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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 wimdines 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 sslffficient are widely recognized, these turbines are often marketed
without anaccompanied understanding of how wind turbines can be successfully integrated into the
home energy systenHES 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 higit grohibits 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 integated into theHES Moreover, small wind turbines can also offer an effective means for
generating electricity for offjrid locations in developing countries. This technology primarily competes
with conventional petroleum based generators and solar phot@aokechnology, 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 turbin€EOEisthe primary deterrent to their more widespread use, the impact that
this technology can have in reducing t8®Eof wind turbines is analyzed. Through simulating potential
wind turbine applications utilizing heat pumps, this research furthers the conckphaerstanding of
the systems by which wind turbines can be utilized in an efficient and cost effective maheer.
relationship between a prevailing wind and the thermal load on a residenaedlyzed, anchts analysis
coupled with theuse of heat pumg to better integrate a wind turbine into thdESrepresents a unique

contribution to this area of literatureThis research also studies the performance of a small wind turbine



in a developing country. Given a specific electric load requirement, it asahav 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 technologiesre discussed.
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Chapter 1: Introduction

Nomenclature

Capacity factoratio of actual energy production to that if operated at rated

G -] power 100% of the time

CESS [~] Conventional energy storage systerse of battery bank to store energy

COE [$/(kW-hr)] Cost of Energprice atwhich turbine will generate electricity

FCR [%] Fixed charged ratannual 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 ofturbine, including insurance

NAEP [kW-hrs]  Net annual energy production of the wind turbine including availability factor

Eneagy use in the United Statés an important issue; for that matteenergy use anyhere is an
important issuelt is safe to sayhat in the current energglialogue the issue of the supplgf energy
garners most of the attentiorin comparison, how energy is used receikgativelyless discussiomhe
consumption of energin the U.Sis massive, exceeding oieindred quadrillim BTUs annuallfy].
Much of this consimption is necessary, and converting resources into useful forraeery is vital to
society However, the responsible use of energy, in terms of both usage and production, must be
considerel y a2 O0OASU@ Q& Yl YréspbBsiHl&iseidf egefgy iSoftéh Ko a
disconnection betweethe consumption and productionf goodspresent inmanylLJS 2 LJt Sthi® f A @3S &

disconnectioralmost inevitably resudtin poorer stewardship of i@source|2].

Oneresourcecommon tomosteverybody is that of electricity inside a hont&ectricity in a
home is needed for many aspects of living such as lighting, heating and cooling, cooking, washing,
cleaningelectronics etc. Smaliscalewind turbines have the potential to provide this electricity for
number of residences in the Unitéthtesand pele across the worldTwo primarymarkets thatexist

for smallscalewind turbinesare on-grid residentiabpplication and ofgrid power generation.



The utility network in the U.S. is well developed, and the majority of residential applications will
havethe ability to connect to a local utilityrheimpact of this is that the turbine is not meant to be a
standalone system, and often is intended only to supplement the electrical supply coming from the
grid. Currently the market for these turbines is daiconstrainedGiven the prevalent attitude of being
GINBSyY¢é Y2y I YRWAEF FIAMOR SySiky I YRy SfisBglirat3daivaly fdwi A a NI
residential wind turbines have been installed across the id.®e previous decadg8]. One of the main
reasons whys that residential wind turbines have been marketed without an accompanied
understanding of howesidential usage shouloke integratedinto the home energy systenHES. 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, trey have to be system integrated in a cost effective manfis thesis attempts to identify
the methods or applications in which residential turbines can be integrated intblE®&in an effective

and marketable way.

Small wind turbines also can serveaaseffective means of generating electricity in remote {i.e.
off grid) locationsMarkets for these types of applications exist all over the world, but one major
opportunity for small wind turbines is in developing countribany developing countries ka 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 locgd#priEheseturbines serve
many rudimentary functionsuch as pumping water and refrigeratidhat help to increase the quality
of life for many peopleThis thesis will consider the varying ways that wind turbines are being utilized in
developing countries, and\till attempt to identify an application to which wind turbines are

particularlysuited.



The advantage of these wind turbingsboth applicationss not only that they represent a
renewable source of energy, but also thiaey would allow the end usé¢o have ®me connection in the
production of the electricity on which h&r shedependsWhether this connection consists in the
homeowner selecting, erecting or maintaining the turhinesimply in being conscioadout matching
electricity usagdo the energy available in the wind, small wind turbires enable people to play a role
in producing the electricity on which they depeari provide peoplethe opportunity tobe better

stewards of the electricity that they are using.

Total =97.3
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Figurel: Primary energy consumption by sour@ad sector in 20111].

Residential Application in the United States

Accordingo the Annual Energy ReviewHA [1], in 2QL1 the U.Sconsumed ninetyseven
guadrillion BTUgEnergy consumption is divided into four main demand sectors: transportation,
industrial, commercial and residentjand electric powerFigurel displays the relation between the
sources of energy and their respective usalas figure illustrates thahe highest expenditure of
energy goesoward generating actricity. Since electricity is used in the other three sectors, there is
delineation between demand sectors and end use secins. four end use sectors are transportation,

industrid, commercialand residential A substantial amount ofreergy isconsuned each year to



provide the energy needs of houses and apartmeAtsording to theAER, the residential sectouses

22% ofend useenergy.

Refngeration

L)
5% /A!f

Conditioning
6%

Figure2: Howenergyis used in home# 2009[5].

Figure2 shows the household energy consumption broken down different applicationsif
35% ofthe heating deman@nd 80%of the cooling demand is supplied by electrighy, thenas a
national average 60% of the energy consumed in homes is in the form of elecWiity turbines, both
small and large, are a technology that have the potential to generateadlepercentage of this
electricity. Thewind industry has seen substantial growth in tHeS.in the last 10 yearsAnnual electric
LINE RdzOGA2Y KIF&a AYyONBIFaSR FNRY T nequivdldntinRHL. . ¢! &
Overall, ind energy accounts for 13% of the totahewable energy production in theountry, which is
well ahead of thermaphotovoltaicat 2%.According to the American Wind Energy Association (AWEA),
at the end of the 2013 third quarter thenyas60,078 MW of installed wind capacity in the stafék
Utility scale wind turbines, defined as those capable of producing 100kW of power or more, produce the
vast majorityof this capacity.These turbines are typically installed in wind farms, and the distribution of

the generated electricity is distributed to major power centers.

%



Status of Small-scale Wind Energy

Smaliscaleturbines are those producing less than 100 KiV These are typically installesingly,
and the generated electricity is intended fiaiativelylocal use As of 2011, the installed capacity of
small wind turbines in the U.®as 198 MW6], over a 100% increase in the installed capacity since
2002.Smaliscaleturbines are further classified into commercial, residen@ad micro turbine$6].
Commercial turbines range between 11 and 100 kW and typical applications include providing power for
schools or large farm operationResidential turbines range betweerahd 10 kW in size and are
intended to generate some or all of the electricity consumed in a residéiceo 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 fdsoth on and offgrid applications, though the number of grid tied
residential turbines is substantially high&etween 2006 and 2011, roughly 12,000 residential turbines
were installed in the U.S., which added an estimated capacity of 40,000kkéte,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 skhmwer heights are deemed to not pose a threat to

birds|[8].

Given how much electricity is consumed in homes, a market certainly existmétiscale
residential wind powerDepending on the sizaf the turbineandlocalaverage wind speed, residential
wind turbinescangeneite a significantpercentage of the electricity consumed in home®wever,not
every residence is suited for a wind turbihe.2007, the Department of Energy (DOE) published a
O2yadzYSNRa 3Idzi RS [d.2n this quidethey siakeythRta sinditMimd tyfiéng can work

for a cistomer if the following five conditions are met:

1 There is enough wind to warrant installation of a turbine



1 The property is large enough to accommodate a wind turbine
9 Local building codes allow the installation of a wind turbine
1 There is a substantial ele consumption

1 The investment makes economic sense to the customer

These conditionkelp assesthe viability of installing a residential wind turbimeth economics
playing a large role in acceptance by the consurAecording to the most recent dateoim the U.S.
Energy Information Administratiof®], based on 127 million customers nationwide, in 2012 the average
annual electric consumption in a residence was 10,837hk&\VAt an average price of 11.88 cents/kkv
[9], the average customer is spending $1287 per year on electik@tysas average residential
consumption is slightly higher at 11,334 K\ per yeaf9], and the cost is slightly lower averaging
11.24 cents/kWhr [9] resulting in a cost of $1274 per yea@herefore, a residential wind turbine must

consider the return on investment given the current cost of electricit
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Figure3: NREL wind speed map at 3qi0]

The energy in the wind varies according to the cube of the wind velocity, and at low wind
locations installing a wind turbine is rigoractical Figure3is a map of the distribution of the average
wind speed across the nation at a height 30 meters above the gréAsidan be seen, the Midwest has
relativelygoodwind resourcesas does the Wesh certain areasTheEast and Southeast are generally
dead spotsand the market for residendl turbines in those areds constrained simpligecauseof the

wind.

The size of propertgttached to the residence is another factor thadtects the vability of
installing a turbineThese turbines are large enough thattaibng them attached to the house is not an
option, and(typically) they are installed on towers separate from the residerideere are various types

of towers eachdiffering amounts ospace, buta general consensustlzat these wind turbines require



at least one acre of property for feasible implementatiofh. For the most partthis requirement

restricts the market for residential turbines to rural propertibsit dramatically reduces the number of
potential customersHowever, according to the 2007 DOE guide, there are approximatetyilkon

homes in the U.S. built on oreere and larger sites, and almost a quarter of the population live in rural
areag[7]. Assuming that most rural counbuilding and planningodes allow for thémplementation of
residential wind turbinesind that rural propertiehave a hormaglectricity consumptionprofile, there

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

Two Market Issues with Residential Wind Turbines
Currently the residentialwind turbine market is1ot doing well Asmentionedprior, between
2006 and 2011only 12000 units were installed nationwigd@ mere 2000 turbines a ye&@outh West
Wind Power, one of the foremosésidential turbine manufacturerin the U.S since 1987, went
bankruptin early 2013and many otheprominent manufactures of small wind turbineg.g, ARE and
Prover) are no longer in the businesthis isbecause fomostapplicationgresidential wincturbines do
not makeeconomic sense to the consier. Assessing the economic viability in detail veike 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 turbineTheCOEisan estimate of the price at which thearbine
will generate electricityit takes into account initial cost of the turbine, maintenance, interest rates, and

the electriagty generatedby the turbine[11].

COE=(IC* FCR +MQ/ NAEI Q)

wherelC is the initial costFCRis the fixed charge rate (essentially the percentage one is paying back
per year, normally considered at 1Q¥d]), MC is the maintenance cost ardAEPIs the net annual
energy productionWhile evaluating theCOEis not the only metric for determining economic viability,

it serves as a quick check to compare one form of energy against anbtrezxample, Bergey sells a

8



10kW turbine for $31,700 and aastdard 30 m Guyed tower for $14,1#B]. TheNAEPof a turbine
can be analyzed through a term called the capacity fa€@9rTheC: is the ratioof the actual energy
producedover a given time periotb the amount of energy that would be produced if the wind turbine
were operating at full powepver that wholeperiod. A study performed in the UKL3] reported that
1.510kWturbines have averag€sof 0.17.Assuminga capacity factor of 0.1The NAEPwould be
14,892kW-hrs/yr for the Bergey 10 kW turbinéssumingVC of $.02/kWthr[11], this would result in a
COEof $031/kW-hr. Dependingor2 Yy S Q& f 2 GOEaskoziafed with rid electricity is between
$0.07 and $.16/kW-hr in the state of Kansa&conomically speaking, this appears to makeGE
associated wh smallscaleenergy roughly2-4 times as expensive as compared to conventional grid
energy This isa significant reasowhy smallscalewind turbines are having difficult timegaining
prominence in the market.

