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Abstract: Recent developments in micro-grids have led to increased interest in DC distribution
due to its high efficiency in distributing energy from renewable energy sources to DC loads. This
paper seeks to analyse the performance of AC and DC systems in a relatively large-sized 6 kW PV
installation to determine the level of improvement in efficiency provided by DC distribution and to
identify methods for further improvement. Baseline annual data for the AC system were collected
from a live installation on a national school in Inis Oirr, an island off the west coast of Ireland. The
results indicate that usage of a DC distribution system has the potential to reduce system losses by
up to 50% as well as the ability for an annual saving in grid energy of 5% compared to the existing
AC system. Moreover, the analysis reveals that DC outperforms AC distribution more in spring
and autumn, when power consumption is comparable to the system production, but there is less
impact in summer, when PV production is significantly higher than demand. These findings provide
insights into the benefits of future DC distribution systems in individual buildings and in larger-scale
micro-grids.
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Distribution System for a 6 kw The depletion of oil has awakened realization of the importance of renewable energies

to achieve sustainability and energy security for the future. Renewable energies have
various forms such as solar photovoltaic (PV), wind turbines, biomass, thermal, tidal, etc.
Solar PV is considered better than other forms because it is environmentally friendly and
has a low implementation cost [1-3]. This cannot be claimed by other renewable sources
such as biomass and wind turbines due to their negative externalities.

Because solar PV produces DC power, it is particularly suitable for supplying several
emerging building load requirements, such as heat pumps, LED lights, and PCs as these
are inherently DC load devices [4-6]. Furthermore, traditional AC systems have a rela-
tively high power loss [7]. As a result, there is a growing body of empirical studies that
published maps and institutional affil- ~ Yecognize the benefits of using DC distribution over AC due to the optimal efficiency it
{ations. offers, with up to 33% higher efficiency reported for residential buildings [8,9]. Therefore,

recent developments in utilizing DC systems have heightened the need for reducing the

electricity consumption in commercial buildings in which the energy efficiency could
be improved [10,11]. Since the load profile of residential buildings is lower than that of
commercial buildings, it is believed that the integration of renewable energy with DC
systems and other sources of energy would be promising in terms of cost benefit [12-14].
Meanwhile, the relative advantages and disadvantages of employing the DC solution have
been discussed in some review studies [15,16], including the effects of battery storage [17].
conditions of the Creative Commons However, much of the current literature is based on theoretical models of AC vs.
Attribution (CC BY) license (https:// ~DC distribution systems with little account taken of the variation in the efficiency of
creativecommons.org/licenses /by / power converter blocks with operating power levels, or indeed of varying source and load
40/). profiles. Therefore, many existing studies may be overestimating the relative performance
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of DC versus AC distribution. Only one study considered the contribution of different
power conversion stages to AC and DC distribution systems in a network building [18].
The highest AC system losses were found in the rectifier, followed by the inverter, with
the efficiency of the DC system being higher than the equivalent AC system by 11%.
The authors of [19] assert that such AC/DC converters can introduce particularly high
losses when operated at low power levels in commercial buildings. Meanwhile, the major
losses for DC systems were reported in the battery related to the manufactured materials.
Nonetheless, their analysis shows that the energy savings provided by a battery increase
from 8% to 15% by using a DC system instead of AC.

Despite the proposed superiority of DC distribution systems, there is a large variability
in the level of improvement in power losses and conversion efficiency reported in different
research studies, as shown in Table 1. The highest efficiency reported so far for the DC
system is 50% when alternative power sources such as renewable energy and energy storage
are included [20]. However, the variation in load demand and geographical location can
contribute to potential increases in the overall system efficiency. Furthermore, the DC
system performance can be improved under different operational conditions over various
seasons where the power level and efficiency of power conversion stages determine the
system loss breakdown.

Table 1. Comparative studies on the efficiency of AC and DC distribution systems.

