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Abstract

This project is targeted at understanding of ditfies which renewable energy
feasibility process, particular medium scale wimd golar PV, is accomplished with,
including detailed energy resource assessmentysagabf energy demand data,
choosing the size of the unit, and estimating ecoo@nd environmental benefits and

drawbacks of different technologies and their carabons.

Wind and solar PV technologies are briefly overeewn the first part of this paper,
following by theoretical approaches to calculatiohpotential energy output at rural
and industrial locations. Based on a case studyBafr Limited office and
manufacturing territory at Killoch, a process oboking a potential location of wind
turbines and PV panels was described with a rederém local characteristics which
affect the power generation.

The potential annual energy output was calculatelcmmpared with the demand of
the company. Using results from these calculatigmeposed renewable energy
generation types were compared between each offyireg financial benefits

calculations and evaluation of environmental ardatampacts.

To sum up, each of the technology and unit sizedwas benefits. It was found that
for wind energy with increasing of turbine size dnib height the financial outcomes
are higher because of the greater wind speed. ¥deéhnology is also beneficial to
increase the power output, however about 75% ahfiral incomes for both — PV and
wind energy depend on Feed-In tariffs which de@eath the size of the installed

power capacity, so for example for PV it is lessfipable to install more than 50kWp.

For wind energy negative environmental and socraacts are higher than for PV
panels; however as for financial outcomes, theyhagber for wind turbines. So the
choice technology — wind or solar energy - shoudd dzcurately weighted with
understanding of all problems that could occur myrrenewable energy system

operation.



Acknowledgements

It is a pleasure to thank those who made this sh@sssible. First of all | owe sincere
thankfulness to my supervisor Prof John Counselbafbhis support and guidance in
the correct direction throughout the work at thiesis. | am also grateful to
Dr Andrew Grant for all his time and assistanceunmderstanding of complicated

topics.

In addition, | would like to express gratitude tarBLimited, especially Ali Sheikh
for his encouragement and invaluable assistan@dsd appreciate help from Roy
Amner (The Green Company, Glasgow) and Robert K@lylway Solar Systems).
Not many business companies support students adoouam very thankful for this.

Lastly, | would like to thank my friends Diana Bllj Romain Petinot, Setta Verojporn
and Alvaro Corral Gonzalez for being close durinig tarduous as well as wonderful

year at the University of Strathclyde.



Table of contents

Y 0153 1 = o SRR 3
ACKNOWIEAGEMENTS ...ttt s 4
Table Of CONLENTS ... e e 5
S o ) T U =SSP 8
LISt Of tADIES ... e 11
a1 goTo [¥Tox 1 o] o AP URRPPPPPPPPPPRRTRR 13
1. TopIC bacKgroUNd ........coooiiiiiiiiiiiiieeeeee e e 15
1.1. Global interest in Renewable ENergy.......ccccccceeiiiiieiiiiieeeeeeiiiiceeee e 15
1.2. Local Interest in Renewable energy .......ccccoeeeeeeiiiiieiieiiiiiiiciieee e 16
1.3, LItErature FEVIEW .....ccccceeeiiiiiiiiieeeteieeeeee ettt e e e e e e e e e e e e eeeeeeeebennnnes 18
2. Photovoltaic teChNOoIOgY ........uuiiiiiiii e 20
2.1, SOlAr TESOUICE ....ceiiiiiiiiiiiee e e ettt eeee s 20
2.2, TYPES Of PV .ottt e e e e e e e e e e e e e e e e e ennne s 21
2.2.1. Monocrystalling SilICON...........ooviiiiiiiiceeeee e 21
2.2.2.  Polycrystalling SiliCON ..........ooiiiiiiii e 2.2
2.2.3. TRIN-IIMS oo 22
2.3. PV appliCAtiONS ........ccovviiiiiieiiiies s s s s e e e e e e e e e eeeeeeaaessennnnn s eennes 23
2.3.1. Large—scale Solar POWET ........coooiiiiiiiieeeeee e 23
2.3.1. Small and medium-Size Solar POWET ............eeieiiiieeeeeeeieieeeeeeiiiiiinns 24
ST\ 1o To I =T =10 VA (=Tod o1 o] [ o |V 20 25
3.1, POWET fTOM WINA ....ouiiiiiiiiiiiiiiiiiiii ettt 25
3.2 WINA ALA ..eeiiiiiiiiieeeeeee e bttt e e e e e e e e e e e eeeeree e 26
3.2.1.  Logarithmic wind profile ... 27
3.2.2.  Turbulence INENSItY.........ceuuuuuuiiii ettt 9.2
3.2.3. WINd dir€CHON ...ttt cmeee bbbt e e e e e e e e 30.
3.3, WiNd turbiNES raNQe ........oeeveiiieicie e 30
3.4. Wind power CONtrol SYSTEMS ......uuuuuuuiiiieeeittiiea e eeeeeeeeeeeanans 1.3
74NV =11 0 ToTe (o] (o0 | YRS 33
(O 1T IR (1[0 Y 34
5. Weather data - mining and analysSiS.........cccceeerurrruiiiiieeeeeeeeeeeeeeeeiiienae 34



5.1, WINd Speed data ........ccoeuuuiimmiiiiiis s et 35

5.1.1. Roughness and height factors ..............coeeceeeveeeeviiiiiiiii e 36
5.2, WiNA dir€CHON .....ciiiiieee e 38
5.3, ODBSLACIES ....coeiiiiiiiiiiice e 40
5.4. Wind turbines and aviation .............cccooeeemmmiiiiiiiinnneeeeeeeeeeeeeeeeeeeeennnnn 40,

6. Energy demand @nalySIS ..........uuiiiiiiiiceeeeeeiei e e 43
7. Renewable energy eqUIPMENT..........cco. . o eeeseeeeeeeeeeeeseeeenenssssnnnnnnnnnns 44
7.1. PhotovoltaiC PANEIS .......euuiiieie e 45
7.2, WINA tUIDINES ...eeee e 46
8. LOCAl SItE ASSESSMENT......euuuiruuiinns s s e e e e e e e e e e e eeeeeettbbnaa e s e e e e e eaaaaas e e e s 47
8.1. PV SYStem l0CAtiON ........ccceiiiiiieieeree e a7
8.2.  Wind turbine loCatioN...........ccooeveiiiiiiiiiiiiiiiiiiiiiieiiceeeceeee e 49
9. ReSUltS and @nalySIS .......ccooiiiiiiiiiiiieeee e 51
9.1. Solar PV energy ProduCHION ............uiiiccceeeeiiiiee e e e e e e e e e eeeeeeeeeens 51
9.2. Wind energy ProduUCTION ..........uuueeiiiii s eeeee e e e e e e e 53
9.3. Energy from wind-solar combinations...........ccccceevvviiiiii e, 57
9.4. Energy management & renewable energy generatian.......................... 59

10. Renewable energy System €CONOMICS........ o eeeeeeeeeerrimnnnniaaaaneeeeaaeeeee. 03

O T O o = L o0 ] £ S 64
10.2. Operation and MAINTENANCE ............ccees o e e e e eeeeeeeeaeennnnr e e eeeeaeeaaees 67
10.2.1.  Wind turbines O&M COSLIS........cceviiiiimiiiimmmmm e 67
10.2.2.  Solar PV panels O&M COSIS..........uuuuiiiiieeeiiiiiiae e 70
10.3.  Financial benefitS............ooooiiiiiiiiicemeee i A L
10.4. Payback period ..........cccevvviiiiiiiiiiimmmceeeeeeeiiienn e e e e e e e eeeeeennseneeen d A
10.5. Net present value and internal rate of return cceee.....veeeiiieniieieeieiieeee, 76
11. Environmental and social impact...........ooovvieiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeen oL
11.1. Carbon dioxide emissions and SAVINGS ......ccceeeeerrrrrrrmmiiiaieeeeeeeeeeeeeen. 78
11.2. Wind energy environmental and social impact ...............ccccevvvvvvvinnnnns 79
11.2.1. Sound pressure level calculations ..........cceeeiiiiiiiiiiiieeeeeeeeee 79
11.2.2.  VisSU@l €ffECTES ....uuiiiii it 83.
11.2.3.  Effect on Dirds’ life ......coooiiiieeee 84
11.2.4.  SOCIAl IMPACT......ceeeeiiiiiiiiee e e e e e e e e e e e e e e e e e as 5.8
11.3. Environmental and social impact of solar PV energy.............ccccceu..e. 86



11.4.  Operational hazards ............ooeuiiiiiiiicmmmmme e 87

12. Variability and uncertainty of wind and solar PVWET ............ccccevvvvvivinnnnnnn. 89
(@] o[ 1153 o] o R PP PP PPPPPPPP 90
FUMNEI WOTK ...ttt e e e e e e e e e e e e eeeeeeenees 92
] 115 PP TOPPT 93
RETEIENCES ...t ettt e e e ae e e et e e e e e e eees 108



List of figures

Figure 1 UK domestic (dashed line) and industsalid line) utilities price including

taxes, 1979-2010 (Department of Energy & Climat@ngie, 2011) ...........ccceevvenennns 17
Figure 2 Onshore and offshore operational wind famapacity (RenewableUK,
1220 5 ) PRSPPI 25
Figure 3 lllustration of power coefficient/tip-sgkeatio curve, @ (Olimpo Anaya-

= U= T2 010 1 TR o T ) [ PP 31
Figure 4 Passive and active stall regulation atchgrower control (M.Ragheb, 2009)
............................................................................................................................ 32
Figure 5 Project methodology diagram.......cccccece oo 33
Figure 6 Annual mean wind speed, Prestwick airpofs, (NERC Data) .................. 35
Figure 7 Wind speed distribution, Prestwick airp@889 ..............cccoeeiiiiiiiiiiiiininnns 35

Figure 8 Annual mean wind speed in 1km square #bdfi (red) and Prestwick
Airport (blue) locations at the height of 10m (Dep@ent of energy and climate
change (A)), see annex Table 23.......... oo 36

Figure 9 An example of logarithmic profile of wirgppeed with height for different
o8 ]e ] gl g TSI SR (=T o 1 1RSSR 38
Figure 10 Wind rose, Prestwick Airport, illustratesm which direction wind streams
AT COMING). +eiiiiiiiieitttttii s e e e e e e e e e e e et eeeeeeettbbaaa e r e e e e e eeeaaeeeeanaaaaeeeeeeaeeeessnnnnns 39
Figure 11 Wind rose for Prestwick, Gannet at ade&twof 27m, annual (Met Office,

1996-2005) ...eeeeeeeeiiiieieeee e e ettt mmnn e e e e e e e e e e et e e e e e e a s neeaanraraaaeeeannees 39
Figure 12 Turbulence zone behind obstacles witghtéil (Harry L. Wegley).......... 40
Figure 13 Map of tactical training areas and Spddearange in Scotland (Wind
Energy, Defence and Civil Aviation Interests workigroup, 2002) ..........coeeeeeeeeeee. 41
Figure 14 Introductory map of radar restricted ofl@ue areas) for wind turbines
with up to0 60mM height (NATS) .oeveieiiiie e e eeeee e 41
Figure 15 Average energy load during days (blue)land nights (red line), Killoch
] L= PP 43

Figure 16 Typical summer week (1August, 2010), electricity load, kWh ....... 44.
Figure 17 Annual energy output at different tilgls............ccoovvvvrveviiicciiiieeeem a7
Figure 18 Annual power output at different orieas. ...............ccceeeeeeevveeveeennnns 48.



Figure 19 Potential PV location (dashed red line)............oooeviiiiiiiiiiiiiinneeeeeen, 48

Figure 20 Wind turbine proposed l0CatiONS. ..ccceeerrrriiiiieeeeeeeeieeeeeeeiiiie e 50
Figure 21 Difference in power output from 50kW RMnuary (Left) and July (right).
............................................................................................................................ 52
Figure 22 50kW solar PV energy generation, mondigyribution. ........................... 52
Figure 23 Annual 50kW PV Supply / Demand profile...........ccccovvviiiviiiiiiiieennnn, 52
Figure 24 Energy generation by wind turbines 50kMQkW and 330kW of rated
010 YT PRSPPI 54
Figure 25 Energy supply (green) / demand (red) ahprofile of 50kW(left), 100kW
(middle), 330kW (right) wind turbiNes ........ccceeiiiiiiiiiiii s 55
Figure 26 Energy production per month by two corabons of equipment............. 57
Figure 27 Power output profile for 50kW PV and 50kMhd turbine (left), and
50kW PV and 100kW wind turbine (right).......cccecuueeemiiiiineeeiieee 58

Figure 28 Example of demand (red) supply (greewfilpr 16/07-19/07 based on
330kW wind turbine energy OULPUL .........ceveueeeiieiiiee et e 60
Figure 29 Failure rates and outage times of wintime components (ISET 2008
cited in (MIlbOrrow, 2010)) ....uuiieeeeee s 63
Figure 30 Cost structure of a wind turbine instadla left — typical 2MW wind
turbine in Europe (Poul-Erik Morthorst, 2009), hig- typical 5SMW onshore project

(RT3 7= 1] L= | 65
Figure 31 Total operation and maintenance costs M&vh of wind energy
(MIIDOITOW, 2010).....cciiiiiiiiiiiiitiiee e s e e e e e e e et a s s e e e e e e e anaaeneeeaeeeeaeeees 67

Figure 32 O&M Costs for selected types and ageturtines (Jensen et al. (2002)
cited in (Operation and Maintenance Costs of Wimth&ated Power)) ................... 68
Figure 33 Operational costs as a function of thibite size (WMEP, 2002 cited in
(Wiggelinkhuizen, 2007)) ......cooiiiiiiiiiiiieeemeeeeiii e e e e e e e e eeeaaeeeeemmnaaseseannnns 68
Figure 34 Annual O&M costs for wind turbines usitifferent estimating methods. 69
Figure 35 Annual O&M costs for PV panels usingeliént estimating methods. ..... 71
Figure 36 Distribution of annual income from reneélea between different payments

Figure 37 Payback period for different systems @dbinations, years .................. 75
Figure 38 Safety distance for the chosen leveissfof ice strikes for 3-blades turbine
with a 50m of diameter (Colin Morgan E. B.) oo 38



Figure 39. Case-study location — Killoch, Scotlé@dogle maps)...........cccceevvvvnnnens 97
Figure 40 Hyundai Solar Module HiS-S218S, technilzdh (Hyundai Solar, 2010) 98
Figure 41 Technical data, Sunny Tripower invert&EP 17000/10000TL-10 (Sunny

Tripower (A)), (SunNny TripOWer (B)) ....oooiiiieeeee e eee 99
Figure 42, Endurance 50kWE-3120, technical data@Eance)...............cccccceeeenn... 100
Figure 43 Northern Power 100kW wind turbine techhispecification (Northern
1771 T ) R 101
Figure 44 Enercon E-33/330kW wind turbine technggacification (Enercon, 2010)
.......................................................................................................................... 102

Figure 45 Site of wind turbines locations (shownndiste stars). Letters identify the
nearest dwellings. GOOgIe MAPS .......ccoiiiccceeeereeeir e e e e e e anees 103
Figure 46 Main office building location (red lineglative to proposed wind turbine
SITES L/2 e ——————— e e e e 104
Figure 47 Life-cycle carbon footprint of differgmbwer generation technologies, grey
— fossil fuels, green — low carbon technologiesl{®@aentary Office of Science and
JICCTed ] o] (o0 Y22 01 ) 107
Figure 48 Examples of FIT rates changes for diffeyears (Ofgem, 2011)........... 107

10



List of tables

Table 1 Wind turbines scale (materials from (GRE@04)) .......cvveeiieeeeeeeeieieeieeeininnnns 30
Table 2 Wind turbines technical data (Enercon, 20@ndurance), (Northern wind).
............................................................................................................................ 46
Table 3 Annual supply/demand data of PV panels 8@k peak power ............... 53
Table 4 Wind power availability..............oeeeeiiiiiiiiiee e 54
Table 5 Annual energy output from 3 types of windoines in undisturbed wind
YT 1 PPN 55
Table 6 Percentage of wind power reduction becatisgbulence........................... 56

