CapabilitiesSuperOctane

Vehicle Utility

+

+

Consumer
Familiarity with

SuperOctane

+

+

+

R
R&D,  Learning-by-Doing,

Platform Expansion,
Marketing

B

Competing
Platform

Capabilities +

-



74 
 

 

Figure 4-12.  CLD of Combined Super Octane and Consumer Response Loops  

Merging together these two CLDs into a single, larger CLD shows the effect that 

super octane vehicle demand, and growth in the market for these vehicles, has on super 

octane fuel demand. A fairly thorough understanding of the structure of the system—

although not its precise behavior—is beginning to emerge. The growth, collapse, or 
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stagnation of super octane demand will depend on the relative strength of the loops and 

inputs over time. 

It is worth noting that this CLD aligns nicely with the tipping point theory discussed 

in Chapter 1 (Greene, Park et al. 2014). If regulations, subsidies, or policy can induce a 

critical level of infrastructure investment, and of consumer purchases of super octane fuel 

and vehicles, then the continued sustained growth of super octane market share will 

occur. In other words, at a critical threshold, the reinforcing behavior will overwhelm the 

balancing behavior (or the balancing behavior will be marginalized). It is simply a matter 

of using the dynamic model to find that threshold. 

Unfortunately, it turns out that the CLD above, while fairly comprehensive, remains 

incomplete. While consumer response has now been taken into consideration, the nature 

of that response is depicted as unidirectional. The diagram only reflects consumer 

awareness with regard to super octane fuel and vehicles, and does not include the positive 

or negative valence of consumer experience. The diagram above also assumes that 

consumers do not have a choice in the type of fuel that they purchase after the initial 

vehicle purchase occurs—but this is not accurate. Thus, an additional set of CLDs is 

needed to understand these aspects of the system.  

Let’s begin by adding a more sophisticated understanding of consumer behavior 

into the picture (Figure 4-13): 
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Figure 4-13.  CLD of Consumer Experience with Super Octane 

In this CLD, positive consumer experience leads to continued familiarity with, 

demand for, and use of super octane fuel. But this happy picture is too simple. As the 

more complete CLD in Figure 4-14 illustrates, consumer demand can result in a lack of 

availability of super octane fuel, and higher fuel prices can lead to negative consumer 

experiences if refueling infrastructure does not improve: 
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Figure 4-14.  CLD Showing a More Complete Range of Consumer Experience in Relation to Super Octane 
Availability  

This CLD, incidentally, also illustrates how user utility is impacted by the independent 

variables defined in Chapter 3 (pump availability, vehicle performance, and fuel price).   

The CLD above now considers the possibility of both positive and negative 

consumer experience. However, there’s another critical detail that remains unconsidered. 

Consumers with super octane vehicles have a choice, at the pump, between refueling with 

super octane fuel and purchasing E10 gasoline, which will deliver reduced vehicle 

performance but may be either cheaper or more easily accessible. The behavior of the 

consumer with respect to E10 gasoline is similar to the super octane response, and is 

illustrated in Figure 4-15, where “GAS” refers to E10. The term “affinity” used in the 

CLD below, meanwhile, refers to the consumers’ willingness to use the fuel. It is 
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influenced by the perceived utility of the fuel, and by consumer awareness and perception 

regarding it.   

 

Figure 4-15.  Structure of the Consumer-E10 Gasoline Response 

Now, in order to visualize the actual system behavior resulting from consumer 

choices between super octane fuel and E10 gasoline, the last two CLDs need to be linked 

(Figure 4-16): 
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Figure 4-16.  Causal Loop Diagram of Super Octane Consumer Response in Relation to E10 Gasoline Demand 

Here, E10 demand is secondary to super octane demand, but does have some impact on 

total ethanol demand. The key point is that consumer use of super octane fuel will vary 

depending upon: 1) its relative utility compared with the relative utility of E10 gasoline; 

2) consumer affinity or willingness to use the fuel (SO Pump Affinity); and 3) the 

number of super octane vehicles on the road. 
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At this point, the concepts explored in Figure 4-16 needs to be connected to the 

overall CLD for the system. Specifically, how does consumer response and perception 

influence the total system behavior?  

This is shown in Figure 4-17, with the old structure greyed out in order to draw 

attention to and better visualize the new structure. Positive overall experiences contribute 

to consumer affinity towards super octane fuel. This reinforces vehicle and fuel use, and 

leads to favorable WOM:  

 

Figure 4-17.  Causal Loop Diagram of Super Octane System, Highlighting the Role of Consumer Perception 
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The rate of vehicle sales will depend on production capacity growth and the rate of 

manufacturer investment. However, fuel price affects fuel choice and use. Negative 

experiences suppress super octane fuel choice, vehicle purchases, favorable WOM, and 

investment by manufacturers, ethanol producers, and station owners, as can be seen in the 

complete CLD below (Figure 4-18): 

 

Figure 4-18.  Complete Causal Loop Diagram of the Super Octane Fuel System  

In the diagram above, the reinforcing behavior caused by consumer response can 
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occur at any given time step. From this CLD, one can observe that the growth or collapse 

of super octane fuel and ethanol consumption will depend on which loops are dominant 

under the range of actual data inputs. This, again, can only be determined by dynamic 

modeling in a full stock and flow diagram. 

 Comparison with Existing Models 4.3

The complete CLD, above, serves as the foundation for generating this study’s specific 

research hypotheses. Before those hypotheses are generated, however, it is necessary to 

understand how the CLDs developed above, and the system structure and behavior that 

they capture, differ from existing models.  

Below, an alternately structured CLD is depicted, expanding on the basic structure 

used in the Struben and Keith models (Keith 2012) (Figure 4-19). The new elements to 

the system that have been added for this dissertation, as they might appear in this 

alternate structure, are highlighted in red. These new features expand the older CLD from 

one that simply contains one reinforcing loop and one balancing loop, to one containing 

one reinforcing loop and three balancing loops, in order to capture limitations on fuel 

availability and the consumer’s post-purchase fuel choices. These added balancing loops 

inherently serve to reduce the rate of market adoption of the technology in question 

(super octane fuel and super octane powertrains). Overall, they thus make the outlook 

considerably less optimistic.     
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Figure 4-19.  Simplified High-Level Causal Loop Diagram of the Super Octane Ethanol Fuel-Powertrain System 

Next, an alternative causal loop diagram based on stakeholder characteristics is 

depicted (Figure 4-20), illustrating the complex relationships and feedbacks between 

stakeholders. The variables in red capture word of mouth, and add to the traditional 

structure developed by Keith (Keith 2012). This illustrates the tension and interplay 

between the energy companies, fuel producers, fuel retailers (black font, dark blue 

arrows), car makers (brown font, light blue arrows), and consumers (red font, blue 

arrows).  

Even this simplified causal loop diagram contains significant complexity, including 

reinforcing loops that can create both vicious and virtuous cycles, depending on the 

strength of favorable versus unfavorable WOM. The static, qualitative interpretation of 

these causal loops demonstrates the importance of dynamic modeling of the complex 

interactions and choices in the multi-stakeholder system. Understanding the exact 

behavior and causes underlying a given set of exogenous (external) inputs requires formal 

modeling, of the sort that is presented in Chapters 5 and 6.   
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Figure 4-20.  Simplified Causal Loop Diagram of an Alternative Fuel-Powertrain System 

 Generating the Dynamic Hypotheses 4.4

After analyzing and understanding the CLDs, questions about the system behavior 

emerge. These include: Under what conditions does the system lead to growth in ethanol 

consumption? How sensitive is the system to the components affecting consumer affinity 

for the fuel? What feedbacks lead to adequate capital expenditures on ethanol production 

over time? What fraction of the time are super octane optimized vehicles fueled with 

super octane fuel?  
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These questions all depend of consumer response and consumer choice, and thus, it 

is posited on the role of favorable and unfavorable WOM in consumer view formation.  

 Formation of Hypotheses 4.4.1

The questions posed above lead to the generation of the research hypotheses that will be 

tested in the stock and flow model described in the next two chapters. These are dynamic 

hypotheses, meaning that they help explain the interactions between the independent 

variables and the dependent variable over time. The generation of such hypotheses is 

fundamental to system dynamics modeling, and is the preferred approach to solving 

system dynamics problems (Sterman 2000).  

In thinking about these hypotheses, it is relevant to note that supply and demand 

emerged as a fundamental relationship in the CLDs above. In the super octane system, 

the dependent variable (ethanol consumption) is thus a supply variable that is determined 

by the demand variables (independent variables of utility). 

 Dynamic Hypotheses 4.4.2

Prior to the formation of the dynamic hypotheses in this dissertation, an underlying 

principal hypothesis was proven in a previous publication: Namely, that including 

unfavorable views and WOM in the super octane market model is necessary to capture 

the relationship between the dependent and independent variables (Chernicoff, Naumov 

et al. 2014). But how, specifically, does that relationship vary based on varying 

conditions within the system?  

Below, four dynamic hypotheses are identified and explained. Each explores the 

importance of unfavorable WOM to the utilization of super octane fuel and to total 
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ethanol consumption. These dynamic hypotheses will be tested in Chapter 6 using the full 

system dynamics stock and flow model developed in Chapter 5.   

Hypothesis 1. 

The market potential of a durable good is determined by the number of consumers willing 

to consider buying the technology (Hauser 2014). For the super octane system, this 

constraint affects not only the total market potential but, by limiting the number of 

consumers willing to consider a purchase, the rate of market growth as well.  

This, in turn, reduces the market signal that tells ethanol producers to invest. 

Ethanol manufacturing is still a relatively low volume industry when compared with 

global petroleum refining, and by default, fuel supply cannot be assumed at mandated or 

desired volumes (EIA 2014). Constraints imposed by financial risk management will 

slow the growth of ethanol production capacity, which will in turn limit the number of 

super octane vehicles on the road, and reduce fuel consumption by limiting supply. These 

changes will also reduce perceived consumer utility, through the impacts on price caused 

by imbalances of supply and demand. Collectively, the utility of super octane fuel to 

buyers and users may be reduced, which will impact consumer choice and reduce the rate 

of super octane vehicle and super octane fuel purchases. 

Thus, we can now formulate our first dynamic hypothesis:  

H1:  Unfavorable view formation will lower the market potential of super octane fuel.   

Test of this hypothesis: Compare vehicle sales under a high user utility scenario to those 

in a scenario with an initial low user utility that improves over time. 
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Hypothesis 2.   
 
In selling any new product or technology, marketing plays an important early role. 

