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¿Why change somethig that works?

1. The forecasts indicate a very significant increase in load on the network in
the short/medium term as a result of an unstoppable electrification
process that not only includes technologies related to electric mobility but
also includes other technologies such as heat pumps or other air
conditioning equipment.

2. An increase in the installation of distributed resources, mainly solar
photovoltaic energy in many cases combined with accumulation systems,
is expected.

3. The uncoordinated use of the above resources may cause congestion in
the network in the short/medium term.



Case of Study (Self-consumption without surplus):
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for distribution networks depending on the self-consumption
penetration. Other operation proposals allow to coordinate the
prosumer’s energy storage devices for providing ancillary ser-
vices such as voltage control [17].

There are also many studies proposing many kinds of sophisti-
cated methodologies for managing distributed resources, sizing
and placing them for all kind of applications. Many of them use
analytical or metaheurstic optimization procedures as it is the
case of [18]. In [19], the selection of the battery sizes is cal-
culated through an optimization procedure considering the sea-
sonal variation of the demand and generation in the prosumers
and also the interaction between the low-voltage and medium-
voltage networks. The study presented in [20] consider the in-
teraction between the PV panels and storage systems but it also
considers heat pumping. In [21], a building management system
to coordinate electric loads, thermal loads, and PV generation
is proposed. In [22], Ruiz-Cortes et al. proposed an algorithm
to plan the optimal charge and discharge schedule of the pro-
sumer batteries in a microgrid. In the case presented in [23], the
coordination is made at neighborhood level considering smart
households comprising electric vehicles (EV), energy storage
(ES), and PV generation. What all of these works have in com-
mon is the adoption of an optimization strategy that coordinates
the different prosumers.

There is no doubt that the above-mentioned approaches will
set the tone in the medium/long term. However, in the short term,
and in the vast majority of the cases, prosumers are installing
the devices in an uncoordinated manner following selfish ap-
proaches and trying to maximize only their own benefit without
considering any social welfare function.

The present paper aims to asses the impact of EV, PV, and ES
technologies over the distribution network in a very specific sce-
nario, the new one created in Spain after the recently published
Royal Decree that establishes Urgent Measurements for Energy
Transition and Consumer Protection [24]. It is expected that this
regulation will create the conditions to drastically increase the
penetration levels of PV systems combined with energy storage
at the domestic level. For carrying out this study, it has been
considered that there is no coordination between the different
households.

The paper is structured as follows. The following sec-
tion briefly explains the new regulatory framework for self-
consumption in Spain and compares it with the previous situa-
tion. Section III explains the household electricity management
system and Section IV describes the scenarios considered for
carrying out the study. In Section V, the results obtained will
be presented and in Section VI, the authors will expound the
conclusions of the study.

II. SELF-CONSUMPTION SPANISH SCENARIO

The Spanish scenario for self-consumption and net-balance
of consumers connected to the low-voltage network changed
drastically since October 6, 2018 with the publication of the
Royal Decree-Law 15/2018 [24]. The previous scenario was
regulated through the Law 24/2013 of the Electric Sector [25]
and multiple Royal Decrees among which the Royal Decree

Fig. 1. Simplified scheme of a dwelling electrical installation including PV
panels, batteries, controllable electrical water heater, electrical vehicle charger,
and the conventional load.

900/2015 stands out [26]. Limitations imposed by the previous
regulation prevented domestic consumers from mass installation
of PV panels in combination with storage devices, even when
the price of panels and batteries has been significantly reduced
in recent years, along with an increase in efficiency.

The new regulation establishes two modes of self-
consumption depending on whether or not there is a physical
device that prevents the injection of excess energy into the net-
work. In the first case, the whole installation can be considered
as a consumer and the administrative burden for the legalization
of the system is very small. For this reason, the vast majority of
households are expected to use this system in the near future.
The second mode allows the injection of surplus energy, but in
this case, the electrical installation must be divided into two from
the administrative point of view (consumer and producer).

In order to explain the actual conditions and the improvement
with respect to the previous situation from the point of view of
the domestic consumer, we are going to consider a simplified
scheme like the one depicted in Fig. 1. In the previous scenario,
the use of two different smart meter devices (labeled in Fig. 1
as SM1 and SM2) was mandatory. The first device (SM1) reads
the total net power injected and consumed from the network.
The second device reads the net power of the set (PV panels +
batteries). Negative readings were not allowed on SM2, so the
battery could only be charged with energy from the PV panels.

There was also a restriction imposing that the contracted
power at the point of SM1 should be greater than or equal to
the installed power. This limitation was repealed with the new
regulation. In the previous situation, if we installed PV panels
with a peak power of 10 kW, we should contract 10kW for the
consumer even if it is not necessary. It should be noted that the
electricity bill in Spain is binomial, with one term depending
on the energy consumed and another depending on the con-
tracted power. This second term can be very important and in
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TABLE I
COMPARISON OF THE AGGREGATED VALUES OBTAINED FOR SUMMER AND

WINTER IN THE HOUSEHOLD REPRESENTED IN FIG. 2

Fig. 3. TT grounding scheme.