Table 7 Annual supply/demand energy data for wimbdihes at different locations. 56

Table 8 Annual supply/demand energy data for twolmoations of equipment ...... 58
Table 9 Capital costs of wind turbines (TGC GlasgBOdl)...........cccceevvvvvvennninnnnn. 65
Table 10 Annual average O&M costs for wind turbines..........cccceeveeeeeiivvveeeeennnn, 69
Table 11 Major elements of PV O&M (EPRI, 2010)..ccc..cuvviviiiiiiiiiiieeeeeeeeeeeeeiieens 70
Table 12 FIT rates (an example for PV and wind netbgies), (Ofgem, 2011) ....... 72
Table 13 Cost of energy consumed on site and edluetgrid .............ccceeeeeeeiinnnnnnn. 73
Table 14 Payback period calculations........cuueeeiveeeeiiiiiiiiiiiee e eeeeeeeeeeeeeeeeee 75
Table 15 NPV and IRR calculations for each SyStem...........cccccceeeveiiieieeeeneneenne. 6.7
Table 16 Wind and solar PV annual carbon footpramd savings ............cccccvvveennnn. 78
Table 17 ISO 1996-1971 Recommendations for commuaitse limits (Weed, 2006)
............................................................................................................................ 80
Table 18 Wind turbines NOISe [EVEl ..........coeeeeiiiiiiiiiiiiiiieeee e 81
Table 19 Noise level from wind turbines at eachatmn................ccccccviviiiiiiinnee. 2.8
Table 20 Noise levels at main office bUlldiNg.ccccc..ooeviiiiiiiiii e 83
Table 21 UK wind farms in operation and under cargdion, 2011 (RenewableUK,
1220 5 ) U EPPP PP 93

Table 22 Values of roughness class and surfacenr@msg length for various types of

terrain (M.Ragheb, Wind Shear, Roughness Classdarbine Energy Production,

Table 23 Average wind speed at 10m height in Prektvirport and Killoch

(Department of energy and climate change (A)).ccccecceeeeeeieee e 94

11



Table 24 Example of wind speed calculations fdo8January ...............ccccceevvrnnnn 95
Table 25 Wake behaviour of Variously Shaped BuddirfMeroney, 1977 cited in
(G = Y ST/ =To | 1= ) T 96
Table 26 Visual impact of wind turbines at Killotrbines location 1)................. 105

12



Introduction

In the light of last economic crises, financialtatslity, and gradual increasing of
energy tariffs, many companies try to stay aflaed ancrease their market share. To
do that they decrease their expenditures, includiak at their energy consumption.
There are two well-known ways to cut energy paymeriirst one is energy
management and saving technologies. The secondsdraving a renewable energy
generation. Combination of both gives the highdétiency for any industrial

application.

This thesis is based on a case study of the Banitédl, which is a large industrial
company with a high range of production and sesvidde policy of Barr is targeted
at decreasing of energy consumption and carbompifioot Owing to information and
help that the company supported this project withwas possible to investigate
technical, financial and environmental issues atveable energy systems installation

in Western Scotland industrial site.

Despite large distribution of renewable energy riespnt time, there is still a lack of
information about technical issues, economic angirenmental benefits. This
happens because the scale of energy units for timaluapplications is not well
developed. Small-size renewables are easier tq plstall and operate; they usually
do not require a detailed investigation of energgpagation and consumption. Those
systems are selling as a kit for households withedessary equipment included. On
the other hand, large utility-scale renewable epptgnts need a very accurate energy
prediction and operation, long planning and agregmperocess. Large scale
renewables are developing by a few companies itJKeThis market is quite closed

and does not share methods and technologies in use.

Medium-scale renewable energy market is exactiwéenh domestic and commercial
energy generation. Medium-scale renewables aresmatell known which cause a
lack of information and delusions about them. Dewtlie profit orientation of

industry and business, the prior investigation okrgy output, economic and

13



environmental effects should be detailed enougintterstand whether green energy

generation could be a goal for a business in WieSeotland to move towards.
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1. Topic background

The energy policy of the UK and high prices on gad electricity forces companies,
communities and individuals to think about locahewable energy generation. The
UK Government adopts different programmes to sugpem in this uneasy decision.
Most of the problems with renewables are well knowar example, high cost and
payback period, low efficiency and unpredictablergy output prevent many people
from installation renewable energy generation eaapt. However, using wind,

solar, biomass or other green energy technologiekl dhelp solving current problems

with high energy consumption and pollution.

1.1. Global interest in Renewable Energy

The fossil fuels era has begun more than a cemaigy. During that time the

Humanity made an unbelievable leap upward in ecgndechnology and quality of

life. Several generations in Europe and Americaewdsen on the belief of

inexhaustible energy from oil, coal and natural. g@sople are lucky to live in this

age. They have got everything they want — fast, carplanes, electronic devises,
food from all over the world (Renewable Energy Vdp2010). This wave of growth

IS so big that we refuse to understand that itos&s into break. The global oil

demand expanded so much that the oil industry damaintain it any more. This

calls the “peak oil” and many countries have redahealready (Rapier, 2010). To get
oil companies should drill in hard-to-reach envir@nts as north territories or ocean
beds. They do it because of the high demand itodieep the same life-style that we
built for the growing population.

The fossil fuels consumption already caused irgll environmental problems,
such as pollution and global warming. The worldrage temperature increased by
0.8 degrees Celsius (News, National Geographic7200ring the last 130 years and
it continue growing. The Kyoto Protocol adoptedDacember 1997 was targeted at
reducing greenhouse gas emissions by developedrimsunro follow this aim, the

Climate Action European Commission (DG CLIMA) wastablished in December

15



2010. It is working at building of an internationabrbon trading market and
promotion low carbon technologies (The Director@eneral for Climate Action,

2010). For the EU this work is not only at reducoigenergy consumption and carbon
emissions, it is a work at decreasing of the takgpendence of many European
countries from oil and gas import, which cause feghrgy prices and limits in further

developing.

To sum up, the World is now facing the most chaieg situation connected with
energy consumption. The fossil fuels reserves acee@dsing and the world population
and demand is growing together with complicatioren¥ironmental problems. With
present level of technologies the only way to swntdhose global difficulties is to
widespread using of renewable resources and signify improve energy

management.

1.2. Local Interest in Renewable energy

Many people care about oil and gas demand and tpollwof the environment.
However present economic situation makes peopterfagact to changes in energy
industry. Recently British Gas has announced irstngaof prices for electricity by
16% and gas by 18% from August 2011. This happaifted only 8 months since the
last prices increasing by 7% (King, 2011). Many $&holds in the UK during the
coming winter will suffer from new high bills. Beegn 2000 and 2010 the UK
domestic electricity prices increased by 82% (fio.09 to 12.89p/kWh) and domestic
gas prices increased 2.5 times (from 1.66 to 4KiSp) including taxes (Department
of Energy & Climate change, 2011). The most sigaifitly energy prices for
domestic and industrial usage increased during3agears (Figure 1) despite the

economic crises 2008-2009.
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Figure 1 UK domestic (dashed line) and industrgal(d line) utilities price including
taxes, 1979-2010 (Department of Energy & Climataengfe, 2011)

In present economic situation individuals try tocrase their energy bills and
industries want to keep their business competiftog.both of them renewable energy
could help to decrease expenditures on energyan get an additional income from
energy export to the grid. Local communities shadwgh interest in renewables. Thus
in West Penwith the West Cornwall Local Action Gooplans to move towards
generating renewable energy in their community totget themselves from fuel

prices increasing ( Community Energy Plus, 2011).

To conclude with, energy generation from renewalgleources started to play a
significant role in global and local environmenthi§ process shows the great
potential in Green Energy. The popular English prbvsays “Little drops of water
make the mighty ocean”. Similar, every locally ald solar PV panel, bio-fuel

boiler or a wind turbine form the entire renewadateergy industry.
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1.3. Literature review

Renewable energy projects are running everywherthenworld, however most of
them represents utility energy generation scalenmro generation. In both those
cases the feasibility and pre-planning investigatidiffers from medium-scale
industrial applications. For domestic usage thedahghness of projects is not high.
Short study and minimum information is usually reegd to install small-scale wind
and solar energy system. For utility-size energyjguts are more detailed for both —
wind farms and large PV arrays. On the other hamejium scale renewables need a
project methodology that would allow an industoalother large business company
to analyse benefits and drawbacks of wind turbjnefsPV system and start a
planning and agreement process in case of poslgeesion about renewable energy
generation. In addition, many existing studiesualienewable energy overview only
one resource, wind, solar or other. This paper @agppossibilities of wind and PV
power for the same location and discusses postikproblematic points for both of

them.

One of the recent studies took place in Canadas@st coast of Banks Island in the
Amundsen Gulf. Initially the site was powered byes#l generator and that pre-
planning work was targeted to investigate wind gyalternatives to diesel power.
The energy load of the site was 907MWh/year witkVB8base load which is very
close to the case study used in this project (1260Kyear, 52kW respectively). For
energy and economic analysis that study in Canadd 60kW turbine EW50 that
could be located at one of three proposed in tlogegr sites. Energy analysis was
based on wind data from three sources includingsoreaents at the local airport.
Economic and environmental analysis compared wimetgy with diesel generator

worked as off-grid power station (Jean-Paul Pina@d9).

A few medium-sized wind energy projects were run \Wyne Energy Direct in
Ireland. In those projects wind turbines producquhe of necessary energy with an
electrical grid as a primary energy resource. I réport a suitable site for a wind

turbine describes as a company with permanent hage load and no dwellings

18



within 300m from the site. Alco the area shoulddnanough space for construction in
lands with good wind resource. Another requiremerd far distance from airports.
The report was based on a case study of a mantfagtsite of “Munster Joinery”

with two turbines 2MW rated power each installed2®09 and covered 30% of the
demand of the company. The timeline of the proghaiwn, that the process from
feasibility study to commissioning of turbines to@6 months. Additionally the

project report described major financial and envinental benefits gained from wind

turbines installation (Costello, 2010).

As for PV power solutions, industries are interdste solar energy and try to
understand all issues of large scale system sizes.example in 2009 Camco
prepared a report for Renewables East that revialifeatent aspects of solar PV as
general trends on market, regulatory work in the, $Kues of site selection based on
East of England as a case study, type of instaflatenvironmental and planning
criteria. The report was written when Feed-in tanfere not adopted, so it does not

review financial benefits from FITs payments (Hofma2009).

Another paper about building-integrated PV energnaging of installation and it
presents in depth stages of projects and timingratipn and maintenance using
examples of 12 middle-size PV systems from 20 tOkY® power built under
LSBIPV programme. This paper would be a good pradajuide to those who want to
understand all stages of PV installation processilifERudkin, 2008).

A PV feasibility study that used 25kW PV systemaolorado, US as a case study
calculated energy output and financial benefitsoagdished solar PV system

installation. Energy output calculations and enettggnand analysis were introduced
briefly following by financial analysis as returm anvestment calculations. In

conclusions author outlined that PV technologyxpessive and not mature enough
in present time in comparison with other energyegation technologies. However the
project took place in the US which has differemnirthe UK support of renewables
from the government (Nieh, 2010).
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To sum up, there are many projects for PV and wimergy separately, however some
of them are not detailed enough in data processirmgncentrated on only one aspect
of a middle-scale units as technical, financiakawvironmental aspects. This project
targeted at unbiased investigation of all of thaspects for both — wind and PV

energy generation.

2. Photovoltaic technology

The global photovoltaic market is growing rapiduring the past decade it was
growing by 30% annual mean rate (Sioshansi, 2080}he period of 4 years since
2004 investments in PV technologies increased dieatly. Thus, the total US
private investments rose from $200 million in 2Q05%$1400 million in 2007. The
third part of those investments were made in Thm-PV technology. Similarly,
during the same period the EU investments in PYeased from about $170 to nearly
$800 a year. In 2007 the EU invested about 60%otafl thumber in Poly-silicon
technology. In addition to that, the price of P\éteyns decreased significantly. It was
calculated that the price of PV decreases by 208 @doubling of the total installed
capacity and this downward trend is expected tdicoe (Sioshansi, 2010, pp. 286-
287). The cumulative PV capacity installed in Gangnady 2007 reached 3800MW.
Japan had twice lower cumulative capacity of P\W #ris was the second highest
result in the world. High support from governmeimsnany countries together with
costs decreasing make this technology the mogestiag to invest in.

2.1. Solar resource

Solar radiation is the most important energy reseun the world. The amount of
energy that our planet receives is 1.366kW(time solar constant). Solar energy, that
coming to a particular place, depends on Earth-§ewmetric position (including
distance and declination angle), the place locglatitude, longitude) and position of
the sun in the sky (solar altitude, azimuth). leacldays the amount of direct solar
radiation is reaching 80% of the total insulatitims percentage is decreasing with
increasing of humidity, clouds cover and atmospghagrosols (Sioshansi, 2010, p.
274).
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2.2. Types of PV

The Earth’s surface consists from sand by 60%, kvisajuartzite or silicon dioxide
Si0,. Consequently, the supply of silicon is nearlyless. However to make a pure
semiconductor-grade silicon which is used in PVdpation, the material should go
through several purifying stages. First, in amounits600,000 tonnes a year the
metallurgical-grade silicon is producing to makedpl still and alloys. The energy
input of this process is only 50kWh/kg and the ésstbout $2/kg (Markvart, 2000, p.
47). However the purity of 98-99% of metallurgicakde silicon is not enough for
electronic applications. For the industrial solaaee silicon it purifies till 1ppma (or
99.9999% of pure silicon concentration). The po€ghis silicon is about $50/kg and
in 2000 world production was 20,000 tonnes a yPBaring the production of pure
silicon forms its crystallised structure. Differemtethods are applying at this stage,
the most popular are — Czochralsky method, floaezprocess and multi-crystalline
method (Markvart, 2000, pp. 49-51).

The whole PV industry process has four major stages

- From sand to pure silicon
- From silicon feedstock to silicon crystals and wafe
- From silicon wafers to solar cells

- From cells to modules.

2.2.1.Monocrystalline silicon

Made from single-crystal silicon this PV type i€ thnost efficient because it does not
have grain boundaries. Cells of those PV are maxta §ingle grown crystal, which
was sliced, doped and etched. The efficiency rawofepanels made from
monocrystalline is about 15-20% (Robert Foster,9200 129). For example, on
market the maximum declared efficiency is 19.6% &PR-318E-WHT model
produced by “SunPower”, USA (Posharp/a). The wayrdar the 80% of power

21



output is 25 years. Having the highest efficientypnocrystalline PV panels are the
most expensive to produce.

2.2.2.Polycrystalline silicon

These cells are made from various silicon crysialsied from an ingot. After that
they have the same processing as monocrystallinedfs. On the surface of the
manufactured polycrystalline PV the portions ofstays could be seen easily. The
efficiency of those PV is less than monocrystallinsually between 13-15% (Robert
Foster, 2009, p. 129). On market many companieduae polycrystalline PV with
declared efficiency up to 17%, for example “Solatlfo SW-200S has efficiency of
16.2% (Posharp/b). The efficiency of all crystaliwells is high; however it is
necessary to reduce the cost and amount of theriedatised in PV production to

make them more affordable on market (Markvart, 2000

2.2.3.Thin-films

Thin-films solar cells have much higher rate ohtigbsorption that allows making
cells about 100 times thinner than cells from mongoly crystalline. Thin-film cells

are made from several layers of semiconductor matdihe most common Thin-film

technologies are amorphous silicon (a-Si), cadmteituride (CdTe) and copper
indium or gallium diselenide (CIS/CIGS) (Siosha2€110, p. 277).