Building Type Ref. Energy Sources Efficiency Improvement
Residential [20] 0.9 kW PV, Grid, Energy storage 500 Ah 50.1%
Residential [21] 7.4 kW PV, Grid, Energy storage 10 kWh 20-30%

Residential complex [22] 30 kW PV, 6.6 kW Gas engine 15%
Residential [23] PV, Micro turbine, and Fuel cell Low for 48 V DC
Commercial [24] PV 5.5%
Commercial [25] 41 kW PV 8%
Residential [26] Grid -

Office [27] Grid 14.9%
Residential [28] Grid 25.3%
Residential [29] PV, Energy storage 6.4%
Residential [30] PV, Energy storage 16%

The most detailed studies on DC distribution focus on large installations for applica-
tions such as data centres and commercial buildings. Therefore, to address the gap in lower
power systems, this study (as an extension of [31]) investigates the detailed system losses
in a typical implementation of a 6 kW PV system, as installed in a school in Inis Oirr and as
shown in Figure 1a. The system has 22 x 285 W panels, configured as two parallel strings,
each of 11 series-connected panels, to enable the inverter to operate within its voltage
range. By combining live measurement data of the power produced in the existing AC
system with the quoted efficiency versus power curves of the individual power converter
products installed, the system performance is investigated over the full range of operating
conditions for different seasons. The relative contribution of different power converter
blocks is determined, and proposals for system improvements provided by an equivalent
DC distribution (shown in Figure 1b) are presented, where power conversion blocks for
the DC system are chosen to be as similar as possible to those in the AC system.

The remaining part of this paper proceeds as follows: Section 2 describes the existing
AC system and its equivalent DC model, including a range of operational PV and load
profiles based on live measurement data taken over a year. Section 3 outlines the loss
models applied to each of the power conversion blocks in both AC and DC systems. These
are applied in Section 4 to compare the performance of both systems under the same source
and load conditions in terms of overall system losses and energy savings. The work is
concluded in Section 5.
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Figure 1. A schematic diagram of (a) the existing AC distribution system and (b) the proposed DC
distribution system.

2. System-Level Model
2.1. AC System

The approach taken in this study is based on reliable measurement data of the power
production and consumption at different points in an existing AC system in a school in Inis
Oirr, as shown in Figure 1a, and the application of these data to predict the performance of
a comparable DC system (Figure 1b). There are six positions of measurement, as illustrated
in Figure 1a and described in Table 2, which allow individual loss contributions to be
calculated in each of the power conversion blocks. The battery power (P4¢1) can represent
either charging from the installed PVs (P4c; > 0) or discharging to supply the load demand
(Pac1 < 0). System production (P4c») is the inverter output power provided by the PVs
and/or battery. Self-consumption (P4c3) is the inverter output power consumed by the
loads. When the system production has insufficient power to supply total consumption
(Paca), the grid feeds the loads partially or entirely (P4cs), depending on system production.
Excess PV power (Pacg) is measured separately as power supplied to the grid.
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Table 2. Power measurement of the AC system.

Power Parameter Measurement Quantity (W)
Pac1 Battery charging and discharging (W)
Pac2 System production (W)
Pacs Self-consumption (W)
Paca Total consumption (W)
Pacs Power from grid (W)
Pace Excess power from solar (W)

These measurements were captured using an energy-monitoring system installed in
the school, which can be accessed online. The eligibility for accessing the measured data
was approved by the installer company for ethical purposes. The system data were in the
form of power (W) at a sampling interval of 15 min.

Details of loss calculations based on these measurements are described in Section 3.
The main power conversion components in the AC system are an MPPT power optimizer,
an AC/DC inverter, and a battery charge controller, as shown in Table 3. The MPPT and
AC/DC stages are often combined in the same inverter product, but they are considered
separately in this case, so that the elimination of the DC/AC stage when feeding DC loads
in the DC distribution system can be determined. A Tesla Powerwall 1 was chosen to
provide battery storage, with a rated energy capacity of 6.4 kWh. In terms of the load
profile, it is largely dominated by a 14 kW heat pump, along with smart whiteboards, LED
lights, and PCs whose maximum power rating is listed in Table 4. Representative load
power profiles are compared with solar PV production profiles in Figure 2 for each of the
four seasons, where the representative days were chosen as those on which the average
system production and consumption power levels occur in a given month. The effect of
the battery is also included. PV production profiles were determined by manipulating the
measured system power production data, as explained in Section 3. As expected for the
Irish climate, higher load power consumption was observed during winter and autumn,
along with lower PV production as shown in Figure 2. Clearly, the heat pump operated
frequently, causing a rapid variation in the load profiles. By contrast, the power produced
by the PV was at its optimum during spring and summer, with power consumption being
relatively low in the same seasons.

