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Abstr act 

Given the amount of electrical consumption associated with living in contemporary society, 

renewable energy technologies that offer a distributed and cost effective means of generating electricity 

need to be further developed and researched. Small wind turbines have the capacity to provide the 

electrical needs of many residences in the United States. While the benefits associated with using 

renewable resources and being self-sufficient are widely recognized, these turbines are often marketed 

without an accompanied understanding of how wind turbines can be successfully integrated into the 

home energy system (HES) in an efficient and cost effective manner. The result of this is that the cost of 

energy (COE) associated with small wind turbines is too high and prohibits many potential customers 

from utilizing this form of energy. In order for the small wind turbine market to gain market prominence 

in the residential sector, there needs to be a better conceptual understanding of how wind turbines can 

be integrated into the HES. Moreover, small wind turbines can also offer an effective means for 

generating electricity for off-grid locations in developing countries. This technology primarily competes 

with conventional petroleum based generators and solar photovoltaic technology, and the advantages 

of using small wind turbine technology over these other two technologies is often not clear.  

This thesis researches how heat pumps can be used to better integrate wind turbines into the 

HES. Because wind turbine COE is the primary deterrent to their more widespread use, the impact that 

this technology can have in reducing the COE of wind turbines is analyzed. Through simulating potential 

wind turbine applications utilizing heat pumps, this research furthers the conceptual understanding of 

the systems by which wind turbines can be utilized in an efficient and cost effective manner. The 

relationship between a prevailing wind and the thermal load on a residence is analyzed, and this analysis 

coupled with the use of heat pumps to better integrate a wind turbine into the HES represents a unique 

contribution to this area of literature. This research also studies the performance of a small wind turbine 
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in a developing country. Given a specific electric load requirement, it analyzes how well suited the wind 

turbine is for supplying the needed electricity as compared to a conventional gasoline generator and to 

the potential use of solar photovoltaics. The specific advantages and disadvantages of each of these 

three technologies are discussed.  
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Chapter 1: Introduction  

Nomenclature  

Cf [~] 
Capacity factor-ratio of actual energy production to that if operated at rated 
power 100% of the time 

CESS [~] Conventional energy storage system-use of battery bank to store energy 
COE [$/(kW-hr)] Cost of Energy-price at which turbine will generate electricity 
FCR [%] Fixed charged rate-annual percentage rate that is being paid back each year 
IC [$] Installed cost of the wind turbine system including installation 
HES [~] Home energy system 
MC [$] Maintenance cost of turbine, including insurance 
NAEP [kW-hrs] Net annual energy production of the wind turbine including availability factor 
 

Energy use in the United States is an important issue; for that matter, energy use anywhere is an 

important issue. It is safe to say that in the current energy dialogue, the issue of the supply of energy 

garners most of the attention. In comparison, how energy is used receives relatively less discussion. The 

consumption of energy in the U.S. is massive, exceeding one-hundred quadrillion BTUs annually [1]. 

Much of this consumption is necessary, and converting resources into useful forms of energy is vital to 

society. However, the responsible use of energy, in terms of both usage and production, must be 

considered ƛƴ ǎƻŎƛŜǘȅΩǎ ƳŀƴŀƎŜƳŜƴǘ ƻŦ ŜƴŜǊƎȅ.  Irresponsible use of energy is often related to a 

disconnection between the consumption and production of goods present in many ǇŜƻǇƭŜǎΩ ƭƛǾŜǎ; this 

disconnection almost inevitably results in poorer stewardship of a resource [2].  

One resource common to most everybody is that of electricity inside a home. Electricity in a 

home is needed for many aspects of living such as lighting, heating and cooling, cooking, washing, 

cleaning, electronics, etc. Small-scale wind turbines have the potential to provide this electricity for a 

number of residences in the United States and people across the world. Two primary markets that exist 

for small-scale wind turbines are on-grid residential application and off-grid power generation.  
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The utility network in the U.S. is well developed, and the majority of residential applications will 

have the ability to connect to a local utility. The impact of this is that the turbine is not meant to be a 

stand-alone system, and often is intended only to supplement the electrical supply coming from the 

grid. Currently, the market for these turbines is quite constrained. Given the prevalent attitude of being 

άƎǊŜŜƴέ ŀƳƻƴƎ Ƴŀƴȅ ŀƴŘ ōŜƛƴƎ άǎŜƭŦ-ǎǳŦŦƛŎƛŜƴǘέ ŀƳƻƴƎ ƻǘƘŜǊǎΣ ƛǘ ƛǎ ǊŀǘƘŜǊ ǎǳǊǇrising that relatively few 

residential wind turbines have been installed across the U.S. in the previous decade [3]. One of the main 

reasons why is that residential wind turbines have been marketed without an accompanied 

understanding of how residential usage should be integrated into the home energy system (HES). This 

has resulted in a high cost associated with utilizing small wind turbines that has limited their market 

growth. In order for these residential wind turbines to work as an effective means of generating 

electricity, they have to be system integrated in a cost effective manner. This thesis attempts to identify 

the methods or applications in which residential turbines can be integrated into the HES in an effective 

and marketable way.  

Small wind turbines also can serve as an effective means of generating electricity in remote (i.e., 

off grid) locations. Markets for these types of applications exist all over the world, but one major 

opportunity for small wind turbines is in developing countries. Many developing countries have very 

limited power distribution to rural locations, and small wind turbines have proven to be an effective 

means of bringing electricity to many people and villages in remote locations [4]. These turbines serve 

many rudimentary functions, such as pumping water and refrigeration, that help to increase the quality 

of life for many people. This thesis will consider the varying ways that wind turbines are being utilized in 

developing countries, and it will attempt to identify an application to which wind turbines are 

particularly suited.  
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  The advantage of these wind turbines in both applications is not only that they represent a 

renewable source of energy, but also that they would allow the end user to have some connection in the 

production of the electricity on which he or she depends. Whether this connection consists in the 

homeowner selecting, erecting or maintaining the turbine, or simply in being conscious about matching 

electricity usage to the energy available in the wind, small wind turbines can enable people to play a role 

in producing the electricity on which they dependand provide people the opportunity to be better 

stewards of the electricity that they are using.  

 

Figure 1: Primary energy consumption by source and sector in 2011 [1]. 

Residential Application in the United States 

 According to the Annual Energy Review (AER) [1], in 2011 the U.S. consumed ninety-seven 

quadrillion BTUs. Energy consumption is divided into four main demand sectors: transportation, 

industrial, commercial and residential, and electric power. Figure 1 displays the relation between the 

sources of energy and their respective usage. This figure illustrates that the highest expenditure of 

energy goes toward generating electricity. Since electricity is used in the other three sectors, there is 

delineation between demand sectors and end use sectors. The four end use sectors are transportation, 

industrial, commercial, and residential. A substantial amount of energy is consumed each year to 
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provide the energy needs of houses and apartments. According to the AER, the residential sector uses 

22% of end use energy.  

 

Figure 2: How energy is used in homes in 2009 [5]. 

Figure 2 shows the household energy consumption broken down into different applications. If 

35% of the heating demand and 80% of the cooling demand is supplied by electricity [5], then as a 

national average 60% of the energy consumed in homes is in the form of electricity. Wind turbines, both 

small and large, are a technology that have the potential to generate a sizable percentage of this 

electricity. The wind industry has seen substantial growth in the U.S. in the last 10 years. Annual electric 

ǇǊƻŘǳŎǘƛƻƴ Ƙŀǎ ƛƴŎǊŜŀǎŜŘ ŦǊƻƳ тл ǘǊƛƭƭƛƻƴ .¢¦ǎ ƛƴ нллмΣ ǘƻ мΣмсу ǘǊƛƭƭƛƻƴ .¢¦Ωǎ equivalent in 2011 [1]. 

Overall, wind energy accounts for 13% of the total renewable energy production in the country, which is 

well ahead of thermal/photovoltaic at 2%. According to the American Wind Energy Association (AWEA), 

at the end of the 2013 third quarter there was 60,078 MW of installed wind capacity in the states [6]. 

Utility scale wind turbines, defined as those capable of producing 100kW of power or more, produce the 

vast majority of this capacity.  These turbines are typically installed in wind farms, and the distribution of 

the generated electricity is distributed to major power centers.  



5 
 

Status of Small-scale Wind Energy  

 Small-scale turbines are those producing less than 100 kW [7]. These are typically installed singly, 

and the generated electricity is intended for relatively local use. As of 2011, the installed capacity of 

small wind turbines in the U.S. was 198 MW [6], over a 100% increase in the installed capacity since 

2002. Small-scale turbines are further classified into commercial, residential, and micro turbines [6]. 

Commercial turbines range between 11 and 100 kW and typical applications include providing power for 

schools or large farm operations. Residential turbines range between 1 and 10 kW in size and are 

intended to generate some or all of the electricity consumed in a residence. Micro turbines are those 

smaller than 1 kW and are primarily used for low power applications on remote sites and battery 

charging. There is a market for both on and off-grid applications, though the number of grid tied 

residential turbines is substantially higher. Between 2006 and 2011, roughly 12,000 residential turbines 

were installed in the U.S., which added an estimated capacity of 40,000 kW. Of note, there is some 

concern over the relationship between wind turbines and the bird mortality rate.  While numerous 

studies on bird mortality caused by commercial scale turbines have been undertaken, residential 

turbines which have much smaller blades and short tower heights are deemed to not pose a threat to 

birds [8]. 

 Given how much electricity is consumed in homes, a market certainly exists for small-scale 

residential wind power. Depending on the size of the turbine and local average wind speed, residential 

wind turbines can generate a significant percentage of the electricity consumed in homes. However, not 

every residence is suited for a wind turbine. In 2007, the Department of Energy (DOE) published a 

ŎƻƴǎǳƳŜǊΩǎ ƎǳƛŘŜ ǘƻ ǎƳŀƭƭ ǿƛƴŘ ǘǳǊōƛƴŜǎ [7]. In this guide, they state that a small wind turbine can work 

for a customer if the following five conditions are met: 

¶ There is enough wind to warrant installation of a turbine 
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¶ The property is large enough to accommodate a wind turbine 

¶ Local building codes allow the installation of a wind turbine 

¶ There is a substantial electric consumption 

¶ The investment makes economic sense to the customer 

 These conditions help assess the viability of installing a residential wind turbine with economics 

playing a large role in acceptance by the consumer. According to the most recent data from the U.S. 

Energy Information Administration [9], based on 127 million customers nationwide, in 2012 the average 

annual electric consumption in a residence was 10,837 kW-hrs. At an average price of 11.88 cents/kW-hr 

[9], the average customer is spending $1287 per year on electricity. Kansas average residential 

consumption is slightly higher at 11,334 kW-hrs per year [9], and the cost is slightly lower averaging 

11.24 cents/kW-hr [9] resulting in a cost of $1274 per year. Therefore, a residential wind turbine must 

consider the return on investment given the current cost of electricity.  
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Figure 3: NREL wind speed map at 30m [10] 

 The energy in the wind varies according to the cube of the wind velocity, and at low wind 

locations, installing a wind turbine is not practical. Figure 3 is a map of the distribution of the average 

wind speed across the nation at a height 30 meters above the ground. As can be seen, the Midwest has 

relatively good wind resources, as does the West in certain areas. The East and Southeast are generally 

dead spots, and the market for residential turbines in those areas is constrained simply because of the 

wind.  

 The size of property attached to the residence is another factor that affects the viability of 

installing a turbine. These turbines are large enough that installing them attached to the house is not an 

option, and (typically) they are installed on towers separate from the residence. There are various types 

of towers, each differing amounts of space, but a general consensus is that these wind turbines require 
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at least one acre of property for feasible implementation [7]. For the most part, this requirement 

restricts the market for residential turbines to rural properties that dramatically reduces the number of 

potential customers. However, according to the 2007 DOE guide, there are approximately 21 million 

homes in the U.S. built on one-acre and larger sites, and almost a quarter of the population live in rural 

areas [7]. Assuming that most rural county building and planning codes allow for the implementation of 

residential wind turbines and that rural properties have a normal electricity consumption profile, there 

exists a number of potential applications to constitute a viable market for residential wind turbines.  

Two Market Issues with Residential Wind Turbines  

 Currently, the residential wind turbine market is not doing well. As mentioned prior, between 

2006 and 2011, only 12,000 units were installed nationwide, a mere 2000 turbines a year. South West 

Wind Power, one of the foremost residential turbine manufacturers in the U.S since 1987, went 

bankrupt in early 2013, and many other prominent manufacturers of small wind turbines (e.g., ARE and 

Proven) are no longer in the business. This is because for most applications residential wind turbines do 

not make economic sense to the consumer. Assessing the economic viability in detail will take place in a 

later chapter, but a simple way to analyze the cost economics of the wind turbine is to consider the cost 

of energy (COE) associated with the turbine. The COE is an estimate of the price at which the turbine 

will generate electricity; it takes into account initial cost of the turbine, maintenance, interest rates, and 

the electricity generated by the turbine [11].  

( * ) /COE IC FCR MC NAEP= +  (1) 

where IC is the initial cost, FCR is the fixed charge rate (essentially the percentage one is paying back 

per year, normally considered at 10% [11]), MC is the maintenance cost and NAEP is the net annual 

energy production. While evaluating the COE is not the only metric for determining economic viability, 

it serves as a quick check to compare one form of energy against another. For example, Bergey sells a 
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10kW turbine for $31,700 and a standard 30 m Guyed tower for $14,145 [12]. The NAEP of a turbine 

can be analyzed through a term called the capacity factor (Cf). The Cf is the ratio of the actual energy 

produced over a given time period to the amount of energy that would be produced if the wind turbine 

were operating at full power over that whole period. A study performed in the UK [13] reported that 

1.5-10 kW turbines have average Cfs of 0.17. Assuming a capacity factor of 0.17, the NAEP would be 

14,892 kW-hrs/yr for the Bergey 10 kW turbine. Assuming MC of $.02/kW-hr[11], this would result in a 

COE of $0.31/kW-hr. Depending on ƻƴŜΩǎ ƭƻŎŀǘƛƻƴΣ ǘƘŜ COE associated with grid electricity is between 

$0.07 and $0.16/kW-hr in the state of Kansas. Economically speaking, this appears to make the COE 

associated with small-scale energy roughly 2-4 times as expensive as compared to conventional grid 

energy. This is a significant reason why small-scale wind turbines are having a difficult time gaining 

prominence in the market.  