For example amorphous silicon has the lowest cenwerefficiency among the
crystalline types mentioned above,; it is reachisid%o (Robert Foster, 2009, p. 129).
Dew to the flexibility of the material, the numbarapplications of thin-films is much
higher. Additionally those PV are the least expenso produce. The main challenge
of manufacturers is increasing the efficiency ah#ilm material with maintaining

low cost.
The cost of the final product is made up of 3 dbotions each of them takes

approximately 1/3 part: silicon in wafer form, fadation of solar cells, encapsulation

and construction of the module (Markvart, 2000)2007 the cost of the module was
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$4.2/W (crystalline silicon) and $3.5/W (thin-filmYhe final cost of PV systems
based on crystalline silicon varied between $7.26/ commercial and $8/W for

residential applications (Sioshansi, 2010, p. 286).

2.3. PV applications

PV systems can be used in many applications frorallsisolated systems (for
example to power traffic lights, of charge mobileopes) to large installations of

several MW connected to the grid.

2.3.1.Large—scale solar power

The major problem with large-scale solar power ngrgy diluteness. This causes
necessity of large solar PV areas and associateasiructure (Faiman, 2010). For
example the 25kW of peak power plant would haven®56f active PV array, and
total occupied land area of 1000Markvart, 2000). These space requirements lead
large solar plants far from cities to remote argasleserts. Those large territories
cause additional expenditures for infrastructurgding and a big number of service
staff. Additionally, large-scale solar energy progion is usually associated with
exporting electricity to the grid. Therefore, itqueres inversion from DC to AC
electricity. Current inverters efficiency is abo®5%. Additional losses occur in
electrical wires between PV modules and in grid. tha other hand, systems,
connected to the grid, does not require energyages, this significantly improve

economical values in comparison with stand-alondutes.

During last 3 years a number of large PV plantsewmiilt in different countries. The
cumulative power of them accounts for 3GW, inclgdibGW power installed in
Germany which is the absolute leader of the mdidiiwed by Italy and the Czech
Republic (PVResources (a)). In present time thgdsg Solar PV operates in Canada,
Sarnia. The capacity of the plant is 98MW, andaswonstructed between 2009 and
2010. At the same time two plants of 84.2MW an®FDV were constructed in Italy.
The other two large PV plants with the capacitg0f2MW and 71.8MW are situated

in Germany. Most of the biggest PV plants are gdemmounted without solar-
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tracking systems (PVResources (a)). The biggestmoanted PV plant was installed

in 2010 in Kallo, Belgium. The Power output of thestem is 13MW (PVResources

(b)). A large PV power plant installation signifidly improves a public image of the

country and local city. Producing green energy mezme about the environment and
people.

2.3.1.Small and medium-size solar power

Energy generation is not only about huge powertplas many people consider it.
There are lots of applications where a medium, ksaraven micro power generation
is required, for example, for traffic lights, bu®ss, small electronic devises. When
power generates near consumers, many losses ttat loecause of the long chain
between generation and load could be dismissededi&dly micro generation is
highly applicable with PV technologies becauseheirt cells and modules structure.
In 2006/2007 the UK transmission losses were 1i8%,is 6.1 TWh (National Grid,
2008). Thus, remote large PV station would lossual286 of generated electricity in
the grid. When PV panels are installed on a rod btilding, those 2% are consumes

on site, which is very important for the technolagyh initially low efficiency.

Additionally, in some systems DC currency produbgdPV could be used directly,
without conversion to AC, so not only grid transsn® losses could be avoided, but
about 10% of losses in double conversion too. Thidd be applied to all electronic
devices such as cell phones, netbooks, iPods, mlaoteras, mp3 players and many
others. It is not a pioneering technology; for amgte calculators on solar energy were
designed decades ago. Currently, when the cost oh&terials decreased, businesses
are returning to this idea. For example “Suntrit@m Finland produces portable
charges for Apple electronics as iPhone and iPdigr 4 hours under direct solar the
mobile phone gives 1.2 hours of talking or 32 haafrstandby time. This could be
used not only occasionally when the grid is notilabée, but for permanent charging

as well.
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3. Wind energy technology

Wind energy is a promising technology that rapidgveloping on market. Large
wind farms and domestic turbines produce elecyriit local applications and export
it to the grid. In present time there are 307 opanal wind farms in the UK, 293 of
them are onshore and have installed capacity df2499MW, and 14 offshore wind
farms have capacity of 1,524.80MW (see annex, TabjdRenewableUK, 2011).
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Figure 2 Onshore and offshore operational wind farcapacity
(RenewableUK, 2011)

In Scotland, where the wind resource is the beBurope, the cumulative capacity of
currently operated wind farms is 2,614.73MW, ibased on onshore technology. In
England, the capacity of all wind farms is 15% lowlan in Scotland. Thus, more
than half of it generates offshore. All in all, théK policy is targeted at fast
development of renewable resources including wimergy. Wind power generation
Is more suitable for large-scale farms, the sizexudting turbines reaching 5SMW per

unit.

3.1. Power from wind

To find a power output from wind turbines it is esgal to understand what it
depends upon. The well-known equation (1) showd the most significant

contribution into wind power gives wind speed U.
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_ (1)

Additionally, power output depends on power cogfit G,, air density and swept
area A of the turbine.

The power output from wind is limited by,&e=16/27=0.59, which is known as Betz
limit for lift-driven turbines and means that a wirturbine actuator absorbs a
maximum of approximately 59% of the power availahléee stream wind (Mertens,
2006). Gmax is only a theoretical maximum, in practicg @ wind turbines is in-

between 0.25-0.45 (Olimpo Anaya-Lara, 2009) anctrdenes by losses in power

extraction and transmission machinery.

3.2. Wind data

Because power output from wind turbines highly dejseon wind speed, it is critical
to use trustworthy wind data in calculations. Caileg wind data is a part of analysis
of the proposed site for a wind turbine. Firstlyinevdata could be collected from
nearby weather station. The advantage if this nteth@hort time for collecting and
analysing of data. However, the relationship of ¢ite and weather station to local
terrain is very important. Different surface roughs and elevation could significantly
affect the wind speed. This method only works at ferrain where average annual

wind speeds are 10mph or greater (Harry L. Wegle$8b).

Another method of wind data collection is takingniied onsite measurements. This
method could be used when nearby weather statiansnot represent wind speed
conditions of the site properly, for example whieeyt are too far away. Measurement
instruments (anemometer) should be located is aggossible to the proposed site
for a wind turbine and at the same height as imbhyeaeather station. The collection
period should correspond to the same period ofwbather station. After the data
from both sites have been collected, it should reyaed and compared. It helps to
predict more accurately wind speed and directionthan site using data from the

weather station. Additionally collected data asaycould identify that the weather
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station indicates site conditions insufficientlymAng drawbacks of the short-term

data collection is seasonal and annual variatiomk&ta. (Harry L. Wegley, p. 37).

The third site analysis method is extended onsitedvspeed and direction data
collection. This involves measurements for at leaftll year. This method is more
reliable, and it works for all types of terrain. \Mever there are three disadvantages:
additional cost of the measuring equipment, longlization time and the data

collection period should represent typical wind ditions (Harry L. Wegley, p. 38).

3.2.1.Logarithmic wind profile

There are two mathematical models that describe wjpeed vertical profile. The first
model is called “Lag law”. It is based on boundkayer flow in fluid mechanics and
in atmospheric research. At low roughness surfadaed speedU at height above

surfacez is defined as:

— - (@)

WhereU’ is a friction velocityK=0.4 as a Von Karman constant agdszthe earth’s
surface roughness length (Mertens, 2006). In tesraiith high roughness and built

environment the Log law transforms to:
- — 3)

Where the displacement heigthtcould be found from average height of roughness
elements and the percentage of the total area occupiedbbghness elements;,
(ESDU 82026 cited in (Mertens, 2006)):

(4)

Typically Ay = 42% for cities as a total area occupied with dings. Roughness

length is defined as a height above ground whenel speed theoretically equals zero
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Types of roughness are defined by Roughness Clabsg¢sould be calculated using
roughness length (M.Ragheb, Wind Shear, Roughnésss€s and Turbine Energy
Production, 2011):

%I
#II

R A )

%I
A (6)
Values of the surface roughness lengthh Roughness Class with land type
descriptions are given in annex, Table 22.
Another method is the Power law. It representsvgk model for the vertical wind

speed profile:

From this equation, the wind speédl at heightz could be found from known
reference wind speed U at heightand wind shear exponent(J.F. Manwell, 2009,
p. 44). The exponent varies with such parameters as elevation, timgagf season,
nature of the terrain, wind speed, temperature, \amus thermal and mechanical
mixing parameters. The value of exponembuld be estimated for different terrain or
surface roughness coefficient, if known (annex,l@&2). For flat terrains wind shear
exponent = 1/7, that fits many of surfaces, due to the ¢alls 1/7 power law (Gipe,
2004). Additionally, the wind shear exponent cobtl calculated as a function of
reference wind velocityJ,er in m/s at heightzes in m (Justus (1978) cited in (J.F.
Manwell, 2009)):

2t -
" 54346

Another way to calculate is through surface roughness (Counihan (1975¥ agite
(J.F. Manwell, 2009)):

(A 78... " " 78... 8"

Additionally,  could be calculated using methodology based orh [sirface
roughness and the wind speed at the reference tielevé (D.A.Spera, 1979)
mentioned in (J.F. Manwell, 2009)):
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In this equation= 5 ;EGG ; in which , — surface roughness exponehlt, —

homogeneous wind speedl " , m/s;V; — steady wind speed at elevatmnz —

reference elevation 10m, — surface roughness length in meters.

In open areas with few windbreaks such as coagfe$ she logarithmic model
produces result similar to 1/7 power law. Fartmésnd, results from the two methods
diverge. For inland sites, the logarithmic moded8 more energy in the wind then
does 1/7 power law (Gipe, 2004).

The effect of height on wind speed is so great, shanetimes it is necessary to make

measurements of wind speed at hub height. Howewtrout measurements Log and

Power laws give a reasonable estimation of win@édpe

3.2.2.Turbulence intensity

High turbulence intensity (I) affects the life-tinoé the turbine and noise emissions.
Fluctuations in wind depend on roughness and olestam lands surface (Mertens,
2006):

k1 f"K(" y LMN 8)

Wherez, is the surface roughnessjs height above the ground,— displacement
height and could be calculated using equation 4s &quation is applicable if height
above the ground is more than minimum height fgrléw z,;,, which equals to 1.5d.
The equation for turbulence intensity shows thdbulence intensity is growing with

increasing roughness and decreasing height z.(Nerg906).
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3.2.3.Wind direction

On a site with rough terrain, hills or buildinggstimportant to know wind direction
distribution to locate a wind turbine. Turbulencenf obstacles has different impact
on power output of a turbine located upwind or dewwa from it. Wind direction
data could be collected from nearest weather statbo measured on site. Hills,
mountains or large buildings could change wind diom significantly. Collected
wind data should be analysed to make a wind rosk wind speed at prevailing

directions.

3.3. Wind turbines range

Current market analysis shows clear wind turbinesssdeviation according their

possible applications (Table 1).

Table 1 Wind turbines scale (materials from (Gi®@04))

Rotor Power rate,

Turbines diameter, m KW Applications
Micro up to 1.25 002015 Energy generations for small
Mini 1.25...3 ' T appliances, small households
Small 3...10 1.5-20 Households, farms, communities

(household-size

Large farms, communities,
industries

Commercial/industrial power
generation

Medium-scale 10...40 20 - 500kwW

Large-scale 40...100 | From 500kW

Currently, on market small and large are the mogutar turbines sizes. Small scale
turbines are adopted for usage to power househthldg,are simple in construction
and reliable, they do not require professional rawimig and operation. For example,
The UK company “Proven” produces small wind turlsifieom 2.5kW (3.5m rotor

diameter) to 12.2kW (8.5m rotor diameter) for dotitassage (Proven Energy).

Large turbines occupied commercial wind energy secturbines of this type are

usually used at wind-farms on large territoriesgemerate dozens and hundreds of
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megawatts. A number of companies share the markéarge wind turbines, for

instance Vestas, GE wind, Siemens, Enercon, Gaamekathers.

3.4. Wind power control systems

The type of the control system affects the powdpwufrom the turbine. There are
two types of control systems to regulate power wufpom wind turbines. First of
them is based 0@, definition (see equation 1). Power coefficientwbines depends

of a tip speed ratio, which could be calculated as:

P
C T 9)

Where s a rotational speed of rotor, R — radius toofipotor, — upwind free wind
speed (m/s) (Olimpo Anaya-Lara, 2009). The tip dpe¢io and the power coefficient
are dimensionless and can be used to describeetfi@mpance of any size of wind
turbine rotor. The maximum power coefficient isyoakchievable at single tip-speed
ratio (Figure 3 lllustration of power coefficiempAspeed ratio curve, £ Figure 3).

0.5

)

Power coefficient
o o
N w

-

Tip speed ratio

Figure 3 lllustration of power coefficient/tip-speatio curve, G/ (Olimpo Anaya-
Lara, 2009, p. 5)

In stall control system, after reaching the ratpdesl, the system keeps the same
rotational speed of blades. The pitch angle isdfys® it is important to set the angle
of blades initially correctly. The advantage ofstltontrol system is its simplicity.
However, wind turbines with stall-control have redd C, on rated speeds, higher
loads on construction, higher noise and wake terind.
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The stall control is based on changing angle oflddaof the turbine, which affects
drive forces and keeps rated power output. Staitrotied turbines have variable
rotational speed an@,. The construction of these turbines is more adedn&tall
control could be realized mechanically, where tastigfugal force of rotating force
blades to rotate around pivots, and electronicallyen the controller senses power
output and gives signals to rotate blades. Thel ghart of all installed wind turbines
has a pitch control type (M.Ragheb, 2009).

Stall control system could be passive and actiassie stall control designed to
reduce speed of rotation when the wind speed esamedimum value, so it works as
protection. Active stall control is targeted at @gg a wind turbine with different
blades angles in order to get maximum torque frowel wind speeds.

Power 4 Active
Stall regulation
\ Pitch Regulation
Vg =~
2 ~
Rated == i s -
Power S : v *
in
s i | Passive
P Stall regulation
A /
. ! .
§ .t
P =
/ 1
Y
iy !
i '
¥l ! >
Cutm Rarted Curt out Wind
Wind Wind Wind Speed
Speed Spead Speed

Figure 4 Passive and active stall regulation anttipipower control (M.Ragheb,
2009)

The type of power control could be easily seen frmmower curve of the turbine
(Figure 4), because each of them has a typicalecabyjectively to the rated power

level.

A wind turbine could have mixed control of two tgpe stall-pitch regulation (fixed

speed), and pitch-stall regulation (variable speEnl$t one uses stall control on slow
wind speeds, and after reaching rated power otitigupitch regulation system adjusts
blades to a more “negative” angle to keep the imat speed constant. Turbines with
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this control have slightly higher noise than at tiext type. In pitch-stall control
system on slow wind blades are adjusted using mtoitrol. After the rated speed
was reached, blades are moving to a more “posise#ting angle to reduce forces on
turbine construction and keep power level. At higihwnd speeds the pitch angle
keeps constant to maintain a maximum power spécifieitch-stall regulation

provides low noise that could be obtained by speegulation. (M.Ragheb, 2009).

4. Methodology

This project is targeted at investigation the piasping process and methodology of
renewable energy unit for industrial application the basis of a case study. Two
popular renewable resources — wind and solar PV hel assessed and analysed
(Figure 5). After that annual amount of energy Wil calculated using different sets
of equipment. Then, the demand-supply analysisskitiw how renewables cover the
consumption of the case study. At the end, econamicenvironmental analysis will
show benefits and drawbacks of each variant ofpgnent.

RENEWABLE ENERGY ENERGY DEMAND
FEASIBILITY (case study)
Wind and solar data mining Demand analysis

Data analysis

® @

Selection of units size and type

Energy output calculation
Demand-supply analysis
Energy demand management
Economic analysis

Environmental analysis

Figure 5 Project methodology diagram

This methodology could be used for a pre-plannimacgss of a renewable energy

system for any industrial of community site.
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Case study

In this project a specific place was used to penftinie energy feasibility study. This
is Barr Limited office and industrial site in Kilbdh, Western Scotland. There are a
few buildings at this location that are relatedtte activity of the company: the main
office building, IT building, garage, training aresiorage spaces, and an asphalt plant

and other buildings on site.