In order forsmaltscalewind turbines to be more compdive, they need taepresentan
economically feasible optioidoweverthe demand is not driven entirely by economiktany people
place value osuch things as energy independenclkean energyand selfreliancethat residental wind
turbines can impartThis being the cas¢here are relatively few customers for whom this higE
would not pose an obstacldespite these advantages attached to wind turbinesorder for residential
wind turbines to gain prominence among consumers, @i@Eassociated vih investing in a wind

turbine needs tde reduced

Reviewingtie COE itis high for two main reason$he first is that the installed cost of the
turbine is exorbitantin the example of the Bergey 10kWgttower and turbine together cost close to
$450000r $4500kW, which on the surface appears to beuch higher tharthe cost associated with
solarphotovoltaics. A main reason for the high costs of these turbines is thase turbine companies

sellonly afew units each yearhence the overhead on eeh unit remains significantlyigh. It is often



easy to compare the cost effectiveness of wind turbines to solar panels by analyzing their respesttive
per installed kWfigures.While this can be meaningfat times it neglects to consider the correspding
capacity factorsand thus does not consider the actual differeageenergy generatioand associated
COE Though likely the installedost per kWbf a small wind turbine will not matdat of a small solar
panel, this is not necessary for maksmall wind turbines competitive with solar panelfat being

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

small wird turbines economically viabl&hiswill befurther analyzedat a later point in tis report.

The othemmain reason for the higiEOEis the relatively low net annual energy production.
Many turbines are simply natperating with comparatively higberformanceefficienciesIn the 2011
AWEA Small Wind Market Study, one of the statedlkbwiad industry goals is to increase blade
efficiencies from 32% to 45p8]. For 2£' century blade desigand manufacturinga blade efficiency of
32% (oressentially a power coefficient of 0.32) is quite podralue of 0.4%s standard for utility scale
wind turbines[11]; small wind turbines are less efficient than utility sized turbines but manurfert
still claim relatively high performanc€ompounding this low efficiency ratiigythat airrently, there is
no certification procesfor small wind manufacturex As a resultmanufacturers araot requiredto
rigorously test their products or makeuplic their resultsMost manufacturers list the expected annual
energy production of their turbine for a given average wind speed, but thisuglly aheoretical
projectionthat only considers a smootindlaminar wind flow In reality, wind turbines @erate in
turbulent environmentdhat drasically affecthe performance of the wind turbindn most cases
actual energy production is much less ththe expectedamount From a 2008 study of twertyne
residential turbines installed in Massachusditd], it was found thafon averaggthe turbines
generated only 29% of the installers expected auf@nd that the turbine operatedwith a 4.9%

capacity factorlt 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 meteorologicalldateever the
underperformarce was also due to inaccurate turbine performance data and unexpected equipment
losseq14]. Thisless 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 turbimesder for
residential turbines to be a viable economic investmémeir operatioral efficiency needs to increases

costs are reduced

Small-scale Subsidies

One way taeduce theCOEof small wind tubines is to subsidize their mark@these subsidies
are primarily in the form of incentives, either to the customer or to ithdustry. The primary federal
incentiveto the customelisthe Emergency Economic Stabilization Act of 2D@8allows a 30%
investment tax credit for the costs associated with installing a small witihe. Of note, thispolicy
will extend through Deamber 2016 State incentives generaltgsulted in darge impact on the success
of the small wind industrj15]. Customer incentives vary considdty between states, but fanost
states they exist in some form of financial incentiveilma net metering policydiscussed later)
Common iinancial incentiveare grants, tax exemptiongnd low interest rate loan€ne of the main
financial tools to help customers affotide high initial cosof wind turbines is a Property Assessed Clean
Energy (PACE) bonthis 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 themallscalewind industry benefits from state and federal subsidiks.
has beeracommon trend that when competing against traditional energy souneggewable energy
has a difficult time being economically competitive on its own mevhile in general this is true, the
are certainly applications in which this is not the caS®en that incentive policies vary between

locations and over time, a design that manages to integrate a residential turbine onto a residence
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successfullyn an economically viable manner withoglying on subsidies is superior to one that does
rely on subsidiedf wind turbines can be designed and system integrated in such a way that they

warrant their own installation, then the market for residential wind turbisb®uldgain prominence.

Problem of Energy Management

Therefore,in order for residential wind turbines to gain prominerioghe market their
associatedCOEneeds to be reduced, primarily through decreasing initial cost and increesargy
production If this reductionin COEcanhappen without relying on government subsidies then the
market for the turbines will be that much strongétowever, me further obstacle that affects the
viability of residential wind turbines that of energy management.he electricity generated by ¢h
turbine does not always balance with the electric load in the house aatichesit is necessaryo store

the exces®lectricity (electricity not immeliately consumed in the housggnerated by the turbine

Though some residential wind systemsare désigR (12 &A YLX & 4G Rdzymist SEOS4& a

applications aesidentialwind energy system that doe®t manage to usall or nearly all of the
generated electricity is not going to be economically viablés generally requires some fowh

electrical storage

The most popular option is to connect the turbine to the local electric grid, essentially treating
the grid as a giant batteryl.he federal Public Utility Regulatory Policies Act (PURPA) of Z]9éguires
utilities to connect with and purchase electricity from residentialdvsystemsThus for all applications
that have a local electric grid (the vast majorjiitting exces®lectricityback onto the grids an
option. However, unless the utility company offers some form of net metering program, this option is
not very desirable to the customemMet metering is a policiyn whichutility companies credit their
customers with the electricity that they put back onto the gfthme utility companies offer this policy

without being required to by state lavMost states have somform of residential wind turbine
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incentive,with net metering being the most popult5]. Currently,only sixteen states have statewide
policies that require all public and private ugflitompanies to offer net meterif@]. In Kansas, as of
2009 investorowned utilities (Westar, Kansas City Power and Light, Empire Power District) aredequir

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

[16].

L —y

Figure4: Service territory map of electric cooperatives in Kan$ag]

Figure4 shows the service area of the electric cooperativeKansas 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 asvell 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 statedawnentioned priar
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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., imgéne
rate in the U.S is lowt is valued as the avoided cost that the utility companies observe by not having to
produce the electricity, and the market price is usualyund 23 cents/kWhr. For wind turbines to be
economically viableall or nearly all of the electricity they gtace needs to have a value coransurate
to the pricethat could bepurchasedfrom the grid.If a substantial amount of the energy generated is

being sold below market prices, investing in a turbiik not makeeconomic sense.

Because of this low marketice for applications without a net metering policy in place, to
maximize the economics one migtinsideralternative methods of utilizing the excess electricity
generated thatmaintainsthe value of the electricityi.e., 2-3 cents/kWhr to sell or around 1112
cents/kWhr to store and use laterPnemethod has been to employ an auxiliary Ipadch as a water
pump, to utilizethis excess electricityA second more popular method has beerusesome form of
energy storage local to the propertynostcommorly with batteries to be referred from here on as the
conventional energy storage syst€@ESSThere are two drawbacks to this stratedyne first is the
additional cost of the systeitinat, depending on the size of the battery baman besubstantal. The
second is the physical space that the system requirkis includes both the batteries themselves and
the place to store the batteriedJnless there exists on the residence some suitable place to store the
batteries, some form of energy storageesl will need to beconstructedfor the systemHowever, this is
a difficult quantity to cosandwill 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., babdimat can house

the system.
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Focus of Research

Onepurpose of this thesis is taplore the viability oEmployinga heat pump as an auxiliary
load to utilize excess electricity by heating or cooling the house to desirable temperaigtas.
temperatures in a house fluctuate, thiffectively uses the house as a mediumdtaringenergy
Specific importance will be given to understanding how wind affects the heatidgoolingoads ofthe
house and, thus, how well wind turbinesare suitedto provide the electricity for that loadThismethod
assumethat the cost of the energy storage is external to the cost of the wind energy sy$tamwill
occur by assuming thalhe heat pump already exists on a given property, and the wind turbine will

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

Off-Grid Small Wind Turbines in Developing Countries

Another market forsmaltscalewind turbines is providing peer in offgrid locations Off-grid
locations are those thalo not have access to a centralized power grid and instead rely on distributed
energy sources for power generatidn.these applications, the power generating units are relatively
small and located at or near the consumer sites, and the power is utdizacklativelylocal leve[18].
The driving force for utilizing a distrited energy source ifhat a centralized utity network does not
exist, expanding it isot possibleor expanding it would beelativelyexpensiveln these instances,
distributed sources offer the only feasible means of electric power productioough distributed
energy geeration tself does not entail being offrid and generating units can be as large as 300 MW
[19], distributedenergy sources that are effrid are generally utilized on the small and micro scale (500
W -5 MW19]). A number olsmallscaledistributed generation technologies exist including
reciprocating engines, gas turbines, hyrdo turbines, wind turbines, photovoltaics, fuel cells, geothermal

and thermal solaf20].
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Figure5: NASA satellite image of earth at nig[21]

A majormarket forthesesmall distributed energy sources exists in developing countes.
mentioned prior, the utility network in the U.S. is quite extensive, and therealativelyfew
populationareasthat do not have access to grid electricyhile usimg distributed energy sources in
the U.S. is important for balancing loads and avoiding-ceatralized energy production, it is not in the
strict sense necessary the majority of the tiriéus is not the case in manleveloping countriessigure
S5isanightimea 0 St t AGS AYIF3IS 2F GKS SINIKQa T®ygsiNBE O2yad
does not represent exactly the extent and location of electric netwotkssually illustrates how much
farther advanced first world dzy (ielé&trierietworks are compared to developing countries, and how
more thanonebillion people can be living without access to electrif2$j. As can be seen from the
picture, vast areas of Africa and Asia are literally without any major power distribution ceBiaadl.
villages in these countries have esjaly limited access to electricityn 1971, a report on thetatus of

rural electrificationin India stated thabnly 12% of villages with population under 500 had access to

electricity (small villages accounting for 60% of the total number of vill&B8s)Currently in Indiait is
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estimated that 56% of rural households are withagtess to electricitf24]. Though grid extension
continues to grow, Wwhout major power generation distribution centers angh@amarypower grid,
many locations in developing countries rely on small digtetd sources of energpr electrical

generation

Renewable energy sources are effective means of providing this distributed eRemggwable
energy technologies are distinguished from other distributed energy technologies iththately on a
resourcethat is naturally repénishedin a relatively short time scal&iven current technology, the
primary renewable energy sources considered for electric generation in developing countries are solar
photovoltaic, wind, and hydmectric A main advantage associated with using neable energy is that
the source of fuel is internal to the systeifrhis is ulike a reciprocating engirtbat requiresan external
supply of petroleumThis haswo important entailments First, the fuel sourcand thusa large part of
the operating cosis 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 th&eodndly, the
supply of the fuel is in a sense constant, and issues concerningatigportation of fuel are not
present.In terms of both the logistics of the transportation of fuel to remote locations and the cost
associated with transportatigrthis is a major advantag&hough these are two clear advantages to
renewable technologieghis independent fuel supply can also at times be a disadvantage in that an
indeterminate fuel inputresults in an unsteady power outpukhis limitationinfluencesthe applications

for which renewable technologies are suitakbng withthe associated stem 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 functi&tectrical usage in small
villages can be distinguishégtween agricultural and domestic usés.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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villagesthat have been electrifiedaround80% of the electriconsumptionis usel for this purposd23].

