-

View metadata, citation and similar papers at core.ac.uk brought to you byff CORE

provided by Northumbria Research Link

Northumbria Research Link

Citation: Aso, Raymond and Cheung, Wai Ming (2015) Towards greener horizontal-axis wind
turbines: Analysis of carbon emissions, energy and costs at the early design stage. Journal
of Cleaner Production, 87. pp. 263-274. ISSN 0959-6526

Published by: Elsevier

URL: http://dx.doi.org/10.1016/j.jclepro.2014.10.020
<http://dx.doi.org/10.1016/].jclepro.2014.10.020>

This version was downloaded from Northumbria Research Link:
http://nrl.northumbria.ac.uk/21164/

Northumbria University has developed Northumbria Research Link (NRL) to enable users to
access the University’s research output. Copyright @ and moral rights for items on NRL are
retained by the individual author(s) and/or other copyright owners. Single copies of full items
can be reproduced, displayed or performed, and given to third parties in any format or
medium for personal research or study, educational, or not-for-profit purposes without prior
permission or charge, provided the authors, title and full bibliographic details are given, as
well as a hyperlink and/or URL to the original metadata page. The content must not be
changed in any way. Full items must not be sold commercially in any format or medium
without formal permission of the copyright holder. The full policy is available online:
http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of the research, please visit the publisher’s website (a subscription may be
required.)

www.northumbria.ac.uk/nrl /m:ﬁwmhria

UNIVERSITY NEWCASTLE


https://core.ac.uk/display/41071232?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://nrl.northumbria.ac.uk/policies.html

Highlights (for review)

Highlights:
e A proposed method for energy, cost and carbon footprint evaluation
e A software system to support decision making in wind turbine design concepts
¢ Improvement of wind turbine design concepts

e Potential application to minimise carbon footprint of wind farms



*Manuscript
Click here to view linked References

Towards Greener Horizontal-Axis Wind Turbines: Analysis of Carbon

Emissions, Energy and Costst the Early Design Stage

O©CoO~NOUIRWNPE

10

12 Raymond Aso, Wai Ming Cheund

13
14
15 Department of Mechanical and Construction Engineering
16

17 University of Northumbria

18 Newcastle Upon Tyne

20 NE1 8ST, UK
21

22

23

24

25 Abstract
26
27
gg rapidly estimate energy, costs and carbon emission to faeitit@t comparison of different
30 wind turbine concept designs. This system aimed specificallyrat turbine manufacturing
31 . :

32 processes due to the fact that a large proportion of the envirommewdts and energy
33
34
35 multiple design concepts which allows the selection and developmhent'greener” wind
36

37 turbine. The developed system enables concept design of cominvéra turbine towers of
38
39
ji’ the dimension, energy consumed, maximum power output, costs and earlssion in the
42 early design phases of a wind turbine. As a result of the @aweint, the proposed approach
43 . L . L. . .

44 could potentially be used to minimise the carbon footprints of majenegrgng projects such
45
46
47
48
49

gcl) Keywords: Carbon Emission; Carbon Footprint, Energy; Cost; ManufactWifuggl

52 Turbine Design Concept

53

54 | Word Count: 7332
55
56
57
58
59 ! Corresponding author

60 wai.m.cheung@northumbria.ac.uk
61 +44(0)191 243 7584

62

63

64

65

Faculty of Engineering and Environment

This paper describes the development of a quantitative anaysiem as a platform for

impacts would occur at this stage. The proposed method supportgianassessment of

hub heights between 44 135m. The method supports an accurate estimation in regards to

as wind farms.



http://ees.elsevier.com/jclepro/viewRCResults.aspx?pdf=1&docID=10449&rev=1&fileID=292105&msid={C1C51F9A-A4D0-4FF5-B50A-C0B68ADD1976}

O©CoO~NOUIRWNPE

OO0 UIUIUITUUUUCVIUIUANRNDNDRNRANRARARNRNARNWWWWWWWWWWRNNNNNNNNNNRRPREPRRERRRERRE
ORWONPRPOOONOTNRAROMNPRPROOONOURWMNRPOOONOTIRNRWNROOO~NOURNRWNROOONOURNWNERO

Nomenclature

%C Percentage of coal power contribution to the electritél g
%NG Percentage of natural gas power contribution to tlegriel grid
%P Percentage of petroleum power contribution to the elaictyicl
A Swept area ()

BCE Blade material cost escalator

Ce Carbon emitted (kg)

Cp Power conversion efficiency

Cs Cost of steel (US$)

CES Carbon Emission Signature (kg Q@@J)
Dy Base Diameter (m)

D: Top Diameter (m)

E Energy (J)

Ec Energy consumed (GJ)

GDPE Labour cost escalator

h Hub height (m)

m Mass of steel used (kg)

Mg Single blade mass (kg)

My Hub mass (kg)

P Power (W)

Prax Maximum power output (W)

R Rotor radius (m)

rpm Revolutions per minute

T, Taper ratio

t Time (s)

ty Base wall thickness (mm)

t; Top wall thickness (mm)

\% Air velocity (m/s)

Vi Inner conical volume (f

Vo Outer conical volume (

Vi Total volume of a wind turbine tower {jn
n Energy conversion efficiency

Pa Air density (kg/m)

Ps Density of steel (kg/f

Abbreviations

CER Cost Estimation Relationship

CO, Carbon dioxide

D Diameter

ErP Energy-related Products

LCA Life Cycle Assessment
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1. Introduction

In compliance with Cellura et al. (2013), Energy-related Prodiiat8) account for a large
proportion of European energy and natural resource consumption. In ordstuice rthe

energy and environmental impacts of these products, the Europeanisdmmmublished the
Ecodesign Directive 2009/125/EC, (2009) as a key component for improvirmmeéingy and

environmental performances of ErP. The focus of this artelehérefore to discuss a
proposed approach to evaluate the environmental, energy and codsiofpacrizontal-axis

wind turbines from an early design perspective. This method could ipditetdad to the

development of a ‘greener’ wind turbine.

