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The aim of this paper is to present the development of an off-grid solar PV model that meets the electric
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consumption of a large residential building using DC. A comprehensive study has been carried out using
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both real consumption measurements as well as local solar irradiance and temperature levels measured in

Accepted 00 February 00

the last 30 years. Five different scenarios have been defined in which is demonstrated that the system is
technically able to provide all energy needed by the facility without energy cut-off, while keeping the
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output rated voltage inside the tolerance values. Finally, the mean performance of the system is higher
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than 75 % while the losses due to the low voltage used are three times lower than the transmission losses

DC-facility

of the AC network.
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1. Introduction
Energy, in its different forms, has been used by the humanity ever since to
develop new production forms. Since XX century the electricity has
allowed to increase the global production while improving the quality of
life. Nevertheless, as the main source of this energy are fossil fuels, not
only a maintained depletion it is made, but also around 4 million of
premature deaths for respiratory diseases are produced for climate change,
and polluting emissions [1].

Actually, 35 % of worldwide energy is consumed in buildings [2]. For this
reason, in whatever plan to reduce greenhouse gases it is of primary
importance to consider them. Analysing the building consumption, it is
observed that most of the home appliances, even as they are feeded with
alternating current (AC) they use direct current (DC) internally leading to
an AC-DC-AC conversion that a recently study has concluded to produce
a 15 % of power losses [3].
On the other hand, both economical and technical barriers to install
renewable energy sources are fading. Not only records in efficiency and
capacity are beaten every year (see [4][5][6][7]for recent advances in
different technologies of PV panels) but also its price have declined
sharply: PV panels have reducing their prices from 3 USD/W to less than
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analysis over the information of the critical month. See Section
4 for a detailed discussion.
Rated output voltage desired in solar generation stage: 45
V. The consensus among microgrids designers is to set the
panel to work near the MPPT (see Section 3-b).
Losses factor of the panel: 0.8362. Taken directly from the
manufacturer factsheet. Normally a losses factor of 0.8 is used
[3][19].
b.
Control and regulation of the MPPT (Buck converter & MPPT):
The buck control defines the operation mode of the converter DC-DC. Its
function reduces the input voltage that comes from the array of PV panels
to one that can be used for charge the battery bank or feed the load. The
MPPT control have been sized according to [21]. The control uses an
Perturb and Observe algorithm (P&O) [22] to keep the array working near
to the MPPT (48.73 V) [20]. It was chosen by its simplicity and low
dependency of the variables of control [23]. Also, the P&O is
commercially used the most, because it only requires one voltage sensor,
making this feature more attractive for its performance and low cost [24].
This control must correct the power differential 5O+6 at both, high
irradiance levels and low levels that could produce a change in the MPPT
goal of the system.
c.
The load (Building):
The consumption was modelized as a resistive load with a variable profile
that mimic the real load of the building. This load is supplied by energy
storage system or by the DC-DC buck converter that regulates the power
generated by the PV array. The details of the installation can be seen in
[19] For convenience, all loads have been assumed to operate directly on
24 V DC.
d.
Energy Storage (battery bank):
The battery bank will storage all unconsumed energy during the day to use
it when the generation of energy is not high enough to keep on all the
system powered on (for example at night). The battery used in the
simulation is the Raylite 3MIL 25 S [25]. It is a C100 of 985 A at 25 C, 6
V battery voltage and has deep discharge technology. Batteries were sized
to meet the demand of the system for 3 days following the advices from
the state of the art [3][26][27][28]. The system was sized using the
algorithms presented in [21]. This procedure takes into account the real
percentage of energy needed by the building in days with low irradiation
in order to be ahead in case of a non-typical irradiation day these include
the low irradiation hours in days of good harvesting also.
To assure the longevity and the security of the batteries, it is required the
use a control mechanism to reduce the degradation due to overcharge and
deep discharge (DOD). For the battery used, the set points were fixed into
98.5 % and 30 % respectively. The control algorithm is based on [28].
This system cuts-off the charge of the battery bank when it gets whatever
of both set points to protect the storage system against harmful levels of
energy as high levels produce boiling in the electrolyte (melting the cells
of the batteries) whereas low levels, even as the batteries have technology
that allows deep discharges, reduce the life of the battery.
e.
Wiring losses:
Due to the wiring affectation in the performance of the installation it is
necessary to calculate the power losses by the conductors used or
projected to be used in the system. The analysis takes as reference the
distance from the top to the bottom of the building is around 30 meters. It
has been assumed that all connections will have the following cables:
AWG/kcmil # 1000 for main distribution among floor and AWG/kcmil #
6 to cover the “last miles” [29]. The former can handle a maximum of 455
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A while the latter can support until 55 A way above the limits. To
estimate the losses, it has been used just the Ohm’s law.
To reduce wiring losses due to the low voltage used, it is proposed to
divide the grid into 30 smaller microgrids: one per floor of the three
towers as shown in figure 2.
Figure 2. Modularized microgrid for every tower.