Table 3. Conversion efficiency of AC and DC distribution systems.

Component Systems Model
Power optimizer (MPPT) AC & DC SolarEdge
Inverter AC SolarEdge
Battery charge controller AC & DC Tesla
Rectifier AC [25]
Bidirectional Inverter DC SolarEdge

Table 4. Systems loads profile.

Appliances Quantity Power (W)
Heat pump 1 14 k
Smart whiteboards 5 800
LED lights 25 15/38
PC 7 120

Others - -
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Figure 2. Representative solar production and load profile of the AC system for different seasons.

2.2. DC System

The configuration of the assumed DC system is shown in Figure 1b, where DC loads
are fed via a DC bus from either the PV (through an MPPT DC/DC converter), the battery
(through a battery charge controller), or the grid (through a bidirectional inverter). The
performance of the DC distribution system is based on the same PV production profile
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as the AC system, while the load profile is based on an assumption that a rectification
stage needed for the connection of DC loads in the AC distribution system is eliminated
in the DC system. The rectification stage is inherently included in the measured power
consumption data in the AC system. Therefore the measured load data for the AC system
were reduced by 8% in the DC system model to reflect the eliminated rectifier losses [25].

Otherwise, the efficiency of conversion stages such as MPPT and the DC/DC energy
storage converter for the DC system are is to be the same as that for the AC system,
including the grid interface inverter. In the DC system, this inverter is assumed to be
bidirectional to enable the feeding of the grid with excess power production as in the
AC system, while also enabling supply of the DC loads in rectifier mode when there is
insufficient power production within the DC system.

It should be noted that while wiring losses are not considered, the wiring size of the
DC installation can be considered the same as that of the existing AC system, where the
maximum power is 5 kW for both systems. This is due to the assumption of a 380 V DC
bus, which would lead to a lower current compared to the AC system. Therefore, the
existing wiring would be capable of handling the required DC current levels, potentially at
lower losses.

The analysis of both AC and DC distribution systems was performed based on the
combination of PV production data and efficiency profiles of each of the different power
converter blocks under representative operating conditions for each of the seasons; this is
described in detail in Section 3.

3. System Loss Analysis
3.1. AC Analysis

The performance of the AC system was analysed by determining the breakdown
in losses in the different power converter blocks in terms of the time-varying power
levels measured throughout the system. By combining these measured power levels with
efficiency vs. power curves provided by equipment manufacturers, power loss calculations
account for power losses in each of the system components under operating conditions
that vary daily and over different seasons.

3.1.1. DC/AC Inverter Losses

The rated power of the DC/AC inverter used in the existing AC system is 6 kW and
its efficiency versus power profile is depicted in Figure 3 [32].
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Figure 3. Inverter efficiency.
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Combined with the measured inverter output power (P4c3), a curve fit of the efficiency
profile was used to calculate the incoming power from either the battery or the power
optimizer (MPPT), and therefore the inverter losses Pl;,,4c are given by:

1
Pliypac = PACZ( 5 - 1) 1)
invAC

3.1.2. MPPT Losses

A power optimizer (MPPT) was used to extract the maximum power output from
the PV system. Often this stage is integrated within the inverter, but this is not so in
this case, and due to the DC distribution system configuration, its loss contribution is
considered separately. The rated maximum power of each PV panel is 285 W, at a voltage of
31.15 V. The quoted efficiency profile of an installed panel level MPPT stage is illustrated
in Figure 4 [33].
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Figure 4. MPPT efficiency.

