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Abstract: This work presents a comparison of alternating current (AC) and direct current (DC)
distribution systems for a residential building equipped with solar photovoltaic (PV) generation
and battery storage. Using measured PV and load data from a residential building in Sweden, the
study evaluated the annual losses, PV utilization, and energy savings of the two topologies. The
analysis considered the load-dependent efficiency characteristics of power electronic converters
(PECs) and battery storage to account for variations in operating conditions. The results show that
DC distribution, coupled with PV generation and battery storage, offered significant loss savings due
to lower conversion losses than the AC case. Assuming fixed efficiency for conversion gave a 34%
yearly loss discrepancy compared with the case of implementing load-dependent losses. The results
also highlight the effect on annual system losses of adding PV and battery storage of varying sizes. A
yearly loss reduction of 15.8% was achieved with DC operation for the studied residential building
when adding PV and battery storage. Additionally, the analysis of daily and seasonal variations in
performance revealed under what circumstances DC could outperform AC and how the magnitude
of the savings could vary with time.

Keywords: direct current; solar photovoltaic; battery storage; building energy system; energy savings;

power electronic converter

1. Introduction

The solar photovoltaic (PV) and battery markets have seen rapid price reduction and
exponential growth in recent years [1,2]. The interest in direct current (DC) systems has
also gained more momentum following the latest technological development in power
electronics [3] and the increased penetration of PV and battery storage [4]. As PV modules
generate DC and batteries operate with DC, a DC topology enables efficient interaction
between the two, with fewer power semiconductors in the current path for voltage con-
version. Furthermore, almost all electronic loads in buildings are DC-operated [5]. Lastly,
the expected growth in electric vehicles, which are also DC-operated, is an additional moti-
vator for DC in and adjacent to buildings [6]. Today’s conventional alternating current (AC)
topologies require conversions between AC and DC before the final user stage, generating
losses. Adopting DC distribution reduces or even avoids some conversion losses, thereby
increasing the system performance. In an expert survey among market stakeholders [7],
the top priority identified for further DC market penetration was the need for more research
on this topic.

Many attempts have been made to estimate the energy savings when switching from
AC to DC distribution in buildings. The reported findings differ substantially, with re-
ported savings of up to 25%, depending on the chosen reference case, types of appliances
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(i.e., loads included), and systems studied (with or without PV and battery) [8-13], includ-
ing studies where no energy savings are observed [12]. In [8], the study’s novelty includes
the use of real household profiles from 120 residential buildings, unlike previous studies
where synthetic profiles are used [9,12,14,15]. Here, savings vary between 9 and 20% and
increase to 14-25% with the inclusion of battery storage. Vossos et al. used synthetic load
and PV profiles in 14 cities in the US to determine the energy savings derived from DC
distribution [9]. The cities were chosen to examine the effect of varying solar radiation,
and the findings report savings in the range of 5-14%. Siraj et al. compared the performance
of a DC home at three DC voltage levels (48, 220, and 380 VDC) and a 220 VAC case and
reported savings of 4-10% at the highest DC voltage levels [11]. Dastgeer et al. performed
a comparative study of AC and DC distribution in a residential building and concluded
that no energy savings were achieved with DC [12]. However, previous works [3,10,16-18]
acknowledge that including PV and battery as native DC generator and storage, respec-
tively, is a prerequisite for achieving energy savings with DC. These components were not
included in [12]. A comprehensive simulation comparison for zero net energy (ZNE) office
buildings by [17] shows a significant variation in savings, ranging between 1 and 18%.
The variation comes from parametric simulations varying PV, battery, and power electronic
converter (PEC) sizes and demonstrates the effect of the system design on energy savings.
Ahmad et al. performed a day-by-day comparative analysis of AC and DC distribution per-
formance in a residential building and analysed the output through parametric simulations
of PEC efficiency, solar power, and seasonal variation [18]. The work by Alshammari et al.
reports a 5% reduction in annual grid energy with DC distribution in a commercial build-
ing (school) [19]. This study also compares the seasonal variations in energy savings by
studying days of the four seasons. Spiliotis et al. studied the energy savings in an office
building in five geographical locations; they concluded that 380 VDC outperformed the
conventional 230 VAC in terms of energy efficiency and presented a loss split for the in-
cluded components [20]. To minimise the conversion losses for AC and DC operation, [21]
demonstrated a system control scheme for the internal power flows and source origin (grid,
PV, or battery). Chinnathambi et al. performed measurements at the sources in this real-life
demonstration, but it remains unclear how the control scheme treats the converter losses.

As pointed out in previous works, e.g., [16,17,22], this research topic requires more
comprehensive efforts, deepening the detail level of modelling to enable an accurate
comparison of the two topologies. A comprehensive review article by Gelani et al. [23]
concludes that the findings from previous works are conflicting, and the combined efforts
fail to give a final verdict on the feasibility of DC operation and under what circumstances
DC is favourable. Table Al gives an overview of related journal publications on DC
energy savings in buildings concerning methods, data profiles, and inclusion of DC sources,
i.e., solar photovoltaic (PV) and battery. The last row in the table relates this work to
previous efforts.

