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1. Introduction

1J:9F =F=J?Q?=F=J9LAGFKM;@9KL@9LHJG<M;=<:Q J=<M;=<
K;9D=
OAF<LMJ:AF=KAFKL9DD=<GFGJ9JGMF<:MAD<AF?K;9F := <=>AF=<9KEA
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OAF<LMFF=DEG<=DK	O@A;@EMKL:= ;GE:AF=<OAL@<9L99LCFGOFDG

;9LAGFK�0@AKJGD=AKMKM9DDQ>MD>ADD=<:Q DG;9DE=L=GJGDG?A;9DKL9LAGF
E=9KMJ=E=FLK	GL@=JO=9L@=J
J=D9L=<J=;GJ<=<<9L9GJ9AJHGJL<9L9�
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OAF<LMJ:AF=K=PAKL>GJL@=MJ:9F =FNAJGFE=FL9F<L@=Q;9F := <A

NA<=<AFLGLOGE9AF?JGMHK<=H=F<AF?GFL@=GJA=FL9LAGFG>L@=AJ
9PAKG>JGL9LAGF�$GJARGFL9D�PAK3AF< 0MJ:AF=�$�30� 9F<2=JLA

;9D�PAK3AF< 0MJ:AF=�2�30�� � LQHA;9D=P9EHD=G>$�30K 9K

KG;A9L=<OAL@L@=�9@J9AF3GJD<0J9<=�=F L=JAKK@GOFAF"A?�� � %L
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Fig. 1. � 1J:9F 3AF< 0MJ:AF=K��9@J9AF3GJD<0J9<= �=F L=J0GO=JK��@LLHK���
;GEEGFK�OACAE=<A9�GJ?�OACA�"AD=��9@J9AF83GJD<80J9<=8�=FL=J�BH?�MK=D9F?�FD��

?=F=GMK9F< FGF@GEG?=F=GMK;9K=KLM<A=KHJAGJLG;GF;DM<AF?AF
/=;LAGF� �

2. Wind modelingand experimental facilities

"GJOAF<KF=9JL@=?JGMF<KMJ>9;=	>JA;LAGF9D=>>=;LKHD9Q9 KA?FA>

A;9FLJGD=�#JGMF<G:KLJM;LAGFKJ=L9J<L@=EGN=E=FLG>9AJ;DGK=LG
L@=?JGMF<KMJ>9;=	;9MKAF?9J=<M;LAGFAFOAF<KH==<��L KGE=@=A?@L
9:GN=?JGMF<	L@=EGN=E=FLG>9AJAKFGDGF?=J9>>=;L=<:Q ?JGMF<
G:KLJM;LAGF�0@AK@=A?@LAK;9DD=<?J9<A=FL@=A?@LO@A;@AK9 >MF;

LAGFG>?JGMF<JGM?@F=KK�0@=MFG:KLJM;L=<OAF<KH==<AK;9DD=<?J9

<A=FLOAF<KH==<	 9F<ALAK;GFKA<=J=<LG:= ;GFKL9FL9:GN=?J9<A

=FL@=A?@L�0@=HGO=JD9O	O@A;@AKMK=<:Q KGE==F?AF==JKLGJ=HJ=

K=FLL@=N9JA9LAGFG>OAF<KH==<OAL@@=A?@L	AK9F=EHAJA;9D=IM9LAGF	
O@A;@>GJL@=;9K=G>E=9FKH==<KL9C=KL@=>GJEG>�

O@=J=�

#J9<A=FL@=A?@L
,GO=J
D9O=PHGF=FL

�GL@N9JA9:D=K9J=>MF;LAGFKG>L@=?JGMF<JGM?@F=KK�0QHA;9DN9D

M=KG> 9F< 9J=?AN=FAF09:D=� � "A?� � K@GOKLQHA;9DN9JA9

LAGFKG>OAF<KH==<K9:GN=<A>>=J=FL?JGMF<JGM?@F=KK�/L9L@GHGMDGK	
�
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Table 1
/M??=KL=<29DM=KG> 9F< >GJ29JAGMK0=JJ9AF�GF<ALAGFK� 9N=FHGJL	���
 	
EG<A>A=<��

Terrain description Gradient height Power-law exponent
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Fig. 2. � 29JA9LAGFG>3AF</H==<OAL@$=A?@L�/L9L@GHGMDGK	�
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9 FME:=J G>>A=D<K�/AF;= L@=��L@;=FLMJQ	=PH=JAE=FLAF?OAL@J9;=
;9JK	9AJHD9F=K	O=9L@=JH9LL=JFK	9F<N9JAGMKGL@=J9J=9K@9K:==F
E9<=EM;@=9KA=J:=;9MK=G>L@AK<=N=DGHE=FL�)GJ=GN=J	OAF<LMF