Gijón (A city in northern Spain) according to the model proposed
by ASHRAE [28]. The power generated by the PV panels is
labeled as PPV . When a household is equipped with PV and
battery, the battery selected was the LG RESU 10LV. This battery
has a capacity of 10 kWh with a total energy usage of 85%
and a rated charge and discharge power of 5 kW. The power
in the battery is considered positive in discharging mode and
it is denoted as PB . A Markov-based weather model has been
incorporated in order to simulate three different scenarios [29].
For a specific day in summer or winter, we also consider three
conditions (sunny, cloudy, and heavy clouds).

The coordination between the different systems is described
in Algorithm 1. The authors are fully aware that this is not the op-
timum strategy neither for the consumers nor for the distribution
system, however, it is the strategy followed by most commer-
cial systems and it is expected that this situation will continue

Fig. 4. IEEE European low-voltage test feeder modified for TT distribution
systems.

Algorithm 1: Battery Management Algorithm.
Input: PPV , PL, PEV , CB0, CBmax , CBmin , PBmax , ηB
Output: PG, PB , PH , CB

1. FOR k = 1 TO 86400 DO
2. P k

LT = P k
L + P k

EV
3. IF P k

PV ≥ P k
LT + PBmax AND Ck−1

B < CBmax

4. P k
B = −PBmax ; P

k
H = P k

LT − P k
PV + PBmax

5. P k
G = 0; Ck

B = Ck−1
B + ηBPBmax/3.6 · 1e6

6. ELSEIF P k
PV ≥ P k

LT AND Ck−1
B < CBmax

7. P k
B = P k

LT − P k
PV ; P

k
H = 0

8. P k
G = 0; Ck

B = Ck−1
B + ηB(P k

PV − P k
LT )/3.6 · 1e6

9. ELSEIF P k
PV ≥ P k

LT AND Ck−1
B ≥ CBmax

10. P k
B = 0 P k

H = P k
LT − P k

PV ;
11. P k

G = 0; Ck
B = Ck−1

B
12. ELSEIF P k

LT ≥ P k
PV + P k

Bmax
AND Ck−1

B >
CBmin

13. P k
B = PBmax ; P

k
G = P k

LT − P k
PV − PBmax

14. P k
H = 0; Ck

B = Ck−1
B − ηBPBmax/3.6 · 1e6

15. ELSEIF P k
LT ≥ P k

PV AND Ck−1
B > CBmin

16. P k
B = P k

LT − P k
PV ; P

k
G = 0

17. P k
H = 0; Ck

B = Ck−1
B − ηB(P k

LT − P k
PV )/3.6 · 1e6

18. ELSEIF P k
LT ≥ P k

PV AND Ck−1
B ≤ CBmin

19. P k
B = 0; P k

G = P k
LT − P k

PV
20. P k

H = 0; Ck
B = Ck−1

B
21. END IF
22. END DO

at least in the midterm. For this reason, we will consider this
non-optimal conditions in order to evaluate the impact of the
system in the network. CB0, CB , CBmax , and CBmin represent,
respectively, the initial, actual, maximum, and minimum state of
charge of the battery. ηB stands for the efficiency of the battery
(90%) and PLT is the total load considering the conventional
household consumption plus the EV charger.
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for distribution networks depending on the self-consumption
penetration. Other operation proposals allow to coordinate the
prosumer’s energy storage devices for providing ancillary ser-
vices such as voltage control [17].

There are also many studies proposing many kinds of sophisti-
cated methodologies for managing distributed resources, sizing
and placing them for all kind of applications. Many of them use
analytical or metaheurstic optimization procedures as it is the
case of [18]. In [19], the selection of the battery sizes is cal-
culated through an optimization procedure considering the sea-
sonal variation of the demand and generation in the prosumers
and also the interaction between the low-voltage and medium-
voltage networks. The study presented in [20] consider the in-
teraction between the PV panels and storage systems but it also
considers heat pumping. In [21], a building management system
to coordinate electric loads, thermal loads, and PV generation
is proposed. In [22], Ruiz-Cortes et al. proposed an algorithm
to plan the optimal charge and discharge schedule of the pro-
sumer batteries in a microgrid. In the case presented in [23], the
coordination is made at neighborhood level considering smart
households comprising electric vehicles (EV), energy storage
(ES), and PV generation. What all of these works have in com-
mon is the adoption of an optimization strategy that coordinates
the different prosumers.

There is no doubt that the above-mentioned approaches will
set the tone in the medium/long term. However, in the short term,
and in the vast majority of the cases, prosumers are installing
the devices in an uncoordinated manner following selfish ap-
proaches and trying to maximize only their own benefit without
considering any social welfare function.

The present paper aims to asses the impact of EV, PV, and ES
technologies over the distribution network in a very specific sce-
nario, the new one created in Spain after the recently published
Royal Decree that establishes Urgent Measurements for Energy
Transition and Consumer Protection [24]. It is expected that this
regulation will create the conditions to drastically increase the
penetration levels of PV systems combined with energy storage
at the domestic level. For carrying out this study, it has been
considered that there is no coordination between the different
households.