As the inverter input power is known from Equation (1), losses in the MPPT power
stage, Plyypiac, can be calculated from:

Pac 1
Pliypptac = ( 24 PAC1> — -1 2)
Yinvac ljmp;mfAC

where battery power, P4c1, delivered through the inverter is included/excluded from in-
verter input power depending on whether the battery is charging /discharging, respectively.
That is, by combining the power readings, Pac1 and P4cp with a curve fit of the MPPT
efficiency profile of Figure 4, Nyt (scaled to the power rating of 22 panels), Equation (2)
accounts for the fact that the MPPT output power is the power that comes from the PV
system, whether supplying the load demand (through the inverter) or charging the battery.

3.1.3. Battery Charging/Discharging Losses

The battery used in the system is Tesla Powerwall 1.0. It has a total energy of 6.4 kWh,
and an operating voltage ranging from 350 to 450 V DC. The round-trip efficiency of the
battery is 92.5%, representing the ratio of battery recovered energy (Eye) to consumption
(Ein), as shown in:

m

E
Yround% = ( Erec)loo 3)

For simplicity, the efficiency of the battery during either the charging or discharging
mode can be approximated by:

Yenac = vV Yround% 4)
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which works out to be 96.2%. This is relatively low compared with the efficiency of
other system components and is shown later to contribute significantly to the overall
power losses.

The charging input power of the battery (P4c; > 0) is a measured quantity. However,
the resulting power transferred into stored energy is lower due to the inefficiency of the
charging circuitry. As a result, the losses incurred by the battery during charging are
calculated as Pl 4c in Equation (5).

Because of the battery materials and discharging circuity, there are also losses during
the discharging mode (P4c1 < 0). Consequently, the output power fed to the load demand
is less than any conserved power in the battery. The losses during discharging, Plj;;4c, are
given by:

Plgpac = Pac1(1=9epac)  (Pac1 > 0)

Plyicnac = Pac1 (1_131hAC - 1) (Pac1 <0)

©)

3.1.4. Rectifier Losses

A rectification stage is included to convert the AC power delivered by the grid (P4cs)
and PV system (P4c3) to supply the DC loads. The efficiency of the rectifier is assumed
to be 97.5% [25], which is used with the total AC consumption (P4cs = Pacs + Pacs) to
calculate rectifier power loss, Plycac:

Plgpac = Paca( 1= Dypenc) (6)

3.2. DC Analysis

The performance of the DC system is analysed in terms of the power levels of PV
power production, Ppc1, and the DC load profile, Ppcy. These two power levels correspond
to the PV power production calculated for the AC system and the measured AC loads
minus rectifier losses, Ppcy = Pacs X Dyec, respectively. Loss calculations for the different
power converter stages depend on these relative values of Ppc1 and Ppc; as described in
the following.

3.2.1. MPPT Losses

The input PV power (Ppc1) is used to calculate the output power and therefore the
MPPT stage losses, Plyyypipc:

lepptDC = Ppc1 ( 1- I-]mpptDC) @)
where the same curve fit of the MPPT efficiency profile in Figure 3 was applied as before.

3.2.2. Battery Charging/Discharging Losses

As the available MPPT output power is known, the charging and discharging power
of the battery can be calculated separately. The charging power, P;pc, can be found as:

Peupc = (Ppct Yreepc) — Ppct Poca < Ppet Dmppepe SOC% < 100 ®)

When combined with the battery charging efficiency, the power loss during charging,
Plpc, is calculated as:

Pleypc = Peppe( 1= Bepe) )

The discharge power of the battery, Pji;pc, is enabled when the MPPT output power
is inadequate to compensate for the required power demand (Ppc;).

Pyicnpc = Ppca — (PDC1 UmpptDc) Ppca < Ppct Yppptoc SOC% > 6.5 (10)



Energies 2021, 14, 6265

9of 17

The discharging loss, Plsipc, is then calculated using the battery discharging effi-
ciency as:

- 1) (11)

Plyicnpc = PdischDC( 5
dichDC

In this case, since the battery state-of-charge, SOC, is not a measured quantity, it needs
to be calculated according to:

Painc + Paienpc 025 1y
SOC% = SOC + ( e *+ FaehDe 525 UdlChDC)lOO (12)

where SOCj is the starting SOC of the battery (taken at midnight) and P, and Py, are the
charging and discharging power of the battery, respectively. The factor of 0.25 accounts
for the data sampling time (in hours) to achieve the battery energy in Wh. This is then
converted into a percentage of the 6.4 kWh battery capacity.