A horizontal axis wind turbine consists of 4 major sub-systemspthelftion, tower, nacelle
and rotor blades. A wind turbine is designed to produce “cleanergyemgthout producing
CO, emissions during operation. However £€&missions are created and energy is used
throughout the manufacturing, logistical and decommissioning proc@sesra and Taskin,

2014 Haapala and Prempreeda, 2)1Z&his means wind turbines are not completely without

carbon footprints. Furthermore, @@missions of renewable energy sources such as wind
turbines during operation are almost negligible in comparison tdl fagds and are

recognised as essential in aiming to reduce the globak@sions (Lee and Hashim, 2014).
Therefore, an evaluation of the costs, carbon emission, ecengymed at the manufacturing
stage and potential energy a wind turbine produced should be conductecattickesign

stage so that a full impact could be evaluated. As suahgthod that rapidly provides
analysis of energy, carbon emission and cost of differentrdesigcepts which would lead to

the improvement of designing a wind turbine to provide cleanergy.

The design process of any engineering project is arguably one miodtamportant stages of
product development (Ulrich and Eppinger, 2011). Through good design, mides@n
changes can occur in decision making during the product development pHoesser, it is
the decision made at the early design stage would contributargest impact of a product
(Newnes et al. 2008). Therefore, an accurate decision aatlyedesign stage can minimise

changes to the final design which could directly lead doce cost and time.

The objective of this study is to develop a low-cost softwardfopla for managing

engineering data to evaluate the three important design atsribameely: energy, costs and
3
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carbon emission of a wind turbine. The approach allows wind turbinendesitp make

design decision at the early design stage without spending too imeclarid effort prior to

the next phrase of a full detailed wind turbine design. By sabpthie right design concept

may lead to minimise carbon footprints whilst also reducing casts energy used in

manufacturing, and maximising the energy output of a wind turbihe. chse studies for

validating the approach are based on data obtained from publishedgcumdacommercial

wind turbine brochures.he layout of this paper is as follows: Section 2 describersethted

literature. Section 3 discusses the proposed approach and itgduekdgheory. Section 4
discusses the implementation and Section 5 describes a caseastudyata analysis and,

finally, the conclusion and future work are presented.

2. Related Literature
This literature review is focused on relevant research sesasnent methods of GO

manufacturing _enerqgy requirements and cost of building wind turbirfes.review found

that many researchers used LCA as their assessment technidgheiri approach. The

discussion of the research approaches are summarised as follow

Martinez, et al. (2009), investigated a 2 MW wind turbine usirfg Qycle Assessment
(LCA) approach and they concluded that the greatest contribueovitonmental impact is

the manufacturing processes of each component of a wind tuibi@eac and Meunier,

(2009) applied LCA and sensitivity analysis to compare a 4.5 MiV2Z50W wind turbines.

They concluded that energy consumption are primary occurred atahefacturing stage.
The manufacturing of the systems accounted for 75% for the 4.5 M\V9626 of the 250 W
wind turbines. Fleck and Huot (2009) deployed LCA to compare the envimahm@pacts,

net energy inputs and life cycle cost of two systems: (Iltpadalone small wind turbine

system and (2) a single home diesel generator system. Tkhaargy input of a unit process

is calculated based on the energy inputs and outputs of a protessesults show that

considerable environmental impact could occur at the manufagtsidge even though there

are cost benefits for wind powddemir and Tgkin, (2013) conducted another investigation

using LCA into a large variety of wind turbines with varying hulghes between 50 to 100

m. They concluded that the environmental impact of wind turbindswaes for turbines with

larger hub heights as a taller tower can accommodate longenetustzides, thus this can

increase the maximum power available from a wind turbine. Te¢etito of a wind turbine
4
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also has a significant contribution to its environmental impectt was found that installing a

wind turbine in optimum wind speed locations also reduces theoenvental impact.

A study into the energy, emissions and environmental impact efteal and a horizontal
wind turbine was undertaken by Uddin and Kumar, (2014) and they establisitethd
energy and environmental impact of the vertical-axis wind turbiee58% more than the
impact of a horizontal-axis wind turbine. Lenzen and Munksgaard, (2002ucted an LCA

on a wide variety of wind turbines, focussing on the energy regaims and C®emission.
The result of the investigation shows that small wind turbindskd¥ power output required
three times more of life cycle energy per unit power thad\ wind turbines. As can be
expected, it was also found that the Gfnission varied depends on production methods. A
study by Maki et al. (2012pcused on optimising the cost of a wind turbine using a multi-
level system to optimise the system design 8fldaded horizontal-axis wind turbine. The
cost of energy in productiois the ultimate factor and the result indicates that the abst
energy in the production process is lower with a larger hub hdahtotor diameters about
60 m and with 32 rpm. It was also found that the cost of energyases with a wind

turbine’s power ratingFurthermore;-Valori et al. (2013) performed a LCA comparison of

two types of micro-wind generators, vertical-axis and horizontial4@spectively. Both of

the small scale generators are capable of generating Th&V.concluded that environmental

impacts are related to the ratio of the mass of a wirlrte.