F=DK@9N=9 N9JA=LQG>AEHGJL9FLMK=KAFL@=OGJD<LG<9QAF;DM<AF?L@=
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�� �� � H@GLGG>L@=
9LEGKH@=JA;:GMF<9JQD9Q=JOAF<LMFF=DG>�GF;GJ<A91FAN=JKALQAK
K@GOFAF"A?� � � 0@AKOAF<LMFF=DAK���� E AFD=F?L@9F<��� E AF
OA<L@OAL@9 KMKH=F<=<JGG>L@9L9DDGOKL@=@=A?@LLG:= 9<BMKL=<:=

LO==F��� E 9F<��� E� 0@=OAF<LMFF=D;9F := GH=J9L=<9LN=DG;A

LA=K>JGE� E�KLG�� E�K�� LMJFL9:D=	��� E <A9E=L=J	9LL@=L=KLK=;

LAGF9DDGOKL@=EG<=DLG:= JGL9L=<LG9;;GMFL>GJ<A>>=J=FLOAF<<AJ=;

LAGFK� = L9ADKJ=?9J<AF?L@AKOAF<LMFF=D	ALKJGM?@F=KK>=9LMJ=KMK=<

Fig. 3. � 2A=OG>0=KL/=; LAGF9F<1HKLJ=9E"=L;@G>�L EGKH@=JA;�GMF<9JQ(9Q=J
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AFL=PL>AD=KL@9L;9F =9KADQ:= AEHGJL=<AFLG9 KHJ=9<K@==L�29K9F9F<
/L9L@GHGMDGK	�
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<AE=FKAGF9D�� 
 � LJ9N=JKAF?
?=9JKQK

L=E9LL9;@=<LGL@=OAF<LMFF=D;=ADAF?9:GN=L@=L=KLK=;LAGF=F9:D=K
9;;MJ9L=HGKALAGFAF?G>N=DG;ALQE=9KMJ=E=FL<=NA;=K9LHGAFLKG>AF

L=J=KLGFL@=EG<=D� MJAF?L@=OAF<LMFF=DL=KLK	9 �G :J9 HJG:=AK
EGMFL=<GFLGL@=� 
 LJ9N=JKAF?9JE9F<HGKALAGF=<GFL@=EG<=DMK

AF?9 ;GFLJGDKQKL=EO@=J=:Q�9JL=KA9F;G
GJ<AF9L=KG>L@=HGAFLKG>
AFL=J=KL9J==FL=J=<�

� KL9F<9J<� 
;MH9F=EGE=L=JO9KMK=<>GJ9DD>A=D<OAF<N=DG;ALQ
E=9KMJ=E=FLK;9JJA=<GMLAFL@AKKLM<Q�

3. Methodology for wind energyestimation

�GFKA<=J9 ;9K=G>OAF<=F=J?Q=KLAE9LAGF9:GN=L@=JGG>G>9
:MAD<AF?AF9 ;ALQ	K9Q)GF LJ=9D�0@=OAF<KH==<AKE=9KMJ=<AFE=

L=GJGDG?A;9DKL9LAGFKGJ9L9AJHGJLKMKM9DDQ9L�
 E @=A?@L>JGEL@=
?JGMF<D=N=D	9K=KL9:DAK@=<:Q L@=3GJD<)= L=GJGDG?A;9D+J?9FAR9

LAGF�3)+�� %FL@AK;9K=L@=OAF<KH==<AKE=9KMJ=<9L)GF LJ=9D�K
 GJN9D�,A=JJ=!DDAGLL0JM<=9M	,!0� �AJHGJL9F<<=FGL=<:Q � 0@=
L9J?=LAKLG=KLAE9L=L@=OAF<N=DG;ALQGN=J9 KH=;A>A;HGKALAGF9LL@=
JGG>G>:MAD<AF?4 <=FGL=<:Q 	 9KK@GOFK;@=E9LA;9DDQAF"A?�� � �L
 GJN9D�,!0� �AJHGJLAF)GF LJ=9D	L@=�
�K <=?J==;GFN=FLAGFAKMK=<
LG<=L=JEAF=L@=<AJ=;LAGFG>L@=OAF<KH==<AFO@A;@� E=9FK�
 <=

