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ABSTRACT
In this paper, two basic low voltage d.c. network
alternatives for replacing a.c. distribution networks, are
compared. The discussed alternatives are Full-DC and
Link-Type (hybrid) a.c./d.c. solutions. The objective of
the paper is to determine guidelines for selecting the
suitable option for different use cases. To find out the
main factors affecting the selection, case examples are
calculated and analysed. The results of the paper
summarise the findings based on which the distribution
system operator may estimate the applicability of the two
d.c. solutions within their supply area.

INTRODUCTION
Low voltage d.c. (LVDC) has been recognized to be a
rival for traditional a.c. applications, having potential in
various fields of practice, ranging from transportation to
transmission and electricity end-use [1],[2]. In this paper
the scope is on public electricity distribution. Various
previous studies have assessed the viability of the LVDC
in electricity distribution and positive conclusions have
been found in terms of economic feasibility among other
additional benefits, related especially to implementation
of smart functionalities [1]–[3]. So far, the studies have
primarily concentrated on the Full-DC (FDC) option,
with the few exceptions such as [3]–[5]. In FDC system,
d.c. is used to transfer the power in the low voltage
network, which is then converted back to a.c. for
supplying the customers. Every customer is fed by an
individual customer-end inverter (CEI). Figure 1
illustrates the solution.

Figure 1. Example of the Full-DC LVDC network. Black lines
denote the medium voltage (MV) lines which have been
replaced by the LVDC network and blue lines the low voltage
(LV) lines which have been replaced by the LVDC network.

The other basic alternative is a Link-Type d.c. (LTDC)
solution, in which the LVDC is used to transfer the power
from rectifier to inverter units. Then, a.c. is used to
supply the customers as in case of a traditional LVAC
supply area. Figure 2 depicts the solution in which the
inverters have been located at a place of a replaced
MV/LV substation.

Figure 2. Example of the Link-Type LVDC network. Black
lines denote the MV lines which have been replaced by the
LVDC network. Blue lines denote the LVAC lines.

There is an ongoing collaborative research project LVDC
RULES between Lappeenranta University of Technology
(LUT), Elenia Oy and Ensto Finland Oy, during which a
pilot installation will be realised in Elenia’s actual
distribution network [3]. The objective of the project is to
benchmark the applicability of the LVDC solutions in the
real-life utility distribution. In the project, LVDC setups
are planned and installed to meet the present-day
requirements and to support implementation of additional
functionalities. Within the project one of the research
questions is, what is the potential and role of the two d.c.
alternatives and in which cases could they be used? The
objective of the paper is to determine guidelines for
selecting the suitable option for different use cases. The
challenges are related to identification of the factors
affecting the selection, and determining the reasonable
emphasis for the different factors. The results of the paper
aim at summarising the key findings based on which the
distribution system operator (DSO) may estimate the
applicability of the solutions within their supply area. The
network data are from the network of Elenia Oy. That
data together with required power electronics, traditional
network components, calculation parameters and
methodology etc. are used to compare the life cycle costs
of the d.c. solutions between each other and a.c. solution.
In addition, the related system engineering aspects, which
should be taken into account in the process of selecting
the feasible solution, are discussed.
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CALCULATION PROCESS
In the analyses, different parts of network, are taken into
consideration. The case area includes network fed by one
primary substation and therefore there exists DSO and
case-area specific characteristics which inevitably have
some effect on the results. This supply area includes a
small town and surrounding rural distribution area having
detached houses, farming and a significant number of
summer cottages with low annual energy consumption.
Every case area is renovated by 1) traditional a.c.
alternative, 2) FDC alternative and 3) LTDC alternative.
The process begins by determining the case areas which
could be profitable for LVDC. At this point, as figures
supporting that work are actually being investigated, the
purpose was to seek for such cases which would ensure
sufficient variation to the results. For all the cases, life
cycle costs are calculated. Worth noticing is that if we
would estimate the profitability from a DSO’s, such as
Elenia’s perspective, the profitability should actually be
estimated through the regulation model [6] which is used
to assess the Finnish network companies, operating as
local monopolies. However, in this study the costs are
calculated as absolute costs, which are assumed to
represent the feasibility of the concept in the socio-
economic sense.

