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ABSTRACT

Based on conventional static line rating method, the actual current carrying capability of overhead
conductors cannot be judged. Due to continuous increment in electricity demand and the difficulties
associated with new line constructions, the overhead lines are therefore required to be rated based on a
method that should establish their real-time capability in terms of electricity transmission. The method
used to determine the real-time ampacity of overhead conductors not only can enhance their transmission
capacity but can also help in allowing excessive renewable generation in the electricity network. In this
diploma work, the issues related to analyzing an impact of wind power on periodical loading of overhead

line as well as finding its static and dynamic ampacities with line current are investigated in detail.

Initially, in this project, the investigation related to finding a suitable location for the construction of a 60
MW wind farm is taken on board. Thereafter, the wind park is integrated with a regional grid, owned by
Fortum Distribution AB. In addition to that, the electricity generated from the wind park is also calculated
in this project. Later on, the work is devoted to finding the static and dynamic line ratings for
“VL3’overhead conductor by using IEEE-738-2006 standard.

Furthermore, the project also deals with finding the line current and making its comparison with
maximum capacity of overhead conductor (VL3) for loading it in such a way that no any violation of safe
ground clearance requirements is observed at all. Besides, the line current, knowing the conductor
temperature when it transmits the required electricity in the presence of wind power generation is also an
important factor to be taken into consideration. Therefore, based on real-time ambient conditions with
actual line loading and with the help of IEEE-738-2006 standard, the conductor temperature is also

calculated in this project.

At the end, an economic analysis is performed to evaluate the financial advantages related to applying the
dynamic line ratings approach in place of traditional static line ratings technique across an overhead
conductor (VL3) and to know how much beneficial it is to temporarily postpone the rebuilding and/or
construction of a new transmission line. Furthermore, an economic analysis related to wind power system
is taken into consideration as well to get familiar with the costs related to building and connecting a 60

MW wind farm with the regional grid.

Keywords: Regional grid, overhead conductor, wind power, real-time weather, dynamic line rating,

static line rating, line current, conductor temperature, ampacity upgrading, economics.
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Chapter 1

Introduction

This chapter covers an introduction about the work carried out in this project and also

includes purpose and outline of the chapters.
1.1 Background

Due to limited capacity of fossil fuels, the world is focusing on the usage of renewable power generation
in terms of electricity production and fulfilling its growing demand. Hence, it will not be wrong to say
that renewable power generation will be a significant source of energy in the near future. Furthermore,
amongst many notable green energy sources, the wind energy is also a pollution free energy source with a
long-term availability (almost the whole year) making it a suitable alternate to other energy sources,

however its only disadvantage is its day to day unreliability [1].

Now, in this project, based on a real case study, 60 MW of wind power generation was added in a 130 kV
sub-transmission system and its role was investigated in terms of line loading. Besides this task, the
calculation of static and dynamic line ratings (DLR) of an overhead conductor and their comparison with

the line current were taken on board.

Furthermore, static line rating (SLR) is actually based on worst weather conditions and does not consider
any real-time line rating approach [2]. Contrary to that, the DLR technique is based on real-time data and
helps in finding the actual capacity of overhead conductors in delivering the electric power [2].
Historically, the transmission lines were operated at their static or fixed ratings and based on these ratings,
the transfer of electric power was limited to a large extent, making it difficult to know the actual

maximum capacity of overhead lines [2].

With the help of DLR approach, the overhead transmission lines can carry the maximum current that may
help in fulfilling the growing demand of electricity without investing huge money on rebuilding the
existing transmission lines and/or constructing new transmission lines to carry the required amount of
maximum electric power [2]. Hence, based on this approach, massive direct or indirect economical
savings can be obtained with a considerable reliability [2]. Moreover, it may still be significant, if the

planning of rebuilding and /or construction of new transmission lines is delayed on temporary basis [3].



Now, based on the nature of dynamic line rating, the real-time weather data related to ambient
temperature, wind speed and its direction was first gathered in this project before calculating the DLR.
This data was based on Karlstad municipality of Sweden and was obtained from the Swedish
Metrological and Hydrological Institute (SMHI) [4].

1.2 Purpose

An important goal of this project is to evaluate the technical and economical aspects of dynamic line

rating across an overhead conductor (VL3) in a meshed 130 kV sub-transmission electricity network.
Now, based on the case study, following specific objectives were formulated in this project:

e Evaluation of wind speed and its direction (relative to the axis of line conductor) on the wind
power production

o Development of a system model of the wind power connection with the 130 kV grid

o Assessment of power flow study after wind power connection in the sub-transmission network

e Investigation of the profits regarding DLR implementation in place of costly conventional

ampacity upgrading techniques

1.3 Outline

This diploma work is arranged in six chapters; a brief overview of each chapter is mentioned as follows:

Chapter 2 (Dynamic Rating & Wind Power Generation) describes the theoretical and
mathematical summary of ambient weather conditions, wind power generation, the load flow study and
the dynamic line rating. Moreover, this chapter is accompanied with figures, charts, mathematical

equations and some technical discussion.

Chapter 3 (Wind Power Analysis) gives a detailed analysis of how ambient conditions affect the
wind power generation and takes into account a comprehensive discussion related to finding a suitable
location of the wind farm, analyzing the wind roses, examining the wind speed and its direction and

evaluating the output electrical power from the specific installed wind turbines.



Chapter 4 (Dynamic Line Rating) focuses on static and dynamic line ratings of an overhead
conductor. Moreover, in this chapter, the investigation related to line current in the presence of wind
power generation and checking its effect on conductor temperature is taken into account as well.
Comparison amongst different line ampacities is another important factor discussed in this chapter.

Chapter 5 (Economic Analysis) is devoted to an economic analysis. The questions related to how
much profit a utility may earn in terms of enhancing the power transfer capability of an overhead
transmission line and how much savings it may receive after having postponed the upgrading and/or
construction of a new line are some issues discussed in detail with the help of reliable mathematical

calculations.

Chapter 6 (Conclusion, Discussion and Future Work) is dedicated to conclusion, discussion and
the future work. Which milestones are obtained successfully in this project and which need to be obtained

are discussed in detail.



Chapter 2

Dynamic Rating and Wind Power Generation

This chapter starts with a brief introduction of dynamic rating followed by theoretical and
mathematical summary of weather conditions, wind power generation, and the load flow

study of the power lines.
2.1 Dynamic Rating

The dynamic rating is considered a real time or near real time rating approach that determines the
conductor ampacity leading to cause the maximum allowable conductor temperature under real-time
weather conditions [5]. Contrary to that, the static rating is assumed a fixed rating and is calculated based
on some assumptions related to fixed weather parameters [5]. The disadvantage of static rating as
compared to the dynamic is that when any power system component is operated under fixed rating
system, then its capacity of transmitting the maximum electric power is not fully utilized [2]. Due to its
significant technical and economic advantages, the power utilities are considering to update their systems
based on real-time dynamic rating system and these advantages have now made the power system
operators aware that of how much rating the components can be operated without violating their design

limits and utilizing all the transmission resources to the fullest [2].

The dynamic rating moreover, reflects the accurate rating of the power system components. By using the
dynamic rating, the real time information about component’s ability to deliver the electrical power can be
easily obtained. The transmission line conductors are required to transmit the electric power until their
allowable thermal rating is not crossed [2]. Now, for describing the dynamic line rating of any overhead

conductor, following parameters should be known in advance [2]:

e Ambient temperature

e Wind speed

e Direction of the wind speed with respect to the conductor alignment
e Solar radiation

e The assumed maximum allowable conductor temperature

e Line loading

e Conductor characteristics



The decision of using dynamic line rating instead of static line rating is related to the available
transmission capacity (ATC) of overhead conductors [2]. The reason is that the available transmission
line capacity cannot be approximated correctly by using static rating of the transmission lines [2].
However, on the other hand, dynamic line rating may always help in determining actual information

regarding the conductor’s transmission capacity [2].

2.2 Wind Power Generation

The renewable energy sources exist in many forms, the notable amongst them are the hydro power, solar
power, wind power, tidal power and the geothermal energy. The availability of renewable energy sources
varies with respect to type of land [6]. Due to non-uniformity in the existence of renewable energy, a part
of the world that dominates for example in solar power may or may not be observed with abundant wind
energy. However, the availability of renewable energy is different than its implementation in terms of
electricity generation. For example, there are still some parts of the world (particularly the developing
nations) that are found with excess renewable energy but are unable to make their implementation, mainly

due to financial issues like high interest rates and short-term loans assigned for renewable energy projects

[71.

As compared to other renewable energy sources, the overall trend of getting electricity from the wind
power is getting increased in the world. According to the latest figures about the wind power generation,
an overwhelming importance of this green energy is observed throughout the world. It is estimated that
there are around 200,000 wind turbines installed all over the world with a total installed capacity of
around 283 GW at the end of 2012 [8]. Only in Europe, the total nameplate installed capacity of wind
turbines was observed around 100 GW in the year of 2012 [9], whereas, in the United States, it reached

around 50 GW, during the same year [10].
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Figure 2.1: A yearly overview of global wind power installed capacity [11]
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Wind is actually produced due to changes in atmospheric temperature and pressure. It can be termed as a
flow of air and helps in producing the kinetic energy, which ultimately leads towards moving the wind
turbine blades.