According to market diffusion models, it is necessary to establish initial market entry to 

achieve sales growth. After a period of time, subsequent growth is then dominated by 

social diffusion (Sterman 2000). Thus, under the classical technology diffusion models 

that only consider buyer utility (U1), marketing always results in an increase in market 

share compared with a lack of marketing, and does so by increasing consumer familiarity 

with the product (in this case, a super octane vehicle)—thereby increasing the number of 

consumers willing to consider or purchase it. 

Direct consumer experience, however, is always stronger than marketing influence. 

If user utility (U2) is considered, this post-purchase utility can dominate consumer 

perceptions, and turn the favorable views (which led to an initial super octane vehicle 

purchase) into unfavorable views—resulting in the unintended consequence of initial 

market growth followed by collapse. 

This leads to our next dynamic hypothesis: 

H2: Negative consumer experience can undermine the factors (such as traditional 

marketing and classic familiarity acculturation) that typically lead to the diffusion of a 

new technology platform, such as the super octane platform, in a traditional marketing 

and classical familiarity accumulation model. 

Test of this hypothesis: Evaluate scenarios in which increasing marketing efforts occur, 

but vary user utility from low to high, and then compare the strength of the market 

response to these two factors. 
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Hypothesis 3.  

Ethanol manufacturing is still a relatively low volume industry compared to the total fuel 

market, and by default, fuel supply cannot be assumed at volumes or prices desired by the 

consumer. Constraints imposed by financial risk management will slow the growth of 

ethanol production capacity, super octane vehicles on the road, and fuel consumption by 

limiting supply. The price impacts of these supply and demand dynamics will, in turn, 

affect consumer utility. Thus, for a durable good system with high switching costs, it is 

necessary to include both the buyer utility (U1) and the user utility (U2) in the system 

model in order to accurately understand the market dynamics resulting from the system 

structure. 

 This leads to the third dynamic hypothesis: 

H3:  In a durable good system with high switching costs, considering both buyer and 

user utility yields a more realistic system model than using a single utility and consumer 

familiarity. 

Test of this hypothesis: Determine if a model containing both utilities produces modes of 

behavior that are observed in real world consumer systems, but that are not possible to 

create with a single utility model. 
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Hypothesis 4. 

Tracking consumer views through stocks—representing the number of individuals 

holding favorable opinions, unfavorable opinions, and those who are unfamiliar with the 

product—is consistent with consideration set theory, and helps inform our understanding 

of the market potential for a given product (Denrell and March 2001; Hauser 2014). 

Consumers can enter (flow into) one of these stocks based on pre-purchase WOM and 

marketing efforts, as well as post-purchase experience. Because consumers cannot easily 

switch technology platforms in order to maximize their utility at any given time, the 

persistence of unfavorable experience can lead to an increase of unfavorable WOM. 

Thus, although consumer familiarity with the product will increase, this will not result in 

market growth. Therefore, considering the valence of WOM, and not just its total 

volume, is necessary to understand the flow of consumers into favorable and unfavorable 

stocks.  

 This leads to the fourth dynamic hypothesis: 

H4:  In a durable good system with high switching costs, considering the post-purchase 

consumer view has a significant effect on system behavior and modeling outcomes. 

Test of this hypothesis: Compare super octane vehicle purchases in a high user utility 

scenario with those in a low user utility scenario.    
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The four dynamic hypotheses are summarized in Table 4-1:     

Table 4-1.  Summary of Dynamic Hypothesis 

Hypothesis # Hypothesis Statement 

H_Initial 
 

Including unfavorable views and WOM in the super octane market 
model is necessary to capture the relationship between the dependent 
and independent variables. 

H1  

Unfavorable view formation will lower the market potential of super 
octane fuel. 

H2 
Negative consumer experience can undermine the factors (such as 
traditional marketing and classic familiarity acculturation) that 
typically lead to the diffusion of a new technology platform, such as the 
super octane platform, in a traditional marketing and classical 
familiarity accumulation model. 

H3 
 

In a durable good system with high switching costs, considering both 
buyer and user utility yields a more realistic system model than using a 
single utility and consumer familiarity. 

H4 
 

In a durable good system with high switching costs, considering the 
post-purchase consumer view has a significant effect on system behavior 
and modeling outcomes. 

 

 Summary 4.5

This chapter began with a discussion and explanation of the fundamentals of system 

dynamics and system dynamics modeling, including both static modeling—the 

development of causal loop diagrams—and full dynamic stock and flow models. Then, 

the problem under consideration was explored through the development of a series of 

CLDs. CLDs for different components of the system were built up and then merged to 

develop a broad sense of how the system works, and to carefully define the research 

problem. 
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After this exploration, dynamic hypotheses were formulated. Each of the four 

hypotheses extends a principal hypothesis: Namely, that unfavorable WOM is necessary 

to capture the relationship between the dependent and independent variables under study. 

The dynamic hypotheses therefore test the effect that unfavorable view formation has on 

the relationship between the dependent variable (ethanol consumption) and the 

independent utility variables, U1 and U2.  

This chapter lays the groundwork for the development of a full dynamic stock and 

flow model in Chapter 5. There, the full suite of stocks, flows, variables, and the 

underlying mathematics will be introduced and explained. The loop knockout and model 

testing methods necessary to accept or reject the hypotheses will also be presented. 
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 Models and Equations 5

This chapter begins with an extension of Chapter 4, so as to illustrate the core 

components of the model used in the simulation. An explanation of the stocks, behaviors, 

and structure of the model is provided, with a particular emphasis on the parts of the 

model that diverge from past alternative fuel-vehicle system dynamics models. Then, a 

simple stock and flow diagram is employed to illustrate how WOM has the effect of 

moving consumers between different stocks: unfamiliar, favorable, and unfavorable.  

The core stock and flow model is then presented, and the equations and 

mathematics used in the model listed and explained. Finally, a loop knockout 

methodology is used to validate the initial hypothesis: that including unfavorable views 

and WOM in a super octane market model is necessary to capture the true relationship 

between the dependent and independent variables. 

System dynamics modeling is a tool that allows an investigator to interactively 

visualize and understand the feedbacks and interrelationships between system 

components and, in the specific application to the super octane system, the system 

stakeholders. Several commercially available programs exist that perform system 

dynamics modeling. This research was conducted using Vensim DSS (v6.x) from 

Ventana Systems Inc.  

 New Model Components: Negative WOM and Post-Purchase Utility 5.1

At the outset, it will be helpful to highlight the new components that distinguish this 

model from preexisting alternative fuel system dynamics models, and to reiterate their 

reasons for their inclusion. The need for these new stock and flow model elements grows 
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out of the general understanding of the ethanol fuel-vehicle system gained in Chapters 1-

4. As explained in Section 2.4, the existing system dynamics models only consider the 

availability of infrastructure and fuel price in determining the purchase decision.  They 

assume that if an infrastructure lag is closed then vehicle sales can then resume. But the 

existence of negative WOM means that  the system doesn’t really behave that way. 

Negative opinions developed due to infrastructure shortcomings will persist and remove 

consumers from considering the technology option. Another way of putting it is that, in 

the new model described in this dissertation, unfavorable consumer views and WOM 

have an asymmetric impact in comparison with favorable views. This is for the following 

reason.  

Favorable views result in a behavior similar to conventional familiarity with a 

product, rendering potential adopters more willing to consider the new platform. But this 

doesn’t guarantee adoption. Whether a given consumer actually buys the vehicle still 

depends on the specific consumer choice model using U1 (embedded in the larger system 

dynamics model) that is used to determine if a consumer with a positive view of a given 

platform actually purchases that platform.  .  Consumers holding unfavorable views, in 

contrast, are not even going to consider the technology unless their views first change. 

They are effectively removed from the market entirely. Thus, on an individual basis, 

negative WOM does much more to damage a potential market than positive WOM does 

to advance it. 

In addition to this new treatment of unfavorable views and WOM, the new model 

also considers that users and potential adopters form unfavorable views of a technology 

in different ways. Users develop their views based on direct experience with a product, 
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while potential adopters rely on WOM and their perception or anticipation of what their 

experience will be like if they purchase it. Figure 5-1 shows the main mechanisms by 

which these consumer views are transmitted, in the new model, by users of three separate 

vehicle technology platforms:  

 

Figure 5-1.  View Formation about Super Octane Platforms Held by Users of Each Technology Platform, GAS 
(E10 Gasoline), HEV (Hybrid Electric Vehicle), and SO (Super Octane) 

Note that while super octane users can change the views of potential adopters, this 

link is unidirectional; potential adopters cannot change the views of actual users. This 

represents a departure from Sterman’s People Express model, where an airline customer 

could be dissuaded from using the service again due to unfavorable WOM from another 

customer (Sterman 2014). In addition, the structure shown in Figure 5-1 works 

simultaneously in all directions, as all potential views—favorable, unfavorable, and 

uninformed—are affected and changed as people contact one another. However, the 

strength of view conversion differs, reflecting the inherent asymmetry between 
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unfavorable and favorable WOM mechanisms as identified in the literature review 

(Chapter 2).  

The model’s conversion process for both current drivers and also potential drivers 

of any given technology platform is illustrated in Figure 5-2. The simple stock and flow 

diagram captures the changes in views, and the stock of drivers holding a given view, for 

both the drivers of the respective technology (whose views range from favorable to 

unfavorable) and non-drivers (whose views may be favorable, unfavorable, or 

uninformed). These model dynamics are repeated for each technology choice option 

within each vehicle age stock (discussed further below). A more detailed explanation—

and the full mathematical incorporation of this behavior through the use of subscripts—is 

presented in the model structure section.  

 

 

 

 

 

 

 

 Figure 5-2.  High Level Stock and Flow Diagram Illustrating Changes (Flows) in View 
Stocks 
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In addition to its handling of unfavorable WOM, the second major new aspect of 

the model described in this dissertation is its treatment of consumer utility. In general, 

and as noted previously, past system dynamics models have not considered the full effect 

of perceived consumer utility on WOM. Instead, in these models, a single utility is 

assigned for a given technology platform. This utility is taken to reflect the view of the 

consumer at the time of purchase, and is assumed to remain constant for the duration of 

ownership of the durable good (automobile). In such models, a market failure will only 

occur when there is inadequate (positive) WOM to sustain critical market share or 

volume (Struben 2006).   

