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a  b  s  t  r  a  c  t

The  introduction  of  electric  vehicles  and  photovoltaics  is changing  the  residential  electricity  consump-
tion.  Distribution  network  operators  (DNO)  are  investing  in an  advanced  metering  infrastructure  (AMI)
to  enable  cost  reduction  through  smart  grid  applications.  The  DNO  also  benefits  from  the  additional  mea-
surement  data  the AMI gives  for the  network  planning  process.  The  availability  of  AMI  data  can  be  limited
by  the  cost  of communication  and  by privacy  concerns.  To  determine  the  social  welfare  of  an  AMI, the
economic  gains  should  be estimated.  For  the  planning  of the low  voltage  (LV)  network,  a method  for
determining  the  value  of  an  AMI  still needs  to be  developed.  Therefore,  a  planning  methodology  which
allows  various  levels  of measurement  data  availability  has  been  developed.  By applying this  approach
ower system planning the  value  of  different  levels  of  AMI  from  an  LV-network  planning  perspective  can  be determined.  To  illus-
trated  the  application  of this  approach  a case  study  for the  LV-network  of a  Dutch  DNO  is performed.  The
results show  that  an  increase  in measurement  data  can  lead  to D  49-254  lower  LV-network  reinforce-
ment  costs.  A  detailed  analysis  of  the  results  shows  that  already  50%  of  the possible  cost  reduction  can
be  achieved  if only  65%  of  the  households  have  AMI  data  available.

© 2017  The  Author(s).  Published  by Elsevier  B.V. This  is  an open  access  article  under  the CC  BY  license
. Introduction

With the electrification of heating and transportation loads and
he introduction of distributed generation, the residential energy
se is changing. The loading of the low voltage (LV) network can

ncrease due to additional loads like heart pumps. Bi-directional
ower flows become possible through rooftop PV [1]. On the local

evel, the pace of and extent to which these developments take
lace can vary. Errors in the spatial load forecasting can have a
ignificant effect on the required investments in the LV-network
2]. Currently, in most LV-networks, almost no measurement data
s available, which generates uncertainty about the current load-
ng of the LV-network [3]. This makes an adequate planning of the
V-network more complicated. The introduction of an advanced
etering infrastructure (AMI) can, however, present the distribu-

ion network operator (DNO) with an unprecedented amount of

ata about the residential load.

The AMI  data can be used for a multitude of applications [4],
rom demand response to automating the meter reading process

∗ Corresponding author.
E-mail addresses: m.nijhuis@tue.nl (M.  Nijhuis), m.gibescu@tue.nl (M.  Gibescu),

.f.g.cobben@tue.nl (J.F.G. Cobben).

ttp://dx.doi.org/10.1016/j.epsr.2017.05.017
378-7796/© 2017 The Author(s). Published by Elsevier B.V. This is an open access article
(http://creativecommons.org/licenses/by/4.0/).

and more accurate LV-network expansion planning [5]. AMI data
offers many opportunities for real time operation of the distribu-
tion network [6–8], however for the planning of the LV-network
the available opportunities are not well documented. AMI  data can
be used to improve the load modelling [9] and load models based
on AMI  data can be implemented in the network planning process
[10]. The question of how much value these measurements give
to the DNO remains open. Privacy concerns about the use of AMI
data require anonymisation. Depending on the implemented AMI
communication infrastructure a limited read-out frequency and/or
measurement frequency of the AMI  data may be required [11]. This
limits the DNO in the amount of information which can be extracted
from the AMI  measurements or requires additional communication
infrastructure investments [12].

To be able to make adequate choices about the extent of the
implementation of an AMI, the benefits of the AMI  data should be
assessed. The valuation of the AMI  data from a demand response
perspective has already been performed [13]. The assessment of the
automation of a business process like the surveying of conventional
electricity meters can easily be assessed from the expenses of the

DNO. The use of AMI  data to accurately assess transformer loading
has also been studied [14], as well as the creation of load forecasts
based on AMI  data [15]. The usefulness of the additional measure-
ments to increase observability from an operational perspective,
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.g. in state estimation, is a common research topic [16], however,
he data requirements from a long-term planning perspective are
ifferent. Preliminary research in using AMI  data for the long-term
etwork planning problem has been conducted [17]. The valuation
f AMI data for the planning and reinforcement of LV-networks
as not been covered. It is, therefore, hard to give an adequate esti-
ation of the value of AMI  data from an LV-network expansion

lanning perspective. This estimate is needed when determining
he required characteristics of an AMI. From the point of view
f generation adequacy studies into the value of additional mea-
urement data have already been performed [18,19], however for
he LV-network expansion planning the effects of the additional

easurement data still need to be quantified. A uniform network
lanning methodology which incorporates different types of LV-
easurement data is therefore needed to assess the value of AMI
easurements for the LV-network planning process. Like stan-

ard network planning approaches, the methodology to provide
 valuation for the AMI  data from a network planning perspective
hould compute the LV-network cost, however, unlike the currently
pplied approaches, the methodology for the valuation should be
ble to handle load data with different levels of uncertainty in a
imilar way.