 In order for small-scale wind turbines to be more competitive, they need to represent an 

economically feasible option. However, the demand is not driven entirely by economics. Many people 

place value on such things as energy independence, clean energy, and self-reliance that residential wind 

turbines can impart. This being the case, there are relatively few customers for whom this high COE 

would not pose an obstacle despite these advantages attached to wind turbines. In order for residential 

wind turbines to gain prominence among consumers, the COE associated with investing in a wind 

turbine needs to be reduced.  

Reviewing the COE, it is high for two main reasons. The first is that the installed cost of the 

turbine is exorbitant. In the example of the Bergey 10kW, the tower and turbine together cost close to 

$45,000 or $4500/kW, which on the surface appears to be much higher than the cost associated with 

solar photovoltaics. A main reason for the high costs of these turbines is that these turbine companies 

sell only a few units each year; hence, the overhead on each unit remains significantly high. It is often 
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easy to compare the cost effectiveness of wind turbines to solar panels by analyzing their respective cost 

per installed kW figures. While this can be meaningful at times, it neglects to consider the corresponding 

capacity factors, and thus does not consider the actual differences in energy generation and associated 

COE. Though likely the installed cost per kW of a small wind turbine will not match that of a small solar 

panel, this is not necessary for making small wind turbines competitive with solar panels. That being 

said, it does seem necessary that the installed cost of the wind turbine be reduced in order to make 

small wind turbines economically viable. This will be further analyzed at a later point in this report.  

 The other main reason for the high COE is the relatively low net annual energy production. 

Many turbines are simply not operating with comparatively high performance efficiencies. In the 2011 

AWEA Small Wind Market Study, one of the stated small wind industry goals is to increase blade 

efficiencies from 32% to 45% [3]. For 21st century blade design and manufacturing, a blade efficiency of 

32% (or essentially a power coefficient of 0.32) is quite poor. A value of 0.45 is standard for utility scale 

wind turbines [11]; small wind turbines are less efficient than utility sized turbines but manufacturers 

still claim relatively high performance. Compounding this low efficiency rating is that currently, there is 

no certification process for small wind manufacturers. As a result, manufacturers are not required to 

rigorously test their products or make public their results. Most manufacturers list the expected annual 

energy production of their turbine for a given average wind speed, but this is usually a theoretical 

projection that only considers a smooth and laminar wind flow. In reality, wind turbines operate in 

turbulent environments that drastically affect the performance of the wind turbine. In most cases, 

actual energy production is much less than the expected amount. From a 2008 study of twenty-one 

residential turbines installed in Massachusetts [14], it was found that (on average) the turbines 

generated only 29% of the installers expected output, and that the turbines operated with a 4.9% 

capacity factor. It is noted that one of the main reasons for the discrepancy is that the expected energy 
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generation was based on wind maps rather than on local meteorological data. However, the 

underperformance was also due to inaccurate turbine performance data and unexpected equipment 

losses [14]. This less than expected energy generation is a common feature of the majority of small wind 

turbine applications, and it is a main obstacle to the growth of residential wind turbines. In order for 

residential turbines to be a viable economic investment, their operational efficiency needs to increase as 

costs are reduced.  

Small-scale Subsidies 

 One way to reduce the COE of small wind turbines is to subsidize their market. These subsidies 

are primarily in the form of incentives, either to the customer or to the industry. The primary federal 

incentive to the customer is the Emergency Economic Stabilization Act of 2008 that allows a 30% 

investment tax credit for the costs associated with installing a small wind turbine. Of note, this policy 

will extend through December 2016. State incentives generally resulted in a larger impact on the success 

of the small wind industry [15]. Customer incentives vary considerably between states, but for most 

states, they exist in some form of financial incentive or in a net metering policy (discussed later). 

Common financial incentives are grants, tax exemptions, and low interest rate loans. One of the main 

financial tools to help customers afford the high initial cost of wind turbines is a Property Assessed Clean 

Energy (PACE) bond. This program attaches the cost of the turbine to the property, the owner of which 

pays back the loan through increased property tax payments.   

 There is no doubt that the small-scale wind industry benefits from state and federal subsidies. It 

has been a common trend that when competing against traditional energy sources, renewable energy 

has a difficult time being economically competitive on its own merit. While in general this is true, there 

are certainly applications in which this is not the case. Given that incentive policies vary between 

locations and over time, a design that manages to integrate a residential turbine onto a residence 



12 
 

successfully in an economically viable manner without relying on subsidies is superior to one that does 

rely on subsidies. If wind turbines can be designed and system integrated in such a way that they 

warrant their own installation, then the market for residential wind turbines should gain prominence.  

Prob lem of Energy Management  

 Therefore, in order for residential wind turbines to gain prominence in the market, their 

associated COE needs to be reduced, primarily through decreasing initial cost and increasing energy 

production. If this reduction in COE can happen without relying on government subsidies then the 

market for the turbines will be that much stronger. However, one further obstacle that affects the 

viability of residential wind turbines is that of energy management. The electricity generated by the 

turbine does not always balance with the electric load in the house, and at times it is necessary to store 

the excess electricity (electricity not immediately consumed in the house) generated by the turbine. 

Though some residential wind systems are desigƴŜŘ ǘƻ ǎƛƳǇƭȅ άŘǳƳǇέ ŜȄŎŜǎǎ ŜƭŜŎǘǊƛŎƛǘȅΣ ŦƻǊ most 

applications a residential wind energy system that does not manage to use all or nearly all of the 

generated electricity is not going to be economically viable. This generally requires some form of 

electrical storage.  

 The most popular option is to connect the turbine to the local electric grid, essentially treating 

the grid as a giant battery. The federal Public Utility Regulatory Policies Act (PURPA) of 1978 [7] requires 

utilities to connect with and purchase electricity from residential wind systems. Thus, for all applications 

that have a local electric grid (the vast majority), putting excess electricity back onto the grid is an 

option. However, unless the utility company offers some form of net metering program, this option is 

not very desirable to the customer. Net metering is a policy in which utility companies credit their 

customers with the electricity that they put back onto the grid. Some utility companies offer this policy 

without being required to by state law. Most states have some form of residential wind turbine 
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incentive, with net metering being the most popular [15]. Currently, only sixteen states have statewide 

policies that require all public and private utility companies to offer net metering [3]. In Kansas, as of 

2009 investor-owned utilities (Westar, Kansas City Power and Light, Empire Power District) are required 

to offer net metering to their customers, while publicly owned utilities (electric cooperatives) are not 

[16].  

 

Figure 4: Service territory map of electric cooperatives in Kansas [17] 

Figure 4 shows the service area of the electric cooperatives in Kansas as well as the general service areas 

of the investor owned utility companies operating in Kansas. As can be seen, in much of Kansas, 

especially western Kansas, the electricity is supplied by electric cooperatives. Kansas City Power and 

Light as well as Empire Power District serve primarily in Missouri; Westar services approximately 

700,000 Kansas in the central and eastern part of the state. Electric cooperatives can provide net 

metering incentives, but they are not required to do so by state law as mentioned prior.  
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 The feed in tariff rate is the rate at which the utility companies will purchase electricity from the 

customer. While it is relatively profitable in Europe, and even in some parts of the U.S., in general this 

rate in the U.S is low. It is valued as the avoided cost that the utility companies observe by not having to 

produce the electricity, and the market price is usually around 2-3 cents/kW-hr. For wind turbines to be 

economically viable, all or nearly all of the electricity they produce needs to have a value commensurate 

to the price that could be purchased from the grid. If a substantial amount of the energy generated is 

being sold below market prices, investing in a turbine will not make economic sense.  

 Because of this low market price for applications without a net metering policy in place, to 

maximize the economics one might consider alternative methods of utilizing the excess electricity 

generated that maintains the value of the electricity (i.e., 2-3 cents/kW-hr to sell, or around 11-12 

cents/kW-hr to store and use later). One method has been to employ an auxiliary load, such as a water 

pump, to utilize this excess electricity. A second more popular method has been to use some form of 

energy storage local to the property, most commonly with batteries, to be referred from here on as the 

conventional energy storage system (CESS). There are two drawbacks to this strategy. The first is the 

additional cost of the system that, depending on the size of the battery bank, can be substantial. The 

second is the physical space that the system requires. This includes both the batteries themselves and 

the place to store the batteries. Unless there exists on the residence some suitable place to store the 

batteries, some form of energy storage shed will need to be constructed for the system. However, this is 

a difficult quantity to cost and will not be considered in the evaluation of the economic viability of the 

system. Instead, it is assumed that ample room exists in the residence (e.g., basement) that can house 

the system.  
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Focus of Research 

 One purpose of this thesis is to explore the viability of employing a heat pump as an auxiliary 

load to utilize excess electricity by heating or cooling the house to desirable temperatures. As the 

temperatures in a house fluctuate, this effectively uses the house as a medium for storing energy. 

Specific importance will be given to understanding how wind affects the heating and cooling loads of the 

house, and, thus, how well wind turbines are suited to provide the electricity for that load. This method 

assumes that the cost of the energy storage is external to the cost of the wind energy system. This will 

occur by assuming that the heat pump already exists on a given property, and the wind turbine will 

concentrate on the economics of integrating a wind turbine into the existing residence.  

Off-Grid Small Wind Turbines  in Developing Countries  

Another market for small-scale wind turbines is providing power in off-grid locations. Off-grid 

locations are those that do not have access to a centralized power grid and instead rely on distributed 

energy sources for power generation. In these applications, the power generating units are relatively 

small and located at or near the consumer sites, and the power is utilized at a relatively local level [18]. 

The driving force for utilizing a distributed energy source is that a centralized utility network does not 

exist, expanding it is not possible, or expanding it would be relatively expensive. In these instances, 

distributed sources offer the only feasible means of electric power production. Though distributed 

energy generation itself does not entail being off-grid and generating units can be as large as 300 MW 

[19], distributed energy sources that are off-grid are generally utilized on the small and micro scale (500 

W - 5 MW[19]). A number of small-scale distributed generation technologies exist including 

reciprocating engines, gas turbines, hyrdo turbines, wind turbines, photovoltaics, fuel cells, geothermal, 

and thermal solar [20].   
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Figure 5: NASA satellite image of earth at night [21] 

A major market for these small distributed energy sources exists in developing countries. As 

mentioned prior, the utility network in the U.S. is quite extensive, and there are relatively few 

population areas that do not have access to grid electricity. While using distributed energy sources in 

the U.S. is important for balancing loads and avoiding over-centralized energy production, it is not in the 

strict sense necessary the majority of the time. This is not the case in many developing countries. Figure 

5 is a nighttime ǎŀǘŜƭƭƛǘŜ ƛƳŀƎŜ ƻŦ ǘƘŜ ŜŀǊǘƘΩǎ ŜƴŜǊƎȅ ŎƻƴǎǳƳǇǘƛƻƴ ŀǘ ŀ ƎƛǾŜƴ Ǉƻƛƴǘ ƛƴ ǘƛƳŜΦ Though it 

does not represent exactly the extent and location of electric networks, it visually illustrates how much 

farther advanced first world cƻǳƴǘǊȅΩǎ electric networks are compared to developing countries, and how 

more than one billion people can be living without access to electricity [22]. As can be seen from the 

picture, vast areas of Africa and Asia are literally without any major power distribution centers. Small 

villages in these countries have especially limited access to electricity. In 1971, a report on the status of 

rural electrification in India stated that only 12% of villages with population under 500 had access to 

electricity (small villages accounting for 60% of the total number of villages) [23]. Currently, in India it is 
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estimated that 56% of rural households are without access to electricity [24]. Though grid extension 

continues to grow, without major power generation distribution centers and a primary power grid, 

many locations in developing countries rely on small distributed sources of energy for electrical 

generation.  

Renewable energy sources are effective means of providing this distributed energy. Renewable 

energy technologies are distinguished from other distributed energy technologies in that they rely on a 

resource that is naturally replenished in a relatively short time scale. Given current technology, the 

primary renewable energy sources considered for electric generation in developing countries are solar 

photovoltaic, wind, and hydroelectric. A main advantage associated with using renewable energy is that 

the source of fuel is internal to the system. This is unlike a reciprocating engine that requires an external 

supply of petroleum. This has two important entailments. First, the fuel source and thus a large part of 

the operating cost is essentially free, and the ability to operate the generator is not dependent on cost 

economics associated with variability in the price of fuel and the purchasing thereof. Secondly, the 

supply of the fuel is in a sense constant, and issues concerning the transportation of fuel are not 

present. In terms of both the logistics of the transportation of fuel to remote locations and the cost 

associated with transportation, this is a major advantage. Though these are two clear advantages to 

renewable technologies, this independent fuel supply can also at times be a disadvantage in that an 

indeterminate fuel input results in an unsteady power output. This limitation influences the applications 

for which renewable technologies are suited along with the associated system requirements.  

In developing countries, rural electrification often does not entail a vast expansion of electrical 

consumption, but rather a limited use of electricity to perform basic functions. Electrical usage in small 

villages can be distinguished between agricultural and domestic uses. In terms of agriculture, a 

substantial amount of energy is put into drawing water for irrigation, and it is estimated that in Indian 
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villages that have been electrified, around 80% of the electric consumption is used for this purpose [23]. 

It is characteristic in poorer countries that a substantial amount of the energy used to draw water for 

irrigation comes from human and bullock labor [23], and larger renewable energy systems could 

certainly provide a more efficient and appropriate means of providing energy for this purpose. In terms 

of domestic usage, small amounts of electricity can significantly increase the quality of life in many third 

world villages [11]. In India, it was estimated that an installed generating capacity of 25 kW is sufficient 

for a village with a population of 1000 [23]. Traditional use of electricity has been for lighting purposes 

[23]; other uses include pumping drinking water, water heating, cooking, television, radio, and cellular 

battery charging [25].  