Finally, losses in protection equipment have been neglected because they
are very low [17].

4. Materials and Methods
To test the behaviour of the system several scenarios have been designed
covering all possible situations to which the installation will be subjected.
1. Winter typical day (WINTER): This scenario will analyze the
behaviour of the system in the critical month. Namely, the one with
the lowest PV generation and highest energy consumption. The next
paragraph contains a detailed explanation of the methodology
followed to select the critical month.
2. Summer typical day (SUMMER): This scenario is the opposite of the
previous one: high PV generation due to the high irradiance level
coupled with low energy consumption as during summer the
occupancy descends. This scenario wanted to show that the system
manages correctly excesses of energy.
3. Summer day (manipulated) (SUMMER*): This test has been built to
check the behaviour of the system in an excess of solar PV generation
linked with a higher consumption. This situation is not common in
the test building because the occupation descends during the summer
but it is the typical consumption scenario in other places of the
country. We have used the energy consumption of WINTER scenario
and the generation of the SUMMER scenario.
4. Lowest Irradiance for Three Consecutive Days in the Last 30 Years
(LOWEST): This test check if the system could work in the worst
scenario on 30 years. Moreover, this test wanted to stress the storage
energy system for 72 hours. Details of how have been selected the
three days can be found below.
5. Three Consecutive Days of Typical Irradiance (TYPICAL): In this
test is checked the steady state of the system. To this end, we have
selected the typical measurements for three consecutive days. Details
of how have been selected the three days can be found below.
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The Spanish Meteorological Agency (AEMET) have provided the actual
irradiation and temperature data from 1986 to 2015 [30]. Primary, these
data were curated eliminating wrong or inconsistent values that appeared
between 26 of November to 05 of December 2010 (both included) due to
a malfunctioning of the recording devices. The active power (W) have
been recorded directly from the meter every 15 minutes during the years
2012 to 2014.
To select the critical month, the days with the highest power demand have
been look for. It appears that the highest demand is around 62 kW.
Moreover, it seems like it does not are high differences between winter
and autumn/fall with respect to the power demand. Although January does
not present the highest demand or the lowest irradiation, it is considered
the critical month because it is the worst when considering the
combination of both factors. So, the panels will be oriented to 62º which
corresponds to the optimal angle for this month according to [31].
The consumption profile of the building modelled is quite stable during
the year. Figure 4a shows a typical summer day, whereas in a winter
typical day consumption is bigger and less stable (figure 4b). Please note
that the hour in the horizontal axis is the sun hour and not the clock hour.
It should be noted that the peak consumption and generation are aligned
making easier to keep powered the building. The second largest peak
consumption is made during the evening. In this moment, the battery bank
backs up the system feeding the whole building. This pattern is only
broken during long holidays and the summer term which have a flat load
profile as the building is almost empty. As this is not the typical case on
Spain (summer is becoming the month with the highest consumption
lately in some places on Spain) the SUMMER* scenario was designed.

Figure 4a. Solar PV potential versus time consumption of the building in a
summer day.

Figure 4b. Solar PV potential versus time consumption of the building in a
winter day.

