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Abstract: This study examines various low voltage levels applied to a direct current residential
nanogrid (DC-RNG) with respect to the efficiency and component cost of the system. Due to the
significant increase in DC-compatible loads, on-site Photovoltaic (PV) generation, and local battery
storage, DC distribution has gained considerable attention in buildings. To provide an accurate
evaluation of the DC-RNG’s efficiency and component cost, a one-year load profile of a conventional
AC-powered house is considered, and AC appliances’ load profiles are scaled to their equivalent
available DC appliances. Based on the modified load profiles, proper wiring schemes, converters,
and protection devices are chosen to construct a DC-RNG. The constructed DC-RNG is modeled
in MATLAB software and simulations are completed to evaluate the efficiency of each LVDC level.
Four LVDC levels—24 V, 48 V, 60 V, and 120 V—are chosen to evaluate the DC-RNG’s efficiency and
component cost. Additionally, impacts of adding a battery energy storage unit on the DC-RNG’s
efficiency are studied. The results indicate that 60 V battery-less DC-RNG is the most efficient one;
however, when batteries are added to the DC-RNG, the 48 V DC distribution becomes the most
efficient and cost-effective option.

Keywords: direct current (DC) distribution; residential nanogrid (RNG); DC–DC converter; efficiency;
DC appliance

1. Introduction

In the last decade, direct current (DC) power distribution research has become popular
in commercial and residential facilities due to the developments in internally DC loads—
such as electronics and variable frequency drives, the widespread implementation of
roof-top photovoltaic (PV) systems, and battery use [1–3]. DC distribution may be more
energy efficient than AC distribution in data centers and commercial buildings [4], although
implementing DC distribution in residential buildings necessitates further research and
development in terms of distribution voltage level and load compatibility [5,6]. Compared
to data centers and commercial facilities, the residential sector saves less electricity due
to lower load power consumption and lower time of use coincidence between on-site
renewable energy sources (RESs) power generation and demand [7,8], while ongoing
research on DC houses and buildings in the residential sector depicted that DC power
distribution is more efficient than AC alongside energy and cost savings; it is estimated
that there are 14% and 5% total electricity savings in DC-powered residences with and
without energy storage, respectively [9]. Additionally, a study about a DC residential
nanogrid (DC-RNG) consisting of PV generation and energy storage indicated that the
baseline energy consumption and emissions of these homes were reduced by 7–16% [1].
A recent publication compared office buildings with AC and DC distribution, and its results
depicted that the DC distribution in an office building presented higher efficiency in low
grid energy exchange and high electric vehicle demand [10].

Due to the lack of standardization for DC distribution voltage, a variety of DC voltage
levels are suggested in the literature. A DC distribution network ranging from high voltage
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(100 kV) to extra low voltage (24 V) is suggested in [11]. With the integration of distributed
power generation into the DC distribution network, the authors attempted to demonstrate
a scalable framework for future urban power supply. Based on the market and technical
characteristics, a DC voltage level of less than 48 V for applications such as lighting and
electronics with a power range up to 1 kW, a DC voltage level in the range of 60–230 V for
household and office loads with a power range up to tens of kW, and 350–450 V DC as
the main voltage for residential and commercial building distribution are offered in [12].
Based on a device power and its application, a voltage range of 24–48 V DC for low power
loads, such as electronic equipment with a power range up to 400 W, 230–400 V DC for
kitchen and laundry rooms with a power range of 0.4–10 kW, and more than 538 V DC for
applications with a power range more than 10 kW are offered in [13]. All aforementioned
studies offered DC distribution voltage levels based on the power ratings of appliances
and application types. Other researchers have conducted deeper investigations of DC
distribution voltage selection. Using conventional building wiring, 326 V DC was offered
for the distribution voltage level, considering only voltage drops and wiring losses [14].
Additionally, the DC bus voltage levels are investigated in a standalone DC-RNG in [15];
the investigated DC voltages levels were 12 V, 24 V, 48 V, 60 V, and 100 V, and the efficiency
of the nanogrid was calculated at each voltage level along with the cost of implementation.
Regarding performance, the authors considered voltage drops, power losses, and maximum
allowable cable length, and they revealed that 100 V yielded the best performance. Taking
cost and performance into account, 48 V DC was the best choice. A 72 V distribution voltage
was considered for a standalone DC-RNG up to 250 W in [16] for a limited number of loads.
Previous research in this field suffered from simplifying assumptions, like considering static
system operating points, and as the authors mentioned in [17], the lack of realistic data,
such as load and generation profiles, and converter efficiency curves that prevent accurate
results. Realistic data for load and generation, converter efficiency curves, and wiring
models for small and medium commercial buildings were used in [2]. The authors showed
that a medium office building with a DC distribution system was the best-case scenario
and offered 18.5% energy savings compared to its AC counterpart, when the load profiles
of conventional AC appliances were used.