 

Figure 6: A small village in Pakistan electrified solely by small wind turbines [4] 

Small wind turbines have the potential to provide electricity for a number of these applications. 

Historically in the U.S., rural electrification was one of the primary functions of small electric wind 

turbines [11]. Now, as many developing countries are slowly beginning to expand their rural 

electrification, wind turbines are being utilized as a feasible option in many locations. One country 

beginning to increase its utilization of wind energy is Pakistan. As of 2003, the country did not have a 

single wind turbine installed on record with a capacity over 500 W [4]. Since then, it has increased its 
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wind energy production, on both the small and utility scale, and has installed 151 kW of small wind 

turbine capacity to aid rural electrification. Figure 6 depicts the first village in Pakistan to be electrified 

through wind energy using 26 micro turbines each rated at 500W.  

Viable Energy Sources for Small-scale Applications in Developing Coutries   

For small-scale off-grid operations, gasoline or diesel generators have been the conventional 

technology of choice. As long as a reliable supply of fuel is present, these generators can deliver a 

constant electric output that is subject to user-demand. One main disadvantage though of this 

technology is the reliance upon petroleum fuel, which as mentioned prior, can become expensive to buy 

and or transport. Two alternative technologies competing with this conventional means are solar 

photovoltaics and wind energy. For small-scale applications, solar photovoltaics generally offer a more 

affordable option [26]. Also, solar photovoltaic technology is much simpler to install, control, and 

maintain. In addition, because of the stochastic nature of the wind, it is much easier to estimate the 

energy output of a solar panel versus a wind turbine. Over a given time, and this can make designing an 

off-grid power system a simpler task. One main advantage that wind energy holds over solar 

photovoltaics is that depending on the wind resources of the location, wind can have a much higher 

energy density than solar energy [11], even to the point of making wind a more affordable option than 

solar. 

Often these sources are utilized in conjunction with each other, referred to as hybrid systems. A 

hybrid system is one that uses multiple technologies to generate energy for the same function. Hybrid 

systems have the advantage of producing a relatively more stable power supply by combining the 

strengths of the different technologies, and it is common to see all three technologies utilized in many 

off-grid applications. While this is true, for remote locations in developing countries, it is often more 

desirable to design standalone systems (e.g., systems that use only one technology to provide energy for 
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a given function). There are a number of reasons for this, the primary one being the higher simplicity of 

the resulting system.  

Focus of Research 

Another purpose of this research effort is to identify a domestic electrical need in a developing 

country for which a small wind turbine could be utilized and then to experimentally investigate if the 

wind turbine is suited for the application. The wind turbine should successfully generate the electricity 

according to a set of system requirements and prescriptions (cost economics included), and that it 

produces the electricity relatively better than other alternative methods (e.g., solar photovoltaics or 

conventional generator) of electricity generation. Using this information, the preferred ability of wind, 

solar, or petroleum (or combination thereof) for a certain application in a developing country will be 

concluded.  
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Chapter II: Wind as an Energy Resource  
 

Nomenclature  
Aplane [m2] Area across which air is flowing 
Arotor [m2] Swept area of the turbine rotor 
Cp [~] Power coefficient-% of power turbine is able to extract from Pwind 
e [J/kg] Specific energy of wind pertaining to kinetics 
Eprod [J] The energy production of the wind turbine over a given time period 
f(v(t))/PDF [~] Probability density function of the wind blowing at a certain velocity 
F(v(t))/CDF [~] Cumulative probability function of the wind velocity 

m  [kg/s] Mass flow rate of air 

NAEP [kW-hrs] Net annual energy production of the wind turbine including availability factor 
Paero [W] Power extracted by the wind turbine at a given wind velocity 
Pelec [W] The electric power produced by the turbine considering system inefficiencies 
Prated [W] Power which the turbine is rated to produce 
Pwind [W] Kinetic power in the wind 

TSR [~] 
Tip speed ratio-ratio between the speed of the blade tip and the prevailing 
wind 

vavg/ Vavg [m/s] The average annual wind velocity for a given site 
vcut-in [m/s] Wind velocity at which turbine begins producing power 
vcut-out [m/s] Wind velocity at which turbine stops producing power (shuts down) 
vrated [m/s] Wind velocity at which turbine reaches rated power 
Vwind [m/s] Velocity of the wind 

ǵbox [~] Efficiency of the gear box 

ǵen [~] Efficiency of the generator 

ínv [~] Efficiency of the inverter 

śyst [~] System efficiency including the generator, gearbox, and inverter 
 ́ [kg/m3] Density of the air 

 

 Wind turbines produce electricity by converting kinetic energy in the wind into mechanical 

motion. A basic understanding of the power in the wind is presented in this chapter; the analysis follows 

ǘƘŀǘ ǇǊŜǎŜƴǘŜŘ ƛƴ DŀǊȅ WƻƘƴǎƻƴΩǎ Wind Energy Explained textbook [27]. The available power in the wind 

is considered part of the wind flowing normal to some plane of reference and is a function of the mass 

flow rate of the air along with the kinetic energy density at which the air is moving. The mass flow rate 

of the air is given by the formula: 

 plane windm A Vr=  [kg/s]  (2) 
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where ɟ is the density of the air, Aplane is the area of a given plane normal to the flow of the air, and Vwind 

is the velocity of the air. The kinetic energetic density (e) is simply the intensive kinetic energy of air 

moving at a given speed:  

 21

2
winde V=    [J/kg] 

  (3) 

The power in the wind (Pwind) is simply a product of the mass flow rate and the kinetic energy density: 

31

2
wind plane windP me A Vr= = [W] 

(4) 

 In terms of wind turbine power production, Aplane equals the area of the rotor (Arotor), and 

Equation (4) illustrates that the available power in the wind is heavily dependent on the prevailing wind 

speeds and the size of the turbine rotor. In the analysis of turbine power, the wind velocity is the 

magnitude of the wind speed at the hub height of the rotor normal to the rotor plane, and the area of 

the plane is the full area that the turbine sweeps as it rotates. The density of the air changes depending 

on the local temperature and elevation, but for calculation purposes, the power is analyzed here at 

standard air density.  

 It is important to note that not all of the power in the wind is extractable by the turbine. Turbine 

operation is a steady state process in which air moves across the rotor plane from a high-pressure zone 

to a lower pressure zone. Extracting all of the available power in the wind would require that the final 

velocity of the air after crossing the rotor plane be zero. This would effectively stop air movement across 

the rotor and completely halt power production. The concept of aerodynamic efficiency in wind turbines 

addresses how much of the available power the turbine can extract from the wind. There exists, in 

theory, a maximum possible amount of the available power that any turbine can extract. This is known 

as the Betz Limit, and it states that the maximum percent of extractable energy across a turbine is 59% 
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of the available power in the wind. This value can be considered a physical limit rather than as 

efficiency, and the aerodynamic efficiency of wind turbines should be analyzed against this value. In 

wind turbine terminology, the power coefficient (Cp) is the fraction of available power that a turbine is 

able to extract, and the aerodynamic power (Paero) equals the amount of power extracted by the turbine 

rotor:  

3
aero p wind p rotor wind

1
P = C P = Ć ! ±

2
[W] 

(5) 

 The aerodynamic power, which affects itself by turning the rotor with a certain torque and 

angular velocity, is converted into electricity by spinning a shaft inside a generator. The generator has an 

associated inefficiency (ɖgen), and depending on the turbine a gearbox might be employed that has also 

associated inefficiencies (ɖgbox). Generally, these are the only two system inefficiencies considered in the 

evaluation of electric power. However, most residential turbines require an inverter to deliver 60 Hz AC 

signal, and this additionally has an associated inefficiency (ɖinv). For the analysis of residential wind 

turbines, these three efficiencies will make up the system inefficiencies of the wind turbine. The total 

system efficiency is thus equal to: 

 
syst gen gbox invh h h h=  [~] (6) 

and the electric power(Pelec), generated by the turbine is given by the equation: 

31

2
elec sys p rotor windP n C A Vr=   [W] 

(7) 

This Pelec is the energy rate at which the turbine will deliver energy to the residence. The amount of 

energy produced by the turbine (Eprod) is simply the instantaneous power production integrated over a 

length of time:  
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31
( ) ( )

2
prod elec sys p rotor windE P t dt n C A V t dtr= =ñ ñ  

(8) 

with the air density assumed to remain constant over time.  

The Rayleigh Wind Distribution  

Electric energy generation is highly dependent on the wind velocity at any given time. Wind 

velocity is a relatively stochastic phenomenon, and any attempt to predict wind speed at best yields only 

rough estimations. Nonetheless, analyzing the energy capture of a given wind turbine at a given location 

requires determining (or estimating) how the wind speed varies over time. Often complicated models 

for describing the wind resources are developed for a given location, but the general method of 

approximating the wind profile is to use a Rayleigh distribution [11, 27]. In this distribution, the 

instantaneous velocity is a function of the average velocity of the location only. The probability density 

function of the Rayleigh distribution is given as:  
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(9) 

where vavg is the average annual velocity of the wind site. This distribution gives the probability of the 

wind blowing at a certain velocity given an average annual velocity. In wind power analysis, the primary 

method of analyzing wind speed probabilities and the corresponding power production is to bin the 

wind speeds in 1 m/s increments. The easiest way to do this is to consider the cumulative distribution 

density function of the wind speed: 
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(10) 

This cumulative density function (CDF) is the probability that at any time the wind speed will be less 

than a given velocity.  
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Figure 7: Rayleigh probability density function for different wind speeds 
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Figure 8: Rayleigh cumulative density function for different wind speeds 

 Graphically, these functions are represented in Figure 7 and Figure 8 respectively. Both of these 

graphs illustrate the impact that the average annual wind speed will have on power production. 

Instantaneous power production varies according to the cube of the wind speed, and sites with higher 

average velocities spend substantially more time at higher velocities.  

 As mentioned prior, wind power analysis often bins wind speeds and their associated 

probabilities into specific ranges. In this analysis, the CDF is binned by 1 m/s increments with bins 
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centered on integer velocities. The velocity distribution of the wind over a period is then determined by 

analyzing the cumulative probability at these binned integers: 

1 1
( ) ( ) ( )

2 2
T v F v v F v v= + D - - D 

(11) 

here ȹv is the 1 m/s increment. The corresponding percent time associated with each velocity bin is best 

represented through tabulation.  
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Table 1: % Time of operation at different wind speeds for site with 6 m/s average wind speed 

Bin 
Velocity 

Vavg 

 4 m/s 
Vavg  

6 m/s 
Vavg  

8 m/s 

m/s % Time % Time % Time 

0 1.22% 0.54% 0.31% 

1 9.24% 4.25% 2.42% 

2 15.96% 7.96% 4.66% 

3 18.77% 10.71% 6.57% 

4 17.80% 12.26% 8.05% 

5 14.36% 12.60% 9.01% 

6 10.08% 11.91% 9.45% 

7 6.25% 10.47% 9.40% 

8 3.44% 8.64% 8.94% 

9 1.69% 6.71% 8.17% 

10 0.74% 4.94% 7.19% 

11 0.29% 3.44% 6.12% 

12 0.10% 2.28% 5.03% 

13 0.03% 1.43% 4.02% 

14 0.01% 0.86% 3.11% 

15 0.00% 0.49% 2.33% 

16 0.00% 0.27% 1.70% 

17 0.00% 0.14% 1.21% 

18 0.00% 0.07% 0.83% 

19 0.00% 0.03% 0.56% 

20 0.00% 0.01% 0.36% 

21 0.00% 0.01% 0.23% 

22 0.00% 0.00% 0.14% 

23 0.00% 0.00% 0.09% 

24 0.00% 0.00% 0.05% 

25 0.00% 0.00% 0.03% 

Total  100.00%   

 

Calculation of Energy Capture for Different Sized Turbines and Wind Speeds  

 Part of the reason for analyzing the wind as a discretized distribution rather than as a 

continuous function is that usually turbine power coefficients and system efficiencies are characterized 

in 1 m/s increments as well. Thus, power generation as a function of time is also analyzed as a discrete 

distribution. At this point, a few terms that need to be introduced that are relevant to a turbine power 
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analysis. The cut-in velocity (vcut-in) is the minimum velocity the turbine must achieve to begin operation. 

The cut-out velocity (vcut-out) is the maximum velocity that the turbine can encounter before it will shut 

down. The rated power (Prated) is the electric power at which the turbine is designed to regulate in high 

winds. The rated velocity (vrated) is the wind speed at which the turbine reaches rated power. The tip 

speed ratio (TSR) is the ratio between the velocity at the tip of the blade and the wind velocity. The 

aerodynamic properties of blades are such that the performance coefficient of the blades (or the power 

coefficient of the turbine) is a function of the TSR. Another way of saying this is that for a given TSR 

there is a set power coefficient. Thus, turbine performance can be represented as a function of wind 

speed which lends itself well to the discretization of the power analysis. The optimal TSR is that which 

yields the highest blade performance, and normally turbines are controlled to operate at the optimal 

TSR until they reach rated power. At this point, as the wind speed increases, turbines operate off 

optimal TSR in order to regulate power. The availability factor is the percent time during the year that 

the turbine is operable. Because turbines will require maintenance or repair, this value is normally less 

than 100%.  

 Given the described equations for the electrical power and the distribution for the wind 

velocities, the energy generation over a set period can be readily calculated for an idealized 

performance curve and wind distribution. For a given average wind speed and turbine size, the only 

assumptions that need to be made are those concerning the power coefficients of the turbine, the 

system efficiency of the turbine, the availability factor of the turbine, and the turbine operating 

parameters (vcut-in, vcut-out , and Prated). While there is a region of operation below rated at which the 

turbine operates at optimal TSR, it usually does not operate at optimal TSR until a few m/s above vcut-in 

[28, 29] . This analysis will assume a maximum Cp of 0.4 at optimal TSR and then a linear regression 

from of 0.2 at vcut-in to 0.4 at 2 m/s above vcut-in. Ozgener [29] measured the performance on a small 1.5 
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kW turbine, and this study suggests that these are reasonable values to assume. While this results in a 

slightly idealized operation, these power coefficients are achievable for residential wind turbines. 