Figure 5. Solar PV behaviour after clusterization.
The information about the daily mean temperature and total irradiation
were clustered using the k-means algorithm [32] with 3 groups. Figure 5
contain the result resulting clusters. As can be seen in this figure, one
cluster groups the days of summer, another the winter ones and the last
one the spring/autumn days together. The biggest cluster is obviously the
spring/autumn one contained 47.12 %, of the data. To select the
information used in the WINTER and SUMMER scenarios the day closer
to the respective cluster centres have just been selected. On the same way,
to select the information used in the TYPICAL scenario we have just
selected the three days closer to the cluster centre of the biggest cluster.
Finally, to select the information for the LOWEST scenario, the radiation
of every three consecutive days have been calculated and the lowest one
has been selected. Unfortunately, the historical information of the load
profile is not so long. Moreover, it could not be very reasonable to use
very old load profiles as the energy consumption patterns have changed a
lot recently. For this reason, the load profiles have been taken on the same
calendar day but of the year 2014. Please note that it has been checked
that these days does not correspond to holidays, long weekends, or any
similar special calendar day. As a result, the information used for every
scenario were:
1. WINTER: We have selected the measurements from 2014/01/05
after applying the k-means analysis. Total energy consumption was
1.50 MWh, global irradiance was 7539.42 Wh/m2, with a peak of
386.42 W/m2 and an average temperature of 6.67 ºC.
2. SUMMER: We have selected the measurements from 2014/08/08
after applying the k-means analysis. Total energy consumption was
only 0.789 MWh. By the other hand the irradiance and temperature
increase, pushing up the generation to 1.80 MWh.
3. SUMMER*: As explained before, we have selected the energy
consumption of WINTER scenario and the temperature and
radiance of the SUMMER scenario.
4. LOWEST: The historical fall of irradiance levels were located
during the 14, 15, and 16 of December 1999. During these days, the
maximum irradiance reached 111.11 W/m2, and the mean reached
10.95 W/m2. The average temperature was 7.22 C. The total
energy consumption was approximately 1.32 MWh for the whole 3
days.
5. TYPICAL: The three days selected were from 18 to 21 of
September 2014. During these days, the maximum irradiance
reached 522.64 W/m2, and the mean reached 91.33 W/m2. The
average temperature was 19.43 C The total energy consumption
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was 1.09 MWh. The hourly power generation of the system is near
to 1.55 MWh.
In all cases, the batteries have been configured to starts with a 70 % of
charge (SOC).
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energy of the system. This behaviour has been coded using negative
values in the graph.

5. Results and discussion
The simulated experimental analysis of this work has been carried out
with a desktop PC: Intel Core i5-4570, microprocessor speed 3.2 GHz, 16
GiB RAM and Windows 10 Professional 64 bits as the operating system.
Figure 6 shows the daily average energy per weeks that could have been
produced for the proposed installation for 2015 and checked with the daily
average consumption per weeks. As can be seen, the energy supply during
the critical weeks presented in winter’s months make possible to
guarantee the supply of energy needed on the whole building.
Figure 8. Supply voltage to the building in the system for WINTER
scenario.
Figure 9 shows the results for the SUMMER scenario. As can be seen, the
generation is much bigger that the consumption and, as a result, the SOC
increases until the sun set. The final SOC is around 90 % at the end of the
simulation.

Figure 6. Solar PV potential versus consumption of the building
Figure 7 shows the results of WINTER scenario. In this figure, it could be
seen that at noon the solar harvesting is higher than the consumption (red
line is above the orange one) and that this excess is stored in the battery
(purple line is positive). The SOC begins at 70 % (light blue curve) and
slowly descends until the the sun rise and the system was capable store
some energy. In this scenario, the SOC get a maximum of 70.41 % in the
afternoon and finish the day with near 66.56 % so another cycle could be
without huge differences.

Figure 9. Currents flows & SOC present in the system for SUMMER
scenario.
Figure 10 shows the voltage behaviour in this scenario. The output
voltage level has a variation comprised between 24.45 and 26 V between
the safe margins.

Figure 7. Currents flows & SOC present in the system for WINTER
scenario.
Figure 8 shows that the voltage behaviour is very steady in this scenario
staying between 22.43 and 25.99 V. The highest measurement
corresponds to the hours with an excess of energy production. Finally,
during the time without sun, the storage system becomes the supplier of

Figure 10. Supply voltage to the building in the system for SUMMER
scenario.
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simulation so the batteries are supplying energy constantly. Despite this
complete unfavourable circumstance, the SOC in the battery bank finished
at 43.95 % so the system would be able to continue operating two more
days under these conditions.

Figure 11. Currents flows & SOC present in the system for the
SUMMER* scenario.
Figure 11 shows the results for the SUMMER* scenario. Even as the
power demanded is significantly bigger than in the previous scenario, the
PV generation is high enough for powering the system and produces an
excess that is used for recharging the battery bank. In this case, the SOC
achieves a maximum of 85.32 % and decreases to 83 % at the end of the
simulation.

Figure 14. Supply voltage to the building in the system for LOWEST
scenario.
Figure 14 shows the voltage behaviour in this scenario. In this case, as the
system is continuously powered by the battery, the voltage is quite stable
ranging between 24.80 to 24.93 V for the whole simulation.
Figure 15 shows the results for the TYPICAL scenario. In this scenario,
we can see how the SOC varies its state periodically alternating periods of
discharge (during nights) and charge (during the day). The battery bank
begins at 70 % and finish at 73.51 %. So, under these conditions, the
system could operate indefinitely.

Figure 12. Supply voltage to the building in the system for SUMMER*
scenario.
Figure 12 shows the voltage behaviour in this scenario. As it happened
before, the output voltage level is kept between the security margins
(between 22.70 to 26 V).
Figure 15. Power generation SOC present in the system in the TYPICAL
scenario.