Mathematically, the kinetic energy k can be represented with the help of equation 2.1 [12], i.e.

1
k = S M 2 () (2.1)

The kinetic energy further helps in producing the power P that wind energy contains and is expressed in

equation 2.2 [12], i.e.

P= g Avd (W) (2.2)

Where, p is the specific air mass that depends upon the air pressure and moisture and A is the circular

swept area. For many practical applications, it is assumed that p = 1.25 kg/m3 [12]. Now, for obtaining

the mechanical power P (given in equation 2.3) [12], equation 2.2 is multiplied with the power co-

efficient ¢, , i.e.
— e P Ay
P=c, 5 Avs (W) (2.3)

In practice, the wind speed (v,) that strikes at the blades differs from the wind speed that is observed
behind the blades v5. It is due to the fact that when the air strikes at the wind turbine blades, it is observed
quite smooth while after hitting at the blades it becomes rather non-homogenous [12]. Now, from
equation 2.3, it is obvious that with small increase in wind speed, the mechanical power gets increased to
a large extent. Moreover, the maximum mechanical power is obtained when Z—; =% [12]; at this ratio,
the power co-efficient becomes equal to: ¢, = g ~0.59[12].

An important factor in terms of designing the wind turbine blades is called the tip speed ratio A. In the
modern two and three bladed wind turbines, the maximum tip speed ratio (A) is kept 10 and 7 respectively
[12]. Furthermore, the wind turbines installed at mountainous surfaces face low friction as compared to
those installed at ground due to buildings, trees and other objects [12]. Similarly, the wind turbines
installed at the offshore enjoy the maximum potential of wind energy but the only drawback of installing

the wind turbines at offshore is their complex and expensive maintenance.



Now, assuming that the wind speed ‘v;’ at a certain height ‘z,” is known, similarly, the height ‘z,’ is also
known then based on these known parameters, the wind speed ‘v,’ at height ‘z,” can be calculated with
the help of mathematical expression 2.4 [13], i.e.

ln(ZZ/ZO)
ln(zl/ZO)

v2(22) = vy (2.4)
Zo here represents the roughness length and it mainly depends upon the land of the country. It is actually
measured on the basis of surface roughness that on the other hand affects the flow of air [14]. The
roughness length is classified into different categories depending upon the nature of surface. For example,
in case of open flat areas, it is assumed to be 0.03 m [14], whereas for forests, it varies between 0.5 mto 1

m [14]; similarly, in case of croplands, it ranges in between of 0.1 m to 0.25 m [14].

2.3 Load Flow Study

The load flow study is related to analyzing the static power flow through overhead lines. In this section,
the load flow study of a simple power system is mentioned in detail. Now, considering a simple power
system as shown in figure 2.3 with two generation sources; a wind farm and a conventional power plant

with one passive load, the load flow study then based on this power system is described in this section.

1 2
G 1=12> Ri#jX12 “?21 WF
Ris Ras
+ +
Xa3 Xa3
L13 I3 3

Passive
Load

Figure 2.3: A simple Power System



For analyzing a simple power system in figure 2.3, the power flow equations are required to be developed
based on the pi-equivalent model as shown in figure 2.4.

| 1
| Ria+jX1o |
U1 U2

Figure 2.4: m-equivalent model of a line

Now, based on a pi-equivalent model (figure 2.4) of a transmission line connected in between of ports 1
and 2, the power flow between these nodes can be then calculated with the help of following equations,

ie
Similarly, based on figure 2.4, the two port equations (2.5 and 2.6) [15] are given as:

U—1 = U—z + (1_2 + U—z “Vsh-12) * Z—12 (2.5)

L = U Vsniz+ L+ WU Vsno1z) (2.6)
Now, re-arranging the equations 2.5 and 2.6 yields:
U, = (L +Ziz Vsnoa) * U+ Z15 - I (2.7)

L = Vo2 *Q+Z1 V1) * U+ A+ Z0;  Ven12) - I, (2.8)

In terms of matrix notation, these two port equations can be represented as:

[Lﬁ] = | L+ 202 Yoz _ (2.9)
I Vsh-12 * 2+ Z13* Vsn—12) 1+ Z15 - Vsn-12

Now, in case of a short transmission line model, VYeh12 =0 and based on this assumption related to a

short-line model, the two port equations [15] will be then:

915 %)



or,
Uy = U+Zy,-1, (2.11)
L =1L (2.12)

Similarly, the flow of current from node 1 towards the node 2 is actually based on the voltage difference

between these nodes [15], and is shown in equation 2.13 [15], i.e.
E = (U_1_ U_z) * (G12 + jBi2) (2.13)

Moreover, the current flowing from node 2 towards node 1 is identical to the current flowing from node 1

towards node 2 and can be represented as:

where,

1 —>represents the bus from which the current is coming

2 — represents the bus towards which the current is going
Similarly,

G represents the conductance and B represents the susceptance.

Now, the active power losses across a short transmission line based on flow of current can be easily
calculated with the help of equations 2.15[16] and 2.16[16], i.e.

S, = U+,  (VA) (2.15)
Similarly,
Sy = Upxly (VA (2.16)

Moreover, the total line losses S; 1, across a transmission line between two voltage sources U; and U;

will be:

St1z = S12+ Sa1 (VA) (2.17)

10



In addition to that, the total line losses consist of both active and reactive power losses. The active power

losses P, 4, are calculated with the help of equation 2.18 [16], i.e.

P, = IRMS,122 * Ry, (W) (2.18)
where,
R12 is the effective resistance and Iy 1, is the RMS current between the transmission lines 1 and 2.

Now, when a transmission line does not contain any reactive component then power losses are calculated
on the basis of resistance only as shown in equation 2.18 [16]. However, that may only happen when a
line is either short (where line contains only inductive component) in length or it is operated by DC
Voltage (no inductive and capacitive components due to zero frequency) [16]. But for medium and/or

long transmission lines, the capacitive component cannot be neglected [16].

Now, considering a short transmission line between two voltage sources, U; and U, with the ohmic loss

P ;1, as shown in equation 2.19 [16] is given as:

P12 = Ipmsaz” * Rz (Z1) (W) (2.19)
Here,
Re 12 represents the real component of 712

Z12is the complex impedance of the transmission line that contains the resistive, inductive and capacitive

components [16], i.e.
Zi; = (Rip +jX12) ()

Moreover, all these resistive Ry, and reactive X;, components are measured in ohms and are taken at per

unit length of an overhead conductor, measured in meters.
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2.4 Dynamic Line Rating

The dynamic line rating is related to implementation of real-time information to develop accurate ratings
for the overhead conductors [2]. This precise information helps in utilizing the full capacity of conductors
in terms of transmitting the required electric power. With the help of DLR technique, thermal rating of a
conductor based on its real-time temperature (or current) can be calculated dynamically [17].
Furthermore, the implementation of DLR approach can be helpful in terms of adjusting the power supply

and hence the load demand in real-time [17].

Here, in this section, equations related to finding the dynamic line rating based on real-time weather data
and the line loading is developed for knowing the effect of ambient data on line ratings. Similarly, when
an overhead conductor carries the maximum current, it will be able to fulfill the increasing load
requirements and certainly will help in postponing/avoiding the construction of new transmission lines
[2]. This short or long term postponing of installing the new transmission conductors or the transformers

is useful for a utility from economical, political, social and environmental perspectives [2].

Now, with the help of equations 2.20-2.33 (based on IEEE-738-2006 Standard"), the dynamic line rating
of the overhead conductors (equation 2.34) can be easily calculated. Furthermore, the S.I units and the

specifications of the parameters used in these equations are listed in table 2.1, i.e.

Table 2.1: Parameters for the Dynamic Line Rating

PARAMETER (S) SPECIFICATION (S) SI Units

Ry, AC resistance of conductor i at Q/m

temperature Tc

I; Current through conductor i A
Bi Solar absorptivity of conductor i
) Total solar and sky radiated W/m?

heat flux rate

0 Effective angle of incidence of degrees

sun rays
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Api Projected area of conductor i m?Z/m
per unit length
D; Diameter of conductor i mm
Ty Ambient temperature °C
Tc Conductor temperature °C
Thign Max. Conductor temperature °C
Tiow Min. Conductor temperature °C
o Density of air kg/m3
W Speed of wind at conductor i m/s
a Thermal conductivity of air at | W/(m-°C)
temperature Tfim
€ Dynamic viscosity of air Pa-s
€; Emissivity of conductor i L
Kangie Wind direction factor -
0] Angle between wind and degrees
conductor axis
Triim Film Temperature °C
h, Conductor elevation above sea m
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Moreover, based on different observations, it is clear that the conductor temperature varies with respect to
heat input (gain rate) and heat output (loss) sources. The heat input (heat gained by the conductor)
observed across the OH-conductor is due to ohmic losses and the solar heat gain (solar radiation or solar
flux) [18]. After being heated up, the heat energy gained by the conductor is lost by means of two factors,
i.e. convection and radiation [18], known as heat output sources.

