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Abstract—Due to the stochastic nature of wind and clouds,
the integration of wind and PV generation in the power
system poses serious challenges to the long-term planning of
transmission systems. Grid renforcements always involve
relevant direct costs while the average load factor of the wind
and solar PV dedicated transmission lines is usually low.
Additionally, in very windy sites, the same high wind
resource that produces large amounts of wind generation and
may congest the transmission linefransporting it to distant
consumption centres may also have a beneficial effect in
increasing the transmission capacity of those lines. In fact, the
occurrence of wind not only contributes to the loading of the
connecting line, but also increases the line capacity, via the
convective cooling of the cables - one of the main heat
transfer mechanisms in conductor heat balance; in other
words, higher winds speeds contribute to faster cooling of
conductor and therefore higher conductor’'s capacity
potential. In this paper the existing methodologies to
characterize those thermal effects in electrical cables - usually
referred as dynamic line rating (DLR) - are applied to several
IEA Task 25 countries case studies to characterize the
technical value of the dynamic operation of thermally
congested lines, as well as its potential economic benefits.

Keywords - Wind power integration, DLR, VRE,
Cable thermal balance, smart grids.

1.INTRODUCTION

Electric grid capacity is a very scarce “product” whereas
the construction of supporting transmission and
distribution network is highly time and resource
consuming. The purpose of using the “in real-time
methodology” usually referred adynamic line rating
(DLR) is to enable power system operations with higher
thermal ratings than the ones specified by nominal
conditions without compromising the physical operating
limits of overhead lineson existing transmission and
distribution networks.

The use of DLR in conjunatn with the integration of
variable renewable energies (VRE) mainly wind and PV
systems, is especially relevant due to the lower capacity
factor (and high investrmés) associated with the
transmission lines serving these renewable power plants.
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DLR provides the possibility of using “hidden” capacity
of existing transmission lines to accommodate additional
wind (PV or other VRE) power generation.

The physical and operationdimits of electrical lines
hinge on two main criteria: maximum conductor
temperature, and minimum distance above ground — or
clearance Using a dynamic line rating (DLR) approach
one may compute a realistic set of values for the line
capacity, thus it can be used as a cost-effective solution
to alleviate line congestion @nlems and achieve both an
optimal loading of the @i for different weather
conditions, while minimizing the cost of new VRE
connection to the grid.

A few operational DLR analysis systems were recently
developed and applied by research and academic
organizations - e.g. LNEG [1], [2]; KTH [3], [4] and
INL [5], [6], among others - all based on CIGRE and/or
IEEE methods for thermal rating calculation of overhead
lines [7]-[9]. Some of théools also associate the DLR
analysis to the calculation of an optimized power flow
with variable renewable generation, e.g. [2], while others
are focused on reliability aspects and risk analysis of the
electrical network [10]. Presiy, a common objective of
these R&D groups is the analysis of the benefits of DLR
use and the identification ofsks and constraints.

The present paper compares static line ratings (SLR) and
Dynamic Line Ratings (DLR) results, demonstrates the
value of using DLR at the planning phase of new
transmission lines (in areas with high wind probability)
and implements DLR operational real time tools with
wind forecast systems. It allows to assess the lines’ added
ampacity available (or not) given the meteorological
conditions present, and to estimate the lines capacity
values, thus showing the value added by using a DLR
approach when operating transmission lines in different
regions.

This work presents the R case studies for four IEA
Task 25 countries: Portugal, Sweden, Germany and
United States, makes a brief description of the
methodologies and approaches used, mostly previously
published. The case studies addressed demonstrate the
potential of DLR on different scales and highlight the
precautions when using it.



Section 2 presents the DR methodolgies used bythe
different R& groups ad Section 3provides abrief
description ofthe selectedase studiesSection 4presents
the results otained, thatare discussednd analyse in
detail in section 5. Some fal remarks a provided o the
applicability and value of LR in Sectim 6.

2. THEDLR METHODOLOGY

TSOs commaly use numecal modelsd assess thesbles
“steady-state’thermal equibrium for apredetermind set
of local extrene meteorolgical conditbns, which @fine
the maximumampacity ofthe overhed power lines. In
recent years aet of measued or forecagd meteorolgical
conditions hae been usednistead, to ofain more reastic
“in-time” values for the cable’'s arpacity[1]-[6]. The
inclusion of the cables hermal inerta in the themal
analysis apprech imposes dynamical hermal balane.
That approde lead to the develomert of detiled
numerical themal models sch as the BEE Std 7382012
[7] and CIGRE [8] simiar approaces, compard by
Arroyo et al n [9]. The OLR physicalmodels usedn the
IEA Task 25countries ad presentedn this paperare
analogous ad based inthose two main stadard
methodologiel approaches.