Jungbluth et al. (2005) performed LCA for photovoltaic and wind poweemgst They

concluded that environmental impacts of such systems depend omategal and energy

consumption at the construction stage. For example, the ssiens from different types of

steel in the tower, the nacelle and the concrete imotlmedation are the main contributors of

environmental impactdNalukowe et a}.(2006) also conducted a LCA of the Vestas \390

MW wind turbine and compared its environmental impacts with ctberces of power. This
study also highlighted that manufacturing processes as the gjreaiatribution to
environmental impact. Recycling the components of the wind turliae found to
significantly reduce the environmental impact of wind turbinesariother LCA carried out
by Guezuraga, et al. (2012) on a M8V gearless and a RMIW geared wind turbine were
compared. The study evaluated the,@@issions and energy payback time of the two wind

turbines and further investigated the implications of varyingyakeng scenarios and

5
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manufacturing locations. It was concluded that the manufactstage alone accounted for
80-90% of the cumulative energy requirements of both wind turbines. tMane50% of the
energy used in the manufacturing process was used to manufaetuosvérs of both wind
turbines.Garret and Rgnde, (2012) conducted a LCA on one of Vestas’' 2 MW horiaaigal

wind turbine. The evaluation has been carried on all componetit® afind turbine. They

concluded that the manufacturing stage contributes the langgsict in terms of C®

emissions, in particularly the wind turbine towEhe end of service life of wind turbines was

studied by Ortegon et a[2013) and they found that very few LCA of wind turbines covered
the end of service life. This due to the fact that end of service life of this arearigely
unexplored because of lack of data. However, they concludethtbagh remanufacturing
and recycling of wind turbines, the environmental impact could decesl. Haapala and
Prempreeda, (2014) also conducted a comparative study of 2.0 MW whirtetuusing LCA

and sensitivity analysis. They concluded that the environmental isnphwind turbines are

mainly occurred at the manufacturing stage of a wind turbim&/grt This is largely due to

the amount of energy and steel used for producing the tower.

To summarise this review, it was found that manufacturing psesecontribute to majority of
the environmental impact of wind turbines. Further finding fromath@ve literature review
is that the methods require detailed design and manufacturing data ae evaluation can

be performed. This conclusion is also supported by Davidsso’s finding (Davidsson et al

2012) in reviewing of LCA on wind energy systeBased on the result of the literature, a

novel method foearly desigranalysis of carbon emissions, energy and coflstwrizontal-
axis wind turbines has been developed and is discussed in the com.s€his method
utilized an insufficient statistically significant data apgeh for the early stages of product
development process (Cheung et2011).

3. The Proposed Method and its Theoretical Background

Fig. 1 illustrates the proposed method for evaluating the cost, enedgsagbon emission of a
wind turbine at the concept design stage. The main input pararsetéras wind turbine hub
height, turbine blade length, number of blades and average paed svill be defined by the
user. The proposed system will then assess the cost, energgmesnts, power output, and

carbon emission of a wind turbine tower. If necessary the inpatneders can be changed
6
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and compared to the previous result for further comparison of diffdesign concepts of a

wind turbine.

Fig. 1. The overall proposed method

3.1Energy requirement in manufacturing

According to the authors Guezuraga et al. (2012); Tremeac and ¥e@@@9) that about

84% of the energy was consumed for producing a 1-3 MW wind turbines, ahessg $5%

was used for producing the tower alone, 20% for a nacelle and Hifdutor the blades; the

rest of the 16% energy was used in transportation, the foundatiamtenance and

dismantling. Haapala and Prempreeda, (2014) and Jungbluth(2®8@8) also claimed that

the environmental impacts of wind turbines are mainly occurrdteananufacturing stage of

a wind turbine’s tower and this is largely due to the amount @fggnand steel used. Based

on these findings, this proposed work is therefore focused on awvlide’s tower.

The process of manufacturing a wind turbine tower must be understogd bifibre
calculating the energy requirements to manufacture a windnaurawer. The proposed

method has adopted the manufacturing processes by Y€206) as shown in FigR.

Fig. 2. Flow chart of the manufacturing process of a wind turbine tower

The material was bought into the factory and already as stgekplThe first process was
rolling the steel plates into cylinders. The cylinders whesn welded together by the section
welding process to form the tower. The main energy consumed by thefaoring

processes of a wind turbine tower was bending (rolling), sisigé=t welding and section

welding.

3.2 Carbon Footprint

Several academics at some of the world's top climagareh institutes reported that, global
carbon emissions have reached record high with 36 Gt in 2013 (The (nib&n2013).
Europe emerged as the third biggest polluter and produced nearlyot (&d,. Asia, the
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highest overall emitter, produced 16 Gt of G@hile North America emitted just over 6 Gt.

The rest of the world produced about 8 Gt.