This paper proposes an LV-network expansion planning
pproach capable of handling these different levels of load
ncertainty. How this approach subsequently can be applied to
etermine the value of AMI  data from a network planning per-
pective is also shown in this paper. In Section 2 the effect of
easurement data on the planning of the LV-network is discussed.

n Section 3, the different levels of LV-measurement data avail-
bility are discussed, in combination with the methodology for
ncorporating this data in the LV-network expansion planning pro-
ess. In Section 4, the application of this methodology is presented
hrough a case study for the largest DNO in the Netherlands. Conclu-
ions on the value of AMI  data from a network expansion planning
erspective are shown in Section 5.

. Use of measurement data in LV-network expansion
lanning

The use of additional measurement data in LV-network plan-
ing reduces the uncertainty about the current loading of the
V-network. This reduction in uncertainty can lead to better
nvestment decisions and thus to lower LV-network cost. If more

easurement data is available the number of possible loading
tates of the LV-network reduces. This results in a tighter proba-
ility distribution of the load, which reduces the uncertainty and
llows for more efficient investment decisions. Assume the loading
f the network is normally distributed with mean � and standard
eviation �. The network can be planned for the 98th percentile
alue of the peak load, or roughly the value of � + 2�. This is illus-
rated in Fig. 1a where a normal distribution of the loading and
he ideal planning level are shown. In this illustration, the net-
ork loading can be seen as the level of the peak load in the

etwork. Where the distribution of this loading comes from the
ncertainty about the actual level of peak load as there are no
easurements available. A reduction of uncertainty would result

n a lower variance, so �new < �old. The mean of the new proba-
ility density function can also change. Through the reduction of
ncertainty, the mean of the probability density function moves
loser to the actual value of the loading. Two situations are likely to
ccur �new + 2�new < �old + 2�old or �new + 2�new > �old + 2�old. Both

ituations are shown in Fig. 1b and c, respectively.

new + 2�new < �old + 2�old
Fig. 1. Value of measurement data in the LV-planning process.

If the network is still planned with the same level of risk, the
98th percentile value of the peak load, the network investments
will decrease. The value of the 98th percentile of the load is lower
thus a less strong and cheaper network can be constructed with the
same expected chance of overloading. This difference is the cost
saving for the DNO from a network planning perspective.

�new + 2�new > �old + 2�old

If the network is still planned with the same 98th percentile
value of the load, the DNO will construct a stronger and more
expensive network. However, as the old network was planned with
a percentile value for the risk which turned out to be lower than
the 98th percentile, more cases in which the network has to be
reinforced at a later stage will occur (more than the planned 2%
of the cases). In the long run, this reduction in the need for future
reinforcements of the network generates a lower total investment

cost for the DNO, as unforeseen reinforcements can assumed to be
suboptimal.
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. Methodology

To assess the value of data in the LV-network from a plan-
ing perspective and to consequently calculate the break-even
oint at which investing in additional measurements becomes eco-
omically infeasible, an LV-network expansion planning approach
eeds to be defined. Based on this planning approach the expected
ost with different levels of data availability can be calculated. As
he current approach to network planning is based on a simple
eak load calculation, this approach first needs to be adjusted to
llow for the inclusion of additional measurement data. Hereafter,

 generic LV-network expansion planning approach capable of han-
ling different levels of measurement data availability is defined.
he implantation of different levels of measurement data availabil-

ty is discussed hereafter. Finally, the metrics for the calculation of
he added value of the additional measurements are determined.

The LV-network planning process is traditionally based on the
ssessment of the network over a time horizon of 40 years. From
cenarios about future changes in the residential load, a single load
rowth factor is distilled. This yearly load growth factor is com-
ined with an adjusted peak load per household. By taking into
ccount the coincidence factor of the loads, the peak load in the
hole network can be determined. The network is designed for

his future peak load, by estimating the voltage levels and com-
onent loadings during the assumed peak load conditions [20]. In
ost LV-networks, only a single measurement at the MV/LV trans-

ormer is available. In addition, only the maximum loading of the
ransformer is recorded. This measurement data often needs to be
ollected manually. Therefore most of the MV/LV transformers only
ave one measurement point per year. For most residential cus-
omers only data on the yearly energy consumption exists, as it is
eeded for billing purposes.

.1. LV-network planning with AMI  data

In the current network planning approach, the emphasis is on
reating a network that is strong enough to handle most load
cenarios for the coming 40 years. This generally creates a more
obust network than strictly necessary. As data about the current
oading of the LV-network is usually unavailable, reinforcing the
V-network incrementally depending on the load growth is not
he most cost effective option. With the introduction of an AMI  or
dditional measurements in the LV-network, a more incremental
pproach for LV-network planning becomes feasible. The state of
he LV-network can be better monitored, leading to a better plan-
ing and evaluation of possible network reinforcements. In this
ection, an approach is defined with respect to the planning of the
V-network for different levels of measurement data availability.
n overview of the proposed planning approach can be seen in
ig. 2.