However, consumers perceive a certain utility not only at the time of a purchasing 

decision, but also as they use and experience the product as an owner. This “user utility,” 

in turn, shapes the quantity and quality of WOM—of the stories that users tell other 

potential buyers and users. As explained in Chapter 3, the perceived utility of the buyer 

and of the user are thus distinct variables. In the new model, utility of the buyer is defined 

as:  

( )1 1 2, , , nU f u u u= …             (5-1) 

where , i bu i S∈ is the average perceived utility component (for a particular product 

attribute) at the time of purchase, and Sb is the relevant set of utility components used to 

evaluate competing market options at the time of purchase. Utility of the user is defined 

as: 

( )2 1 1, , , nU f u u u= …          (5-2) 
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where , i uu i S∈  is the actual utility component (for a particular product attribute) during 

the use of the vehicle, and Su is the relevant set of utility components used to evaluate the 

owned vehicle or product.  

User utility therefore reflects the perception, post-purchase, of the durable good 

(vehicle), and may be affected by a different set of factors that either were not considered 

at the time of purchase, or which change over time. Generally, both sets don’t have to be 

equal ( b uS S≠ ), but there exists an overlapping subset of utility components used both 

for the purchasing decision and for evaluating the purchase ( 0b uS S∩ ≠ ). In this model, 

the utility at the time of purchase is determined by such parameters (independent 

variables) as fuel price, fuel availability, vehicle price, and vehicle performance 

attributes. The user utility has some overlapping components, such as fuel price and 

availability, but also includes the perceived performance of the vehicle given the actual 

fuel choice.  

The values of these factors will change dynamically over time in the model, and 

thus shape the quality and quantity of WOM and the influence it has on potential future 

consumers. For example, in a static condition, the buyer utility at a given point in time 

may be very positive for super octane vehicles, due to the current fuel price and possible 

marketing and incentives, all of which should predispose a new purchaser to buy a 

vehicle. But the perceptions and resulting WOM from existing consumers may 

nonetheless be very negative, due to the actual experience of fuel availability and price 

that has occurred over time—especially if the fuel market does not respond appropriately 

to increases in vehicle sales.   
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One major reason that considering these separate forms of utility is so critical is the 

role of post-purchase consumer fuel choice in a super octane system. Unlike other 

alternative fuel vehicles that are dependent on a single dedicated fuel—such as battery 

electric vehicles, compressed natural gas vehicles, and fuel cell vehicles—super octane 

vehicles can run on multiple types of fuel. Fuel purchase subsequent to the initial vehicle 

purchase is thus determined by a process in which the user compares the utility (U2) for 

two different fuel options (regular E10 gasoline and super octane fuel). Yet past models, 

such as the Keith model, do not take into account this consumer choice of fuel subsequent 

to the initial vehicle purchase, or the way in which consumers use factors such as fuel 

price, availability, and vehicle performance to maximize utility at the pump.  

That is a major shortcoming for our understanding of the super octane fuel-vehicle 

system, for the following reason. Presumably, consumers choose the super octane 

platform in the first place so as to take advantage of extra features (better vehicle range, 

acceleration, and so on) offered by it. While super octane vehicles are “downward 

compatible” and can run on non-super octane gasoline, their performance is subpar. A 

consumer, weighing the factors that shape U2 , might nonetheless decide to choose regular 

gasoline fuel at a particular point in time, due to high super octane fuel price or its low 

availability. The resulting performance gap—or, the efforts expended to search for super 

octane fuel—in turn impacts consumer perception, which then shapes market adoption.   

The model makes no pre-determinations as to how individual consumers may 

respond to fuel price, fuel availability, and vehicle performance. As explained in Chapter 

2, consumers are heterogeneous. Yet if the average utility of using a non-super octane 

fuel is high, this will result in some fraction of those consumers using the non-super 
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octane fuel based on their perception of its relative utility. Depending on the frequency of 

this occurrence, super octane adopters will develop an unfavorable view of the 

technology, which will result in lower total ethanol consumption.   

 Model Structure 5.2

Thus, while the existing model developed by Keith is used as the foundation for the 

model in this research, an additional module and structure has been developed to better 

represent consumer views, especially post-purchase. The incorporation of the 

asymmetrical feedbacks of favorable and unfavorable WOM resulted in the development 

of a new and refined model structure (Figure 5-3). The exogenous inputs, variable set 

points, and model mechanics—including the learning-by-doing feedbacks that drive the 

individual technology platform improvements determining U1—are drawn from the 

literature and model developed by Keith (Keith 2012; Keith 2014).   
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Figure 5-3. Model Structure Combining the Aging Chain and the Accumulation of Views for Both Drivers and 
Non-Drivers 

The use of Keith’s model as a baseline enables this research to utilize an 

empirically calibrated, validated, and vetted model as a foundation to explore new 

knowledge areas, and to isolate how the new model structures added in this study affect 

resulting system behavior. With this additional structure, the new model can help identify 

which system parameters allow for the needs of all the stakeholders to be simultaneously 

met. 

 Another key aspect of the model is the aging chain, which keeps track of the 

quantities that move through different stages in a stock and flow network. The figure 
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below (Figure 5-4) shows a traditional aging chain, in which the stocks are vehicles. 

Thus, this part of the model tracks the vehicles as they age: 

 

Figure 5-4.   Basic Aging Chain for Vehicle Stocks Used in the Model 

Note that some of the vehicles are retired from each age stock due to accidents, the 

amount of mileage on the vehicle, or other factors. Others flow to the next, older, age 

stock. This tells us the number of vehicles in the fleet grouped by age, but it does not tell 

us anything about the characteristics of those vehicles.  

Of particular interest are the powertrains of those vehicles, and consumer views regarding 

the vehicle they own and their other powertrain options. In order to track these 

characteristics for each age stock, co-flows are needed (Figure 5-5). Co-flows are a 

parallel structure, but changes in the co-flow stock can occur independent of the flows in 

the initial aging chain (Sterman 2000).   
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Figure 5-5.   Example of a Co-Flow Used in Vensim (Systems 2014) 

Again, this is a traditional way of tracking individual attributes of the stocks as they 

move through stages in a system dynamics model. However, the model in this study 

evolved from a model using the traditional aging chain and co-flow structure depicted 

above into one with a single stock and four dimensional subscripts. As explained by 

Vensim, the use of subscripts can be extremely useful when a part of the model structure 

(in this case, the aging chain) needs to be “repeated over and over again” (Systems 2014).  

The subscript approach used in this study, and in the resulting stock and flow 

model, offers substantial benefits and flexibility. That’s because it allows the model to be 

used in applications outside of the specific test case, while simultaneously offering a 

simplified way to modify the model without having to rebuild the structure and 

underlying equations. This flexibility represents a powerful evolution of the model. To 

see the significance of this approach, consider that since every platform owner has to 

have an opinion of every platform, increasing the number of platforms on the market 

leads to the ( )2O avi  expansion of model state variables, where α  is the number of 

vehicle age groups, ν  is the number of views that exist, and i  is the total number of 

platforms. In the current implementation of the model with four age groups, three 
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platforms, and three possible opinions, this would lead to 108 stock variables, which are 

quite hard to manage in a conventional aging chains with co-flows.  

The mathematical formulations for the subscripts are explained in the next section. 

Without the subscript approach, one can imagine the even greater challenge of trying to 

scale this model up to consider additional alternative fuel options. But instead, rather than 

changing the model structure for each new technology option, designation of views, and 

age stock, simple changes can be made in the subscripts. This is especially important for 

the age stocks. As Eberlein demonstrates, model precision is achieved with increasing 

stocks, with full precision achieved when the number of stocks reaches the number of 

times steps in the model (Eberlein and Thompson 2013). This is impractical for most 

Vensim models. Determining a practical age range is simplified through the ability to 

adjust the number of age groups in the subscript, as opposed to having to modify the 

aging chain and co-flow structure of the model. This provides greater flexibility and 

convenience to model users. For this study, the model is consistent with the four age 

stocks used by Keith (Keith 2012).   

 Mathematical Formulation 5.3

The model structure uses the following subscripts, each relating to a stock:   

𝑖 −  𝑡ℎ𝑒 𝑡𝑡𝑐ℎ𝑛𝑛𝑛𝑛𝑛𝑛 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜 𝑡ℎ𝑒 𝑜𝑜𝑜𝑜𝑜𝑜 (𝐺𝐺𝐺,𝐻𝐻𝐻, 𝑆𝑆 𝐺𝐺𝐺), 

𝑗 − 𝑡ℎ𝑒 𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛 𝑡ℎ𝑒 𝑜𝑜𝑜𝑜𝑜𝑜 𝑎𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝐺𝐺𝐺,𝐻𝐻𝐻, 𝑆𝑆 𝐺𝐺𝐺), 

𝑣 − 𝑡ℎ𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑣𝑣𝑣𝑣𝑣 𝑜𝑜 𝑡ℎ𝑒 𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑔𝑔𝑔𝑔 (𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢,𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢), 

𝑢 − 𝑡ℎ𝑒 𝑛𝑛𝑛 𝑣𝑣𝑣𝑣𝑣 𝑜𝑜 𝑡ℎ𝑒 𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢,𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢), 

𝑎 − 𝑡ℎ𝑒 𝑎𝑎𝑎 𝑔𝑔𝑔𝑔𝑔 𝑜𝑜 𝑡ℎ𝑒 𝑣𝑣ℎ𝑖𝑖𝑖𝑖𝑖. 
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The technology platforms of the owners (GAS, HEV, SO GAS) are the stocks for 

each of the three technology platforms considered in this study: E10 gasoline vehicles 

(GAS), hybrid electric vehicles using E10 gasoline (HEV), and super octane vehicles 

using a mid-level blend of ethanol (SO GAS).   

The age group of the vehicle refers to the age stock the vehicle is in. As vehicles 

age they are more likely to be replaced, requiring a new purchase. This model uses the 

four age groups show in Figure 5-4. At the start of the model, the total vehicle fleet by 

age and technology type is shown in Table 5-1 (Automotive 2014), with vehicle 

scrappage (retirements) for each stock contained in Table 5-2. 

Table 5-1. Stock Values for Each Initial Technology Platform 

   Age (Years) 

Technology 

0-4 5-8 9-12 13+ 

GAS 74 M 71 M 50.1M 42.3K 

HEV 577 K 555K 396K 330K 

SO GAS 0 0 0 0 

 
 

Table 5-2.  Vehicle Discard Rates for Each Age Stock 

New Vehicle Discard Fraction dmnl/year 0.001 
4-8 Year Old Vehicle Discard 
Fraction dmnl/year 0.01 
8-12 Year Old Vehicle Discard 
Fraction dmnl/year 0.1 
12+ Year Old Vehicle Discard 
Fraction dmnl/year 0.3 
Aging Time Lambda years                4 

Dmnl = dimensionless 
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The platform the owners are evaluating (GAS, HEV, SO GAS) is the same, 

irrespective of which technology option or platform the individual actually owns. Owners 

of GAS vehicles evaluate each of the three options, owners of HEVs evaluate each of the 

three options, and owners of SO GAS vehicles evaluate each of the three options. 