?J==KLJM=GJ9F=9KLOAF<	9F<�� E=9FK��
 <=?J==KLJM=GJ9 OAF<
:DGOAF?>JGEL@=FGJL@�� N9DM=G>R=JG<=FGL=K9 ;9DEOAF<�"A?��
K@GOKL@=Q=9JDQOAF<JGK=G>)GF LJ=9D	O@=J=L@=OAF<<AJ=;LAGF<AK

LJA: MLAGFAKHJ=K=FL=<AF9H=J;=FL9?=>GJE�

%F)GF LJ=9DL@=HJ=N9ADAF?OAF<<AJ=;LAGFAKN9JA9:D=:ML;GEAF?
E9AFDQ>JGEKGML@
O=KL�/3�� �; ;GJ<AF?LGL@=�
�K <=?J==;GFN=F

LAGF	L@=/3 >=L;@AK;@9J9;L=JAR=<:Q 9 FME:=J :=LO==F�� �/GML@�
9F<�� �3=KL�� %FGJ<=JLGG:L9AFL@=:=KL=KLAE9LAGFG>OAF<=F=J?Q	
9DDOAF<<AJ=;LAGFK>JGEL@=KGML@O=KL>=L;@OADD:= ;GFKA<=J=<	A�=�
FME:=JK>JGE�� LG��	 9F<=N=JQLOGKL=HK>JGEGL@=J<AJ=;LAGFKA�=�
FME:=JK�	 �	 �	 � 	 �� 9F<�� � ��	 L@=F��	 ��	 ��	 �� � �D
-MJ99F=L
9D�	�
��9	 �
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O@=J=�
OAF<KH==<9L GJN9D�,!0� �AJHGJL�

?J9<A=FLOAF<KH==<�
?J9<A=FL@=A?@L>GJGH=FL=JJ9AF�
HGO=J
D9O=PHGF=FL>GJGH=FL=JJ9AF=PHGKMJ=�

0@=OAF<KH==<MHKLJ=9EG>L@=KAL=G>AFL=J=KL� � ;9F := =KLA

E9L=<:Q ;GFKA<=JAF?MJ:9F MHKLJ=9EJGM?@F=KK9K>GDDGOK�

O@=J=�
OAF<KH==<MHKLJ=9EL@=KAL=G>AFL=J=KL9LL@=K9E=D=N=DG>L@=

9KKME=<9F=EGE=L=J9:GN=L@=JGG>�
?J9<A=FL@=A?@L>GJMJ:9F 9J=9�

@=A?@LG>L@=AFKL9DD=<9F=EGE=L=JGN=JL@=:MAD<AF?JGG>�
HGO=J
D9O=PHGF=FL>GJMJ:9F L=JJ9AF�

Fig. 4. � /;@=E9LA;>GJ3AF<!F =J?Q,GL=FLA9D!KLAE9LAGF:Q MKAF?�9� �GE HML9LAGFK:9K=<GF)= L=GJGDG?A;9D 9L9� �:� 3AF<0MFF=D)G< =DAF?�H HJG9;@�
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Fig. 5. � 5=9JDQ3AF< .GK=G>)GF LJ=9D63AF< AJ=;LAGF AKLJA: MLAGFAF�7 �:9K=<
GF <9L9 >JGE �

� LG �
��� �@LLH���OOO�OAF<>AF<=J�;GE�OAF<KL9LAKLA;K�
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4. Testing the methodologyusing a rather homogeneousterrain
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=F=J?Q9F<L@=AJ=KLAE9LAGF9J=K@GOFAF"A?� � �9� 9F<�:� J=KH=;

LAN=DQ�%L;9F := K@GOFL@9LL@==JJGJAFL@=OAF<=F=J?Q	=N9DM9L=<:Q
6�>A=D<� =KLAE9L=<��>A=D<7��

�	 AKD=KKL@9F��	 9KK@GOFAF09:D=�
O@A;@E=9FKL@9LL@AKE=L@G<GDG?QAKKM>>A;A=FLDQ9;;MJ9L=LG:= MK=<	
9LD=9KLAFL@=;9K=G>@GEG?=F=GMKL=JJ9AF�1KAF?L@==KLAE9L=<OAF<
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5. Testing the methodologyusing a nonhomogeneousterrain
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MAL=JJ=:MAD<AF?AK�� E @A?@9F<ALAKKMJJGMF<=<:Q L@J==@A?@
JAK=
:MAD<AF?K	9KK@GOFAF"A?��� � 0@=K=:MAD<AF?K9J=�

� $Q<JG
-M=:=; :MAD<AF?O@A;@AK��� E L9DD�
� �GE HD=P =KB9J<AFK	O@A;@;GFKAKLKG>LOGK=H9J9L=:MAD<AF?K�

�� �MAD<AF?� O@A;@AK��� E L9DD�
�� �MAD<AF?� O@A;@AK�

 E L9DD�

0@=!I MAL=JJ=:MAD<AF?AK9JGMF<�
 CE *GJL@
!9KL>JGE GJN9D
�,!0� �AJHGJL�

� L@J==
;MH9F=EGE=L=JO9KAFKL9DD=<AFGF=;GJF=J9:GN=L@=JGG>
G>L@=!I MAL=JJ=:MAD<AF?	A<=FLA;9DLGL@=GF=GFL@=JGG>G>L@=!2
:MAD<AF?9F<OAL@L@=K9E=K=LLAF?K�0@=>A=D<E=9KMJ=E=FL<9L9

E9?FALM<=G>L@=OAF<KH==<GFDQ
 O=J=;GDD=;L=<>GJ9 � 
EGFL@H=

JAG<�*GN=E:=J �	 �
�� LG&9FM9JQ��	 �
��� 0@=K=>A=D<<9L9O=J=
MK=<>GJOAF<=F=J?Q;9D;MD9LAGFK�"A?��� �9� 9F<�:� K@GOL@=9N=J9?=
OAF<KH==<9F<L@=LGL9DOAF<=F=J?Q9:GN=L@=JGG>G>L@=!I MAL=JJ=
:MAD<AF?�0@=K=<9L9O=J=KA?FA>A;9FLDQJ=<M;=<AF;GEH9JAKGFLGL@GK=
G:L9AF=<>JGEL@=!2 :MAD<AF?
 K=="A?�� 
 :MLL@AKO9K=PH=;L=<<M=
LGL@=DGO=J@=A?@L9F<L@=K@=DL=JAF?G>L@=!I MAL=JJ=:MAD<AF?�

"GJL@=;GJJ=KHGF<AF?H=JAG<G>L@=>A=D<E=9KMJ=E=FL<9L9	L@=
OAF<KH==<9F<L@=OAF<=F=J?QO=J=9DKG=KLAE9L=<MKAF?L@=K9E=
E=L@G<GDG?Q�1KAF?!I� ��� 9?9AF9F<:Q ;GFKA<=JAF?L@=>GMJL@;9L

=?GJQAF09:D=� 	 O@A;@AK9HHDA;9:D=LGL@AK;9K=	9 ;GJJ=;LAGF>9;

LGJG> 	 =N9DM9L=<9KAFL@=;9K=G>L@=@GEG?=F=GMKL=JJ9AF	O9K
MK=<LG=KLAE9L=L@=OAF<KH==<MHKLJ=9EG>L@=:MAD<AF?9LL@=K9E=

���

���



U
N

C
O

R
R

EC
TE

D
PR

O
O

F

� &GMJF9D�G>�3AF<�!F?AF==JAF?���%F<MKLJA9D��=JG<QF9EA;KPPP��
�� � PPP
PPP

Fig. 7. � "A=D<)=9 KMJ=E=FL 9L9 9:GN=L@=.GG>G>!2 �MAD<AF?OAL@L@=�GJJ=KHGF<

AF?!J JGJ�9JK��9� �N =J9?=3AF</H==<��:� 0GL9D3AF<!F =J?Q,GL=FLA9DH=J1FAL�J=9�

@=A?@LOAL@L@=AFKL9DD=<9F=EGE=L=J9:GN=L@=JGG>G>!I MAL=JJ=
:MAD<AF?�

O@=J=�

OAF<KH==<MHKLJ=9EL@=:MAD<AF?9LL@=K9E=@=A?@LG>L@=AF

KL9DD=<9F=EGE=L=JGN=J!I MAL=JJ=:MAD<AF?�

%FGJ<=JLG=KLAE9L=L@=OAF<KH==<9:GN=L@AK:MAD<AF?	OAF<LMF

F=DE=9KMJ=E=FLKO=J=9?9AF;9JJA=<GMLLG>AF<L@=J9LAG:=LO==FL@=
OAF<KH==<MHKLJ=9ELGL@=OAF<KH==<9:GN=L@=JGG>G>L@=!I MAL=JJ=
:MAD<AF?�"GJL@AKHMJHGK=9 ;GEHD=L=EG<=DG>L@=!I MAL=JJ=�MAD<AF?
9F<L@=KMJJGMF<AF?KO9K:MADLLG9 K;9D=G>���

 9F<L=KL=<AFL@=
OAF<LMFF=D	9KK@GOFAF"A?��� � 0@=KAEMD9L=<OAF<>DGOAFL@=OAF<
LMFF=DO9KMK=<LG=N9DM9L=L@=J9LAGK>JGEK=N=J9DOAF<<AJ=;LAGFK9K
AFL@=;9K=G>L@=@GEG?=F=GMKL=JJ9AF�09:D=� 	 KAEAD9JDQOAL@09:D=
� 	 K@GOKL@=OAF<<AJ=;LAGFK9F<L@=AJ;GJJ=KHGF<AF?J9LAGK�%L;9F :=
K@GOF>JGE09:D=� L@9LL@=J=AK9 KA?FA>A;9FLN9JA9LAGFAFL@=J9LAGK
G>L@=!I MAL=JJ=:MAD<AF?;9K=�0@AKAK<M=LGL@=AF@GEG?=F=ALQAFL@=
KMJJGMF<=<:MAD<AF?K	9KHJ=NAGMKDQ<AK;MKK=<�

Fig. 8. � !2 �MAD<AF?EG<=DOAL@KMJJGMF<AF?K9:GN=L@=LMJFL9:D=AFL@=OAF<LMFF=D
� AJ=;LAGFG>L@=OAF<AK/GML@
3=KL��

Table 2
3AF<<AJ=;LAGFKAFL@=3AF<0MFF=D0=KLK9F<�GJJ=KHGF<AF?.9 LAGK>GJ!2 �MAD<AF?
�!I� ��� ��

Direction Ratio Direction Ratio

� 
��� �� ��
�
� 
��� �� 
���
� 
��� �� 
���
� ��
� �� 
���
� ���
 �� ��
�
�� ���� �� ��
�
�� 
��� �� ����
�� ��
� �� ��
�
�� 
��� �� ��
�
�� ���� �� 
���
�
 ��
� �� 
���

%> AKL@=OAF<KH==<HJG>AD=>GJGF=Q=9J=KLAE9L=<9:GN=L@=
JGG>G>!I MAL=JJ=:MAD<AF?	L@=F�

�K AFL@=HJ=NAGMKDQ<AK;MKK=<J9L@=J@GEG?=F=GMKL=JJ9AF;9K=	9
;GEHD=L=@GMJDQOAF<KH==<HJG>AD=>GJGF=Q=9JO9KG:L9AF=<�0@=F
L@=OAF<KH==<KO=J=9N=J9?=<>GJ=9;@EGFL@LG:= MK=<>GJHGO=J
9F< =F=J?Q=KLAE9LAGF�� ;GEH9JAKGF:=LO==FL@==KLAE9L=<OAF<
KH==<K9F<=KLAE9L=<OAF<=F=J?QOAL@L@=>A=D<E=9KMJ=E=FLN9DM=K
9J=K@GOFAF"A?��� �9� 9F<�:�	 9KAFL@=HJ=NAGMK;9K=�

0@=G:L9AF=<J=KMDLKK@GOL@9LL@==JJGJ:=LO==FL@=OAF<=F=J?Q
>A=D<E=9KMJ=E=FL9F<L@==KLAE9LAGFMKAF?L@=OAF<LMFF=DAKD=KK
L@9F�
�	 9KK@GOFAF09:D=� 	 O@A;@E=9FKL@9LL@AKE=L@G<;9F :=
MK=<AFL@=;9K=G>FGF@GEG?=F=GMKMHKLJ=9EL=JJ9AF:ML>GJAFALA9D
KL9?=KG>HGL=FLA9DOAF<=F=J?Q=KLAE9LAGFGFDQ�1KAF?L@==KLAE9L=<
OAF<KH==<K>GJ9 <MJ9LAGFG>GF=Q=9J	L@=HGL=FLA9DOAF<=F=J?QO9K
=N9DM9L=<>GJL@=;GJJ=KHGF<AF?H=JAG<MKAF?!I� ��� 	 9KAFL@=HJ=NA

GMK;9K=�"A?��� �9� 9F<�:� K@GOL@==KLAE9L=<EGFL@DQ9N=J9?=OAF<
KH==<9F<LGL9D=F=J?Q>GJL@=!I MAL=JJ=:MAD<AF?;9K=�

��
�

����



U
N

C
O

R
R

EC
TE

D
PR

O
O

F

&GMJF9D�G>�3AF<�!F?AF==JAF?���%F<MKLJA9D��=JG<QF9EA;KPPP��
�� � PPP
PPP �
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6. Conclusionand recommendations
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