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Optimizing Wind Power Hosting Capacity of
Distribution System Using Cost Benefit Analysis

S. Nursebo, P. Chemember, IEEEQ. Carlson, L. Bertling Tjernberdsenior Member, IEEE

Abstract—The penetration of wind power into the electricity CY
grid is growing significantly. A significant portion of this wind ~ fmp
power is being installed in distribution systems, of which most
are passively operated. Under this operating practice, wind
power can only be admitted based on minimum load and
maximum generation consideration. This severely limits the wind fi
power hosting capacity of the system. Hence, the use of active
management strategies (AMSs) has been proposed to increaseth Ok.i
hosting capacity of distribution systems. This paper incorporates yr
AMSs into two optimization models whose objectives are to | 4
maximize the net benefit of distribution system operator (DSO) Ikrﬂon
and wind farm owner (WFO), respectively. The AMSs considered N
are wind energy curtailment (WEC), coordinated on-load tap P72
changer(OLTC) voltage control and reactive power compensabn "
(RPC). The models development is based on a typical medium pmin
voltage distribution system in Sweden although it can easily
be adapted to other cases. The application of the model to
a distribution system in Sweden shows an increase in hosting P.t
capacity of the distribution system by 78% with mere 2.6% PW
curtailed energy. That is, the hosting capacity of the distribution Qmax
system has almost been doubled by using AMSs.

fnpw

Index Terms—Wind power generation, Cost benefit analysis, Qm'n
active management strategy, distribution system
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NOMENCLATURE r
gat
Sets & Indices i,k
i el Yiu
I a set containing all buses in the network
j el Y]
J the set of all buses excluding the buses connected 8
the tap side of a transformer 'y
k eK
K the set of all buses excluding the buses connectedXo
the non tap side of a transformer
t time index y
u el
Constants B
by j series susceptance between kwnd busj [p.u.] o
i shunt susceptance between luand busj [p.u.] P of
Ca}” the present value of the implementation cost of AMSR®

cc capital cost of wind powerd/MW] o

.. th

ce cost of electricity based on spot marké&/MWh] P
coe cost of green certificate€f/MWh]
N
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variable costs of wind power}/MWh]

the average monthly peak power from the wind tur-
bines [p.u.]

net present worth factor, see equati@i)(

capacity factor in numbers of hours of full power
production in a year

series conductance between luand busj [p.u.]
number of hours per yea@/MWh]

current rating of a link between bisand j

number of months per year

maximum value of active power production at bus
at timet [p.u.]

minimum value of active power production at buat
timet [p.u.]

active power consumed at busnd timet [p.u.]
available wind power at time t and at bus i [p.u.]
maximum available values of reactive power at bus
and timet [p.u.]

minimum available values of reactive power at bus
and timet [p.u.]

reactive power consumed at buand timet [p.u.]
discount rate of the investment

the MVA rating of the transformer

magnitude of thei, u)" element of the bus admittance
matrix [p.u.]

series admittance between busand busj [p.u.]

total period of the investment in years

angle of the series admittance between kasd bus

j [rad]

the net present value of the cost of the alternative
investment

the net present worth of a MWh of electricity from
wind powerf€/MWh]

angle of the(i,u)!" element of the same admittance
matrix [rad]

distribution fee £/MWh]

peak power fee¢/MW]

subscription fee€]

transmission benefit§/MWh]

Variables

the capacity of wind power installed at bugn MW
tap ratio of the transformer between bkisind busj
at timet [p.u.]

active power produced at busand timet [p.u.]
curtailed wind energy at bus i and time t [MWh]
active power flow from bugk to busj at timet [p.u.]
reactive power produced at busnd timet [p.u.]



QE_“ reactive power flow from buk to busj at timet [p.u.] In this paper, a model based on cost benefit analysis is

Vit voltage magnitude at nodeand timet [p.u.] proposed to determine the optimal use of AMSs thereby
AP'°sS  change in the network loss&¥°ss [p.u.] providing the optimal hosting capacity of distribution ®rss.
Ot voltage angle at nodieand timet [rad] The model is also used to compare the profitability of these
AMSs with grid reinforcement.
I. INTRODUCTION Section Il discusses the costs encountered and benefits