The current views (favorable, unfavorable, and uninformed) are applied to each of 

the three technology options on a dimensionless scale ranging from -1 to 1. A favorable 

view means the vehicle owner or potential owner (if the individual is evaluating the 

vehicle, and perhaps taking it for a test drive) would consider purchasing the vehicle. An 

unfavorable view means the owner would not repurchase the vehicle, or, in the case of a 

potential owner, will not consider the vehicle. Uninformed simply means a driver using 

one technology does not have an opinion of one or both of the other options. The initial 

values at the start of the model are GAS= 1, HEV = 1, SO GAS = -0.2.  

The new views of the technologies (favorable, unfavorable, and uninformed) work 

similarly, except that these are now the views held by the driver following either a direct 

experience with the vehicle, or an interaction that conveys WOM. It is possible for a 

driver to maintain the same view subsequent to these experiences, in which case the 

current view would be the same as the new view. All values for new views are set to zero 

at model initiation. 

It is important to maintain the integrity of stock levels, so that every driver has an 

opinion about every existing platform. Maintaining this integrity ensures that additional 

views (or, an inadequate number of views) are not unintentionally created, leading to 

errors in the model. Schematically, this is shown in Figure 5-6, where all of the shaded 
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boxes have the same stock level, while the sum of stock levels of non-shaded boxes is 

equal to the stock level of the corresponding preceding stock.  

 

Figure 5-6. Illustration of Stock Integrity 

Mathematically, this is represented as the following constraint 
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where 𝑉𝑖,𝑗,𝑣,𝑎 is a stock of vehicles, ℳ𝑣,𝑢 is the square matrix of allowed directions and 

strengths of view changes from view 𝑣 to view 𝑢,  𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the function of the 

probability of view change given the customer satisfaction level 𝐶𝐶𝐶𝑖, and 𝜏𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the 

time to change views of drivers of a platform in years.  
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The matrix ,v u is defined as 

1

, 2

3 4
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0 0

0
v u

p
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p p

 
 =  
  

          (5-5) 

where the diagonal elements are equal to 0, as the views cannot be changed to 

themselves. The last column is also 0, as the model doesn’t allow views to change to 

“uninfluenced” through the WOM mechanism. This is taken care of by a separate process 

of forgetting. Other elements, 𝑝1 − 𝑝4, are the strengths of the transition between other 

combinations of views. Exact values depend on the specific market the model is applied 

too. In this model, the following values are assumed: 

𝑝1 = 𝑝𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 0.9 

𝑝2 = 𝑝𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑡𝑡 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 0.5 

𝑝3 = 𝑝𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑡𝑡 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 1 

𝑝4 = 𝑝𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑡𝑡 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 1 

where different values for 𝑝1 and 𝑝2 reflect the asymmetry of WOM, i.e., it is easier to 

convert people into holding a negative opinion than to bring them back to the favorable 

camp. 
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Probability of view change,  𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑, is defined using a table function (Figure 5-7): 

 

Figure 5-7.  Table Function for Consumer View Change vs. Consumer Experience 

The shape of the graph reflects the asymmetry of the effect of consumer experience on 

view change. A neutral position (0 on the Y axis) corresponds to a slightly above median 

consumer experience (0.2), as customers remain unsatisfied until the product performs at 

an above average level. In addition, saturation occurs at the level of consumer experience 

equal to 0.8, reflecting the fact that people are going to be fully satisfied when the 

experience is close to ideal, and people remain fully unsatisfied until the experience 

moves above -0.7, illustrating that people are still fully unhappy about the product when 

their level of experience is very low. 

The time to change views of drivers, 𝜏𝑑𝑑𝑑𝑑𝑑𝑑𝑑, is assumed to be one month, a 

reasonable time in which to form a strong perception about the car that one owns. Non-

drivers form their opinions through word of mouth, by interacting with both drivers and 

other non-drivers: 

Consumer experience 

A 

B 

C 

0 

0 

Pr
ob

ab
ili

ty
  



109 
 

   
, , , , , , , , ,

   
, , , , , , , , ,

, ,

      

     

non drivers from drivers drivers drivers
i j v u a i j v a v u j v

non drivers from non drivers non drivers non drivers
i j v u a i j v a v u j v

i j

vehiclesV P
year

vehiclesV P
year

l π

l π

−

− − − −

 
=  

 

 
=  

 

∆

∆

∆





    
, , , , , , , , , ,

WOM non drivers from drivers non drivers from non drivers
v u a i j v u a i j v u a

− − −= ∆ + ∆

   (5-6) 

where 𝜆 is average contact rate, 𝑃𝑗,𝑣
𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and 𝑃𝑗,𝑣

𝑛𝑛𝑛−𝑑𝑑𝑑𝑑𝑑𝑑𝑑 are probabilities of contact 

with drivers and non-drivers of technology 𝑗 holding view 𝑣, and  𝜋𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and 

 𝜋𝑛𝑛𝑛−𝑑𝑑𝑑𝑑𝑑𝑑𝑑  are probabilities of view change after contact with drivers and non-drivers. 
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In addition, marketing provides a way to facilitate the conversion of non-drivers into the 

favorable view category. The model assumes that drivers cannot be influenced by 

marketing efforts, as they form their views based on direct experience with the platform. 

Any attempts to convince them through marketing would be ineffective. Thus, the 

equation is: 
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where 𝑀𝑗 is the total marketing effect for a platform 𝑗, 𝒮𝑗  is the total marketing spending 

per platform 𝑗 in $MM/year, 𝜎 is market effectiveness in 1/$MM, and 𝜏𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is 

marketing forgetting time in years. 
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There is also a possibility that non-drivers will forget their previous opinion if not 

exposed to a platform for a certain period of time. This is represented as: 
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where 𝜏𝑣𝑣𝑣𝑣 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is time to forget a previously held view in years. 

Given all the possible mechanisms of view change listed above, the full equation for the 
flow changing the stock of vehicle owners 𝑉𝑖,𝑗,𝑣,𝑎 is: 
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Since ∆𝑖,𝑗,𝑣,𝑎 is the outflow, the first term depletes the stock of vehicle owners having 

view 𝑣 relative to all other potential views, and the second term fills stock of vehicle 

owners having view 𝑣 with the inflow from all other views. 
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The remaining flows, affecting the technology perception stocks (including 

initialization in equilibrium), are contained in Appendix A. 

 Model Validation 5.4

Model validation in system dynamics has been a topic of discussion for several decades, 

with debate centered on the use of qualitative validation methods. Yet as analysis has 

demonstrated, the application of qualitative validation methods is entirely appropriate 

(Barlas 1996; Qudrat-ullah 2012). Validation is also context and application dependent. 

The important metric is: Is the model appropriate for its intended use (Barlas 1996; 

Rykiel 1996)? An alternative phrasing is: Is the model valuable? The relevant metric, 

when considered in the context of this research, centers on the model’s ability to test and 

demonstrate the importance of considering unfavorable or negative WOM and 

experiences. 

This study uses several different approaches to model validation. When empirical 

input and output data exist, then direct testing of the full or partial model is warranted 

(Azar 2012; Homer 2012). This was the approach used by Keith, and on its own, that part 

of the model is considered validated. Its use as a foundation for the full model in this 

study thus serves as a partial validation of the model structure. Data used to calibrate the 

Keith model and used in this model, such as total vehicles on the road, come from 

publically available government data. The literature on unfavorable views, negative 

feedback, and consumer choice provides guidance on the new model structure concerning 

consumer utility and choice, and is the foundation upon which to define the model’s 

behavior and response to the independent variables.   
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To help ensure that no fundamental structural errors exist in the model, extreme 

value testing was used. This is a standard practice, and preceded any actual model testing 

and analysis. The extreme value testing was performed by eliminating favorable and 

unfavorable WOM and marketing from the model, and observing the resulting system 

output. For example, in the absence of marketing and favorable WOM, the super octane 

vehicle market should either fail to materialize at all if there are no initial positive views, 

or should rapidly collapse if there are. Similarly, independent of the value of U1 and U2, 

if unfavorable WOM is eliminated from the model then the super octane vehicle market 

should grow, consistent with the general social diffusion model. The model used in this 

dissertation passed the extreme value test and also a separate peer review (Chernicoff, 

Naumov et al. 2014). 

 Model Testing 5.5

The objective of the study is to uncover the mechanisms influencing the adoption of 

super octane technologies. Given that empirical information is incomplete for the system 

(super octane cars are not yet on the road), an exploratory approach to modeling is used. 

Although the resulting model cannot be taken as a precise image of the system, it does 

provide relevant insight into the way a given model structure leads to particular system 

behavior (Bankes 1993). This still allows for testing and validation of the hypotheses. 

The approach is consistent with the validation techniques described in the last section. 

 In order to evaluate the influence of unfavorable and favorable WOM, the 

customer satisfaction level 𝐶𝑆𝑆𝑆𝑆 𝐺𝐺𝐺 as affected by the utility  𝑈2 (eq. 5-2) was defined 

exogenously, with low starting points explored through a scenario evaluation. This means 
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that a situation in which 𝑈2 < 𝑈1 creates frustration, resulting from the consumer’s actual 

experience being below the expectations that existed at the time of purchase. 

Ford’s loop knockout methodology was used to test the model mechanics and to 

demonstrate the importance of unfavorable WOM in determining market size (Ford 

1999). This method identifies the dominant loops and, more important, the underlying 

factors and relationships that lead to the observed system behavior.  

Simulations were run with the set of parameters corresponding to aggressive 

promotion of super octane vehicles ($500 million of additional marketing per year) 

(Keith 2012). Customer satisfaction level 𝐶𝐶𝐶𝑆𝑆 𝐺𝐺𝐺, reflecting the combination of 

infrastructure availability, vehicle performance, and super octane fuel price, was defined 

on the dimensionless scale from -1 to 1 to start at negative 0.1 and end at 0, leaving 

consumers unsatisfied with the value proposition of a new super octane platform. Two 

nearly identical scenarios were defined, differing only in the sensitivity S to negative 

WOM dynamics, such that eq (1-5), allowing directions and strengths of view changes 

from view 𝑣 to view 𝑢, becomes: 
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where  𝑝1 − 𝑝4 are the strengths of the allowed transition between consumer views of a 

platform. Having sensitivity 𝑆 as a multiplier for all strengths except for 𝑝3 ensures that 
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by setting 𝑆 = 1, the full effect of unfavorable and favorable WOM occurs. And with 

𝑆 = 0, the baseline scenario is set with no effect of unfavorable WOM, but where 

favorable WOM is functioning. This is equivalent to setting a switch in Vensim to turn 

off the unfavorable WOM loop. 