According to the law of conservation of energy, there should always be a balance between heat gain and
heat loss rates, i.e. the heat balance equation 2.20 [19] must be followed all the times in terms of
determining the conductor ampacity rating [19].

HeatGAIN = HeatLOSS (220)

The following heat balance equation [19] represents the balance amongst heat gain and heat loss rates, i.e.

Ploss + Qsolar = Qconvection + Qradiation (2-21)

The ohmic loss P;,ss (W) causes heat gain in the conductor and is calculated based on equations 2.22
[19] and 2.23 [19], i.e.

Ppss = I;* * Ry, (2.22)
R, —R
Ry, = [ Thigh Tlowl * (Te — Tiow) + Rr,,, (2.23)
Thigh - Tlow

Similarly, the solar heat gain can be calculated with the help of equation 2.24 [19]. From this equation, it
is observed that this heat gain (Qs,:4-) depends upon five main factors, i.e. on the projected conductor

area, conductor’s ability of absorbing sun rays, the conductor latitude, the number and timing of the day.
Qsotar = Pipsin (H)Ap,i (2.24)

Furthermore, the heat loss rate is classified into two types, i.e. the heat loss due to convection and the heat
loss due to radiation [18]. The convection heat loss rate is further classified into two types; the natural
convection and the forced convection [19]. The natural convection heat loss rate depends upon the
difference in temperature between ambient and conductor [20]. This heat loss rate Qy. (W/m) is

dependent upon conductor diameter, the temperature across conductor and the ambient temperature [18].

It can be calculated with the help of equation 2.25 [19], i.e.

Qne = 0.0205 * 05 * D,O75 x (Tg; — T,) " (2.25)
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The forced convection heat loss rate mainly depends upon wind speed and its direction [18]. This heat
loss rate is also classified into two categories, depending upon the magnitude of wind speed. At low wind
speeds (lower than 4.47 m/sec [19]), the forced convection heat loss rate Qpc jo,, (W/m) will be
calculated based on equation 2.26 [19], i.e.

0.52

D;xox*V
QFC_low = l101 + 0.0372 (%) *aox Kangle * (TC,i - TA) (226)

Similarly, at high wind speeds (higher than or equal to 4.47 m/sec [19]), the forced convection Qg¢ nign

(W/m) is calculated with the help of equation 2.27 [19].

D;*xo %V,

0.6
Qrc_nign = [0.0119( ) *a*KangZe*(Tc,i—TA)] (227)

Moreover, in case of low wind speeds, the larger amongst natural and forced convection methods should
be used [19]. At zero wind speed, the forced convection heat loss rate will be zero but during that state,
the natural convection method will work and will help in reducing the conductor temperature [19].
Finding the forced convection heat loss rate, needs the wind direction factor (Kange) to be calculated and is

given in equation 2.28 [19], i.e.
Kangle = 1.194 — cos(¢) + 0.194 * cos(2¢) + 0.368 sin(2¢) (2.28)
Now, considering the thermal conductivity of air (a) at temperature T, as given in equation 2.29 [19].
a =2424%1072 4+ 7.477 % 107> * Ty, — 4.407 + 1072 + T2y, (2.29)
The average of ambient and conductor temperatures (Tsim) is given in equation 2.30 [19], i.e.

T.;+T,
Triim = CLT (2.30)

Now, the equation 2.31 [19] represents the dynamic viscosity of surrounding air, i.e.

1.5
1.458 * 107%( Ty + 273
e = ( film ) (2_31)
Trum + 383.4
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The air density can be calculated based on equation 2.32 [19], i.e.

1.293 — 1.525 *10™* * h, + 6.379 * 1072 * h,°
o= (2.32)

The equation 2.33 from IEEE-standard [19] gives the radiated heat loss rate Q,q4iqtion (W/m), i.e.

(2.33)

Tei+ 273)4 (TA + 273)4
100 100

Qradiarion = 0-0178 % D; vé;x [(

The radiated heat loss rate same like the forced convection heat loss rate depends upon the difference in
temperature between conductor and ambient. The higher this difference the higher will be the radiation
heat loss rate. After knowing the values of heat gain and heat loss parameters, the ampacity of conductor i

can be calculated with the help of equation 2.34 [19], i.e.

Ii — \/(Qconvection-'- Qradiation)_Qsolar (A) (234)

RTC

Now, based on conductor’s ampacity as shown in equation 2.34, it is evident that the convection and
radiation heat loss rates increase conductor’s capacity in terms of enabling it to transfer maximum
electricity. Similarly, the conductor’s ampacity can be increased when the solar radiation is lower.
Moreover, the thermal AC resistance also plays its role in terms of determining the ampacity of the

overhead line.

'|[EEE-738-2006 Standard is used to determine the relationship between current and temperature across

the bare overhead conductors [19].
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Chapter 3

Wind Power Analysis

Selecting the decisive location of a wind farm and installing the suitable wind turbines to get
required amount of electric power with the help of suitable tools are some important issues,

discussed in this chapter.
3.1 Installation of wind turbines

Technological advancements in power electronics has increased the scope of wind power system [21].
Because, due to unstable nature of wind speed and its direction, keeping the system voltage and frequency
to its constant level requires a frequent usage of power electronic equipments [21]. With the help of
power electronic converters, a constant electric power is sent to the active and/or passive loads at almost

constant voltage [21].

Now, before installation of the wind turbines, a suitable location of the wind farm must be decided in
advance. In order to find a suitable location for construction of a wind farm, it is required to consider

many factors, some important ones [12] are:

e Alarge and open flat area

e Access to the road to carry out flexible installation and maintenance
e Access to the national/regional grid

e Low noise effect in the area

e Abide by air traffic rules

e Taking into account the safety rules in terms of ice fallings

e Away from the protected areas

It is important that besides considering the technical benefits, environmental and social perspectives
should be taken on board as well, so that a widely accepted location of the wind farm is chosen. Now, in
this project, a wind farm consisting of 20 Enercon E-101 wind turbines is constructed based on a flexible
access with the regional grid. Moreover, the planned installed capacity of this wind farm is chosen around
60 MW. The location of this wind farm is planned in an open area at Stopsjon (in the province of
Varmland county, Sweden), having a distance of only 10 km from a 130 kV regional grid (in the

municipality of Filipstad, Sweden). Now, after consideration of planned location for the wind farm, it was

17



required to find an optimal direction of the wind turbines. Moreover, the decision related to finding a
suitable direction of the wind turbines was based on the results from wind roses. A wind rose is actually
an important tool used in terms of making the decision regarding the dominant direction of wind speeds
during a single year. Here, in this project, the data related to wind speed and its direction was obtained
from SMHI (Swedish Metrological and Hydrological Institute) for a hub-height of 100 m and then based
on this data; a wind rose was plotted with the help of Enviroware® Software and is shown in figure 3.1.

North

Wind speed (m/s)

WindRoses . >7

SNWAOO
[ T B B T
NWAROON

10.0%

South

Figure 3.1: Wind Roses showing the wind direction at Stépsjon

Now, based on wind roses as shown in figure 3.1, it is observed that the wind speed in the region of
Stopsjon (near the Karlstad municipality of Sweden) ranges from 1 m/sec to more than 7 m/sec, with a
dominant direction around 180° towards South. It is also observed from the figure 3.1 that during the year

of 2012, wind blew in all 16 directions but most of the time, wind blew towards south of the region.

An important thing to be noticed from the figure is that when the wind speed is above 7 m/sec, it mostly
blows towards north or south of the region and does not significantly blows towards east or west of the
region. Hence, based on dominant wind direction, the wind turbines were installed towards south of the
region with an approximate angle of 180°. Now, for getting an actual look of the wind farm, a sketch was
made with the help of Google Earth® indicating the location and direction of installed wind turbines and

is shown in figure 3.2.
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Figure 3.2: Google map showing the location of wind farm

In figure 3.2, the first line indicates 180° direction towards South from Stépsjon to Bolhyttan, whereas,
the second one indicates a distance of about 10 km between Stdpsjon and Kalhyttan. Moreover, this
distance allows the wind power connection at Stdpsjon to get integrated with a 130 kV regional grid
(Kalhyttan). Now, keeping this direction into consideration, two fields of a wind farm were drawn; each

of these fields consists of 10 wind turbines.
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Figure 3.3: Wind power modeling in PSS/E©
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Figure 3.3 shows modeling of the wind farm with an installed capacity of 60 MW in PSS/E®. This wind
farm is connected in between of Forshult (bus no. 32936) and Kalhyttan (bus no. 32940) buses. Now, for
integrating the wind power at Stopsjon with the regional network of Fortum Distribution AB, the voltage
at wind farm (34.5 kV approx.) must be identical with the grid voltage (135 kV approx.) to get
synchronized with the system. Hence, in this regard, there is installed a step-up transformer between the
wind park and the network connection that increases the voltage from 34.5 kV to 135 kV.