HE global installed capacity of wind power has showgained by wind farm owner (WFO) and DSO in connection
a significant growth, from just 24 GW in 2001 to 283with wind power. The optimization model is developed in
GW in 2012 [1]. This trend is expected to continue for somé&ectionlll. SectionlV provides the results of a case study.
years to comed]. Hence a significant amount of wind powerFinally, SectionV provides the conclusion of the paper.
needs to be connected to the electric power system. Usually
larger wind farms are connected to transmission systemie whi II. COosTs& BENEFITS OFWIND POWER

smaller wind farms are preferably connected to distribbutio This section provides the discussion of the main costs and

systems. Such preference arises from comparatively Io‘ﬁf)eénefits of both the DSO and the WFO
connection costs associated with installing wind power in '

lower voltage networksd]. i

However, integration of wind power in a distribution systerd* COSts & benefits of a DSO
can pose a number of power quality and reliability issues to1) Costs of a DSOThe DSO may encounter a significant
the network. Thus, distribution system operators (DSOs) usonnection cost if there is a need to reinforce the netwbtk [
the worst case analysis when determining the wind pow@therwise the connection costs up to the point of common
hosting capacity in their system. This analysis is usualyoupling are endured by WFO. Since this study focuses on
based on carrying out load flow analysis using the minimuincreasing the hosting capacity using the existing systen,
load condition in the system and the maximum expect@dnnection cost is assumed on the DSO. Other sources of cost
wind power output. Various methodologie§{[8] have been for the DSO due to the connection of wind power are:
proposed in the literature to determine the optimal sizing. Increase in network losses due to reverse power flow
and siting of distributed generators based on this worst cas.« Curtailed wind energy, depending on the agreement be-
analysis. tween the DSO and WFO

The approach based on worst case analysis ensures a |nfrastructure for implementing AMSs

system against potential power quality and security con-»y genefits of a DSONetwork investment deferral can be
cerns. However, when it comes o intermittent generationgsen as the major benefit of distributed generations in gener
like wind power, maximum generation and minimum loagowever, due to uncontrollability of the energy input (i.e
rarely coincide in practice. Hence, this approach unn@eess ying speed) at the wind turbines and low correlation between
hlnders the pengtratlon of wind power mto' the ele?tr'c't!étochastic load and wind power data, wind farms can only
grid. It also deprives DSOs from the potential benefit theaye minor contribution to network investment deferral.
could gain from renewable generation. As a result, active\oreover, in countries like Sweden and UK, the WFO
management strat.egies ({’-\M.Ss).have been proposed to iacreb'a(ils the DSO network fee for using the netwoff. [This

the hosting capacity of distribution systeni, [9]-[15]. The petwork fee usually breaks down into a combination of any

AMSs discussed in literature include coordinate'd on load t&f the following ones as determined by different regulatory
changer voltage control3], [9]-[13], [15], reactive power fameworks L7-[19):

compensation (RPC}], [9]-[17], [14], [15], and wind energy
curtailment (WEC) ¥], [9]-[15].

However, there is still a limit to the amount of wind power
that can be installed using AMSs. For example, the hosting
capacity of the network can be increased by curtailing part
of the wind power during network overload or overvoltage.
But WEC causes loss in revenue for the WFO and cannot be
used indefinitely. Similarly, RPC can be used to increase the ]
hosting capacity of a network by avoiding overvoltage whicB- Costs & benefits of a WFO
would otherwise happen due to wind power. However, if used1) Costs of a WFO:The overall expenses of the WFO
excessively, RPC may lead to unacceptable power losses indhe affected by numerous parameters such as the capital and
network. Thus, there is a limit on the amount of wind powevariable costs of the wind turbine, the discount rates, &ed t
that can be installed using AMSs. In literature reviewed, feconomic lifetime of the wind turbine2[].
example, in the case of WEC, this is done either by limiting the a) Capital costs: The capital cost includes the costs of
amount of curtailed energy], [13]-[15] or by constraining the wind turbines, foundation, road construction, grid -con
the capacity of wind power3], [10-[17]. This approach, nection and other project development and planning costs.
however, does not ensure optimal use of the AMSs as tAecording to the report by European wind energy association
limit of energy curtailed set at each case is chosen arijtrar(EWEA) [2], the capital cost in Europe differs between 1
and not based on the cost benefit analysis. million €/MW and 1.35 million €/MW and the average

« Fixed charge per month or per year

o A fee based on kW installed or maximum injected per
month or per year

« A fee based on kWh energy transmitted by the network

« A fee based on kVArh reactive power consumed and
transmitted



turbine installed in Europe costs 1.23 milli@/MW. Future o The third term represents the cost of increased network
forecasts by both European commission and European wind losses.

energy association show that the capital cost will be lowere The last term represents any constant revenue or expense,
than what it is today4]. Moreover, the lifetime of the wind e.g. subscription fee, investment cost of the infrastmectu
turbine is around 20 for onshore wind turbines and 25 years for implementing AMSs.

for offshore ones]. The coefficients of each term should be calculated as the
b) Variable costs:Variable costs include expenses pefpresent worth of the associated cost or benefit during the
taining to (] lifetime of the wind turbine.