Prior to any simulation or validation, the model must be calibrated and the stocks 

initiated in equilibrium. This information is provided in Appendix A: Model Initiation 

and Calibration. 

Figure 5-8 shows a simulation of the model based on a conventional structure, 

where there is no unfavorable WOM (S = 0). This results in a very optimistic picture of 

the potential for super octane adoption, even when the experienced utility of the vehicle 

is poor. This simulation leads to the conclusion that super octane (SO GAS) will overtake 

the conventional gasoline (GAS) platform before the end of the simulation (the year 

2046), and that annual ethanol consumption will exhibit a strong growth trajectory.  

 

Figure 5-8.  Model Results Without Negative Word of Mouth 
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However, with the unfavorable WOM turned on (S = 1), the simulation looks very 

different. This scenario does not guarantee super octane success, and results in only a 

temporary mitigation of the downward ethanol consumption trend (Figure 5-9). As soon 

as the ten-year marketing program promoting the new vehicles ends (in year 2024), 

unfavorable consumer experience takes over and drives down vehicle sales. 

 

Figure 5-9.  Model Results With Negative Word of Mouth 

In the scenarios explored, 100 percent of the adverse effect on market share of 

super octane vehicles observed between Figure 5-8 and Figure 5-9 is due to unfavorable 

WOM. This is known because the buyer utility 𝑈1 (eq 5-1) of the super octane vehicle 

was set to have a higher relative value in comparison with competing platforms, meaning 

that the super octane platform is a clear winner in the absence of unfavorable WOM. 

Therefore, the negative market change observed in the simulation with full unfavorable 

WOM sensitivity (𝑆 = 1) is solely due to low levels of customer satisfaction, which in 

turn were caused by inferior post-purchase user utility 𝑈2 (eq 5-2).  
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In a general market, of course, unfavorable WOM will not be the only mechanism 

influencing market change. But this research focuses on establishing the need to directly 

consider unfavorable WOM as a distinct phenomenon affecting technology uptake and 

market growth. Considering this new and crucial factor does not in any way negate the 

importance of classic market mechanisms utilized in traditional models and policy 

development.   

Now that the mechanics of the model have been validated, the next step will be to 

exercise the model to generate results and test the hypotheses. This will take place in 

Chapter 6. 

 Summary 5.6

This chapter began with an explanation of the stocks, behaviors, and structure of the 

model. The core idea of unfavorable views, and view transmittal between the stocks, was 

illustrated in a simple stock and flow diagram. The mathematics of the model were then 

provided, and loop knockout methodology was used to validate the model and the initial 

hypothesis: that including unfavorable views and WOM in a super octane market model 

is necessary to capture the relationship between the dependent and independent variables. 

In the next chapter, the model will be exercised and the resulting simulations will be used 

to test the hypotheses. 
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 Simulation Results and Analysis 6

This chapter describes the model simulations performed in order to investigate the 

research hypotheses outlined in Chapter 4. At the outset, a few details about the 

simulations will be required. 

The specific conditions that lead particular parts of the model to dominate others, 

and thus that produce the observed behavior in a given time interval, depends on the 

“exogenous variables”—or in other words, the variables whose values are determined by 

factors outside of the structure of the model itself. In this study, these are the independent 

variables, described in Chapter 3, that lead to the formation of perceived purchase and 

user utility (U1 and U2).  

The effects of a single utility, equivalent to U1, have been well documented in the 

work of Struben and Keith (Struben 2006; Keith 2012; Keith 2014). Therefore, in 

analyzing the model’s behavior, this chapter will focus particular attention on the effect 

of user utility (U2) on view formation, WOM, and consumer purchase choices.    

Because super octane technology has not yet hit the market, the model must contend 

with some gaps in the available data. In particular, there is a lack of empirical data on 

consumer perceptions, and more particularly, on how fuel availability, price, and super 

octane vehicle performance (using different fuel options) affect consumer views. 

Consequently, in order to investigate the research hypotheses, this analysis focuses on 

qualitative observations and explanations that provide insight into system behavior. 

These insights, in turn, will be analyzed based on how they relate to the structure of the 
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model and, ultimately, to the structure of the real world system that the model is 

attempting to simulate.  

A technical note for system dynamics experts: In order to accomplish the simulation, 

links between the endogenous feedbacks leading to the calculation of U2 were 

intentionally broken, and a range of inputs spanning the entire factor space were tested 

using multivariate Monte-Carlo analysis. In light of the lack of real world data that could 

determine the values of the variables that influence U2, this approach allowed for an 

examination of the consequences of changes to U2 prior to the appearance of a single 

super octane vehicle on the market. Through this method, it was possible to identify the 

ranges under which the different structural loops in the stock and flow model dominate. 

System stakeholders can subsequently infer where the system boundaries need to be, and 

how these stakeholders themselves will need to operate, in order to achieve sustained 

ethanol consumption increases (or to avoid declines). For the simulations in this study, 

super octane fuels comprised of 30 percent ethanol were used.  

 Model Testing Overview 6.1

Based on the model structure and analysis presented in Chapters 4 and 5, two factors 

emerged as the most influential in affecting the views of potential super octane 

technology adopters, and subsequently, total ethanol demand. Those two factors are 1) 

levels of marketing expenditures to promote super-octane vehicles; and 2) post-purchase 

consumer views.  

In order to further examine the roles of these two factors, scenarios were run with 

marketing expenditures ranging between $0 and $500 million per year over a 10 year 
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period. The marketing range emulates the values used in Keith (Keith 2012). Consumer 

views were also varied, and the entire consumer response space (-1 to +1) was mapped. A 

summary of all of the different analyses is contained in Table 6-1 at the end of this 

section. 

The overall results are shown in Figure 6-1, which presents a high level overview 

(surface map) demonstrating how the dependent variable (ethanol consumption) varies as 

a function of marketing expenditures and U2. In the figure below, ethanol consumption 

levels are based on a fixed vehicle fleet comprised of 250 million vehicles (sometimes 

called the “installed base”).  

 

Figure 6-1.  Surface Map for Ethanol Consumption as a Function of Marketing and Consumer View 
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Analysis of Figure 6-1 shows that while marketing is needed to initiate sales, it 

sees rapidly diminishing returns. The effectiveness of marketing is also highly dependent 

on consumer views. As will be demonstrated later in this chapter, if high marketing 

expenditures lead to high initial market uptake but U2 remains low, this can result in the 

unintended consequence of growth followed by collapse. The effect is most pronounced 

when marketing efforts decline, even as consumer experience remains negative. This 

occurs because the only counterbalance to negative WOM in such a case is the positive 

views formed by marketing—which diminish over time. 

An examination of Figure 6-1 suggests certain thresholds for market growth. In 

effect, in order to achieve a sharp increase in ethanol consumption and the desired market 

“tipping point,” consumer views must be positive by the time marketing efforts have 

ended. Overall, the strength of consumer experience is more dominant than marketing in 

determining ethanol demand (and super octane vehicle market share). When consumer 

experience is poor (U2 < 0.0), marketing is unable to generate a substantial increase in 

ethanol consumption. When it is positive (U2  > 0.2), there is a diminishing return on 

marketing investment, especially above $150 million per year.  

Figure 6-1 provides a big picture overview of how these two crucial variables, 

marketing expenditures and initial user experience, affect ultimate ethanol consumption. 

The rest of this chapter will now examine more closely the consequences of particular 

marketing and user experience scenarios. The purpose of marketing, after all, is to create 

familiarity with a product and to overcome initial consumer uncertainty. This is 

consistent with Bass’s basic diffusion models (Bass 1969). So how well does marketing 
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work? What is the ideal marketing expenditure, and how does that vary based on 

differing consumer perceptions of vehicle utility? 

 Model Testing Scenarios 6.2

The next nine figures examine more closely the impacts of a range of different marketing 

and consumer view scenarios, all based on insights gained from Figure 6-1.  

For the first three simulations, model runs were performed with marketing 

expenditures ranging between $0 and $250 million per year over a ten year period (Figure 

6-2, Figure 6-3, and Figure 6-4). Initial consumer views (dubbed “initial” because these 

are the views held at time zero in the simulation) were varied but follow a simple, non-

linear upward trajectory, based on the assumption that user experiences will improve over 

time as the super-octane system itself improves and becomes more established. Thus, the 

initial consumer experience (U2) varies, but the final consumer experience is always 

equal to 1, and the trajectory is a second order polynomial. First, a scenario with 

marketing expenditures of $0 was conducted. This is representative of a baseline 

condition, with a fleet comprised entirely of E10 gasoline vehicles and hybrid vehicles. 

This was followed by a $50 million marketing scenario, and finally, a scenario with $250 

million in marketing expenditures. The latter was chosen as an upper bound, so as to 

deliberately overshoot the value where declining returns on marketing expenditures 

emerged (above $ 150 million as observed in Figure 6-1).  

Next, for another trio of simulations, marketing expenditures were held fixed at $50 

million and consumer views were varied. The different consumer views modeled started 
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at fully negative (-1), partially negative (-0.5), and neutral (0), and improved over time 

(Figure 6-5, Figure 6-6, and Figure 6-7).  

A set of scenarios were also run in which user experiences (U2) were held constant, 

and did not improve over time. This allowed for an examination of how changes in 

market uptake of the super octane platform are affected by changes in potential 

consumers’ willingness to consider a purchase, which itself is partly a function of current 

users’ experiences (Figure 6-8, Figure 6-9, and Figure 6-10). The latter influence the 

former through WOM. 

Finally, a sensitivity analysis was performed, in order to identify confidence 

intervals for ethanol consumption (Figure 6-11). The factors employed in the sensitivity 

analysis were consistent with those used in Figure 6-1. Marketing again varied from $0 to 

$500 million per year, and the initial consumer experience again ranged from -1 to 1 

(final consumer experience is always equal to 1; the trajectory is a second order 

polynomial). 