It is characteristic in poorer countries that a substalrgiaount of the energy used to draw water for
irrigation comes from human and bullock laj@B], and larger renewable energy systems could
certainly provide a more efficient and appropriate means of providing energy for this pulpasems

of domestic usagesmall amounts of electricitgansignificantly increase the quality of lifie many thrd
world villageq11]. In India it was estimated that an installed generating capacitg®kW is sufficient

for a village with a population of 10Q23]. Traditional use of electricity has been for lightpgrposes

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

battery charging25].

Figure6: A small village in Pakistaelectrified solely by small wind turbinept]

Small wind turbines have the potential to provide electricity for a number of these applications.
Historically in the U.S., rural electrification wase of the primary functionef small electric wind
turbines[11]. Now, as nanydeveloping countries are slowly beginning to exp#meir rural
electrification, wind turbines are being utilized as ag#le option in many location®ne country
beginning to increase its utilization of wind energy is Pakigtarof 2003, the country did not have a

single wind turbine installed on record with a capacity over 50@\\Since thenit 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 electrificatiofigure6 depicts the firstvillage in Pakistan to be electrified

through wind energysing26 micro turbines each rated at 500W.

Viable Energy Sourcesfor Small-scale Applications in Developing Coutries

Forsmallscaleoff-grid operations, gasoline or dielsgenerators have been the conventional
technology of choiceAs long as a reliable supply of fuel is present, these generators can deliver a
constant electric outputhat is subject to usedemand.One main disadvantage though of this
technology is theealiance upon petroleum fuelhich as mentioned prigcan become expensive to buy
and or transportTwo alternative technologies competing with this conventional meansaleg s
photovoltaics and windenergy.For smallscaleapplicationssolar photovoltécs generallyoffer a more
affordable option[26]. Also,solar photovoltaic technaolgy ismuch simpler to install, control, and
maintain.In addition because of the stochastic nature of the wjitds much easier to estimate the
energy output of a solar panel versus a wind turbi@eer a given time, and this can make designing an
off-grid power system a simpler taskne main advantage that wind energy holds over solar
photovoltaics is that depending on the wind resoes of the location, wind can have a much higher
energy density than solanergy[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 sygtems.
hybrid system is one that uses multiple technologies to genezagggy for the same functiomlybrid
systems have the advantage of producinglativelymore stable power supply by combining the
strengths of the different technologies, and it is common to see all tteeknologies utilized in many
off-grid applicatbons.While this is true, for remote locations in developing countries often more

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

the resulting system.

Focus of Research

Anotherpurpose of this researcéffort is to identify a domestic electrical need in a developing
country for which a small wind turbine could be utilizzadl then to expamentallyinvestigate ifthe
wind turbine is suited for the applicatiomhewind turbineshouldsuccessfully generathe electricity
according to a set of systeraquirements and prescriptiongost economics includedgndthat it
producesthe electricty relativelybetter than other alternative methodge.g., solar photovoltaics or
conventional generatof electricity generatia. Using this informationthe preferred ability of wind,
solar, or petroleum(or combination thereof) for a certain applicati in a develogig country will be

concluded.
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Chapter II: Wind as an Energy Resource

Nomenclature

Aplane

Avotor

G

e

Eprod
f(v(t))/PDF
F(v(t))/CDF
m

NAEP

Paero

I:)elec

I:)rated

I:)wind

TSR

Vavq Vavg
Veutin
Veutout

Vrated
Vwind

)

gbox
)

gen
1

inv
1

syst

[m]
[m?]

[~]

[J/kg]

[J]
[~]
[~]

[kg/s]
[kKW-hrs]

[W]
[W]

Area across which air is flowing

Swept area of the turbine rotor

Power coefficien®so of power turbine is able to extraftom Pying

Specific energy of wind pertaining to kinetics

The energy production of the wind turbine over a given time period
Probability density function of the wind blowing at a certain velocity
Cumudative probability function of the wind velocity

Mass flow rate of air

Net annual energy production of the wind turbine including availability fa
Power extracted byhe wind turbine at a given wind velocity

The electric power produced by the turbine considering system inefficien
Power which the turbine is rated to produce

Kinetic power in the wind

Tip speed ratieratio between the speed of the blade tip and the prevailing
wind

The average annual wind velocity for a given site

Wind velocity at which turbine begins producing power

Wind velocity at which turbine stops producipgwer (shuts down)

Wind velocity at which turbine reaches rated power

Velocity of the wind

Efficiency of the gear box

Efficiency of the generator

Efficiency of the inverter

System effi@ncy including the generator, gearbox, and inverter

Density of the air

Wind turbines produce electricity by converting kinetic energy in thedvimto mechanical

motion. Abasic understanding of the power in the wirsdpresented in this chaer; the analysis follows

0KFG LINBaSy S RwiddEney BxBaindti2ttiogk 2 7. THRavailablepower in the wind

is consideregart of the wind flowing normal to some plane of refereraralis a function of the mass

flow rate of the airalong withthe kinetic energy density at which the air is movifipe mass flow rate

of the air is given by the formula

m =r Ablanevwind [kg/S] (2)
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where} is the density of the ai\,aneis the areeof a given plan@ormal to the flow of the airand Vying
is the velocity of the aifThe kinetic energetic densifg) is simply thentensive kinetic energyfair

moving at a givespeed:

3
e:%Vz @A)

wind

[J/kg]

The power in the windP,,g) is simply a product of the mass\iaate and the kinetic energy density

. 1 4
I:)wind =me :é r Ablane\gvind[vv] ( )

In terms ofwind turbine power productionf,.cequalsthe areaof the rotor Aor), and
Equation (4) illustratesthat the available power in the wind is heavily dependent on the prevailing wind
speeds and the size ofefturbine rotor.In the analysis of turbine power, the wind velocity is the
magnitude of the wind speed at the hub height of the robmrmal to the rotor planeandthe area of
the plane is the full area that the turbine sweeps as it rotaléwe densityof the air changes depending
on the local temperature and elevation, but for calculation purpo#es power is analyzellere at

standard air density.

It is important to notethat not all of the power in the wind is extractable by the turbifierbine
operation is a steady state process in which air movessacthe rotor plane from a higbressure zone
to a lower pressure zon&xtracting all of the available power in the wind woulduize that the final
velocity of the air after crossing the rotor pkube zeroThis would effectively stop air movement across
the rotor and comjetely halt power productionThe concept of aerodynamic efficiency in wind turbines
addresses how much of the available power the turlitaaextract fom the wind.There existsin
theory, a maximum possible amount of the available poweat any turbine can extracthis is known

asthe Betz Limit, and it states that the maximum percent of extractable energy across agust$9%

22



of the available power in the wind'his valuean be considered physical limit rather than as
efficiency, and the aerodynamic efficiency of wind turbishsuldbe analyzed against this valda.
wind turbine terminology, the power coefficienty) is the fraction of available power that a turbirse i
able to extract, and the aerodynamic pow@;ero) equals the amount of powesxtracted by the turbine

rotor:

1 5)

I:z\ero = c; Hnd 2

Q !rotor \%r'_nd[w]

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 geneFamgenerator has an
associated inefficiendigye), and depending otthe turbine a gearbox might be employ#tht hasalso
associatd inefficienciegdynoy. Generally, these are the only two system inefficiencies considered in the
evaluation of electric poweHowever, most residential turbines require an inverter tow=li60 Hz AC
signal, and thisdditionallyhas an associateidefficiency ¢}.,). For the analysis of residential wind
turbines, these three efficiencies will make up the system inefficiencies of the wind tuiiiliedotal

sygem efficiency is thus equéb:

hsyst: @en Q]OX iﬁ [~] (6)

and the electric powdPed, generated by the turbine is given by the equation

C f AoV W] )

rotor © winc

ThisPecis the energy rate at which the turbine will deliver energy to the residefibe.amount of
energyproducedby the turbine (E,oq) is simply the instantaneous power production integrated over a

length of time
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~ 1 8
Eprod = rf)elec(t) dt = Eﬁ.'sysc[ Arotor\fwin(( ) d ( )

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 giverWime.
velocity is aelativelystochastic phenomenon, and any attempt to predict winéeqp at best yields only
rough estimationsNonetheless, analyzing the energy capture of a given wind turbine at a given location
requiresdetermining (or estimatinghow the wind speed varies over tim@ften complicated models
for descriling the wind resarces aredeveloped for a given location, but the general mettadd
approximating the wind profile is to use a Rayleigh distribufiidh 27]. In this distribution, the
instantaneous velocity is a function of the average velocity of thatima only. The probability density

function of the Rayleigh distribution is givas:

©)

wherev,is theaverage annual velocity of the wind siténis distributiorgives the probability of the
wind blowing at a certain velocity givem average annual velocityn wind power analysis, the primary
method of analyzing wind speed probabilities and the corrasiirog power production is to bin the
wind speeds in 1 m/s incremenfBhe easiest way to do this is to consider the cumuadiistribution

density function of the wind speed:

ey B (10)

v Eer u
Flv()] =ff[vd]dt 4 e*& 8]
0
This cumulative density functioCDF) is the probabilitythat at anytime the wind speed will be less

than a given glocity.
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Graphically, these functions are representedrigure7 and Figure8 respectively. Both of these
graphs illustrate the impact that the average annual wind speed will have on power production.
Instantaneous pwer production varies according to the cube of the wind speed, and sites with higher

average velocities spend substantially more time at higher velocities.

As mentionedprior, wind power analysisften binswind speeds and their associated

probabilitiesinto specific rangedn this analysishe CDF is bimed by 1 m/s increments withins
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centered on integer velocitieF.he velocity distribution of the wind overperiodisthen determined by

analyzing the cumulative probdity at these binned integers

TW=Fv £ ® Ry -y )

here gpys the 1 m/s incrementThe corresponding percent time associated with each velocity bin is best

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

Bin Vavg Vavg Vavg
Velocity | 4m/s | 6m/s | 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 reasoifior analyzing the winds a discretized distributiorather than as a
continuous functioris that usually turbingpower coefficients andystem efficiencies areharacterized
in 1 m/s increments as wellhus, pwer generatioras a function of timés alsoanalyzed as a discrete

distribution. At this point,a few terms that need to be introducdtat arerelevant toaturbine power
27



analysisThe cutin velocity Ve.in) IS the minimum velocity the turbine muathieveto begin operation.
The cutout velocity(Veurou) IS the maximum velocity that the turbine camcounterbefore it willshut
down. The rated powe(P;4eg is the electric power at which the turbine is designed to regulate in high
winds.The rated velocityv.4ed is the wind speed at which the turbine reaches rated powdetip

speed ratio TSR is the ratio between the velocity at the tip of théaldle and the wind velocitylhe
aerodynamic properties of blades are such that the performance coefficient of the blades (or the power
coefficient of the turbine) is a function of tHESR Another way of saying this is that for a givEBR

there is a set pwer coefficient.Thus turbine performance can be represented as a function of wind
speed which lends itself well to the discretization of the power analyis.optimalTSRis that which
yields the highest blade performance, and normally turbines argroteed to operate at the optimal
TSRuntil they reach rated powelAt this point, as the wind speed increasesbines operate off

optimal TSRin order to regulate powefThe availability factor is thgercenttime during the year that

the turbine is oprable.Because turbines witequire maintenance or repair, this valuenisrmallyless

than 100%.