« operation and maintenance (O&M) cost, which includes 2) The objective function of the WFQere it is assumed

regular maintenances, repairs and spare parts that the WFO bears the cost of curtailed energy. Hence the

« Land rental objective function which maximizes the net benefit of the

« Insurances and taxes WFO is formulated as:

. g(:(rerzglsst;[rr]atlon, |_nclud|ng audits, management activities maxO — Zai n— Z Zﬁi H?tur‘*‘K 3)

g services and remote control measures. m;, PUr , ,
The current estimate of these variable costs obtained fromy, y.iq objective function:
EWEA is between 12 to 1€/MWh [2].

2) Benefits of a WFOIn most countries renewable energy,
hence wind power, is supported through regulating either
the price or quantity Qf. elect_ncny from these sources. [ » Loss in revenue due to curtailed energy is accounted for
In Sweden, green certificate is used to support energy from by the second term
renewable sources. The average green certificate price irl The last term représents any constant revenues or ex-
Sweden for 2011 was 27.9€/MWh [21] and the average
electricity price at spot market was 47.€3MWh [27]. Hence penses.

the average revenue gained in 2011 by producing one MwiMilar to the case of DSO, the coefficients B) ghould be
of electricity from wind power is 75.7E. calculated as the present worth of the associated cost efiben

during the lifetime of the wind turbine.

« The first term accounts for revenues (including electricity
and green certificate sell) and costs (investment cost,
O&M costs) per kW of installed capacity.

IIl. THE OPTIMIZATION MODEL B. The constraints

This section Qevelops a mathgmaucal modellthat can .beThe objective functions proposed in the previous subsectio
used to determine the optimal wind power hosting capacit

of a distribution system. Separate objective functions e subject to different equality and inequality. constsain

. T aﬁ\ese constraints are described below.
formulated for each actor (i.e. DSO and WFO) and optimize 1) Equality constraints: The equality constraints are the

independently. However, the value of the other objecti\%ald flow equations/]
function is calculated to compare the result between thescas '
Both objective function are subject to the same equality and b
inequality constraints as provided below. Pi—Ri= %YLUVHVUI cos(6u+dut — i)
Qit —Qil?t ==Y YiuVitVut sin(6i u+dut — dit) @)
A. The Objective function !
1) The Objective function of the DS®ere it is assumed Yhere, for buses to which wind power is connectid,can
that the DSO agrees to pay the WFO for the curtailed ener§ replaced by: W
Hence, the objective, as formulated if),(maximizes the net Re=niR} - i?tur (®)
benefit of the DSO while covering the cost of curtailed energy However whenever the hosting capacity is limited due to
and increase in network losses. voltage rise problem, the limits on the tap ratio may be
] | violated. Hence under such condition, there is a need to
maxO =% an —ZZbiPﬁ“ —CcAP?*+d (1)  constrain the tap ratio within its limit. One way of doing
| 1

.7pCIJI' | r X . .
i this can be modifying the load flow equations to include the
where tap ratio as given in45]. The modified load flow equations
. Vit 2 . 2Vkt Vit proposed in 25] are given in 6)-(9) below.

ploss — 1 Z Z zkgkj K +Vii— T For a bus connected to the tap side of a transformer:

T B 5 51

I< x €0g0jt — Oxt) @ Pt — P|E =3y Plfj’t
! 6

The roles of the different terms in the objective functioa ar Qut — QE; = %Qlf.j,t ©)

described as follows.

« The first term accounts for the revenue from the networ
fee. The cost saving due to network investment deferral Pit— Pj?t = szF’k.t
can also be included according to the calculationZif.[ b

« The second term accounts for the cost of curtailed energy. Qjt— Qe = %Qj,kvt

K For any other bus:

()



where wheren is the minimum operating power factor level of the
pE <£)Zg __Vk.tvj.ly G081 Ber b)) win_d turbine. For the rest of the buses all limits, P@t‘.'“, PiTaX,
kjt Meje) PRI T YK It L Pk Q1", and Q¥ should be zero. Reactive power production

by B VitVig i from the wind turbines can be used to reduce the system losses

Qo= VR (L + 51 ) + oy sin - B+ 9 . | y

ol t AT Mej 7 (9 ) hence increase the net benefit of the DSO.