For all the cases, costs of investments, losses, outages and
operation and maintenance (O&M), are calculated. In the
cost calculation, techno-economic optimisation is used,
i.e. the network is dimensioned to meet the technical
requirements while minimising the costs, where
applicable. The utilised automated meter reading (AMR)
load data was for year 2015. This represents a notable
risk as the costs are discounted for a whole utilisation
time based on a single year data. The dimensioning on
the other hand is mainly defined based on other
requirements as presented later. In an ideal case, a longer
term load data would enable more reliable figures and
that should definitely be noted when interpreting the
results. A typical renovation plan is assumed to take place
in all of the cases, i.e. replacing of the ageing overhead
lines by underground cabled network. At the moment,
that is being done on a large scale in Finland due to the
tightened supply security requirements, defined by the
law [7]. For the a.c. solutions, the existing MV lines were
replaced by a 95 mm2 underground cable. In the
calculation, the used line routes were the same as in the
replaced network. In practice, the line routes could be
shortened even some dozens of percentages by using the
FDC solution but that advantage was not utilised. A
common research question for the future studies
concerning both the FDC and LTDC cases is, where is
the optimal location of the rectifier and furthermore, for
LTDC, where are the optimal locations of the inverters.
Now, in most of the cases, the rectifiers were located in
the beginning of the branch lines. In LTDC case the
inverters were located at a place of a MV/LV substation.

In FDC alternative a bipolar d.c. setup is used. The
customers (CEIs) are divided to positive and negative
poles so that the annual energy difference between the
poles in different network sections, is minimised.
Another future research question is that how should the
customers be divided between the poles to reach the
minimum costs over the lifetime. In middle conductor
there is always the imbalance current and even though the
division according to the energy yields most even loading
over the year it is possible that such division is not the
cost-optimum over the utilisation period. After that, the
power flow is calculated and cable diameters are selected
following the techno-economic approach. In the
calculation, rectifier and inverter units are located as
loads to appropriate places so that they contribute for
instance to the network losses. The converter losses are
obtained by their efficiency curve and power throughput,
example of which is presented in [1] and the same
behaviour is used in this paper. In LTDC case, unipolar
d.c. setup is used which means that there are two
conductors between which the supplying inverters are
always connected. To be more specific, in unipolar case
the four conductors of the cable are connected in parallel
to maximize the capacity. Example of the connection
alternatives is presented in [8].

In the calculation it is checked that the current limits of
the cables are not exceeded, voltage drop remains within
allowable limits and sufficient short-circuit currents can
be fed through the network. For the a.c. cases the
minimum single-phase short-circuit current was
calculated by using the equation presented in [9].
Transformer of greater nominal power was selected
during the single-phase short-circuit dimensioning, if it
was feasible in economic sense. The minimum allowed
d.c. supply voltage for the inverters to be capable of
forming a.c. voltage was 565 VDC. Otherwise, a general
limit of 40% voltage drop was used from stability
perspective. In d.c. calculations, the required short-circuit
power which needs to be fed through the system was
assumed to be the absolutely worst-case scenario within
the customer installations. That is, nominal voltage of
230 V and 165 A of current. The selected current value
comes from the typical circuit breaker of type C16,
which, according to the standardisation has to operate
within 0,4 s [10]. That can be met with 160 A current
[11]. In the a.c. calculation, smallest single-phase short-
circuit current was required to be 250 A, which is a
recommendation in the Finnish standardisation [12]. That
value aims at guaranteeing that the voltage flexibility
remains at a decent level too. It can be argued that the d.c.
dimensioning principles used in this paper lead to
overdimensioned network and therefore it should be
investigated what would be the maximum impedance
values that represent the existing customer-end
installations, in practice.
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For FDC, the calculation was done as described above,
whereas for a.c. and LTDC some simplifications were
done. For the a.c. parts of the LTDC solution, the results
from a.c. calculation were used and they were located as
single loads to the inverter units. Instead, similarly as in
FDC case, the voltage drop was checked for a d.c. part in
the case of short-circuits on LVAC side. For a.c. cases,
the MV losses were neglected as they do not have a
meaningful contribution to the result. In addition, for
estimating the share of outage costs, a simplified
approach was used. Instead of interpreting the case area
or MV feeder specific outage costs, single outage cost
component of 2 k€/km,a was used for the MV lines. That
is approximated from the statistics published by the
regulation authority [13],[14]. This kind of generalisation
does not correspond with the practice in reality as the
figures differ between the feeders. It can be later seen that
what is the risk of error to the end result. That number
reflecting outage costs of primarily overhead line
network, a factor of 1/7 was used for the renovated
(cabled) MV parts. For d.c. setups outage costs were
neglected as d.c. system forms a distinct protection area.
Thus, faults occurring within d.c. system do not affect
customers located outside the d.c. setup and outage costs
remain low. Therefore, despite that some outage costs
exist in practice, they are minimal compared to outage
costs of a a.c. system and were thus left without a value.