The step I in the adjusted planning process the future scenarios
f the household load for the coming 40 years are generated based
n the scenarios discussed in Appendix A. In step II these scenarios
re used in a bottom-up household load modelling approach [21]
o develop a set of load curves for the household load. These indi-
idual profiles need to be aggregated in order to be utilised in the
V-network planning process. Aggregated load profiles can be cre-
ted from the individual load curves by clustering them to a limited
umber of load profiles per scenario and per time step [22,23], this

s done in step III. Through a Monte Carlo approach random com-
inations of load curves are assigned to the households. In step IV
he load curves are assigned to the households in a random manner.

his assigning of the load curves is repeated multiple times to be
ble to assess different loading situations. In step V a single combi-
ation of load curves is transformed into different load levels based
n the measurement data availability as discussed in Section 3.2.
Fig. 2. Adjusted planning process.

Based on these loading situations the network planning optimisa-
tion is performed to determine the best reinforcement options in
step VI. In step VII these reinforcement options are evaluated based
on the original load curves as determined in step IV. By evaluating
them with the original load curves a difference in cost is found
with respect to the optimal reinforcements as determined in step
VI. This difference in cost is the basis for the metrics with respect to
the value of additional measurement data determined in step VIII.

The network loading is evaluated once every half year (to
account for seasonal variation). Depending on the observability of
the network, the loading can be determined to a certain accuracy
level at each evaluation interval. Based on this information a new
decision can be made on whether or not to invest in network rein-
forcements. If reinforcements are required, but not anticipated, the
DNO has to make an unplanned network reinforcement, resulting
in a higher cost. This cost is implemented in the method by using a
penalty for any unanticipated reinforcements.

3.2. Measurement data integration in LV-network planning

Depending on the LV-network measurement approach, data
with different levels of detail may  be available. Based on the most
logical locations of measurement devices, a number of different lev-
els of data availability can be distinguished. These different levels
are depicted in Fig. 3.

Fig. 3 shows the possible locations of the measurement devices
in the LV-network. The purple indicates the situation now with just
maximum current measurements at the MV/LV transformer. The
blue indicates the next step in implementing measurements, with
the maximum current also measured at each of the outgoing LV-
feeders. In addition to just measuring the maximum current at the
LV-feeder, time-series measurements at the beginning of the feeder
can also be employed, this is indicated by the yellow in the figure.
The DNO can also choose to collect AMI  data every two months for
planning purposes. This option is evaluated at two different par-
ticipation rates for consumers. The red in the figure indicates the

situation if 50% of the consumers are willing to let the DNO  use their
energy usage data for improved network planning, and the green
indicates the situation if 100% of the consumers give their energy
usage data to the DNO. The way  these different levels of availability
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Fig. 3. Different levels of data availability in the low voltage network.

ffect the planning of the LV-network is discussed for each of the
ve options below.

.2.1. MV/LV transformer maximum
If only the maximum MV/LV transformer load is known, the

oading of a feeder needs to be estimated. To be able to assess the
oading of a single LV-feeder, a two-step approach is taken. First
f all the variation of the maximum feeder load with respect to
he maximum MV/LV transformer loading is estimated. Based on

easurements of the maximum feeder current and the maximum
V/LV transformer current, the possible range of LV-feeder cur-

ents can be estimated. This is done by using the following formula:

fdr = (1  ± 0.15)
Ptrf · NHH,fdr
NHH,trf

(1)

ith Pfdr the feeder loading, Ptrf the transformer loading, NHH,fdr the
umber of customers connected to the feeder and NHH,trf the num-
er of customers connected to the entire MV/LV substation. For a
easured maximum MV/LV transformer power there is a 30% range

±0.15) for the maximum feeder loading. As there are no detailed
easurements available the actual state of the feeder is considered

o be unknown. For each of the maximum feeder loadings within
his 30% range, a number of loading situations exist. These loading
ituations are assessed in the same way as the situation with only

 maximum LV-feeder measurement available. This assessment is
iscussed in the next section. Only the feeder loading is estimated
hrough (1), instead of measured.

.2.2. LV-feeder maximum
Measurements of the peak current at each of the outgoing feed-

rs can be performed. The maximum current at the beginning of
ach of the feeders is known in this case. By measuring the current
t each feeder, a distinction can be made between feeders with a
igh and low load. As only the maximum loading of the feeder is
ecorded, variation in the load profile of the feeder is still possible.
he households contributing to the peak load can be, for instance,
ll in the beginning of the feeder, uniformly distributed over the
eeder or at the end of the feeder. The actual loading situation is
aken from an assumption on the distribution of possible loading
ituations. This is illustrated in Fig. 4.

Fig. 4 shows the possible minimum voltage which occurs in the
eeder for different combinations of household loads. The maxi-

um  current at the beginning of the feeder only varies by ±0.1%,
hile the minimum voltage lies in the range of 0.935–0.955 (p.u.).

o construct the figure, load data from 120 smart meters (15-min
ata for 3 months) from a single neighbourhood are randomly

istributed over a feeder with 67 connected consumers. This distri-
ution of the voltage is generated for a range of feeder loadings. The
8th percentile of the voltage distribution is subsequently chosen as
cceptable risk level. The load current Im at bus m is assumed to be
Fig. 4. Distribution of the minimum voltage for a LV-feeder within a range of ±0.1%
variation in feeder peak loading.

equal to the load current at the other buses I0 = I1, . . .,  = Im, . . ., =
INb with Nb the number of buses. The load current Im which results
in a voltage deviation equal to the 98th percentile value is cho-
sen as the current that is applied in the optimisation procedure as
explained in Section 3.3.