Given the describedquations for the electrical power and the distribution for the wind
velocities, the energy generation over a periodcan bereadily calculatedfor an idealized
performance curve and wind distributioRor a given avage wind speed and turbine sizBg only
assumptions that need to be made are those concerning the power coefficients of the turbine, the
system efficiency of the turbg, the availability factor of the turbinend the turbine operating
parameters Yeutin, Veutout, aNd Praed). Whilethere is a region of operation below rated at which the
turbine operates at optimal SR it usually does not operate aptimal TSRuntil a few m/s above/,yi,
[28, 29] . This analysis will assume a maximGpof 0.4 at gtimal TSRand then a linear regression

from of 0.2 atvyin to 0.4 at 2 m/s above,.i,. Ozgenef29] measured the performance on a small 1.5
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kW turbine, and this study suggeshat these are rasonable values to assum&hilethis results in a
slightly idealized operatigrthese power coefficients achievablgor residential wind turbines.

Becausenost residential turbines are direct drive and do metuirea gearbox, the system efficiensy i

relativelyhigh. For this analysjst will be assumed to be 0.9this value is slightly conservatiae

compared to the results found in studig9]. Residential turbines are alstesigned to beelativelylow

maintenance machines, and the assumed availability factor will#[80]. The turbine operation will

asSSUMEVeein to be 4 m/s Veueou 10 be 25 m/s, andP,.qto Occur at 10m/s.

Table2: Energy aalysis for turbine with given parameters

Rotor Diameter 5(m

Air Density 1.225| kg/m?

Vavg 6 | m/s

Osyet 0.90 ~

Availability Factor 0.95| ~

Available Time 8760 | hrs

Prated 4.33 | KW
\% Vrange | C, Puind | Paero | Peiec | Time in Range| Energy Outpit
m/s m/s = kw kwW kw % kW-hrs
<3.5 0-3.5 0 ~ 0 0 10.71% 0.0
4 3545 | 0.2 | 0.770 | 0.154| 0.139 12.26% 141.3
5 4555 | 0.3 | 1.503 | 0.451| 0.406 12.60% 425.6
6 556.5 | 0.4 | 2.598 | 1.039| 0.935 11.91% 926.5
7 6.575 | 0.4 | 4.125| 1.650| 1.485 10.47% 1294.0
8 7585 | 0.4 | 6.158 | 2.463| 2.217 8.64% 1593.3
9 8.59.5 | 0.4 | 8.767 | 3.507| 3.156 6.71% 1763.6
10 9.510.5| 0.4 | 12.026| 4.811| 4.330 4.94% 1778.6
11 10.511.5| 0.30| 16.007| 4.811| 4.330 3.44% 1239.5
12 11.512.5| 0.23| 20.782| 4.811| 4.330 2.28% 820.2
13 12.513.5| 0.18| 26.422| 4.811| 4.330 1.43% 516.0
14 13.514.5| 0.15| 33.000| 4.811| 4.330 0.86% 309.0
15 14.515.5| 0.12| 40.589| 4.811| 4.330 0.49% 176.3
16 15.516.5| 0.10| 49.260| 4.811| 4.330 0.27% 95.8
17 16.517.5| 0.08| 59.086| 4.811| 4.330 0.14% 49.7
18 17.518.5| 0.07| 70.138| 4.811| 4.330 0.07% 24.6
19 18.519.5| 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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Table3

: NAEP varying with rotor size and average wind speeds

Rotor D=3 m

Rotor D=5 m

Rotor D=7 m

Vag=4 m/s

1351.7 kwhrslyr

3754.8 kKWhrs/yr

7359.5 kWhrs/yr

Vavg=6 m/s

4019.5 kWhrs/yr

11165.7 KWhrs/yr

21884.1 kwhrs/yr

Vag=8 m/s

6354.8 kWhrs/yr

17652.3 kWhrs/yr

34598.6 kWhrs/yr

Table2 provides a illustration for how energy production is evaluated for wind turbinést
most turbine power analysis, the goal is toieste how much energy the turbine will produce in a year
for a given windsite. When this analysis incorporates the availability factor, this amount of energy is
referred to as the net annual energy productiod¥EP). This value is extremely important in
determining the cost economics of the wind turbifi@able3 tabulates theNAEPfor three different
turbine sizes and three different wind speed locations using the same analysis method and parameters
as presented iffable2. Looking across this table, it can be seen how power production varies
significantlywith rotor size.Looking down the table, comparisons can be made concerning the energy

production for locations with different average annual wind speeds.

Table2 and Table3 alsoillustrate the applicability ofwind turbinesto providethe electrical
needs ofresidential housesThe turbine inTable2 was a 5m turbine with a rated paver of 4.33 kWit
produced 11,165 kWirs over the course of a year, which is commensurati¢éoaverage residential
electric consumptioras presented in Chapter Eor residences that consume substantially more or less
electricity,these tables indicatéhe turbine size suited to generating that amount of electricityshould
be notedfrom Table3 how little energy is produced at low average wind speed sitass reinforces the
notion that wind turbines areot suited for opeation in locations with relatively little wind, aritlere is

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

Nomenclature

All costs asociated with purchasing and installing the wind turbine other the

the turbine and tower costs

c [ Capacity factoratio of actual energy production to that if operated at rated
power 100% of the time

COE [$/(kW-hr)] Cost of Energprice at which tubine will generate electricity

BOS [$]

FCR [%0] Fixed charged ratannual percentage rate that is being paid back each yea
IC [$] Installed cost of the wind turbine system including installation

IRR [%0] Internal rate of return on an investment

MC [$] Maintenarce cost of turbine, including insurance

NAEP [kW-hrs]  Net annual energy production of the wind turbine including availability fact
NCiurbine [$] Cost of the turbine normalized to the size of the turbine

NPV [$] Net present value of an investment

Veutin [m/s] Wind velocity at which turbine begins producing power

Veutout [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 ofaven location

Whilethere are a number of residential wind turbine products sold in the United States, the
number of prominent manufacturers is relatively fets of 2011, théoremostU.S manufacturers of
small wind turbines were Bergey Windpower, M@rn Power Systems, Polaris, and Southwest
Windpower[3]. Of those four, only Bergey and Southwest Windpower specialize in residential turbines.
The influxof foreign products is slightly increasing, but primarily American made products dominate the

U.S. market a®0% of units solth 20112 this is down from 94% in 2018].

Table4: Bergey Excel 10 parameters and performarjdé]

Diameter 7.0m Average Wind| NAEP
Rated Power| 8.9 kW m/s kW-hours
Peak Power | 12.6 kW 3.6 4910

Viated 11 m/s 4.5 9850
Veutin 2.5mls 5.5 16530
Veutout none 6.4 24330
Furling Speed 14-20 m/s 7.3 32388
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Bergey Windpower is small wind turbine manufaotg company headquartered in Norman,
OklahomaThey have been manufacturing turbines since 1%l are known more for their reliability
rather thanthe technology they emplayThey primarily sell one line of produttiat they name the
Excel, and theyfter this turbine in four differensizes with the Excel 10 turbinieeir best selling
product. They advertise this system for large rural homes, faand small businesselt.is a direct drive
three bladed turbine oriented upwinthat uses a furling sysm for power regulation in high wind$he
turbine is intended to be grid tied, and the turbine system comes with a 12 kW Powersync Il inverter.
Themanufacturer statedurbine parameters and expected performances are liste@idhle4. A cost
guote 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 $9Q3Q].

Table5: XZERES Skystream 3.7 parameters and perforn{@&3ste

Diameter 3.7m Average Wind| NAEP
Rated Power| 2.1 kW m/s kW-hrs
Peak Power| 2.6 kw 35 960

Viated 11 m/s 4.5 2400
Veutin 3.2mls 5.5 4320
Veutout none 6.5 6000

7.5 7440

Southwest Windpower had been the otherainmanufacturer of residential turbines in the U.S.
They were headquartered in Flagstaff, Arizona, and had been producing wind tusiinesl987.
Unfortunately, they went out of business in early 2QJ#hdother 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 2[3#R XZERES is based out of Seattle, Washingtortharabmpany
both manufactursand distributes itsproducts.The o products they currentlynarket are the
Skystream 3.7 and the XZERES 44PI8RSkystream 3.7 has been a very popular item, and as of 2008
was the highest selling residential turbine worldwi@d]. It is a smaér turbine, and typical design
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intent isto use itto supplement the power provided by the local electric glids a three bladed,
downwind turbine that uses electronic torque control to regulate speed in high wBwkh grid tied and
off-grid versios of the turbine are soldfhemanufacturer statedurbine parameterdrom and

expected performances are listedTiable5. A cost quote for this turbine was received from XZERES.
The cost of the turbine including the inverter wgE0,931 and the cost of the tower with a foundation

kit included was $5921.

These areconsideredwo of the bestsellingresidentialwind turbines on the markeiThe Excel
10 will repreent larger residential turbines intended to provide the entre el@ett needs of the
residence, and the Skystream 3.7 will represent the smaller residential turbines intended to supplement
the electricity coming from the grid.heir respective performance and cost economics is assumed to
represent the current residentiatind turbine market; analysis of performance and cost economics of
turbines sizedn between these two turbines will be performed according to a linegarpolation

scheme.

Case Studies of the Excel 10 and Skystream 3.7
Whilethe manufacturers state theaminal performance and cost of their turbines, it is
important to analyze théin the fielcE performance and actual cost of these wind turbine systefg

case studies are here presented: one of the Bergey Excel 10 and one of the Skystream 3.7.
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Table6: Case Study of six Berge Excel 10 in Pacific Northya&gt

. . Total Installed Expected Actual | Avg. Recorde®ind | Months of
SRl Cost NAEP NAEP Speed Data
KW-
kW-hrs/yr hrsiyr 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 inopeable for large period of time

NREL performed a study in 2003 through 2D086rderto understand the operation and cost
economics of small wind turbindsetter. They trackedig newly installed Bergey 10 kitbinesat six
different locaionsin the Padic Northwest. At each Bergey site, thegcorded the cost of installation,
the energy generatioof the turbineand the average wind speed for each of the turbirgssed on the
local wind resources as evaluatbyg using state wind profile maanda given tower heightat each
location an expectedet annual energy productioNAEP) was calalated. Table6 lists the above da
for each of the six turbin@stallations.The total installed co1C) includes all of the costs assated
with installing the turbine: turbine cost, tower cost, fees, permits, site preparatod miscellaneous

costs.