Typical in previous works, e.g., [9,11,14,24], is the use of constant efficiency for power
electronic converters (PECs) and battery when assessing the energy savings derived from
DC distribution. This approach neglects the load-dependent efficiency characteristics,
which represent a deciding factor for an accurate comparison [10,17,18,20,23,25]. Despite
acknowledging the importance of load-dependent efficiency, [12] only includes a variety of
fixed efficiency values when quantifying the effect of the converter characteristic. Studies
acknowledging the efficiency load dependency are, e.g., [15,17,20]. However, the presented
PEC efficiency curves only include part of the loading range and thus make it unclear how
the low loading range is treated in modelling. Using constant efficiency or neglecting the
entire operating range—without considering PEC power operating constraints in the latter
case—leads to inaccurate results. Examples of varying efficiency characteristics and their ef-
fect on system performance are examined in [12,18,26]. However, these studies only present
the effect on a single day’s performance [18,26] or the effect of various constant efficiency
values [12]. While the referred studies leave room for improvement, they demonstrate the
need for the proper modelling of converters for a fair and accurate comparison.
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In addition to constant efficiency, another gap is the access and usage of data profiles
(PV and load) in modelling [23]. Several of the previous studies use synthetic profiles for the
full-year comparison, and these are either based on average profiles [9,12,17,18] or modelled
using building and occupant-specific factors [20,27]. Averaging data leaves out peaks and
variations while modelling synthetic data using performance indexes, e.g., internal heat
dissipation (W/person or appliance) and ventilation flow rates (1/s), often resulting in
repetitive profiles that may not reflect the building actual behaviour. Another vital aspect
for an accurate comparison is the data period analysed, where comparisons based on a
single day’s operation [15,18,21] neglect the seasonal variations in load and PV profiles.
Ref. [15] presents daily variation in energy savings with DC operation, but as proven in
other studies, seasonal variations also affect the performance [18,19,27,28]. With these
arguments, an accurate comparison requires full-year, measured operation data of both PV
and load profiles.

Furthermore, other studies identify the need for more detailed modelling of the battery
losses and dynamic load behaviour [17,23], which previous important works [8,9,17] lack.

Given the identified gaps, the topic needs more detailed analyses to address whether
a DC topology results in lower losses, and if so, to what extent, and the decisive factors.
The latter is also identified as a top priority in an expert assessment on the future of direct
current in buildings [22]. This work aims to evaluate and quantify the performance of AC
and DC distribution in a residential building. The work addresses the gaps identified above
by including measured efficiency characteristics of PECs and battery and evaluating the
performance using a full-year data set of load usage and PV generation. The results include
the relative effect of including DC sources (PV and battery) and challenge the assumption
of using constant PEC efficiency. Furthermore, an examination of the daily and seasonal
performance of the two topologies statistically determines when DC is a favourable option
for loss reduction in the studied case. This study completes previous efforts and contributes
to the current field with the following:

1.  Experimentally obtained efficiency characteristics of power electronic converters
(PECs) and battery cells;

2. Quantification of the loss discrepancy when using fixed and load-dependent converter
and battery efficiencies;

3. Quantification of the effect on the system technical performance of the inclusion of a
PV and battery system;

4. The magnitude of the loss origins in the AC and DC topologies;

5. Statistical identification of most significant correlating factor for DC savings.

The remainder of the work is outlined as follows: Section 2 introduces the theoretical
framework, and Section 3 presents the case setup, including the residential building and
modelled topologies. Section 4 describes the PEC measurements and resulting efficiency
characteristics, and Section 5 presents the modelling approach and evaluation metrics.
In Section 6, the results are presented and discussed, and concluding remarks are presented
in Section 7.

2. Theory
2.1. AC Building Topology with PV and Battery System

In urban areas with access to a shared electrical grid, AC power is the primary source
of electricity in buildings. Figure 1 illustrates a typical AC configuration for a residential
building with solar PV and battery storage. In this system, loads are divided into “big” and
“small” based on the maximum power, and it is assumed that these needs are met using DC
power in the final stage.
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Figure 1. Modelled AC distribution topology with AC-coupled PV and battery system.
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The small loads require two conversion steps [12]: firstly rectification (AC/DC) and
then DC/DC conversion, where the needed galvanic isolation in the distribution is realized
in the later stage. A power flow path from PV energy, p,y, to the load through intermediate
battery storing reveals that several conversion steps are needed to meet the load demand,
Pioad- as seen in Figure 1.

Pload(t) = va(t)’?;fvc(s)ﬂﬁﬁ(S)ZUAC/DCWDC/DC (1)

where the PV array and the battery storage AC/DC efficiency values, nﬁvc(s) and 77{1C.(s),
respectively, are functions of loading (s); and 174¢c/pc and 17pc,/pc are load-specific conver-
sions.

In Figure 1, the PV and battery are connected through the main AC link (AC-coupled).
An alternative method, in which the PV or battery is connected to the primary DC link,
is outlined in [29]. Here, it is important to point out that this configuration brings some
impracticality, such as a varying DC voltage level. The DC coupling complicates the charge
control of the battery and adds costs for the other conversion units, since they have to be
designed for a substantially varying voltage level. Accordingly, this solution is omitted in
further investigations in this article.

2.2. Electrical Losses in Buildings

Losses in an electrical system occur in the cable power transfer (conduction) and
through conversions between voltage levels and between different states, i.e., inversion
(DC/AC) or rectification (AC/DC). The relation among power, current, and voltage is

p(t) = i(t)u(t) @)
where p(t) is the power, u(t) is the branch voltage, and i(t) is the current.