Because most residential turbines are direct drive and do not require a gearbox, the system efficiency is 

relatively high. For this analysis, it will be assumed to be 0.90; this value is slightly conservative as 

compared to the results found in study [29]. Residential turbines are also designed to be relatively low 

maintenance machines, and the assumed availability factor will be 0.95 [30]. The turbine operation will 

assume vcut-in to be 4 m/s, vcut-out to be 25 m/s, and Prated to occur at 10 m/s .  

Table 2: Energy analysis for turbine with given parameters 

Rotor Diameter  5 m 
Air Density  1.225 kg/m3 

Vavg  6 m/s 

ɖsyst 0.90 ~ 

Availability Factor 0.95 ~ 

Available Time 8760 hrs 

Prated 4.33 kW 

V V range Cp Pwind Paero Pelec Time in Range Energy Output  

m/s m/s ~ kW kW kW % kW-hrs 

<3.5 0-3.5 0 ~ 0 0 10.71% 0.0 

4 3.5-4.5 0.2 0.770 0.154 0.139 12.26% 141.3 

5 4.5-5.5 0.3 1.503 0.451 0.406 12.60% 425.6 

6 5.5-6.5 0.4 2.598 1.039 0.935 11.91% 926.5 

7 6.5-7.5 0.4 4.125 1.650 1.485 10.47% 1294.0 

8 7.5-8.5 0.4 6.158 2.463 2.217 8.64% 1593.3 

9 8.5-9.5 0.4 8.767 3.507 3.156 6.71% 1763.6 

10 9.5-10.5 0.4 12.026 4.811 4.330 4.94% 1778.6 

11 10.5-11.5 0.30 16.007 4.811 4.330 3.44% 1239.5 

12 11.5-12.5 0.23 20.782 4.811 4.330 2.28% 820.2 

13 12.5-13.5 0.18 26.422 4.811 4.330 1.43% 516.0 

14 13.5-14.5 0.15 33.000 4.811 4.330 0.86% 309.0 

15 14.5-15.5 0.12 40.589 4.811 4.330 0.49% 176.3 

16 15.5-16.5 0.10 49.260 4.811 4.330 0.27% 95.8 

17 16.5-17.5 0.08 59.086 4.811 4.330 0.14% 49.7 

18 17.5-18.5 0.07 70.138 4.811 4.330 0.07% 24.6 

19 18.5-19.5 0.06 82.489 4.811 4.330 0.03% 11.6 

>20 19.5+ 0.00 ~ 0.000 0.000 0.01% 0.0 

      NAEP (kW-hrs) 11165.7 
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Table 3: NAEP varying with rotor size and average wind speeds 

 Rotor D=3 m Rotor D=5 m Rotor D=7 m 

Vavg = 4 m/s 1351.7 kW-hrs/yr 3754.8 kW-hrs/yr 7359.5 kW-hrs/yr 

Vavg = 6 m/s 4019.5 kW-hrs/yr 11165.7 kW-hrs/yr 21884.1 kW-hrs/yr 

Vavg = 8 m/s 6354.8 kW-hrs/yr 17652.3 kW-hrs/yr 34598.6 kW-hrs/yr 

 

 Table 2 provides an illustration for how energy production is evaluated for wind turbines. For 

most turbine power analysis, the goal is to estimate how much energy the turbine will produce in a year 

for a given wind site. When this analysis incorporates the availability factor, this amount of energy is 

referred to as the net annual energy production (NAEP). This value is extremely important in 

determining the cost economics of the wind turbine. Table 3 tabulates the NAEP for three different 

turbine sizes and three different wind speed locations using the same analysis method and parameters 

as presented in Table 2. Looking across this table, it can be seen how power production varies 

significantly with rotor size. Looking down the table, comparisons can be made concerning the energy 

production for locations with different average annual wind speeds.  

Table 2 and Table 3 also illustrate the applicability of wind turbines to provide the electrical 

needs of residential houses. The turbine in Table 2 was a 5 m turbine with a rated power of 4.33 kW. It 

produced 11,165 kW-hrs over the course of a year, which is commensurate to the average residential 

electric consumption as presented in Chapter 1. For residences that consume substantially more or less 

electricity, these tables indicate the turbine size suited to generating that amount of electricity. It should 

be noted from Table 3 how little energy is produced at low average wind speed sites. This reinforces the 

notion that wind turbines are not suited for operation in locations with relatively little wind, and there is 

a minimum average wind speed per location in order for the turbine to be economically viable.  
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Chapter III: Current Market Products and their Cost Economics  
 

Nomenclature  

BOS [$] 
All costs associated with purchasing and installing the wind turbine other than 
the turbine and tower costs 

Cf [%] 
Capacity factor-ratio of actual energy production to that if operated at rated 
power 100% of the time 

COE [$/(kW-hr)] Cost of Energy-price at which turbine will generate electricity 
FCR [%] Fixed charged rate-annual percentage rate that is being paid back each year 
IC [$] Installed cost of the wind turbine system including installation 
IRR [%] Internal rate of return on an investment 
MC [$] Maintenance cost of turbine, including insurance 
NAEP [kW-hrs] Net annual energy production of the wind turbine including availability factor 
NCturbine [$] Cost of the turbine normalized to the size of the turbine 
NPV [$] Net present value of an investment 
vcut-in [m/s] Wind velocity at which turbine begins producing power 
vcut-out [m/s] Wind velocity at which turbine stops producing power (shuts down) 
vrated [m/s] Wind velocity at which turbine reaches rated power 
Vavg [m/s] The average annual velocity of a given location 

 

While there are a number of residential wind turbine products sold in the United States, the 

number of prominent manufacturers is relatively few. As of 2011, the foremost U.S. manufacturers of 

small wind turbines were Bergey Windpower, Northern Power Systems, Polaris, and Southwest 

Windpower [3]. Of those four, only Bergey and Southwest Windpower specialize in residential turbines. 

The influx of foreign products is slightly increasing, but primarily American made products dominate the 

U.S. market at 90% of units sold in 2011; this is down from 94% in 2010 [3].  

Table 4: Bergey Excel 10 parameters and performance [31] 

Diameter 7.0 m  Average Wind NAEP 
Rated Power 8.9 kW   m/s  kW-hours 

Peak Power 12.6 kW  3.6 4910 

vrated 11 m/s  4.5 9850 

vcut-in 2.5 m/s  5.5 16530 

vcut-out none  6.4 24330 

Furling Speed 14-20 m/s  7.3 32388 
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Bergey Windpower is small wind turbine manufacturing company headquartered in Norman, 

Oklahoma. They have been manufacturing turbines since 1977, and are known more for their reliability 

rather than the technology they employ. They primarily sell one line of product that they name the 

Excel, and they offer this turbine in four different sizes with the Excel 10 turbine their best selling 

product. They advertise this system for large rural homes, farms, and small businesses. It is a direct drive 

three bladed turbine oriented upwind that uses a furling system for power regulation in high winds. The 

turbine is intended to be grid tied, and the turbine system comes with a 12 kW Powersync II inverter. 

The manufacturer stated turbine parameters and expected performances are listed in Table 4. A cost 

quote for this machine has not been received from a dealer, but these turbines are sold for around 

$29,000 with a 60 foot guyed tower for around $9000 [32].  

Table 5: XZERES Skystream 3.7 parameters and performance[33] 

Diameter 3.7 m  Average Wind NAEP 

Rated Power 2.1 kW  m/s kW-hrs 

Peak Power 2.6 kW  3.5 960 

vrated 11 m/s  4.5 2400 

vcut-in 3.2 m/s  5.5 4320 

vcut-out none  6.5 6000 

   7.5 7440 

 

Southwest Windpower had been the other main manufacturer of residential turbines in the U.S. 

They were headquartered in Flagstaff, Arizona, and had been producing wind turbines since 1987. 

Unfortunately, they went out of business in early 2013, and other companies acquired their products. 

One of their best selling product lines was the Skystream; this line was acquired by a company called 

XZERES Corporation in July 2013 [34]. XZERES is based out of Seattle, Washington, and the company 

both manufactures and distributes its products. The two products they currently market are the 

Skystream 3.7 and the XZERES 442SR. The Skystream 3.7 has been a very popular item, and as of 2008 

was the highest selling residential turbine worldwide [34]. It is a smaller turbine, and typical design 
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intent is to use it to supplement the power provided by the local electric grid. It is a three bladed, 

downwind turbine that uses electronic torque control to regulate speed in high winds. Both grid tied and 

off-grid versions of the turbine are sold. The manufacturer stated turbine parameters from and 

expected performances are listed in Table 5. A cost quote for this turbine was received from XZERES. 

The cost of the turbine including the inverter was $10,931 and the cost of the tower with a foundation 

kit included was $5921.  

These are considered two of the best-selling residential wind turbines on the market. The Excel 

10 will represent larger residential turbines intended to provide the entre electrical needs of the 

residence, and the Skystream 3.7 will represent the smaller residential turbines intended to supplement 

the electricity coming from the grid. Their respective performance and cost economics is assumed to 

represent the current residential wind turbine market; analysis of performance and cost economics of 

turbines sized in between these two turbines will be performed according to a linear interpolation 

scheme. 

Case Studies of the Excel 10 and Skystream 3.7 

While the manufacturers state the nominal performance and cost of their turbines, it is 

important to analyze the άin the fieldέ performance and actual cost of these wind turbine systems. Two 

case studies are here presented: one of the Bergey Excel 10 and one of the Skystream 3.7.  
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Table 6: Case Study of six Berge Excel 10 in Pacific Northwest [35] 

Site/Location 
Total Installed 

Cost 
Expected 

NAEP 
Actual 
NAEP 

Avg. Recorded Wind 
Speed 

Months of 
Data 

~ ~ kW-hrs/yr 
kW-

hrs/yr 
m/s ~ 

Stanford, MT $46,817  18,000 11,600 5.95 18 

Goldendale, WA $47,487  13,000 8,800 4.09 7 

Peshastin, WA $59,199  8,000 600* 1.95 15 

Goldendale, WA $53,393  13,000 12,400 5.64 16 

Chester, MT $58,649  10,000 7,400 4.86 15 

Browning, MT $46,153  18,000 8,300 5.73 13 

* Turbine was inoperable for large period of time 

 

 NREL performed a study in 2003 through 2005 in order to understand the operation and cost 

economics of small wind turbines better. They tracked six newly installed Bergey 10 kW turbines at six 

different locations in the Pacific Northwest. At each Bergey site, they recorded the cost of installation, 

the energy generation of the turbine and the average wind speed for each of the turbines. Based on the 

local wind resources as evaluated by using state wind profile map, and a given tower height at each 

location an expected net annual energy production (NAEP) was calculated. Table 6 lists the above data 

for each of the six turbine installations. The total installed cost (IC) includes all of the costs associated 

with installing the turbine: turbine cost, tower cost, fees, permits, site preparation, and miscellaneous 

costs.  

 As is evident for each of the six turbines, the actual performance is much lower than the 

expected performance. It is not obvious what is responsible for the poorer than expected performance; 

three of these case studies report some sort of inverter failure and one reports a furling issue. In the 

lessons learned section of the report, it is stated that wind maps should only be used as a guide for site 

evaluations, and that actual measuring of the local wind resources at the site need to be made to make 

an accurate estimation of the local wind resources. A significant reason for the low NAEPs are the 
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relatively low average wind speeds, but it has to be questioned how efficient these turbines actually are 

during operation. Also apparent from the study is the fact that the installed cost is substantially higher 

than just that of the tower and turbine. In the study, the balance of station (BOS) which includes all of 

the costs other than the tower and turbine was over $13,000 on an average.  

 Of importance, Bergey does not release the details of their blade design or operational power 

coefficients. Furthermore, it is not possible to estimate the availability factor of these turbines from the 

captured data. Instead, another method to analyze turbine performance is to consider the capacity 

factor (Cf). The capacity factor is relates the amount of actual energy produced by the turbine in a given 

amount of time compared to how much electricity the turbine would produce if continually operated in 

that time period at its rated power. As an example, a 1 kW rated wind turbine which produces 2190 kW-

hours over the course of a year would have a capacity factor of 25% (8760 hours per year). Essentially it 

is a measure of two things: the available wind resources and the turbine operational efficiency. While 

this method does not draw any firm conclusions concerning the efficiency of the turbine, it is useful for 

analyzing the cost economics of the turbine. For the tested six turbines, the capacity factor ranges from 

9% to 16% not including the turbine installed in Peshatin.  

Table 7: Case study of SouthWest Skystream in Kansas 

Site/Location 
Total Installed 

Cost 
Expected 

AEP 
Actual AEP 

Avg. Recorded 
Speed 

Months of 
Data 

~ ~ kW-hrs/yr kW-hrs/yr m/s ~ 

Perry, KS $12,500 3,400 957 *not recorded 24 

  

 Jim King is a homeowner in Perry, KS who had a SouthWest Windpower Skystream 3.7 turbine 

installed on his property. His house is located on the east side of highway 59 one mile north of highway 

24. The location has a fair amount of tress to the north and east, but the turbine is mounted on a 60-

foot tower that places the turbine in an estimated decent spot. Table 7 lists the cost and performance of 
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the turbine over a two-year period. The turbine itself cost $10,000, the tower and balance of station 

cost $2,000, and the electric cooperative (LJEC) charged $500 for connecting into the grid. Jim was able 

to arrange a net metering policy with LJEC such that he is credited with all of the excess electricity that is 

put back onto the grid. Over the years 2011 and 2012, the turbine produced 1915 kW-hours. This results 

in a capacity factor of 5.2% over that time. WƛƳΩǎ ƻǇƛƴƛƻƴ ƻƴ ǘƘŜ ǇƻƻǊ ǇŜǊŦƻǊƳŀƴŎŜ ƛǎ ǘǿƻŦƻƭŘΥ ŦƛǊǎǘΣ ǘƘŜ 

turbine is very inefficient, and second the surrounding trees are substantially interfering with the airflow 

across the generator and a higher tower is needed. He has had minimal maintenance performed on the 

turbine, and he estimated the availability factor was close to 100%.  