(®) From the formulation above it can be observed that the
and Vv model is a non linear programming (NLP) problem with multi-
Phe = Vfigik— rJniJ':t Yj k€O Ot — Oj ¢ + Pi j) period OPF. In this paper, the problem is solved using GAMS
e Vi Vi . with an interior-point based solver (IPOPT){].
Fee= VA (bj,k+ %k) + e YikSIN(Be — 8y + i)

. o ©) ) V. CASE STUDY
But, whenever there is no concern of violating the tap rat|0£ Network and data description

limits it is better to use 4) as it can save considerable
simulation time. 1) Network description: The case study is based on a
2) Inequality constraints: The inequality constraints in- rural 11kV distribution system operated by Falbygdens giner
clude the limit on the thermal capacity (current limit) ofocated in Falbping area in Sweden. The network is fed
network components. This includes the limit on the ampaci}y @ 40kV grid through a 4% 8 x 1.67%/11.5kV, 10 MVA
Of Cab|eS, as given bylo)l, and the power rating Of the transformer. The tap Changer Of the transformer regulmst
substation transformer, as given ki), low voltage side of the transformer at9d+0.012 p.u. The
2 voltage in the distribution system should be withitb% of
yﬁﬁj(vlftjuvﬁt—zvk,tvj?t cogdjt — i) < (I&f"f) vk>j (10) the nominal value. There are 13 wind turbines, with overall
v 5 VY installed capacity of 12.225MW, already connected to the
2 k.t 2 Vit - Vit : distribution system. A new wind farm is to be connected
yﬁjvlit <<nk“) Vi N jit X cosdj¢ — d"t)> directly to the substation with an independent cable (sgé)-i

o )2 . The distance of the wind farm from the substation is 5km.
< (Sfjak> VK> j

(112) New wind
the limit on the available range of tap ratio, - farm
i = —— (= 5km —P
ngj’ < ngje < g (12) =
the voltage limits on each bus, g
) = —P Q.
VM <V < T (13) Slutarp 12.225MW wind
40/10kV
the limit on the AMS costs, i.e. the cost of curtailed energy % power i‘lre;dy
and the implementation cost of AMS®™, mainly compared - instatle o
to the alternative investment such as reinforcement, Fig. 1: Simplified network of Falbygdens Energi in Faing
Slutar
V3 3RO agy P
and the limit on available active and reactive power at ea%hz). Dqta description: The emstmg 13 qu turbines in the
bus istribution system have a varying capacity factor between
' pirrtﬂn <Ry < P 20% and 28%. From each of these wind turbines there is
err;in < Qit < Qn;ax (15) one year hourly measured active power data. Hourly measured
it = Lt = X

active and reactive power data at the substation are also
Pt andQ do ”‘?T;‘in”eed t‘%ir?e bounded at the slack bugyijanle for the same period. Adding the wind power data
angxce' at E‘;}f‘ busii™ and Q[{" can be assigned - while 514 the active power data from the substation, the load along
Rt™ and Q™ can be set tor-oo. For buses with wind power \yith active power losses in the network is extracted. Frois th
whereR is replaced as ind), the constraint o} can be e minimum loading condition in the system is observed to be

given by (L6) our W 0.5M. Since most of these wind turbines operate at near unity
0<Ri =nR} (16) power factor, the reactive power is assumed to come from the
and imtin, maX are given by (7). load. These time series load and wind power data are directly
’ ' used in the optimization model. This also implies that the ne
min _ . pW 1-n? wind farm is assumed to operate at unity power factor.
b It should be noted that, with the given transformer size
17) O ‘ne given _
max _ nitp_vt\,\/l—n2 and the observed minimum loading condition, even without
i LU

additional wind power, there is a probability of overloaglihe

. _ ~ substation transformer. Hence, in the following analy@igC

In 7= model of a line the current that passes through the resistiye \;5aq to increase the hosting capacity of the network. &s th
element anql causes thermal overheating can be calculated Ugin= . ) . L
Yic; €% (Vie@ —V;1€%) and this gives 10). Similar analysis on the pi hosting capacity of the n_etw_o_rk is not limited by overvokag
model of a transformer gives.{). problems, RPC has no significant role.



B. Optimal hosting capacity of the distribution system witllVFO. Since some of these projects include the cost of research
respect to the DSO

Tables! and Il provide examples of network fee Charge(_gexpe_cted to dec_rease in_ the future. In the analyses canied o
by Falbygdens enerji[17]. The network fees depend on'n this paper, this cost is assumed to be 2@0. Khe WFO

the rated capacity of wind power installed in the networl€ars this cost instead of the DSO. _
i.e. whether the installed capacity is below or above some!he AMS costs, which include the cost of curtailed energy

regulator assigned value (currently 1.5 MW).