Figure 13. Power generation SOC present in the system in the LOWEST
scenario.
Figure 13 shows the results for the LOWEST scenario. As can be seen,
the consumption is bigger than the power generated during the entire

Figure 16. Supply voltage to the building in the system for TYPICAL
scenario.
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Figure 16 shows the voltage behaviour in this scenario. As before, the
voltage is kept between 22.35 and 26 V during the entire simulation
guarantee for the installation.
Finally, Table 1 presents all the efficiencies measured during the
procedure of experimentation of the systems and different parts of it.
Equation (1) shows the formula used to determine the different system
efficiencies. In this formula, PL represents the total power consumption of
the housing building (Column SYSTEM represent the performance of the
entire system), PBi represents the power that is used to charge the
batteries and it is extracted from the power generated in the solar
harvesting (Column BUCK represents the performance of the DC-DC
buck converter), PBo represents the power output-discharge prevenient of
the batteries (Column BATTS represents the performance of the entire
storage system) and finally, PPV represents the solar harvesting in terms
of power.
( + + 0)
100%
=
eq. (1)
Table 1. Efficiencies of the system.
SCENARIO
SYSTEM
BUCK
BATTS
S
(%)
(%)
(%)
WINTER
78.13
85.58
88.05
SUMMER
83.78
78.98
87.41
SUMMER*
73.51
78.45
83.52
LOWEST
56.87
93.87
Inf
TYPICAL
78.62
85.78
87.30
The efficiency of the buck converter and the batteries are in line with the
ones reported by the literature [33]. The best system efficiency could be
found on the SUMMER scenario with an 83.78 %, due to the
consumption and the high PV generation. On the contrary, the worst
system efficiency has been reached in the LOWEST scenario. In the
LOWEST scenario is reached the highest buck performance 93.87 %. This
result has been achieved as the system is able to manage more efficiently
the usage of the energy when the generation is low. Moreover, as the
energy produced is so low, the efficiency of the batteries could not be
calculable. It is important to note that the TYPICAL scenario gets quite a
good performance: the system reaches a 78.62 % whereas the storage
system has a performance about the 87.30 % and the buck converter gets
an 85.78 %. Please note that the main energetic alternatives have
efficiencies around a 33 % [34].

5.1. Power losses into distribution and interconnection cabling
(wiring)
Finally, the power losses due to the transmission over a low voltage will
be studied. The cable will be consider as a resistance R, according to that
the inductance presented in this kind of wire, the inductance is not
presented in DC. Its cover is going to be ignored as is done in [17] (being
R a very small resistive value for its inductive characteristic own of the
electricity conductors).
As the data collected does not allow to stratify the consumption per floors,
it will be assumed a uniform distribution. The peak power in the solar
system is 320 kW approximately. As was mentioned before, the building
is composed of 3 towers each one with 10 floors so there is a 4.44
kA/tower or 444 A/floor. This current is only reached when the panels
array operates under Standard Test Conditions (STC, means temperature
operation 25 ºC, irradiance of 1000 W/m2, and Air Mass 1.5) [35].
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The previous calculus was simplified dividing the whole system in
different stages/subsystems to reduce the power losses. The panels
connection to converter produces losses of nearby 313 W while the
connection among batteries and converter produces losses of nearby 313
W for all facility. The connection to the electric outlets (lights, wall plugs,
security systems, etc.) produce losses nearby 12.93 kW. In sum, the whole
facility would have less than 14 kW of losses in the worst scenario (3.92
%). Please note that power transmission losses in commercial networks
could be as bad as 14 % [2] whereas the worldwide mean is 8.26 % [36].

6. Conclusions and future work
It is concluded that the installation can power on a medium scale building
in one of the worst climate zones of Spain even in the worst conditions of
the last 30 years. The system has shown to be able to maintain the voltage
level between a 20 % variation. Moreover, the power losses for drop
voltage and power dissipation were around a 4 % far less than the losses
in transmission and distribution systems [37]. Even more, the absence of
rectifiers into the home appliances could leads to bigger reduction on the
conversion losses [3][17].
On the other hand, results suggest that there is an inversely proportional
relation between the solar PV harvesting and the buck converter
performance. For scenarios with surplus of generation, the Buck has
greater losses than in scenarios where power generation did not allow
large surpluses of energy.
Nevertheless, in this article have not been studied if the topological
interconnection of the different components of the microgrid is optimal.
Moreover, other aspects that have not been taken into consideration are
the introduction of the Electric Vehicles or the covering the heating and
hot water needs by using Combined Heat and Power systems or hybrids
PV and Thermal solar panels.
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