Most of the loads in residential and commercial buildings are internally DC, thus
meaning that conventional loads—including electronics, light emitting diode (LED) light-
ing, and variable speed drives—use rectifier stages to convert AC voltage to DC voltage.
Eliminating the AC to DC conversion will yield more efficient systems [18]. There are
not market-ready DC loads for every application in the residential sector, but in [19],
the authors modified loads (such as motor loads, electronics, and lighting) to leverage DC
input and improve efficiency. In off-grid applications, energy is directly supplied by PV
or battery, thus making more DC appliances available. The authors in [5] conducted a
survey on DC-ready appliances that included heating ventilation air condition (HVAC),
electronics, refrigeration, and lighting.

This study develops a simulation model for an accurate efficiency assessment and
component cost evaluation of a DC-RNG, considering the aforementioned limitations in
previously published papers. In this paper, realistic annual data for loads and PV generation
are used, taking into account the effects of various weather conditions. To further increase
the accuracy of the efficiency assessment and financial analysis, the AC load profiles are
modified to DC load profiles, and by using the modified load profiles, a DC-RNG is
constructed. Cable sizes, converter ratings, PV, and battery capacities are determined by
the modified load profile. Furthermore, accounting for the wiring loss, a detailed wiring
diagram is considered for distribution in the DC-RNG. The efficiency and component cost
of the DC-RNG is evaluated for four different LVDC levels of 24 V, 48 V, 60 V, and 120 V
without and with energy storage

The rest of this paper is organized as follows: Section 2 introduces the DC-RNG struc-
ture and its components—including loads, converters, PV, and battery storage. Section 3
presents the floor plan of the house and equivalent wiring resistance for each load category.



Energies 2021, 14, 7001 3 of 19

Section 4 provides the simulation procedure for the efficiency evaluation, and Sections 5
and 6 include the component cost, simulation results and discussion, respectively. Finally,
the conclusion is presented in Section 7.

2. DC-RNG Structure and Components

Different DC distribution topologies for a DC nanogrid are categorized in [3,20];
the unipolar topology is preferred in houses with low power consumption. In this study,
the DC-RNG is defined as the internal network of a two-bedroom house; its structure and
components are shown in Figure 1. As presented, the loads of the DC-RNG are connected
to the DC bus through proper DC–DC converters, and the DC bus is connected to the AC
grid through a bidirectional AC–DC converter. Four LVDC levels, including 24 V, 48 V, 60 V,
and 120 V, are investigated for DC bus voltage in the nanogrid with only PV generation
(DC-RNGPV) and in a nanogrid with PV generation and battery storage (DC-RNGPV-B).

The main components of the DC-RNG are loads, converters, PV, and battery bank.
The DC-RNG’s load is a modified version of an AC load profile—the AC load profile is
provided by the National Renewable Energy Laboratory and measured in the state of
Florida [21]. The modified load profile presents the annual load profile of the DC-RNG
with one-hour sample time. Based on the modified load profiles, proper converters, PV size,
and battery capacity are chosen for the DC-RNG.
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Figure 1. DC-RNG structure and components: (a) symbol guide, (b) structure.

2.1. Loads

Loads are categorized into four types: heat ventilation air conditioning (HVAC),
lighting, interior equipment (IE), and water heating. Unlike AC, DC appliances are not
available for every residential application. Most of the DC-ready appliances are for off-grid
applications. In this study, the latest available DC-ready appliances are used to construct a
DC-RNG [5,22]

Determining a DC-RNG load profile on the basis of the available AC load profiles
requires modifications on the AC load profiles. In this section, a load scaling scheme is
used that scales the AC appliance’s load profile to an equivalent DC appliance load profile.
For each load category, a conventional AC appliance, based on the Building Characteristics
for Residential Hourly Load Data [21], is considered. Then, an equivalent DC appliance
with the same performance characteristics is chosen. For example, the DC HVAC with the
same cooling and heating capacity as the AC HVAC is chosen. The ratio of the DC appliance
rated power to the AC appliance rated power is the scaling factor. The scaling factor for
each category of loads is calculated using the rated powers of the DC and AC appliances,
then the scaling factor is applied to the load profile throughout the data. The average
modified load profiles are shown in Figure A1 in Appendix A for each category of load.
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2.1.1. Lighting

The lighting technology used in the Residential Hourly Load Data is compact flu-
orescent lamps (CFL). Replacement of CFLs with other technologies, like light emitting
diodes (LEDs), has been investigated. Using LED lighting technology has been proved
to be more efficient than CFL lighting [23], and LEDs are more compatible with DC tech-
nology compared to CFLs [24]. The lighting power consumption profile is scaled from
conventional CFLs to LEDs. At any given lumens, LED lighting requires 0.65 of CFL power
on average [24].