TABLE I: Network fees for rated power below 1.5 MW

TABLE II: Network fees for rated power above 1.5 MW

connected to 11 kV network

Subscription
fee [Elyr]

Peak power fe
[€/MW/month]

eDistribution

[€/MWh]

fee

Transmission benefi

[€/MWh]

3975

812

1.30

-2.27

The different fees in TabldsandIl are explained as follows:

and development (R & D), the cost of AMS implementation is

and the implementation cost of AMSs, are compared against
grid reinforcement which in this case is constructing a new
substation. The cost of curtailed energy is taken yas
75.77€/ MWh. This includes the loss in revenue from both

Type of connection {\gﬁ]ge feg [Tg;lr\‘ﬂsv’:/‘riﬁsm” benefit green certificate and energy sell. The cost of new substation
Connection o high voltage (11 K99 538 construction is roughly estimated to be 93 @IDIVAS [34].
Connection to low voltage (0.4 k\§17 -2.60 Thus (3) can be rewritten aslg).

75.77 P%"+ 200 000< 93 000% ny 18
ZZ It < Z i (18)

Based on the cost and benefit data considered so far,
the formula for calculating the coefficients of the objeetiv
function of the DSO is provided in the Appendix. The values
of the coefficients are given in Tablg for different capacity
factor of the wind farm. It is assumed that the cash flows of
the DSO due to the wind power does not change from year
to year. Hence the coefficients are calculated to maximige th

» Metage fee is the fee paid by WFO to DSO for admingnnual net benefit of the DSO. This provides the possibility
istration.

« Transmission benefit is the payment made by the DSQtes.
to the WFO to account for the benefits of distributed
power production. On the other hand, Falbygdens eneABLE lII: Coefficients of the objective function of the DSO
gets the same level of reduction in payments made to tfeg different capacity factor of the wind farm
transmission system operator.

to assess the net benefit of the DSO with different discount

o . . Lo Capacity factor| a [€/MW] | by [€/MW] | c [€/MW] | d [€]

» Subscription fee is a yearly fee paid for subscription. 0% 11476 35 18 3975
« Peak power fee is the monthly fee paid by WFO based 24% 11 875 84 48 | 3975
on the maximum one hour average wind power injected 28% 12 367 83 48 | 3975

« Distribution fee is the amount paid by WFO per MWh

of electrical energy injected. The results of the analysis, as presented in Tableshow
Assuming the installed capacity will be above 1.5MW, ththat with a small percentage of curtailed energy a significan
data in Tablell are used for calculating the benefit of thencrease in hosting capacity can be achieved. With theiegist
DSO. Moreover, the costs of the DSO are the expense du@nsformer size and the minimum loading condition, it is
to increase in network losses and the refund made to tpessible to install only 10.5 MW (= 10 MW + 0.5 MW)
WFO for curtailed energy. The monetary value of the cosf wind power without overloading the transformer. But by
of increase in power losses is taken to be the average splewing 1% WEC, in the case of wind power plant with 28%
market price for Sweden in 2011, 47.85/MWh. For the capacity factor, the hosting capacity is increased to 1.82
curtailed energy the DSO pays the WFO the opportunity cd#W (= 12.225 MW + 4.6 MW). This corresponds to an
of the curtailed energy i.e. average spot market price plicrease of 60% in hosting capacity of the distribution eyst
the average cost of a green certificate. Besides the DSO willTable IV also shows the different cash flows of the DSO
lose some portion of the revenue from network fee due awring the lifetime (assumed to be 20 years) of the projeet du
wind energy curtailment. On the other hand, the review ¢ this additional wind power. These cash flows are calcdlate
investment costs of different AMS implementation project@ssuming a discount rate of 5%. Compared to the cost of grid
show that the cost varies between 108 k 850 k€ [27]- reinforcement needed, the cost of curtailed energy is less t
[37). The costs vary depending on the number of points beige third. Moreover, curtailed energy is a more immediate
monitored and controlled and the type of active managemesatiution for wind power integration than grid reinforcerhen
strategies being implemented and the type of communicationOn the other hand, the increase in network losses can be
media used between the different points. However, as gbintgs important as curtailed energy in determining the hosting
out in [33], the DSO may refund this cost by increasing theapacity of a given distribution system. So whenever large
network fees. Of course, this will put additional cost on thecale integration of wind power to a network is considered,

2 The data are original given in SEK. It is changed ifousing the all Slts average value is given in the reference as 112 000$/MVA, itbis
time average exchange rate, 9.2319 SEK € {as of Dec 4 2012), obtained converted into€ here using the all time average exchange rate betwzen
from European central bank and $i.e. 1.2103



it is essential to study the resulting increase in the ndtwox‘BLE VI: The coefficients of the objective function of the
losses.