Moreover, Enercon E-101 wind turbine is used in this project in terms of providing a required amount of
electric power (a maximum of 60 MW). The diameter of this turbine is 101 m; hence an optimal distance
between 20 wind turbines is chosen in such a way that low wake, low noise and smaller interference
effects should be observed. Based on these criteria, an optimal spacing is chosen amongst the turbines so
that even at low wind speeds, a sufficient power is obtained. Now, in this project, it is assumed that a 7
rotor diameter distance is useful between the turbines located towards the main wind direction, while a 6

rotor diameter distance is optimum for the wind turbines facing an orthogonal wind direction [12], i.e.

e Main wind direction distance: 707 m

e Orthogonal wind direction distance: 606 m

Moreover, the main wind direction distance is a horizontal distance amongst the turbines installed in two
different rows. The turbines installed in these rows experience the front direction of the wind speed [12].
Similarly, the orthogonal wind direction distance shows a vertical distance amongst the turbines installed
in a same row [12]. Furthermore, the turbines installed in this path experience the wind speed in an
orthogonal direction. Now, based on the aforementioned distance between the installed wind turbines, the

total area of the wind farm will be:

Field 1 or 2:

Width: 707 m

Length: 2424 m

Area: 1.717 km®

Total Area (Field 1 and 2): 3.427 km?

Both fields are assumed identical in size, with total area equal to 3.427 km® Moreover, the length of each

field is found almost three times to its width.
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3.2 Wind Power Generation

Besides selecting a suitable location for installation of the wind turbines, their connection with the
regional grid is another important factor to be taken into consideration. Connecting the wind turbines with
the grid is a complex issue due to an unstable nature of the wind power. Now, before connecting the wind

turbines with regional grid, following issues from a general perspective must be addressed properly [22].

Now, in this project for obtaining the required (requirement set by DSO) amount of wind power
generation, an installment of 20 Enercon E-101 wind turbines was taken into account. An area of 3.427
km® was allotted for installation of these turbines. Moreover, each Enercon E-101 wind turbine can
produce a maximum of 3 MW of electric power based on its maximum allowable wind speed; whereas,

when this wind speed is crossed and reaches at cutout speed of the turbine, the turbine gets stopped from

Due to difficulties involved in predicting the wind power production, the operation of power

system can get affected to a significant extent

A considerable impact of wind inconsistency on system operating costs

Power imbalance issues in case of more wind power generation than required or vice versa

Power quality problems in terms of voltage dips and frequency variations

A need of reliable transmission planning for allowing the electric power from generation sources

towards the load points

working.
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Figure 3.4: Wind Speed versus Power Generation
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Now, based on the figure 3.3, it is evident that the maximum wind speed at 100-110 meters of hub-height
was obtained around 14 m/sec with lowest one around 1.5 m/sec. Another important thing to be noted
from the graph is the trend of wind speeds with respect to variations in the seasons. Similarly, the average
wind speed during the whole year is observed around 6 m/sec that is remarkable on the other side.

3.3 Wind Energy Output

The wind power is not only significant in terms of fulfilling the growing demand of electricity but is also
useful in terms of making the environment free from pollution [6]. Now, for getting the maximum amount
of electricity from the wind power as well as making sure that the wind turbines are able to generate the

required amount of electric power; following factors [12, 22] must be considered before head:

e Selection of long rotor turbine blades helps in giving the maximum wind energy output

e Anincrement in hub-height leads to increase the energy output yield

e A higher load demand during the windy periods helps in the increase of energy yield and makes
the turbines not being stopped forcefully

e The installation of wind turbines in the windy regions may help in the export of electricity if its
local consumption is low; giving significant profits

e With increase in size of the wind turbines and hence that of the wind farm (based on the wind

power production), the cost of electricity per kWh may decrease a lot

Now, two important tools are required for calculating the annual electricity output, i.e. power curve of the
wind turbine and annual frequency distribution of the wind speeds at the projected wind farm site. Both of
these factors may help in giving an exact amount of electricity that a wind turbine can generate when

installed at the given site [12].

Basically, a power curve is some sort of a tool that gives an idea regarding electric power, a wind turbine
is expected to produce at different wind speeds [12]. Whereas, the frequency distribution is a tool that
gives information regarding wind speeds at a site where the wind turbines are supposed to be installed as
well as it also helps in providing information of how many hours a year; the wind will blow at a certain
wind speed [12].
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Figure 3.5: Power Curve of Enercon E-101 Wind Turbine [23]

Based on the power curve as shown in figure 3.5, it is evident that the cut-in speed of E-101 wind turbine
is around 3 m/sec, i.e. when the turbine starts to generate electricity. Moreover, it indicates that the
turbine is able to generate maximum (nominal) output power, when it experiences wind speed around 12
m/sec. Now, after considering the power curve of E-101 wind turbine, frequency distribution of wind

speeds in an area nearby the location of wind farm at Stdpsjon, Sweden was calculated, based on the year

of 2012 and is shown in table 3.1.

Table 3.1: Annual frequency distribution of wind speeds

Wind Speed Frequency No. of | Calculated Power
Intervals (m/sec) Distribution (%) | hours/year (MW)
0-0.75 8.70 762 0
0.75-2.25 14.75 1296 0.03
2.25-3.75 22.48 1975 0.74
3.75-5.25 21.07 1851 4
5.25-6.75 14.98 1316 9.58
6.75-8.25 10.35 909 19.90
8.25-9.75 4.57 402 34.20
9.75-11.25 2.27 200 52.30
11.25-12.75 0.57 50 60
12.75-14.25 0.24 21 60
> 14.25 0.02 2 60
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Now, based on table 3.1, it is evident that 2.25-3.75 m/sec is a dominant wind speed interval at 100-110
meters of hub-height. Similarly, the next dominant wind speed interval in the vicinity of wind turbines
ranges in between of 3.75-5.25 m/sec. Moreover, a frequency distribution of the wind speed interval
ranging in between of 6.75-8.25 m/sec is also noted significant during the year of 2012.

Furthermore, in case of wind speeds higher than 12 m/sec, a single E-101 wind turbine is able to produce
the maximum electric power of about 3 MW. Similarly, based on the table 3.1, it is also observed that
maximum electric power of about 60 MW can be achieved for about 73 hours during a single year of
2012. Now, based on information from figure 3.4 (the power curve) and table 3.1 (frequency distribution),

the annual electricity production from 20 E-101 wind turbines will be:

Annual Production = (0.03 *x 1296) + (0.74 * 1975) + (4 » 1851) ...

..+ (9.58 ¥ 1316) + (19.9 * 909) + (34.2 * 402) + (52.3 * 200) + (60 * 50)
+ (60 * 21) + (60 * 2) = 68.19 GWh

Due to variations in the expected wind speeds, the annual energy production of the wind farm may differ
from the calculated value. Moreover, the wake effect may also influence on the output wind energy
production and hence may reduce the output electric power. Now, based on frequency distributions as
shown in table 3.1, it is observed that due to zero wind speed, the wind turbines remain quit for about
8.7% of the total time in the year of 2012. Now, the annual electricity production from a 60 MW wind
farm can be 68.19 GWh, if the wind turbines run for a maximum of 8020 hours out of 8784 hours.
Moreover, besides variations in the wind speed, the other factors must be taken into account as well that

may have a significant impact on the wind energy production.

Amongst these factors, the crucial ones are the maintenance work and the ice falling on the wind turbine
blades. That is, the wind turbines cannot operate when there is a severe ice falling across their blades and
also when they are exposed to maintenance work. Hence, based on these conditions, the actual value of
the wind energy production may differ from the calculated one. Now, considering that a typical time
required for routine and non-routine maintenance work is around 80 hours per year for a modern wind
turbine [24]. Hence, based on a period of no wind availability and the time dedicated to maintenance
work, the availability of Enercon E-101 wind turbines will be around 90.41%. Now, based on this
availability of the installed wind turbines, the actual wind energy production from a 60 MW wind farm (at
Stopsjon) will be around 61.65 GWh during the single year of 2012.
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CHAPTER 4

Dynamic Line Rating

The technique of determining the real time transmission line rating based on ambient
weather conditions is discussed in this chapter, followed by the results obtained with the help

of simulation tools.

4.1 Weather based Dynamic Rating
4.1.1 Theory

Ampacity of a transmission conductor is its ability to carry the maximum RMS (root mean square)
current continuously without being deteriorated and with maintaining the safest temperature limit [25].