The definition of a carbon footprint was discussed by Qi and Chang, (20i&Jmann and

Minx, (2007); they stated that a carbon footprint is the total amoureenhouse gases

(GHGSs) produced to support a specific activity, and is usugiyted as tonnes of GOA

specific activity such as manufacturing processes can hawsvit carbon footprint. Carbon

footprints can be referred as carbon emissions in the manufacpnoegss from energy

supply to end-useCucek et al. 2012: Scipioni et al. 2012). Carbon footprints show where

energy is used and lost; and the associated GHGs that atederfidch carbon footprint

indicates the flow of energy (in the form of fuel or electricitp major end-uses in

manufacturing, including boilers, power generators, processerBeaprocess coolers,

machine-driven equipment, facility and lighting (Domer efall3).

Reducing carbon emissions is therefore very important in nowadagiact manufacturers
method to determine carbon emissions from the electricabgnesed in manufacturing
processes was developed by Jeswiet and-Ké&808). By analysing the carbon dioxide
produced for each 1 GJ of heat by various primary energy production methedsudy
developed the concept of a Carbon Emission Signature (CES)intiegé of this analysis
are summarised in Table 1. This signature, specific to dactrieal energy grid was used to
calculate the carbon dioxide related to the electrical enesgd by the manufacturing

processes.

Table 1. Heat and CQeleased by energy production fuels, whelre= Enthalpy (Jeswiet
and Kara 2008)

The CES can be calculated using the following equatiomnv{deand Kara 2008):

Nx[112X%C+49x%NG+66X%P]

CES = 00 Q)
Where: CES = Carbon Emission Signature (kg&Y)
n = Energy conversion efficiency
%C = Percentage of coal power contribution to the elatiiid
%NG = Percentage of natural gas power contribution to dutriell grid
%P = Percentage of petroleum power contribution to therielagrid
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From the equation, it can be seen that the coefficients veeieed from the results in Table
1. The energy conversion efficiengyis commonly given the value of 0.34 (Jeswiet and
Kara, 2008). This CES could then be used to determine the carbon dissioeiaed with

the consumption of a specified amount of energy by the followgugteon:

Cp =E.XCES (2)
Where: G = Carbon emitted (kg)
E = Energy consumed (GJ)

Equation (2) can be used to determine carbon dioxide emitted on etiehro&inufacturing
processes in making a wind turbine. Another method to determine canbissions of a
product is detailed by Chen et;dR011), by using a carbon intensity to determine the carbon
footprint in using separate intensity factors for each matesall in the manufacture of a
wind turbine. This method however is a broad overview of the entoeeps and is not

suitable to be used in the authors of this article’s propostaa.

3.3 Costs

Ortegon et a).(2012) conducted a study of the end of service life of wind turbifiesy
concluded that 81% of the total cost was due to installati@mahd turbine’s tower, nacelle,
blades and foundation. A study by Fingersh et (@006) investigated the costs of wind
turbines, detailing the contribution of each main component such asvie toundation and
turbine blades towards the final cost. Their study developed aegest estimation
relationships (CERs) which were used to calculate the costaai component of a wind

turbine. Fingersh et a2006)’s CER for a turbine blade is given as:

[BCE x (0.4019R3-955.24)+2.7445R %5925 x GDPE|
1-0.28

©)

Baseline cost =

Where: Baseline cost =Cost for a turbine blade (US$)
R = Rotor radius (m)
BCE = Blade material cost escalator
GDPE = Labour cost escalator

The CER of a wind turbine’s hub is given as (Fingersh.£2@06):
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My = 0.954 X My + 5680.3 4)
Hub cost = 4.25 X My (5)
Where: Hub cost = cost of a wind turbine’s hub (US$)

My Hub mass (kg)
Mg = Single blade mass (kg)

A single blade mass is also calculated using an equatiahoged by Fingersh et a{2006):

Mg = 0.1452 x R?9158 (6)
Where: My = Single blade mass (kg)
R = Rotor radius (m)

Cost of a wind turbine’s steel tubular tower can be determinelebfotlowing equation on
WiIndPACT studies (Malcolm and Hansge2002; Smith 2001):

Tower cost = [0.3973 X A X h — 1414] x C; 7
Where: Tower cost = Cost of a wind turbine’s steel tubular tower (US$)
A = Swept area (M
h = Hub height (m)

G = Cost of steell{S$)

A wind turbine foundation’s CER is given by Fingersh at @006). The foundation is

assumed to be in the form of a hollow drilled pier.

Foundation cost = 303.24 x (A x h)04037 (8)
Where: Foundation cost = cost of the wind turbine foundation (US$)
A = Swept area (A)
h = Hub height (m)

This investigation was therefore taken great detail intortAeufacturing processes of a wind

turbine due to the large contribution given to both the environmantaénergy impacts.