5. Weather data - mining and analysis

Using trustworthy weather data is essential foemewable energy feasibility study.
Wind and solar energy output totally depends omaie data. Because of high costs
and long-time of measurements, at the first steqgoéwable energy feasibility study
businesses feel dubiously about new investmentsveMer knowledge of small
spatial and temporal data variability could valeasing available data measured at
nearby meteorological station (Stephen Wilcox). after the first step of the
assessment renewable energy proofs its profitabifiking weather measurements on

site could be the next stage of work.

As any climate parameter, solar radiation variemfiear to year. In best years direct
normal radiation could increase by 8-15%, in wafstidy years it could decrease by
13-23%. However changes in global horizontal sotadiance normally limited by
+5%. Additionally solar radiation varies with dist because of microclimate effects
of topography. For example, on a territory of 30k80it could vary between 0.12%
on plane territories as central Missouri, USA, ddd5% on coastal territories with
mountains as along a corridor between Los AngelesSan Bernardino, California,
USA (Stephen Wilcox). Glasgow is situated aboutmMQkway from the case study
location (Figure 39). Assuming generally flat topamghy of the Western Scotland
territory, “Merit” software was used in this projdor solar energy estimations with
climate data of Glasgow 1972.
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5.1. Wind speed data

In comparison with solar radiation, wind speed dirdction highly depends on type
of terrain and height (see p.28). The closest melegical station that measured wind
speed and direction hourly is located in Prestvéickort, Ayrshire (station id 1006)
at the distance of approximately 13km far from tase study site (NERC Data).
Wind data was recorded on the height of 10m dusiggars from 1984 to 1992.

‘/A\v/'w"k\/g

Figure 6 Annual mean wind speed, Prestwick airpovs (NERC Data)

The lowest annual average of 4.64m/s was reachetl98y, and the highest —
5.72m/s, in 1986. The average wind speed duringa8sywas accounted for 5.3m/s.
The wind speed data of 1989 was closest to theageeat this site, thus it was taken
to calculate energy output from wind turbines irs tproject. According to the wind

speed distribution shown at Figure 7, about 36%heftime a year wind speed is at

the range between 3 and 6 m/s.

Figure 7 Wind speed distribution, Prestwick airpdr®89
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To calculate the wind speed at Killoch site usimgsBvick data it was necessary to
consider differences between two locations. Fifsalh according to a wind speed

data available at (Department of energy and clinchnge (A)), at the territory of

one square kilometre around each location and hefgtOm, the average wind speed
at Killoch is higher by 9.6% then in Prestwick arp(Figure 8).

Figure 8 Annual mean wind speed in 1km square kkdfi (red) and Prestwick
Airport (blue) locations at the height of 10m (Dejpaent of energy and climate

change (A)), see annex Table 23

At Figure 8 was used data collected using air floadel to estimate the effect of
topography on wind speed, however it does not taleunt topography on a small
scale, or local surface roughness (such as tghiscrstone walls or trees) (Department

of energy and climate change (A)).

5.1.1.Roughness and height factors

Another factor that affects wind speed is surfamgghness. In Prestwick, where the
data was collected, the wind shear exponent isedos =1/7 which is typical for

airports and corresponds to the surface rougheegsh 0fz,=0.03m (see p.27).

On the other hand, the surface type of Killock siés RC=2 and could be described
as “Agricultural land with some houses and 8 metkisheltering hedgerows within a

distance of about 500 meters”, and according toleT@2, the roughness length
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Z=0.1m. Using this data and equation (9) the wineéashexponent could is
calculated as:
= "t W $UT W) <8
%)? o $" WL < (10

After that, for two locations, the relationship Wween wind speeds at different

roughness could be defined using log law (see p.27)

- 5. T 5—_;56
T - =
U ST

WhereU,(z) andU(z) are wind speeds in Killock and Prestwick airpegpectively,
Zok and z,p are surface roughness lengths, z — height (fer ékample — 10m). The
value of (U*/K) in both locations is the same, $ocould be removed from the

equation:

of:
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The coefficient of 0.793 was applied for wind speedlues for each hour. Next, a
wind speed at hub height could be found using tbeep law (see p.28). In this
project the range of wind turbines at differentgh¢iwas used. Using logarithmic
function of wind speed with height it is possibbedesign a graph which can be used

for each height.
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Figure 9 An example of logarithmic profile of wigdeed with height for different
roughness lengths

At Figure 9, the red line displays the wind spebddnges with height at Killoch.
Starting with the average annual wind speed ofa#.20m, the wind speed on each
height could be identified. A part of table withnalispeed calculations for each hour

could be found in annex, Table 24.

5.2. Wind direction

Having a wind direction data for 8 years (1985-199@asured at Prestwick Airport,
and using the fact that between two locations tieer® mountains that could change
this data significantly, wind direction in Killockssumed as equal. Wind rose, based
on cumulative 8 years data is presented at FigQrevhere the wind speed range is
shown in different colours. The scale indicatescpetage of occurrence. At this
figure it could be seen that wind coming from Sel#st has speed of 0-3m/s that

cannot be captured by most of wind turbines, ag tlaee cut-in speed 3.0-4.0 m/s.
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Figure 10 Wind rose, Prestwick Airport, illustratgem which direction wind

streams are coming).

The prevailing wind direction is South-West, ab8886 of all useful (>3m/s) wind

blows from direction between 180 and 270 degredss Tata is used further to

calculate effect of obstacles at Killoch location.

20%
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0.0% VARIABLE

28-33
17-27
11-16
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Figure 11 Wind rose for Prestwick, Gannet at attieuof 27m, annual (Met Office,

1996-2005)

Comparing the data for 1985-1993 (Figure 10) artd lmm Met Office for 1996-
2005 (Figure 11) it could be seen that the pravawvind direction is the same.
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5.3. Obstacles

The effect of obstacles — high trees or buildings-wind energy production depends
on size and distance from it. Each obstacle in areand a turbine location generates
a turbulence zone that reduces power output aeetyi€le of the turbine. Distance
from any obstacle to the wind turbine, if it is &ed downwind, should be 10,
preferably 20 heights of the obstacle, to minintizdulence effect. The size of the

turbulence zone is shown at Figure 12:

2H

2H 20H

Figure 12 Turbulence zone behind obstacles witgtitdil (Harry L. Wegley)

Percentage of wind speed and power output decrdasexstacles with different
shape and different distance is introduced at Tabl&Vake behaviour of Variously
Shaped Buildings (Meroney, 1977 cited in )Table(28 annex). Using wind rose
and Table 25 the power output decreasing couldab®ilated for the wind coming

from specific directions.

5.4. Wind turbines and aviation

The role of wind energy in Scotland is radicallgr@asing this time. Often, during the
planning process of a wind farm or single wind ioeh interests of developers
encounter with interests of military and civil ava. To get more power from wind
turbines they are installed on tall towers withdorotating blades to increase the
swept area. Because of that, wind turbines coukk gwzards for approaching and
landing aircrafts, be dangerous for a low flyingplines and train aircrafts, and be an
obstacle for radars and navigation systems. Lowdlyazards (training areas are not
included) could occur only with large utility-sca@nd turbines with total height
more than 250ft (76.2m). In training areas fastajetrafts could fly down to 100ft
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(30.5m), so wind turbines higher than that heighild not be installed at those sites
(Wind Energy, Defence and Civil Aviation Interestsrking group, 2002). Training
areas that are situated in Scotland are showmiapat Figure 13:

Tactical Training Areas
1 - Area No. 14T

2 - Area No. 20T|

3 - Area No. 7T

EW Tactics Range
Spadeadam

Figure 13 Map of tactical training areas and Spadam range in Scotland (Wind
Energy, Defence and Civil Aviation Interests wogkgroup, 2002)

As Figure 13 shows, training areas occupy largetaees in south, south-west and
north lands of Scotland. Additionally areas aroumtitary and civil airports have
restrictions for wind turbines installations beaaw$ radars. To investigate the impact
of wind turbines on radars in is necessary to ualera pre-planning assessment,
because radars restriction sites depend on heightvind turbines and take
significantly larger territories than tactical tnang lands.

Figure 14 Introductory map of radar restricted zsr(elue areas) for wind turbines
with up to 60m height (NATS)
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At the example of the self-assessment map fornesdbup to 60m high in could be
seen that large territories on the South and Saett-of Scotland have limitations for
wind energy because of radars. Together with itrgirareas they form serious
restrictions for wind industry growing in Scotlan&or example, Scottish and
Southern Energy Renewables planned to install 1i8/14scale turbines 35 miles east
of Prestwick. However the project was delayed téyéars because “Wind farms can
degrade the performance of voice communicationsities and en-route navigation

aids”. The company was asked to build a new tradficer to neutralize wind turbines
negative effects (Prestwick Airport, 2010). Verdion of possibility of joint work of

wind turbines and radars should be a part of paefphg process to prevent any

harmful effect on aviation safety.
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6. Energy demand analysis

Analysis of the demand data gives the first corioapdbout energy generation that is
necessary. The size of renewable energy unit depemdhe type of the system. For
example off-grid systems need entire energy dentawérage, and systems with a

grid connection could use renewable energy forragbaupply of total energy needs.

The best way to estimate energy demand is measntemeyear of hourly or even
daily data would give information about the basadl®f the company and energy
consumption peaks. For the case study of Barr #ibdKi the real electricity
consumption was measured from 06/2010 to 05/20k4é.data averaged for day-time

(from 7am to 6pm) and nights (7pm-6am) is preseatdegure 15:

— [0 # — 0 #  #

Figure 15 Average energy load during days (blue)liand nights (red line), Killoch
site

The base load of the site is accounts for 52kWisummer, and in winter it is
reaching 100kWh. These values are caused by hegitriebl consumption by heating
in winter and air conditioning systems in summeigifonally electricity is using in
asphalt manufacturing process. The total energy teached 1251MWh annually.
Work days and weekends have clear difference ictraddy consumption. An

example of a typical summer week (1-Kugust 2010) is shown at Figure 16:
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Figure 16 Typical summer week (I-&ugust, 2010), electricity load, kWh

It is clear that during the weekend! and 7 of August, electricity consumption is

30% lower than during work-days (2-6 August).

Currently, for Barr the cost of electricity that svaonsumed on site is 10p, and sent to
the grid — 3p. Consequently, it is more profitatde the company to consume more
electricity, generated by renewables, by itself aeduce electricity load from the
grid. In order to find the most economically adwaygous variant of renewable energy
equipment, the rated power off units starts frorkV8Qoower for PV panels and wind
turbine to be 100% consumed on site. Additiondllyestimate benefits from export
of electricity, the size of assessed wind turbiresncreased to 100 and 330kW

power.

7. Renewable energy equipment

Many international companies produce similar sBerpanels and wind turbines. For
any customer it is easy to be lost in this rander@ are several rules that would help
do decide what equipment to use and what compawptk with:

1. First of all the equipment should be introducedaltyc It would guarantee that
it certified and approved to use in the UK. Addiiadly it would give an
advantage to see it before buying and probably tooitiin work at already

existing installations.
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2. It is more convenient to work with a company whiatfiers a complex of
services for the whole life-cycle of renewable gyeequipment — from
planning, supplying, installation to operation, ntoring, and

decommissioning.

3. Monitoring already existing installations and taligiwith owners would help
to understand what challenges they meet runningcpkar PV panels and

wind turbines.

In this project, one type of PV panels and thrdteint wind turbines were chosen
with respect to energy demand profile, to show rthenergy performance,

advantages/drawbacks, economical results and emvéntal issues.

7.1. Photovoltaic panels

In this project the PV system was planned on thegshaf Hyundai Solar modules, SF-
series. To let all produced electricity be consuroedite, the size of the system was
chosen with regards to the base load of the compahnigh is 52kWh, so the energy
usability factor would be 100%. Selected PV sysstiould produce about 50kWh of
electricity at peak power. To do that Mono-crystel PV series HiS-S218SF was
chosen because of the highest efficiency of 15%paveer output 218W of this type
of panels. The quantity of PVs could be calculasdd0,000W/218W=229 PV, which
produce 229*218W=49,922W of peak power. The sizeaxth PV is 983x1476x35
mm (38.7"x58.11"x1.38"). Each panel contains 54<€bx9 matrix) and has a total
weight of 17kg (Hyundai Solar, 2010).

Because PV panels produce DC electricity in is s&mey to install inverters DC/AC
for a grid connection. As an example, “Sunny Tripoi\2 x STP 17000TL-10 and 1
X STP 10000TL-10 inverters were chosen as widedgus PV systems. The nominal
power of STP 17000TL-10/10000TL-10 is 17/10kW catee to AC — 230/400V

(Sunny Tripower (A)), (Sunny Tripower (B)). More td#ded description of PV and

inverters could be found in annex Figure 40, Figlitdsee annex).
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7.2. Wind turbines

Current market of wind turbines is oriented towasdsall domestic applications or
large commercial turbines (see Table 1). For thigjegt it is necessary to use
medium-scale wind turbines which are not so wideagr The range of turbines was
taken as:
50kW of rated power wind turbine Endurance E-31KI@st of electricity
produced by this turbine would be consumed on ls#eause of the annual
base load of 52kW.

100kW of rated power turbine Northern Power. Intetnwhen the base load
of the company increases to 100kW, all producedtrtdy would be
consumed on site, and in summer some surplus ielgcivould be exported
to the grid.

330kW of rated power turbine Enercon E-33. Thisitue would produce a lot
of surplus electricity because its rated power edsethe maximum energy

consumption of the company.

Major technical parameters of all turbines are saned in Table 2. More detailed
description could be found in annex (Figure 42uFegd3 and Figure 44).

Table 2 Wind turbines technical data (Enercon, 20{®Bndurance), (Northern wind).

50kW Endurance E-

100kW Northern

Wind Turbine 3120 Power 330kW Enercon E-33
Type 3 blgdes, horiz_ontal 3 bIades, horizontal 3 bIades, horizontal

axis, downwind axis, upwind axis, upwind
Rated power 55kW 100kwW 330kw
Rated wind speed 11m/s 14.5m/s 12.5m/s
Cut-in wind speed 3.5m/s 3.5m/s 3.0m/s
Cut-out wind speed 25m/s 25m/s 28-34m/s
Rotor diameter 19.2m 21m 33.4m
Hub height 25/37m 37m 44/50m

Stall control, Stall control, Active pitch control,

Control type

constant speed

variable speed

variable speed

Rotation speed

43 rpm

59 rpm maximum

18-45 rpm
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8. Local site assessment

Placing wind turbines and PV panels is a key fadbrsuccess in reliable and
profitable energy generation. Wrong placing of PYud cause reduction of energy
generation. As for wind turbines, wrong placingargrom low energy output, would

cause high noise, turbulence and frequent breakslown

8.1. PV system location

For PV solar panels it is important to avoid anadihg that would reduce energy
output. Positively, for PV systems the best opi®noof-mounted installation. Most
of roofs are high enough to surpass any vegetaimh other shadings on site in
height. Of course the ability of a building to englall PV mounted on it should be

investigated during the pre-planning process.

Another factor that affects energy output from PAh@ls is orientation. For northern
regions as Scotland, PV panels should be orientedhsto maximize energy
generation. The tilt angle of PV is important adlweor Glasgow area the tilt angle is
around 40 degrees. The right tilt angle and ortesrtacould be checked using “Merit”
software. For example, for investigated system2¥ RV HiS-S218SF oriented south

the energy outputs at different tilt angles are mamized in a graph at Figure 17:

Figure 17 Annual energy output at different tilighes
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It could be seen that the tilt angle of 40-50 degrifom horizontal gives maximum
power from PV. To investigate how orientation aféethe power output from chosen
system tilted at 40 degrees it was oriented towalifferent sides using “Merit”

software. Results of this experiment are introduaieligure 18:

Figure 18 Annual power output at different oriendat.