The paper is structured as follows. The following sec-
tion briefly explains the new regulatory framework for self-
consumption in Spain and compares it with the previous situa-
tion. Section III explains the household electricity management
system and Section IV describes the scenarios considered for
carrying out the study. In Section V, the results obtained will
be presented and in Section VI, the authors will expound the
conclusions of the study.

II. SELF-CONSUMPTION SPANISH SCENARIO

The Spanish scenario for self-consumption and net-balance
of consumers connected to the low-voltage network changed
drastically since October 6, 2018 with the publication of the
Royal Decree-Law 15/2018 [24]. The previous scenario was
regulated through the Law 24/2013 of the Electric Sector [25]
and multiple Royal Decrees among which the Royal Decree

Fig. 1. Simplified scheme of a dwelling electrical installation including PV
panels, batteries, controllable electrical water heater, electrical vehicle charger,
and the conventional load.

900/2015 stands out [26]. Limitations imposed by the previous
regulation prevented domestic consumers from mass installation
of PV panels in combination with storage devices, even when
the price of panels and batteries has been significantly reduced
in recent years, along with an increase in efficiency.

The new regulation establishes two modes of self-
consumption depending on whether or not there is a physical
device that prevents the injection of excess energy into the net-
work. In the first case, the whole installation can be considered
as a consumer and the administrative burden for the legalization
of the system is very small. For this reason, the vast majority of
households are expected to use this system in the near future.
The second mode allows the injection of surplus energy, but in
this case, the electrical installation must be divided into two from
the administrative point of view (consumer and producer).

In order to explain the actual conditions and the improvement
with respect to the previous situation from the point of view of
the domestic consumer, we are going to consider a simplified
scheme like the one depicted in Fig. 1. In the previous scenario,
the use of two different smart meter devices (labeled in Fig. 1
as SM1 and SM2) was mandatory. The first device (SM1) reads
the total net power injected and consumed from the network.
The second device reads the net power of the set (PV panels +
batteries). Negative readings were not allowed on SM2, so the
battery could only be charged with energy from the PV panels.

There was also a restriction imposing that the contracted
power at the point of SM1 should be greater than or equal to
the installed power. This limitation was repealed with the new
regulation. In the previous situation, if we installed PV panels
with a peak power of 10 kW, we should contract 10kW for the
consumer even if it is not necessary. It should be noted that the
electricity bill in Spain is binomial, with one term depending
on the energy consumed and another depending on the con-
tracted power. This second term can be very important and in
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TABLE I
COMPARISON OF THE AGGREGATED VALUES OBTAINED FOR SUMMER AND

WINTER IN THE HOUSEHOLD REPRESENTED IN FIG. 2

Fig. 3. TT grounding scheme.

Gijón (A city in northern Spain) according to the model proposed
by ASHRAE [28]. The power generated by the PV panels is
labeled as PPV . When a household is equipped with PV and
battery, the battery selected was the LG RESU 10LV. This battery
has a capacity of 10 kWh with a total energy usage of 85%
and a rated charge and discharge power of 5 kW. The power
in the battery is considered positive in discharging mode and
it is denoted as PB . A Markov-based weather model has been
incorporated in order to simulate three different scenarios [29].
For a specific day in summer or winter, we also consider three
conditions (sunny, cloudy, and heavy clouds).

The coordination between the different systems is described
in Algorithm 1. The authors are fully aware that this is not the op-
timum strategy neither for the consumers nor for the distribution
system, however, it is the strategy followed by most commer-
cial systems and it is expected that this situation will continue

Fig. 4. IEEE European low-voltage test feeder modified for TT distribution
systems.

Algorithm 1: Battery Management Algorithm.
Input: PPV , PL, PEV , CB0, CBmax , CBmin , PBmax , ηB
Output: PG, PB , PH , CB