2.2.1. Cable Conduction Losses

For a power demand pj,4, the conduction losses, p
using the following relation:

loss

ey, in the cable can be expressed

loss . 2 Pload (t) \?
f) = H°R=(—"—"—"<) R
pcond( ) lload( ) <”load (f) ) 3)
where ij,,; is the load current and R is the cable resistance. For a DC topology, u(t) and
i(t) are equal to upc(t) and ipc(t). For the AC topology, cos(¢) = 1 is assumed, and u(t)
and i(t) are equal to ugpys and igpsg, respectively. In addition, harmonics are neglected,
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which, together with the cos(¢) assumption, underestimates the losses for the AC system.
The cable resistance, R, in (3) is given as

R=p% @

where p is the resistivity of the cable material, L is the length of the cable, and A is the
cable cross-section area [10]. The minimum cable area is chosen with consideration of the
thermal limitations. The necessary cable cross-section area for a building is found in the
IEC 60228 standard [30], as shown in Table 1. The table also specifies the cable resistance
per meter length, using (4).

Table 1. Standardised cable cross-section area per maximum current according to IEC 60228 and the
corresponding resistance per meter from (4), using the resistivity of copper (0.0171 Qmm?/m).

Current (A) Cross-Section (mm?) Resistance (()/m)
6 0.75 0.023
10 15 0.011
16 25 0.007
20 4 0.004

2.2.2. Voltage Conversion Losses

Few loads operate directly on the incoming 230/110 AC voltage, and conversion
between voltage levels, and AC and DC is performed in different ways. When supplying
the smaller loads, a so-called power factor correction (PFC) circuit is typically used that
consists of a diode bridge rectifier followed by a boost converter step. The large-load
AC/DC rectifiers can either be a PFC circuit or a three-phase transistor rectifier, and in this
work, the bidirectional AC/DC converters are assumed to consist of transistor bridges. The
conversion efficiency is calculated using the ratio of input and output powers as

_ Pout(t)
B pin(t) (5)

where the inputs and outputs can be either AC or DC at different voltage levels. The corre-
sponding conversion losses are then calculated as

Hconv (t)

Pconv(t) = (1 - ﬂconv(t)) pload(t) (6)

where pj,,4(t) is the converter power throughput, including load demand and converter
losses.

3. Case Setup

A comparison of AC and DC operations was made for a residential building located
in Sweden, with space and domestic hot water heating generation using a ground-source
heat pump. The house was developed and built within a EU-FP7 collaborative project
(Need4b—http:/ /need4b.eu/?lang=en, URL accessed 18 January 2023) to demonstrate
cost-effective and energy-efficient technologies. Fourteen PV panels (each of 260 kWp) were
installed at a 45° tilt angle due south to help to achieve the primary energy consumption
target of 60 kWh/m?/a. Blueprints and more detailed information about the house can be
found in [10].

3.1. Electrical Load and Photovoltaic Profiles

Measured data of the load and PV generation with temporal resolution of 15 min were
used as the basis for this study. Figure 2 shows the daily load demand and PV generation,
which display a clear seasonal miss-correlation.
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Figure 2. Daily load demand and PV generation of the residential building.

Individual measurements were obtained for the following appliances: ground-source
heat pump, ventilation, water pumps, and PV generation. As there were no individual
measurements of the other appliances, synthetic profiles for lighting and other appliances
were created and used with the measured profiles. The works in [31,32] were used as
inspiration for the load profiles of the white goods. A comparison was made with the
measured aggregated profile to verify the magnitude and time distribution to verify the
synthetic profiles. The annual load demand for the studied year was 6354 kWh, and the
PV-generated energy was 3113 kWh, both in AC quantities.

3.2. Proposed DC System Topology with PV and Battery System

Figure 3 shows an example of a DC topology for a residential house with two DC
voltage levels for larger (“big”) and smaller (“small”) loads (the loads are distinguished as
“big” and “small” depending on their rated power). The larger loads were operated directly
via the main DC bus, and the smaller loads were fed via a DC/DC converter. The studied
typology determined the distribution voltage, i.e., 230 VAC or 380/20 VDC for AC or DC,
respectively. This study was performed for a grid-tied building; a bidirectional AC/DC
converter was needed for grid interaction.

IDc/DC

SMALL LOADS

BIG LOADS

Figure 3. Modelled DC distribution topology with individual converters for the PV and battery

Battery PV Array e .

<{| | . Ipc/pc !

)-I ] Ny LOAD, | !

| nbe =, pciey 1 T !

- Mot (S) nPC(s) : _ !

GRID chgrlg) (5) — bt — e : E M apphances E
TG C= |

& LOAD, | |

O " = 380 VDC : — :

system. Loads are distinguished as “BIG” and "SMALL"” depending on their rated powers, where
the m smaller loads are supplied by 20 VDC via galvanically isolated DC/DC converters.

The DC topology allowed the energy generated by the PV system to be more efficiently
used than the AC topology, as shown in Figure 1, because DC/DC conversion was more
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efficient than the AC/DC equivalent. Using the same power flow example as in (1),
the equivalent conversion steps could be reduced from five to four.

Proad (t) = Ppo (D15 (5)hst (5)* 1D/ DC @)

where the low-power DC/DC conversion (pc/pc) is equal for both the AC and DC
topologies, as indicated by the dashed perimeters in Figures 1 and 3.

3.3. Investigated System Topologies

In this study, four system topologies were modelled and compared with regards to
their technical performance:

e  AC—230 VAC with load-dependent efficiency.
Conventional system. See Figure 1 for the system layout including PV and battery
system. Here, cable conduction losses occurred with the 230 VAC distribution.