2.1.2. HVAC

Based on the Building Characteristics for Residential Hourly Load Data in hot-humid
climates, the air conditioner efficiency rating met the SEER 16 standard. Therefore, for the
selected data in a hot–humid climate, an HVAC system with 24,000 BTU cooling/heating
capacity is suitable [25]. Selected AC and equivalent DC HVAC systems are presented in
Table A1 in Appendix A. Based on Table A1, the scaling factor for the HVAC load profile
is 0.67.

2.1.3. Water Heater

DC water heaters are not available on the market; however, DC water heating elements
are available in 12 V, 24 V, and 48 V at up to 2000 W [26]. Considering that water heater
elements are easily manufactured at any DC low voltage and their power ratings can be
customized, it is assumed that DC water heaters will be available in the future. In this
research, the water heater load profile is not scaled, and it is assumed that the water heaters
could be connected directly to the DC bus.

2.1.4. Interior Equipment

Among interior equipment, DC refrigerators/freezers are available on the market,
and refrigerators/freezers are the primary power consumers in this category. Other interior
equipment—including fans, griddles, microwaves, blenders, heaters, and hair dryers—are
available in 12 V and are designed to operate on car batteries [22]. Excluding each device’s
power consumption profile from the IE load profile requires a complicated method; accord-
ingly, for simplicity, a fraction of IE load power is considered to be the refrigerator/freezer
power, and only a fraction of IE load power is scaled. Due to the unavailability of other DC-
powered equipment in this category, it is assumed that all the other equipment, e.g., kitchen
oven and washer/dryer, could operate using different DC voltage levels. This assumption
is made to avoid biased results at specific voltages. As presented in Appendix A, the AC
refrigerator approximately consumes 1.5 times more power than its DC counterpart.

2.2. Converters

DC market-ready appliances are mostly available in 24 V and 48 V; therefore, voltage
conversion stages are needed for loads when constructing a DC-NRG with existing DC
appliances. LED drivers, AC–DC converters, and MPPT charge controllers (CC) are needed
at each DC bus voltage. Loads that operate at the DC bus voltage do not require DC–DC
converters to connect to the DC bus. At each DC-RNG, the power converters are selected
on the basis of the voltage and power ratings. These converters are available on the market,
and the efficiency curves of the converters are employed in the simulation. The efficiency
curves of the converters are shown in Figure A2 in Appendix B. The converters that are
used in this study are described as follows:

• The DC–DC converters provide proper voltage levels to loads from the DC bus voltage.
These converters are chosen based on the required voltage and power ratings at each
voltage level and application. Enough number of converters are paralleled to meet
load power demands. The selected converters are available on the market, and their
efficiency curves can be found on the manufacturers’ datasheets.
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• The MPPT CC conditions PV panel power at the maximum power point, and it
controls the charging and discharging of the battery bank. The chosen battery bank
voltage is the same as DC bus voltage, and battery bank voltage is assumed to be
constant during charging and discharging. Therefore, only the MPPT CC handles the
battery charging and discharging, and additional converter is not required.

• The AC–DC bidirectional converter is an interface converter between the AC grid
and the DC-RNG. This converter absorbs power from and injects power to the grid.
During peak load times, power flows from the grid to the DC-RNG; during high PV
power generation, if the battery is fully charged, excess PV power flows to the AC
grid through the AC–DC converter.

2.3. PV Generation

The annual PV generation profile adopted from an existing PV plant that was geo-
graphically close to the house. The PV plant data have a one-hour sampling time, the same
as the load profile sampling time. The inclusion of various weather conditions in the
simulation results is ensured by using an annual PV generation profile [27]. Based on
the net zero energy (NZE) building definition, the total amount of energy used by the
building on an annual basis is equal to the amount of renewable energy created on the site.
Therefore, the original data from the PV plant was scaled to provide the DC-RNG’s PV
power generation capacity for the simulation. The PV system capacity for the DC-RNG
is obtained by matching the annual values of the generated and consumed energy. In (1),
pload

i and ppv
i represent the DC-RNG’s load power and the PV plant power at i instance,

respectively. k is the scaling factor for the PV plant power. By integrating the load power
and the PV plant power over a year and using (2), k is calculated. That is, the scaling
factor applied to the original PV plant capacity to obtain appropriate PV capacity for the
DC-RNG. By applying this procedure on the DC-RNG load data and the PV plant data,
3150 W is obtained for the solar capacity. The annual PV generation profile is shown in
Figure A3 in Appendix C.