For Portugal, LNEG built and applieda DLR andysis
methodology [1], [2] using GICREs model, later
integrated wih an optimalpower flow (OPF) model ging
an ArgGlIS inerface for grd layou andgeo-referenaig of
the lines. Weather inputuses histod and foreasted
meteorologich series (windsolar) frommesoscale wdels
coupled withdata mining aproaches [1]L

The method sed by the Idho NationalLaboratory (NL)
to study the ginamic line ating calculaiton in theUnited
States case sidies require the couphg of histortally
collected wedter data witha computatioal fluid dynamic
(CFD) model. To calculag¢ the wind field in the CFD
model, the stady-state Regolds-Avergied Navie-Stokes
(RANS) apppach is usedfor the larg scale turblent
modeling. Ths approach kows for amodel that ca be
run on a worktation compter. The softare used fothe
weather modéng, WindSim, allows foreasy couplig of
the weatherstation locatons to the transmissionline
locations forcalculating tke wind sped. The use ofthis
CFD softwarehas been vatiated in seveal past studiefor
wind flows [5], [6], [12], [13] .

The use of €D in DLR calculationshas severamajor
advantages. fie first is ttat the CFDcan be calibated
against know weather dia using tle assumptio of
similarity of boundary Iger flow for accuracy. The
interpolation of the CFD wind speed allows for the
caculation of a wind sped at specificlocations & the
transmissionihes with ony sparsely ppulated locabns
for weather dt collection.This allowsfor accountig for
dow wind speds occurrig due to temin effects may
from the wedter station lgations, whih in turn gives a
more conserstive estimateof the totalDLR calcubtion
for the line. With a oupled CHB-weather sition
approach, nooutage of thdine is needd for instalbtion
devices, suctas direct techiques usingemperature nsag
measurementsThe adaptiaility of the method allove for
the use of wether data frm any input -which allows for
historical anajsis as donehere, but a allows fa an

analysis to bedone by inporting foreasted data ets
instead. If diret measuremst devices & still wantedby
the utility, G-D can be used to dentify limiting
transmission e midpointsor its installéion.

For Germany in the case stly build byFraunhofer EE,
the conversiorof weather dta to ampaty is also basd
on the CIGREapproach. Iwwas expandely using thesir
pressure andché humidity & further inpits to déermine
the thermal ooling. For Sweden, the methodologyis
presented in dail in [3], [4].

3. FOURIEA TAask 25DLR CASE JUDIES

3.1 Portugal

The case studfor the DLR analysis tol uses real da
for a Portugese centraland interior region (Piral
Interior) wherea large rene&vable capacit is installed ad
operating. Pihal Interior has 45 wid power plats
totalling 1480MW and M hydroelectic power plats
with 1060 MN of nominalcapacity. Tle location ofthe
renewable pwer plants ad the grid laput is generdy
depicted in Fg. 1. The chaacteristic paameters usedor
the overheadcower transission lines @& publishedby
the Portugues TSO alom with real georeferened
meteorologicadata used fothe static ring (irradiarce,
temperature ashwind velodty), calculate for Decenter
23, 2009 at I£0 p.m. TheDLR scenariaconstructed red
presented inhis paper intoduces a sbng rise inthe
loads located region sathern to Pinhal Interor
(Alentejo) de to its envsaged gener developnent
through windand PV distrbuted genettion, along vith
the rise on thesnergy expaed to Spai. To obtainthe
additional wind power gesration, thewind speed da
for 80 m a.g.lwere obtaind using messcale numedaal
models for eat wind pak in the regionThen, basedn
the number b wind turines of eachpark andthe
manufacturerguaranteed @wer curve, he wind paver
for each houwas computeénd the amgity of the lines
calculated acardingly.

Fig. 1 DLR cas study: transission grid ad power plantsri
theregion of Pinlal Interior, Portgal.



3.2 Sweden

Climate in Sveden has adntages foDLR applicdion,
specifically in wind enegy field, dueto low anbient
temperaturesrad high windprobability [3], [4], [10].
While a lot d research wadone on th developmet of
indired/numeical DLR gplications methods, Swaish
DSO E.On bs positive &perience inusing both drect
measuring delees and inded methodsor DLR syséms.
In Sweden,E.ON has wer 4 yearsof experiene in
connecting vind parks ¢ the grid by using DLR
monitoring devices.

The installation (and casestudy) in Sweden is locatd at
the island Olad at the eastoas in souhern SwedenThe
case was to igall 50 MW of wind power on the notiern
part of the isand. The conection to he mainlandwas
made by two B kV transmssion lines.

Calculations kowed that tk grid had cpacity for 30MW
at its maxinum with salic temperaire ratings. The
solution was o install a R operatimal system ad to
measure the maperature orthe overheatlnes as wellas a
control systen that could curtail the wind farm when
overriding 50°C. The ovehnead lines ar located clee to
the shore sothe wind effect was very good. The
calculations sowed that tbe wind fam should no be
curtailed morethan 8 h peyear. Twodifferent types of
DLR equipmet were testedh three diffeent places.

The DLR sytem is integated in the mtwork protection
system on thdasland and ko integratd in the SCAA-
system (seeFig. 2 and 3. The signa from the DLR
control the wnd farm innormal condions and dring
faults and haardous evets the relayprotection sgtem
will take over.

Fig. 2 -The DLR instdation on Olad in Sweden.