CASE STUDIES

Calculation parameters
The case studies have been calculated by using the
typical parameters applicable for a Finnish DSO. The
parameters are listed in Table 1.
Table 1. General calculation parameters

Parameter Value
Utilisation time, network 45a
Utilisation time, converters 15a
Interest rate 5%
Inverter nominal power 20 or 50 kVA
Cost of losses, power 80 €/kW,a
Cost of losses, energy 40 €/MWh
Network voltage, bipolar 750 VDC
Network voltage, unipolar 1500 VDC
Network voltage a.c. 20 or 0,4 kV
Price of inverters  (incl. cabinet) 150 €/kVA
Price of rectifiers 100 €/kVA
Price of compensation 4200 €/km [15],[16]
Price of secondary (20/0,4kV)
and rectifying substations 8600 €/subst. [15]

Price of cable distribution cabinet 670 €/pcs [15]
Cost of excavation, easy conditions 10700 €/km [15]
Outage costs, MV lines 285 €/km,a [13],[14]

The costs of cabinets were taken into account but other
accessories such as cable joints, protection devices,
communication etc. were neglected as it would have
required design to an unnecessary specific level for this
kind of a potential analysis. The inverter costs are
considered to include galvanic isolation. In FDC solution

the CEIs were 20 kVA units and in LTDC solution, the
inverters were 50 kVA (or multiples). For the power
electronics renewal, no learning curve for costs was
assumed and no efficiency improvement was considered
during the renewal, which naturally is a pessimistic
assumption. Considering the voltage levels, maximum
allowable low voltage levels were selected. Selection of
the voltage level is one sub-optimization task which has
been discussed for instance in [8].

The cost of compensation was calculated for distributed
compensation and reactors, considering the use of
95 mm2 MV cable, voltage being 20 kV. The cable
parameters were obtained from [16] and the unit costs
presented in [15] were scaled down to correspond the
required 2,3 A/km current and 28 kVAr/km reactive
power. The technical parameters for the LV cables were
obtained from [16] and the costs from [15]. For the
transformers the needed data were obtained from
[17],[18]. All the LV cable diameters were regarded as
available options, although that is not a practice in
network construction. The sequence network parameters
used single-phase short-circuit calculation were obtained
from [18]. The price of the double-tier 20/0.56/0.56 kV
transformer in FDC case was approximated to be 1.7
times the costs of a typical two winding distribution
transformer. Finnish Energy Authority has published
price for a single 20/1/0.4 kV transformer [15]. Those
being typically available at sizes 100 kVA, 150 kVA and
200 kVA, the factor ranges between 1.7-2.3. The
increased transformer losses caused by the use of power
electronics were neglected, although in reality they have
some contribution. O&M costs are presented in Table 2
and they are authors’ estimates as those values are both
difficult to obtain from any exact source and different
between the DSOs. Some O&M share is always present
and therefore they were included in the calculation.
Table 2. O&M costs parameters

Parameter Value
Maintenance: MV cable 90€/km,a
Maintenance: LV cable 50€/km,a
Maintenance: Power electronics 20€/pcs,a
Fault repairing: MV cable 100€/km,a
Fault repairing: LV cable 50€/km,a
Fault repairing: Power electronics 20€/pcs,a

Case results and analysis
In total, six different cases were calculated the results of
which are presented in Table 3 and in Figure 3. What can
be immediately seen is the dominant role of the
investment costs, regardless of the case and applied
technology. Losses are in minor role, which should be the
case at least for the network parts. Thus, also the share of
power electronic losses is low in monetary sense. On the
other hand, the delivered energy was moderate in many
cases too. O&M has some share in all cases, being
relatively the greatest in FDC solution. It is not a pivotal
cost component, however.
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Figure 3. Cost components of the case results. Numbers in the
x-axis labels refer to the cases.

One of the research questions was to find out whether the
LTDC has potential or not. The results show that it was
the cheapest solution in all cases. From the cost
perspective, it provided around 25% of savings at best
compared to the a.c. alternative, while the maximum
saving achieved with FDC was 16%. Thus, LTDC can be
considered to be profitable alternative for replacing MV
branches. However, the concept requires further research
before conclusions can be drawn.

Basically, the room for d.c. in competing against a.c.
comes from the investments of the replaced MV lines and
partially the outage costs. If acquisition costs of the
converters are less than that, the basis for d.c. solutions
profitability is promising. One of the key observation is
that the potential of FDC system increases compared to
a.c. when the share of customers per replaced MV line
decreases. Characteristics to this supply area was the
relatively high number of low-loaded customers per
substation on the rural area. In many cases, the number of
the customers increased rapidly when more MV branch
lines and more substations were replaced by LVDC,
increasing thus the investment costs of the CEIs and
reducing the advantage gained by the replaced MV line

costs. In FDC solution the (inverter) investment costs are
greater than in LTDC as increasing number of customers
rapidly increases the inverter costs. FDC was cheaper
than a.c. solution in four of the cases with a margin of 8-
16%. If only costs are compared, between FDC and
LTDC the main question is how many substations are
replaced and how many customers there are. If the
assumptions done in the paper are considered, the results
suggest that many of them are actually not in a crucial
role. Few of them instead contribute significantly to the
results. As the power electronics investment costs play
such a pivotal role, their costs were scaled to 50% and
150%, which is illustrated in Figure 4.