At this figure it is clear that orientation towarslsuth maximizes power output from
PVs, however orientation South-West is also actépta

The size of the single PV is 1.45nit was used in calculations of necessary area for
the PV plant of 50kW. If 229 PV panels are plannednstall, it would require

# R <. Many buildings on site have appropriate size. H@vesome of
the roofs of garages and storages are not apptegoa PV mounting or increase

complexity of operation and maintenance works.

Figure 19 Potential PV location (dashed red line).
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Finally, the roof of building stores was chosendquossible PV installation. The size
of the roof is about 25x60m apart from 4 holesxi7m, which gives about 1024m2
of free space which is enough for 229 PV (332m2)hwadditional space for

maintenance and operation works.

8.2. Wind turbine location

Correct location of a wind turbine in peri-urban industrial environment is more
challenging process than location of PV panels. Wiactors contribute to final site
of the turbine. They could be technological, ecomamor environmental (J.F.
Manwell, 2009).

A wind turbine should be located on a site withemscroads and free area that will be
used for installation and operation purposes. Tihe of access roads depends on
blades and tower sections length and weight. Gratelscurves should be gentle
enough that bulk and heavy equipment could reaehstie. Additionally, the wind
turbine should be connected to the grid, so it khdwave a switch gear and
transformer as many of wind turbines operates g oltages to reduce resistive
losses. (J.F. Manwell, 2009)

In terms of energy production, to maximize energgpat the wind turbine should be
installed in the area far from obstacles and veigetaotherwise the energy output

reduction should be calculated on a stage of aliéisprocess.

Some areas could not be used for a wind turbineaussc of geological or
environmental concerns. For example from ecologpaht of view, the potential
location should not be in environmentally resticggeas such as living areas of rare
animals or birds. For wind turbine locations cloge urban areas or detached

dwellings noise and visual impacts should be céeffuvestigated.

At the case study location at Killoch several binidg are situated the territory of the

company. Additionally, at the north-west of theesatcoal mine is situated with a few
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buildings that should be taken into account as.wigbart from that, there are few

high trees that could reduce wind speed at the site

Highway A70 which is going at the south-east isalder the equipment delivery. At
the north-east corner there is a transformer wbathid be used for a grid connection.

After overview of the territory, several potentiatations were identified (Figure 20).

Figure 20 Wind turbine proposed locations.

The first location is situated at the corner of @lvabout 4m high, which is at north-
west side of the main office building and at wededo IT building. An advantage of
this territory is area around which is free frony amdustrial objects or process. So if
a turbine was located at site 1, no changes in faatwring process would be
required. However this site is closest among oth@is few residential buildings. So
noise and visual impacts should be investigatedeitails. Additionally this place is

far from the nearest transformer, so the cost ettetal works would be slightly

higher.

The second proposed site is situated at the terrd materials storages for the

asphalt plant of the company. The advantage ofditésis that it is more distanced

from residential properties which are screened framwind turbine with several
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buildings. On the other hand, some changes in #spi@ufacturing process would

be required for a wind turbine installation.

The third place is the closest to the transfornmat Bncated on a small hill which

enhances wind turbine performance. However thia ereeserved for drivers training

purposes and is not likely to be used. Additiondllis too close to roads. For wind

turbines with rotor diameter more than 16m theagisé to trunk roads should be no
less than the height of the turbine plus 50m (Higinagency, 2007).

To sum up, after the site review two potential plaeceminds for a wind turbine
installation (site 1 and 2, Figure 20). Both ofrtheill be investigated further in terms

of energy production, noise and visual aspects.

9. Results and analysis

The basis of information about methods of calcatetj weather data and electricity
load of the company was introduced in previous gra@hs. Using this data energy
output from PV and wind turbines was calculated andlysed in this chapter. The
particular attention was paid to demand/supplyysisland monthly profile of energy

generation.

9.1. Solar PV energy production

Power output profile from 229 solar PV (218W, p.4&6xreated using modelling in
“Merit” software. All parameters, as efficiency BV and inverters, were applied to
get more reliable data.

The peak of power generation is accounted for 48.7Wariations in power output

through the year are associated with solar radidtiectuations. Seasonally, energy
from PV panels cahnges significantly. Thus, in dapuPV energy output is 9 times
lower than in April and July (see Figure 21 Diffece in power output from 50kW

PV, January (Left) and July (right).Figure 21, FigQ2):

51



31.60
28.09
24.58
g 0o
£
7.5
§ 14.04
o
o 1053
7.02
351
0.00

L

\W [l l\ |

| ﬂ".lﬁ i ,\‘Mh}l I ’5

62 124 186 248 310 372 434 4% 3558 620 682 744

000 L

62 124 186 248 310 372 434 49 558 620 682 744

Time (hrs) Time (hrs)

Figure 21 Difference in power output from 50kW Bafyuary (Left) and July (right).
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Figure 22 50kW solar PV energy generation, mondyribution.

Figure 22 shows that during 5 months period fromilAp August energy gain from

PV is the highest. The variance in energy outputMiVh (14%) between April and

June could be explained by different weather comubtas clouds cover and number

of sun-shine hours during that year. The total ahemergy production of solar PV

energy reached 49.07MWh, and the annual demandeo€ampany is accounts for
1,251MWh, consequently 229 PV panels would procam@oximately 1/28 part of

energy demand of the company per year.
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Figure 23 Annual 50kW PV Supply / Demand profile
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Figure 23 shows that all produced energy woulddresemed on site because the base
load is higher than maximum power output from P\hgla. This means that the
company would save about 49MWh of energy with oéstOp per each kWh (£4,900
in total).

Table 3 Annual supply/demand data of PV panels 50\W peak power

Generated o Percentage of Percentage of
. L Electricity
Equipment| electricity, surolus. MWh the total energy| energy consumed
MWh plus, load, % on site, %
50kwW PV 49.7 0 4.0 100

The summary of energy produced by PV system andeidetl to the company is
shown at Table 3. The PV system covers only 4%hef tbtal energy demand.
However because of the high base load of the com@édimproduced electricity would
be consumed without any export to the grid. Theaathge of this will be discussed

further in this project together with the variahircreasing the PV system to 100kW.

9.2. Wind energy production

Energy from wind was calculated hourly using dethilvind speed data (see p. 34)
for each hub height / location and power curveawfheturbine with respect to cut-in,
rated and cut-out wind speeds. This data, togetitbrhalf-hourly demand data, was

uploaded to “merit” software for analysis of sugdgmand profile.

Wind energy generation is different for each tueb{eee annex, Figure 42, Figure 43
and Figure 44). For instance, wind turbine with \BOkf peak power (p.46) would
produce about 117MWh of energy annually, whichwigé more than PV panels with
the same power capacity. Summary of energy output fvind turbines is presented
at Figure 24:
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Figure 24 Energy generation by wind turbines 50B0QkwW and 330kW of rated

power

The annual deviation of wind energy during the y#@&s not have a clear profile as
solar energy. In January and February wind eneegyeigtion is the highest, however
it does not indicate clearly that in winter thesennore wind resource available at
western Scotland territories. Thus, in November Bedember the power from wind

is similar to summer period.

From Figure 24 it could be seen that the turbind WDOkW rated power generates
only 50% more energy than 50kW wind turbine dughtodifference in power curves

(technical specifications of turbines are at p.46).

Wind turbine type

Wind power availability, %

Hours of full power, %

50kW 65.9 4.9
100kW 65.9 0.4
330kW 72.0 1.8

Table 4 Wind power availability

Table 4 shows that the wind power availability, dsh®n cut-in and cut-out wind
speed of turbines is the same for 50kW and 100k\Wrtes. However the percentage
of hours of full power, based on rated and cutseimd speed, for 50kW turbine is
significantly higher. Consequently, the 50kW tusbicaptures more energy per each
kW installed capacity from the same wind resoufee 330kW turbine has high

percentage of power availability because of the dowin speed of 3m/s.
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Figure 25 Energy supply (green) / demand (red) ahpuofile of 50kW(left), 100kW
(middle), 330kW (right) wind turbines

Figure 25 indicates the difference between 3 sifdgarbines in energy supply of the
company. Two types of turbines — 50kW and 100kWo+kwmostly in the base load,
which gives minimal or zero surplus of energy. Posver rate of the biggest 330kW

turbine at peak power overlaps peaks in demandgenérates surplus energy that
could be sold to the grid.

Table 5 Annual energy output from 3 types of wimbdibes

in undisturbed wind stream

Wind turbine Annual energy production, MWh
50kwW 117.07
100kwW 173.74
330kw 659.89

Table 5 shows the energy output from undisturbeddwon site. However some
obstacles reduce the energy from turbines. Accgrtlinthe Table 25 (annex), the
height of the wake flow region that affects powemi wind is 3H at the downwind
distance of 20H, where “H” is the height of the talete/building. Consequently, two
turbines 50kW (25m hub) and 100kW (37m hub) undgpgwer reduction from

obstacles. Using the data of power reduction fromdwand the site map with
approximate building dimensions, the total powetuion was calculated for each

turbine. Results are summarised in Table 6:

55



Table 6 Percentage of wind power reduction becafiserbulence

Location Wind turbine | Hub height, Wind direction, Approximate power
(Figure 20) (p.46) m degrees (Figure 10 reduction, %
1 50kW 25 80...150 42.5
310...330 55.0
2 50kW 25 240...270 27.0
140...170 47.0
110...140 50.0
1 100kwW 37 - -
2 100kwW 37 260...280 7.8
1/2 330kW 50 - -

Accordingly, because of the obstacles at “locafibthe 50kW turbine loses 5.8% of
energy. Similarly at “location 2” the same 50kWhime loses 9.4% and 100kW —
0.8% of energy. The turbine with 330kW of rated poat 50m hub is not affected by

turbulence significantly. The turbulence intensity could be calculated using

equation (11), p.29. For this calculation the ageraeight of obstacles assumed as

IR

intensity for each height equald #R

#R " #

value Hyx "22'YZ[&

, and area occupied with buildings as "V

, H

. Consequently, the turbulence
2R

"2 ,H

. Calculated values could be compared with the mam possible
v (Mertens, 2006, p. 23).

Energy output is a major factor that affects finahoutcomes and carbon dioxide

emissions reduction. However the choice of locatmpends from other factors,

among them are noise, visual effect and sociakssu

Table 7 Annual supply/demand energy data for wimkdines at different locations.

. Generated | Electricity | Percentage of Percentage of
wind | Loca .
turbine | tion electricity, | surplus, | the total energy| energy consumed
MWh MWh need, % on site, %
50kwW 1 110.3 ~0 8.8 100
50kwW 2 106.1 0 8.5 100
100kwW 1 173.7 0.40 13.9 99.8
100kwW 2 172.3 0.39 13.7 99.8
330kw | 1/2 659.9 164.8 39.6 74.3
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Table 7 confirms that 50kW and 100kW wind turbipesduce electricity mostly for

the base load. The surplus electricity is minor aodld be neglected. The 100kW
turbine covers the total energy demand slightlyertban 50kW turbine. The biggest
turbine gives the highest contribution of about 4@&nergy supply of the company.
Additionally, 25% of generated by it electricityudd be sold to the grid. However,
the current price of exported electricity is onlg/lBNh, and the price of energy
consumed by the company is 10p/kW. Consequently, wlould affect economic

outcomes of the 330kW turbine that would be corrsdi@t economic analysis.

9.3. Energy from wind-solar combinations

Because of the high variability of wind and solaemy, it could be more profitable
to use both of them to produce electricity. Thussombination of PV and wind
turbine would cover more energy of the base load Tombinations were chosen to
investigate energy generation — 50kW PV with 50kvd 400kW wind turbines sited

at location 1.
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Figure 26 Energy production per month by two corabons of equipment

From Figure 26 it is clear that the lack of engpgyduction by PV panels in winter is

compensated by wind energy. Similarly, low energgnf wind in summer is
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compensated by solar PV. Two combined sourcesrgime even energy profile from
renewables throughout a year. However in some @g&riftor example in November
and December, energy output is low because ofdblke of both - wind and solar
energy.
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Figure 27 Power output profile for 50kW PV and 50kNd turbine (left),
and 50kW PV and 100kW wind turbine (right)

The power load from 50kW PV and 100kW wind turb{Régure 27) covers the base
load of the company more entire than 50kW PV ankMbQurbine. However both
variants of equipment shown at Figure 27 could besitlered as appropriate to

install. The total amounts of supplied and sur@iestricity are summarised in Table
8:

Table 8 Annual supply/demand energy data for twolionations of equipment

Generated| Electricity | Percentage off Percentage of
Set of .
equibment electricity, surplus, the total energy consumed
quip MWh MWh energy load, % on site, %

50kW PV /

50kW turbine 159.37 0.23 12.7 99.9
50kW PV /

100KW turbine 222.81 1.24 17.9 99.4

Finally, all discussed sets of renewable energyipagent technically suitable for
installation. Combinations of PV and 50/100kW tuds are targeted at covering the
base load of the company while the surplus of gnergninor. On the other hand, the
330kW turbine generates a significant surplus oécteicity and could be
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advantageous because of exporting of energy togtlte Further economic and
environmental analysis would help to highlight biéseand drawbacks of all the

renewable energy resources considered in thisqiroje

9.4. Energy management & renewable energy generation

Energy management together with renewable energyerggon gives the most
constructive result for energy costs and carbortpfit reduction. The biggest
challenge of energy management is to decrease \enmsg and cost as much as
possible without reducing the quality of productsservices of the company. Energy
management involves 5 steps: Commitment, UnderstBtah and Organise, Act,
Control, Monitor & Review (Harding, 2010). With dpgation of renewable energy
generation, stages of energy management remaigatne; however the goal of the
campaign shifts towards increasing the percenthgenewable energy usage in the
total energy consumption of the company. That happeecause every kWh of
renewable energy that produced and consumed onasts three times more than the
same energy sold to the grid - approximately 10gik&gainst 3p/kWh. That means
saved on renewables energy costs would be highiehwllecrease the payback period

of systems and other positive economic outcomes.

It is clear that for renewables, that do not excisedbase demand level, all 100% of
generated energy would be consumed on site. Howkarger systems, for example
330kW wind turbine or a combination of 50kW PV &@@DkW turbine would have a
significant surplus of electricity. The total dendaof the company is 1,250,861kWh
p.a. and the system of 330kW turbine generates88B6RWh p.a., from which
474,876kWh consumes on site (about 70%) that 6d5tHK with price 060.1/kWh.
The energy surplus of 185,014kWh could be solchéogrid for60.03/kWh with the
total cost 0f65.5K p.a. If this electricity surplus was consunogdsite, it would cost
618.5K. To sum up, for 330kW wind turbine system twmmpany could save the
additional613K annually just because of energy managemertecketa the renewable

energy generation.
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Figure 28 Example of demand (red) supply (greenjila;, 16/07-19/07 based on
330kW wind turbine energy output

As an example, demand/supply profile for 4 day3uly is shown at Figure 28, where
blue-shaded areas are the excess of demand, andigréded areas represent surplus
of electricity generated by 330kW wind turbine. @eated energy surplus could be
stored and released in time, when energy is redjuirbere are several storages that
could be used in renewable energy systems — lesttdlying wheel, hydro, hydrogen,
compressed air. Among them batteries usually astggded for small amounts of
energy, hydro-storage could be useful for largdiegions as grid balancing, others
related with high expenditures or energy lossesalmf them could not work

efficiently for medium-size industrial implementats.