The overhead transmission conductors are generally classified under two different ampacity ratings, i.e.

e  Static ampacity

e Dynamic ampacity

Transmission of maximum permissible current based on allowable conductor temperature is known as
transmission capacity of the overhead conductors [26]. With traditional Static Line Rating approach,
conductor carries maximum current based on worst weather conditions [26]. This approach however,
does not address the real-time information hence it limits the actual capability of OH-conductors to

transmit the electric power [26].

Now, if the real-time weather based information is used in place of fixed assumptions then actual capacity
of overhead lines can be obtained. The technique that employs such information is known as the Dynamic
Line Rating [26]. Moreover, it is developed on the basis of equations provided in IEEE-738-2006
standard [19] and the real-time weather data [26]. Mainly, DLR is used for two purposes; first to increase
the capacity of overhead conductor in terms of transmitting the maximum electric current and secondly to
control the supply of electricity during peak load and emergency states [26]. For fully utilizing the
capacity of overhead conductors in terms of electricity transmission, the traditional SLR approach is not
suitable at all, and requires the deployment of DLR technique in the overhead transmission network to
fulfill the growing demand of electricity and avoiding the costly investments involved in rebuilding or

construction of new lines [17].
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Now, regarding the weather effect on conductor ampacity, it is observed that in the presence of low
ambient temperature and high wind speed (perpendicular to the conductor), the overhead line becomes
able to carry the further loading up to its maximum capacity. To get an overall picture of the changes on
conductor (VL3) ampacity based on SLR assumptions, there is drawn a table 4.1 as an example.

Table 4.1: A typical example of weather effect on line ampacity

Hawk ACSR OH-line (30 km) with SLR assumptions: 30°C, 0.6 m/sec and Day-time

Variation in Weather Parameter (s) Change in Conductor ampacity

Ambient Temperature (°C)

e +5°C Variation

21.7 % Decrease in Capacity

e —5°C Variation 17.7 % Increase in Capacity

Wind Speed (m/sec) at line corridor

1 m/sec Increase

e 45°angle 24.8 % Increase in Capacity

e 90°angle 36.9 % Increase in Capacity

The results shown in table 4.1 are calculated based on typical fixed weather assumptions, i.e. the highest
ambient temperature, the lowest wind speed and the maximum solar radiation (during day-time) for a 30
kilometer long ACSR overhead conductor. Furthermore, from table 4.1, it is observed that there is a huge
impact of wind speed and its direction on increasing or decreasing the conductor ampacity to a large
extent as compared to changes in ambient temperature.

Meanwhile, the low ambient temperature combined with high wind speed and its direction (perpendicular
to conductor’s position) increase the conductor’s ability significantly; in terms of enabling it to carry
maximum electric current without being overheated and/or violating the safe ground clearance
requirements. Now, based on relationship between ambient temperature (°C) and solar radiation (W/m?),
there is shown a figure 4.1, illustrating the relationship among these weather parameters for the whole
year of 2012 during a particular hour of the day (between 7 amto 19 pm).
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4.1.2 Results

Now, here in this section, the correlation between ambient temperature and the solar radiation based on
the year of 2012 is shown in general. However, the detailed analysis of the results between ambient
temperature and the solar radiation for each month of the year 2012 is shown in appendix A.
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Figure 4.1: Solar Radiation (W/m?) versus Ambient Temperature (°C) in 2012

4.2 Line Current

4.2.1 Theory

Line current represents the flow of current through a conductor during normal state of the power system.
In this project, line current was changed by varying the loads situated in area 160 of the 130 kV sub-
transmission network to check stress on ‘VL3’ overhead conductor. After variations in the system loads
and by addition of wind power generation; the current and temperature across ‘VL3’ overhead line were

analyzed. Furthermore, it was calculated with the help of PSS/E® (power system simulation) software.

The area 160 belongs to Véarmland regional network of Fortum Distribution AB and is located in the
western (mid-south) part of Sweden. The operational voltage of this network is 130 kV and mostly covers
the industrial loads with some residential loads as well. Initially, this network was built by several large
industries (paper and steel) during mid of the last century but after exploitation of hydro power in the
region, the network was expanded. Now, in the north of this network, there exists huge hydro power
generation whereas its south is dominated by several loads. Hence, this network connects the electric

power generation from north with the loads in its south.
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Besides, connections with local generation, the network is also connected with other network owners as
well, for example having connection with Norway (west of the Varmland regional network) and with
Vattenfall (southwest of the Varmland regional network). The import and/or export of electricity is done
via a connection at Charlottenberg. Moreover, the network is also connected with Swedish national grid
via two 400 kV-stations in Borgvik (west of Karlstad) and Lindbacka (west of Orebro).

Now, the ‘VL3’ overhead line was constructed to connect huge electricity generation around west of the
network with its demand in the east. Hence, in this regard, the conductor VL3 connects west of the
network with its east. Moreover, in the east of VL3 overhead line, there exists a connection with the
transmission grid as well. Now, based on this connection, the electricity flows from west to east of the
line. The figure 4.2 further explains the connections of VL3 in VVarmland regional network.

-,

- -~
Generation
s

Figure 4.2: Connection of VL3 in the Virmland regional network

The total load connected in Varmland regional network is around 910 MW, however, during the whole
year of 2012, net power demand in the regional network was observed significantly lower in comparison
to the full load power demand. Therefore, based on high generation (west of VL3) and low demand (east
of VL3) of electricity, the VL3 overhead conductor remains periodically highly loaded/stressed. Now, the
possible solution for reducing stress across this overhead conductor can be either replacing it with another
conductor or applying the dynamic line rating approach across it. The former solution is not only cheaper
but can be implemented within a fraction of the time required for a new line construction as well [27].
Now, based on net power demand in the Varmland regional network during each month of year 2012,
there is drawn a pie chart, illustrating monthly percent based net power demand with respect to maximum
power demand of the total load connected in the network.
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Figure 4.3: Net monthly power demand in Virmland regional network

From figure 4.3, it is observed that during summer, power demand in the network is comparatively lower
than in the winter. The lowest power demand is observed in July with 70% load remained switched off.

4.2.2 Results

According to figure 4.3, the net power demand during summer remains comparatively lower than in case
of winter. The reason could be high heating demand during winter that on the other hand does not exist
during summer timings in Sweden. Now, based on net power demand, the temperature across VL3

overhead conductor and the current flowing through it were calculated and are shown in figure 4.4.
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Figure 4.4: Line Current (A) versus Conductor Temperature (°C) in 2012

Based on figure 4.4, the highest conductor temperature is found around 61°C, whereas the lowest one is
noted to be 3°C. This lowest conductor temperature was obtained due to minimum ambient temperature,
high wind speed and the lowest solar radiation during a typical coldest day of December. Moreover, a

detailed analysis of conductor temperature versus the line current for each month is shown in appendix B.
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4.3. Static and Dynamic Ampacities
4.3.1 Theory

The dynamic and/or static ampacity is based upon two main factors, i.e. physical characteristics of the

conductor and environmental parameters [2], with sub categories as:

e Conductor diameter

e Conductor temperature

¢ Ambient temperature

o Wind speed

e Angle between wind speed and conductor

e Solar radiation

4.3.2 Results

The dynamic and static line ampacities for VL3 overhead line are calculated in this section in addition

to line current (based on the monthly load changes and the hourly wind power generation).
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Figure 4.5: Static and Dynamic Ampacities (A) versus the Line Current (A) in 2012

Now, regarding the network operations, it is analyzed that during winter, the dynamic and even the
static line ampacity is sufficient to meet the load demand but during summer timings, the situation gets
different. During peak summer days, it is observed that the line current gets increased than the dynamic
line ampacity, whereas during rest of the days in the year, the dynamic ampacity is observed more than
enough to meet the load demand. Moreover, the correlation amongst dynamic ampacity, static ampacity

and the line current during each month of the year is shown in appendix C.

30



Chapter 5

Economic Analysis

Issues related to conducting an investment analysis of the proposed wind farm and performing the
economic study of dynamic line ratings approach are some important tasks covered in this chapter.

5.1 Introduction

Based on technological advancements in the wind energy sector, cost of electricity produced from the
wind power is significantly reduced, one seventh of the electricity cost than in early eighties [22]. For
carrying out the economic analysis of the wind power system, it should be checked that whether this
project from an economical perspective will be profitable (even on short term basis) or not. The decision
making plays a vital role in this regard and needs to take into account the interest of all the involved
stakeholders. From a wind farm owner’s perspective, the economic analysis of wind power generation

involves three main categories of economic costs [28], i.e.

e Capital costs related to construction of the wind farm
e Fixed operation costs

e External costs of the wind power generation (termed as the leakage costs)

Now, in this project, besides wind power analysis, the dynamic line rating approach is also taken into
account, hence, it becomes necessary to carry out the economic analysis of dynamic line rating into
consideration as well. Based on real-time DLR approach, an increase in conductor’s physical capacity for

transmitting the maximum electric power may yield an improvement in terms of increased flow of energy.