¢ DC;—380 VDC with load-dependent efficiency.
Conduction losses with 380 VDC distribution. This voltage level was chosen from the
EMerge Alliance 380 VDC standard for data centre power distribution [33-35] and the
result of an expert assessment [22] of suitable DC distribution levels.

e DC,—380 VDC with fixed converter efficiency.
To quantify the loss discrepancy with DC;, fixed efficiency values were used for
all converters and the battery. This represented the approach used in previous
works [12,14,36].

*  DC3—380 and 20 VDC with load-dependent efficiency.
A 20 VDC sub-voltage level was added to DC; and DC; to supply the smaller loads
and lighting through a central DC/DC converter (see Figure 1 in [37] for an example
of such a system topology). Since this "Class A" voltage level is considered not to be
dangerous for humans, safety designs are substantially cheaper [38]. Additionally,
this sub-voltage level aligns with the supply voltage of the USB Type—C standard.

4. Power Electronic Converter Measurements

Due to the variation in converter performance discrepancies found in the litera-
ture [9,24,39-42] and to model the efficiency characteristics, laboratory measurements
were made on three power electronic converters (PECs). These included: (i) a 14 kVA
transformerless bidirectional converter with a neutral-point-clamped (NPC) topology, (ii) a
6 kW transformerless bidirectional (DC/DC) buck-boost converter with two interleaved
legs, and (iii) a 6 kW transformerless unidirectional boost (DC/DC) converter with two
interleaved legs. In Figure 3, the bidirectional converter is located between the AC grid
and the DC main link voltage; the bidirectional DC/DC converter, at the battery; and the
unidirectional DC/DC converter, at the PV array.

4.1. Experimental Setup

Measurements were made in the complete operating range of the converters, and the
efficiency characteristics were calculated using (2) and (5). For the bidirectional converters,
measurements were taken in both directions. A Norma D6100A watt meter was used to
measure the current and voltage of the DC/DC solar converter and the AC side of the bidi-
rectional AC/DC converter, while data of the DC side of the bidirectional converter were
acquired using Yokogawa WT1600. The total power measurement uncertainty was 0.2%.
In Figure 4, the measurement setup is shown for the 14 kW bidirectional AC/DC converter.
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Figure 4. Measurement setup for the bidirectional AC/DC converter.

4.2. Results—Converter Measurements

Figure 5 shows the measurement points and curve fit for the three converters.

100%
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<
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Q
=
2
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92% @ PV converter |
AC/DC—import
DC/AC—export
90%
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Loading, s
Figure 5. Resulting converter efficiency values and curve fit derived from measurements.

Curve fitting was performed using a rational polynomial as

_ kip(s)? +kap(s) + k3
p(s)? +map(s) +my

Mx (t) (8)
where p(s) is the ratio of the converter loading to its rated power. The numerical values of
k, and m;, in (8) can be found in Table A2 for the respective converters. The bidirectional
DC/DC converter was measured for charge and discharge. The resulting difference was
due to the converter topology, where the latter was performed using the buck combination
semiconductors and the former was performed through the boost combination of the
semiconductors. The results show that the assumption of fixed efficiency might be sufficient
under loading >20% but greatly overestimates the performance for points below that.

5. System Modelling

System modelling was based on a power flow analysis using the PV generation and
load usage time-series profiles from Section 3.1 with 15-minute temporal resolution. The
measured PV data are in AC quantity, and the gross yield generated by the PV array, that
is, before MPPT and inverter, was calculated as

o =
P 77?47}(: (S )
where 17;;‘7](: (s) is the inverter efficiency as a function of loading.

The battery control operated to minimize the grid interaction, as it has been identi-
fied in related studies that grid interaction disfavours the DC topology [10,20]. Figure 6
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describes the battery charge and discharge conditions, where SOC(t) is the battery state

of charge (SOC) in each time step and 17{7 q++(8) is the total efficiency of battery conversion,
including losses of the battery cell [10] and the converter for topology j (AC Vv DC).

Start

l}
po(t), load(t), SOC(t), ;7{7“”(5),
Prax, Socmin/ Socmax

No SOC(t) < SOCpax

Yes

grid(t) = load(t) — po(t)

Yes Poatt () = max[SOC,yi, — SOC(1),
po(t) — load(t), meax]/lﬂ,att(S)

grid(t) = ppart(t) + load(t) — po(t)

Poart(t) = max[SOCyax —'SOC(t),

po(t) — load(t), Pmux]n{mtt(s)
PUexp(t) = po(t) — load(t) — poau(t)

PUexp(t) = po(t) — load(t)

pvexy((t))r pbutt((tgr grid((t))r

ipatt (£) = Poart () / tipare (£), A
Upatt (t + At) = oo (SOC) - Tpare (pare ) ipare (),

SOC(t + At) = SOC(t) + [ ipase(t)dt/ Qpetc?

batt
y

Stop

Figure 6. Flow chart of battery charge and discharge control.

Here, the battery voltage level, uy,(t), is adjusted for the next time step using the
current and internal resistance, 1y, (ipa¢), and the battery open-circuit voltage (OCV) as
functions of its SOC, all adopted from previous work of the author [10]. Lastly, the battery
SOC level, SOC(t + At), is adjusted for the next time step. The battery operating SOC range
was set to 15-90% (SOC,;;i, and SOCy,4x, respectively), and the variation in internal battery
resistance was set as a function of the current adopted from [10].