3.2.3. Bidirectional Inverter Losses

When there are power shortages from either the PV or battery to supply the DC loads
(Ppc2), the demand power needs to be fed by the grid. In such cases, the bidirectional
inverter enables the rectifier mode and the absorbed grid power, Pj;,_gig, is given by:

Pin_gria = Ppca2 — (PDCl I-JmpptDC) — Piicnpc (13)
Ppca > (Ppct Buppepc + Paischpe)

The inverter output power is then used to calculate the inverter losses, Pl;;,,pc, with
incoming power from the grid as shown in Equation (14).

Plinypc = Pin_gria (1= Yinopc ) (14)

However, when the MPPT output power is greater than the total consumption (Ppc»)
and the battery SOC is 100%, an excess power from the PV, Pyt ¢4, is delivered to the
grid as shown in Equation (15). In such a case, the bidirectional inverter operates in
inverter mode.

Plout?ex = (PDCl I-]m]z;]otDC) - PDCZ SOC = 100%

15
Ppca < Ppct Bmpptpe (1)

The inverter loss, Pl,pc, is then given by:
Plexpc = Pouggrid ( 1= Yiuupc ) (16)

In this case, the efficiency profile of the bidirectional inverter is assumed to be the same
as the AC inverter of Figure 2, where the differences between inversion and rectification
are minimal [27].

4. Results and Discussion
4.1. Grid Power and Battery Usage Levels

The analysis of the existing AC system is based on a typical day for each season,
where the day was chosen as that which has similar source and load profiles to the average
monthly profile for that season. As described in Section 3, the data measured on the AC
system were applied to predict PV production and grid power for the DC system, along
with the battery SOC and system losses for both systems. A comparison of the DC and AC
grid energy consumption is presented in Figure 5. The consumption of the DC system is
lower than AC in all seasons as a result of the rectification stage needed to supply the AC
loads. The greatest difference occurs in spring and autumn when the PV is active, with
daily percentage differences in energy of 15.2% and 11.6%, respectively. These percentages
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reduce to 2.7% in winter when the contribution of PV is minimal. Typically, there is no
grid consumption in summer because the heating load power reduces significantly and PV
production is the highest. Instead, during summer the most striking difference is in terms
of the daily excess PV energy fed into the grid, where it is higher in the DC system than
AC by up to 9% and 3% in spring and summer, respectively.
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Figure 5. Grid and energy storage power of AC and DC systems in (a) winter, (b) spring, (c) autumn,
and (d) summer.

On closer investigation, it is found that the most significant differences relate to battery
charging/discharging and grid export power levels.

During spring and autumn, in addition to more efficient delivery of PV power to loads
in the DC system, the losses incurred in supplying DC loads during battery discharge are
also lower than in the AC system. This is also shown in terms of battery SOC in Figure 6,
where it is clear that faster charging and slower discharging are provided in the DC system.
A similar effect is seen during summer, but due to much lower load power levels and the
dominance of battery discharging losses, the difference between the DC and AC systems is
not significant.
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Figure 6. Battery SOC% in a typical day in (a) winter, (b) spring, (c) autumn, and (d) summer.

Instead, during summer, the most striking difference is in terms of the daily excess
PV energy fed into the grid, where it is higher in the DC system than AC by up to 9% and
3% in spring and summer, respectively. This is largely due to a reduction in the power
consumption in the DC system as the rectifier stage required in the AC system is eliminated.
In addition, in spring, the battery discharges more to supply the load demand compared
to summer, when the system production covers the load consumption. This is due to the
lower load consumption in summer, when surplus power is fed to the grid.

4.2. Loss Breakdown

To identify the potential for improving the overall efficiency, losses for each of the
system components were calculated according to their daily operational power level for
each season using the equations provided in Section 3 and are compared for the AC and
DC systems in Figure 7.