 Analysis 6.3

 Scenario 1:  Zero Marketing 6.3.1

The zero marketing condition (Figure 6-2) results in no market growth, because there is 

nothing to initiate consumer awareness (and thereby, overcome initial unfavorable 

views). The reduction in total ethanol consumption observed in this scenario is due to the 

improvement of the fleet’s fuel economy over time, as the average fuel economy of 

vehicles sold increases every year. This sets an important baseline condition. As the 
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results suggest, even with market entry and consumption of super octane vehicles and 

fuel, ethanol consumption may not increase relative to the volumes consumed in 2014. 
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Figure 6-2.  Fleet Sales and Installed Base at $0 Million Marketing as a Function of Customer Experience 
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 Scenario 2: $50 Million Marketing  6.3.2

In Figure 6-3, moderate initial marketing leads to a good uptake in vehicle sales, provided 

that consumer experience improves enough before marketing ends (10 years after the 

simulation begins). Ethanol consumption drops initially, until the continued market entry 

of super octane vehicles reverses the downward trend.   
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Figure 6-3.  Fleet Sales and Installed Base at $50 Million Marketing as a Function of Customer Experience 
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 Scenario 3: $250 Million Marketing 6.3.3

In Figure 6-4, a high level of initial marketing doesn’t provide a substantial improvement 

in vehicle sales over those observed in scenario 2, because consumer experience and 

WOM dominate the dynamics. 
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Figure 6-4.  Fleet Sales and Installed Base at $250 Million Marketing as a Function of Customer Experience 
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 Scenario 4: $50 Million Marketing with Unfavorable Customer 6.3.4

Experience 

In Figure 6-5, moderate initial marketing pushes the platform to market, but strong 

unfavorable consumer experience leads to a collapse of super octane vehicle sales, and a 

decline in their fraction of the installed base, after marketing ends. Consequently, total 

ethanol consumption also falls, even as consumer experience continues to improve in this 

simulation.  

This is a classic growth-then-collapse scenario, and demonstrates the importance 

of achieving a strongly favorable initial user response when super octane technology first 

hits the market. Of particular note is the delay in the system. Early market growth masks 

the pending problems resulting from unfavorable user experiences. The consequences of 

these poor early experiences cannot be overcome later, even though the user experience 

subsequently improves (possibly due to increasing station availability or lower fuel 

prices). 
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Figure 6-5.  Fleet Sales and Installed Base at $50 Million Marketing as a Function of Customer Experience 
(Starting at Fully Negative) 
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 Scenario 5: $50 Million Marketing with Mixed Customer Experience 6.3.5

In Figure 6-6, moderate initial marketing expenditures push the platform to the market, 

but moderately negative consumer experience leads to a collapse of sales and installed 

base after marketing ends. However, as the consumer experience improves over time, the 

platform experiences a second wave of market uptake, but never reaches the levels of 

ethanol consumption (or fleet installed base) seen in scenarios 2 and 3. 
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Figure 6-6.  Fleet Sales and Installed Base at $50 Million Marketing as a Function of Customer Experience 
(Starting at Partially Negative) 
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 Scenario 6: $50 Million Marketing with Favorable Customer 6.3.6

Experience 

In Figure 6-7, moderate initial marketing and strong positive consumer experience lead to 

stable sales and the largest market share seen across the six scenarios. These results most 

closely resemble the mental model policy makers have of a traditional technology 

diffusion curve. The shape is similar to that of the curve seen in scenario 2, and it is 

worth noting several key characteristics.   

Vehicle sales follow a typical logistic (s-shaped) market growth curve, with the 

upper limit approaching the market’s carrying capacity, which is ultimately determined 

by the fraction of the market that is aware of the technology and that perceives a positive 

utility at the time of purchase (Sterman 2000; Zoepf 2011). Because the properties of the 

different powertrain platforms change over time, the relative utility and the maximum 

theoretical carrying capacity will also change.  

Note that the absolute carrying capacity is also influenced by the number of 

consumers holding a positive view and willing to consider the vehicle (Hauser 2014). 

Although Figure 6-2 and Figure 6-7 appear similar, the market size is slightly larger in 

Figure 6-7, because consumers have a better experience sooner, leading to a small 

increase in early favorable WOM that generates a larger total sales volume. 



134 
 

 

Figure 6-7.  Fleet Sales and Installed Base at $50 Million Marketing as a Function of Customer Experience 
(Starting at Neutral) 
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 Drivers’ Willingness to Consider the Platform with Current User Experiences 6.4

Held Constant 

In order to understand the impact of the experiences of existing super octane consumers 

(U2) on the willingness of new (or returning) consumers to consider a vehicle purchase, 

three additional scenarios were generated. Ultimately, the number of vehicle purchases is 

determined by the perceived U1 value of the given technology platform, as applied to the 

stock of consumers willing to consider making a purchase. For a given U1 value, the 

larger the stock of consumers willing to consider, the greater the sales of the platform.   

 Scenario 7: $50 Million & $250 Million Marketing with Constant 6.4.1

Unfavorable Customer Experience 

This scenario analyzes marketing levels of $50 million and $250 million, with 

unfavorable current consumer experiences (a U2 of -0.25) and no improvement over time 

(Figure 6-8). The different levels of marketing result in a slightly different effect upon 

early market conditions, but this is ultimately eroded in both cases by unfavorable 

experiences and WOM. 

 

Figure 6-8. Consumer Willingness to Consider a Vehicle Purchase When User Experiences Are Negative 
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 Scenario 8: $50 Million & $250 Million Marketing with Constant 6.4.2

Favorable Customer Experience 

Next, scenario 8 was run with a moderately favorable current consumer experience (a U2 

of 0.25) that did not change over time (Figure 6-9). The system behavior is very different 

that scenario 7 (Figure 6-8).  Marketing is complimented by the favorable WOM that 

results from the favorable experiences of current users (U2). In this case, increased 

marketing expenditures increase potential buyers’ willingness to consider purchasing a 

vehicle.   

 

Figure 6-9. Consumer Willingness to Consider a Vehicle Purchase with Moderately Favorable User Experience 
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Figure 6-10. Consumer Willingness to Consider a Vehicle Purchase with Favorable User Experience  
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Table 6-1 Summary of Scenarios 

Scenario Marketing per year 
for first ten years (in 
millions of dollars) 

U2 
starting/ending 

value 

Result 

1 $0 -0.2 to1.0 No market initiation or growth. 

2 $50 -0.2 to1.0 

Limited early super octane vehicle 
sales and some decline in ethanol 
use—followed by market growth of 
both vehicles and fuel use. 

3 $250 -0.2 to1.0 

Limited early super octane vehicle 
sales and some decline in ethanol 
use, and then market growth of both 
vehicles and fuel use. Similar to 
scenario 2. 

4 $50 -1.0 to1.0 Growth and then collapse of ethanol 
and super octane vehicle markets. 

5 $50 -0.5 to 1.0 

Growth and then collapse—and then 
a rebound of and ethanol use and 
super octane vehicles. Ethanol use 
declines, then recovers. 

6 $50 0.0 to 1.0 
Largest market growth of super 
octane vehicles and ethanol 
consumption. 

7 $50 & $250 -.25 to -.25 Few consumers willing to consider 
super octane vehicle. Market fails. 

8 $50 & $250 0.25 to 0.25 

Consumer willingness to consider 
vehicles increases over time. 
Majority willing to consider by end 
of simulation (higher for higher 
levels of marketing). 

9 $50 & $250 1.0 to1.0 

Consumer willingness to consider 
vehicles increases over time (faster 
than in 8). Majority willing to 
consider by end of simulation 
(higher for higher levels of 
marketing). 
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 Sensitivity Analysis 6.6

Next, a sensitivity analysis with confidence intervals was performed for marketing and 

consumer views that range from $0 to $500 million and from -1 to 1, respectively. The 

goal was to determine, in light of the range of possible outcomes in this system, the 

likelihood of any particular outcome for ethanol consumption being realized. A 

confidence interval of 50 percent means that 50 percent of the time, the value for annual 

ethanol consumption is likely to fall within that range—and so on for a confidence 

interval of 75 percent, 95 percent, and 100 percent, as is seen in Figure 6-11 below.  

In the figure, the blue line represents a baseline condition in which marketing 

expenditures are set at $50 million and the initial consumer experience is -0.2. The 

overall result of the sensitivity analysis shows a clear asymmetry around this baseline 

condition, which results from an inability for the simulation to drop below a condition of 

no market uptake for the vehicles and fuel.  
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Figure 6-11. Sensitivity Analysis of Annual Ethanol Consumption  

The fact that the baseline is much closer to the lower bound of the confidence 

interval holds considerable significance. In essence, it suggests that while significant 

market opportunity exists for the super octane system, there is also substantial uncertainty 

regarding whether it is possible to achieve higher volumes of ethanol sales. In effect, if 

actual annual ethanol consumption falls below the baseline level, it is not likely to fall 

very much below it. However, if it comes in above the baseline level, there is a very wide 

range of possibilities for what its ultimate value might be—and it is hard to have 

confidence in any one particular value, or any narrow range of values. 

 Hypothesis Testing 6.7

Testing the four hypotheses defined in Chapter 4 (Table 4-1) will determine the 

relationship and effects of the independent variables—acting through the two utility 

variables, U1 and U2—on the dependent variable (ethanol consumption). The first step is 
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to reconfirm the initial hypothesis. The next is to analyze the system’s behavior in light of 

changes in the independent variables, so as to confirm or reject the individual hypotheses. 

 The results of this testing allowed for the confirmation of each of the hypotheses:      

Hypothesis_ Initial: Including unfavorable views and WOM in the super octane market 

model is necessary to capture the relationship between the dependent and independent 

variables. 

This hypothesis aims to establish a fundamental relationship: That the valence of consumer 

perception is positively correlated with market success and ethanol consumption. The results 

from Figure 5-8 and Figure 5-9 clearly demonstrate the differences in system behavior when 

unfavorable WOM is considered, as opposed to when it is not (Chernicoff, Naumov et al. 

2014). These results not only show a large divergence in total ethanol consumption, but that 

the direction of market growth is different.  

Therefore, Hypothesis_Initial is strongly supported. 

Hypothesis 1:  Unfavorable view formation will lower the market potential of super 

octane fuel. 

This hypothesis suggests a direct negative correlation between the formation of unfavorable 

views and the market growth rate and total carrying capacity. The results show that the 

consequences of unfavorable views persist; the market does not immediately recover from 

them. Comparing a number of the scenarios above (2, 4, 5, and 6), the development of 

unfavorable views results in a smaller market share of super octane vehicles, and in lower 

ethanol consumption. The effect can be severe: A super octane vehicle market collapse. The 

results of scenario 7-9 also demonstrate the positive correlation between the number of 
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consumers willing to consider a vehicle purchase (market potential) and the valence and 

strength of current consumer experience. 

Therefore, Hypothesis 1 is strongly supported. 