The case study was for a PV /battery system of 3.68 kWp and 7.5 kWh, respectively,
and a charge/discharge limitation, P4y, of 6 kW. The selected battery size was derived from



Energies 2023, 16, 1131

10 of 21

a related study in [43], which concluded that for the studied user case, limited additional
gains in self-consumption were seen for battery sizes exceeding 7.5 kWh.

5.1. Loss Modelling

The following sections describe the conduction- and conversion-loss modelling method-
ology and introduce the evaluation performance metrics.

5.1.1. Cable Conduction Losses

For the modelling of the conduction losses, the feeder lengths defined based on the
house drawings (see Appendix A in [10]) were used together with the distribution voltage,
Ujist, and (3)—(4). The cable cross-section area from Table 1 was fixed for each appliance
and set according to the maximum current of one year’s operation in each cable branch.
For the lighting, it was assumed that the current to each room, being the sum of the current
to all active lamps, was fed through one cable and then distributed to individual branches
depending on the lighting layout [10]. Each room consisted of 2-11 LED lights at 7 W each.
The model treated individual room sockets similarly by distributing common current to
the active socket(s) at each time step. In addition, stationary appliances has a fixed feeder
length, and conduction losses were calculated using (3)—(4).

5.1.2. Converter Losses
Both the AC and DC topologies were operated with fixed main link voltage levels

(230 VAC and 380 VDC, respectively). Therefore, the battery voltage had to be converted to
the desired voltage using a converter, and these losses were calculated as

P (8) = [1 = néoms ()] puaur(t) j= ACV DC {10)

where qfﬁ,ﬁi, /(s) is the load-dependent efficiency for topology j and pp(t) is the battery
power. In addition to the losses of the battery converter, the losses of the battery cell—
caused by the internal resistance—were included and modelled with varying resistance as
a function of the current, rp,;;;(ipq), as [10]

pf:(;?ls = rbatt(ibatt)i%utt (t) (11)

where the relation between battery cell resistance and current, 1y, (ip44;), was taken from [10].
The losses of the PV converter (PV inverter for the AC topology) were calculated using
the gross yield, p%oss(t), from (9) as

loss,j Qross

Ppo (t) = Ppo (t) — p%oss(t)ﬂév(f’pv) j=ACvDC (12)
where the efficiency characteristics, ’7;0 (ppo), are dependent on the modelled topology, j.
A summary of the efficiency characteristics used in the modelling is given in Table 2

for the four cases (AC, DC1-DC3).

Table 2. Efficiency characteristics used for system modelling in each of the four cases.

Efficiency/Case AC DC; DG, DC;
17%%, (%) 100 £(s) 97.61 £(s)
Heons (%) £(s) £(s) 9851 £(s)
Mho (%) f(s) f(s) 98.31 f(s)
ac/pc (%) [10] 97 100 100 100
pc/pc (%) [10] 87 87 87 87

1 Peak efficiency from measurements of the converter.
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Here, f(s) denotes efficiency varying with converter loading (s), and #4¢c,pc and
pc/pc are the load-side conversion efficiency values (see Figures 1 and 3). The last DC/DC
conversion for the low-power appliances, 7pc/pc, was present in both topologies and did
not affect the relative comparison since they were treated equally. The losses of the grid-tied
bidirectional converter were calculated using both load-dependent (DC;) and fixed (DCj)
efficiency characteristics, as explained in Section 3.3. The fixed efficiency was set to 97.6% to
match the peak efficiency of the AC/DC converter from the measurements. The converter
was modelled with a rated power to match the annual load peak, 6.2 kW, to always enable
load coverage. The efficiency characteristics of the PV and battery converters in the AC case
were extracted from the measurements in Section 4.2 with a —1.5-percentage-point offset
from the efficiency curve caused by extra-semiconductor crossing [10]. In the AC topology,
AC/DC conversions were performed with an H-bridge for each load, and the operation
was binary (ON/OFF), with fixed efficiency of 97% [10]. In DC,, the peak efficiency values
from the measurements were used for the grid, battery, and PV converters.

5.2. Building Performance Metrics

In addition to loss savings, the topologies were evaluated for their PV utilisation factor,
xpy, which defines the useful PV energy, with the losses of the PV converter (PV inverter
for the AC topology) and battery storage (including battery cell losses) being taken into
consideration. When battery charging is solely performed via PV surplus, PV utilisation is
defined, in [27], as

/ /
. /ppovSS] + Pl () + p (1)
=1

P

dt j= ACvDC (13)

where pb ) are the losses of the battery converter; p"’ss are the battery cell losses; pl 5]

are the losses of the PV converter, calculated with (10)-(12), respectively; and ppv % is the
generated gross PV energy calculated with (9). The numerator denotes the PV-associated
losses. Another metric, defined in [17] as the system efficiency, relates the annual losses to
the total load demand as
. 2
Klystem = 1 — % j=ACVvDC (14)
load

where Ej,,; is the annual load demand, which is equal for all modelled topologies and

]
cases. The total loss, E; .

for topology j was calculated using (3), (6), and (10)-(12) as

T
loss, I 1 .
El = | (vl )+ 3 P )+ P (0 + P () + P (1) dtj = ACVDC (15)

where ZMpzno',];v(t) is the sum of all M load-side converter losses, and in the DC topology,
these also include the grid-tied bidirectional converter.

6. Results and Discussion

This work quantified the loss savings of a DC topology and the resulting discrepancy
when using load-dependent and fixed efficiencies. The analysis used the measured load
and PV profiles presented in Section 3.1 on the topologies in Section 3.3. Section 5 outlines
the system modelling and includes the PEC measurement results in Section 4.2.