As is evident for each of the six turbines, the actual performance is much lower than the
expected performancdt is not obvious whais responsible for the poorer than expected performance;
three of these case studies report some sort of inverter failure and one reports a furlinglissoe.
lessons learned section of the report, it is stated that wind maps should only be useylids or 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 resourc&significant reason for the IoMAEPs are the
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relatively low average winglpeeds but it has to be questioned how efficient these turbines actually are
during operationAlso apparent from the study is the fact that the installed cost is substantially higher
than just that of the tower and turbindn the study, the balance of statioBQS 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 desigrperational power
coefficients Furthermore, it is not possible to estimatiee availability factor of these turbinesom the
captured datalnstead another method toanalyze turbine performance is to consider the capacity
factor (Cy). The capacity factor i®latesthe amount of actual energy produced by the turbine in a given
amourt of time compared to how much electricity the turbine would produce if continually operated in
that time period at its rated powes an exampleal kW rated wind turbine which produces 2190 kW
hours over the course of a year would have a capacity fadft@5% (8760 hours per yeaBssentially it
is a measure of two things: the available wind resources and the turbine operational effidiéhibs.
this method does not draw arfirm conclusions concerning the efficiency of thiebine, it is useful for
analyzing the cost economics of thehine. For thetestedsixturbines, the capacity factor ranges from

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

Table7: Case study of SouthWest Skystream in Kansas

. . Total Installed Expected Avg. Recorded| Months of
Site/Location Cost AEP Actual AEP Speed 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
instdled on his propertyHis 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 mounteé®n a

foot tower that places the turbine inmestimateddecent spot.Table7 lists the cost and performance of

35



the turbine over awo-year period.The turbine itself cost $10,000, the tower and balance of station

cost $2,000, and the electric cooperative (LJEC) charged $568nfioectinginto the grid. Jim was able

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

put back onto the gridOver the years 2011 and 2012, the turbppreduced 1915 kWhours.This results

in a capacitfactor of 5.2% over thaime. WA Y Q&a 2 LAY A2Y 2y GKS LJ22NJ LISNF 2 N
turbine is very inefficient, and second the surrounding trees are substantially interfering with the airflow

across the generator and a higher tower is needéehas had minimal maintenance performed on the

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

Cost Economics of Turbines

Consumers purchase wind turbinpsmarily becausehey provide &etter means of generating

Ny

electricitycomparedto the conventional method of buying from the gridthiled 6 SG G SNE A a y 2
encompassed by economic concerngtghasing a wind turbine is approached from a financial

standpoint, and as such needshie analyzed as an economic investmeélitiere arenumber of diferent

methods to analyze theconomics opurchasing a wind turbin€®dne method already described is to

consider thecost of energy as described iguation (1). Assuming nominal annual energy production

nominal turbine and tower cosnda BOScost of 20% (likely lowYable8 lists thecost of energy

(COE) for the Excel 10 and the Skystream 3.7.
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Table8: COE analysis for Excel 10 and Skystream &7 a 6.5 m/s wind site

Excel 10 SkyStream

IC 45600 $ IC 20222 | $

Vavg 65 | 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 33704 $
Total 45600| $ Total 20222.4| $

Table8 indicateshow the economics of scalefluencethe costeconomics otheseturbines.
The Excel 10 is roughly twice the size of the Skystream, and all else being equal would produce four
times theNAEP. However the corresponding cost of the Skystream is mgokaterthan onefourth

that of the Excel, and th€OE of the Skystream is correspondingly much higher.

While this method iseasonabldor comparing different forms of energy and their associated
costsjtisnotmeanttodd S dzaSR (2 S@Ffdza 6S 6KSGKSNI 2N y2i 2y SQ:
investing in avind turbine rather than elsewhereA better methodto determine this is to consider a
yearly cash flow associated with the turbine investment and thealyzethe internal rate of return
(IRR) on the investmentThelRRis the discount rate that an invesent would have to possess in order
to yield a net present valudNPV) of zero dollars on the investmenthe discount rate is essentially the
rate of return thatonewould expect toreceiveon an investment if the money was pshmewhereelse,
andisinGy SNI f | 3I22R YS| atdeNkest@ TheNPVid theivalue in2ldldrskhathal ¢ G 2
current investment possesses at the present time of investm&néa certain discount rate, the
investment would be worthwhile if th&lPVis greater than zerand notif the NPVis less than zero.

Like any traditional investment, there acests androfits associated with the ventur&he costs are
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the installedcost of the turbine, interest on financing from the baokerating and maintenance
expendituresand expenseslue to general inflationThe profits are revenue generated by the turbine

and the value associated with a utility rate escalation.

One other profit thatis not oftenconsidered is that the money that would have been spent to
buy the electrigty comes from taxable incomén order to purchase a given amount of electricity one
KFa G2 YI1S a2YS LISNOSydl 3S Y2NB {(tkusgothavigtid RSLISY R
buy electricity has added valu&his economiconsiderationis consistat with an economic analysis
performed by Gipel1].5 SLISY RAYy 3 2y 2y SQa GlFE oN}O1SiG=z GKA& OF
electricity being generated by the turbin®ther profits that coulde considered are state or federal

incentives;however,these will not be considered in this analysis.
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Table9: 20year cash flow analysis for Excel 10

AssumptionsNo tax credits, 100% energy generated has full value

Dizcr)r:(:t;r 7 meter Retail Rate 0.11 $/KW-hr ngglz‘;ﬁ 5%
A‘gr;evgénd 6.4 m/s FTeaegﬁ'” 0.02 $/KW-hr '”gztt'gn 3%
NAEP 24,330 | kwhrs | 2@ Re@Il 66 0 ~ UL 20%
Rate Payment
nstated | 45600 s | TexSrEdtl gy - Loan Term 10
. Loan
0&M 0.02 $kw- | % Tax Credi ~ Interest 5%
hr Used
Rate
Tax Bracket,  30.00% ~ BLEIEel LS 11.6%
Rate
o Loan Loan Ve VEE Revenue .
Year Rezlg)nue o&M($) Interest($) | Principal$) (Reg)nue) (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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Tablel0: IRR for Excel and Skystream given nomini@l and NAEP

Excel 10 Skystream 3.7

Wind Nominal Nominal

speed NAEP C IRR Wind speed NAEP C 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%

Table9illustrates the cash flow of a twenty year investment for a given turbiiadlel0 lists
the results of the twenty year cash flow analysising the method shown ifiable9) for the Excel 10
and Skystream 3.7 turbine$wenty years is the general amount of time for which turbinesexigected
to operate[36]. Theinstalledcost (C), maintenance cost\M|C), andNAEPare the nominal values as
presented inTable8. It is assumed that 80% of th€ is borrowed fom the bank at an interest rate of
5% with a 16year term.The tax bracket is set at 30%, and the general inflation rate analyzed at 3%
while the utility rate inflation is analyzed at $24]. For thisanalysis, it is assumed that all of the
electricity generated has a value equal to the cost that the customer would be purchasing it from the
utility company, which initially is valued at 0.11$/KW. As can be seen, at a calibrated discount rate of
11.8%,the NPVof the investment is $0.00, and the investment thus has an IRR.6%.Table10
calculates théRRfor the two turbines for different wind speeds and nominNAEPs. The nominal

NAEPRs equate toa corresponding capacitadtor of the turbine.

As is quite gident and expected, the Exdehs much better investment prospects than the
Skystreamthis is due to economics of scalhe analysis also begins to clarify at what point investing in
a turbine is simply not worth ituk to the relatively low local wind resourc@here are obviously a

number of factors which if altered would affect theR Most likely to vary substantially is the cost of
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electricity from the local utility company.ocations that have a substantialligher cost of electricity,
like many parts of western Kansas, will see a much higtfrerThis will also be true if the utility electric
inflation is higher than the assumed 5Bven though some factors will be changed depending on local

circumstances, th&ends shown in this analysis will remain accurate.

Tablell: IRR for Excel and Skystream Case Studies

Excel 10 Skystream 3.7
Location NAEP Ci IRR | Location| NAEP C 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 thaurbines in the case studies agvaluated using the same strategnd
the results are given ifablell. Given that the nomindNAEPassumes an availability factor of 100%, it
is not surprising that théRR of the actual turbines are lower than the nominal aysas.It is surprising
though how poor of a return these turbines are actually producihig. possibléhat the owners of
these turbines whiledisappointed with the performancevere not unhappy with the purchase of the
turbine and would make the sameviestment againHowever, in order for wind turbines to gain
prominencethey need to represent an economically sound investmehere is certainly value in being
G a8z ¥ A OA Sy tiat fdr pidRy pedpIN B éaking evestonomically 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 olRRjustifies hvesting in a turbine is partly a matter of personal prefereras.

homeowners, it would seem like atigRless than the rate on which money is being borrowed from the
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bank is too lowlf one is going to borrow money from the bank to finance an investiieseems
reasonable that theeturn on the investment be at least equal to the rate at which that money is being
financed.Given anRRbeing equal to the rate at which money is borrowed from the bank, it appears
that all six of the Excel 10s installedtihe Pacific Northwesdre poor economic investments thus far.

The bestRRamong all of them wasl.4%.If that customer had valued his money at a discount rate of
5%, that investment would have had &liPVof -$11,662 Asfar as investments gdhis mears that

when he invested in the turbine he essentially lost that amount of moNeyv perhaps theNAEPhas

since increased, but it seemsiite 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 feadiblere are a number of ways to
classify turbine performance and co$urbine performance iprimarily measured biNAEP, but this
NAEPis dependent on wind speeds, turbine efficienagd availability factors all of which vary with
different turbines and different locatiorRather than specifying normative values for these three
parameters, a simpr method to normalize performance is to consider the capacity fagttnile for
some turbines this is not the best analygtse C; isa reasonablenethod of specifying how well a
turbine needs to perfornto be cost effectiveWith this rubric for perfomance, italsomakes sense to
specify the cost of theurbine based on rated powethus the cost will be analyzed accorditaprice
per turbine rated powerthis will be referred to as the normalized cddsing the nominal cost of the
Excel 10 and th8kystream 3.7 as givenTiable8 and the rated power of the turbines as givenTiable
4 andTableb, the current market costs dhe turbines are $5124/kW and $9628/kW for tikecel 10
and Skystream 3,TespectivelyAs 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 lingaimterpolating between these two turbine®vhile 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 befiesnethod for
determining the cosbf aturbine is giveras follows via the graéit of the normalized cost) NC) and

normalizd turbine costNGCruwing, respectively:

ICqe- IC 12

PNC = Excel Skystr[$/kvv] ( )
Excel ~ PSkystr

NCrurbine: ICSkystr -(PTurbine F)Sky;r I\m:[$] (13)

It is assumed tht the cost of these turbines is fixednd the two parametersvhich can be
varied to achieve economic viabiligre the capacity factors of the turbine and the discount rate of the

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

Tablel2: C; vsIRR for giventurbine

Rated Powel IRR=10%| IRR=6%| IRR=5%| IRR=4%
kW G G G G
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%6 | 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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Figure9: RequiredC; for different sized turbines to achieve giveiRR

Using the same analysis as presehieTable9 and the scheme presented in Equatidag) and
(13) for determining thelC of different turbines, a capacity factor based ltRwas calculated, and the
results are tabulated ifablel2 and displayed ifrigure9. It is quiteevident fromthe information how
dependent economic viability is on both the size of the turbine and®# Figure9 shows how
consistent the trends are across the range of turbine sizes for a tiRRMhough not impossiblet is
quite unlikely that at adlRRof 10% will ever possess economic viabikty.seen from the case studies,
capacity factors are not near whtktat high of a discount rate would require even for the larger sized
turbines.A much more feasibllRRis 5% This is at or slightly higher than current interest ratéhileit
still results in rather high capacity factors for the smaller turbines, adesligned turbine in a good

wind site could certainly achieve those factors.
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Table13: NAEP for given turbine size atRR=5%