Hypothesis 2: Negative consumer experience can undermine the factors (such as 

traditional marketing and classic familiarity acculturation) that typically lead to the 

diffusion of a new technology platform, such as the super octane platform, in a 

traditional marketing and classical familiarity accumulation model. 

This hypothesis suggests a negative correlation between the volume of negative 

(unfavorable) consumer experience and market growth. Thus, in effect, this hypothesis 

extends the Hypothesis_Initial.   

Three of the model results described above are relevant to the testing of this 

hypothesis. First, consumer views and WOM have a stronger influence than does 

marketing on consumer view formation (Figure 6-1). Second, persistent unfavorable 

views, leading to unfavorable WOM, can overwhelm initial positive views and lead to 

system collapse (Figure 6-5 and Figure 6-6). Third, in scenario 7, the unfavorable 

experience of existing consumers erodes the number of future consumers willing to 

consider a purchase—a number that would otherwise increase through marketing.  

Therefore, Hypothesis 2 is strongly supported. 

Hypothesis 3.  In a durable good system with high switching costs, considering both 

buyer and user utility yields a more realistic system model than using a single utility and 

consumer familiarity.   
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This hypothesis suggests that better model behavior will occur (positive correlation) 

when the valence and strength of consumer experience (user utility, U2) is used as a 

replacement for consumer familiarity. This hypothesis is strongly supported by the 

literature, which resulted in the development of the model structure and the observed 

outcomes described in the past several chapters. The nine scenarios and the sensitivity 

analysis (Figure 6-11) demonstrate the broader range of model outputs that can occur 

when U2 is used. Hence, the model results are consistent with the hypothesis.   

 The most noteworthy outcome when using U2 is the ability to observe a growth-

then-collapse scenario as one possible model outcome. This is not observable in a model 

using only a single utility (and consumer familiarity), where the U1 of the super octane is 

higher than that of the other options. Yet by translating marketing and social science 

research into an engineering system model, as this dissertation has done, it has become 

possible to observe this new outcome. This is an important system engineering 

improvement.   

Therefore, Hypothesis 3 is supported, but remains dependent on the continued 

validity of the underlying literature. 

Hypothesis 4.   In a durable good system with high switching costs, considering the post-

purchase consumer view has a significant effect on system behavior and modeling 

outcome. 

 
This hypothesis suggests a positive correlation between the valence of post-purchase 

consumer views and the dependent variable. Since the only variable (at a given marketing 

value) that is altered in each of the first six scenarios is U2, the change in system behavior 
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is directly attributable to changes in user views (U2). This is clearly illustrated in Figure 

6-1 and scenarios 4, 5, and 6. In each model output, more positive user experiences are 

related to higher total ethanol consumption. The root cause of this system behavior is the 

way in which improvements in user experience (U2) lead to increases in other buyers’ 

willingness to consider a vehicle purchase, as observed in scenario 8,9.  

Therefore, Hypothesis 4 is strongly supported.   

 Summary 6.8

The results of the model simulations have been presented and discussed through a series 

of seven scenarios (the latter of which included 3 sub-scenarios). The scenario results 

were used to test the four research hypotheses.   

Prior to this testing, the Hypothesis_Initial was reconfirmed, proving that Including 

unfavorable views and WOM in the super octane market model is necessary to capture 

the relationship between the dependent and independent variables. The seven scenarios 

then tested the effect that the independent variable (user utility, U2) has on total annual 

ethanol consumption. In this manner, the four dynamical hypotheses were also 

confirmed. 

The final and concluding chapter will present further commentary on the results, as 

well as policy insights and concluding remarks. This includes a discussion of model 

limitations and suggestions for future research, both into the ethanol fuel vehicle 

ecosystem and, more broadly, into durable goods systems with high switching costs. 
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 Conclusions 7

There is no point adding complexity to a model if that complexity does not change the 

model’s usefulness. However, the results presented in the last chapter clearly show the 

importance of including negative or unfavorable perceptions and WOM in a technology 

diffusion and uptake model. The added structure produces very different results. The 

application of a basic loop knockout technique illustrates the differences between the 

behavior seen in existing alternative fuel models, and that observed in the new model 

(Figure 5-3). Manual investigation of the new model further indicates that changes in 

consumer (user) response and marketing represent critical new model structure and input.  

The new model structure leads to the observation of two primary effects. First, 

marketing has diminishing returns. And second, unfavorable WOM does not merely 

reduce familiarity with a technology, in a way that can subsequently be overcome by 

marketing. Rather, unfavorable WOM can flip the relationship between consumer 

awareness and consumer choice from a positive (virtuous) reinforcement to a negative 

(vicious) cycle, as observed in scenarios depicting system growth followed by collapse. 

This collapse can be driven by negative user utility (U2), resulting primarily from high 

fuel prices and/or the lack of fuel availability. This negative experience and feedback 

influences not only the market choices of unconverted customers, but the decisions made 

by returning customers, and whether sustained customer conversion will occur.   

The upshot is that consumer experience is ultimately much more important than 

marketing. In fact, marketing is needed only at the beginning of platform introduction to 

make sure that consumers are willing to include the new technology in their 
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“consideration set” (Chapter 2) for buying a vehicle. But that’s pretty much where the 

role of marketing ends.  

In addition to providing these insights about the role of marketing, this research has 

numerous other implications for the super octane system stakeholders. For instance: It is 

very important to ensure appropriate infrastructure availability and fuel prices during the 

technology roll-out, so that early adopters of super octane vehicles have positive 

experiences and spread favorable WOM. Otherwise, even if car manufacturers invest 

heavily in additional marketing, frustrated consumers may generate “negative marketing” 

of their own, diverting droves of potential adopters away from even considering the 

platform. Moreover, this negative marketing has a longer lasting effect than does 

traditional marketing, because people tend to remember the negative views from their 

direct experiences and those of their peers for some time, and it takes a lot of effort to 

reverse these perceptions. The result, even if user utility is subsequently improved, will 

be a reduced market capacity and overall reduction in super octane and ethanol 

consumption. 

 Having said all of this, it is important to stress that the perceived precision of the 

model results shown in the last chapter are of secondary importance. As the saying goes: 

“All models are wrong—but some are useful.” Models can provide valuable insight into 

the behavior and sensitivities of components of the system in question (Box and Draper 

1987; Sterman 2002). This perspective, first articulated by Box, provides a reminder that 

the insights a model can generate are often more important that any perceived precision 

of the output. 
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This is why the new model structures presented in this study are valuable. They 

help to refine current mental models and analyses of complex alternative fuel systems 

featuring multiple stakeholders and competing interests. And this, in turn, has significant 

implications for engineering decisions on the part of automakers, as well as for regulatory 

and policy development.  

This chapter will conclude by discussing those implications. However, first it is 

important to analyze the limitations of the research presented here, and to explore how 

those point towards avenues of future research.   

 Model Limitations and Future Research 7.1

Consistent with the prior work of Keith and Struben, this model contributes to the 

continued growth of theory and modeling regarding the development of alternative fuel 

markets. However, the model is not predictive, and it has a number of important 

limitations that can be addressed in future research: 

Fixed Vehicle Fleet Size, and Other Sources of Ethanol Consumption: In its current 

form, the model sets a fixed number for the size of the light-duty vehicle fleet (250 

million). Obviously, this figure may grow over time in the real world. In order to perform 

a complete analysis of ethanol consumption, meanwhile, it is necessary to include other 

sources of ethanol use in the model. Future research might attempt to account for all 

consumers of ethanol (for instance, trucks), so as to produce more accurate predictions of 

actual ethanol consumption and fluctuations in total supply and demand. This can be 

further enhanced, in subsequent models, by also considering the growth of the vehicle 

fleet. 
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Endogenous Calculation of Variables: As noted previously, no real world values 

currently exist for many of the independent variables, simply because a super octane 

vehicle does not yet exist on the market. This made it necessary, in order to test the 

model, to break the links that lead to the calculation of U2 by the model itself, and 

instead, to manually substitute in a range of U2 values. In this way, it was possible to 

observe the consequences of changes to this variable upon the broader system. 

This approach provided important insight, but it remains a limitation that the full 

consumer experience cannot yet be endogenously calculated, or calculated within the 

model itself, due to the lack of available data. Ultimately, it will be necessary to 

reconnect the links in the model that determine user utility through variables like fuel 

availability, fuel price, and perceived advantages from using super octane fuel. This is not 

expected to fundamentally change the results, but will help improve the predictive power 

of the model.   

In the meantime, the scenario analysis in the last chapter varies the profile of 

consumer experience over the course of the simulation. This reflects scenarios in which 

fuel is not available, the fuel price is too high, or the perceived benefits of super octane 

are not deemed to be important. Endogenously generated consumer experience would not 

alter these extreme profiles that were tested, but would allow for better understanding 

how a particular consumer experience is formed. Additionally, the look-up table (Figure 

5-7), used to link user utility to user view, is deterministic and may not fully capture the 

heterogeneity of this relationship.  
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Modeling Ethanol Industry Financial Decisions: Since the endogenous calculation will 

be accomplished in part by linking the main model components through the ethanol 

supply and demand, this additional model structure depends heavily on the modeling of 

financial risk management in the ethanol industry. This area is not yet well developed in 

system dynamics models. As such, it represents an opportunity for further theoretical 

model development.  

Indeed, understanding the constraints that levels of ethanol production exert on 

perceived user utility will be critical to ultimate market success. The full dynamics of this 

part of the system should be explored though the development of a new or additional 

model. One important direction for such development already seems apparent. As 

established in this research, unfavorable experiences and low perceived user utility can 

cause volatile swings in ethanol demand, by activating a negative reinforcement loop. 

With a still nascent industry, the price of ethanol is highly dependent on the growth 

in both supply and demand. If demand for ethanol significantly exceeds the demand 

estimates made three years prior, supply shortages will result, spiking the price and 

causing customers to recoil from fuel prices—thereby greatly lowering their perceived 

utility.  

Given the thin margins in the ethanol production market, and the heavy capital 

investment required to construct ethanol production facilities, producers are naturally 

primed to undershoot the market. Policy makers, other stakeholders, and ethanol 

producers must understand the negative effects that underproduction will have on the 

downstream market if they are to take the risk of building sufficient supply. 
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Concurrently, the uncertainty and risk associated with oversupply need to be understood. 

The addition of a capacity investment model would allow modelers to customize the 

investment decision process, so as to demonstrate how such investments play out over 

time and how important it is to manage risk to ensure that the temporal production 

capacity in the ethanol industry remains within appropriate bounds. 