However, TablelV does not show the hosting capacity to Case a B K
follow a specific trend with the capacity factor of the wind 1 | 572 280 [ 729 | -249 541
turbine. Though higher capacity factor generates incrbase 2 | 245234 | 597 | -249 541

. . 3 | 278853 | 721 | -249 541
revenue from network fee, it causes loss in revenue due to

increase in curtailed energy and network losses. As a rasult

is not straightforward to expect higher hosting capacityhwi

: i . : es. When calculating the net benefit of the DSO usi
increase in capacity factor as in the case of WFO, presen ﬁ%e?formula for coefficiegnbi in (19) is modified as the DSng)(
below.

does not pay for curtailed energy. Similar modification is&lo
TABLE IV: Optimal level of additional wind power in the to the coefficien; in SubsectioniV-B.
system with respect to the DSO

: TABLE VII: Optimal wind power capacity with respect to
Capacity factor 28%|  24% 20%  \WFO for different capacity factors and discount rates
Additional capacity (MW) 4.6 4.0 4.4
Curtailed Energy (%) 0.9 1.3 1.6 Case 1 2 3
Change in power losses (kW) 27 18 19 Additional capacity(MW) 6.5 7.1 6.3
Cost of curtailed energy&) 100 000 110 004 120 000 Curtailed Energy (%) 2.6 3.3 4.1
Cost of increased network losseS)( 140 000 90 000 90 000 Change in power loss(kW) 50 58 41
Revenue due to network fe€} 760 000 630 000 660 000 WFO’s net benefit€/lifetime) |3 190 000|1 160 0001 570 00(
DSO's net benefit€) 520 000 430 000450 009 DSO'’s net benefig/lifetime) 764 000 798 000 743 00(
WFO's net benefft (€) 2 634 0001 086 00Q 31 000
Cost of grid reinforcement€) 430 000 370 000410 009

The different cash flows of the WFO are provided in Big
) These include revenues from electricity and green cettiifica
In summary the analysis shows that the DSO can uggj| the expected investment cost, O&M costs of the wind
AMSs to increase the hosting capacity of the network thereQyrpine, costs due to network fee , the cost of AMSs (inclgdin
increasing the benefit obtained from wind power. the cost of implementing the AMSs and curtailed energy), and

the net benefit.
C. Optimal hosting capacity of the distribution system with

respect to the WFO

—_
oo

. L . m Case |
Based on the discussion in Sectiinand the network fee 15 s
data given in Tablé, an estimate of the costs and benefits ¢ §12 Case 3
a wind farm connected to the network of Falbygdens Ener § 0
are given in Table/. =
26
TABLE V: An estimate of costs and benefits of a WFO § 3
Revenue from electricity salee{MWh) 4785 0 . : - . __,_—_,_L_(
Benefit [ Revenue from green certificate Sal&/f1Wh) 27.92 e (e® s &
Revenue from transmission benef@/MWh) 2.27 &% ®6&° &) ¢ o
Investment costq/MW) 1 225 000 v X O W > =
O&M costs €/MWh) 145
Implementation cost of AMS 200 000 . .
Costs P Distribution fef%,MWh) 131 Fig. 2 _Expected cash flows of the WFO for each scenario
Network fee [ Peak power fee€/MW/month) 812 shown in TableVll
Subscription fee €/yr) 3975

Using the cost and benefit data given in Tailghree cases Compared to the results ino Tablé’(; the a(t)dditional cur-
are analyzed. The cases differ based on the capacity fabtof@ment in wind power, €.9(2.6%—0.9%)/0.9%= 1.9, does
the wind power and the discount rate of the investment. TRt resultin a comparable boost in hosting capacity of tite ne
coefficients of the objective function ir8Y are calculated as WOrk: €.9.(6.5-4.6)/4.6=0.4. But still a significant increase
in Table VI for the three cases. The cases are: in hosting capacity, 78%= (12225+6.5-105)/105), is

. Case 1: capacity facter 28% and discount rate 5%. achieved with relatively small cyrtailgd energy, 2.6%. Blor

« Case 2: capacity facter 28% and discount rate 7.5%. over the cost of AMS, as shown in F&yis very low compared

) : : to other costs of the WFO.

« Case 3: capacity facter 24% and discount rate 5%. . . .

The f las f lculating th fficient . . TableVIl shows also that the hosting capacity decrease with
th Ae om:;.* as 0(; calculating these coeflicients are given e gecrease in capacity factor of the wind turbine. This is

?I'abpl)g\e;n Ip;(r:sseznt)s; the optimal hosting capacity, WEC lev easonable as less capacity factor implies less revenubdor

. FO. Hence the WFO has less motivation to install more
and the net benefit of the WFO and the DSO for the thr%ﬁnd power when part of the electricity production is to be

4Calculated from the data given in SectibrirC curtailed.