3.4 Wind Turbine Power Calculation

The theoretical maximum power output of a wind turbine is gbsethe equation (Manwell
et al; 2009):

1
Pnax = 5Cp X pa X AXV? 9)

10
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Where Rax = Maximum power output (W)
G = Power conversion efficiency
pa = Air density (kg/m)

A = Swept area (fh
\% = Air velocity (m/s)

The value of the power conversion efficiency)(@@ 59.3% which defines as the maximum
efficiency of converting kinetic energy from a wind turbine to eleatrenergy (Wu at al.
2011). In addition to this, inefficiencies in the gearing and poweergéion components of a
wind turbine could reduce the actual conversion efficiency. Commioies/aised for gare
0.35-0.45 (Uddin and Kumar2014; Pate) 2012). In this study 0.4 has been chosen as the
power conversion efficiency. Air density is dependent on the tenperand altitude from
sea level. However, this proposed method is not intended to awdfigseng locations of a
wind turbine. The overall intention is to compare the effects féérdint conceptual design
alternatives of a wind turbine and therefore the air densityclhasen to be constant at sea
level with an air density of 1.225 kginfRogers and Mayhew1995). The swept area of the
rotor can be calculated using the blade length.

A= mXR? (10)
Where: A = Swept area of the rotor{jm
R = Wind turbine blade length (m)

The velocity of air is also dependent on the location and otlogoréa Similar to the air

density, the air velocity is a constant value defined byuter.
4. Implementation of the Proposed Method
Fig. 3.illustrates the developed software system for analyfstte @nergy, carbon and cost

calculation of designing a wind turbine at tlwencept desigstage. Sections 4.1 to 4.4 discuss
the detailed implementation of each of the attributes.

Fig. 3. The developed software system

11
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4.1 Dimensional Approximation

In order to calculate the energy required to manufacture a wihohé, the total mass of the

wind turbine’s tower needs to be determined. To calculate ther tmass, a dimensional

approximation process was implemented to provide an accurate @stimaithe mass of a

wind turbine tower. This process was based on commercial wind ésrdimensional data

obtained from the following publications and websites:

data for case 1 (The Lincoln Electric Company, 2011);

data for cases 2 and 3 (Chantharasenawong et al. 2011);

data for case 4 (Lavassas et al. 2003);

data for case 5 (Nicholson, 2011);

data for case 6 (Vestas, 2005);

data for case 7 (Yoshida, 2006).

Based on those data, the relationships between the hub height andmthesiains of a wind

turbine were identified. The hub height, base and top wall thickn€®$E) and base and top

diameters were recorded from these studies. The findingshaven in Table 2.

Table 2 - Wind turbine dimensions

The taper ratio was obtained from the characteristics asnsirowable 2. The data from

Table 2 was applied statistically to establish the relatipsdhetween: (i) the hub height and

the taper ratio; (ii) the base diameter (Base D) to hub heagjbt (iii) the base wall thickness
(Base WT) to hub height ratio; and (iv) the top wall thickn€esp WT) to base wall
thickness ratio. The statistical charts are represemtéd. 4(a) and (b); and Fidp(a) and (b).

Fig. 4. (a) Relationship between taper ratio and hub heighteldt)onship between the base

diameter to hub height ratio and hub height

Fig. 4 (a) shows that apart from case 2, there is a good canrelstween the taper ratio and

hub height of the wind turbin®&y plotting the data sets into the Microsoft Excel spreadsheet,

12
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an equation has been derived using the spreadsheet’s “chartandl&illowed by selecting

the trend line options such as exponential, linear or polynomidiefsir fit. The equation to

derive the taper ratio for a given hub height is given as:

T, = —0.015 x In(h) + 0.0873 (11)
Where: T = Taper ratio
h = Wind turbine hub height (m)

Fig. 4(b) indicates that there is a good correlation between thedmseter to hub height
ratio and the hub height. In this graph, case 2 again lies mubkifasvay from the trend line

than the other caseklsing the same approach of obtaining equation (11), a mathematical

expressionto derive the base diameter to hub height ratio for a divérheight is:

22 = —0.041 x In(h) + 0.2332 (12)
Where: DR = Base diameter (m)
h = Hub height (m)

This equation can be rearranged to give the base diadietetty as:

D, = h[—0.041 x In(h) + 0.2332] (1213)

Fig. 5. (a) Relationship between the Base Wall Thicktestub Height Ratio and Hub
Height (b) Top Wall Thickness to Base Wall Thickness Rattdub Height

Case 2 can be seen to be an outlier in {g). Excluding case 2, a positive linear correlation
can be established between the base wall thickness to hub teighdind the hub height.

Using the same approach of obtaining equation @ Ihathematical expression of the base

wall thickness to hub height ratio for a given hub height cattefieed as:

2 = 03443 X h + 3.535 (14)
Where: b = Base wall thickness (mm)
h = Hub height (m)

This equation can be rearranged to give the base wall #ssldirectly as:
13
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t, = 0.3443 x h? + 3.535 X h (15)

Again case 2 can be seen as an outlier in 5fh). The top wall thickness to base wall

thickness ratio can be seen as decreasing while the heiglitulif increasesUsing the same

approach of obtaining equation (1&a)mathematical expression of the top wall thickness to
base wall thickness ratio for a given hub height can beeatkgs:

t

t—f = —0.24 X In(h) + 1.4804 (16)
b
Where: t = Top wall thickness (mm)

th = Base wall thickness (mm)

h = Hub height (m)

This equation can be rearranged to obtain the top wall thisldiesctly as:

t, = t,[—0.24 x In(h) + 1.4804] (17)

Finally, the top diameter of the tower was found using thertegiio and the base diameter as

shown inequation 18.