3.2.3. LV-feeder profile
In addition to measuring the peak loading, the entire load profile

at the beginning of the feeder can also be measured. It is assumed
that the profile is measured with a 15-min time step and the data
is sent every half year. The main difference from a practical point of
view is not in the measurements of the LV-feeder but in the amount
of data which needs to be transmitted from the MV/LV substation
to the servers of the DNO. In this situation, the investments are
assessed for each single set of load curves. This set of load curves
IL,0, . . .,  IL,n is used to generate a probability density function of
the possible voltage deviations by changing which load curve is
assigned to which household (e.g. I0 = IL,1, I1 = IL,0 or I0 = IL,0, I1 = IL,1).
The assignment of load curves to the households that represent the
98th percentile value from the probability density function of the
voltage deviations is taken and used in the optimisation procedure.

3.2.4. AMI 50% participation
If an AMI  is introduced at the household level, it remains possi-

ble that consumers will opt-out of AMI  data retrieval by the DNO.
In this case, it is assumed that a randomly chosen 50% of the house-
holds chose to opt out of the data-sharing. This situation is assessed
by giving 50% of the households the same load curve over multi-
ple iterations, while for the other 50% of the households the load
is chosen based on the 98th percentile value of the peak load dis-
tribution of the smart meter measurements. For the households
without smart meter measurements, the loads are assumed to be
equal I0 = I1, . . .,  = I n

2
while for the households which are mea-

sured, individual load curves are assigned I0 = IL,0, . . .,  I n
2

= IL, n2
.

The investment options are subsequently assessed for different sets
of households with the same load curve over multiple iterations.

3.2.5. AMI 100% participation
If all the households allow the DNO to retrieve their load profile

data, the complete loading situation is observable for the DNO. This
allows the DNO to accurately assess the required network invest-
ments. Though the future network loading is still uncertain, the
DNO can determine the chance of voltage or current violations with
a high accuracy. For this situation, each load current I0, . . .,  In is
assigned an individual value from the available set of load curves
IL,0, . . ., IL,n (e.g. I0 = IL,0, . . .,  In = IL,n).
3.3. Planning implementation

The goal of the network planning process is to find the low-
est expected cost at which the network can function adequately.
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he network planning is often limited to find the lowest invest-
ent and operational cost (energy losses) under the long term

oad uncertainty [24]. The availability is often also included in
he LV-network expansion planning, however the majority of the
V-networks within Europe are radial networks constructed with
nderground cables. This lead to low failure rates and little network
econfiguration options, which in turn generates only small differ-
nces in availability of the different network expansion options.
or these reasons availability is not taken into account in this work.
he approach applied in this paper consist of taking binary rein-
orcement decisions d from the set of possible options D  at time
, evaluated over the set of discrete times T,  to obtain the lowest
ossible cost Ctot. To account for the time value of money the total
ost Ctot(t) are discounted by the deprecation rate r. The solution
eeds the voltages at all the nodes n, Un to be within the limits Umin
nd Umax and the branch currents Ibr in the network to be within
he current limits (1 (p.u.)) at all times. This can be expressed as:

in
∑
t ∈ T

Ctot(t)

(1 + r)t

s.t. d ∈ {0, 1} ∀d ∈ D

Ibr,n(t) ≤ 1 (p.u.) ∀n = 0, . . .,  Nb

Umin ≤ Un(t) ≤ Umax ∀n = 0, . . .,  Nb
(2)

In reality, it can happen that the voltage and maximum current
onstraints are violated. These constraints are therefore modelled
s a penalty function instead of a hard constraint. The value of the
enalty function represents the cost for the DNO when either a vio-

ation of the voltage or the maximum current occurs. The penalty
unction is assumed to be a constant Cpen, independent of the sever-
ty of the violation. The penalty cost Cpen consists of a part of direct
amages, for instance, due to a violation of the maximum current

imit, the fuse at the beginning of the LV-feeder will trip, result-
ng in an outage and the need for a replacement fuse. The other
art of the penalty function is the additional cost associated with
n urgent network reinforcement instead of a planned network
einforcement. Therefore the penalty cost Cpen is a DNO specific
alue.

The total cost Ctot consists of multiple parts: The fixed invest-
ent cost Cfix, the penalty cost Cpen, the cost to reinforce the

ranches of the feeders dcblpcbl · lbranch, the cost of adding new
eeders dcblpfdr + pcbll0 →mid, the cost of an additional MV/LV substa-
ion dMV/LVpMV/LV + pcbl,MVl0 →end and the cost associated with energy
osses pe

∑Nb
m=0Lm.