Rated Power| C; 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

Tablel3 presents the normative production that a residential wind turbine needs to generate in
order for the turbine to be economically viable for a giv€rand IRRof 5%. Whether wind turbines
achieve theequiredC; via higher operational efficiency, high availability factors, or installations in high

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

Nomenclature -General

BER

BLR
BLRO

C

CESS
COE
COP
EER
ELR
HES

HSPF

SEER
Xsys

[~]

[~]
[~]

[~]

[~]
[$/(KW-hr)]

[BTU/Whr]

[BTUM¢hr]
[~]

Pumps

Ratio of monthly thermal load storage (auxiliary loads) to monthly
generated electricity

Ratio of the battery storage capacity to daily load

Ratio of battery storage capacity to daily generated load

Capacity factoratio of actual energy production to that if operated at
rated power 100% of the time

Conventional energy storage systerse of battery bank to store energy
Cost of Energyprice at which turbine will generatelectricity

Coefficient of performance of hegump

Ratio of monthly generated electricity to monthly normal load

Ratio of the daily generated electricity daily load

Home energy system

Heating seaso performance factoratio of heating capacity in BTUs to
the input electricity in Whrs

Seasonal energy efficiency ratirggfio of cooling capacity in BTUs to th
input electricity in Whrs

System performance of the HES

Nomenclature - Heat Transfer Analysis

A
Atrack

c

C

Cpe

Fe
I:surfacei
Gy

Gy

Gn

Go,h

p- air

[m?]
[m?]
[kJ/(kgK]

[W/m?]
[W/m?]
[W/(m*K)]
[kI/(kgK]

[W/(m-K)]

Area of asurfaceperpendicular to direction of heat flow
Effective area of a crack around a door or window

Specific heat of air at constaptessure

Crack flow coefficient

External pressure coefficient

Emissivity factor

Shade factor between the surface and the surrounding object
Intensity of the beam radiation

Intensity of the difuse radiation

Solar intensity of the radiation

Total amount of radiation on a horizontal surface outside the
atmosphere

Solar constant, the amount of energy per unit area on a surface outs
0KS SI NI KQa pdndiciar o & eaiBpropagakion
Solar irradiation on a surface

Heat convection coefficient

Latent heat of vaporization at constant temperature

Variable determining quality of witows and doors

Hourly clearness index

Thermal conductivity of a material
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-UDEI__

stag
qcond, X
qconv

qrad ,net
Qconv, o]

Queavumy
QL- Airexcha
Q- itema
Quembrane
QS— Airexche

QS— Internal

qurface

Qradiation— s

QTotaI
QTransmitted

=

=3
3
a

88 o -cC< <~ I T

»0 50U

[mm,m]
[m?]

[~]
[Pa]
[W/m?]
[W/m?]
[W/m?]
[W]

[W]
[W]
[W]
[W]

[W]

Thickness of material that is part of wall membrane

Four times the ratio of the area of the surface divided by the perimett
Exponent repesenting crack severity

Day number of the year

Stagnation pressure

Heat flux via conduction in the x direction across the wall membrane
Heat fluxvia convection

The net radiative heat flux to a surface

Heat convected to or away from the outside wall surface
Heat transferred into the conditioned spacg the heat pump

Latent heat exchange due to air infiltration and leakage through the v
membrane

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

Heat transfer through théuildingmembrane excluding transmitted
radiation

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

Sensil® heat exchange due to people and appliances operating in th
conditioned space

Total heat transferred to or from the exterior surface
Heat transferred to the outsidsurface via radiation

The total heat transfer into the conditioned space

Heat transfer through the wall membrane via transmitted radiation

Thermal resistancef a given material

Ratio of the amount of beam radiation on a tilted surface to that on a
horizontal surface

Temperatureof a given entity

Volumetric flow rate of air

Velocity of the wind

Overall heat transfer coeffian

Absorptivity of given enitity

Heat pump cooling coefficient of performance

Slope of a surface from the horizontal

Declination angle of the sun

Pressure difference inside a building due building pressurization
Pressure difference inside a building due to the stack effect
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DR, [Pa] Total pressure difference in a building

PR [Pa] Pressure difference inside a building due to the wind effect
W [~] Difference in the humidity ratios bewen the inside and outside air
‘ [~ Emissivity ofjiven surface
5 ox 8 Surface azimuth angle of a surface with a value of zero degrees
representing true south
J [~ Heat pump heating coefficient of performance
I [kg/m?] Densityof the air
Iy [~] Reflectivity coefficient of surroundings
L wx 6 Latitude of the building location
Introduction

The previous chapter analyzed the cost economics of different wind turbines, and spéufie
performance in terms of capacity fac®tha a turbine would havéo realize in order to be
economically viabléor a giverinternal rate of return RR). However, the analysis assumed that all of
the electricity generated by the wind turbine had a value equal to the cost of the electricity tlsat wa
displaced by the turbindn other words, it assumed that all of the electricity was utilized at full value in
some mannerFor applications in which a net metering program is in ptade which the buyback rate
is equal to the cost of grid electrigithis is a valid assumptioHowever, for offgrid applications or on
grid applications without a net metering system anckkatively low buy back rateéhis assumption is
not valid For these applicationshis would require that all of the electricitgyenerated by the turbine is
dziAf AT SR Ay G(KS K2dza$S 2 NJ LINE LIS NIh& is hotivalidl betatise @ £ dzS |
there exists afmbalance between the electricity generated by the turbine and the electric load of the
house.At times, the wind turbine will generatenore electricity than the house is currently consuming,
andby definition this excesslectricitymust be dumpedDumped electricity has meducedvalue, and
the more electricity that isinused the less economically viablaé investment becomedn order for
the investment to make economic sendbere needs to be as minimal an amount of dumped electricity

as possibleToaccomplish this requiresystem integratiorof the turbinesuch thatall or nearly all of
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excess electeity is utilizedThus 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 fartilizing excess ettricity has been temploy aconventional
energy storage systef€ESS. This method is fairly practhland efficient and can certainly provide an
effective means of utilizing excess electricipweverwhile battery technology has seen substantial
improvements in recent years, the cost associated with this method of energy storage is still quite high
[37], andthe primary downsidef the CESSis the added costoupledto the wind turbine systemThis
added cost reducethe economg viability of the investmeniThe added cost of thiEESSand its impact

on economic viability will be analyzed in this chapter.

As was shown in Chaptey e installed cosbf the wind energy systens ialready high enough
to make investingn wind turbines prohibitive in many applicatios system that integrates a wind
turbine needs to accomplish two things in order to be economically viable, utilize all excess electricity
andmaintain a relatively low added cost to the wind energy syst®me system that hathe potential
to integrate the wind turbinesuccessfully igirough aheat pump Throughout the course of the yea
substantialamount of energy is used in homes to provide the heating and cooling needs of the house.
An electric heapump would allow excess electricity to be utilized by essentially sterieggyinside
the house andthereby, offsetting the amount of purchased enerdyeat pumps are used to provide
both heating and cooling loads, and it is assumed that this use cifieley would be utilized in a house
that already has an electric heat punmgubsequentlymaking the addd cost to thewind turbinesystem
negligible Integrating the heat pump as an auxiliary load will substantially increase the total electric

load on tre house, and the impact of this will be considered.

49



The analysis of theconomic viabilityof the CESSand the heat pump systemvill require
characterizing a number of elements in order to determine economic vialilgse include
descriptionsof the ekctric load in a house, temporal variations in the wind speedian analysisf the
heat transfer in a houséll of these are quite varying in nature, and an accurate analysis for a given
application would require colidering the specific profiles of égiven applicationHowever, as the
attempt is to understand the general viability of the integration of tleat pump the portrayalsof the
indicatedelements will be simplifietb make such generalizations possitlibéese abridgedassumptions

will be dentified 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
electricconsumption in the house at the time of consumption, has a largaangn the viability of
integrating the turbine into thdhome energy systenHES. It affects both the sizing of the wind
turbine, the sizing of the energy storage systeand the amount of generated excess electricitdeally,
energy consumption and pradtion would match each other, and there wourldt be excess electricity
generated by the turime. Since both the electric loads and the generated wind power independently
fluctuate over time, load imbalance will always exisaimind turbine systemAs mentioned prior,
methods of utilizing excess electricity at full value need to be implemented to cope with the load
imbalance present in the systernalyzing the suitability of different methods requires characterizing

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

Characterizing the electrical load in a house is not an exact scieleotrical consumption
depends on many factors including the size of the residence, number and lifestyle of occupants, the
number and effiency of appliancesand consumption varies temporally with the season, day of the
week, and time of the dayBoth the amount of electricity consumed and the timing of that consumption
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are significant aspects of electricity use in residendes.2 (-dzi2186de¥s areused to generate

synthetic models thatharacterizeesidential electric consumption, but it is generally agreed upon that
these models require an extensive understanding of the local household, appliancesonsumption
patterns[38]. The other method to characterize electric loads is to perform numerous case studies on
different residencesOne notable study was performed on twelve hone€anad439] which logged

the power consumption in these homes on one minute interyalkile there waglefinitivelyshown to

be a general trend for large period§the day, over the course of the year there was substantial
deviationbetweenthe hourlyand mean electric consumptiofihe study also compared its findings to
what a bottom-up model would have predicted for the given hous@#ile it was found that the
bottom-up modelmaderelativelyaccurate predictionin 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 chamed in Chapter By aRayleigh 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 timdt canbe expected thatn aday, 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 eventSometimes there existscorrelation between the time fothe day and expected wind
speed, but normally an attempt to model the wind speed in a-rmmdom manner is not warranted.
Another issue with modeling the wind is tperiod over which the Rayleigh distributios valid.In
Chapter 2the Rayleigh distrilition was employed to estimate the energy capture over the course of
the year.lt is generally admitted that ithat periodthe wind speed resources arelativelywell
modeled by the Rayleigtistribution[11]. However, the shorter th@eriod, the less likely it is that the

Rayleigh distribution accurately models the distribution of the wind.
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Thus, there is significadifficulty in characterizing electric and wind profiles in a wowvial
manner.Fa 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 @weh as an hourly basis)
can yield reasonable estimations for the load imbalaacsdassociatedequired size of an energy
storage systenfd0-42]. Without specific electric load and wind resource information, a more

generalized approach tanalyzing load imbalance is required.