The annual losses of the four topologies (Figure 7) without PV and battery storage
resulted in three observations:

1.  The bidirectional converter losses significantly differed when modelled with fixed
and load-dependent efficiency characteristics; see cases DC; and DC,. Assuming
constant efficiency as in many previous studies, e.g., [39,44,45], was thus not eligi-
ble. As this study was for a residential building with varying net grid interaction,
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the converter covered the entire load range during operation. Considering the effi-
ciency characteristics of the converter (see Figure 5), the constant efficiency approach
was relatively accurate under loading >20% but underestimated the losses below
that loading. The results also suggest that with assumed constant efficiency, the DC
topology could achieve energy savings even without the inclusion of PV or battery
storage, contradicting the findings in [8,9,17]. In relative numbers, the losses of the
grid-tied converter using a constant efficiency approach (DC;) were 34% lower (or
in absolute terms, an underestimation of 63 kWh) than those in the case implement-
ing load-dependent efficiency (DC;). Using (14), the system efficiency values of the
respective systems (AC and DC;_3) were 95.3, 94.3, 95.8, and 93.7%, respectively.

2. Addinga DC sub-voltage level (DC3) added 7.3% (29.0 kWh/a) to the total losses when

operated at 20 VDC. These added losses also transferred to the load-side conversion
(DC/DC) losses, which were 3% higher with DC3 than in the other cases. The cable
conduction losses, identified in [23] as an essential factor to consider, amounted to
2.4 and 1.5% of the total losses in the AC and DC; cases, respectively, which is in line
with findings in previous works [46,47].

3. Without the inclusion of PV and battery, the DC topology did not present a favourable

option in terms of loss reduction (excluding case DC, with the reasoning performed
in 1). This result confirms the findings in previous works [8,9,17,22,24].

397

400 |- 2
300 - I I 8 B Grid-tied converter
I I Cable conduction (high voltage)

B Cable conduction (low voltage)
AC DC; DC, DCj

200
B Rectification (AC/DC)

B Conversion (DC/DCQ)

Losses [kWh/a]

100

Figure 7. Annual system losses in the four modelled cases without PV and battery storage.

Based on these observations, the continuing analysis only includes the AC reference
case and the DC topology with load-dependent converter efficiency (DC;).

The comparison presented in Table 3 is for a system with a 3.7 kWp PV array and
7.5 kWh battery storage.

Table 3. Comparison of system performance with AC and DC; with 3.7 kWp PV and 7.5 kWh
battery storage.

AC DC; Difference (%)
System losses (kWh) 583 490 —15.8
PV energy (kWh) 3113 3161 1.5
kpy (%) 91.3 93.7 2.6
Ksystem (%) 90.8 92.3 1.7

The generated PV energy was higher in the DC case, since it was fed directly to the
DC link, with reduced conversion losses. With the inclusion of the DC sources (PV and
battery storage), operation with the DC topology reduced the total annual losses by 15.8%.
Figure 8 shows a loss breakdown per source in the two cases.
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600 | 583 |
490 B Grid-tied converter
= O Battery converter
= 400 - PV converter
E M Battery cell losses
E ¥ Cable conduction (high voltage)
% 00| | B Cable conduction (low voltage)
— B Rectification (AC/DC)
B Conversion (DC/DC)
0 AC DCy

Figure 8. Annual system losses for a system configuration with 3.7 kWp PV array and 7.5 kWh
battery storage. Low-voltage cable conduction was zero for both topologies but is included in the

legend for consistency with the other figures.

The effect of adding the DC sources is confirmed in [10,12,20]. The lowered losses
through the bidirectional converter were due to the reduced grid interaction (see compari-
son with DC; in Figure 7) when energy was generated and stored locally. Comparing the
rectification losses in AC operation with the grid-tied converter in the DC case—having the
same purpose (in addition to grid import rectification (AC/DC), the bidirectional grid-tied
converter also inverts the grid export (DC/AC))—showed a 5.3% relative annual loss
reduction with DC operation. The losses of the PV array and battery were lower in the DC
case due to more efficient conversion (—41.4% and —27.3%, respectively), which affected
the PV utilisation factor, xpy, as shown in Table 3. In this case, the PV-associated losses
of the PV converter, battery converter, and battery cells were 28.6% lower with the DC
topology, resulting in a PV utilisation gain of 2.6% using (13). The system efficiency values
from (14) were then 90.8 and 92.3% with the AC and DC topologies, respectively, thus
resulting in a relative efficiency gain of 1.7%.

Figure 9 shows the power flow duration in annual operation as a function of respective
converter loading. In Figure 9a, the grid-interaction is shown for import and export, which
highlight the necessity to account for the load-dependent efficiency characteristics when
modelling the losses.

0.2 1 1 1 0.4 : : :
=== Grid import (AC/DC) === Battery charge
=== Grid export (DC/AC) === Battery discharge

2 2
F 01 7 02
(¢} (¢
I I
~~ 0.05 01
4
0 | . 0 | ——
0% 20% 40% 60% 0% 20% 40% 60%
Grid-tied converter loading, s Converter loading, s

(@) (b)

Figure 9. Power flow distribution in annual operation for (a) grid import and export, and (b) battery
charge and discharge, and PV generation.
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Fixed efficiency, thus, underestimated the accumulated losses by ignoring frequent
operation under low loading (with poor efficiency; see Figure 5). Similarly, Figure 9b shows
the duration of battery charge, battery discharge, and PV output. Again, the majority of
occasions occurred under low converter loading, which further stresses the importance of
adopting the complete PEC efficiency characteristics.