Figure 4. Case results with converter investment costs scaled to
50% and 150%. Numbers in the x-axis labels refer to the cases.

Scaling down of the investment costs brought down
especially the FDC costs. Naturally both d.c. solutions
would also be more profitable, but the difference between
FDC and LTDC was greatly reduced. Same effect is
inversely seen when the costs are increased. Important
observation instead is that the best d.c. cases are still less
expensive, or, around the same than in a.c. solution. In
that case it can be asked, would LVDC still provide
attractive benefits encouraging to invest if the costs
remained at the same level than in a.c. solution?

Table 3. Case results

Parameters Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
AC FDC LTDC AC FDC LTDC AC FDC LTDC AC FDC LTDC AC FDC LTDC AC FDC LTDC

Customers 12 12 12 10 10 10 26 26 26 11 11 11 32 32 32 17 17 17
Transformers 3 1 1 1 1 1 4 1 1 2 1 1 6 1 1 3 1 1
E, MWh,a 109 119 120 25 29 30 219 237 238 47 51 52 100 102 108 119 126 129
MVAC, km 3,4 0,0 0,0 1,4 0,0 0,0 3,3 0,0 0,0 2,7 0,0 0,0 6,7 0,0 0,0 5,1 0,0 0,0
LVAC, km 4,4 0,0 4,4 2,8 0,0 2,8 6,7 0,0 6,7 3,2 0,0 3,2 9,8 0,0 9,8 7,0 0,0 7,0
LVDC, km 0,0 7,8 3,4 0,0 4,2 1,4 0,0 10,0 3,3 0,0 5,9 2,7 0,0 16,6 6,7 0,0 12,1 5,1

Life cycle costs, k€
Investments 292 245 234 141 163 129 363 385 334 218 198 178 614 573 481 430 378 333

Losses 4 10 9 1 5 4 6 20 17 2 6 5 6 10 10 4 11 10
O&M 19 22 16 10 15 8 23 36 21 15 18 12 40 52 34 30 34 24

Outages 17 0 0 7 0 0 17 0 0 14 0 0 34 0 0 26 0 0
Total 332 278 259 159 182 141 409 441 371 249 223 195 695 636 524 490 422 367
Total,

of AC [%] 100 84 78 100 115 89 100 108 91 100 89 78 100 92 75 100 86 75
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The cost reduction in network dimensioning was tested
by halving the 165 A short-circuit current which
corresponds also with B16 circuit breaker operation
(80 A) in 0.4s [10],[11]. The greatest reduction occurred
in case 5, in which the costs compared to a.c. were then
around 85%. That was the most challenging case due to
longest transmission distance.

As in this study the main objective was to investigate the
potential of the two d.c. solutions, the cases were selected
on a basis of having explanatory characteristics.
Therefore, it is likely that there exist more potential case
targets both within the feeders of this primary substation
and the whole DSO supply area. Even within a single
case the profitability could be improved if the location of
the rectifier and LTDC inverters were optimized. The
LTDC concept should be carefully analysed especially
from the technical, safety and regulations point of view to
reveal any possible caveats in the real-life applicability.
Furthermore, the LTDC solution does not provide any
additional “smartness” to the customer connection point.
In LTDC system, customers are still affected by the
adverse phenomena present in the LVAC network
although the voltage could be controlled at the inverter
output terminals. However, that feature together with the
possible reactive power support to MV network might
answer to the present day challenges faced by the DSOs.
On the other hand, they might not answer to the needs of
a next decade customer, power distribution and electricity
markets. If the utilisation time of a network investment is
considered at least the following aspects can have a
meaningful impact on the feasibility of the d.c. solutions:

Large-scale cabling; potential targets are becoming to be
renovated, effect on achievable benefits with d.c. solutions?
Decisions on regulation model; development actions?
Customer behaviour; dimensioning, energy vs. power
Need and willingness of customers’ market participation?
Price development of power electronics
Protection which would not be based on short-circuit currents
together with diminishing need to feed start-up currents
multiple times the nominal; great impact especially on FDC
converter costs and potential
Role of utility distribution; batteries and distributed
generation, µgrids, partial (local) self-sufficiency

CONCLUSIONS
In the paper, two d.c. alternatives for replacing the a.c.
distribution, were compared. Link-type solution was
cheaper in all six cases, providing around 10-25% saving
in life cycle costs compared to traditional a.c distribution.
Full-DC was cheaper in four of the cases, providing
around 10-15% saving. The case area was a rural Finnish
distribution area, having great share of customers with
moderate loads. The main affecting factor was the
relation between the inverter investment costs and length
of replaced medium voltage branch. Future studies on
other, different case areas would be beneficial to see
whether results supporting these figures can be found.
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