Hence, based on increased flow of energy, the cost of electricity may get reduced, that on the other hand
may be helpful in terms of attracting many customers. It can be considered an added advantage for a
utility besides saving the money from having postponed the rebuilding of existing line(s) or the
construction of a new line(s) on short or long term basis. Moreover, this delay in such heavy investments
may help in enhancing the effectiveness of spent money [29]. Now, from a DLR perspective, a lot of

financial benefits can be directly or indirectly achieved [29], for example:
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o Cheaper electricity for consumers (a DLR advantage for the society)
e Better prices for the wind power owners (in terms of lower connection fee)
e Improvement in economical usage of transmission lines (useful for the DSO)

e Making the asset utilization cost effective (valuable from a DSO perspective)

5.2 Wind power economic analysis

5.2.1 Introduction

For making the wind power project profitable, it is necessary that the wind turbines are installed at a
suitable location (as shown in chapter 3) to generate a sufficient amount of electricity. As, it may help in
giving an enough revenue, so that the banks should be willing to offer the loans (on the condition that
they will get back their money soon); similarly, it may help the utilities in getting significant returns at the
cost of their huge investments [12]. The economic analysis of wind power system is classified into

different categories being mentioned in the following sections.
5.2.2 Capital cost investment analysis

Capital costs are related to purchase of the wind turbines, their installation and connection with the
national or regional grid [12], however in this project, the wind park is connected with regional grid of
Fortum Distribution AB. In a broader perspective, the costs related to transferring the turbines from their
manufacturing location to their installation site, purchase of land for the construction of wind farm,
making the foundations, using the machinery to install them, lying of cables to connect the turbines with
the grid and the purchase of transformers (to step up the voltage) are some important factors observed in

the capital cost investment analysis [12].

Now, considering investment costs of wind power in Sweden, it is observed that the cost of a wind
turbine to produce one kW of electric power is around 11,950 SEK (equivalent to 1,422 €/1,852 §,
approx. at 1SEK~0.119€/0.155%) [30]. Furthermore, figure 5.1 gives an explicit picture of wind power
investments costs (obtained from the wind power book [12]), mentioning a total capital cost breakdown

for a proposed 60 MW wind farm in detail.

32



Capital Cost Breakdown
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Figure 5.1: Capital Cost Breakdown of a 60 MW wind farm at Stopsjon

Based on percentage breakdown of capital costs (as shown in figure 5.1) involved in the construction of a
60 MW wind farm at Stopsjon, the detailed figures in MSEK are shown in table 5.1, i.e.

Table 5.1: Investment Cost of Wind farm at Stopsjon

Category Capital Cost
(MSEK)

Wind Turbines 717
Foundation 35.8
Land 17.9
Grid Connection 80.6
Electric Installation 17.9
Consultancy 8.9
Financial Costs 8.9
Road 8.9
TOTAL 896

33



The electric installation cost in table 5.1 belongs to the expenditures in terms of laying the cables for
facilitating the electric power from wind turbine to a step up transformer [12]. Similarly, the grid
connection cost belongs to expenditures related to purchase of the transformer and the connection of wind
farm with regional grid (the price may vary depending upon the equipments, the location and nature of the
projects) [30]. Moreover, based on the same table, it is also observed that the total capital cost from
acquiring the land for a 60 MW wind farm at Stpsjon to its connection with the regional grid will be 896
MSEK (106.5 M€/138.5 M$, approx. at ISEK~0.119 €/0.155 $).

5.2.3 Operation and Maintenance cost analysis

Operation and maintenance costs belong to the expenditures related to service, insurance and
administration for handling the proper operation of installed wind turbines [12]. The service costs are
related to overhauling and examination of wind turbines in terms of checking their regular operating
status. Similarly, the insurance is also necessary; particularly when warranty of the wind turbines is

expired, as well as it may be helpful in terms of covering the fire or any other accidents [12].

The administration cost is also required in case of paying the municipality taxes and covering the
telephone bills [12]. Moreover, the table 5.2 gives a detailed overview of annual operation and

maintenance costs (in MSEK) required for a 60 MW wind park project at Stopsjon, Sweden.

Table 5.2: Annual O & M Costs of the Wind farm at Stépsjon

Service 2.4
Insurance 2.4
Measurement 0.42
Telephone 0.12
Taxes 1.92
Fees 0.06
Administration 0.3
TOTAL 7.62
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5.2.4 Revenue

Revenue is obtained after selling electricity produced from the wind farm on annual basis. Now, for
annual revenue or income, the cost of electricity was obtained from the nord pool spot [31]. Similarly, the
information regarding green certificate price in Sweden was obtained from ‘Svenska Kraftnet’ [32]. Now,
froma 60 MW wind farm (at Stépsjon), the following annual revenue was obtained.

Electricity price = 0.369 SEK/kWh
Green Certificate = 0.2 SEK/kWh
Annual Production = 68.19 GWh

Annual Revenue = 25.16 MSEK

5.3 Economic analysis of ampacity upgrading methods

5.3.1 Introduction

On the basis of real time information, the DLR approach helps overhead conductors to be operated safely
with increased reliability. By adopting the dynamic rating approach, the capacity of overhead conductor is
increased to a significant extent, allowing the transfer of electric power overwhelmingly [17]. Based on
maximum allowable capacity of overhead conductor on the basis of DLR approach for transmission of
huge amount of electric power, the option of replacing existing conductor with a high temperature
sustaining conductor or to construct a new line in parallel of existing conductor to transfer the required
amount of electric power seems inappropriate from economical, environmental and social perspectives
[29].

The dynamic thermal line rating enables the power system operators in terms of making judgments
regarding the actual thermal limits of overhead lines (based on maximum flow of current) hence, in this
way, the operators may take opportunities for delivering more power during its peak demand and
avoiding unnecessary load shedding in case of contingency [33]. Now, based on this fact, the electric
power not only can be transferred reliably but also unnecessary load shedding can be avoided, and
ultimately, the utility may get saved from financial losses. Similarly, the power capacity limitations for
any utility can be expensive as well, whereas, with a small increase in capacity of the overhead lines, the

utility may earn huge profits [33].
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Now, in following sections, annual revenue based on increment in capacity of an existing conductor
(VL3) with the help of DLR technique is taken into account and then the annual revenue based on
increment in the capacity of a new overhead conductor (area 593mm?) with the help of conventional
ampacity upgrading technique (SLR) is calculated. At the end, the economic value of postponing the

costly power system investments will be taken into account as well.

5.3.2 Net annual Income based on DLR approach

The dynamic ampacity in this project was calculated for the whole year of 2012 and was based on a
particular hour of the day. The selection of that hour was assumed as random and was chosen in between
of a 13-hour range (7 am to 19 pm). Now, based on this ampacity rating, the allowed energy flow

E; during the selected hour was calculated for the whole year of 2012 and is given as:

E; = 3851 GWh/year

Similarly, based on static ampacity rating, the allowed energy flow E (for single hour in a day) through

‘VL3’ overhead line for the whole year of 2012 was calculated as:

E, = 21.68 GWh/year

Now, from the above figures, it is observed that the energy flow through VL3> OH-line on the basis of
dynamic ampacity is noted around 1.8 times higher in comparison to its flow on the basis of static
ampacity through the same overhead line. Moreover, the allowed energy flow E,; (during single hour of
the day) through the new planned overhead conductor of area 593 mm2 based on its static ampacity (63%

to that of existing conductor) during the whole year of 2012 is found around 35 GWh/year, i.e.

E,;, = 35.37 GWh/year
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Furthermore, applying the real-time dynamic rating technique across an existing overhead conductor
requires equipping the line with useful communication and computer tools for transferring the real-time
data from the line corridor to the control room. The different monitoring and communication tools are

available in this regard; CAT-1 transmission line monitoring system is one of them [27].

Now, if these tools are installed across an existing overhead conductor for continuous real-time
monitoring and transmission of data to the utility’s control centre then it costs around 200,000 $ (one time
product cost estimation) for a single existing transmission line conductor (excluding the shipment,
installation and O&M costs) [27]. Now converting it to SEK (1 SEK~0.15 $), the expenditure D, will be

equivalent to:
D, =1.317 MSEK

With the help of DLR technique, the transfer of electricity through existing overhead conductor is
observed significantly higher than its flow based on traditional SLR approach. Hence, the energy that is
curtailed by SLR approach can be transferred with the help of DLR technique across the same overhead

conductor. Now, the transfer of energy through VL3 overhead line being curtailed by SLR approach

E. s1.r was allowed to be transferred with the help of DLR technique and is found as:
E.sir = 16.83 GWh/year

Now, the net annual income I; based on this allowed energy flow at an assumed electricity price (A) of

0.369 SEK/kWh [31] for the year of 2012 will be:
ly = E.qqp*A—D, = 4.89 MSEK

Furthermore, due to involvement of different stakeholders in the electricity market, it is difficult and
complex to estimate the income or profit for each involved stakeholder, i.e. how much share should be
allocated for the wind power owners, the utilities and the DSOs when the energy is transferred based on
DLR approach (particularly due to its dynamic nature). Hence, to avoid such assumption based profits or
incomes for each stakeholder, it is better to focus on the economic analysis based on the benefit of
capacity increase across an overhead line. Now, this financial benefit after implementation of DLR

approach across the existing overhead line (VL3) is calculated as:

Iq
E.sir

= 0.29 MSEK/GWh
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From the above figure, it is observed that based on DLR approach, an increment of 1 GWh energy flow
through existing overhead line (VL3) may yield a benefit of 0.29 MSEK during a single year. Hence, the
higher the increase in the conductor capacity (for transmitting the electricity) the higher will be the
financial benefit.