To determine under what circumstances DC is a favourable option for loss reductions,
Figure 10a shows a heat map of the loss difference in AC and DC operations sorted by
daily hour (1-24) and month (1-12), where positive values indicate loss savings with
DC operation.

N
(e

20 =

= 0 2

5 g 5 =
) % e} B>

s :

0
Month
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z z

e 2 . 20 z
o =] >
= SR B
= (=1
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Figure 10. Heat map per daily hour and month in 2016 showing (a) loss differences in AC and
DC operations (positive values indicate savings with DC), (b) accumulated PV generation, and
(c,d) accumulated battery charge and discharge, respectively.

When PV was present, DC operation resulted in lower losses, which correlates well
with the results in Figure 10b. In the presence of battery storage and with the battery
control described in Figure 6, the loss savings expanded to later in the day, when excess
PV generation charged the battery (Figure 10c) and discharged to cover load surplus (see
Figure 10d). Using Spearman’s rank coefficient of correlation [48], the loss savings showed
the highest correlation (0.59) with PV generation. The loss saving dependency on available
PV generation is also confirmed in previous works [27,49,50].

Figure 11 shows an expanded analysis of AC and DC; by varying the sizes of the PV
array and battery storage.
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Figure 11. Relative changes in annual losses during DC operation with various PV and battery system
configurations. The A-comparison is with reference to AC performance; thus, positive values indicate
higher losses during DC operation.

Compared with the case without PV and battery in Figure 7, the inclusion of PV (“1
PV”) reduced the annual loss difference from +22% to +6.7% but was not sufficient for the
DC case to achieve annual energy savings comparable to those with AC. A doubling of the
PV array (“2 PV”) resulted in a marginal improvement in the relative comparison with the
AC topology (+5.3%/a). Doubling PV also added +18.3% to the grid-tied converter losses
due to increased PV export (see Figure 12).

800 [~ 742

600

400

Losses [kWh/a]

200

0 1PV 2PV 1 PV/10 kWh 2PV/7.5kWh
B Grid-tied converter I Battery converter
I PV converter I Battery cells
I Cable conduction (high voltage) mml Cable conduction (low voltage)
I Rectification (AC/DC) mmm Conversion (DC/DC)
mm AC ==DC

Figure 12. Loss split in AC and DC operations and the modelled PV and battery system configurations.
Low-voltage cable conduction is zero for all topologies but is included in the legend for consistency
with the other figures.

The DC topology first achieved savings when including battery storage (“1 PV /10 kWh”
and “2 PV /7.5 kWh"), as it reduced the interaction with the grid and thus the influence
of the grid-tied converter. This reduction was due to the chosen battery control with the
objective function to minimise the grid interaction, as presented in Section 5. The annual
loss reductions with a battery included ("1 PV/10 kWh" and "2 PV /7.5 kWh" in Figure 11)
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were marginally greater than those in the case in Table 3. This trade-off between PV array
and battery size, and annual savings is further investigated in [27], where it is concluded
that the sizing of the PV array and the battery, for DC savings analysis, is important to
avoid sub-optimisation.

This work, as well as several others, e.g., [10,17,20], quantified the effect of the grid-
tied converter on the system performance and highlighted it as a critical component of
the DC topology. Measures to reduce this impact include parallel converter operation,
as suggested in [10,25], and demand-side management of suitable loads. Two paral-
lel converters, with one being designed for high-efficiency operation at low power, can
boost the grid-tied converter performance. In addition, shifting loads and avoiding these
low-power operations can further reduce losses. Furthermore, as proven in previous
works [27,49,50], the load and PV coincidence are decisive factors in DC operation loss
savings. Awad et al. [51] present a method to design the PV array (in terms of orientation(s)
and tilt angle(s)) to match the load demand and suggest to include this in future works.

7. Conclusions

This work compared the performance of a residential building with AC and DC
distribution using measured performance characteristics of power electronic converters
(PECs) and battery storage. The results used load and PV profiles measured during one
year’s operation. The analysis included quantifying the DC loss savings when adding
solar photovoltaic (PV) and battery storage and varying their respective sizes. The results
present a quantitative comparison of the DC annual loss discrepancy when using fixed and
load-dependent efficiency characteristics of the PECs. Three DC topologies were studied
and compared to AC distribution: 380 VDC with load-dependent PEC efficiency (DCy),
380 VDC with fixed PEC efficiency (DC;), and DC; with an added sub-voltage level (DCs).

Comparing DC; and DC,, which had identical topologies, revealed a significant loss
discrepancy when using fixed and load-dependent efficiencies. In this study, the loss dis-
crepancy was 34% in a case without PV and battery storage. Analysing the converter load-
ing showed that most interactions occurred in the low-load region with poor efficiency, thus
highlighting the importance of using load-dependent efficiency. Therefore, load-dependent
efficiency is essential when modelling realistic scenarios with a wide operating range.

The results show that with load-dependent PEC efficiency, internal conduction and
conversion losses were reduced by 15.8% when switching from AC to DC, with PV and
battery included. Furthermore, the DC topology increased PV utilisation by 2.6% with a
28.6% reduction in PV-associated losses. The analysis of hourly and seasonal variations in
DC savings showed that Spearman’s rank coefficient showed the highest correlation (0.59)
between DC savings and available PV generation.