Use of The Model for Prediction: The chief mechanisms by which the model’s results 

emerge appear relatively clear. However, before the model can be utilized for prediction, 

a number of parameters, such as the weightings of different utility components, need to 

be estimated using real world data (or determined by expert judgment). Since platforms 

of similar complexity are not present on the market (with the exception of plug-in hybrid 

electric vehicles, where drivers can chose between charging and refueling, but the electric 

range prohibits exact comparison), direct observations and data collection are not 

possible.   

Consequently, this extension of the current research is left for a future researcher, 

and is likely better suited for a member of the marketing and business community. Most 

important will be to ensure that the weighting of the model’s utility components reflects 

actual behavioral decisions by drivers. The sensitivity analysis shows that the super 

octane platform’s future depends heavily on the actual experience of consumers. 

Therefore, exact parameter estimation is paramount before making the model more 

complex, or using it in a predictive manner.  

Going Beyond the Super Octane Ethanol-Fuel System: Finally, this research has 

focused on one complex engineering system in particular, the ethanol fuel-vehicle 
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ecosystem. However, the behavior and general structure of the model should apply more 

broadly to any multi-stakeholder system in which one wishes to analyze the market 

growth of a durable good with high switching costs.  

This presents an opportunity to refine the model into a more generic unified model, 

covering a variety of services and goods with switching costs ranging from low to high. 

The subscript approach further facilities this opportunity and can serve as a foundation 

for future model development. Using the new model as a template, system dynamics 

modelers can apply their own sets of factors and options through the subscripts. This 

provides the ability to employ a consistent model that can evolve as understanding of a 

system changes (or as questions related to it do). Additional technologies or other 

consumer choice options can be added, without needing to change the equations and 

structure of the model. Thus, the model evolution presented in this dissertation merely 

represents a first step, and suggests an improved approach to building traditional 

consumer choice and aging chain models.   

In summary, there are many opportunities for further exploration of the current 

model, and for future model development. Much of this future research, however, will be 

cross-disciplinary in nature, and may be better performed by business and financial 

specialists, or by other experts outside of the system engineering community.  

 Implications for Ethanol Policy 7.2

The results presented here show that under certain conditions, if federal policy errs, or if 

the behavior of one ethanol system stakeholder is out of sync with that of the others, 

negative feedbacks can occur. This means that a policy that focuses solely on generating 
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market growth in one area of the ethanol system may fail to understand critical system 

structures and behaviors. This can happen even if that policy is itself based on system 

dynamics modeling.  

In particular, when only traditional favorable consumer views are assumed, and 

positive feedbacks are expected to occur, this can lead to erroneous conclusions. As this 

dissertation has shown, including a stock for unfavorable driver (consumer) views, and 

the model structure that goes along with it, can play a dominant role in determining 

whether the overall system will grow or collapse.  

The policy and system engineering relevance of this finding should be clear. The 

negative feedback behavior generated by unfavorable experiences and subsequent WOM 

was not previously observable, and was not considered in the formulation of US ethanol 

policy. But it significantly narrows the system conditions in which all stakeholders—

consumers, energy companies, ethanol producers, automakers, and fuel retailers—can 

achieve a positive outcome.  

In the real world, of course, some fraction of customers will always be dissatisfied 

with a given product. In a mature market, that’s less of a concern. In such markets, it is 

more likely that system behavior will reflect the commonly observed fluctuations in 

market share for well-established vehicle brands (like the Toyota Camry), where the 

growth of unfavorable views is approximately balanced by consumer forgetting. This 

indicates an established system, in which multiple loops are dominant.  

In a nascent industry like the super octane fuel and vehicle market, however, 

unfavorable experiences and WOM can dominate and establish a path dependence early 
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on, in which consumers are unwilling to consider purchasing super octane vehicles. This 

can ultimately lead to market collapse. 

For the system stakeholders, then, the message emerging from this research is this: It 

is critically important to create and maintain a very high positive experience—potentially 

at the expense of achieving a high technology growth rate—for initial customers and 

system stakeholders. This is especially vital until the system reaches maturity. Although 

it is mathematically possible for marketing levels and manufacturer subsidies to improve 

consumer utility perceptions, system architects—including policy makers—should 

recognize that this is not a practical long-term strategy.  

This means that to achieve the policy objectives of a regulatory mandate like the 

ethanol mandate—which has been imposed on a single system stakeholder—all 

stakeholders have to work together. Each must do their part before the platform launch, 

creating optimized engines, converting refueling stations to be super octane compatible, 

and building initial ethanol capacity. And not just that: They must also create an 

environment in which all of these elements work together, guaranteeing that early 

adopters will have a positive experience.  

To achieve this end, the tools at their disposal include potential adjustments to the 

price of the vehicle, to the availability of super octane fuel, and to the price of that fuel. 

Granted, such adjustments must be sensitive to the need for all of the stakeholders to 

enjoy positive financial outcomes. For example, early investments in refueling 

infrastructure and ethanol production infrastructure will increase the supply and 

availability of super octane fuel, improving consumer utility once vehicle deployment 
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occurs. But this will also cause cash flow and financial risks for the respective 

stakeholders. And it may result in delayed consumer price risks, if fuel producers and 

station owners need to maintain higher fuel prices in order to recover their initial 

investment, or in fuel availability risks if bankruptcies occur. On the automaker side, the 

relative fuel economy and performance of the vehicle can also be adjusted, but this must 

come through engineering improvements, not policy or marketing levers.   

Each item on this list belongs to the domain of a different stakeholder. This means 

that such a collaborative environment will only emerge if all stakeholders act together 

and synchronize their efforts. This way, they can ensure that they do not fall prey to 

“capability traps,” or persistent implementation limitations or failures, such as those that 

have occurred due to the unreasonable expectations inherent in the currently prescribed or 

mandated ethanol sales volumes (Repenning and Sterman 2002; Pritchett, Woolcock et 

al. 2010). From a policy perspective, the capability traps in the ethanol fuel and vehicle 

ecosystem derive from the fact that different government agencies regulate or manage 

policy for different system stakeholders. While these agencies depend on the behavior of 

the other stakeholders, they lack the ability to directly control or influence them.  

This should serve as a warning to policymakers and regulators that if ethanol supply 

is not closely matched to demand—due to aggressive vehicle sales, poor vehicle 

performance, or constraints in ethanol supply or ethanol price—the overall outcome may 

be opposite of what is intended. In effect, the out-of-sync behavior of the different 

stakeholders could undermine the desired growth in ethanol consumption.   
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It is particularly vital for this message to be heeded now, as super octane technology 

appears on the horizon. Super octane platforms have the potential to reverse the 

downward trend of ethanol consumption (correcting the errors of the past), and to achieve 

a substantial consumption increase compared to the business as usual scenario, in which 

ethanol consumption plummets over time due to fuel economy improvements of the 

vehicle fleet. 

However, the scenarios presented in the previous chapter call into question whether 

super octane technology can, on its own, rescue ethanol policy. Given the current ethanol 

content of regular gasoline fuel, and the projected 20 to 30 percent ethanol content of 

super octane fuel, it may not be possible to increase ethanol consumption to the RFS 

mandated level of ~30 billion gallons by 2022 (using current fuel economy regulations 

out to 2025). Therefore, reaching ~30 billion gallons of ethanol from today’s level (about 

15 billion gallons) may require other forms of ethanol consumption, such as in trucks, 

and other policy changes that would further incentivize the use of super octane ethanol 

fuels (such as carbon pricing).  

More broadly, the results imply that a reorientation of policy is needed, from a 

prescriptive approach to a performance based approach with incentives. This finding is 

consistent with the “narrow” version of the Porter Hypothesis proved by Lanoie, which 

states that “flexibility in regulations such as performance based regulations lead to better 

innovation and outcomes” (Lanoie, Laurent-Lucchetti et al. 2011). Furthermore, the 

results support the framework developed by Carlson, who sees economic value as a 

required precursor to disruptive technology change. This leads to a policy framework that 
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is able to adapt to future unknown conditions and maintain flexibility (Carlson and Fri 

2013).  

In the final analysis—and taking into account the long-term uncertainty involving 

factors such as relative utility, vehicle demand, and travel demand—the current RFS is 

poorly structured to ensure sustained ethanol market growth. The prescriptive structure of 

the mandate simply does not reflect the brand of systems thinking necessary to achieve 

the intended outcome. It is hoped that this dissertation can help point the way toward 

better policies, based on more completely understood engineering systems. 
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Appendix A: Model Initiation and Calibration 

Each age group has the outflow of retirement of vehicles 

{ }
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where 𝜌𝑎 is retirement fraction for each age group.  

The inflows and outflows to establish the mechanism of aging along the aging chain are 

given as 



173 
 

1. 

( )( )
1

, , , ,
, , ,

, , ,

, , , , , ,
 

, ,

1 ,  1
  

,   1

0,    
  

,  

k

k

new retirement
i i j v i j vinflow

i j v a outflow
i j v a

outflow
i j v a i j v a

age

n
i j v

N k vehiclesf
yearf k

a last age group
vehiclesf V

yeara otherwise

aa

t

−

 + − =  =   ∀ ≠  

=
 =   =  

 


( )

( ) ( ) ( )

, , , ,
, , 

 
, , ,, ,
 
, , ,,

, ,

 

0,   (    )

,  

0.25

1 0

retirement new
i j v i j vew initial

i j vview perception

retirementretirement
i j v ai j v a

retirement
i j v av a

new
i j v

dt

i j v unfavorable v uninformed
f

otherwise
f

t

a

−
= +

 ∀ = ∧ = ∨ =


= 



=

=

∫

∑
∑

 






0
0 1 0 ,  
0 0 1

0 1 0
1 0 0 ,  
0 0 1

0.95 0.05 0
0.05 0.85 0.1 ,   

1 0 0

i GAS

i HEV

i SOGAS

  
   =  
   

 
   =  
   
 
  = 
  

 (A-2) 

 

Where 𝑁𝑖 is the vehicle sales of platform 𝑖 in vehicles per year,  𝒱𝑖,𝑗,𝑣
𝑛𝑛𝑛 is the matrix of 

views of first time vehicle buyers, 𝒱𝑖,𝑗,𝑣
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the matrix of views of existing owners 

of vehicles, 𝛼 is fraction of first owners in the vehicle sales, 𝜏𝑣𝑣𝑣𝑣 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is time to 
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change the views of first time buyers based on the prevailing opinions of owners of 

retired vehicles, and 𝜏𝑎𝑎𝑎 is the aging chain step in years. 

In order to ensure the stocks are initialized in equilibrium, the following equations 

are used to compute the initial values, assuming four age groups: 
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