Cost Economics of Turbines  

 Consumers purchase wind turbines primarily because they provide a better means of generating 

electricity compared to the conventional method of buying from the grid. While άōŜǘǘŜǊέ ƛǎ ƴƻǘ ŜƴǘƛǊŜƭȅ 

encompassed by economic concerns, purchasing a wind turbine is approached from a financial 

standpoint, and as such needs to be analyzed as an economic investment. There are number of different 

methods to analyze the economics of purchasing a wind turbine. One method already described is to 

consider the cost of energy as described in Equation (1). Assuming nominal annual energy production, 

nominal turbine and tower costs and a BOS cost of 20% (likely low), Table 8 lists the cost of energy 

(COE) for the Excel 10 and the Skystream 3.7.  
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Table 8: COE analysis for Excel 10 and Skystream 3.7 for a 6.5 m/s wind site 

Excel 10   SkyStream   

IC 45,600 $ IC 20,222 $ 

Vavg 6.5 m/s Vavg 6.5 m/s 

NAEP 24,330 kW-hrs NAEP 6,000 kW-hrs 

MC 0.02 $/kW-hr MC 0.02 $/kW-hr 

FCR 10% ~ FCR 10% ~ 

COE 0.207 $/kW-hr COE 0.357 $/kW-hr 

      

IC   IC   

Turbine 29000 $ Turbine 10931 $ 

Tower 9000 $ Tower 5921 $ 

BOS 7600 $ BOS 3370.4 $ 

Total 45600 $ Total 20222.4 $ 

 

 Table 8 indicates how the economics of scale influence the cost economics of these turbines. 

The Excel 10 is roughly twice the size of the Skystream, and all else being equal would produce four 

times the NAEP. However, the corresponding cost of the Skystream is much greater than one-fourth 

that of the Excel, and the COE of the Skystream is correspondingly much higher.  

 While this method is reasonable for comparing different forms of energy and their associated 

costs, it is not meant to ōŜ ǳǎŜŘ ǘƻ ŜǾŀƭǳŀǘŜ ǿƘŜǘƘŜǊ ƻǊ ƴƻǘ ƻƴŜΩǎ ƳƻƴŜȅ ǿƻǳƭŘ ōŜ ōŜǘǘŜǊ ǎǇŜƴǘ 

investing in a wind turbine rather than elsewhere. A better method to determine this is to consider a 

yearly cash flow associated with the turbine investment and then analyze the internal rate of return 

(IRR) on the investment. The IRR is the discount rate that an investment would have to possess in order 

to yield a net present value (NPV) of zero dollars on the investment. The discount rate is essentially the 

rate of return that one would expect to receive on an investment if the money was put somewhere else, 

and is in gŜƴŜǊŀƭ ŀ ƎƻƻŘ ƳŜŀǎǳǊŜ ƻŦ άƛǎ ƛǘ ǿƻǊǘƘ ƛǘέ ǘƻ the investor. The NPV is the value in dollars that a 

current investment possesses at the present time of investment. At a certain discount rate, the 

investment would be worthwhile if the NPV is greater than zero and not if the NPV is less than zero. 

Like any traditional investment, there are costs and profits associated with the venture. The costs are 
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the installed cost of the turbine, interest on financing from the bank, operating and maintenance 

expenditures, and expenses due to general inflation. The profits are revenue generated by the turbine 

and the value associated with a utility rate escalation.  

 One other profit that is not often considered is that the money that would have been spent to 

buy the electricity comes from taxable income. In order to purchase a given amount of electricity one 

Ƙŀǎ ǘƻ ƳŀƪŜ ǎƻƳŜ ǇŜǊŎŜƴǘŀƎŜ ƳƻǊŜ ǘƘŀƴ ǘƘŀǘ ŘŜǇŜƴŘƛƴƎ ƻƴ ƻƴŜΩǎ ǘŀȄ ōǊŀŎƪŜǘΣ ŀƴŘ thus not having to 

buy electricity has added value. This economic consideration is consistent with an economic analysis 

performed by Gipe[11]. 5ŜǇŜƴŘƛƴƎ ƻƴ ƻƴŜΩǎ ǘŀȄ ōǊŀŎƪŜǘΣ ǘƘƛǎ Ŏŀƴ ǎǳōǎǘŀƴǘƛŀƭƭȅ ƛƴŎǊŜŀǎŜ ǘƘŜ ǾŀƭǳŜ ƻŦ ǘƘŜ 

electricity being generated by the turbine. Other profits that could be considered are state or federal 

incentives; however, these will not be considered in this analysis.  
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Table 9: 20-year cash flow analysis for Excel 10 

Assumptions: No tax credits, 100% energy generated has full value 

Rotor 
Diameter 

7 meter Retail Rate 0.11 $/kW-hr 
Utility Rate 
Escalation 

5% 

Avg. Wind 
Speed 

6.4 m/s 
Feed in 
Tariff 

0.02 $/kW-hr 
Inflation 

Rate 
3% 

NAEP 24,330 kW-hrs 
% @ Retail 

Rate 
100.00% ~ 

Down 
Payment 

20% 

Installed 
Cost 

45600 $ 
Tax Credit 

Rate 
0% ~ Loan Term 10 

O&M 0.02 
$/kW-

hr 
% Tax Credit 

Used 
0% ~ 

Loan 
Interest 

Rate 
5% 

   Tax Bracket 30.00% ~ 
Discount 

Rate 
11.6% 

        

Year 
Gross 

Revenue 
($) 

O&M($) 
Loan 

Interest($) 
Loan 

Principal($) 

Tax Value 
(Revenue) 

($) 

Revenue 
(Loss) ($) 

Cumulative($) 

0 -9120 0 0 0 0 -9120 -9120 
1 2676 -486 -1824 -2900 3822 -1388 -10508 
2 2810 -501 -1679 -3045 4014 -1212 -11720 
3 2950 -516 -1527 -3198 4214 -1026 -12746 
4 3097 -532 -1367 -3357 4425 -831 -13577 
5 3252 -548 -1199 -3525 4646 -626 -14203 
6 3415 -564 -1023 -3702 4879 -410 -14613 
7 3586 -581 -838 -3887 5122 -183 -14796 

8 3765 -598 -643 -4081 5379 56 -14740 
9 3953 -616 -439 -4285 5648 307 -14433 
10 4151 -635 -225 -4499 5930 571 -13862 
11 4358 -654 0 0 6226 5573 -8289 
12 4576 -673 0 0 6538 5864 -2425 
13 4805 -694 0 0 6865 6171 3746 
14 5045 -714 0 0 7208 6493 10239 
15 5298 -736 0 0 7568 6832 17072 
16 5563 -758 0 0 7947 7189 24260 
17 5841 -781 0 0 8344 7563 31824 
18 6133 -804 0 0 8761 7957 39781 
19 6439 -828 0 0 9199 8371 48152 
20 6761 -853 0 0 9659 8806 56958 
      $56,958  

     NPV $0.00  
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Table 10: IRR for Excel and Skystream given nominal IC  and NAEP 

Excel 10 Skystream 3.7 
Wind 
speed 

Nominal 
NAEP Cf IRR Wind speed 

Nominal 
NAEP Cf IRR 

m/s kW-hrs/yr ~ ~ m/s kW-hrs/yr ~ ~ 

3.6 4910 6.3% -10.5% 3.5 960 5.2% -17.8% 

4.5 9850 12.6% -3.1% 4.5 2400 13.0% -9.5% 

5.5 16530 21.2% 3.9% 5.5 4320 23.5% -3.2% 

6.4 24330 31.2% 10.8% 6.5 6000 32.6% 1.0% 

7.3 32388 41.5% 17.9% 7.5 7440 40.4% 4.1% 

    8.5 8640 47.0% 6.6% 

 

 Table 9 illustrates the cash flow of a twenty year investment for a given turbine. Table 10 lists 

the results of the twenty year cash flow analysis (using the method shown in Table 9) for the Excel 10 

and Skystream 3.7 turbines. Twenty years is the general amount of time for which turbines are expected 

to operate [36]. The installed cost (IC), maintenance cost (MC), and NAEP are the nominal values as 

presented in Table 8. It is assumed that 80% of the IC is borrowed from the bank at an interest rate of 

5% with a 10-year term. The tax bracket is set at 30%, and the general inflation rate analyzed at 3% 

while the utility rate inflation is analyzed at 5%[11]. For this analysis, it is assumed that all of the 

electricity generated has a value equal to the cost that the customer would be purchasing it from the 

utility company, which initially is valued at 0.11$/kW-hr. As can be seen, at a calibrated discount rate of 

11.6%, the NPV of the investment is $0.00, and the investment thus has an IRR of 11.6%. Table 10 

calculates the IRR for the two turbines for different wind speeds and nominal NAEPs. The nominal 

NAEPs equate to a corresponding capacity factor of the turbine. 

 As is quite evident and expected, the Excel has much better investment prospects than the 

Skystream; this is due to economics of scale. The analysis also begins to clarify at what point investing in 

a turbine is simply not worth it due to the relatively low local wind resources. There are obviously a 

number of factors which if altered would affect the IRR. Most likely to vary substantially is the cost of 
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electricity from the local utility company. Locations that have a substantially higher cost of electricity, 

like many parts of western Kansas, will see a much higher IRR. This will also be true if the utility electric 

inflation is higher than the assumed 5%. Even though some factors will be changed depending on local 

circumstances, the trends shown in this analysis will remain accurate.  

Table 11: IRR for Excel and Skystream Case Studies 

Excel 10 Skystream 3.7 

Location NAEP Cf IRR Location NAEP Cf IRR 
~ kW-hrs/yr ~ ~ ~ kW-hrs/yr ~ ~ 

Stanford, MT 11600 15% -1.4% Perry, KS 957.5 5.2% -13.6% 

Goldendale, WA 8,800 11% -4.9%     

Peshastin, WA 600 1% ~     

Goldendale, WA 12,400 16% -2.2%     

Chester, MT 7,400 9% -8.9%     

Browning, MT 8,300 11% -5.2%     

 

 The performance of the turbines in the case studies are evaluated using the same strategy, and 

the results are given in Table 11. Given that the nominal NAEP assumes an availability factor of 100%, it 

is not surprising that the IRR of the actual turbines are lower than the nominal analysis. It is surprising 

though how poor of a return these turbines are actually producing. It is possible that the owners of 

these turbines, while disappointed with the performance, were not unhappy with the purchase of the 

turbine and would make the same investment again. However, in order for wind turbines to gain 

prominence they need to represent an economically sound investment. There is certainly value in being 

άǎŜƭŦ-ǎǳŦŦƛŎƛŜƴǘέ ŀƴŘ άƎǊŜŜƴέ that for many people breaking even economically might warrant 

investment, but there is also a bit of risk associated with installing a turbine, especially larger ones which 

are costing upwards of $45,000, and there does need to be a decent economic incentive to invest in 

these turbines.  

 What value of IRR justifies investing in a turbine is partly a matter of personal preference. For 

homeowners, it would seem like any IRR less than the rate on which money is being borrowed from the 
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bank is too low. If one is going to borrow money from the bank to finance an investment, it seems 

reasonable that the return on the investment be at least equal to the rate at which that money is being 

financed. Given an IRR being equal to the rate at which money is borrowed from the bank, it appears 

that all six of the Excel 10s installed in the Pacific Northwest are poor economic investments thus far. 

The best IRR among all of them was -1.4%. If that customer had valued his money at a discount rate of 

5%, that investment would have had an NPV of -$11,662. As far as investments go, this means that 

when he invested in the turbine he essentially lost that amount of money. Now perhaps the NAEP has 

since increased, but it seems quite evident why the market for residential wind turbines is struggling.  

Normative Cost Economics of Wind Turbines  

 The analysis of the cost economics of wind turbines now proceeds to the performance to cost 

ratio that turbines need to possess in order to be economically feasible. There are a number of ways to 

classify turbine performance and cost. Turbine performance is primarily measured by NAEP, but this 

NAEP is dependent on wind speeds, turbine efficiency, and availability factors all of which vary with 

different turbines and different location. Rather than specifying normative values for these three 

parameters, a simpler method to normalize performance is to consider the capacity factor. While for 

some turbines this is not the best analysis, the Cf is a reasonable method of specifying how well a 

turbine needs to perform to be cost effective. With this rubric for performance, it also makes sense to 

specify the cost of the turbine based on rated power. Thus, the cost will be analyzed according to price 

per turbine rated power; this will be referred to as the normalized cost. Using the nominal cost of the 

Excel 10 and the Skystream 3.7 as given in Table 8 and the rated power of the turbines as given in Table 

4 and Table 5, the current market costs of the turbines are $5124/kW and $9628/kW for the Excel 10 

and Skystream 3.7, respectively. As mentioned above, these two turbines are intended to represent the 

current market for residential turbines on the larger and smaller ends, and the cost per kW of other 
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sized turbines will be calculated by linearly interpolating between these two turbines. While this linear 

interpolation would not provide accurate results for much larger turbines, for such a small interval in 

turbine sizes it seems reasonable that costs per kW would scale linearly between. The method for 

determining the cost of a turbine is given as follows via the gradient of the normalized cost (ÐNC) and 

normalized turbine cost (NCTurbine), respectively: 

Excel Skystr

Excel Skystr

IC IC
NC

P P

-
Ð =

-
[$/kW] 

(12) 

 

( )Turbine Skystr Turbine SkystrNC IC P P NC= + - Ð [$] (13) 

 

 It is assumed that the cost of these turbines is fixed, and the two parameters, which can be 

varied to achieve economic viability, are the capacity factors of the turbine and the discount rate of the 

investment (equal to the interest rate at which the investment is being financed).  