During winter when the PV and battery are least active, rectifier losses dominate in
both systems, although the higher efficiency of the centralized bidirectional inverter in the
DC system produces lower losses than individual rectifier stages in the AC system. This
is explained by the fact that diodes are most widely applied in rectifiers with a typical
efficiency of 97.5% [25], while bidirectional switches such as MOSFETs need to be applied
in bidirectional inverters to facilitate the flow of energy to and from the grid. Since losses in
MOSFETs are lower than in diodes, the efficiency of a bidirectional inverter in rectification
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mode is higher than that of a diode rectifier by up to 2%. Therefore, while the main
advantage of DC distribution is in feeding energy from PV more directly to the load, it also
provides improved performance when loads are supplied through a bidirectional inverter

from the grid.
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Figure 7. AC and DC power losses in a typical day in (a) winter, (b) spring, (c) summer, and (d) autumn.

When the PV is active (in spring, summer, and autumn), the most dominant losses
are incurred in the battery during charging and discharging in both systems, with little
difference between them. However, when the battery discharges to supply the loads, the
associated inverter and rectifier losses are eliminated in the DC system. Furthermore,
during periods of PV generation when the load demand is relatively high, there is a clear
reduction in losses in the DC system as rectifier losses are reduced or eliminated compared
to the AC system.

When the battery is fully charged or when the maximum charging power is exceeded,
higher inverter losses in the DC system are explained by higher excess PV energy delivered
to the grid, as shown in Figure 5. It may be the case therefore that these variations in excess
power from the PV depend on the load profile as well as weather conditions when the
system operates at high power production.

Finally, as might be expected, the results show that losses in the MPPT stage have
similar contributions in both systems because the same PV production profiles apply and it
is interesting to note that they are of a similar order of magnitude as the inverter losses.

4.3. Summary Analysis

As indicated earlier in the daily profiles of Figure 5, it is found that the AC system
has 5% higher annual grid energy consumption when compared to the DC system. This
relatively small difference is a result of power being delivered to the loads from the
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combination of PV, battery, and grid sources and under a range of load conditions. To
identify the optimum conditions under which DC distribution provides benefits over AC,
a more detailed analysis is completed for each month, as shown in Figure 8. In Figure 8a,
the results of PV production are compared with DC vs. AC consumption and grid export
levels. It is found that the greatest improvement in net grid energy consumption (import
minus export) is when PV production is close to load consumption and when battery use
is low. This is shown more clearly in Figure 8b, where the reduction in net grid energy
enabled by DC distribution is presented as a percentage of total AC consumption. A
maximum improvement of up to 6% is found in March, when PV power is sufficient to
supply the load, and low battery discharge levels indicate that PV power is produced when
needed. Lesser performance in April is explained by the lower PV production relative to
consumption and a mismatch in source and load profiles, as evidenced by relatively high
levels of battery discharge. Similar conditions explain the relatively higher performance in
October vs. September but to a lesser extent. Surprisingly, the percentage improvement in
summer when PV levels are the highest is only 2-4%, but this is because most of the PV
energy is being delivered to the grid through an inverter where the power path is the same
for DC and AC systems.

B AC Consumption (kWh)
W AC excess to grid (kWh)
uDC battery discharge (KWh) IAC Energy losses IDC Energy losses
PV usage of DC vs, AC systems % Grid energy saving of AC consumption
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Figure 8. Annual AC and DC systems: (a) solar production, consumption, and battery discharge; (b) energy losses, grid

energy saving, and PV percentage usage with the DC system.

Another measure of performance that illustrates optimum conditions for DC vs. AC
distribution is the total percentage usage of PV production, which is defined as the sum of
local PV usage plus battery discharge plus grid export as a percentage of PV production.
The results of the percentage improvement provided by the DC vs. AC system are included
in Figure 8b, along with DC vs. AC system losses, where it is seen that there is a strong
correlation between PV usage and reduction in losses. It should be noted that losses in the
AC system are almost double the DC system for most months of the year except summer.
Again, the DC system provides the best performance when PV power is used locally,
either directly or through the battery, reflecting lower losses in the power path from the
PV /battery to DC loads. High-percentage PV usage levels in winter correspond to low
production levels, and therefore the gain in energy (in kWh) is limited during these months.
Overall, the total energy saving compared to the annual PV production is 4% for this DC
system compared to an equivalent standard AC system.