TableVIl shows also that when the discount rate is increasedry from project to project and from time to time. Here a
i.e. from Case 1 to to Case 2, more wind power is installegensitivity analysis is provided to take this variability the
This is because the hosting capacity in the analysis isdunitdifferent costs into account. The sensitivity analysis el
due to the constraint inl@) i.e. as further increase in hostingon optimal hosting capacity of the network with respect ® th
capacity using WEC is found to be less profitable than inves#FO, i.e. based on the model considered in SubsedtiaD.
ing on new substation. Grid reinforcement, in our analyisis, Several factors affect the net present value of the income
composed of upfront costs only, hence does not depend afnthe WFO per MW of wind power installed. These factors
discount rate. On the other hand, with higher discount tae tinclude the capacity factor of the wind turbine, the disdoun
net present value of the cost of curtailed energy would b& lesate, the investment cost of the wind turbine per MW, the
Hence with higher discount rate, higher wind power capaci@&M cost of the wind turbine, and the revenue from energy
can be installed by curtailing more wind energy. sell (this includes the price of electricity and green diedie).

Fig. 3 presents more clearly the idea discussed in paragragiiee availability of the wind farm can be included in the
above. The analysis is done for wind power having a capacigpacity factor of the wind farm. The variability of eachtfarc
factor of 28%. affects the optimal capacity and the net benefit of the WFO

differently. This has been seen for discount rate and cgpaci

o a2 ] =) :‘2‘8 factor of the wind farm in the Sectidv-C. In this section the
g g-g TiTIT /J;_: = 100 average revenue of electricity sell is varied from 57 to 72evh
Z 30 NN INLeTRINININ| 8‘(; keeping the remaining factors constant: capital cost = 1 150
H %(5) D e Ll eo = 000 €/MW, O&M costs = 12€/MWh, discount rate = 5%,
5§ 15 _?,/ T 4o = and capacity factor = 28%. This has resulted in net income
£ L0 T T e T T TR T TR LU (T 20 per MW varying from 200 € to 700 kE. In contrast, the net
00 o 0.0 income considered in Sectidi-C is 656 554€/MW.
SEESEEEeEEE5E 8 Similarly, varying levels of monetary values are considere
Curtailed eneray R for the cost of AMS implementation and the cost of grid rein-
Additional capacity —+— AMS costs forcement. Using the review of project costs provided above
<«eas++ Cost of reinforcement WFO net benefit as basis, we have varied the cost of AMS implementation from

100 k€ to 400 kE. For the grid reinforcement, we have varied
the cost from 75 £ to 150 /MW using the data ind5]

' . . . ... as basis.
The figure shows that the hosting capacity of the distrilputio Fig. 5ashows that with increased net income per MW more

system can be increased indefinitely using curtailment. B\kﬂnd power can be installed until the constraint Ir8Y takes

the net benefit of the WFO increases only until the curtaile L ;
energy reaches 10%. Even curtailing this much energy %fect. For example, in Figsa when the net income per MW

increase the hosting capacity is unreasonable as theatltarn IS above 400 & the hosting capacity decreases because the
. . . g capacity . cost of curtailed energy increases. The cost of curtailedgn
option, i.e. grid reinforcement, can generate more profit. r

. ) i ncreases as there is an increase in price of electricity per
fact, as can be seen from Fig. WEC is attractive only up to MWh. Thus, (L8) takes effect at a lower curtailment level and
2.6% curtailed energy.

On the other hand, Figt shows the costs and benefits of thtggnscaei da;[haatl?/\\,/\i/tehr r::ZF ﬁ]%gyrﬁgr;é?iﬂ(\)/t/hg:algsvngbg: i:rzsgr?gterally

DSO when the WFO bears the cost of curtailed energy. Despite

T . . Hﬁromising to invest on wind power even if the cost of AMS
significant loss in revenue due to increased power losses, . )
st%r?tegles very low, as the cost of network fee is about 160
/

DSO continues to generate more revenue as the capacityk MW,
wind power in the system is increased. )

Fig. 3: Comparing the investment options of the WFO

Moreover, Fig.5b shows that the optimal wind power

o 18 —— hosting capacity of the network with respect to the WFO
g 15 | T T increases with decrease in cost of AMS implementation if
% 12 = =S EEEE — the remaining factors are constant. When the cost of AMS
=09 ,':: —acE $ope-r® implementation increases, at some point, AMSs are no longer
806 TP v+t B a better solution than the grid reinforcement. However, it
go03 =TT S is interesting to notice that the cost at which AMS ceases
<00 T T T ot o oot ot T to be attractive is significantly higher than the cost of grid

XXX . . . . .

= 8 @& ¥ b b ©® & & = a =« x v reinforcement per MW of increase in hosting capacity.