(t) = Cfix + Cpen + dcblpcbllbr,n + dfdrpfdr + dfdrpcbll0→mid

+dMV/LVpMV/LV + dMV/LVpcbl,MV l0→end + pe

Nb∑
m=0

Lm (3)

ith pcbl, pfdr, pMV/LV, pcbl,MV and pe being the prices of one meter
V-cable, an additional feeder at the LV busbar, an additional
V/LV-substation, one meter of MV  cable and one kWh  of electric-

ty respectively, lbr,n the length of branch n, l0 →mid and l0 →mid the

istance between the MV/LV-substation and the middle and end of
he feeder, dcbl, dfdr and dMV/LV the vectors of binary decision vari-
bles corresponding to whether or not to reinforce a branch, add

 new feeder or add an additional MV/LV substation respectively.
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The branch currents Ibr, bus voltages Un and branch losses Lm are
computed from a backwards forwards sweep load flow calculation:

Ui = Ui,0 −
Nb∑
n=i

(
ZnIbr,n

)
(4)

where Ui is the voltage at bus i, bus indexes i, n and m running from
the busbar (index 0) to the end of the feeder (index Nb), Ui,0 the
base voltage (400 V L-L), Zn the impedance of the section between
node n and n − 1, Ibr,n the branch current as calculated by:

Ibr,n =
Nb∑
m=n

(
Um,0Im + Lm

Um

)
(5)

with Im the current of the load at bus m.  The loss Lm between bus
m and bus m + 1 is calculated by:

Lm = ˛ZnI
2
br,n (6)

with  ̨ a factor to account for the fact that the loss calculation is
now only based on a single peak load moment instead of the entire
load curve. The factor  ̨ is calculated at the beginning of the opti-
misation by calculating the loss by applying the entire load curve
and dividing it by the loss calculated during peak load times.

The voltage limits that are used during the assessment of the
LV-feeders are chosen as ±0.05 (p.u.). This more stringent limit is
applied instead of the generally applied limits of ±0.1 (p.u.), as the
assessment is based only on the LV-feeders. The voltage fluctua-
tions in the MV-network are not taken into account. The residential
load currents Im are constructed based on the amount of available
measurement data as discussed in the previous section. In order to
have an idea of the time evolution of the load currents, the load cur-
rent needs to be constructed for all the scenarios s in the scenario
space S.

For the assessment of the possible network reinforcement alter-
natives, genetic algorithms [25] and particle swarm optimisation
[26] are often used. Computation wise there is little difference in
the performance of these methods [27,28]. A genetic algorithm is
applied in this paper to determine the best reinforcement options. It
is assumed that the best reinforcement options are equal for loading
situations where

∑NB
n=1Zpoc,n × In differs less than 1% of the maxi-

mum  value, with NB the number of buses, Zpoc,n the impedance at
the points of connection and In the current injected at bus n. This
allows for a lower number of computations while determining the
best reinforcements option for each scenario and for each level of
measurement data availability.

3.4. Metrics to valuate network planning data

To valuate the available measurement data for the network
planning process the difference in total cost with different lev-
els of data availability is calculated by (2). Not all networks might
have the same need for measurement data from a network plan-
ning perspective. Networks for which no problems are expected
in the coming years, even under extreme load growth scenarios,
obviously do not benefit from having measurement data available.
The question remains for which type of networks the additional
measurement data holds more value. As the LV-network consists
of many different types of feeders, whether or not the value of
additional measurement data differs for these feeders should be
calculated. This value can be calculated by adjusting the minimi-
sation of the cost as given in (2) with an objective function which
assumes an equal probability of each scenario s in the scenario space

S.

Ctot,M,g = 1
|S| mind ∈ D

∑
s ∈ S

Ctot,M,s,g (7)
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Table 1
Cost of the components used in the case study.

Symbol Component Cost (D )

pcbl LV-cable (\km)  45,000
pcbl,MV MV-cable (\km) 70,000
pmsr Additional MV/LV substation 25,000
pfdr LV-busbar expansion for an additional feeder 7000
pe Electricity price (\MWh)  40
4 M. Nijhuis et al. / Electric Power

here Ctot,M,s,g is the total cost of LV-feeder g under scenario s and
ith the level of measurement data availability M.  By comparing

hese total cost Ctot,M,g for a specific feeder g, but different levels of
ata availability M,  the value of the measurement data for a specific

eeder g can be determined. The optimisation is done based on the
valuation of the cost under all scenarios, as it is assumed that the
cenarios are indistinguishable at the time that the investments
re made. In this case, the scenarios are assumed to have an equal
robability. If more information on the individual probabilities of
pecific scenarios is present the sum in Eq. (7) can be changed into

 weighted sum.
The expected load growth also should have a significant effect

n the value of the additional measurement data, therefore a metric
o quantify the effects of using different load growth scenarios is
resented. If the loading is expected to remain more or less constant

n the coming years, additional measurement data will not add any
alue, while scenarios with a fluctuating load growth should give
ore value to the measurement data. To assess the effects of the

cenarios on the value of measurement data, the objective function
s given in (2) is changed to generated the expected cost for each
cenario s, while taking into account all the LV-feeders:

tot,M,s = 1
|G|

∑
g ∈ G

mind ∈ DCtot,M,s,g (8)

here G is the set of generic LV-feeders g. The objective function (8)
s very similar to the objective function in (7), where the objective
n (7) is averaged based on the scenarios s, (8) is averaged based on
he feeders g. The main difference is that in (7) the minimisation is
erformed based on the performance under all the scenarios, while

n (8) the minimisation is performed for each scenario individually.
Another aspect which can be determined by the use of this

ethodology is the incremental value of an increase in the pene-
ration of AMI. If more and more consumers connected to the same
eeder allow for the use of their AMI  data for network planning
urposes the expected total investment cost will decrease. Also
ith an increasing AMI  usage, there will be a point when the addi-

ional measurements at the feeder will no longer generate a lower
xpected cost. It is interesting to determine at which point it is no
onger useful for the DNO to increase the measurement set from

 network planning perspective. This is calculated by determining
he expected cost at different levels of AMI  penetration in the same

anner as done for the 50% AMI  penetration.