5.3.3 Net annual Income in case of upgrading the line

Replacement of the existing line VL3’ with a new conductor that has an area of 593 mm?and the length

of 30 km will require an approximate total capital cost C, , of:
C,t =321 MSEK

Now, assuming that the cost related to upgrading the conductor is financed by a loan at a nominal interest
rate of 7.5% (real interest rate + expected inflation) and the loan is required to be paid in the period of 20
years then based on this data, the capital cost of upgrading the conductor on annual basis C, , can be

calculated with the help of annuity method. Moreover, in this method, the value of annuity (based on pay-

back period and the interest rate) can be calculated with the help of equation 5.1 [12], i.e.

_orx(1+n)" e 1
T a+nr-1 G-1)
where, a is the annuity, r is the nominal interest rate, and n is the pay-back period in years

Now, based on equation 5.1, the annuity will be:

0075 % (1 +0.075)°
T T +0075)20 -1

= 0.097

After calculation of annuity, the annual capital cost of replacing the existing overhead conductor (VL3)
with a new overhead conductor (of area 593 mm2) can be calculated with the help of equation 5.2 [12],

e
Cua=ax*Cyy (5.2)

Cua = 0.097 32,1 % 10® = 3.11 MSEK
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After replacement of existing conductor with a new OH-line that has 1.1 times larger cross-sectional area,
the transfer of electricity (based on SLR approach) through this new overhead line gets increased
significantly as compared to its flow through the existing smaller cross-sectional area OH-line. Moreover,

the energy (based on static ampacity) that is curtailed by existing conductor E. ;3 can be transferred

through the new overhead line and is given as:
E.viz =13.69 GWh/year
A =0.369 SEK/kWh
L= Ecyiz*Ad—Cyq
or,
I q =13.69%0.369 —3.11 = 1.94 MSEK
where, A is the current electricity price and I, 4 is the net annual income after the line upgrading

Now, the economic analysis related to increase in conductor capacity when the existing overhead line is

upgraded with a new overhead conductor with aforementioned specifications will be as:

Iu,a _
W& _ 014 MSEK/GWHh
E.viz

Based on this value, it is observed that after the upgrading of existing conductor, an increment of 1 GWh

energy flow through the new overhead line may yield a benefit of 0.14 MSEK during a single year.

5.3.4 Net annual Income in case of building a new line

Considering that an approximate total capital cost C, . associated with building a new overhead line of

about 30 km in length with an area of 593 mm?, designed for 130 kV operating voltage is:
Cot =393 MSEK

Now, similar to upgrading of the line, if the construction of a new overhead conductor is financed in the
form of a bank loan at the nominal interest rate of 7.5% with a pay-back period of 20 years then the

annual capital cost C,, , calculated with the help of annuity method from equations 5.1 and 5.2 will be:
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Cn,a =a*x* Cn,t
where,

0075 % (1 +0.075)°
T T(1+007520-1

= 0.097

Hence, the annual capital cost for the new line construction will be:
Cna = 0.097 % 39.3 * 10° = 3.81 MSEK

Now, after construction of a new OH-line having 1.1 times larger cross-sectional area, the transfer of
electricity (based on SLR approach) through this new overhead line gets increased to a significant extent
as compared to its flow through the existing smaller cross-sectional area OH-line. Furthermore, the
energy (based on static ampacity) that is curtailed by existing conductor E ;3 can be transferred through

the new overhead conductor and is given as:
E.yiz =13.69 GWh/year
A =0.369 SEK/kWh
L= Ecyiz *A—Chg
or,
Ing =13.69 % 0.369 — 3.81 = 1.24 MSEK
where, A is the current electricity price and I, 4 is the net annual income after the new line construction

Furthermore, the economic analysis related to increase in the conductor capacity when a new overhead

line (with aforementioned specifications) is constructed in place of existing conductor will be around:

In,a

= 0.09 MSEK/GWh
EC,VL3

Based on this value, it is observed that an increment of 1 GWh energy flow through the new overhead line

may Yield a benefit of 0.09 MSEK during a single year.
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5.3.5 Future investment analysis of postponement of line upgrading

There can be additional revenue to be earned from postponing the replacement of existing overhead
conductor on a short or long term basis. Considering that if replacement of a transmission conductor is
postponed for a period of 5 years (n) then based on a nominal interest rate (r) of 7.5% (real interest rate
+ expected inflation) with its present investment cost C, (related to replacing the existing 30 km long
overhead conductor with 593 mm? conductor) around 32.1 MSEK and its future investment cost
C,, equivalent to 40.1 MSEK (for example after 5 years based on 25% increase), then the net value

savings based on present value of future cash flows and present value of investment cost [34] can be

obtained as follows:

Now, considering the net present value as shown in equation 5.3 [34], i.e.

NPV = C, — PV (5.3)

and, the present value as shown in equation 5.4 [34], i.e.

(5.4)

Now, based on equation 5.4 [34]:

40.1

PV = (1+0.075)5

or,

PV =279 MSEK

41



Similarly, with the help of equations 5.3, and 5.4, the net value savings after having postponed the
upgrading of a new line for about 5 years will be as follows:

NPV (Savings) = 4.1 MSEK

where, PV is the present value and NPV is the net present value

5.3.6 Future investment analysis of postponement of new line construction

Now, considering that if the construction of a new overhead conductor (30 km long in length and 593
mm? in area) is postponed for 5 years then based on current nominal interest rate of 7.5% (real interest
rate + expected inflation) with its present investment cost around 39.3 MSEK and its future investment
cost of about 49.1 MSEK (for example after 5 years) then the net value savings based on present value of

future cash flows and present value of the cost of investment [34] can be calculated as follows:

Now, from equation 5.4:

49.1

PV = a5 00758

or,
PV =342 MSEK

Similarly, with the help of equations 5.3, and 5.4, the net value savings after having postponed the

construction of a new overhead line for a period of 5 years will be around:

NPV (Savings) = 5.1 MSEK
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5.4 Comparison amongst amapcity upgrading methods

Here, in this section, a comparison amongst different ampacity upgrading techniques is taken into
account. The ampacity upgrading methods related to replacement of a smaller overhead conductor with a
new larger overhead conductor and the new line construction are considered as conventional approaches
for the transmission of electricity that on the other hand cannot be transferred through the old smaller
overhead conductor. Now, from technical perspective, any of these conventional amapcity upgrading
methods can be considered useful in terms of required electricity transmission but from an economical
perspective, these methods are not feasible at all. Now, in comparison to conventional ampacity
upgrading methods, it is observed that the dynamic line rating approach is not only useful from technical
perspective but also feasible from economic perspective as well. Furthermore, there is drawn a table 5.3,
giving an overall picture of annual benefit from the increase in conductor capacity with the help of

different amapcity upgrading methods.

Table 5.3: Annual benefit from ampacity upgrading solutions

Ampacity Upgrading Solution (s) MSEK/GWh
Dynamic Line Rating 0.29
Conductor Upgrading 0.14
New Line construction 0.09

From table 5.3, it is observed that the DLR approach is significantly profitable in comparison to
conventional ampacity upgrading techniques. Furthermore, on the basis of limited information, it is
difficult to find and compare the exact turnovers from the aforementioned amapcity upgrading techniques.
For example, the energy transfer through conductor replacement or through a new line construction is
based on static amapcity approach which may yield the predictable revenue, whereas, the revenue based

on dynamic line ampacity cannot be predicted due to significant variations in the conductor capacity.

Therefore, the revenue based comparison cannot be estimated amongst static and dynamic line ratings.
Moreover, the cost of dynamic rating equipments and their control room issues are also major concerns
regarding the complexities in terms of making estimation of the profits obtained from the dynamic line
ratings as compared to the profits based on conventional static ampacity technique. Therefore, these

figures cannot be termed as reliable and may differ in terms of reality.
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Chapter 6

Conclusion, Discussion and Future Work

6.1 Conclusion

In this project, dynamic line rating is implemented across an overhead line (VL3), located in a 130 kV
sub-transmission system, owned by Fortum Distribution AB. Besides static and dynamic ampacity
calculations, the work is also devoted to integrate a 60 MW wind park with regional grid. Furthermore,
based on wind power and net electricity demand, the line current and conductor temperature are measured
as well. Thereafter, a comparison amongst conductor ampacities and the line current is carried out to

check that how much further the overhead conductor can be loaded up to its actual maximum capacity.