1. FOR k = 1 TO 86400 DO
2. P k

LT = P k
L + P k

EV
3. IF P k

PV ≥ P k
LT + PBmax AND Ck−1

B < CBmax

4. P k
B = −PBmax ; P

k
H = P k

LT − P k
PV + PBmax

5. P k
G = 0; Ck

B = Ck−1
B + ηBPBmax/3.6 · 1e6

6. ELSEIF P k
PV ≥ P k

LT AND Ck−1
B < CBmax

7. P k
B = P k

LT − P k
PV ; P

k
H = 0

8. P k
G = 0; Ck

B = Ck−1
B + ηB(P k

PV − P k
LT )/3.6 · 1e6

9. ELSEIF P k
PV ≥ P k

LT AND Ck−1
B ≥ CBmax

10. P k
B = 0 P k

H = P k
LT − P k

PV ;
11. P k

G = 0; Ck
B = Ck−1

B
12. ELSEIF P k

LT ≥ P k
PV + P k

Bmax
AND Ck−1

B >
CBmin

13. P k
B = PBmax ; P

k
G = P k

LT − P k
PV − PBmax

14. P k
H = 0; Ck

B = Ck−1
B − ηBPBmax/3.6 · 1e6

15. ELSEIF P k
LT ≥ P k

PV AND Ck−1
B > CBmin

16. P k
B = P k

LT − P k
PV ; P

k
G = 0

17. P k
H = 0; Ck

B = Ck−1
B − ηB(P k

LT − P k
PV )/3.6 · 1e6

18. ELSEIF P k
LT ≥ P k

PV AND Ck−1
B ≤ CBmin

19. P k
B = 0; P k

G = P k
LT − P k

PV
20. P k

H = 0; Ck
B = Ck−1

B
21. END IF
22. END DO

at least in the midterm. For this reason, we will consider this
non-optimal conditions in order to evaluate the impact of the
system in the network. CB0, CB , CBmax , and CBmin represent,
respectively, the initial, actual, maximum, and minimum state of
charge of the battery. ηB stands for the efficiency of the battery
(90%) and PLT is the total load considering the conventional
household consumption plus the EV charger.

Authorized licensed use limited to: UNIVERSIDAD DE OVIEDO. Downloaded on May 27,2020 at 07:33:10 UTC from IEEE Xplore.  Restrictions apply. 

ARBOLEYA et al.: IMPACT EVALUATION OF THE NEW SELF-CONSUMPTION SPANISH SCENARIO 7233

TABLE I
COMPARISON OF THE AGGREGATED VALUES OBTAINED FOR SUMMER AND

WINTER IN THE HOUSEHOLD REPRESENTED IN FIG. 2

Fig. 3. TT grounding scheme.

Gijón (A city in northern Spain) according to the model proposed
by ASHRAE [28]. The power generated by the PV panels is
labeled as PPV . When a household is equipped with PV and
battery, the battery selected was the LG RESU 10LV. This battery
has a capacity of 10 kWh with a total energy usage of 85%
and a rated charge and discharge power of 5 kW. The power
in the battery is considered positive in discharging mode and
it is denoted as PB . A Markov-based weather model has been
incorporated in order to simulate three different scenarios [29].
For a specific day in summer or winter, we also consider three
conditions (sunny, cloudy, and heavy clouds).

The coordination between the different systems is described
in Algorithm 1. The authors are fully aware that this is not the op-
timum strategy neither for the consumers nor for the distribution
system, however, it is the strategy followed by most commer-
cial systems and it is expected that this situation will continue

Fig. 4. IEEE European low-voltage test feeder modified for TT distribution
systems.

Algorithm 1: Battery Management Algorithm.
Input: PPV , PL, PEV , CB0, CBmax , CBmin , PBmax , ηB
Output: PG, PB , PH , CB

1. FOR k = 1 TO 86400 DO
2. P k

LT = P k
L + P k

EV
3. IF P k

PV ≥ P k
LT + PBmax AND Ck−1

B < CBmax

4. P k
B = −PBmax ; P

k
H = P k

LT − P k
PV + PBmax

5. P k
G = 0; Ck

B = Ck−1
B + ηBPBmax/3.6 · 1e6

6. ELSEIF P k
PV ≥ P k

LT AND Ck−1
B < CBmax

7. P k
B = P k

LT − P k
PV ; P

k
H = 0

8. P k
G = 0; Ck

B = Ck−1
B + ηB(P k

PV − P k
LT )/3.6 · 1e6

9. ELSEIF P k
PV ≥ P k

LT AND Ck−1
B ≥ CBmax

10. P k
B = 0 P k

H = P k
LT − P k

PV ;
11. P k

G = 0; Ck
B = Ck−1

B
12. ELSEIF P k

LT ≥ P k
PV + P k

Bmax
AND Ck−1

B >
CBmin

13. P k
B = PBmax ; P

k
G = P k

LT − P k
PV − PBmax

14. P k
H = 0; Ck

B = Ck−1
B − ηBPBmax/3.6 · 1e6

15. ELSEIF P k
LT ≥ P k

PV AND Ck−1
B > CBmin

16. P k
B = P k

LT − P k
PV ; P

k
G = 0

17. P k
H = 0; Ck

B = Ck−1
B − ηB(P k

LT − P k
PV )/3.6 · 1e6

18. ELSEIF P k
LT ≥ P k

PV AND Ck−1
B ≤ CBmin

19. P k
B = 0; P k

G = P k
LT − P k

PV
20. P k

H = 0; Ck
B = Ck−1

B
21. END IF
22. END DO

at least in the midterm. For this reason, we will consider this
non-optimal conditions in order to evaluate the impact of the
system in the network. CB0, CB , CBmax , and CBmin represent,
respectively, the initial, actual, maximum, and minimum state of
charge of the battery. ηB stands for the efficiency of the battery
(90%) and PLT is the total load considering the conventional
household consumption plus the EV charger.
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TABLE II
SUMMARY OF THE BEHAVIOR OF FIVE HOUSES PLACED AT NODES 3, 10, 35, 49, AND 53 WITH AND WITHOUT PROSUMER SET INSTALLATION IN THE DIFFERENT