D; = Dy, — hT, (18)
Where: R = Top diameter (m)
Dy = Base diameter (m)
h = Hub height (m)
T, = Taper ratio

Equations (11) to (18) were used to estimate the dimensions of aetomnwind turbine

tower based on a given hub height. With these dimensions, thenttalof the wind turbine
tower could be calculated. This was performed by first obtainingdhene of the tower. The
volume of the tower was calculated by subtracting the conicébeeof the inner top and

base diameters from the conical section of the outer topaseldiameters.

Vp="Vo, =V (19)

14
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Where:
Vr = Total volume of a wind turbine tower {n
Vo = Quter conical volume (n
Vi = Inner conical volume (f

The inner and outer conical volumes are given by equations (20) and (21)

) +(7;) +T] 20)

R R

(21)

After calculating the total volume of steel in the wind turlfireen the dimensions, the mass

of the steel used could be calculated by multiplying the totahwelof steel by the density of

steel.
m = Vr X ps (22)
Where: m = Mass of steel used (kg)
Vr = Total volume of a wind turbine tower {n
Ps = Density of steel (kg/f

| The density of steel is taken a850 kg/n? (CES EduPack2013).

4.2 Energy Used in Manufacturing

To calculate the energy used to manufacture a wind turbine tolermanufacturing
processes to include in the calculation were: (i) matstpply, (i) bending, (iii) single sheet
welding and (iv) section welding as discussed in Section 3.1.efbegy consumed in the
manufacture of a wind turbine tower was taken into account abtleg of the steel plates,
the welding of edges of the rolled sections and the welding of thided sections to form the
tower. The total energy requirements to manufacture a winchautbwer were calculated
using data from machine manufacturers’ websites and techmeabals (AML 2013; HB

Machinery, 2013)
15
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The rolling of metal plate into a cylinder typically measumresmdth of 3m (Hau and
Renouard 2013). Therefore the hub height was divided by 3 and rounded up to testnea
integer. This will give the number of plate sections used to finturbine tower. When
rolling a plate into a conical section in a steel tubular winditer, extra consideration is
needed to ensure the plate fits within the rolling machine.efeegy taken to roll the steel
plates into the correct shape was found by using the power andakere to roll one plate

section in the following equation:

E=Pxt (23)

Where: E = Energy (J)
P = Power (W)
t = Time (S)

Once the energy required to roll one section has been calculatecyvehall energy

requirement could be determined by multiplying the number of plateoss needed. The
energy required to weld those plates into cylinders was ctddulay using equation (23).
However in this process, the time taken was obtained by dividengeight of the tower by
the travel speed of the arc welder, as the path of thevelder travelled was equal to the
height of the wind turbine tower. Multiplying this time by the powakthe arc welder equated

to the total energy used of a single sheet welding process.

The overall energy required to weld the subsequent tubes toge#isercalculated using
equation (23). Consideration of the size of each cylinder has asotdéleen account of, this
is due to the fact that the succeeding circumferencecgfirder is always slightly smaller
than the preceding cylinder from the base to top of the towecaltolate the total distance
travelled, the diameters at each intersection betweéndeys were calculated by assuming
that a linear change in diameter between each of the cylimdengtie base and to top of the
tower. Based on the value of each of the cylinder's diasetiee overall energy required to
weld the tower was determined by the total time taken and thiersetravel speed and the
power of the welder. The energy used in the primary maggoduction of the steel was also
calculated by the developed software. This was perform by mutigptiie embodied energy
per kg of steel; 26.4 MJ/kg (CES EduPa@k13), by the total mass of steel in the wind

turbine tower.

16



O©CoO~NOUIRWNPE

OO0 UIUIUITUUUUCVIUIUANRNDNDRNRANRARARNRNARNWWWWWWWWWWRNNNNNNNNNNRRPREPRRERRRERRE
ORWONPRPOOONOTNRAROMNPRPROOONOURWMNRPOOONOTIRNRWNROOO~NOURNRWNROOONOURNWNERO

4.3 Carbon Emissions Calculation
The carbon footprint was calculated using a CES. It was obtépnestjuation (1) and the
standard values in Table 3 from the UK National grid (En&myyds section 5, 2013).

Table 3. UK electricity fuel source contributions

It can be seen from Table 3 that coal contributes 37.6% to khadtlonal power grid; oil
contributes 0.76% and; gas contributes 27.17%. These values candb® usdculate the
CES of the UK national power grid. The value qf ¥s commonly set as 0.34 (Jeswiet and
Kara, 2008).By using equation (1the CES of National Grids equal to 19.015 kgC£i5J.
This shows that 19.015 kg of G@& emitted per GJ of energy consumed. By multiplying the

CES and the energy consumed by each manufacturing process, thediaxima emitted in

the manufacturing process can be calculated using equation (2).

The carbon footprint of the primary material production can be edémlilusing the primary
production carbon footprint value given in CES EduRg@013) as 1.72-1.9 kg G@g steel.

The mean value of 1.81 kg G/Rg steel was used in the software system.

4.4 Cost Calculation

The software system has been computed to estimate a wind tsnimiaiei components and its
overall costs. The cost of blades was calculated using equ&licend the turbine blade
length was specified by the user. As the system is intermdexbficept design, both the blade
material cost and labour cost escalators should be constant wikigneal value of ‘1. This
cost was then multiplied by the number of turbine blades to otbtaitotal cost of the turbine

blades.