Fig. 3 - DLRintegration wih the SCADAsystem (Swedn).

3.3 Germany

For the case stly in Germay two different transmissin
lines are invagyated. Onais comparalyl long and ges
through mainy complex terain. The othkr is a short e
situated in ahost flat terain. They were picked to
identify if the DLR methal developedshows a bedfit
under differen general seups. Three eenarios will be
compared in th results. Firg the nomisl capacity usig
a SLR approeh is shown.Second, thamean ampaty
using DLR atall times is céculated. Ard third the man
ampacity usig DLR in windy times, i.eof all time sgps
the 20 % withthe highest wind speeds, iderived.

Five years ohigh resolutimn reanalysigdata (REA6 ad
REA2, [14]) ae used withn this studyas well as dur
years of satelte data for tlke irradianceTo increasehe
horizontal reslution of 6 and 2 km, espectively, the
German Windtlas [15] with a resolutio of 200 mwas
taken to adapthe stéistical behaviour 6the wind sped
to local effecs. To calculéae the ampadty, the wedater
data was in¢rpolated for each of he sags ofthe
transmission hes.

The maximumampacity ves limited ina way thatthe
conductor terperature hado be alwayselow 80°Cfor
security reasos. At each tine step theiliting sagwas
picked. The sgs with themost limiting times withinthe
five investigadd years werelefined as Hot-spots”. This
outcome wascombined wth GIS-datato finally sekct
the masts whe meeorological measunment equiprent
should be inddlled. As thecurrent wedter is monitoed
in operationsonly for some points of he transmissin
lines buffer viues are neasary to keegsecurity lewls.
The final posgile ampacityis obtained ¥ calculding the
maximum posble ampacityand subtraahg the buffer

3.4 United Staes

The area studd in North America is Hells Canyn
which is a coplex terran in the stateof Idaho. Te
canyon is thedeepest rivegorge in Norh America wth
terrain variatios from 1600meters abovéhe river onthe
west rim to 280 meters ontte east sidelhis region iof
interest due aumber of hyroelectric @ms in the aga.
Congestion ofthe power at of the regon is of conern
due to the pashility of the high mountians blockingthe
wind and preenting convetive coolingcurrents ornthe
transmission les. The dat here is adyzed overa 1
year period 6 data colleaton from 5weather statins
placed alonghe transmissin line.

The exact reigpn of interest in this stidy is sized30
kilometers edswvest and 6Ckilometersnorth-south. Te
map of this &rrain is shevn in Fig 4, for both the
roughness Iger and the elevation #&yer with the
transmission he structuresshown. Theroughness lger
is scaled from0 to 1 to nodel subgrideffects suchas
shrubs, trees @ buildings, this roughnss value is usd
in the bounda condition in the CH model. Wlite
regions represit smooth eeas — riveror plains, whle
red regions rpresent deres vegetationor forests. e
terrain layer fown next toit highlightsthe steepnessf
the terrain wihin this smél section \arying form the
peaks to the rier level. The terrain is mplemented rito
the CFD simiations usingthe digital elevation malel
(DEM) data & a horizontalspatial resktion of 30m.
The DEM dag was converd from la-long into a UM



11 projection.There are 1® structure dcations alog the
length of thetransmissia line. The transmissionline
structures arelivided into Sdifferent line segments fiothe
sake of this stidy, these sgments are iccled in themap
and correspod to the nearg weather stion locations

a)

b)

Fig. 4 — Hells @nyon a) terrai layer map, ad
b) roughness ker map.

4. RESULTSOF DLR APPLICATION TO
POTENTIALLY CONGESTED LINES

4.1 Portugal

The Portuguse case stud was desiged to studyand
analyze the beefits of usig a DLR appoach in scearios
where a strog increase n the load’sfactor occursand
eventually aproaches thenetwork’s cangestion in sme
regional lines.The regionunder study d characterizé by
the existencef a large nmber of hydropower plantsand
many other ditributed reawable powe plants - nainly
wind for thetime being, bt the planmg for future PV
plants is undevay (at the kkensing stage

The study cmputes thenetwork’s optmal powerflow
using a staticrate appoad to assess ¢hlines capates
(TSO’s nomnal operationvalues) ad the resultsare

compared to th DLR ones. Meanwhile the developrent
perspectives bthe Southam region of Aentejo will risk
the load demed at Falaguia’s bus. Acontributionfor
the additionalpower geneation may be suppliedby
upgrading thehree wind fams connecte to Corgas fom
16, 144 and MW to 36, 44 and 80MV, respectivhy.
That power imrease bringshe 150kV @rgas-Falaguea
line close tohe TSOs rad congestio as showedn
figure 5 below.

Fig. 5 — Lineampacity reslis for a SIR versus a DR
approach (worstase scenaridecember 232009 at 5 p.m.)

The figures &ove showthat DLR analysis presets
higher ampaty values not only fa the Corgs-
Falagueira lire but also along the Ines connectig
Falagueira toChafariz dued a power flav redistributon,
granting a sBe operationunder thenew conditons
imposed.