WEATHER AND SEASONAL SCENARIOS

Fig. 5. Voltages in the nodes in the different scenarios. First two rows represent the summer scenarios in sunny (first row) and heavy cloud conditions (second
row). The rows 3 and 4 represent the winter scenario in sunny and heavy cloud conditions, respectively. Columns 1 to 5 represent, respectively, the five levels of
penetration of households with PV and batteries from 0% to 100%. The grey color represents the voltage involute that contains the voltage in all the nodes of the
system. In black, the voltage in the home placed at node 3 and in red, the voltage in the house placed at node 53.
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As it can be observed in Algorithm 1, the system assigns
priority to the load and after that to the battery. We have different
scenarios described in the algorithm but basically:

1) if the PV panel produces enough energy to feed the load,
the extra power is used to charge the battery (if is not full),
if the battery is full or the extra power is greater than the
maximum charging power of the battery, the surplus is
used for the heater;

2) if the PV panel does not produce enough energy to feed the
load, the required extra power is obtained from the battery
if it is not empty or the required extra power is greater than
the maximum discharge power of the battery, the power
deficit is obtained from the grid.

In Fig. 2, the behavior of a specific household during a summer
day and a winter day can be compared. As it can be observed, in
the summer day the battery is full at 14 hours, so the physical de-
vice that prevents injection into the network is “wasting” energy
for about 4 hours. This is only in the most favourable case on a
sunny summer day with moderate consumption. Installing a bat-
tery with more capacity is not a good option as on most days we
will not have this behavior. For instance, on a sunny winter day
the maximum level of charge of the battery does not reach 80%
of its capacity. During the summer day (best scenario) the home
is self-sufficient for almost 18 hours, during the winter day this
interval drops to 12 hours. On a summer day, the battery charge
level allows the user to charge a significant percentage of the
EV battery during the night, while the battery charge level at the
end of the winter day is nearly always the minimum.

Table I contains the maximum and average powers during the
summer and winter days for the same house represented in Fig. 2
and also the aggregated energies. It must be noted that, as it was
expected, the average power consumption during the winter day
is slightly higher than that during the summer day. However,
the average power obtained from the grid in the summer is just
158.6 W versus the 698.1 W of average power consumed during
the winter day.

IV. PROPOSED SCENARIOS

In order to evaluate the impact on the grid, the IEEE Euro-
pean low-voltage test feeder was selected. As it was mentioned,
the loads were substituted by the ones provided by the ADRES
project and also the lines were modified considering a 4-wire
system in order to represent better the European terminal distri-
bution networks with a TT grounding system. The TT grounding
system is represented in Fig. 3; the neutral wire is grounded at
the transformer level and the grounds in the different households
are not participating in the electric scheme unless there is a fault
in the system. In the original test feeder, only three wires are
considered. It should be noted that when Kron reduction is ap-
plied to transform a 4-wire system into a 3-wire system, it is
assumed that the neutral is grounded at each node, which is far
from representing the reality in TT systems, as will be demon-
strated later.

The 420 load profiles provided in the ADRES database are
randomly assigned to the 55 load nodes present in the IEEE low-
voltage test feeder represented in Fig. 4. A set of 30 different

Fig. 6. Level of load at the power transformer at all penetration levels (0%,
25%, 50%, 75%, and 100%). (a) Summer sunny scenario. (b) Summer heavy
cloud scenario. (c) Winter sunny scenario. (d) Winter heavy cloud scenario.

scenarios was generated. We considered two different prototype
days—summer day and winter day, as a summer day July 3rd of
2017 was considered and as a winter day we selected November
28th of 2016. For each day we simulate the three weather condi-
tions (sunny, cloudy, and heavy cloud) and for each combination
of season plus weather, we obtain the results with five levels of
penetration for houses with a “prosumer system” (PV panels
combined with batteries) (0%, 25%, 50%, 75%, and 100%).

V. ANALYSIS OF THE RESULTS

A first analysis is made to five individual prosumers placed
at nodes 3, 10, 35, 49, and 53. Nodes 3 and 49 are connected to
the phase A, nodes 10 and 35 are connected to the phase B, and
node 53 is connected to the phase C. Table II summarizes the
behavior of the five houses for all possible combinations of sea-
son and weather conditions in conventional mode (Load) and in
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As it can be observed in Algorithm 1, the system assigns
priority to the load and after that to the battery. We have different
scenarios described in the algorithm but basically:

1) if the PV panel produces enough energy to feed the load,
the extra power is used to charge the battery (if is not full),
if the battery is full or the extra power is greater than the
maximum charging power of the battery, the surplus is
used for the heater;

2) if the PV panel does not produce enough energy to feed the
load, the required extra power is obtained from the battery
if it is not empty or the required extra power is greater than
the maximum discharge power of the battery, the power
deficit is obtained from the grid.