Table 12: Cf vs IRR for given turbine 

Rated Power  IRR=10% IRR=6% IRR=5% IRR=4% 

kW  Cf Cf Cf Cf 

8.9 34.5% 24.3% 21.9% 19.7% 

8 35.6% 24.9% 22.5% 20.3% 

7 37.1% 25.9% 23.5% 21.2% 

6 39.1% 27.3% 24.7% 22.3% 

5 41.8% 29.3% 26.5% 23.9% 

4 46.0% 32.2% 29.2% 26.3% 

3 53.0% 37.1% 33.6% 30.3% 

2.1 64.9% 45.4% 41.1% 37.1% 
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Figure 9: Required Cf for different sized turbines to achieve given IRR 

 Using the same analysis as presented in Table 9 and the scheme presented in Equations (12) and 

(13) for determining the IC of different turbines, a capacity factor based on IRR was calculated, and the 

results are tabulated in Table 12 and displayed in Figure 9. It is quite evident from the information how 

dependent economic viability is on both the size of the turbine and the IRR. Figure 9 shows how 

consistent the trends are across the range of turbine sizes for a given IRR. Though not impossible, it is 

quite unlikely that at an IRR of 10% will ever possess economic viability. As seen from the case studies, 

capacity factors are not near what that high of a discount rate would require even for the larger sized 

turbines. A much more feasible IRR is 5%. This is at or slightly higher than current interest rates. While it 

still results in rather high capacity factors for the smaller turbines, a well-designed turbine in a good 

wind site could certainly achieve those factors.  



45 
 

Table 13: NAEP for given turbine size at IRR=5% 

Rated Power Cf NAEP IC 
kW ~ kW-hrs/yr ~ 

8.9 21.9% 17,074 $45,600 

8 22.5% 15,768 $42,241 

7 23.5% 14,410 $38,509 

6 24.7% 12,982 $34,777 

5 26.5% 11,607 $31,045 

4 29.2% 10,232 $27,313 

3 33.6% 8,830 $23,581 

2.1 41.1% 7,561 $20,222 

 

Table 13 presents the normative production that a residential wind turbine needs to generate in 

order for the turbine to be economically viable for a given IC and IRR of 5%. Whether wind turbines 

achieve the required Cf via higher operational efficiency, high availability factors, or installations in high 

wind speed sites is subsidiary to the requirement that wind turbines achieve the specified Cf. 
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Chapter IV: Economic Viability and the Integration of Heat Pumps 

Nomenclature -General 

BER [~] 
Ratio of monthly thermal load storage (auxiliary loads) to monthly 
generated electricity 

BLR [~] Ratio of the battery storage capacity to daily load 
BLRô [~] Ratio of battery storage capacity to daily generated load 

Cf [~] 
Capacity factor-ratio of actual energy production to that if operated at 
rated power 100% of the time 

CESS [~] Conventional energy storage system-use of battery bank to store energy 
COE [$/(kW-hr)] Cost of Energy-price at which turbine will generate electricity 
COP [~] Coefficient of performance of heat pump 
EER [~] Ratio of monthly generated electricity to monthly normal load 
ELR [~] Ratio of the daily generated electricity to daily load 
HES [~] Home energy system 

HSPF [BTU/W-hr] 
Heating season performance factor-ratio of heating capacity in BTUs to 
the input electricity in W-hrs 

SEER [BTU/W-hr] 
Seasonal energy efficiency rating-ratio of cooling capacity in BTUs to the 
input electricity in W-hrs 

Xsys [~] System performance of the HES  
   
Nomenclature - Heat Transfer Analysis  

A [m2] Area of a surface perpendicular to direction of heat flow 

crackA  [m2] Effective area of a crack around a door or window 

p airc -
 [kJ/(kg-K] Specific heat of air at constant pressure 

C [~] Crack flow coefficient 
Cpe [~] External pressure coefficient 
FE [~] Emissivity factor 
Fsurface-i [~] Shade factor between the surface and the surrounding object i 
Gb [W/m2] Intensity of the beam radiation 
Gd [W/m2] Intensity of the diffuse radiation 
Gh [W/m2] Solar intensity of the radiation 

Go,h [W/m2] 
Total amount of radiation on a horizontal surface outside the 
atmosphere 

Gsc [W/m2] 
Solar constant, the amount of energy per unit area on a surface outside 
ǘƘŜ ŜŀǊǘƘΩǎ ŀǘƳƻǎǇƘŜǊŜ ǇŜǊpendicular to the beam propagation 

Gsolar [W/m2] Solar irradiation on a surface 

ch  [W/(m2-K)] Heat convection coefficient 

hfg [kJ/(kg-K] Latent heat of vaporization at constant temperature 

K ~ Variable determining quality of windows and doors 

kT ~ Hourly clearness index 

kx [W/(m-k)] Thermal conductivity of a material 
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l [mm,m] Thickness of material that is part of wall membrane 
L [m4] Four times the ratio of the area of the surface divided by the perimeter 
m [~] Exponent representing crack severity 
n [~] Day number of the year 

stagP  [Pa] Stagnation pressure 

,cond xq  [W/m2] Heat flux via conduction in the x direction across the wall membrane 

convq  [W/m2] Heat flux via convection 

,rad netq  [W/m2] The net radiative heat flux to a surface 

,conv oQ  [W] Heat convected to or away from the outside wall surface 

HeatPumpQ

 
[W] Heat transferred into the conditioned space by the heat pump 

L AirexchangeQ -

 

[W] 
Latent heat exchange due to air infiltration and leakage through the wall 
membrane 

L InternalQ -

 
[W] 

Latent heat exchange due to people and appliances operating in the 
conditioned space 

MembraneQ

 
[W] 

Heat transfer through the building membrane excluding transmitted 
radiation 

S AirexchangeQ -

 
[W] 

Sensible heat exchange due to air infiltration and leakage through the 
wall membrane 

S InternalQ -

 
[W] 

Sensible heat exchange due to people and appliances operating in the 
conditioned space 

surfaceQ  [W] Total heat transferred to or from the exterior surface 

radiation surfaceQ -

 
[W] Heat transferred to the outside surface via radiation 

TotalQ  [W] The total heat transfer into the conditioned space 

TransmittedQ

 
[W] Heat transfer through the wall membrane via transmitted radiation 

R [m2-K/W] Thermal resistance of a given material 

Rb [m2-K/W] 
Ratio of the amount of beam radiation on a tilted surface to that on a 
horizontal surface 

T [C,K] Temperature of a given entity 

airV  [m3/s] Volumetric flow rate of air 

Vwind [m/s] Velocity of the wind 
U [W/(m2-K) Overall heat transfer coefficient 
Ŭ [~] Absorptivity of given enitity 
ɺ [~] Heat pump cooling coefficient of performance 
ɓ ώхϐ Slope of a surface from the horizontal 
ŭ ώхϐ Declination angle of the sun 
ȹPb [Pa] Pressure difference inside a building due building pressurization 
ȹPs [Pa] Pressure difference inside a building due to the stack effect 
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totalPD  [Pa] Total pressure difference in a building 

ȹPw [Pa] Pressure difference inside a building due to the wind effect 
ȹW [~] Difference in the humidity ratios between the inside and outside air 
 ᷾ [~] Emissivity of given surface 

ɔ ώхϐ 
Surface azimuth angle of a surface with a value of zero degrees 
representing true south 

 ʝ [~] Heat pump heating coefficient of performance 

airr  [kg/m3] Density of the air 

rg [~] Reflectivity coefficient of surroundings 
 ʟ ώхϐ Latitude of the building location 

 

Introduction  

The previous chapter analyzed the cost economics of different wind turbines, and specified the 

performance in terms of capacity factors that a turbine would have to realize in order to be 

economically viable for a given internal rate of return (IRR). However, the analysis assumed that all of 

the electricity generated by the wind turbine had a value equal to the cost of the electricity that was 

displaced by the turbine. In other words, it assumed that all of the electricity was utilized at full value in 

some manner. For applications in which a net metering program is in place or in which the buy-back rate 

is equal to the cost of grid electricity this is a valid assumption. However, for off-grid applications or on-

grid applications without a net metering system and a relatively low buy back rate, this assumption is 

not valid. For these applications, this would require that all of the electricity generated by the turbine is 

ǳǘƛƭƛȊŜŘ ƛƴ ǘƘŜ ƘƻǳǎŜ ƻǊ ǇǊƻǇŜǊǘȅ ŀǘ Ŧǳƭƭ ǾŀƭǳŜ ŀƴŘ ƴƻ ŜƭŜŎǘǊƛŎƛǘȅ ƛǎ ΨŘǳƳǇŜŘΩΦ This is not valid because 

there exists an imbalance between the electricity generated by the turbine and the electric load of the 

house. At times, the wind turbine will generate more electricity than the house is currently consuming, 

and by definition, this excess electricity must be dumped. Dumped electricity has a reduced value, and 

the more electricity that is unused, the less economically viable the investment becomes. In order for 

the investment to make economic sense, there needs to be as minimal an amount of dumped electricity 

as possible. To accomplish this requires system integration of the turbine such that all or nearly all of 
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excess electricity is utilized. Thus, the focus of the chapter is to identify and analyze two systems 

through which the wind turbine can be integrated in such a manner as to make the investment 

economically viable.  

One of the traditional methods for utilizing excess electricity has been to employ a conventional 

energy storage system (CESS). This method is fairly practical and efficient and can certainly provide an 

effective means of utilizing excess electricity. However, while battery technology has seen substantial 

improvements in recent years, the cost associated with this method of energy storage is still quite high 

[37], and the primary downside of the CESS is the added cost coupled to the wind turbine system. This 

added cost reduces the economic viability of the investment. The added cost of this CESS and its impact 

on economic viability will be analyzed in this chapter.  

As was shown in Chapter 3, the installed cost of the wind energy system is already high enough 

to make investing in wind turbines prohibitive in many applications. A system that integrates a wind 

turbine needs to accomplish two things in order to be economically viable, utilize all excess electricity 

and maintain a relatively low added cost to the wind energy system. One system that has the potential 

to integrate the wind turbine successfully is through a heat pump. Throughout the course of the year, a 

substantial amount of energy is used in homes to provide the heating and cooling needs of the house. 

An electric heat pump would allow excess electricity to be utilized by essentially storing energy inside 

the house and, thereby, offsetting the amount of purchased energy. Heat pumps are used to provide 

both heating and cooling loads, and it is assumed that this use of electricity would be utilized in a house 

that already has an electric heat pump, subsequently making the added cost to the wind turbine system 

negligible. Integrating the heat pump as an auxiliary load will substantially increase the total electric 

load on the house, and the impact of this will be considered.  
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The analysis of the economic viability of the CESS and the heat pump system will require 

characterizing a number of elements in order to determine economic viability. These include 

descriptions of the electric load in a house, temporal variations in the wind speed, and an analysis of the 

heat transfer in a house. All of these are quite varying in nature, and an accurate analysis for a given 

application would require considering the specific profiles of the given application. However, as the 

attempt is to understand the general viability of the integration of the heat pump, the portrayals of the 

indicated elements will be simplified to make such generalizations possible. These abridged assumptions 

will be identified for each of the above characterizations.  

Characterizing Load Imbalance in the HES 

Load imbalance, defined as the difference between the turbine generated power and the 

electric consumption in the house at the time of consumption, has a large impact on the viability of 

integrating the turbine into the home energy system (HES). It affects both the sizing of the wind 

turbine, the sizing of the energy storage system, and the amount of generated excess electricity. Ideally, 

energy consumption and production would match each other, and there would not be excess electricity 

generated by the turbine. Since both the electric loads and the generated wind power independently 

fluctuate over time, load imbalance will always exist in a wind turbine system. As mentioned prior, 

methods of utilizing excess electricity at full value need to be implemented to cope with the load 

imbalance present in the system. Analyzing the suitability of different methods requires characterizing 

the electric loads in a house and the available power in the wind at given times.  

Characterizing the electrical load in a house is not an exact science. Electrical consumption 

depends on many factors including the size of the residence, number and lifestyle of occupants, the 

number and efficiency of appliances, and consumption varies temporally with the season, day of the 

week, and time of the day. Both the amount of electricity consumed and the timing of that consumption 
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are significant aspects of electricity use in residences. ά.ƻǘǘƻƳ-ǳǇέ Ƴodels are used to generate 

synthetic models that characterize residential electric consumption, but it is generally agreed upon that 

these models require an extensive understanding of the local household, appliances, and consumption 

patterns [38]. The other method to characterize electric loads is to perform numerous case studies on 

different residences. One notable study was performed on twelve homes in Canada [39] which logged 

the power consumption in these homes on one minute intervals. While there was definitively shown to 

be a general trend for large periods of the day, over the course of the year there was substantial 

deviation between the hourly and mean electric consumption. The study also compared its findings to 

what a bottom-up model would have predicted for the given houses. While it was found that the 

bottom-up model made relatively accurate predictions in terms of power peaks and total consumption, 

the model did not accurately capture the temporal variations in the electric loading.  

The wind distribution has already been characterized in Chapter 2 by a Rayleigh distribution. 

While that distribution identifies the respective percentage of time that the wind will blow at a certain 

speed for a given annual average velocity, it does not describe the temporal variation of the wind speed 

over a course of time. It can be expected that in a day, the wind will blow at a certain speed for a given 

amount of time, but when during the day it blows at that speed is an extremely unpredictable and 

stochastic event. Sometimes there exists a correlation between the time of the day and expected wind 

speed, but normally an attempt to model the wind speed in a non-random manner is not warranted. 

Another issue with modeling the wind is the period over which the Rayleigh distribution is valid. In 

Chapter 2, the Rayleigh distribution was employed to estimate the energy capture over the course of 

the year. It is generally admitted that in that period the wind speed resources are relatively well 

modeled by the Rayleigh distribution [11]. However, the shorter the period, the less likely it is that the 

Rayleigh distribution accurately models the distribution of the wind.  
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Thus, there is significant difficulty in characterizing electric and wind profiles in a non-trivial 

manner. For specific installations in which the load profile and local wind resources can be accurately 

predicted, a model that analyzes the load imbalance over a short period of time (such as an hourly basis) 

can yield reasonable estimations for the load imbalance and associated required size of an energy 

storage system [40-42]. Without specific electric load and wind resource information, a more 

generalized approach to analyzing load imbalance is required.  

Hence, the method proposed will consider analyzing the average electric load consumption and 

average generated electricity for a given month; [43] suggests this as a reasonable approach for analysis. 