Now, based on the results of this project, it is observed that the dynamic ampacity has significantly
improved conductor’s capacity in terms of electricity transmission. During winter, due to low ambient
temperature and minimum solar radiation, the dynamic ampacity of an overhead conductor (VL3) is
found many times higher than its static ampacity. However, during peak summer days, both ampacity

ratings are observed almost identical and lower than actual line current.

Furthermore, from economic study, it is observed that the ampacity upgrading of an overhead conductor
on the basis of dynamic rating is significantly profitable in comparison to conductor replacement or new
line construction techniques. Similarly, it is also observed that a temporary postponement of line

replacement or a new line construction may also yield significant savings.
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6.2 Discussion

The static line rating approach has been obsolete due to limiting the capacity of overhead lines in terms of
electricity transmission, hence, the overhead conductors need to be rated based on dynamic line rating
approach which on the other hand is helpful in finding their actual capacity. The conventional line rating
approach not only restricts the maximum capacity of overhead lines in terms of electricity transmission
but also limits the entry of renewable generation in the electricity network. Therefore, the technique based
on real-time ambient conditions is required to be implemented in the power system for not only enhancing
the capacity of overhead conductors but also allowing excessive renewable generation in the electricity
network.

This diploma work is a step forward in this regard. In this research work, three case studies are taken into
account. First case study is related to analyzing an effect of high electricity generation with low power
demand on the conductor loading. The second one is related to evaluating the ampacity upgrading
techniques, whereas, the third case study is devoted to performing the economic analysis of wind power
system and the ampacity upgrading solutions. Finding the line loading is important in terms of checking
the conductor stress on a routine basis. Furthermore, the difference between line loading and dynamic
ampacity is proved helpful in terms of estimating that how much further the line should be loaded based

on actual weather conditions and the load behavior during the whole year of 2012.

Now, from the results of this project, dynamic ampacity of ‘VL3’ overhead line is found considerably
higher as compared to its static ampacity during the whole year of 2012 and is proved a useful option in
contrast to traditional approach for finding the line ratings. Furthermore, regarding stress, the projected
overhead conductor during summer, is observed highly loaded due to low power demand as compared to
its situation in winter. Similarly, the dynamic ampacity of the same overhead conductor during peak

summer timings is found insufficient in terms of required electricity transmission.

Furthermore, based on economic study results, it is observed that for transferring 1 GWh energy flow
with the help of DLR approach may yield 107% more return than from the line replacement and 222%
more than based on a new line construction. The same study shows that a temporary delay in line
replacement or a new line construction may vyield significant savings, i.e. the postponement of line
replacement for 5 years may result in net savings of about 4.1 MSEK, whereas, the same delay in new

line construction may provide the net savings of about 5.1 MSEK.
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6.3 Future work

This project was mainly focused on connecting the wind power in a 130 kV sub-transmission grid,
finding line current, and the ampacity ratings for a highly stressed overhead conductor. It also covered the
economic analysis of the wind power system and the dynamic line ratings approach. Moreover, the
further research can be carried out as a continuation of this diploma work to investigate the remaining

issues. Following are given some important ideas that can be considered as a future research work:
¢ Increasing the scope of DLR

In this project, the technique of finding the line ampacity based on DLR was implemented on a single
overhead conductor and was based on a particular day time hour (7 am to 19 pm). Now, due to its
significant technical and economic advantages (as observed in this project), its usage should be extended
to a large extent. It must be calculated for all those overhead lines which are assumed highly loaded
(based on the observations from static line rating approach). In addition to that, for fully analyzing the
DLR impact on grid operations, it must be calculated for 24 hours in a day. Not only this, but also the
dynamic rating of transformers must be analyzed in response to upgrading of the line rating (based on
DLR).

e The reliability analysis

The project did not address the reliability analysis, hence, as a future research work, it must be checked
that to what extent the dynamic rating affects the system reliability. For example, considering the effect of
dynamic rating on the aging of power system components in general and on transmission line conductors
as particular must be taken into account. Moreover, besides these considerations, the analysis of thermal
violations (particularly during emergency situations) in the presence of wind power generation should be

carried out as well.
e Control room issues

Developing a standardized algorithm to efficiently manage the continuously varying ambient data and
hence the dynamic ampacity in the control room is also a demanding future task that is required to be
solved so that a reliable implementation of dynamic line rating approach should be carried out in the

power system.
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APPENDIX A

Solar Radiation (W/m?) versus Ambient Temperature (°C)

For year 2012, the weather based ambient data used to calculate the dynamic line ratings is shown in this

appendix:
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Figure A.7: Solar Radiation (W/m?) versus Ambient Temperature (°C) in July
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Figure A.8: Solar Radiation (W/m?) versus Ambient Temperature (°C) in August
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Figure A.9: Solar Radiation (W/m?) versus Ambient Temperature (°C) in September
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Figure A.10: Solar Radiation (W/m?) versus Ambient Temperature (°C) in October
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Figure A.11: Solar Radiation (W/m?) versus Ambient Temperature (°C) in November

300 6
4
250 2
E L0 Ambient Temperature
2 200 ) (°C)
c - -4
o 150 6
ke i
© - -8 -
ks 100 == Solar Radiation (W/m?)
< - 10
© . °
Kl 50 - & - -12 4= Ambient Temperature (°C)
- -14
0 Trrrrrrrrrrrrrrrrrrr1r1rrr1rrrr1rr1T -16
N AN AN AN AN AN AN AN AN AN AN NN
L T = = e s s i e s e T T s T e I e I
O O OO0 000000000 O0oO oo
AN AN AN AN AN AN AN AN AN AN AN AN NN~
i T T T e e T T e e e e T T T T
AN AN AN AN AN AN AN AN AN AN AN NN NN N
I A A A A A A A
T e - e e T T S
AN DN A NN A MmN O
I AN AN AN AN AN
No. of Days

Figure A.12: Solar Radiation (W/m?) versus Ambient Temperature (°C) in December
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APPENDIX B

Line Current (A) versus Conductor Temperature (°C)

In this appendix, the current flowing through the overhead conductor (VL3) versus its temperature is
shown in detail based on the calculations done for all the months of year 2012.
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Figure B.2: Line Current (A) versus Conductor Temperature (°C) in February

57




50 600
L 4
4> - 590
S 40 -
< 35 - 580
o 30 Line Current (A)
=}
E 570
g 25 -
e 2 0 Cond °C
'O—J, 15 | s == Cond. Temperature (°C)
2 10 =@=_Line Current (A)
S - 540
5
0 T r1rrrrrrrrrrrrrrrrrrrrrrrrrr rrT 530
AN AN AN AN AN AN AN AN AN NN NN N NN
L s I s T e I e e e = e = e s e D s I s i
O O O O O 0O 0O 0O 000 OO0 OO o o
NN N AN AN AN AN AN AN AN AN NN NN N
SO TS TS TS TS TS S S S S OSSN S S
MmN N N N MH N MH N N N N MH N N o
~N S S SN S S S S S S S S S NS N
AN NN A MO NN A N NN O
™I v NN AN ANANM
No. of Days
Figure B.3: Line Current (A) versus Conductor Temperature (°C) in March
60 630
_ 50 - 620
S
e 610
g 40 A .
3 Line Current (A)
© - 600
g 30 -
£ - 590
= 20 == Cond. Temperature (°C)
©
c - 580 .
S =—&—Line Current (A)
10 - 570
0 T T T T 560
o o 2 2 2
N} )¢ )¢ N} N}
v v vV \V v
M > @) N o\
N ) b‘\\' u\’b b‘\’b
No. of Days

Figure B.4: Line Current (A) versus Conductor Temperature (°C) in April
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APPENDIX C

The yearly based static and dynamic ampacities versus the line current

This appendix includes the static and dynamic ampacities for the VL3 overhead line as well as the actual
current flowing through this conductor during each month of year 2012 with detailed analysis.
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Figure C.1: Dynamic and Static Ampacities (A) with Line Current (A) in January
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Figure C.4: Dynamic and Static Ampacities (A) with Line Current (A) in April
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Figure C.5: Dynamic and Static Ampacities (A) with Line Current (A) in May
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Figure C.6: Dynamic and Static Ampacities (A) with Line Current (A) in June
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Figure C.7: Dynamic and Static Ampacities (A) with Line Current (A) in July
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Figure C.8: Dynamic and Static Ampacities (A) with Line Current (A) in August
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Figure C.9: Dynamic and Static Ampacities (A) with Line Current (A) in September
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Figure C.10: Dynamic and Static Ampacities (A) with Line Current (A) in October
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Figure C.11: Dynamic and Static Ampacities (A) with Line Current (A) in November
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Figure C.12: Dynamic and Static Ampacities (A) with Line Current (A) in December
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