In Fig. 2, the behavior of a specific household during a summer
day and a winter day can be compared. As it can be observed, in
the summer day the battery is full at 14 hours, so the physical de-
vice that prevents injection into the network is “wasting” energy
for about 4 hours. This is only in the most favourable case on a
sunny summer day with moderate consumption. Installing a bat-
tery with more capacity is not a good option as on most days we
will not have this behavior. For instance, on a sunny winter day
the maximum level of charge of the battery does not reach 80%
of its capacity. During the summer day (best scenario) the home
is self-sufficient for almost 18 hours, during the winter day this
interval drops to 12 hours. On a summer day, the battery charge
level allows the user to charge a significant percentage of the
EV battery during the night, while the battery charge level at the
end of the winter day is nearly always the minimum.

Table I contains the maximum and average powers during the
summer and winter days for the same house represented in Fig. 2
and also the aggregated energies. It must be noted that, as it was
expected, the average power consumption during the winter day
is slightly higher than that during the summer day. However,
the average power obtained from the grid in the summer is just
158.6 W versus the 698.1 W of average power consumed during
the winter day.

IV. PROPOSED SCENARIOS

In order to evaluate the impact on the grid, the IEEE Euro-
pean low-voltage test feeder was selected. As it was mentioned,
the loads were substituted by the ones provided by the ADRES
project and also the lines were modified considering a 4-wire
system in order to represent better the European terminal distri-
bution networks with a TT grounding system. The TT grounding
system is represented in Fig. 3; the neutral wire is grounded at
the transformer level and the grounds in the different households
are not participating in the electric scheme unless there is a fault
in the system. In the original test feeder, only three wires are
considered. It should be noted that when Kron reduction is ap-
plied to transform a 4-wire system into a 3-wire system, it is
assumed that the neutral is grounded at each node, which is far
from representing the reality in TT systems, as will be demon-
strated later.

The 420 load profiles provided in the ADRES database are
randomly assigned to the 55 load nodes present in the IEEE low-
voltage test feeder represented in Fig. 4. A set of 30 different

Fig. 6. Level of load at the power transformer at all penetration levels (0%,
25%, 50%, 75%, and 100%). (a) Summer sunny scenario. (b) Summer heavy
cloud scenario. (c) Winter sunny scenario. (d) Winter heavy cloud scenario.

scenarios was generated. We considered two different prototype
days—summer day and winter day, as a summer day July 3rd of
2017 was considered and as a winter day we selected November
28th of 2016. For each day we simulate the three weather condi-
tions (sunny, cloudy, and heavy cloud) and for each combination
of season plus weather, we obtain the results with five levels of
penetration for houses with a “prosumer system” (PV panels
combined with batteries) (0%, 25%, 50%, 75%, and 100%).

V. ANALYSIS OF THE RESULTS

A first analysis is made to five individual prosumers placed
at nodes 3, 10, 35, 49, and 53. Nodes 3 and 49 are connected to
the phase A, nodes 10 and 35 are connected to the phase B, and
node 53 is connected to the phase C. Table II summarizes the
behavior of the five houses for all possible combinations of sea-
son and weather conditions in conventional mode (Load) and in

Authorized licensed use limited to: UNIVERSIDAD DE OVIEDO. Downloaded on June 02,2020 at 07:16:54 UTC from IEEE Xplore.  Restrictions apply. 

Case of Study  (Self-consumption without surplus):



Why change something that works?

4. The problem of congestion in the distribution network can be avoided by
investments in the distribution network (basically increasing the power of
transformers and increasing the section of conductors).

5. On the other hand, regulators are reducing the remuneration of
distribution operators, which generates a low return on network
investments.



Changes in regulation, a few
examples:
European Commission Energy Efficiency Directive 2012/27/EU (Art. 15. 4)
requires Member States to: “Ensure the removal of those incentives in
transmission and distribution tariffs that are detrimental to the overall
efficiency (including energy efficiency) of the generation, transmission,
distribution and supply of electricity or those that might hamper participation
of Demand Response, in balancing markets and ancillary services
procurement”.

“Ensure that network operators are incentivized to improve efficiency in
infrastructure design and operation, and, within the framework of Directive
2009/72/EC, that tariffs allow retailers to improve consumer participation in
system efficiency, including Demand Response, depending on national
circumstances”.



6. The only way to manage a massive penetration of electric vehicles and
other resources distributed in the network is through their coordinated
installation, which makes it possible to limit investment in infrastructure
and to manage distributed resources and increase overall efficiency
through their active participation.

¡¡¡ FLEXIBILITY !!!

Why change something that works?



Electrical
Vehicles

• Electric vehicles in Spain (63,000) less than half are cars.
• Average daily travel is 45km

• Average consumption of an EV is 15kWh/100km
• Average daily consumption of a car 6.75kWh/day -> 2.5MWh per year
• For 100,000 electric vehicles the consumption would be 250GWh, (1% of the global energy consumption). 