For most homeowners, the monthly electrical consumption of the residence is a known quantity. One 

assumption made in the analysis is that the amount of electricity generated by the turbine is a known 

quantity via the capacity factor (Cf). This assumption is more or less valid over longer or shorter periods. 

Because the installation of a wind turbine is not meant to provide an autonomous system but rather an 

economically viable means of generating electricity, the important aspect is minimizing the amount of 

excess electricity generated by the turbine (optimized according to cost economics). Whether this is 

accomplished through immediate consumption or through storage for use later, what is to be avoided is 

selling electricity back onto the grid. Thus, important for the analysis is not a minute-to-minute 

tabulation of the energy flow in the system, but rather a larger picture of the conditions that will 

generate excess electricity. Of note, there exists a strong correlation between the size of the energy 

storage system and the amount of excess electricity generated [42], and the analysis progresses to how 

large does the energy storage system need to be for a given sized wind turbine system.  

A common way to size the energy storage system is by considering the amount of time that it is 

desirable to run the system autonomously [44]. While this method is suitable for off-grid applications 

that need a certain amount of backup power for times when the turbine is not producing any electricity, 
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it is not as suitable for this analysis in which the important issue is not that of running out of electricity, 

but that of not producing excess electricity. What is needed is a relationship between the size of the 

energy storage system and an amount of excess electricity generated. This method of analysis is not as 

prevalent in the current renewable energy system dialogue, but one notable report by Celik [45] 

attempts to discern this relationship for small wind turbines. The report presents a simplified algorithm 

for estimating the performance of small-scale wind energy systems which have battery storage given 

know wind distribution data. Hour-by-hour wind speed data is taken from five locations over an eight 

year period. The data is used to simulate the performance of a system of three small wind turbines, lead 

acid batteries, and a load. The report defines the system performance (Xsys) in terms of the percentage 

of time that the turbine system is able to deliver the demanded load. The performance is analyzed 

according to the available wind resources, the ratio of the monthly produced wind energy to total load 

demand during the month (ELR, ideally equal to unity), and the ratio of the battery capacity in days to 

daily load (BLR, aka the CESS).The available wind resources are described by a Weibull distribution. The 

study used four different BLRs of 1.00, 1.25, 1.50, and 2.00, and calculated the respective performance 

as a function of wind speed data and the ELR. The result of the study is a mathematical relationship 

expressing the system autonomy (i.e., performance) for the above mentioned BLRs in terms of the ELR 

and for a given wind speed distribution. The analysis in [45] is similar to the type of analysis needed for 

determining the size of an energy storage system that optimizes the economics of the system. The data 

taken from Celik was generated assuming a Weibull wind speed distribution with a scale factor of 5.5 

m/s and a shape factor of 2. The scale factor is a measure of the average wind velocity, and the shape 

factor is a measure of the variability in the wind. A scale factor of 5.5 m/s was chosen because that 

correlates to a capacity factor in the range of 20-25%[46, 47]. The case studies and performance reports 

of small wind turbines presented prior suggest that this value is high; however, as presented in Table 12, 

given current turbine costs, a capacity factor of 20% is about the minimum a turbine can achieve and 
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still maintaining viability (for larger turbines). A capacity factor of 20-25% tries to compromise the actual 

turbine performance with what needs to be achieved. A shape factor of 2 was chosen because that is 

the default value for a general analysis[47].  
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Figure 10: Performance analysis of wind turbine system taken Celik [45]  

Figure 10 depicts the results of the report. The performance is the amount of electricity that is 

utilized at full value (ideally equal to unity for maximizing IRR), and the BLR is the amount of energy 

storage space associated with the performance (ideally equal to zero; hence, no incurred cost for the 

CESS). Data for four different ELRs (1.00, 1.33, 2.00, and 4.00) is shown. As can be seen, as the BLR 

increases so does the system performance. Also, as the system ELR increases, so does the system 

performance. The system with an ELR of 4.00 reaches a system performance of one at a BLR of 1.25, 

while the system with an ELR of 1.00 never quite reaches full system performance, though with BLRs 

higher than 2.00 it inevitably would. This makes sense because this report analyzes performance in 

terms of the percentage of loads that are being met. Thus, an increase in the ratio of the generated 

electricity to the consumed electricity will result in a higher likelihood that the system will be able to 

supply the load consumption. Of note, certain configurations appear to yield system performance values 
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greater than one. This is the result of the mathematical modeling; the purpose for presenting those 

values is that they are used in evaluating a linear regression analysis of the data (discussed following).   

The main difference between Celik and the present analysis is that in the present analysis the 

outcomes are measured in terms of the percentage of generated electricity that is utilized at full value 

(i.e., minimizing excess electricity). For CelikΩǎ ŜŦŦƻǊǘǎ, a higher ELR (and bigger wind turbine) results in 

greater system performance; whereas, for the present analysis, operating at a lower ELR would result in 

better system implementation (less potential for wasted generated electricity). Applications in which the 

turbine is sized smaller than the household consumption would require smaller energy storage systems 

in order to minimize excess electricity generation. For the case where the ELR equals one, the 

discrepancy between the two analyses does not exist. Given that the current analysis measures success 

in a reverse context to the Celik, the efficiencies associated with varying ELRs in this report are assumed 

to be equivalent to the efficiencies associated with the inverse of the ELR for Celik. ¢Ƙǳǎ /ŜƭƛƪΩǎ ELRs of 

4.00, 2.00, 1.33, and 1.00 and the associated performances are equivalent to ELRs of 0.25, 0.50, 0.75, 

and 1.00 in this report. Granting this assumption, BLR' will take on the new definition of being the ratio 

between the battery capacity and the daily-generated electricity. The revised Celik data results in 16 

data points all within a BLRô range of 1.00 to 2.00. In terms of optimizing the cost economics of the 

turbine investment, the range of the BLRô values and associated system performance values needs to 

be extended from a minimum (BLRô=0.00) to a maximum (BLRΩҐо, approximate value for which 

ELR=1.00 result in Xsys of 1.00). The best method for extrapolating this data is debatable; a linear 

regression analysis of the four data points for each ELR value as shown in Figure 10 resulted in R2 values 

of 0.84, 0.87, 0.91, and 0.94 for ELRs of 0.25, 0.50, 0.75, and 1.00. Given that the mathematical 

relationship between the BLR and ELR determined by Celik was derived from data quite varying in 
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nature, these levels of variance in the linear regression are thought to be low enough to warrant a linear 

extrapolation of the data.  
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Figure 11: Revised system performance including extrapolated data 

Figure 11 displays the system performance values associated with the different BLR's assuming 

the inverted ELRs of 1.00, 0.75, 0.50, and 0.25. The performance values associated with a BLRô of 0.00 

and 3.00 are the results of a linear extrapolation of the performance values at BLRôs of 1.00, 1.25, 1.50, 

2.00. As can be seen, a smaller ELR results in a smaller associated BLRô to achieve full system 

performance. All of the ELRs reach full system performance before a BLRô of 3.00 is required. On the 

small end, a system with an ELR of 0.25 reaches full system performance at a BLRô of 1.25, and on the 

large end a system with an ELR of 1.00 reaches full system performance at a BLRô of 2.66. In terms of 

application, this means that a wind turbine system designed to generate all of the household electric 

consumption would require battery storage of 2.67 times the generated amount in order to utilize all of 

the electricity at full value (i.e . not waste any or sell back to the grid); a wind turbine designed to 

produce one-fourth the household electric consumption would require battery storage of 1.25 times the 

generated amount for the same (for a given location which can expect capacity factors of 20-25%, or an 

average velocity around 5.5 m/s).  
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Figure 12: Surface plot of ELR, BLRô, and Xsys data 

 Figure 12 is a 3D contour plot of the data presented in Figure 11; the plot was generated by a 

linear interpolation of the data points shown in Figure 11 using MATLAB 2009a software. The surface 

plot maps the system performance for every combination of the ELR and BLRô (in the ranges of 0.00 to 

1.00 for the ELR and 0.00 to 3.00 for the BLRΩύ. Maximum performance values are capped at 1.00. A 

system with an ELR of 0.00 indicates that zero energy is being generated, and the associated system 

performance value is assigned to be 1.00 for all values of BLRô. Because the utility buy-back rate is 

assumed low, it does not make sense to produce more electricity than can be consumed over a large 

period and ELRs greater than 1.00 were not considered. Figure 12 maps the system performance for 

every combination of ELR and BLRô for the given ranges, and this data will be used to optimize the size 

of the wind turbine and the energy storage for a given household electric consumption according to the 

20 year cost economics analysis presented in Chapter 3. 
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Analyzing  the Economic Viability of the CESS 

For wind turbines producing electricity in a location without a net metering policy, some form of 

energy storage needs to be integrated into the HES in order to utilize the electricity at full value. To 

illustrate this point, consider the 20-year cash flow analysis presented in Table 9, but now assume that 

all excess electricity is sold back to the utility company at an avoided cost value of $0.03/kW-hr. Without 

any form of energy storage, the BLR' of the system is 0, and the corresponding Xsys is 52% (i.e., 52% of 

the generated electricity is utilized at full value) for the system with an ELR of 1. The original results for 

a given turbine size and capacity factor yielding a specified IRR of 5% were listed in Table 13 (the IRR of 

5% corresponds to the discount rate which results in a NPV of $0.00 on the investment).  

Table 14: NPV for investment on a turbine assuming only 52% of electricity is utilized at full value 

Discount Rate=5% 
Rated Power Cf NPV 

kW ~ ~ 

8.9 21.9% ($18,983.00) 

8 22.5% ($17,655.00) 

7 23.5% ($16,044.00) 

6 24.7% ($14,534.00) 

5 26.5% ($12,949.00) 

4 29.2% ($11,364.00) 

3 33.6% ($9,816.00) 

2.1 41.1% ($8,434.00) 

 

Table 14 shows the NPV of the different turbine systems when a substantial portion of the 

generated electricity is excess and sold back to the grid at the avoided cost rate. It considers the same 

turbine size, capacity factor, and discount rate as in Table 12 which resulted in NPV values of $0.00. At a 

discount rate of 5%, all of the turbines possess a substantially negative NPV. Interesting to note is that 

under these conditions the smaller turbines now appear to offer a relatively better investment because 

the value of the produced electricity has dropped such that purchasing a larger turbine is not worth the 
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added cost, even considering the economics of scale. The purpose of Table 14 is to clarify the 

importance of minimizing excess electricity on the economic viability of the wind turbine.  

Employing a CESS is one method of minimizing this excess electricity. The CESS utilizes 

batteries to store electricity produced by the wind turbine that is not immediately consumed in the 

house. Four battery types that are most suitable for small-scale renewable energy systems are lead-acid, 

nickel cadmium, nickel metal hydride and lithium-ion [37]. Lead-acid batteries account for 79% of the 

rechargeable battery market share as of 2008 [48], and they continue to offer the most cost effective 

means of energy storage [37, 48]. In terms of cost economics, three important considerations for 

choosing a battery type are cost per kW-hr of storage, depth-of-discharge, and cycle life. Deep cycle 

lead-acid batteries have relatively high rates of depth of discharge, up to 80%, and the cost of energy 

storage is well below the other three battery types [48]. The main downside to lead acid batteries is 

their relatively low cycle life. Given a 20-year turbine cycle life, battery cycle life is a significantly 

important consideration for a battery storage system. Even with a low cycle life, based on economic 

considerations, lead acid batteries still offer the most cost effective means of storing electricity [37].  

Deep cycle lead acid batteries cost on average $200 per kW-hr of storage [48]. Depending on the 

size of the battery bank utilized, this represents a significant portion of the initial investment. The 

operating life of these batteries is largely dependent on the charge and discharge operational 

characteristics. Of note, batteries that are discharged at higher current rates (C-rating) and to higher 

levels of discharge will have a reduced battery life as compared to batteries that are discharged at lower 

C-rates and lower levels of discharge; however, this is difficult to quantify and not considered as part of 

this analysis. Instead, a simple assumption that deep cycle batteries can withstand upwards of 2000 

cycles under proper care is employed. In a renewable energy system this translates to an operating life 

of roughly 10 years, and it is expected that the battery bank be replaced once over the 20-year life of 
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the turbine. The cost analysis will account for this by assuming a battery operating and maintenance 

cost that over the course of 20 years adds to the initial cost of the battery pack. Given that battery 

technology is increasing and battery costs are reducing, it will be assumed that the price reduction in 

battery costs is equal to the current inflation rate. The initial cost of the battery pack will be added to 

the initial cost of the wind turbine.  

Optimization of the Wind Turbine System using a CESS  

 Optimizing the cost economics of a wind turbine system that utilizes a CESS requires that both 

the amount of electric consumption in a given time period and the wind energy resources be known. 