The cost of the hub was calculated using the equations (4); (%%)andhe cost of the tower
was calculated using equation (7). The material cost of dert was calculated by
multiplying the mass of the tower by the cost of steel/kg. cidst of steel per kilogram was

taken from CES EduPack2013. The exact material was structural steel S275N

17
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(Chantharasenawong et;#1011). The material cost per kilogram is given as 0.39-0.484, t
has been converted into US$, i.e. 0.685 US$/kg of steel.

The cost of the foundation (tower base) was calculated using@q(@t The overall cost of
the wind turbine is therefore equal to the sum of the cost oblides, tower, hub and

foundation.

4.5To display results statistically from the developed software system

After all the calculations concerning the energy consumed, cddodprint and cost of the
tower have been completed, the information will be displayeti@Graphical User Interface
(GUI) as shown in Fig6.

Fig. 6. Output data from the wind turbine quantitative analysiem

If the input properties were changed and re-calculatedprihgous values would be stored
into the comparison section and were compared to the current cafcofated values. The
percentage differences between the two are displayed i€liamge %’ column. The user can
also chose a statistical display of the overall result asrslowhe example of Figr. Since
the range of values of power rating (MW) total cost (US®hama footprint (kg) and energy
consumed (GJ) can be very large to be represented in the cahtibtart. The outputs were
therefore converted to the following units. For example, power ratasgconverted from kW
to MW. Energy consumed was converted frGhto MWh. Carbon footprint was converted
from kg to t. Cost was converted from US$ to 1,000 US$.

Fig. 7. Output graph data of a single dataset

5. Case Studies and Data Analysis

Input parameters of various wind turbine concepts are shown in Tableesistorical data

was obtained from Chantharosenwong et(@D11) and Martinze et ak2009). The number
18
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of turbine blades and average wind speed were assumed to bentdmsiughout the case
studies to ensure differences were not caused by these fadtersnput parameters were
entered into the software for further analysis. The output datarecorded as shown in

Table 5. Table 6 shows the comparison of the final reétitteo3 case studies.

Table 4. Input parameters to the software system

Table 5. Summary of output data

Table 6. Comparison of energy, cost and carbon footprint ehémeifacturing process

It can be seen from Table 6 that by comparing Case StudyhlCage Study 2, there was a
7.1% reduction of the hub height (from 70 to®% and a 12.5% reduction in blade length
(from 40 to 35m) and this could result a maximum power loss of 23.4% if Casly 3t was
selected. However, the benefits of selecting Case Stwhszhat the tower’s production cost
could be reduced by 29.2% and the overall manufacturing energy consumedrbod
footprints could reduce by 10% respectively. While there waslaction in the overall cost,
manufacturing energy requirement and carbon footprints and aicaguifeduction in the
power output, these were one-off factors whereas the maximum pdigets the whole
lifetime of a wind turbine. Hence, decreased the maximum pewald significantly lower
the total power generated by the wind turbine over its lifetimevandd increase the time

taken for the wind turbine to generate the same amount afyensed in manufacturing.

By comparison with Case Study 1 and Case Study 3, there was 14:&%sed of the hub
height (from 70 to 80n) and a 12.5% increase in blade length (from 40 tonf%nd this
could result a maximum power gained of 26.6%. As a result, ther toes could be
increased by 45.1% and a reduction of the manufacturing energy cashsamd
manufacturing carbon footprints could increase by approximately Ag%iscussed before, a
greater power output factor affects the entire lifetime iobvturbine whereas the cost, energy

and carbon footprints of the manufacturing processes are one-offsta&s the wind turbine
19
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could produce more power, this meant that the wind turbine could coatrimie power to

the electrical grid in place of other electricity genemtimethods such as natural gas,
petroleum and coal powered power plants. This could directly redad@ES of the electrical
grid as the contributions of natural gas, petroleum and coal powesgdr plants to the
electrical grid were lowered, and thus reducing the overaliocafootprints of electricity
generation. The calculations in this investigation was fatwse commercial wind turbine
towers between 44 to 135 in height, therefore only hub heights between these values
should be used in the dimensional approximation model as there isfldata about wind

turbine towers outside this range.

Energy to manufacture the tower is the sum of the rolling, sumsewrelding and section
welding processes. As shown in Table 6, Case Study 1 requireal entotufacturing energy
of 162000MJ and Case Study 2 required a total manufacturing energy ¢giQi¥dJ. These
are comparable to the 170,000 given by Martinez et al(2009). As seen in Figure 8, the
overall results show that taller wind turbine towers will @age the amount of energy
consumed in the manufacturing stage. This directly leads teaeg carbon footprint and
cost of the tower. However, taller wind turbines allow fogér turbine blade length and this

will create a larger swept area which will produce atgrgaower output.

Fig. 8. Case studies comparison

6. Conclusion and future work

In conclusion, this developed approach enables concept design of coatmeénd turbine
towers of hub heights between 44 and &8t the early stages of the product design process.
The proposed method supports an accurate estimation in regards tonéresidn, energy
consumed, maximum power output, cost and carbon emission which may thel early
design phases of wind turbines. The novel approach allows for rapal assessment of
multiple design concepts of wind turbines, enabling the “greener’epbrio be selected
quickly and proceed to the detailed design and product development #talgege wind
farm may consist of several hundred individual wind turbines and @wextended area of

hundreds of square miles and therefore the proposed approach could poteatiadgd to
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minimise the carbon footprint of such application by selecting apprepwatd turbines from
the conceptual design stage. Further work may include (i) by tek@ogunt of other
components of a wind turbine such as the nacelle, blades and founaladi; (ii) evaluation

of energy payback time, energy intensity and, @@ensity.
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Figure

All figures are intended for colour reproduction on the
Web only.