• Average consumption of a Spanish home (3.5MWh per year) -> EV would increase consumption by 70%



9

Market growth ‘05 – ’18 | HP stock2018: 11.8 mill. installed

Webinar: EHPA market report and statistics outlook 2019 | Thomas Nowak | 24.06.2019

Climate control    
heat pumps and      
air conditioning



Case of Study:
• 100m2 house  with Energy Label E in Climate Zone D
• Energy demand data:

• Heating: 102 kWh/m2 year -> 10.200kWh/year (thermal consumption)
• Refrigeration: 14.53 kWh/m2 year -> 1453kWh/year (thermal consumption)

• Seasonal yields for heating and cooling
• SCOP aerothermal energy A+: 6.2 -> 10200kWh/6.2 = 1645.16kWh heating (electricity 

consumption)
• SEER cooling A+: 5.7 -> 1453kWh/5.7= 254.91kWh cooling (electricity consumption)

• Total electricity consumption for climate control = 1900.07kWh -> 1.9MWh
• Annual electricity consumption of the average Spanish home 3.5MWh
• Annual energy consumption of the average Spanish home (gas + electricity) 10MWh 

per year 
• Electrification would bring this consumption down to 1.9+3.5 = 5.4MWh (down 

46%).
• Consumption of heat pumps installed in Spain (1100GWh -> 0.5% of total).
• Without distributed generation, congestion in the distribution network would 

increase by 54% due to heat pumps alone.



PV Generation



PV Generation



Energy Storage:



Energy Storage:



What we researchers have done over
the last 20 years?

• Microgrid: Solution for the coordination of different distributed resources in a
portion of the network connected through a coupling point.

• SmartGrids: Relaxation of topological restrictions and automatic or semi-
automatic network management that allows the implementation of Demand
Response systems or flexibility management.

• Transactive Energy: Application of economic techniques in conjunction with
conventional network management techniques, giving rise to new roles or
business models such as the Aggregator.



Which Aggregator models do we have? 
Are they "deployable"?
• There is a vast catalogue of aggregation

models that depend mainly on the following
factors:
• Regulation
• Available technology
• Regulation

• In this presentation we will see two models
that represent the two "extremes" but there
are many proposals and solutions in between.

• Model 1:
• Consume and generate energy in a coordinated way.
• One more agent in the system
• No responsibility for the energy supply to the

customer

ELECTRICITY SUPPLIER

FLEXIBLE 
CONSUMER

FLEXIBLE 
CONSUMER

BALANCE RESPONSIBLE

TSO/DSO

NON-FLEXIBLE 
CONSUMER



• There is a vast catalogue of aggregation
models that depend mainly on the following
factors:
• Regulation
• Available technology
• Regulation

• In this presentation we will see two models
that represent the two "extremes" but there
are many proposals and solutions in between.

• Model 4:
• Integrated management with the TSO, DSO or energy

supplier.
• It optimises the management of resources to the

maximum and increases efficiency.
• It can be a role within an agent or an agent itself

ELECTRICITY 
SUPPLIER

FLEXIBLE 
CONSUMER

FLEXIBLE 
CONSUMER

BALANCE 
RESPONSIBLE

TSO/DSO

NON-FLEXIBLE 
CONSUMER

AGGREGATOR

Which Aggregator models do we have? 
Are they "deployable"?



What is the reality in utilities?

1. The utilities have made a tremendous effort in digitalization generating an
immense volume of invaluable data.

2. Data is the oil of the 21st century, but data collection and storage does
not directly means the generation of knowledge.

3. In many cases, data is in separate, non-intercommunicating systems,
making it difficult to manipulate and extract knowledge from it.



Which is the path we must follow?
1. Create data storage and management

systems that enable ultra-fast, highly
complex queries with cross data from
various sources.

2. The systems can be of two types:
• Centralized systems
• Distributed systems

Real Time
Interactions

Fast
Analytics

Intelligent
Reporting

Future
Projections

CIM DATA
EXCHANGE

Company 1

Company 2



Development of data models is a 
critical task

Arpan Koirala, Lucía Suárez-Ramón, Bassam Mohamed, Pablo Arboleya, “Non-synthetic European
low voltage test system”, International Journal of Electrical Power & Energy Systems, Volume 118,
2020.



A Specific data model for
each case of application

Development of data models is a 
critical task



The parallelization of data processing
systems

In distribution, it is essential to break down the problem. 
A natural grouping element is the power transformer station.
Knowing the dimensions of the problem to optimize the algorithms is fundamental.
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Case of study, complex query

The real-time calculation of the network impedance map involves the generation of real-time networks that
That allow to reach from each point to its corresponding transformer.  



Case of study, complex query

Impedance map



Case of study, complex query

Voltages map



Case of study, complex query

Currents map



Is it posible to run a real-time state
estimation?
• Again the key is in data acquisition and management and parallelization

of operations.

• The technology used in Spanish smartmeters is PLC technology.

• As the main advantage of PLC technology we could indicate the
elimination of the dependence on third party communication networks.

• PLC technology allows us to obtain a lot of topological information and 
the configuration of network resources.

• The bandwidth is very limited.



Is it posible to run a real-time state
estimation?