Curtailed energy

Furthermore, Fi hows that when th f reinforce-
—=Network fee =#=DSO's net benefit == -Cost of increase in power loss urthermore, Figc shows that en the cost of reinforce

ments falls to 50 £/MW it will not be attractive to invest
Fig. 4: Costs and benefits of the DSO on AMS. With the increase in reinforcement cost, the AMS
option becomes more attractive to install more wind power.
In summary WEC can be used to increase the hosting
D. Sensitivity analysis capacity of a given network. The optimal level of hosting
In the previous analyses, some fixed monetary values @&apacity and curtailed energy depends on the capacityrfatto
assumed for a number of cost types which are more likely tioe wind power plant and the discount rate. With respectéo th



_. 8 4000 . 8 20005y For the WFO, the increase in hosting capacity depends
% 6 3000 § 6 g on the capacity factor of the wind turbines and the discount
Ew 20002 2 4 10002 rate. In our analysis, the hosting capacity is increasedsby a
g, 10008 &, g much as 78% with 2.6% WEC. Unlike the case of DSO, here
1§ 0 , B S o , 8 the hosting capacity is limited as the alternative optioe, i
200 350 500 650 = 100 200 300 400 = grid reinforcement, becomes more attractive than curtitm
Net income per MW of AMS implementation if the WFO wants to install more. Hence when determining
wind power (k) cost (k€ . ) .
the optimal level of wind power curtailment, one should
@) (b) not only focus on the profitability of the WEC but also
9 1800~ conduct a comparison with an alternative option, such ab gri
g ' 13503 Additional capacity reinforcement.
<6 £ X WFO's net benefit Moreover, under the assumptions and data used in this pa-
= 900 & : : AN )
S 5| 5] per, the investigated distribution system has a highealiest
g |/ 450 g wind capacity if the WFO pays the curtailment instead of the
© o - DSO.
50 75 100 125 150 It should be noted that many of the parameters (cost
Reinforcement . . . .
cost (k) and benefits) considered in this paper may change from one
regulatory period to the other. That is, the calculatedroati
© hosting capacity as well as the net benefit obtained by each

Fig. 5: The optimal capacity of the network for differentéés actor can vary. Hence the concerned actor may need to make
of (8) net income per MW of wind power installed(AMSadditional sensitivity analysis.
implementation cost= 200€&, Reinforcement cost= 100€K On the other hand, though a small scale distribution system
(b) AMS implementation costs (Reinforcement cost= 10 used here, the model is also tested using a 69-buss system
k€, Net income per MW=385 ), and €) expected grid with wind farms at multiple locations. The result has shown
reinforcement costs (AMS implementation cost= 28D, Net that the model can also be applied to larger systems. Apipropr
income per MW=385 &) ate scaling of the constituent equations and variablesressu
faster convergence.

WFO, higher capacity factor implies higher hosting capacity
But it is also affected by the discount rate, the cost of dieda
energy, and the cost of the alternative investment optien iA. calculating the coefficients of the objective function
grid reinforcement. Moreover in most cases analyzed inFig. L ,
the optimal hosting capacity is limited by the constraint in 1) DSO objective function:
(18). This means the WFO can install more wind power a = fmpnmonppf+ficfpdf
without a decrease in the net benefit. However, if the WFO hyr

bi = (o +C°+C%)

VI. APPENDIX

plans to install more wind power it would be better to invest (19)
on grid reinforcement and gain higher net benefit than thait ca c=Ceh"
be obtained by using AMSs. d=psf

2) WFO objective function:

Qi = ((Ce—l—Cgc—i—ptb—C" _pdf> ficf_ fmpnmonppf) « fnpw
A model based on cost benefit analysis is proposed for —C°

determining the optimal wind power hosting capacity of a, h'f™" (Ce+-Coe 4 pto v pe)
distribution system using AMSs. The model also ensures the' p p
profitability of using AMSs compared to grid reinforcement. K (20)
The case study in this paper specifically focuses on optigizi . L
the hosting cai;acity usinz WEpC. In thi>s/ regard, it is SF:II;?] thaftan is the net present worth factor and is given By[
the optimal hosting capacity of a given network is dependent

V. CONCLUSION

_ prx fnpw _ cam

npw __ (1+r)Tp7 1

on who covers the cost of curtailed energy: the DSO or ) (21)
the WFO. In either case, the hosting capacity is increased r(1+r)
considerably.
In the case of the DSO, the hosting capacity of the network
is increased by as much as 60% by allowing a mere 1% WEC. ACKNOWLEDGMENT

Moreover, for the DSO, the increase in power losses can have

as much effect on the hosting capacity as the WEC. The levelThe authors would like to acknowledge Lars Ohlsson from
of this effect depends on the resistivity of the grid from thEalbygdens Energi for providing network and measurement
point of connection onwards. data.
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