The advantage of industrial companies is in difiergorocesses that require
energy/electricity. Some of those appliances cda@dut into work when electricity
from renewables is available. That would cause nforel benefits and reduce
embodied energy of the final manufactured prodfithe company. For instance, for
Barr one of the ways to use energy excess is ftib Isigh-energy load of bitumen
tanks. In present time only one bitumen tank wdrke electricity — 23 tonnes of
available capacity, the current maintaining tempegea is 140 degrees. The

temperature of bitumen should not go below 120 elegrFor the further calculations
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130 degrees was taken as minimal temperature. Bitumside the tank could be
heated between the range of 130-140 degrees winenwable energy is available.
Specific heat of bitumen varies from 1.89 KJ/&y/at 106C to 2.10 KJ/kJIC at

200°C (Shell Bitumen, 1995, p. 387). Using interpalatithe value of the specific
heat for 135 degrees bitumen found as 1.96 KJIkgAfter that, energy which is
necessary to have to increase temperature of hitumyelO degrees is could be

calculated as:

\A R ]< ]9 """"
#roam # "a Z'

(11)

This Q, is a value of energy that is necessary to incrédaséemperature of bitumen
inside the tank. To this value an on-going heas Islould be added. It could be

calculated as:
b - ¢ de

A — is the surface area of the tank; T — temperature difference between bitumen
and outside air; U is U-value of the tank that waeen from “SpiraxSarco, Energy
Consumption of Tanks and Vats” methodology for towgtimations (SpiraxSarco),
according to which the U-value of the tank sides is

- - f g
WhereU, is typical U-value for tanks according to a tengpere difference to air, in
case of this workJ,=16W/nf°C for the tank sided, is a coefficient of insulation
which was taken 0.1 using an assumption of 50mmlatisn thicknessX is a
coefficient of wind velocity, for this case studynd speed equals 4.2m/s ax«d2.48.
Based on those coefficients the sides of the tankalue is 3.97W/HfC

(SpiraxSarco).
It was assumed that the tank volume is 23 tonnd&wid bitumen without a solid

part of 7 tonnes. It was also assumed that themsons of the horizontal tank are
1.2m radius and 5m length which give the outsida af 46.72m
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The annual average temperature in ScotlandGsa®d the temperature of bitumen is
140°C so average energy logsis:

b 2 2 ! hi

The Q value means that to keep the bitumen temperatbir&46 degrees it is
necessary to provide 24.3kW power (Note: this valaes calculated roughly as an

example).

After that, calculated value of Aj\ # ] # # Z2)k*l means the
time for the tank to lose 10 of bitumen temperature. As a result, applyingrgye
management, the base load could be reduced by\®4vdken there is no available
electricity from wind or solar PV. Intervals betweleeating of the tank should not last
longer than 5.15 hours to avoid bitumen hardeniiigen renewables generate a high
energy surplus it is possible to accommodate up2@22kWh for bitumen heating.
This task could be realized by using software thatks with attention to renewable

energy generation and temperature of bitumen.

The overviewed example of energy shifts using béontanks is only one of the
possibilities to apply energy management. In othdustrial companies it could be
several processes that would allow applying theesamart energy schedule and
loading more renewable electricity on site togetivth improving economics of

renewables and reducing carbon footprint.
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10. Renewable energy system economics

Primary economic estimations of renewable energptesys are based on financial
expenditures and benefits. Total generating costledtricity produced by a wind

turbine or solar panels is determined by followfagtors (J.F. Manwell, 2009):

Wind/solar regime
Energy capture efficiency
Availability of the system
Life time

Capital costs

Financing costs

Operation and maintenance costs.

First two factors — wind/solar regime and energpteee efficiency were discussed
above. Briefly, wind and solar regime depends oergy resource available at the
place of installation, and energy capture efficielsbanges with design of a wind
turbine, and material used for PV solar panels. fhvel factor — availability of the

system — depends on time when the equipment isabpeal. Days for operation,

maintenance and necessary repairs should be exdraie the total operational time.
According to the statistics for current wind turssn in total they require 6 days to
repair any failures occurred (Figure 29) (Milborro®010). Consequently the
availability factor is 98%.

Structure ; V.
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Source: ISET, 2008

Figure 29 Failure rates and outage times of windbine components (ISET 2008
cited in (Milborrow, 2010))
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According to the other resources the availabiligtér for modern turbines is between
97 and 99% (EWEA 2004 cited in (J.F. Manwell, 2009507)). The PV panels’
availability factor is close to 100%. All operatiamd maintenance operations could
be done during one day to avoid high energy losSessidering the possibility of
heavy snow and low temperatures in winter, the tmalcavailability factor for
Western-Scotland territories could be lower. In t8eaw the number of days with
snow cover (more than 50% of surface) at 9 a.nroim 2 to 9 between November
and March (Met Office, 1996-2005). For a wind tasbiit could cause icing which
decrease the availability factor. Despite that R¥igds installed at a tilt angle, so the
falling snow would slide down, in periods of heasyow they could be covered
entirely or partly and require cleaning. Takingoiriccount these weather factors the
number of days out of operation was increased ayéar for wind turbines and by 3

for PV panels (approximate values).

In Europe the lifetime period for economic analysfisvind turbines is assumed as 20
years which is the design life time (J.F. Manw&D09). However, because of the
novelty of wind turbines with current design, tpisriod was not checked in real-life
operation. For solar PV panels the life-time petriloat declared by manufacturers is
25 years. During this time manufacturers guaratitegpower output of at least 80%
from the initial level. These life-time values awesed for all financial estimations.
However, if PV panels are connected to the gridytheed DC/AC inverters, which
have a lifetime of 15 years and would require reipig once during the PV lifetime.

This fact will be considered in further O&M costaulations.

10.1.Capital costs

The total cost of the system includes capital obshe equipment, costs of additional
electrical equipment as inverters for PV or transiers for wind turbines, cost of the
base, installation and connecting to the grid,astiructure (as access roads for wind

turbines), project management and financial costs.

For wind energy in different published resources¢bnstituent part of each cost type

Is slightly varying. Two types of costs structuage introduced in Figure 30:
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Figure 30 Cost structure of a wind turbine instéitbe
left — typical 2MW wind turbine in Europe (Poul-EMorthorst, 2009),
right — typical 5SMW onshore project (RenewableUK )

The cost of the turbine itself takes 65-75% of tb&al cost of the investment.
Expenditures per kW power of a single wind turhimstallation are generally higher.
For this project, prices that received from onéhef local companies are summarised

in Table 9:

Table 9 Capital costs of wind turbines (TGC Glasga0d.1)

Wind turbine type 50kW 100kw 330kW
Pre- Deployment Costs
(Pre-con, Planning & 3,485 3,485 11,015
Survey)
Turbine costs
(Supply & Install) 226,215 335,260 865,197
Total 229,700 338,745 876 212

Considering the Barr company industrial profilege tisost of the wind turbine

construction could be decreased by using its owrcrate for the foundation of the

turbine and technical machinery.
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The capital cost of a medium size solar photovolgaliant includes PV panels,
necessary fittings for installation at tilt angieyestors and electrical connection to
the grid, installation work, control and monitorirgystems, financial and project
management costs. The main difference from winbiercosts distribution would be
in absence of foundation and road construction mdiperes. According to data
received from local PV distributors, system of 2ZdRS-S218SF with inverters, all

necessary fittings and installation work would cddi33,528 including 5%VAT

(Solway Solar Systems, 2011).

In addition, the grid connection cost should beeatltb the values of the capital
expenditures. For the turbines sites it would beessary to make a grid connection
overhead or underground lines of 200-250 m to tharest transformer. The exact
cost of the connection to the grid could be reatigiter the investigation of the local
grid capacity. For 50kwW and 100kW wind turbines abgkW PV panels the
connection to the grid should be minor becauséefzero or low electricity export.
However for 100kW turbine power export to the gcould reach 50kW, and for
330kW turbine — 280kW (rated power minus base lolathe company). Similar for
the combinations of solar and wind energy the fbsgiower export is accounted for
50kW and 100kW for 50kW PV/50kW wind and 50kW V/k80 wind respectively.
As a result, the cost of the grid connection caady significantly. In this project it is
assumed as 6% and 1% of the capital cost of iasitalls — solar PV and wind.
Additionally, based on Figure 30, 1% of capital engiture was added as a possible

consultancy work payments.
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10.2.0Operation and maintenance

Operation and maintenance (O&M) costs include @galaintenance, repairs, spare
parts, insurance and administration (Operation &raintenance Costs of Wind
Generated Power).

10.2.1. Wind turbines O&M costs

For wind turbines O&M cost usually represents p#hkenergy generated. This
approach allows easily take into account the siazbe system and local wind power

availability.

Figure 31 Total operation and maintenance costs\d&/h of wind energy
(Milborrow, 2010)

Figure 31 shows the O&M costs are included sevemats. Thus, the cost of
scheduled and unscheduled maintenance is onlyM®/4/ which is 30% of the total
O&M cost of €18/MWh. Another resource (Figure 38flicates that for example
55kW wind turbines require approximately €3.5-48k for O&M, which equals
€35-45/MWh.
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Figure 32 O&M Costs for selected types and agdarbines (Jensen et al. (2002)
cited in (Operation and Maintenance Costs of Wirgh&ated Power))

Figure 33 shows operational costs for turbines ifer@nt size using another
approach. Concerning the turbines range usedsmptioject, the O&M cost should be
between 33 and 26 €/kW of the turbine size.

Figure 33 Operational costs as a function of thditoe size (WMEP, 2002 cited in
(Wiggelinkhuizen, 2007))

According to other sources estimated O&M annuat 04.5-2% of the capital cost
of the system (DWIA 2006 cited in (J.F. Manwell,020). To compare results from
mentioned four different resources and approackegsaph at Figure 35:
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Figure 34 Annual O&M costs for wind turbines usthifferent estimating methods.

At Figure 34 it could be seen that the second himd iethods give similar results for
smaller turbines (50kW and 100kW). For the 330k\Wite, the method described at
Jensen et al. 2002 (cited in (Operation and Maariea Costs of Wind Generated
Power)) give the highest O&M cost.

On the planning stage it is challenging to pre@étM cost which in real life would
depend on the turbine type, age, site of instalatand local market trends.
Additionally O&M costs are changes through the -tifee of wind turbines.
For example, at year 5 annual cost of correctivinteaance (repairs) accounts for
0.5-0.8% of investment cost, however at year lidteases to 4-6%. Totally, the
average O&M cost through the life time period i4%-of investment costs per year
(Wiggelinkhuizen, 2007).

Table 10 Annual average O&M costs for wind turbines

Wind turbine (p.46) 50kwW 100kwW 330kW
Annual O&M cost, £ 2,922 4,497 14,971

In this project O&M costs of all 4 methods were @aged and assumed as equal
through the life time period of wind turbines. Th@ues were summarized in Table
10 and taken for further financial calculations.
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10.2.2. Solar PV panels O&M costs

Similar to wind turbines, O&M cost for PV panelsnststs of regular maintenance,
repairs, spare parts, insurance and administrafibbthose actions are targeted at PV
efficiency and performance increasing. The regumaintenance of a PV system
includes inspection and servicing of equipmentrevent any breakdowns and energy

production losses. Major activities are shown ibl&€dl1:

Table 11 Major elements of PV O&M (EPRI, 2010)

Preventive Maintenance Typlt_:al Frequency,
times/year
Panel Cleaning 1-2
Vegetation Management 1-3
Wildlife prevention Variable
Water Drainage Variable
Retro-Commissioning 1
Upkeep of Data Acqwsmpn and Monitoring systemg( Undermined
Electronics, Sensors)
Upkeep of Power Generation System (e.g. Inverter 1-2
Servicing, BOS Inspection, Tracker Maintenance)

The frequency of O&M depends on the specifics & BV system location. For
instance, “on land” PV would require frequent vegieh management to prevent
shadings. However for roof mounted PV this activaibuld not be necessary at all.
Wildlife as birds nesting or other small animalsuldoharm PV materials, cause
dirtying of PV surface and problems with wiring.d®éar checking of electronics and

power generation system helps to prolong life tohBV and inverters.

Possibly, the main O&M activity is cleaning. Currel®V panels have a special
surface which decreases dirt settling on it. Theatigle of PV arrays helps water to
stream down and naturally wash the surface. Howavedusty/desert regions or
locations with high pollution PV panels could ragucleaning every few months.
Additionally it is impossible to prevent birds’ e or leaves adhesion. According to
the industry stakeholders, PV performance couldp doetween 1-5% annually

because of dirt. And based on external factors,elpamashing can improve
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efficiencies by as much as 10-15%, but usually ¢@for PV at tilted angles (EPRI,
2010, p. 12). Frequency of cleaning should be apesl individually for the exact PV
installation during operation according to the athecessity. It is suggested to clean
PV panels at least once in March/April before tleeiqu of high intensity of solar
radiation.

Panel washing for large commercial ground of roadumted PV systems costs
approximately $2.5/kW (£1.5/kW), but for more commwplsystems it can reach
$10/kW (£6.1/kW). Smaller arrays of 100 kW and l&éss more expensive panel
washing costs on a basis of installed kW power. {ot@ O&M cost of PV system
(including cleaning) is varying between $6-27/kV8.(£16.5/kW) (EPRI, 2010).

The other method of presenting O&M costs of PVniglependence from produced
electricity. Using this method, O&M costs are vagyifrom 0.02 to 0.1 c€/kWh
(£0.0175-0.0874/kwh) (PVResources (c)).
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Figure 35 Annual O&M costs for PV panels usingatdéht estimating methods.

Similar to the wind turbine, annual O&M cost of P¥nels was chosen as an average
of two described values and accounted for £1,53§u(e 35). This amount will be

used in further economic calculations.

10.3.Financial benefits

To estimate economics of each system it is necgdsacalculate the amount of
annual income. For a renewable energy unit thabected to the grid there are three

possible types of financial benefits. Firstly, enefrom a wind turbine and PV could
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be consumed by the company itself. It would cadsereasing of electricity load

from the grid, and, consequently, reducing annwgiments for it. Currently the
average the electricity price for the company ip/k@/h. Therefore, total benefits

from produced energy that consumed by the compamyale to m' azZ

noaz ) (Table 13). Because of the annual variabilitysolar energy and wind

speed, energy output from renewables would berdiftefrom year to year (see p.89).

Secondly, if renewable energy system power cap&ibygher than the base load of
the company, it would produce energy surplus tlbatccbe exported to the grid for
3p/kWh. Most of the systems that are investigatedhis project were selected to
work generally at base load of energy demand. Guesgly, the amount of exported
energy is minimal for them. However, for exampleORB& turbine produces

significant surplus of energy.

The third income from renewable energy is FITs ed-& tariffs scheme that was
introduced 1/04/2010 in the UK. FIT scheme was &mthto help the development
process of renewable energy systems of differaassiFITs are applicable different
types of technologies — wind, solar, anaerobic stiga, micro-CHP and Hydro

energy. According to the first year statistics oT$; 72% of the installed capacity
holds PV energy and 17% - wind energy in the UKwigeer, because of greater wind
resource, in Scotland wind energy is a prevailieaghhology, it keeps 52% of all

installed capacity, 32% - hydro and 12% - solarg@di E-Serve, 2010). The amount
of payments for each kWh generated by the systegardis from the tariff rate. The

FIT rate is fixed for the life time of the equipm&B0 years for wind turbines and 25
years for PV panels). FIT rates changes accordintp¢ year of application. As an
example, FITs for wind and solar technologies as in Table 12:

Table 12 FIT rates (an example for PV and wind nedbgies), (Ofgem, 2011)

Technology | Scale, kW Tariff level for new installations (p/kWh)  Tariff
Year 1 Year 2 Year 3 lifetime
Solar PV >10-50 32.9 32.9 30.1 25
Wind >15-100 | 25.3 25.3 24.2 20
Wind >100-500| 19.7 19.7 19.7 20

Note: Year 1 — 1/4/10-31/3/11, year 2 — 1/4/11-B1d3year 3 — 1/4/12-31/3/13
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The project run time for medium-size systems cawdch 2 years starting from
planning process and finishing with commissioni@gopal Energy Concepts, 2005),
consequently FIT rates for “year 3” (commissionitily 31/3/13) will be used in
further calculations. For many technologies FIT rpewts decrease each year. For
example, solar PV FIT rates drops from 32.9p/kWilie first year to 14.3p/kWh for
year 11. So economically, it is more profitablarstall PV during few coming years
to get more financial benefits. Final results ofaficial calculations are shown at

Table 13; they include costs of consumed and eggathergy, and FIT payments.