Non coherent lineNon coherent meterSwitch of non 
coherent meter

Non conntected
segments

Segments 
communicating with 
portable equipment

• Loop detections

• Fraud detections

• Grid inconsistencies

• Phase detection



Is it posible to run a real-time state
estimation?
• The state estimation algorithms in four-wire

systems are developed.

• Once the problem of topological estimation is
solved, everything depends on the acquisition
of measurements that allow the observability
of the system.

• The advanced measurement infrastructure
consisting of smartmeters, line supervisors
and advanced supervisors at the transformer
station level is capable of providing sufficient
information. 

• It is essential to understand the sampling
process and the delays generated by it in 
obtaining the information.



• What is the delay in requesting data from a 
SmartMeter?
• Injection phase
• Distance to the concentrator
• Network saturation
• Electromagnetic interference

• Example request active power to smartmeter:
• Request time: 30-Nov-2019 17:27:36
• Answer received: 30-Nov-2019 17:28:10
• Value (active power W): 599.9
• Value timestamp: 30-Nov-2019 17:27:57
• Total delay: 34 seconds

Is it posible to run a real-time state 
estimation?



• Data obtained with a sampling emulator in a system of 30 dwellings divided into 5 
connections located in the same feeder and distributed in 3 phases. 

• Distance of the connections in meters [25 37 52 91 103]. 

• Initial curves obtained with recorders and sampled with a frequency of 1 second.

• The average delay in the slowest smartmeter was 19.73 seconds, in the fastest one 7.81 
seconds. The number of records obtained by each meter was 181, in this case only active 
power was sampled.  This implies that a data could be obtained from each smartmeter
every 7 minutes and 57 seconds.

Is it posible to run a real-time state
estimation?



• Difference between real signal and sampled signal on smartmeter number 7
• The definition of the sampling

strategy is fundamental.
• The measurements have to 

be used together with
prediction techniques and AI 
algorithms.

Is it posible to run a real-time state 
estimation?



The path towards the Neural-Grid
• From Smart Grid to Neural Grid – Industry Transformation and the Top Five

Technologies Poised to Bring the Cloud – Guidehouse Consulting White Paper
(2018).

• Enabling technologies:
• In addition to the already mentioned distributed resources.
• Connectivity: Fiber, Low Power Wide Area Communications or other solutions such as 4G, 5G...
• Low-cost sensors combined with advanced measurement infrastructure
• Cloud and Edge computing, centralized/distributed hybrid solutions will be imposed
• Artificial Intelligence, will be the nuclear technology of the "brain" of the neural grid.
• Cybersecurity, a critical point to be addressed since holistic connectivity carries an intrinsic risk of

cyberattacks.
• Drones and robotics, the basics for advanced monitoring, maintenance and repair.

guidehouse.com

Richelle Elberg
Principal Research Analyst
 
Mackinnon Lawrence
Senior Research Director

Energy

From Smart Grid to Neural Grid
Industry Transformation and the Top Five Technologies Poised to 
Bring the Grid into the Cloud

1. Introduction
1.1 Neural Grid Takes Smart Grid into the Cloud

The Neural Grid represents more than Smart Grid v2.0—much more. Today, the smart grid 
implies the legacy mechanical power transmission and distribution (T&D) networks enhanced 
by pockets of automation, connectivity, and centralized IT systems. The Neural Grid implies a 
vastly more powerful platform of hard and soft assets leveraging ubiquitous connectivity, the 
cloud, robotics, artificial intelligence (AI), edge computing, and pervasive sensing to perform 
a variety of energy and non-energy applications. It is the end game for grid modernization, 
transforming legacy infrastructure into a platform that will support a fully mature Energy 
Cloud1  environment.

Figure 1.1 Grid Transformation Is Underway

One-way, electro-
mechanical grid

Smart Grid 1.0:  
Pockets of 

connectivity 
and automation

Smart Grid 2.0:  
Widespread 
connectivity 

and automation

Neural Grid: 
Ubiquitous connectivity, sensing, 

cloud-based AI, edge 
computing and automation

Utilities Today 

In the Neural Grid, data and intelligence reside largely in the cloud, managing the intersection 
of generation assets and distribution networks with energy customers, buildings, 
transportation infrastructure, city systems, and distributed energy resources (DER) assets 
(solar, wind, microgrids, EVs, demand response programs, etc.). Asset ownership is diverse 
and utility grid data and assets work with third-party data and assets to coordinate energy 
supply and demand.

In a nutshell, the Neural Grid takes the world’s largest machine—the grid—and gives it a brain. 
It replaces dumb network assets (poles and wires) with intelligent, multifunction infrastructure 
that interacts with cloud-based intelligence for energy and non-energy purposes.

(Source: Navigant Research*)

1. Navigant Research, Navigating the Energy Transformation, 2016.

*Navigant Research is now Guidehouse Insights (April 2020). Guidehouse LLP completed its acquisition of Navigant 
Consulting Inc. and its operating subsidiaries on October 11, 2019. https://guidehouse.com/news/corporate-news/2019/
guidehouse-completes-acquisition-of-navigant



Is the Electrical Distribution Ready
for a Revolution?
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