Given that most consumers receive a monthly electric bill, a monthly electric consumption that is 

constant over the course of the year will be considered. The wind resources are important for 

determining the capacity factor one could expect to achieve. As mentioned prior, this analysis will 

assume that wind speeds are such to achieve a capacity factor of 20-25%. Reiterating, the small turbine 

case studies and performance reports suggest that this value is optimistic, but the economic results 

presented in Table 12 require this level of performance or higher. The discount rate will be analyzed at 

5%, and the turbine systems will be optimized to achieve a maximum NPV. The optimization was 

achieved using the same analysis as presented in Table 9, but assuming a NAEP and battery storage cost 

according to the system BLR' and ELR. Xsys is determined from the MatLab surface plot of Figure 12 for 

a given ELR and BLR', and its value determines the percentage of the generated electricity sold at full 

value ($0.11/kW-hour) and the percentage sold at avoided cost ($0.03/kW-hour).   
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Table 15: Optimal NPV for CESS with turbine capacity factor of 20% 

Consumption ELR BLRô Xsys Turbine Size NPV 
kW-hrs/month ~ ~ ~ kW ~ 

500.00 0.11 0.00 0.87 0.38 (12206.06) 

1000.00 0.11 0.00 0.87 0.76 (12027.45) 

1500.00 0.11 0.00 0.87 1.15 (11848.83) 

2000.00 0.11 0.00 0.87 1.53 (11670.22) 

2500.00 0.11 0.00 0.87 1.91 (11491.61) 

3000.00 0.11 0.00 0.87 2.29 (11312.99) 

3500.00 0.11 0.00 0.87 2.67 (11134.38) 

4000.00 0.11 0.00 0.87 3.06 (10955.76) 

 

 Table 15 lists the optimal ELR and BLR' configurations for varying levels of residential electric 

consumption assuming a capacity factor of 20% and a discount rate of 5%. The first thing to note is that 

the values of BLR' for all configurations are zero. This means that at current battery pricing and 

performance (in terms of cycle life) it does not make any economic sense to use batteries to store 

electricity, and a consumer would be better off selling excess electricity back to the grid rather than 

trying to store it in batteries. Without any form of energy storage, it is evident that utilizing a system 

with a lower ELR results in a better economic return. Wind turbine systems that generate less electricity 

compared to the household consumption will utilize a higher percentage at full value. The cost 

economics are optimized in Table 15 at ELR values of 0.11. Essentially, the capacity factor is too low to 

make investing in a turbine worthwhile, and it is economically more profitable to focus on higher system 

efficiency than a higher NAEP.   
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Table 16: Optimal NPV for CESS with turbine capacity factor of 25% 

Consumption ELR BLRô Xsys Turbine Size NPV 

kW-hrs/month ~ ~ ~ kW ~ 

500.00 0.50 0.00 0.67 1.39 (11629.94) 

1000.00 0.50 0.00 0.67 2.78 (10875.20) 

1500.00 0.50 0.00 0.67 4.17 (10120.47) 

2000.00 0.50 0.00 0.67 5.56 (9365.73) 

2500.00 0.50 0.00 0.67 6.94 (8611.00) 

3000.00 0.50 0.00 0.67 8.33 (7856.26) 

3500.00 0.50 0.00 0.67 9.72 (7101.52) 

4000.00* 0.45 0.00 0.68 10.00 (6545.35) 

*Sized to stay within residential turbine bounds 1-10 kW 

 

Table 16 performs the exact same analysis as previously presented except now a capacity factor 

of 25% is assumed. The result is substantially different. While the cost of energy storage in batteries is 

still too prohibitive to make it viable, the system is optimized with much larger turbines. The size of 

turbine is capped at 10.00 kW; this is the upper end of the range of small-scale wind turbines. Of note, 

the system performances in Table 16 are lower than in Table 15.  This suggests that the economics of 

scale associated with purchasing larger turbines has a significant impact on the overall economic 

viability of the turbine.  

Table 17: Optimal NPV analysis with reduced battery costs and capacity factor of 20% 

Consumption ELR BLRô Xsys Turbine Size NPV 
kW-hrs/month ~ ~ ~ kW ~ 

500.00 0.38 1.26 0.98 1.32 (12027.56) 

1000.00 0.38 1.26 0.98 2.64 (11670.44) 

1500.00 0.38 1.26 0.98 3.96 (11313.31) 

2000.00 0.38 1.26 0.98 5.28 (10956.19) 

2500.00 0.38 1.26 0.98 6.60 (10599.07) 

3000.00 0.38 1.26 0.98 7.92 (10241.95) 

3500.00 0.38 1.26 0.98 9.24 (9884.83) 

4000.00* 0.36 1.26 0.98 10.00 (9536.11 

*Sized to stay within residential turbine bounds 1-10 kW 
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 Table 15 and Table 16 illustrate that relying on batteries for storing excess electricity is not an 

economically viable option. At $200/kW-hr and a 10-year cycle life, the initial cost and eventual 

replacement of the batteries results in a substantially negative NPV on the investment. If the initial cost 

of these batteries could be reduced, or the cycle life extended, they could potentially provide an 

economically viable means of storing energy. Table 17 performs the same analysis as previously except it 

now assumes that the battery costs are halved and the battery life is doubled. This cost reduction and 

performance improvement is shown to impact the design of the system in terms of utilizing battery 

storage and a larger turbine, but the impact on the NPV is not large. The system performance is higher 

than in Table 15 by over 10% and the turbine size is three times larger, but the cost associated with the 

utilizing battery storage as compared to the revenue generated by the NAEP render it too high to really 

affect the economic viability.  

Table 18: Optimal NPV analysis with reduced battery costs and capacity factor of 25% 

Consumption ELR BLRô Xsys Turbine Size NPV 

kW-hrs/month ~ ~ ~ kW $ 

500.00 0.77 2.19 1.00 2.14 (10655.69) 

1000.00 0.77 2.19 1.00 4.28 (8926.70) 

1500.00 0.77 2.19 1.00 6.42 (7197.71) 

2000.00 0.77 2.19 1.00 8.56 (5468.72) 

2500.00* 0.72 2.10 1.00 10.00 (3746.82) 

3000.00* 0.60 1.86 1.00 10.00 (2347.39) 

3500.00* 0.52 1.26 0.95 10.00 (999.18) 

4000.00* 0.45 1.26 0.97 10.00 (292.40) 

*Sized to stay within residential turbine bounds 1-10 kW  

 

Table 18 displays the results associated with a capacity factor of 25% coupled with lower battery 

storage costs. As can be seen, a higher capacity factor dramatically affects the economic viability of 

small wind turbines. Given this capacity factor and associated NAEP, the revenue generated by the 

turbine is enough to warrant investing in a large enough energy storage system to render a system 

performance of 1.00. For the higher consumption months, a maximum sized turbine is employed to 
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optimize the cost economics. For these entries, as the consumption increases the ELR decreases, 

resulting in a reduction of the size of energy storage needed to optimize the system performance. This 

results in a lower cost and higher NPV. Operating at this higher capacity factor and these reduced 

battery costs is close to yielding a non-negative NPVs for the large turbines when utilized in residences 

that have higher consumption.  

The Integration of Wind Turbines into the HES via Electric Heat Pumps 

In order for residential wind turbines to provide an economically viable means of generating 

electricity for applications without a net-metering arrangement, they need to be integrated into the 

HES in such a way that electricity can be stored in a cost effective manner. As seen from the prior 

analysis, current battery technology does not allow this to happen. One technology that has the 

potential to allow for successful integration of the wind turbine into the HES is that of electric heat 

pumps. The heat pump functions as an auxiliary load that utilizes excess electricity by storing it in the 

form of energy inside the house. There are a number of features of this integration that make it suitable 

for wind turbines. Foremost is that this method of energy storage is essentially free (as it is assumed 

that the heat pump already exists as part of the HES) removing additional capital from the investment. 

Also of importance is that heat pumps are able to provide both the heating and cooling loads in a 

residence. From Figure 2, the space heating and cooling loads account for roughly 50% of the energy 

consumed in homes. This implies that this auxiliary load is large enough that storing excess electricity in 

the form of energy will retain the full value of the electricity. Finally, there is a direct correlation 

between the heating and cooling load on the house and the wind speed of the outdoor air [49]. Using a 

wind turbine to provide heating and cooling loads thus represents in some sense a synergistic 

integration of the wind turbine into the HES.  
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This section analyzes the effect that electric heat pumps can have on the cost economics of wind 

turbines. Through an elementary residential heat transfer analysis, it considers the effect of the wind 

speed on the heating and cooling loads of the residence. It also considers the conditions under which 

storing energy in the house is not valuable and the excess electricity utilized by the heat pump does not 

retain the full value of the electricity. Also, given that using an electric heat pump to provide heating and 

cooling loads substantially increases the total electric load on the house, the effect of considering the 

heat pump as a normal load rather than an auxiliary load on the cost economics of the wind turbine will 

be considered (i.e., sizing the turbine to supply all or part of the electric heat pump load).  

Heat Pump Technology  

 

 

Figure 13: Heat pump cycle illustrating operation [50] 

Heat pumps use refrigeration and heat pump cycles to transfer heat from one location to 

another. Their fundamental operation centers on powering a compressor to either heat or cool a 

refrigerant fluid that extracts heat from air (or provides heat) inside a conditioned space. Figure 13 

depicts the basic operating principles of the heat pump cycle. Heat pumps employ reverse valve 

http://greennav.files.wordpress.com/2008/05/heat-pump-cycle1.gif
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technology that allow both vapor-compression refrigeration cycles and vapor-compression heating 

cycles to take place, meaning that heat pumps can be as used to provide for both the heating and 

cooling loads in a residence. This is unlike a normal HVAC (Heating, Ventilation, and Air Conditioning) 

system that uses different appliances for heating and cooling, and typically uses some form of energy 

other than electricity for heating. 

In the cooling cycle, cold liquid refrigerant (colder than the ambient air) is pumped through 

evaporator coils inside the house over which a fan blows air. The refrigerant extracts heat from the air 

that increases the temperature of the refrigerant and causes it to evaporative. The refrigerant is then 

sent through the compressor that pressurizes the fluid and causes a substantial increase in temperature. 

The fluid then moves through condenser coils outside the house by which heat is extracted from the 

refrigerant fluid. The loss of heat results in condensation and the refrigerant leaves the condensing unit 

as a warm liquid. The refrigerant is now sent through an expansion valve that depressurizes the liquid 

and reduces its temperature and the cycle is completed. The heating cycle is very similar to the cooling 

cycle, except the reverse valve causes a reverse of the process. The refrigerant absorbs heat from the 

outside the house, and transfers into the inside air of the house. Now, the coils inside the house form 

the condensing unit and the coils outside the house form the evaporating unit.  

The coefficient of performance (COP) of the heat pump is a measure of the desirable heat 

transfer to the amount of work input. For cooling, the heat output is the amount of heat extracted from 

the inside air; for heating, it is the amount of heat extracted by the inside air. The work input is primarily 

the amount of energy used by the compressor in the cycle, but it also includes the energy used to 

operate the fans used for aiding the convective heat transfer. Theoretical limits for cooling COP (ɺ) and 

heating COP ( ) are given, respectively, in the following expressions [51]:  
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These equations are the maximum theoretical efficiencies that the heat pump is able to achieve. As is 

evident from the equations, the greater the temperature difference between the inside air and outside 

cooling/heating source, the less efficient is the heat pump.  

In current residential use, there are two primary types of heat pumps; air source heat pumps 

and ground source heat pumps [52]. Air source heat pumps use the outside air as the sink and source for 

the heat exchange with the air inside the house. Ground source heat pumps use the ground itself as the 

sink and source for the heat exchange with the air inside the house. Typically, water is circulated in 

tubes through the ground, and the refrigeration fluid exchanges heat with this water. The majority of 

heat pumps installed for residential units in the U.S. are air-source heat pumps. The main disadvantage 

of air source heat pumps is that at low outside air temperatures these units are relatively inefficient, and 

depending on the climate a supplemental heat source is necessary [52]. Because the ground maintains a 

constant temperature of around 50̄F during the heating season, ground source heat pumps generate 

heat much more efficiently in colder climates than air source heat pumps do, and these units would not 

require a supplemental heating system [52]. 

In the market, heat pump efficiency related to the cooling cycle is most often measured in 

seasonal energy efficiency ratio (SEER). SEER is the ratio of the seasonal cooling capacity in BTUs to the 

amount of electricity used in watt-hours. It is calculated based on averaging the performance of the heat 

pump under a number of different conditions. For an air source heat pump, it was found that a heat 

pump with a SEER rating of 13 resulted in ɺ equaling 3.17 [53]. Heat pump efficiency related to the 
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heating cycle is most often measured in heating season performance factor (HSPF), and it is also a 

measure of the seasonal heating capacity in BTU per watt-hour of electricity supplied. A report studying 

the operation of two heat pumps in Washington state with HSPFs of 8.2 and 7.2 resulted in  values of 

2.7 and 2.2, respectively [54].  

Heat Transfer in a Residence  

One of the primary functions of a residence is to provide an enclosure that separates an interior 

space from the outdoor environment. This enclosure regulates a number of factors such as temperature, 

moisture, air flow, and air quality so that a comfortable living environment can be maintained. Due to 

this separation from the outdoor environment, a substantial amount of thermal loading results from 

regulating the indoor air temperature and humidity at desirable levels. From the vantage point of the 

conditioned space, thermal loading resulting in heat transfer into or out of the building enclosure occurs 

in the following primary ways: 

¶ Heat conduction across the wall membrane between the indoor and outdoor 

environment  (sensible heat) 

¶ Heat convection from wall surfaces to the indoor air (sensible heat) 

¶ Radiative heat transfer transmitted into and out of the building enclosure (sensible 

heat) 

¶ Sensible and latent heat loss or gain from outside air entering the enclosure 

¶ Sensible and latent heat generated by people and appliances inside the enclosure 

 
These different methods of heat transfer result in a substantial amount of energy being used to 

maintain or regulate a comfortable living environment. Both sensible and latent heat transfers 

contribute to the thermal loading on the residence. The purpose of the heating and cooling system is to 

keep the interior of the residence at a determined temperature and humidity. As heat flows into or out 
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of the residence, the heat pump has to deliver or take out certain amounts of heat. The following 

understanding of heat transfer in a residence is primarily taken from Building Science for Building 

Enclosures by Straube and Burnett [49].  

 The total heat flow into or out of the interior conditioned space is given by: 

Total Membrane Transmitted S Airexchange L Airexchange S Internal L Internal HeatPumpQ Q Q Q Q Q Q Q- - - -= + + + + + +   (16) 

where S/L represent sensible or latent heat flows, 
MembraneQ is the heat exchange that takes place across 

the wall membrane of the building (exterior walls, windows, roof, and floor) excluding transmitted 

radiation, 
TransmittedQ is the radiated heat directly transmitted through the wall membrane via glazing, 

AirexchangeQ is the heat exchange resulting from exterior air entering the building through the building 

surface, 
InternalQ is the heat exchange generated inside the residence primarily by people and appliances, 

and HeatPumpQ is the heat exchange provided by the heat pump. For a residence maintaining a constant 

temperature and humidity, 
TotalQ will be equal to zero and the thermal load on the heat pump can be 

analyzed by considering the various other heat exchanges taking place in the residence. The analysis 

proceeds to determining the governing equations used to analyze the magnitude of each of these 

components.     

Membrane Heat Transfer  

 

 
Figure 14: Heat transfer across an exterior building surface  
























































































































