. Case study

To illustrate the application of the proposed approach for the
aluation of measurement data for the planning of an LV-network, a
ase study on the network of Liander (Dutch DNO) is performed. For
his case study, first the network which is considered is discussed.
his is followed by an elaboration on the creation of the household

oad for the coming years. Next to this, the reinforcement options
nd costs are given. Based on this information the analysis of the
alue of measurement data from a network planning perspective
an be performed. The results are given in Section 4.1.

To gain an idea of the value of measurement data for the DNO,
 representative subset of the network of the DNO needs to be
elected for the case study as the complete network is too large for
he analysis (>80,000 LV-feeders). The selection of the representa-
ive LV-feeders is done by the application of a clustering approach to
he entire LV-network of Liander. By applying a clustering approach
o the entire network generic feeders can be extracted from the

etwork. These generic feeders are representative for the whole
etwork. A fuzzy k-medians clustering approach is used to gen-
rate a set of generic LV-feeders based on the network data. The
ollowing network parameters are used in the clustering approach:
Cpen Penalty cost 8500
Cfix Fixed investment cost 1300

impedances, cable length, number of branches, branch depth and
the number and type of connected customers. Next to these net-
work parameters, the graph theory concepts of degree distribution,
sequence and the centrality of the power, impedance and length
are also used for the clustering. By using these parameters feeders
can be rebuilt from the cluster centres which would represent the
structure and loading of the original feeder. For a more detailed
description of the applied clustering approach [29] can be con-
sulted. By applying this clustering approach a subset of 96 feeders
is extracted from the entire LV-network. These feeders are subse-
quently analysed with a peak load of 125% of the current peak load,
to determine which feeders would require reinforcements within
the next 5 years. This creates a set of 26 generic feeders that are used
to valuate the measurement data from an LV-network planning
perspective. The other feeders are not taken into account as rein-
forcements are not required independent of the amount of available
measurement data.

For the creation of the scenarios which are used to assess the
adequacy of the LV-feeders, a scenario space has been constructed
based on all the combinations of future scenarios for electric vehi-
cles (EV), photovoltaics (PV), heat pumps, economic growth and
appliance efficiency. Appendix A gives an overview of these scenar-
ios. The household load is generated by using a bottom-up Monte
Carlo Markov Chain approach [21]. In this method, the behaviour of
each household member is modelled using Markov Chains, based
on data from time use surveys. The appliances are modelled indi-
vidually and switch on or off based on the modelled behaviour of
the users. This generates a load curve for each individual appliance
within a household. The appliances are subsequently aggregated to
generate the load curve of the household. For each of the individ-
ual households within a network, this approach generates a unique
load curve. In order to create the load curve of a household for the
coming years, scenarios on how the appliances within the house-
hold will develop, need to be implemented. These scenarios are
implemented by updating the appliances in the households based
on the penetration rate of new appliances (EV, PV, etc.) for a cer-
tain scenario. In the same way, trends with respect to the changes
in appliance ratings (e.g. efficiency and size of appliances) are also
taken into account. With this model, the load curve for 2000 indi-
vidual households for one day each half year for the coming 40
years has been created for the scenarios as described in Appendix
A. To make the analysis of possible loading situations computa-
tionally feasible the household load curves have been clustered
by using a k-means clustering approach 10 representative load
curves for each half year of each scenario are generated [23]. More
advanced approaches exist to reduce the dimensionality of load
profiles [30,31], however the accuracy of k-means approach was
found to give an acceptably small error (a Wasserstein distance of
0.984 was found when comparing the voltages calculated with the
original load profiles to the voltages created with clustered load
profiles).
The reinforcement options are assessed based on their expected
value. For the calculation of the expected value, the data in Table 1
is used. The depreciation rate r is chosen as 3% per year and for
simplicity, a single cable type is used for replacements: a 4 × 150AL
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Table  2
Expected discounted cost for the coming forty years for LV-network reinforcements
with different levels of data availability per LV-feeder.

Cost (D ) Percentage

100% AMI 520 67.2%
50% AMI  680 87.8%
Feeder time series 674 87.1%
Feeder maximum 725 93.7%
Substation maximum 774 100%
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Table 3
Characteristics of the feeders for which the results are shown in Fig. 6.