Hence, themethod proposed will consider analyzing the average electric load consumption and
average generatk electricity for a given montlj43] suggests this as a reasonable approach for analysis.
For most homeowners, the monthly electrical consumption of the residena known quantityOne
assumption made in the analysis is that the amount of electricity generated by the turbine is a known
guantity via thecapacity factor@;). This assumption is more or less valid over longer or shpagods
Becausehe instalation of a wind turbine is not meant to provide an autonomous system but rather an
economically viable means of generating electridlg, important aspect iminimizing the amount of
exceselectricity generated by the turbirieptimized according to & economics)Whether tisis
accomplished through immediate consumptionthrough storage for use latewhat is to be avoided is
selling electricity back onto the grifihus important for the analysis is notrainute-to-minute
tabulation of the energylow in the system, but rather a larger piceuof the conditionghat will
generate excess electricit@f note, thereexists a strongorrelation between the size of the energy
storage system and the amount of excess electrigégerated42], 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 aofdume that it is
desirable to run the system autonomou$fi]. While this method is suitable for effrid applications
that need a certai amourt of backup power fotimes when the turbine is not producing any electricity,
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it isnot as suitable for this analysis in whitte important issuds not that of running out of electricity
but that of not producing excess electricittVhat is needed is eelationship between the size of the
energy storage system and an amount of excess electricity generBtesimethod of analysis is not as
prevalent in the current renewable energy systeialogue but one notable reporby Celi{45]

attempts to discern this relathship for small wind turbineg.he eport presents a simplified algorithm
for estimating the performance of smatale wind energy systems which have battery stogigen
knowwind distribution dataHour-by-hour wind speed data is taken from five locations over an eight
year period. The data is used to simulate the performancesystéem ofthree small wind turbinsg lead
acid batteries and a loadThe report defines the syam performance(Xs,9 in terms ofthe percentage

of time that the turbine system is able to deliver the demanded |34 performance is analyzed
according tahe available wind resourcethe ratio of the monthly produced wind energy to total load
demard during the monthELR  ideally equal to unify and the ratio of the battery capacity in days to
daily load BLR, aka theCES$.The available wind resources are described by a Weibull distributho.
study used four differenBLRs of 1.@, 1.25, 1.9, and 2.M, and calculated the respective performance
as a function of windpeed data and th&LR The result of the studis amathematical relationship
expresingthe system autonomy (i.eperformance)or the above mentionedLRs in terms of theELR
andfor a given wind speed distributiofihe analysis if45] is similar to the type of analysis needed for
determiningthe size of an energy storage system that optimizes the economics ef/ttem The data
taken from Celik was generated assumingyeibull wind speed distribution with 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 variabylin the wind. A scale factor of 5.5 m/s was chosen because that
correlates to a capacity factor in the range of2Z8446, 47]. The case studies and performance reports
of small wind turbines presented prior suggest that this value is high; however, as preseftdulah?2,

given current turbine costs capacity factor of 20% about the minimum a turbine can achieve and
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still maintaining viability (for larger turbinesh capacity factor of 205% tries to compromise the actual
turbine performance with what needs to be achieved. A shape factor ofs2civasen because that is

the default value for a general analygig].

sys

X
0.6 . --X--ELR=4
Bigger CESS :
05 i —> i m——— \aX XSYS
0.8 1.0 1.2 14 1.6 1.8 2.0
BLR

Figurel0: Performance analysis of wind turbine system tak@elik[45]

FigurelOdepicts the realts of the report The performance is the amount of electricity thiat
utilized at full valudideally equal to unity for maximizin®R), and theBLRis the amount of energy
storage space associated with the performafideally equal to zero; hence, macurred cost for the
CESS. Data for four differenELRs (100, 1.33,2.00, and4.00) is shown. As can be seen, as BidR
increases so does the system performance. Also, as the syEt&increasesso does the system
performance.The system with aiELRof 4.00reaches a system performance of one &laRof 1.25,
while the system with aiLRof 1.00 never quite reaches full system performance, though iéittiRs
higher than 200it inevitably would.This makes sense because this report analyzes perforrianc
terms of the percentage of loads that are being met. Tlnsincrease 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 consumptio®f note, certan 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

valuesis that they are used in evaluating a linear regression analysis of the data (disculkseithd)

Themain differencebetweenCelikand thepresentanalysis is thain the present analysihe
outcomes areneasured in terms of thpercentage of generatedectricity that is utilized at full value
(i.e, minimizing excess electricityjorCelikQ & S, & MighévHiLR(and bigger wind turbinelesults in
greatersystemperformance whereas for the present analysj®perating at a loweELRwould result in
better systemimplementation (less potential for wasted generated electricifgplications in which the
turbine is sized smaller than the household consumption would require smaller energy storage systems
in order to minimize excess electricity generatiéior the case where thELRequalsone, the
discrepancypetween the two analysedoes not existGiven thatthe current analysisneasures success
in a reverse context to th€elik the efficiencies associated with varyiB§Rs inthis report are assumed
to be equivalent to the efficiencies associated with the inverse oBhRfor Celik ¢ K dza ELRfofA { Q&
4.00, 2.00, 1.33, and 1.Ghdthe associated performaneare equivalent toELRs of 0.25 0.50, 0.75,
and 1.00in this report.Granting this assumptio®BLR will take on the new definition of being the ratio
between the battery caacity and the daihgenerated electricity. The revised Celik data results in 16
data points all within 8 L Rainge of 100to 2.00. In terms of optimizing the cost economics of the
turbine investment, the range of thB L Rdues and associated system fs@mance values needs to
be extended from a minimunB(L R@00) to a maximumBLRQ I, approximatevalue for which
ELR=100result inXs,s0f 1.00). The best method for extrapolating this data is debatable; a linear
regression analysisf the four data poits for eachELRvalueas shown irFigurel0resulted in Rvalues
0f0.84,0.87,0.91,and0.94 for ELRs of0.25, 0.50, 0.75, and 1.00. Given that the mathematical

relationshipbetween the BLR and ELR determined by @aikderied from data quite varying in
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nature, these levels of variance in the linear regression are thought tovibenough to warrant a linear

extrapolation of the data.
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Figurell: Revised system performance ingling extrapolated data

Figurelldisplays thesystemperformance values associated with the differ&itRsassuming
the invertedELRs of 1.00, 0.75, 0.5, and 0.25The performance values associated witBlzR6of 0.00
and3.00are the results of a linear extrapolation of the performance valueBL&¥s 0f1.00, 1.25, 1.50,
2.00. As can be seen, a smal#mRresults in a smaller associat&dL Radachieve full system
performance All of theELRsreach full system performance ek aB L R©3.00 is required. On the
small end, a system with &LRof 0.25 reaches full system performance &8 4 RH1.25, and on the
large end a system with &ELR of 1.00 reaches full system performance aBaL RH2.66. In terms of
application,this means that a wind turbine system designed to generate all ofithesehold electric
consumption would require battery storage of 2.67 times the generated amount in order to atiliag
the electricity at full value (i.e . not waste any or sell backhe grid); a wind turbine designed to
produce onefourth 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 factor28¥@®r an

average elocity around 5.5 m/s).
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Figurel2: Surface plot oELR, B L R@ndXsdata

Figurel2is a 3D contour plot of the data presentedrigurell; the plot was generatebly a
linear interpolation of the dat@oints shown irFigurell usng MATLAB 2009a softwarEhe surfae
plot maps the system performance for every combination ofthidkandB L Rid the rangsof 0.00 to
1.00 for theELR and 0.00 to 3.00 for th8LRQ Maximum performance values are capped A A
system with arELRof 0.00 indicates that zero energy is being generatedithe associated system
performance value is assigd to be 1.00 for all values 8fL RBecause the utility bupack rate is
assumedow, it does not make sense to produce more electricity than can be consumed over a large
periodand ELRs greater tharil.00were not consideredrigurel2 maps the system performander
every combination oELRandB L Radd the given ranges, and this data will be used to optimize the size
of the wind turbine and the&nergy storagdor a given household electric consumption according to the

20 year ost 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 metepaolicy, some form of
energy storage needs to be integrated into tHESin order to utlize the electricity at full valud.o
illustrate this point, consider th20-year cash flow analysis presentedTiable9, but now assuméhat
all excess electricity is sold back to the utility company at an avoided cost v&#0®38fkW-hr. Without
any form of energy storage, tH&LR of the system is 0, and the correspondiXgsis 52% (i.e, 52% of
the generated electricity is utilized at full valdey the system with afELRof 1. The original results for
a given turbine gie and capacity factor yielding a specifiBdR of 5% were listed ifablel3 (the IRRof

5% corresponds to the discount rate which results MPy/of $0.00 on the investment).

Tablel4: NPV for investmert on a turbine assuming onl$2% of electricity is utilized at full value

Discount Rate5%
Rated Power| C; 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)

Tablel4 shows theNPVof the different turbine systems when a substantial portion of the
generated electricity is excess and sold back to the grid at the avoided cost tesidlergshe same
turbine size, capacity factor, and discount rate asablel2 which resulted ifNPVvalues of$0.0Q At a
discount rate of 5%, all of the turbines possess a substantially nedéfivelnteresting to note is that
underthese conditions the smaller turbines now appear to offeelatively betterinvestmentbecause

the value of the produced electricity has dropped such that purchasing a larger turbine is not worth the
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added costeven consideringhe economicof scale The purpose offablel4is toclarify the

importance of minimizing excess electricity on the economic viability of the wind turbine.

Employing &ESSs one method of minimizing this excess electricitye CESQutilizes
batteriesto storeelectricity produced by the wind turbinthat is not immediately consumed in the
house.Four battery typeghat are most suitable fosmallscalerenewable energy systems adead-acid,
nickel cadmium, nickel metal hydride and lithitiam [37]. Leadacid batteries account for 79% of the
rechargeable battery market share as of 2(88], and they continue to offer the mosbst effective
means of energy storad8&7, 48]. In terms ofcosteconomis, three important considerations for
choosing a battery type are cost per KW of storage, deptfof-discharge and cyle life.Deep cycle
lead-acid batteries have relatively high ratesdupth of dischargeup to 80%, and the cost of energy
storage is well below the other three battery typgs]. The main downside to lead acid batteries is
their relatively low cycle lifeGiven a20-year turbine cycle life, battery cycle life isignificantly
important consideration for a battery storage systeBven withalow cycle life, baed oneconomic

consideratiors, lead acid batteries still offer the most cost effective means of storing electf&fty

Deep cycle lead acid batteries cost on avera2@0per kWhr of storagg48]. Depending onhie
size ofthe battery bank utilize, this represents a significapbrtion of theinitial investment.The
operating life of these batteries is largely dependent on¢harge and discharge operational
characteristicsOf note, batteries that are discharged at higher current ratesafldg) and to higher
levels ofdischargewill have a reduced battery life as compared to batteries that are discharged at lower
Grates am lower levels otlischarge however, this is difficult to quantify and not considered as part of
this analysis. Instead, a simple assumption thegmlcycle batteries can withstand upwards of 2000
cyclesunderproper careis employedin a renewable eneggsystem this translates to an operating life
of roughly 10 years, andii expected that the battery bank be replacedce over the20-year life of
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the turbine. The cost analysis wdkcount for this by assumirgbattery operating and maintenance
costthat over the course of 20 years adds to the initial cost of the battery gaslen that battery
technology is increasing and battery costs are reducing, it will be assumed that the price reduction in
battery costs is equal to theurrentinflation 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 usinga CESS

Optimizingthe cost economics of a wind turbinestgm that utilizes &£ESSequires that both
the amount ofelectric consumption in a given time period aheé 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 considerBte wind resoures are important for
determining the capacity factor one could expect to achid&mentioned prior, thianalysis will
assume that wind speeds are such to achieve a capacity fack28% Reiterating, the small turbine
case studies and performancepats suggest that this value is optimistic, but the economic results
presented inTablel2 require this level of performance or highdie discount rate will be analyzed at
5%, and the turbine systems will be optimized to acki@aumaximunNPV. Theoptimizationwas
achieved using the same analysis as presentdabie9, but assuming &lAEPand battery storage cost
according to the systeBLR andELR X s determinedfrom the MatLabsurface plot ofigurel?2 for
a givenELRandBLR, and its value determines the percentage of the generated electricity sold at full

value ($0.11/kWhour) and the percentage sold at avoided cost ($0.03#&\r).
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Tablel5: Optimal NPV for CESSwith turbine capacity factor 0f20%