Table 13 Cost of energy consumed on site and sdltetgrid

Location Cost of the| Cost of the EIT Income
energy energy Total
Type of the|  (for payment | . per
) consumed | exported to income, £| .
system wind . . (year 2 installed
. on site, £ | thegrid, £ p.a.
turbines) rate), £ p.a. kWp p.a.
p.a. p.a.
50kwW PV - 4,853 0 14,608 19,461 389.2
50kW WT 1 10,692 0 25,876 36,568 731.4
50kW WT 2 10,285 0 24,890 35,176 703.5
100kwW WT 1 16,802 12 40,758 57,573 575.7
100kW WT 2 16,665 12 40,425 57,102 571.0
330kW WT 1/2 47,488 4,945 126,020 178,452 540.8
50kW
PV/50kW 1 15,914 7 40,484 56,405 564.0
WT
50kwW PV /
100kW WT 1 22,157 37 55,367 77,561 517.1

Note: Energy consumed on site calculated using wirlsines and PV panels availability factor. (WT —
wind turbine, PV — photovoltaic panel)

It could be seen that the cost of energy expartilsmal for all systems, thus even for
330kW wind turbine it reaches only 3% if the firmadnual income. So energy export
is not a priority for renewable energy systems ofdiam size for industrial
companies. The financial incomes of renewables fikdmtariffs is accounted for 2/3
parts (Figure 36Figure 36 Distribution of annuatame from renewables between
different payments) of the total values.
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Figure 36 Distribution of annual income from renddes between different payments

Because of the high percentage of FITs in renewaiégy finances, it is important
to choose the site of the system correctly. Foram=e, with increasing of the PV
system from 50kW to 100kW of capacity, the FIT rdtkird year) would be
17.4p/kWh (Ofgem, 2011) instead of 30.1p/kWh. Tiauld lead to decreasing of
incomes in relation with the size of the systemug;Hor 50kW PV the annual income
per installed 1kW i$6389.2, and for 100kW it would be 30% less - 06GR66.

Finally, that would cause increasing of paybackqaeand other financial indicators.

To sum up, the size of the system should be chagtérreference to the current FIT
value, because it is a major factor that determiotd financial benefits. Calculated
results of financial benefits are used further Byack period, NPV and IRR

estimations for each system.

10.4.Payback period

Payback period is a standard economic parametéral@vs to a company to
calculate how long would it take for an investmenpay for itself. The classical way
to calculate payback period is (Payback Periodriedn):

)p ) 'n*)alrp

&&KWCTWIZ' (%)Y (12)

The cost of the investment includes the equipmewtk, infrastructure and other
accompanying payments (see paragraph 10.1). Antagt flows contain annual

financial benefits (FIT tariffs, export of eleciitic and electricity consumed on site)
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minus annual O&M cost. Calculation of payback peror all discussed systems are
summarised in Table 14:

Table 14 Payback period calculations

Type o the system | (orwind |  C2P1l | O&M cost. | Benefis, £ Paybck,
turbines)
50kW PV - 145,140 1,539 19,461 8.1
50kW WT 1 249,674 2,922 36,568 7.4
50kW WT 2 249,674 2,922 35,176 7.7
100kW WT 1 368,201 4,497 57,573 6.9
100kw WT 2 368,201 4,497 57,102 7.0
330kwW WT 1/2 952,404 14,971 178,452 5.8
50kW PV/50kwW WT 1 394,814 4,461 56,405 7.6
50kW PV/100kwW WT 1 513,341 6,036 77,561 6.9

The difference in payback period of systems is @Byyears. The highest payback of

8.1 years has the system of 50kW PV. The smalkegdtack (5.8 years) has a 330kW
wind turbine (Figure 37).
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Figure 37 Payback period for different systems emhbinations, years

Using the same example of 100kW PV system (seegpph 10.3) and assuming
doubling of capital expenditures and O&M cost inmgarison with 50kW PV,

decreasing of FIT tariff gives the payback of 19e&rs which is 50% higher than
payback of 50kW PV.
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Because payback period estimations ignore severandial parameters as
profitability and value of money, other methods MBV and IRR are used for

calculation of financial benefits.

10.5.Net present value and internal rate of return

Net present value allows to a company comparerdiftenvestment options in terms
of financial benefits at the end of chosen perfften the standard bank rate is used
as a base for comparisons. In case of this woereéhewable energy investment will
be compared with 4% of risk-free bank deposit cfteeturn. For all systems NPV
will be calculated for the total life-time of thgsdem — 25 years for PV panels and 20
years for wind turbines and combinations. Classcalation for NPV is:

\

s@ tﬁ : (13)

uw9

whereCy is a total capital expenditur€; — net profit from the investment for the t -
time period, r — discount rate (4%) (Net Presenu¥a NPV). NPV was calculated
with an assumption that energy generation and O&Bt of each system are constant
throughout the life-time period. Additional paraeret internal rate of return (IRR)
could be calculated with the same equation when MPWResults of calculations are
summarised in Table 15.

Table 15 NPV and IRR calculations for each system

Type of the system agfavt;[ilr?g NPV, £ IRR, %
turbines) (r=4%)

50kwW PV - 134,846 11.55
50kW WT 1 207,588 12.10
50kwW WT 2 188,664 11.44
100kwW WT 1 353,114 13.21
100kwW WT 2 346,722 13.06
330kW WT 1/2 1,411,701 17.54
50kW PV/50kW WT 1 311,121 11.72
50kW PV/100kW WT 1 458,704 12.64
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NPV results shows that investing in each systesigsificantly more profitable than
a bank deposit. In fact, each system, after paitsejf back, would give the rated
profit of the capital investment size. Accordingthe NPV and IRR coefficient, all of
the systems give significant financial benefitseThost profitable system at the end
of life-time is 330kW wind turbine.

For many business companies financial outcome @sntlost significant factor for
making a decision. The result of all estimated ecaic parameters shows that in
present time renewable energy is extremely prdétalector for investments as long
as FIT rates are high. However, a company shouldwege of all assumptions that
were used in these calculations. During the plappirocess the financial part of the
project estimates more accurately, but even thes dwt guarantee exact payback of
IRR results because of uncertainties that reneweahkrgy is accompanied with.
Apart from economic benefits, other factors as mmmental and social impacts

should be taken into account while choosing a refsdsvenergy system.

11. Environmental and social impact

This paragraph is targeted at review of environm@ileahd social impact of a single
medium-sized wind turbine and/or PV panels in wesgrotland territories, based on
a case study of at Barr Limited industrial site Kiloch. One of the positive
environmental issues of renewable energy generaioeduction of C@emissions.
However renewable energy systems could impact ivedyagit the local environment,
for example noise emissions or effect on wild Ii¥éost of the environmental issues
concerns the wind energy generation. On the otaed hphotovoltaic technology has
significantly lover impact on the local environme&ocially, a middle-size wind
turbine or PV panels could affect the tourism iridusr have an impact on education

or employment rate at the local site.
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11.1.Carbon dioxide emissions and savings

The most significant environmental benefit is radgoof greenhouse gas emissions,
especially carbon dioxide. Many industrial companae aware of environmental
problems. According to the current Barr energy @glihey are aimed to reduce the
energy consumption of the company from all resau@eleast by 5%. As a result,
that would cause reduction of @@missions. This policy could be realised by

efficiency improvement of energy consumption andesting in sustainable energy
technologies as renewable energy.

In total, the population in the world produces abb& million tonnes of carbon every
day. Each energy generation system has estimdedylle carbon emissions. For
example for a coal power plant it is about 800g&®@&1, and for on-shore wind —
4.64gC0O2/kwWh. Even biomass combustion the renewab&rgy technology with
highest CQ emissions has a carbon footprint which is 10 tinosger than a coal
power plant (Values of CQemissions from the other technologies could bedoin
annex Figure 47). Those values include all carlan émitted during manufacturing,

construction, power generation during life cyclel @@commissioning (Parliamentary
Office of Science and Technology, 2006).

Having expected values of annual energy generatddV and wind turbines, carbon

footprint and carbon savings could be calculateg&zh system (see Table 16).

Table 16 Wind and solar PV annual carbon footpremsl savings

Location Total energy Carbon Carbon
Type of the system | (for wind | generation, kWh emissions, savings, tonnes
turbines) p.a. tonnes p.a. p.a.
50kW PV - 49,070 2.85 18.25
50kwW WT 1 110,300 0.51 46.92
50kwW WT 2 106,100 0.49 45.13
100kW WT 1 173,740 0.80 73.91
100kwW WT 2 172,320 0.79 73.30
330kW WT 1/2 659,890 3.04 280.72
50kW PV/50kwW WT 1 159,370 3.35 65.18
50kW PV/100kW WT 1 222,810 3.65 92.16
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In carbon emission calculations it was assumedttieenergy mix in the UK has a
carbon footprint of 430gC0O2/kWh (Renewable UK (Adhnual carbon savings were
calculated by multiplying of energy generation aaiectricity mix carbon footprint

value, minus carbon emissions by renewables.

Because of the significant difference in energyegation between PV and wind with
the same power capacity and life-cycle emissioRgC®2/kWh and 4.6gCO2/kWh
respectfully), carbon saving from on-shore windrgges more than 60% higher than

CO, saving from solar PV technology.

To sum up, even renewable energy systems are tie¢lgriGreen”, however they
cause CO2 emissions that are many times lower ftioam fossil fuels technologies.
CO, emission savings from investigated wind and ssystems would be accounted
for 3.4...52.2% from the total emissions of the compdt is perfectly corresponds
with the energy policy. Additionally it would redeic embodied carbon of

manufacturing products.

11.2.Wind energy environmental and social impact

Among the most known environmental issues of windrgy is noise, visual impact,
effect on the birds’ life and electromagnetic ifeeence (J.F. Manwell, 2009). Many
wind energy programmes were delayed or reverseauisecof the possible impact on

the local environment.

11.2.1. Sound pressure level calculations

For the UK and even Scotland, where most of th@tadeles are occupied with cities,
villages and houses, many wind turbines and farmesimstalled close to people
homes. Because of that, the noise problem is ortaeofost important among the

other environmental impacts.

The technology of wind turbines improved dramaticat terms of noise emissions
reduction, for example blades air foils and opemstrategy (J.F. Manwell, 2009).

However, still people who leave close to wind farimase complains about industrial
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noise generating during the whole life-cycle of aviturbines from construction and
operation to decommissioning. The additional problef generating noise is that
people have different reaction on it. Some peopldccbe very sensitive to the new

sound resource especially in relatively calm riaatls as western part of Scotland.

Sources of noise emitted from a wind turbine colkd divided into two groups:
aerodynamic and mechanical. Aerodynamic noiseddyming because of the airflow
over blades and tower. Mechanical noise is condeetéh work of gearbox,
generator, yaw drivers, cooling systems and othechanical equipment. With
increasing of speed and turbulence of wind flux tlmse from a wind turbine
increases as well (J.F. Manwell, 2009). UK stanslaedjuire rising of noise pressure
level because of wind turbines of no more than BdBpove background for day and
night time. According to the other European stadsld60 1996-1971, noise limits
for a day, evening and night times were determseguhratelly for different types of
districts (see Table 17).

Table 17 ISO 1996-1971 Recommendations for comynoise limits (Weed, 2006)

District type Day dt:?r’rzi)limit, Evegli;(gA )Iimit, Ni%rg(g\r)nit,
Rural 35 30 o5
Suburban 40 35 30
Urban residential 45 40 35
Urban mixed 50 45 45

Note: Evening time — 7-11pm, Night time — 11pm-7am

The other different international organisations acduntries issue their own
guidelines of the noise level. For example, the M/bealth Organisation suggested
sound levels of 35 dB(A) for daytime and 30dBA @jh inside residences with open
windows to avoid critical effects as annoyance,espeintelligibility and sleep
disturbance (Weed, 2006).

Each manufacturer of wind turbines announces tlieerqressure level generating by
their wind turbines. For the turbines that usedthis project, noise levels are

summarised in Table 18
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Table 18 Wind turbines noise level

Turbine type Noise level, dB(A)

50kW, Endurance E-3120 94.8 dB(A) at the turbwmied speed 10m/s
100kW, Nothern Power 55 dB(A) at 40m distance

330kW, Enercon E-33 101 dB(A) at the turbine, wapeed 10m/s

If sound power levelwa(dB(A)), of wind turbine is unknown, it could belcalated
from rated power of the turbin@yr (W), diameterD (m) or tip speed at the rotor
bladeVi, (m/s) (J.F. Manwell, 2009):

Xyz ! %)’9: yv $ #" (14)
Xyz %)’9: { $ 2 (15)
Xyz #" | %)’9: @UM} $ ! %)’9: { (16)

Given equations 14 and 15 could be a simple wayafoough estimation of noise
levels; however, they were developed for old typkgturbines. Equation 16 is more
accurate because it shows the dependence of soessupe from the tip speed of the

rotor which represents aero dynamical nature aden@i.F. Manwell, 2009, p. 489).

Using the given or calculated data, noise levainfreach turbine could be calculated
for any distance from it. The territory of the caang is situated in a rural site with a
few houses and communities distributed in the aFba.detailed map is presented in
annex Figure 45. The noise emission from wind hebiat any distance could be

calculated applying the following equation (Merte2806):
~r ~ " T8y €= (17)

The other equation (J.F. Manwell, 2009) using fesguy-dependent sound absorption
coefficient :

~r ~ " 78y € 1 - (18)
Wherel, is a noise level dB(A) at a distanc€m), L, — noise level at the resource.

Using equation (17) and approximate distances fnond turbines locations (1 or 2)

to each property, noise levels results were caiedland summarised in Table 19:
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Table 19Noise level from wind turbines at each location

Noise level from wind turbines at each locationer 2,

Dwelling

location | distance, distance dB(A)

(Figure | m(1) | m(2) | 50kw, | 50kW, | 100KW, | 100kW, | 330kW, | 330kW,
45) 1) 2 1) 2) 1) 2)
A 189 274 38 35 41 38 44 41
B 579 695 29 | 27 32 30 35 33
C 600 705 28 | 27 31 30 34 33
D 842 937 25 | 24 29 28 32 31
E 842 905 25 | 25 29 28 32 31
F 968 1021 24 | 24 27 27 30 30
G 779 726 26 | 27 29 30 32 33
H 705 611 27 | 28 30 31 33 34
| 600 579 28 29 31 32 34 35
J 705 674 27 | 27 30 30 33 33
K 747 695 26 27 30 30 33 33

It could be seen that among the dwellings, A, Bar@d | are sited closer to the wind
turbine locations and have the highest level ok@oiAmong the buildings on the
territory of the company, the main office buildihgve the highest requirements in
terms of the noise, it should not exceed 50 dBfAhdve no any affect on efficiency
of work (J.F. Manwell, 2009).

On industrial part of the company at the asphalhufecturing, workers could wear
noise protection as headphones if necessary. Tleemder system is situated at the
part of the main office which is closer to bothdaons 1 and 2. At this building
windows are permanently closed and all cooling @emtilation is mechanical. So the

outside noise would have less impact on the intenaironment. The noise level at

main office building is shown in Table 20:
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Table 20 Noise levels at main office building

Location of the wind turbine 1 2
Distance to the main office, m 74 153
Noise from 50 kW wind turbine, dB(A) 46 40
Noise from 100 kW wind turbine, dB(A) 50 43
Noise from 330 kW wind turbine, dB(A) 53 46

The first location of wind turbines gives higherise level for the office building
because of the shorter distance between them. Haveewind turbine at the second

location would increase the noise level at indatsite of the company.

Calculated sound power levels given at Table 19 Badale 20 only introduce noise
from wind turbines. The total noise coming to atipatar place from several wind

turbines or the other resources could be calculasgdiertens, 2006, p. 9):

$
Xgur " W) .t " AT (19)
M9
General guidelines says that two equal sound predswels generate cumulative
noise that is 3dB(A) higher that one of them, andnie of the two resources give a
noise 15dB(A) lower than the other it could be eetgd.