Figure Captions:

Fig. 1. The overall proposed method
Fig 2.Flow chart of the manufacturing process of a wind turbine tower
Fig 3. The developed software system

Fig. 4. (a) Relationship between taper ratio and hub height; (b) relationship between the base
diameter to hub height ratio and hub height

Fig. 5. (a) Relationship between the base wall thickness to hub height ratio and hub
height; (b) Top wall thickness to base wall thickness ratio and hub height
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Fig. 7. Output graph data of a single dataset
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Black/White versions of figures are attached
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Fig. 1. The overall proposed method
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Fig. 5. (a) Relationship between the base wall thickness to hub height ratio and hub
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Fig. 6. Output data from the wind turbine quantitative analysis system
Fig. 7. Output graph data of a single dataset
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Table 1. Heat and CQeleased by energy production fuels, wheire= Enthalpy (Jeswiet

and Kara, 2008)

Type of 1 GJ of heat AH CO,
fuel produced releases  (kJ) (kg)
Coal C+ 0, - CO, -394 112
Heavy CyoH,4, + 300, - - 66
oil 20€0, + 21H,0 13,300
Natural CH,+ 20, » CO,+ -890 49
Gas 2H,0

Biomass CH,0+ 0, » CO, + -440 100

H,0




Table 2. Wind turbine dimensions

Diameter
: WT (mm) (m)
Height Taper Base D: Base WT: Top WT:
(n?) Base Top | Base Top RaF:io height height Baze WT

Casel 135 508 127 43 3.1 0.0089 0.0319 0.3763 0.25
Case 2 76.9 16 8 559 2.6 0.0389 0.0727 0.2081 0.5
Case3 76.9 25 15 43 2.6 0.0221 0.0559 0.3251 0.6
Case4 44.1 18 10 33 2.1 0.0272 0.0749 0.4084 0.56
Case 5 67 30 12 4 2.6 0.0201 0.0597 0.4478 0.4
Case 6 95 - - 4,15 2.3| 0.0195 0.0437 - -
Case 7 60 26 12 4.2 2.7/ 0.0250 0.0700 0.4333 0.46




Table 3. UK electricity fuel source contributions

Fuel Source Electricity Percentage
Supplied (TWh) contribution
(%)
Coal 135.89 37.60
oll 2.74 0.76
Gas 98.17 27.17
Nuclear 63.95 17.70
Hydro (natural flow) 5.25 1.45
Wind and Solar 20.78 5.75
Offshore 7.46 2.07
Bioenergy 13.40 3.71
Pumped storage (net supply) -1.02 -0.28
Other fuels 2.71 0.75
Net imports 12.04 3.33

Total all generating companies 361.36 100




Table 4. Input parameters to the software system

Hub Blade No.of Average Wind

Height Length Blades Speed

(m) (m) (m/s)
Case Study 1 70 40 3 12
Case Study 2 65 35 3 12

Case Study 3 80 45 3 12




Table 5. Summary of output data

Case Study 1  Case Study 2  Case Study 3
Power Rating (MW) 21 1.6 2.7
overall Overall Energy Consumed (GJ) 3,280 2,830 4,250
Overall Cost (US$ x 16) 302 223 410
Overall Carbon Footprint (t) 217 186 282
Primary Material Production (GJ) 3,120 2,680 4,060
Energy Rolling Machine (GJ) 3.2 2.9 3.6
Consumed  Sub-section Welding (GJ) 31 29 35
Section Welding (GJ) 128 115 151
Blades (US$ x 1Y) 103 68 149
Cost Tower (US$ x 106) 95 67 138
Foundation (US$ x 16) 53 46 61
Hub (US$ x 10) 51 43 63
Primary Material Production (kg) 213,566 183,730 278,418
Carbon Rolling Machine (kg) 60 55 68
Footprint  Sub-section Welding (kg) 587 545 671
Section Welding (kg) 2,445 2,181 2,867
Tower Mass (kg) 117,993 101,509 153,822
Top Diameter (m) 25 2.4 2.6
Dil\rgiissi%ns Base DiameFer (m) 41 4 4.3
Top Wall Thickness (mm) 12.7 12.4 13.3
Base Wall Thickness (mm) 27.6 25.9 31.1




Table 6. Comparison of energy, cost and carbon footprint ehémeifacturing process

Case Study Change

From Case From Case

1 2 3 Study 1 to Study 1to

Case Study 2 Case Study 3

Hub Height (m) 70 65 80 -7.1% 14.3%

Blade Length (m) 40 35 45 -12.5% 12.5%

Power Rating (MW) 2.1 1.6 2.7 -23.4% 26.6%

Manufacturing Energy 162 146 190 -10.0% 16.6%
GJ

'(I'oveer Cost (US$ x 18) 95 67 138 -29.2% 45.1%

Manufacturing Carbon 3.1 2.8 3.6 -10.0% 16.6%

Footprint (t)