A B C D E

Length (m)  900 450 500 890 820
Connections 9 36 45 15 95
Z̄PoC (m�)  133 110 105 162 140

AMI 100% Households Substation  MaxFeeder  Time Series

Feeder  MaxAMI 50% Households

Feeder A Feeder  B Feeder  C Feeder  D Feeder E

1500

1000

500

0

Percentage of households participating in AMI

Fig. 5. Mean expected cost with decreasing AMI  participation.

V-cable. With this data, the expected cost of the reinforcements
an be computed for the different levels of measurement data avail-
bility.

.1. Results

The approach described in the previous section has been applied
o valuate the measurement data for the LV-network of Liander.
he results are shown in this section. First, the cost of the different

evels of data availability is given. Secondly, the results are analysed
n the different LV-feeders characteristics, followed by an analysis
ased on the chosen scenarios.

.1.1. Valuation of measurement data
The cost of the network per LV-feeder are calculated for different

evels of data availability and the results are shown in Table 2.
As expected, the table shows an overall reduction in expected

ost as the availability of the measurement data increases. The use
f feeder data instead of substation measurements can reduce the
xpected cost for feeder reinforcement by about 10%, compared to
he current situation. This translates to a cost saving of D 49 over
0 years per LV-feeder. For these savings to be achieved, additional
easurement devices will have to be installed, maintained and the
easurement data has to be collected. Most likely this results in

n uneconomical business case if only the benefits from the net-
ork expansion planning perspective are taken into account. The

ossibilities of having time series feeder measurements and acquir-
ng AMI  data from 50% of the households generate a more or less
qual expected cost that is slightly lower than the expected cost
sing a measured feeder maximum. Acquiring all the data from the
MI infrastructure can lead to an additional 20% lower expected
ost. The majority of the analysed feeders hardly need any rein-
orcements, even in the most extreme scenario. The added value of

easurement data for these feeders is zero from a network plan-
ing perspective.

The expected cost between the 100%, 50% and 0% AMI  data
vailability cases differ significantly. To further illustrate this the
xpected costs for intermediate levels of AMI  availability have been
omputed.
In Fig. 5 the expected cost for increasing levels of AMI data avail-
bility is shown. It can be seen that the expected cost as a function
f the level of AMI data availability follows an S-curve. The inclusion
r exclusion of just a couple of households from the AMI  data does
Fig. 6. Expected cost network reinforcements for five feeders with different levels
of  data availability.

not have a large effect on the expected cost. If the level of avail-
able AMI  data can be increased it pays off most if a level of data
availability of at least 40% is already present. Increasing the level
of data availability past the 90% no longer generates any significant
additional returns. For a level of AMI  data availability of 65% of all
the households, a 50% cost reduction is achieved.

4.1.2. Feeder characteristics
Next to the results for the combined LV-feeders, also the results

for an individual feeder can be given. From all the feeders used in
the calculations, five feeders have been selected. The characteristics
of these feeders are shown in Table 3.

The table shows the length, number of connections and average
impedance at the point of connection (PoC) for each of the feeders.
Feeders A and D are rural feeders with a large length and a small
number of customers. Feeders B and C are suburban feeders with
an intermediate length and amount of customers and feeder E is an
older urban feeder with a long length, high number of customers
and high average impedance at the PoC. For these five feeders, the
results for the calculation of the network cost with different levels
of data availability are plotted in Fig. 6.

The trend of a decrease in expected cost with an increase in
available measurement data is visible in the figure of the individ-
ual feeders as well. There are however large differences in the cost
savings which can be achieved for the individual feeders. For feeder
A the availability of all the AMI  data for the LV-network planning
process can lead to a cost saving of about 80%, while for feeder E the
cost saving is only 20%. This difference can be explained by the fact
that feeder A is, for a large percentage of the analysed scenarios,
strong enough to not require any reinforcements, while Feeder E
needs reinforcements reasonably early. The use of additional mea-
surement data can in the case of feeder A avoid any unnecessary
reinforcements. For feeder E the large differences between the load-
ing of the individual households occur early on, as the penetration
rates are small in the beginning. If one knows the sum of all the
loads on the feeder, the small number of households which use a
certain technology is taken into account, while if a random 50% of
the household have a known loading, the small number of house-
holds might be excluded. This leads to relatively high expected cost
for feeder E. A similar picture to feeder A is present at feeder D.

For feeder E the use of AMI  data for half of the households does
not assist much in the grid planning process, while for the other
feeders it gives an additional benefit. For the suburban feeders B
and C, the reduction in expected cost is between the reduction of
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Table 4
Characteristics of the scenarios for which the results are shown in Fig. 7.

Low Low PV, EV Medium High PV, EV High

PV Low Low Medium High High
EV  Low Low Medium High High
Heat pump Low Medium Medium Medium High
GDP  Low Medium Medium Medium High
Efficiency High Medium Medium Medium Low

AMI 100% Households Substation MaxFeeder  Time Series
Feeder MaxAMI 50% Households

Low Low PV,E V Mediu m High PV,E V High
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with pt the penetration level at year yr, ptmax the maximum pen-
etration level and a the penetration rate parameter. This approach
is applied for the all the scenario drivers, expect for the economic

Table A.5
Overview of the different parts of a scenario and how they are implemented.