Consumption | ELR | BLRO | X | Turbine Sizg 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 | 0.87 191 (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)

Tablel5lists the optimaELRandBLR' configurations for varying levels of residential electric
consumption assuming a capacity facto26%and a discount rate of 5% he firstthing to note is that
the values oBLR for all configurationsre zero.This means that at current batteryiping 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 bettdif selling excess electriciback to the gridatherthan
trying to store it in batteriesWithout ary form of energy storage, it is evidethiat utilizing a system
with a lowerELRresults in a better economic returlVind turbine systems that generate less electricity
compared to the household consumptiavill utilize a higher percentage at full valughecost
economics are optimized ifablel5at ELRvalues 00.11. Essentially, the capacity factor is too low to
make investing in a turbine worthwhiland it is economically more profitable to focus on higher system

efficiencythan a higheNAEP.
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Table16: Optimal NPV for CESSwith turbine capacity factor of 25%

Consumption | ELR | BLRO| X | 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 (1087520)
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)
4000.00 045 | 0.00 | 0.68 10.00 (6545.35)
*Sized to sty within residential turbine bounds-10 kW

Tablel6 performs the exact same analysis as previously presented except now a capacity factor
of 25% is assumedhe result is substantially different. While the cost of energy s®iadatteries is
still too prohibitive to make it viable, the system is optimized with much larger turbiftes size of
turbine is capped at 10.00 kW; this is the upper end of the range of-seal# wind turbineOf note,
the system performances ifiable16 are lower than iriTablel5. This suggesthat the economics of
scale associated with purchasing larger turbihas a significant impacin the overall economic

viability of the turbine

Tablel7: OptimalNPV analysis withreducedbattery costsand capacity factor of 20%

Consumption | ELR | BLRO| X | Turbine Sizg 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.® 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)
4000.06 0.36 | 1.26 | 0.98 10.00 (9536.11

*Sized to stay withingsidential turbine bounds-10 kW
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Tablel5andTablel6illustrate that relying orbatteries for storing excess electricity is not an
economically viable optiorAt $200/kWhr and al0-year cycle lifethe initial cost and eventual
replacement of the batteries results in a substantially negaii?/on the investmentlf the initial cost
of these batteries could be reduced, or the cycle life extended, they could potentially provide an
economically vialel means of storing energ¥ablel? performs the same analysis pgeviouslyexcept it
now assumes that the battery costs are halved and the battery life is doubhésicost reduction and
performance improvement is shown to imgtahe design of the system in terms of utilizing battery
storageand a larger turbine, buhe impact on theNPVis not large The system performance is higher
thanin Tablel5by over 10% and the turbine size is three timesdargut the cost associated with the
utilizingbattery storage as compared to the revenue generated byNiAd&EPrenderit too high to really

affect the economic viability.

Table18: Optimal NPV analysis with reduced battery costsna capacity factor of 25%

Consumption | ELR | BLRO| X | Turbine Sizg NPV

kKW-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)
250000* 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 staywithin residential turbine bounds-10 kW

Tablel8disdays the results associated with a capacity factor of 25% cduwyté lower battery
storage costsAs can be seen, a higher capacity factor dramatically affects the economic viability of
small wind turbinesGiven this capacity factor and associal¢8lEP, the revenue generated by the
turbine is enough to warrant investing inlarge enough energy storage system to render a system

performance ofL.00. For the higher consumption months, a maximum sized turbine is employed to
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optimize the cost economicEorthese entries, as the consumption increases Bidk decreases,

resulting in a reduction of the size of energy storage needed to optimize the system performance. This
results in a lower cost and highBIPV. Operating at this higher capacity factor and thesduced

battery costs is close to yielding a rnagativeNP\s 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 turbine®tprovide an economically viable means of generating
electricity for applications without a nehetering arrangement, they need to be integrated into the
HESin such a way that electricity can be stored in a cost effective mawseseen from the prior
analysis, current battery technology does rallowthisto happen One technology that has the
potential to allow for successful integration of the wind turbine into tHESis that of electric heat
pumps.The heat pump functions as an auxiliary |daalt utilizes excess electricity by storing it in the
form of energyinside the houseThere are a number of features of this integratib@at make it suitable
for wind turbines.Foremost is that this method of energy storage is essentially free (as it is atsume
that the heat pump already exists as part of tHES removingadditional capitafrom the investment.
Also of importance is thdteat pumps are able to provide both the heating and cooling loads in a
residence rom Figure2, the spaceheating and cooling loadsccount forroughly 50% of the energy
consumedn homes.This implies that this auxiliary load is large enough that storing excess electricity in
the form ofenergywill retain the full value of the electricityzinally there is a direct correlation
between the heating and cooling load on the house andwire speedof the outdoor aif49]. Using a
wind turbine to provide heating and cooling loatsis represents in some sense a synergistic

integration of the wind turbine into th&lES
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This section malyzes theeffectthat electric heat pumps can have on the cost eaoics 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 resideti@so considers the conditions under which
storingenergyin the house is not Maable and the excess electricity utilized by the heat pump does not
retain the full value of the electricityAlso, given that using an electric heat pump to provide heating and
cooling loads substantially increases the total electric load on the holseftect 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

I2 Comrpreinion -\

|1 Condensation

\

Figure 13: Heatpump cycleillustrating operation[50]

Heat pumpauserefrigerationand heat pumgyclesto transfer heat from one location to
another. Their indamental operation centergn powering a compressor to either heat or cool a
refrigerant fluidthat extracts heat from aifor provides heatjnside a conditioned spacEigure 13

depicts the basic operating principles of the heat pump cyéat pumps employ reverse valve
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technology thatallow both vaporcompression refrigeration cycles amdporcompressiorheating
cycles to take place, meaning that heat pumps can be as used to provide fahbdtkating and
cooling loads in a residencehis is unlike a normal HVA@eating, Ventilation, and Air Conditioning)
systemthat uses different appliances for héat) and coolingand 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
evaporatorcoilsinside the hous®ver which a fan blows ailhe refigerant extracts heat from the air
that increases the temperature of the refrigerant and causes it to evaporalive refrigerant is then
sent through the compressdhat pressurizes the fluid and causes a substantial increase in temperature.
The fluid then moves through condenser codlatside the house by whidheat is extracted from the
refrigerant fluid.The loss of heat results aondensatiorand the refrigerant leaves the condensing unit
as a warm liquidThe rdrigerant is now sent through an expsion valvethat depressurizes the liquid
and reduces its temperaturand the cycle is complete@he heatingcycle isvery similar to the cooling
cycle, except the reverse valve causes a reverse of the pradessefrigerant absorbiseat from the
outsidethe house, and transfers into the inside air of the houdew, the coils inside the house form

the condensing unit and the coils outside the house form the evaporating unit.

Thecoefficient ofperformance(COP) of the heat pump is a measure of thesiable heat
transfer to the amount of work inpuf-or cooling, the heat output is the amount of heat extracted from
the inside air; for heatingt is the amount of heat extracted by the inside dihe work input is primarily
the amount of energy used byélcompressor in the cycle, but it also includes the energy used to
operate the fans used for aiding the convective heat transfeoretical limits for coolinGOP(l ) and

heatingCOP( ) are givenrespectivelyin the following expression®1]:
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Tinsi e (14)
Braxy == 2—[~]
Toutside- Tinside
=Tin¢[~] (15)
T T

inside ~ ! outside

Theseequations arghe maximum theoreticagfficiencieghat the heat pump is able to achievas is
evident from the equations, the gater the temperature difference between the inside air and outside

cooling/heating source, the less efficient is the heat pump.

In current residential usehere are two primary types of heat pumjear source heat pumps
and ground source heat pumps2]. Air source heat pumps use the outside air as the sink and source for
the heat exchange with the air inside the houSgound source heat pumps use the ground itself as the
sink and source for the heat exchange with the air inside the hdugacallywater is circulated in
tubes through the ground, and the refrigeration fluid exchanges heat with this whlter majority of
heat pumps installedbr residential units in théJ.S.are airsource heat pumpsrhe main disadvantage
of air sourceheat pumps is that at low outside air temperatutbese units argelativelyinefficient, and
depending on the climate a supplemental heat source is necefsZr\Becausdhe ground maintains a
constant temperature of around 56 duringthe 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 syst4b?].

In the markef heat pump efficiencyelated to the cooling cyclis most oftenmeasuredn
seasonal energy efficiency ra(SEERSEER the ratio of theseasonatoolingcapacityin BTUs to the
amount of electricityusedin watt-hours.lIt is calculated based on averaging the performanchetheat
pump under a number of different conditionSor an air source heat pumgpwasfound that a heat

pump with aSEER ratingf 13 resulted inl equaling3.17 [53]. Heatpump efficiency related to the
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heating cycle is most often measured in heating season performance {&$6); and it is also a
measure of the seasonal heating eajty in BTU per wathour of electricitysupplied.A report studying
the operation of two heat pumpsiWashington state with HSPFs of 8.2 and 7.2 resulteda&uesof

2.7 and 2.2respectively[54].

Heat Transfer in a Residence

One of the primary functions @f residence is to provide an enclostinat separates an interior
space from the outdoor environmenthis enclosure regulates a number of factors such as temperature,
moisture, air flow, and air quality so that a comfortable living environment can betairaéd. Due to
this separation from the outdoor environment, a substantial amoof thermal loading resultSom
regulating the indoor air temperature and midity at desirable leveld-rom the vantage point of the
conditioned space htermal loading restingin heat transfer into or out of the building encloswecurs
in the following primary ways:

9 Heat conductioracross the wall membraneetween the indoor and outdoor
environment (sensible heat)

1 Heat convection from wall surfacesttoe indoor air(sersible heat)

1 Radiative heat transfdransmittedinto and out of the building enclosufgensible
heat)

1 Sensibleand latentheat loss or gain from outside air entering the enclosure

1 Sensibleand latentheat generated by people and appliances inside theark

These different methods of heat transfer result in a substantial amount of energy being used to
maintain or regulate a comfortable living enviraent. Both sensible and latent heat transfers
contribute to the thermal loading on the residendhe pupose of the heating and cooling system is to

keep the interior of the residence at a determined temperature and humidisyheat flows into or out
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of the residence, the heat pump has to deliver or take out certain amounts of fikratfollowing

understarding of heat transfer in a residence is primarily taken fidailding Science for Building

Enclosuredy Straube and Burneft9).

The total heat flow into or out of thterior conditioned spacés given by

Qrotal = QMembrane -iQTransmitted Q—S Airexchange Q- L eAghange Qs-l-—lnternal QLtnternal Q Hee-thur (16)

where S L represent sensible or latent heat flow&),,.,.....iS the heat exchange that takes place across
the wall membraneof the building (exterior walls, windows, roof, and floexcluding transmitted

radiation, Q;,,.....eqiS the radiated heat directly transmitted through the wall membraneglizing
Q'Airexchangeis the heat exchange resulting from exterior air entering the building through the building
sun‘ace,QIntemal is the heat excange generated inside the residence primarily by people and appliances,
and QHeatPumpis the heat exchange provided by the heat purApr a residence maintaining a constant

temperature and humidity&.will be equal 6 zero and the thermal load on the heat pump can be

analyzed by considering the various other heat exchanges taking place in the resitiememalysis
proceeds to determining the governing equations used to analyze the magnitude of each of these

componers.

Membrane Heat Transfer

Figurel4: Heat transfer across an exterior building surface
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