The extended analysis showed that more than only adding PV was needed to achieve
savings in the DC case compared with the AC case. The DC topology marginally improved
when doubling the PV size, from +6.7% to +5.4% annual loss increase. However, when
adding a battery, DC operation achieved substantial savings (up to 17.7% reduction), as
the effect of grid-tied converter operation was reduced. The battery objective function to
minimise the grid interaction due to export and import is a prerequisite for grid reduction
and DC loss savings.

Above all, the results from this work show the relevance of modelling the conversion
efficiency characteristics with load dependence to account for the PEC efficiency character-
istics. Using the assumption of constant efficiency has proven inaccurate in the studied case
with frequent converter operations in the lower power ranges and, thus, high relative losses.
The presented efficiency characteristics of the converters and battery offer an accurate way
to assess the potential for DC distribution in future studies.
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Nomenclature
A Cable cross-section area
AC Alternating current
DC Direct current
Elond Annual load demand
E; 0ss Annual losses for topology j
grid Energy imported from the grid
j Topology denotation (AC Vv DC)
ky, Rational polynomial curve-fitted constant (1 € 1 — 3)
L Cable length
My Rational polynomial curve-fitted constant (n € 1 — 2)
NPC Neutral-point-clamped
Pload Power demand from load
ploss Power losses of component “x”
X Power to/from source “x”
p%ﬂss Gross energy yield from PV modules
J L~ Maximum battery (converter) power
PEC Power Electronic Converter
PP Percentage points
PV Photovoltaic
PUexp PV energy exported to the grid
Quated Rated battery capacity (Ah)
R Resistance (in the cable)

Tpatt(ipare)  Internal battery cell resistance
SOC Battery state of charge

SOC,,.in Minimum battery state of charge
SOCax Maximum battery state of charge

Uyist Distribution voltage level

Uoco Battery open-circuit voltage

17{7 att Combined battery efficiency, including converter and battery cell losses
WCgJ;lv Efficiency of bidirectional grid-tied converter

fx Efficiency of component “x”

K PV utilisation (subscript “PV”) or system efficiency (subscript “system”)

0 Resistivity in cable material
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Appendix A

Table Al. Taxonomy table of journal publications on AC vs. DC in buildings; methods, data profiles, DC sources included, data period analysed, and presented

energy savings.

PEC Efficiency Data Profile Battery Loss DC Source Data Period Savings *
Ref. Building Type Load-Dependent Fixed Synthetic Measured Load-Dependent Fixed PV  Battery Single Day(s) Full Year %

[8] Residential v)? v’ v v v v’ 9-20°
[9] Residential Ve v’ v’ v’ v’ v’ 5d
[11] Residential v’ v’ - - v’ Ve 4-10%f
[12] Residential v’ v’ - - v'e —6——2%
[15] Residential (v)8 v’ Ng: v’ N N -h
[17] Commercial (v)8 v’ v’ v’ v’ v’ 1-18% 1
[18] Residential v’ v’ - - v’ v’ -h
[19] Commercial v’ v’ v’ v’ N v’ 5%
[20] Commercial (v)I v’ v’ v’ v’ v’ 2-5%
[21] Residential (V) k v’ - - v’ v’ -h
[27] Residential v’ v’ v’ v’ N v’ 1-9% !
This work Residential v’ v’ v’ v’ v’ v’ Section 6

* Savings are either reported as energy savings in [8,9,19] or as system efficiency savings [11,12,15,17,18,20,27]. For a definition of system efficiency, see [17]. # Presents max and min
values for the converters and claims that the same efficiency degradation is used for AC/DC and DC/DC PECs, but it is not clear whether the full efficiency range is considered in the
loss analysis. ? The savings increase to 14-25% when including battery storage. ¢ Acknowledges the efficiency degradation at part load but only considers a single efficiency point below
20% of full-load operation. The work also includes a sensitivity analysis on PEC efficiency and concludes that improvements favouring either AC or DC will most likely concur; thus, the
relative gains remain unchanged. 9 The savings increase to 14% when including battery storage. ¢ Not explicitly mentioned, but to the best of our knowledge, it seems that the analysis
is performed for an entire year’s operation. f The savings vary depending on the chosen DC distribution voltage (48-380 VDC) and wire gauge. & Presents efficiency curves for the
PECs but only down to 10% part load. It is thus unclear how efficiency is treated in loading cases below 10%. " Only compares on the basis of a single day’s operation and thus not
relevant to present savings in relation to the other studies. ' The span represents the result from parametric simulations with varying PV and battery sizes for small and medium zero net
energy office buildings. } Presents PEC efficiency curves down to 20% part load operation, but it is unclear how the efficiency is treated below that loading. ¥ It remains unclear how the
converter losses are treated. | Energy savings vary with the size of the PV /battery system and the geographical location studied.
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Table A2 presents the numerical values for (8) to represent the converter efficiency
characteristics. Figure 5 visualises the results as a function of converter loading.

Table A2. Numerical values for the modelled converters to be used in (8).

DC/DCeparge DC/DC;s. PV, AC/DC DC/AC
k1 0.9887 0.9876 0.9843 0.9617 0.9621
ko 48 %1077 42 %100 7.3 x107° 0.607 0.662
k3 —31x107° —46x10710 —9.9 x 1071 —4.7x 1077 —43x1078
™y 0.0021 0.0028 0.0015 0.615 0.667
1My 1.78 x 10~ 2.07 x 1072 4,60 x 107° 0.003 0.002
R? 1.000 1.000 0.999 0.999 1.000
RMSE 0.0019 0.0014 0.0024 0.0019 0.0008
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