High Medium Low

ptmax a ptmax a ptmax a

PV 82 0.16 32 0.18 7.2 0.19
EV  63 0.09 28 0.11 4.5 0.11
ig. 7. Expected cost of network reinforcements for the five scenarios from Table 4
ith different levels of data availability.

eeders A and E. The additional measurement data has more influ-
nce on feeder B in comparison to feeder C. This can be explained
y the slightly higher number of customers connected to feeder C.
he error induced by the use of average values is, therefore, lower
nd the benefits of the additional measurement data as well. Over-
ll feeders with a lower need for reinforcements can have more
enefits from AMI data in comparison to the feeder reinforcement
ost, however the absolute benefits are higher for the feeders that
equire more reinforcements.

.1.3. Scenario influence
Next to the feeder characteristics, the uncertainty of the future

oading of the network is also expected to have a large influence
hen it comes to the value of the measurement data. To gain more

nsight in the effect of the scenarios on the value of measurement
ata, the results have also been analysed for different scenarios.
rom the scenarios which have been used in the computation, the
ubset depicted in Table 4 is used for a more in-depth analysis.
he five scenarios which have been chosen consist of the two  most
xtreme scenarios, an intermediate scenario and two  scenarios in
hich just the level of EV and PV penetration is altered from the

ntermediate scenario. The calculated expected cost for these five
cenarios and the five cases of data availability is shown in Fig. 7.

The expected cost for the different scenarios confirms the idea
hat the relative value of the measurement data is larger as the
hance of having to reinforce is smaller. This can be seen as the
elative difference between the 100% AMI  case and the substa-
ion maximum case decreases as the amount of load growth in
he scenarios increases. As the amount of load growth increases,
he benefits of the usage of only half the AMI  data decreases, as
t is expected that the difference in loading between households
ecomes larger. For the scenario with the least load growth the
xpected costs are close to the case with 100% AMI  data avail-
ble, while for the highest load growth, the 50% AMI  case generates
lmost no profit compared to the substation maximum case. The
alue of having measurement data available on a feeder level
nstead of just at the substation level is significantly higher for the
xtreme scenarios in comparison to the intermediate scenarios. For

he extreme scenarios, the difference between the penetration rates
t different time steps for different feeders can be larger, giving rise
o an increased value of knowing the loading of the feeder.
ms Research 151 (2017) 59–67

5. Conclusion

An approach for the valuation of the use of measurement data
for the LV-network planning process is presented. The approach is
based on using a single LV-network planning approach that allows
for the use of different levels of measurement data, through altering
the applied load values. This approach allows for the determination
of the value of measurements in the LV-network, from a network
planning perspective. With this approach, the cost-benefit analy-
sis for installing an AMI  can be improved. Based on the proposed
method the value of the possible deferral of the LV-network rein-
forcements can also be included. The approach has been applied
to the LV-network of a Dutch DNO. In general, an increase in
available measurement data leads to lower reinforcement cost as
the network-wide results show. The cost reduction that can be
achieved in practice does, however, differ significantly based on the
scenario and the type of feeder which is used in the analysis. Lower
load growth scenarios and more robust feeders, which still require
some level of finely-tuned reinforcements are the main beneficia-
ries of the uncertainty reduction through additional measurement
data. The analysis also shows that on average a level of 65% of AMI
data availability can already achieve a cost reduction of 50%.

This work allows the DNO to decide whether or not to invest
in additional measurement devices in the LV-network, by not only
including the operational benefits for an AMI  but also the bene-
fits from the deferral of LV-network reinforcements. As the use of
additional measurement data is required for the implementation
of many smart grid solutions such as demand side management
(DSM), the approach can be extended to include DSM alternatives
in the planning process. As future work, a more accurate assess-
ment of the benefits of applying these smart grid technologies
can be performed by their inclusion in the LV-network planning
methodology.

Appendix A. Load scenarios

For the evaluation of the network expansion planning, the res-
idential load for the coming decades needs to be determined, as
LV-cables tend to have a lifetime easily eclipsing the 30 years.
The main technologies which are expected to increase in penetra-
tion rate and have a large influence on the LV-network are PV, EV
and heat pumps. The penetration rate is defined as the number
of households that use a certain technology. Next to the increas-
ing penetration of these technologies, the changes in electricity
usage should also be incorporated in the scenarios. Scenarios on
the economic growth and the change in appliance efficiency are also
used. The scenarios are modelled through the use of the following
equation:

pt(yr)  = ptmax

1 + e−a(yr)
(9)
Heat pump 46 0.06 5.2 0.06 0.1 0.05
Efficiency 0.52 0.13 0.59 0.12 0.96 0.17
Growth 1.25% 0.5% 0%
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rowth where an exponential growth function is used. In Table A.5
n overview of the employed scenario parameters is given.

For the EV and PV the following assumptions have been made
ith respect to the modelling of these technologies. The rated

ower of the PV systems are assumed to uniformly distributed
etween 2 and 5.5 kW per household. For the EV charging, slow
harging at a rate between 3 and 8 kW is assumed. The distribution
f departure and arrival times of the EVs as well as the distance
riven are modelled based on data from mobility studies according
o the method described in [32]. The EVs start charging as soon as
hey arrive back at the household.
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