For case study of this project the background naseinknown and should be

measured at critical sites (close dwellings, mdiic® and manufacturing plant) to

predict the final sound pressure level in casewiral turbine installation.

11.2.2. Visual effects

The visual impact of a wind turbine or a wind fadepends on a landscape, number
and design of the turbines, number of blades anducoVisual impact could be
assessed by making pictures of views of the loga sithout and with a single wind
turbine or a farm. Open rural regions are the rsessitive to the visual impact. The
US visual design strategies (NWCC 1998 cited i&.(Manwell, 2009)) recommend
to use local land form to minimize visibility of @ess roads and protect land from
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erosion, use low profile and unobtrusive buildindssign, uniform colour and

structure design, minimise size, colour and nunatbéatbel markings on turbines.

For the case study of Barr located at Killoch thpraximate view of wind turbines of
different size are shown in Annex, Table 26. Takimg consideration the industrial
background of the local area (asphalt and coaltglawnisual impacts of smaller
turbines 50 and 100kW should not be significantwileer, in larger view the rural

area landscape would suffer from a new tall objecthe site.

Visual impact of wind turbines usually causes astaace from local householders
and communities. On the other hand, a personatioeagn a view of a wind turbine

varies for different people from positive and nalto negative and could be hardly
predicted. An explanation and promotional campagrong the local people could

help to avoid or decrease number negative reactions

11.2.3. Effect on birds’ life

Wind turbines, as any other industrial object, htéhair own impact on wild life of
surround areas. For example, major bird kills wexgorted at few wind farms in
Europe and the US. Wind turbines with rotating bRdf huge diameters, electrical
lines and equipment could have a significant ef@ecbirds’ life (Colson, 1995 cited
at (J.F. Manwell, 2009)):

Bird electrocution and collision mortality
Change to bird foraging habits
Alteration to migration habits

Reduction of available habitat

Disturbance of breeding, nesting and foraging

Practically, the effect of wind turbines on birdi¢¢ can be assessed through the bird
utilisation counts, utilization rate, mortality, talculate bird risk (J.F. Manwell, 2009,
p. 474):
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Bird risk could be calculated using different vateparameters, for example seasons,
species, turbines type, and then compare risks fobner types of facilities as
highways or electricity transmission lines (J.F.nMall, 2009). In Spain a bird’s life
study showed 0.13 bird deaths per turbine annubdlyhe US it was calculated that
each 15,000 wind turbines cause 2.2 bird deathggzer(EWEA (A), p. 9).

Impact on birds’ life is very site-specific. Obseny the most popular birds nesting
places in western Scotland, particularly Ayrshdentified that area around Killoch is
not a popular natural habitat of birds. AdditiogaKilloch site has industrial profile
because of the coal mine for many years and itldhoel typically avoided by birds.
The most common birds’ nest places in east Ayrsdmieesituated at coastal sites near
Largs, Irvin and Ayr, in mainland near Kilmarnockumnock and Mouchline
(Ayrshire Birding, 2010), (Kevin Waite, 2005).

11.2.4. Social impact

Social impact of wind turbines and farms includéea on community cohesion,
employment, education and tourism. Social resigtarmuld cause difficulties for
wind energy development in local areas. Public sys\are running in many countries
to investigate public opinion about wind energyr E@ample a survey in 2002 in
Germany showed that 86% are in favour about ingrgasf wind’s contribution in
energy mix (EWEA (A)). In the UK data from 50 says show that on average 77%
of the public are in favour of wind energy, and @#e against it (EWEA (B)) .
Similar, surveys showed that public acceptancengisvhen a wind farm starts to
operate (EWEA (A)).
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Wind energy impact on tourism in Scotland was itigased on the basis of four case
studies in 2008. According to the results, this aetpis very small. However it is
suggested to make a tourism impact investigatigrar of a wind farm planning
process. Wind farms reduce a value of sceneryf soalso suggested to install a
small amount of large farms than scattered smathdahroughout the territory (The

economic impacts of wind farms on Scottish touri2608).

In terms of impact on education and employment,dwinrbines usually cause
positive improvements, such as creating more lagatk places and improving
energy awareness and education. Social resistaraegly depends on work with
visual impact and noise emissions. A farm or alsirigrbine project that worked
through those impacts has more opportunities td $iocial support of wind energy

from society.

11.3.Environmental and social impact of solar PV energy

PV energy units do not cause so significant enwviremntal impact as wind energy. For
example, they do not have any noise generatingusecaf the absence of moving
parts. Similar, PV panels are generally locatedlansurfaces, so the visual impact
and impact for birds’ life is not very significaithe major environmental issue of PV
technology is land use. For example each kilowatpawver capacity takes about
7.5nt of surface. When PV panels are roof-mounted, theegiot take any useful area,
however for utility-scale ground-mounted PV platasd use is a significant problem.
Apart from PV arrays, it is also necessary to havads and distance between
modules for operation and maintenance works. Famgie, it was estimated that in
the US to meet 100% of electricity demand of arraye citizen by PV technology it
is necessary to deploy 100mof area, and with 1-axis tracking system this area
doubles to 200M(Paul Denholm, 2008).

Roof-mounted PV have a “zero” impact on land usdigeias calculated that about
18% of all residential and 65% of commercial rop&se is available and suitable for
PV deployment (Chaudhari M., 2004 cited in (Pauhba&m, 2008)). However for

large PV systems of hundreds of kW power capaeipasated location of modules on
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many roof-tops would cause difficulties in operatiand maintenance. Considering
available roof-spaces in Barr at Killoch, 50kW Pystem could be easily mounted

without a land-use impact.

The social impact of PV small-middle scale energyminor but mostly positive,
because PV solar systems situated on roofs andntegseable by people. On the
other hand, PV systems demonstrate moving towamsngenergy and in general do

not meet a social resistance.

11.4.0Operational hazards

Renewable energy generation systems, as any ajb@neent, could cause different
hazards that could occur in operation. Betweentgebnologies, wind turbines more
often become an object of extreme situations becafishe rotating parts than PV.
The first reason of hazards is related to weatbeditions. For example, too strong
winds and storms could cause breakdowns and faleotonstruction or a part of it,

lighting could cause fire, and icing could be aswgafor ice drops in winter.

Analysis of 8 years of climate data from Prestwigkport shown that during this
time a wind speed over 18m/s occurred only twicddifonally all manufacturers
declare that cut-off speed of their turbines is Zband the survival/extreme wind
speed is at least 52m/s (see Figure 42 - FigureSBi)heoretically all of them should

survive in high-speed wind gusts.

For Scotland locations temperature drops below &f¥ frequent in winter, which
could cause icing of wind turbines’ blades and towee drops are dangerous for
people who work or live not far from the turbinavéstigations identified that for
medium size turbines (25m radius and 40m hub hetiplet safety area is 200-250m
far from the turbine, where there is no significaisk from ice fragments (Colin
Morgan). For the same size of turbines it was dated that in moderate climates (1-
5 days of icing a year) the risk of ice throw atrb@listance is 0.01strikes?fyear.
The graph at Figure 38 shows the risk of ice strilkerelation to distance from the

turbine:
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Figure 38 Safety distance for the chosen leveiséfof ice strikes for 3-blades turbine

with a 50m of diameter (Colin Morgan E. B.)

To reduce possible incidents, the access to tihénicould be limited by compulsory
wearing of hard hats during icing periods. To avbré and damage of turbines
because of lightning, all standard and necessawstral circuit protection should be

installed.

The other operational hazards of wind turbines @menected with constructional
errors. Defected parts are usually replacing byrhaufacturer, however it could cost
a lot of energy losses during the delivery andailtetion time.

Another hazard that concerns both — PV and windggne is work with electrical
equipment and on height. To avoid accidents onbfgssional personnel should be
allowed to work at maintenance and operationalstask

To sum up, most of hazards are connected to wirmntes technology which causes

more risks to people who work close or provide O&pkrations. As for PV panels,
due to absence of rotating parts, they are moeetsafork with.
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12.  Variability and uncertainty of wind and solar PV

power

Uncertainty of wind and solar power predictionscennected to wind and solar
radiation differences from year to year. Globalibamtal solar radiation could change
+5% (p. 34), which depends on cloudy/clear yeamd\8peed annual variations are
more significant. Thus during the assessed periofl gears annual average wind
speed changes in diapason of +8...-12% (p. 35) frbm dverage value. This
difference in climate causes variability in econonperformance of a renewable

energy unit.

Additional decreasing of energy load from renewsbleould be caused by
breakdowns. Repairs and replacing of parts of rabévenergy system could take
even a significant part of annual energy outputsti§o those problems could occur
with wind turbines because of the rotating mechanig energy generating. As for
PV technology, only an inverter replacement cowdniecessary during the life-time
of the panels. However, for PV long interval betweéaning of panels would cause
an energy gain drop from up to 15% (p. 70), it wiobk especially critical during

summer months when the power output is the highest.

Another uncertainty is connected to economic factgkccording to the annual
benefits calculations, payments from Feed-in taribfccupy 70-80% of the total
income. Theoretically, a serious crisis could pregvihe government from stable
payments of the tariff during the whole life-timé the system. Without FIT the
payback period increases from 5.8...8.1 years (sé@)pto, for instance, 43.8y for
the PV system, 30-32y for 50/100kW and 25y for 380kind turbine. All of those

values are more than the life-time period of syste®o installation of renewable

energy generation — PV and Wind — becomes unpbddita
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Conclusion

To conclude, many factors investigated in this gebjhave an effect of energy
generation, financial and environmental issues pide$ast developing during past 20
years wind and solar PV technologies still have ynamsolved problems that could
prevent a business company from generating greecyenOn the other hand, good
weather conditions and financial support from the€ gbvernment make renewable

energy production highly profitable.

Western Scotland weather conditions — wind speed solar insulation — are
appropriate for generating substantial amount @ftetity for an industrial company,
cut electricity import from the grid and reducelmar dioxide emissions. The size of
PV units is limited by financial benefits becaudetlee FIT different rates, and the
size of wind turbines is limited by available lampdpbable aviation hazards and noise
emissions and by other local parameters. Becauskeolimitations in sizes of the
units it is possible to install both energy teclugoés — solar and wind. Those
combinations would increase rated power of theesyswith saving of approximately

the same rate of financial benefits as for singfeetsystem.

The power output from PV and wind turbines is vagyiannually and seasonally
because of the weather conditions. However it doess affect significantly the

company manufacturing process if it does not wankependently and has a
connection to the grid which could cover all the okth demand if necessary.
Management and shifts in energy consumption, wigchossible to implement in

industrial applications, could increase financiahéfits from a renewable system with
rated power which exceeds the demand profile.

Annual variability in energy production is more rsiicant for wind energy than for
PV systems. This fact could affect the decisionuabBV or/and wind system
installation, because all business companies axéow about hardly-predictable

uncertainties, especially for long-term investmexgsenewable energy systems.
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This investigation of the case study shows thaarfaial benefits for all types of
systems (50kwW PV, 50/100/330kW wind turbine) ammilsir. Payback period is
varying from 5.8y for 330kW wind turbine to 8.1yrf®&0OkW PV panels. This
difference between sizes and renewable energy eémdies is not a major factor in
decision making. The other financial indicator 1 peesent value - shows that all
systems at the end of the life time after the pelybaould bring the amount of
finance that is comparable with capital expendgwteach system respectfully. The
internal rate of return for all systems is in-bedwell.5 and 17.5% which exceed

standard bank rates several times.

Additionally a company, which plans to install aeable energy system, should be
aware of Feed-in tariff rates because they makahapit 70% of total annual income.
FITs rates are decreasing from year to year (seexarFigure 48) which decrease

economic outcomes from renewables.

Environmentally, all systems would reduce carbastgant of a company according
to the energy outcome rate. Consequently, systathdwgher rated power would cut
CO, emissions more significantly. As for negative eommental issues, they are
higher for wind energy than for PV because of nasessions, effect on birds’ life

and visual impact.

To sum up, western Scotland territories are higidtential for solar and especially
wind energy generation. Business companies, thae levailable resources and
appropriate territory for a renewable system itetian, should overview this
possibility and take actions while the financiapgart from the UK government is
substantial.

91



Further work

Despite a huge number of published papers aboetvasie energy resources, many
of them do not provide real and trustworthy infotima Various points about

renewables are still unclear.

In this project, stable parameters, as energy génarand demand or operation and
maintenance costs, were used for all calculatibmseal life they are not the same and
changes because of the different factors. For el@gntipe performance of the same
case-study energy system would be different if ¢benpany would significantly

decrease energy consumption due to energy savinghamges in manufacturing
processes. In further work it would be interestingnvestigate this situation in terms

of energy management and economic parameters.

The other potential area to investigate is uncatits and risks that accompany
renewable energy generation. It is extremely ingurto know all issues that the
system could potentially have during exploitatibor this work it would be helpful to

overview several similar installations to underdtaihe factors that affect risks

occurrence at different sites.
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Annex

Table 21 UK wind farms in operation and under camsion, 2011 (RenewableUK,
2011)
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Table 22 Values of roughness class and surfacelmoess length for various types of

terrain (M.Ragheb, Wind Shear, Roughness Class@#J arbine Energy Production,

2011)
Roughness Roughness
Landsca
Class, RC lengthz, (m) pe
0 0.0002 Water surface
Completely open terrain with a smooth surface, aisch
0.5 0.0024 o
concrete runways in airports, mowed grass.
1 0.03 Open agricultural area without fences and hedgeenas
' very scattered buildings. Only softly rounded hills
Agricultural land with some houses and 8 meter tall
15 0.055 sheltering hedgerows within a distance of abousQ.,2
meters.
Agricultural land with some houses and 8 meter tall
2 0.1 sheltering hedgerows within a distance of about 500
meters
Agricultural land with some houses and 8 meter tall
2.5 0.2 sheltering hedgerows within a distance of about 250
meters.
Villages, small towns, agricultural land with mamrytall
3 0.4 sheltering hedgerows, forests and very rough aegem
terrain.
3.5 0.8 Larger cities with tall buildings.
4 1.6 Very large cities with tall buildings and skyapers.

Table 23 Average wind speed at 10m height in Piektdirport and Killoch

(Department of energy and climate change (A))
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A 54+ ,

[

0

0+ +),

Note: Location determines corners in a square letoenwith a centre (location 5) at each site.
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Table 24 Example of wind speed calculations fdo8January
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Table 25 Wake behaviour of Variously Shaped BuglliiMeroney, 1977 cited in (Harry L. Wegley))

5)) 9 +4 # # 2
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Figure 40 Hyundai Solar Module HiS-S218S, techHrdedgia (Hyundai Solar, 2010)
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Figure 41 Technical data, Sunny Tripower invert@&3P 17000/10000TL-10 (Sunny
Tripower (A)), (Sunny Tripower (B))
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Figure 42, Endurance 50kWE-3120, technical datad(Eance)
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Figure 43 Northern Power 100kW wind turbine techhgpecification (Northern

wind)

101



Figure 44 Enercon E-33/330kW wind turbine technggécification (Enercon, 2010)
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Figure 45 Site of wind turbines locations (shownvélste stars). Letters identify the nearest

dwellings. Google maps
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Figure 46 Main office building location (red line¢lative to proposed wind turbine
sites 1/2
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Table 26 Visual impact of wind turbines at Killogarbines location 1)

View

Comments

Normal view of
the main office
without a wind
turbine

50kW
(25m hub,
9.6m blade
length)

wind turbine
installed behind
the main office
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100kW

(37m hub,
10.5m blades
length)

wind turbine
installed behind
the main office

330kW
(50m hub,

16.7m blades
length)

wind turbine
installed behind
the main office

Google maps resource is used to generate views.
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Figure 47 Life-cycle carbon footprint of differgmdwer generation technologies, grey
— fossil fuels, green — low carbon technologiesliBaentary Office of Science and
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Note: year 1 is 2010/2011 starting from 1/04/10.

Figure 48 Examples of FIT rates changes for difiegears (Ofgem, 2011)
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