Building on the findings of other studies which are based only on modelled data [29,30],
this work confirms the conditions for which optimal efficiency is provided by DC vs. AC
distribution. Thus, it is shown in Figure 8b that the system is more efficient when the load
demand is more closely matched by renewable energy sources during the autumn and
spring seasons. This study also confirms that improved performance is provided when
energy is supplied from the grid via a bidirectional inverter rather than a unidirectional
diode rectifier, as described in Section 4.2. Consequently, the associated losses in the grid
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interface converter were reduced significantly in the winter season as the load demand
is high.

Finally, the question of how much reduction in the grid energy cost is provided by the
DC over AC distribution for supplying the given load demand is considered. Assuming
a price of 18.34 EUR/kWh for energy purchased from the grid and a feed-in tariff rate of
0.09 EUR/kWh [34,35], the results of monthly costs/credit are presented in Figure 9. It can
be seen that due to limited PV production, electricity costs of both AC and DC systems
are higher in winter and autumn, but with still a small but noticeable reduction in DC
system costs. This is explained by lower losses in the DC system and the net grid energy
consumption compared to the AC system as discussed above. The relative improvement is
higher in spring and summer, when total energy costs are lower and the PV production
better matches demand. Higher feed-in tariff from the DC vs. AC system is also shown, but
even though energy levels are high in summer, this benefit is limited by the low tariff rate.

IAC system grid cost IDC system grid cost
IAC system feed-in tariff IDC system feed-n tariff
dNet grid energy consumption

€300

€200

Energy (kWh)

-€100

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec

Figure 9. Annual AC and DC systems, grid cost and feed-in tariff, and net grid energy.

5. Conclusions

The performance of AC and DC distribution systems in a 6 kW PV installation in a
school building is demonstrated over a range of operating conditions, including varying
PV generation levels (according to weather) and varying load profiles (due to seasonal
variations in the building usage). The analysis is based on power consumption data
collected from a 6 kW installation over the period of a year (at 15 min intervals), combined
with detailed efficiency vs. power curves of each component of the installed equipment.
In this way, it provides a means for identifying the optimum conditions for DC vs. AC
distribution, as well as limitations in power conversion equipment, which can be addressed
in future research. The results show that DC distribution has the potential to reduce system
losses by up to 50% under heavy load conditions and to reduce the annual energy taken
from the grid by up to 5%. Optimum DC system performance is found when PV production
is of a similar level to load consumption, and when supply and demand profiles coincide
in time.

Although it is outside the scope of this study, an additional advantage of DC distribu-
tion is that the harmonics associated with the inverter and rectifier stages are eliminated
when the loads are supplied from PV and/or the battery. This is expected to further reduce
the losses in the DC system, but needs further investigation. Furthermore, harmonic effects
would be comparable for both systems when the loads are supplied from the grid through
their respective rectifier stages, which are required to meet harmonic regulations. Other
limitations of the study include an assumption that all loads can be operated directly
from a DC supply, although this is true for the range of load types considered. Secondly,
distribution wiring losses are not considered, but these are expected to be comparable due
to the assumption of a 380 V DC bus voltage.



Energies 2021, 14, 6265 15 0f 17

In summary, it is found that a DC distribution system has potential benefits in energy-
efficient buildings compared with the conventional AC system. Thus, the findings of this
study have a number of important implications for future practice to enhance the DC
system efficiency.

e Inboth systems, losses are dominated by battery charging/discharging processes, and
there is scope to improve this by demand side management.

e  There is scope for further improvement in terms of sizing the energy source to better
match the load demand and to reduce the need for energy storage.

e  There is also scope to improve the efficiency of power conversion stages, particularly
bidirectional inverters for battery charging and grid connection, which have optimal
efficiency when there is a high power level, but operate under reduced capacity most
of the time.
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DC Direct current
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