∑
i

pload
i =

(
1
k

)
∑

i
ppv

i (1)

k =
∑i ppv

i

∑i pload
i

(2)

2.4. Battery Storage

A battery energy storage system is a critical part of a stand-alone system, because
it stores energy during days and supplies loads at nights. Unlike stand-alone systems,
grid-connected systems use battery storage for lowering power grid reliance and mini-
mizing energy loss, while using an on-site renewable generation. In an ideal condition,
an energy storage system could store all excess power provided by PV over the course of
a year, but selecting a battery with such a large capacity could result in large amounts of
unused capacity. Therefore, small capacities for grid-connected systems are more suitable.
Using the chosen PV capacity, simulations are performed to identify the battery storage
capacity for the DC-RNG. Based on the method described in [28], the DC-RNG’s efficiency
and the battery down time (BDT) for 24 V DC-RNG by sweeping battery capacity from
2.4 kWh to 48 kWh are shown in Figure A4 in Appendix C. The number of hours in one
year that batteries are disconnected due to a low state of charge is represented by BDT [28].
According to Figure A4, a battery storage unit with a capacity of 24 kWh provides high effi-
ciency and low BDT. Choosing larger capacities do not result in considerable improvement
in the efficiency and BDT.

The battery storage charging mechanism uses a simple algorithm. The battery is
charged only when PV power is more than the load power, and it is discharged when the
load power exceeds the PV-generated power [2]. The battery storage is directly connected
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to the DC bus and its voltage is considered to be fixed with negligible changes during
charge and discharge processes.

Using 20 conventional Lead–Acid 12 V-100 Ah batteries, the configuration for each
voltage level is achieved. Figure 2 shows the configuration of the battery storage unit,
where Ns represents the number of batteries connected in series in each branch and Np
is the number of battery branches connected in parallel. Using Ns and Np, the maximum
allowable charging and discharging current, the short circuit current, and rated breaking
capacity of protection devices are found.
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3. Floor Plan and Wiring Resistance

To obtain an accurate estimation of wiring loss, the wiring length and wiring size are
required to calculate the wiring resistance. Using the wiring resistance and the current
passing through the circuit, the wiring loss is calculated at each instance. A floor plan
with 94 m2 area is considered for the DC-RNG based on the Building Characteristics for
Residential Hourly Load Data [21]. The floor plan, appliance placement, wiring diagram,
and dimensions are shown in Figure 3. Based on the diagram, the wiring length for each
category of loads is determined geometrically. Using (3), the wiring resistance (Ri) of ith

load is found. In this equation, Ai and li are the cross-sectional area and length of the wire,
respectively. In (3), ρ is the specific resistance of the conductive material.

Ri =
ρli
Ai

(3)

Assuming that one load category includes N different items, and that each of these
items consumes equal power, by using (4) and (5), the wiring loss and equivalent resistance
of each category of loads are calculated. Therefore, by knowing the number of items
in each load category and the resistance of each load’s circuit, the equivalent wiring
resistance is calculated. The wire cross-sectional area is identified based on the maximum
current passing through the circuit; however, based on the National Electric Code (NEC),
regardless of peak current, the minimum wire size is 12 AWG for the residential wiring [2].
The equivalent resistance for each load category is listed in Table 1.

Ploss =
N

∑
i=1

Ri

(
I
N

)2
=

N

∑
i=1

(
Ri
N2

)
I2 (4)

Req =
N

∑
i=1

(
Ri
N2

)
(5)

Table 1. Equivalent resistance of each category of loads for different voltage levels.

Load
Equivalent Resistance (mΩ)

24 V 48 V 60 V 120 V

HVAC 5.961 15.071 23.959 23.959

Lighting 16.641 16.641 16.641 16.641
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Table 1. Cont.

Load
Equivalent Resistance (mΩ)

24 V 48 V 60 V 120 V

IE 57.063 57.063 57.063 57.063

Water Heater 0.327 5.212 10.458 26.436

MPPT CC 26.436 26.436 26.436 26.436

4. Efficiency Calculation

Power losses are categorized into three types: converters loss, wiring loss, and battery
chemical loss. To accurately evaluate the DC-RNG’s energy efficiency, components con-
tributing to power loss are modeled, and an hourly modified load profile as well as the
hourly scaled PV generation data are used to calculate power losses in the wires, converters,
and batteries.
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The power passing through a converter varies based on load power. To calculate
converter power losses (6)–(9) are used. In (6)–(9), pl

i represents the power of lth load at
ith instance, ηc

i represents cth converter’s efficiency at ith instance with pl
i passing through

it. Using (7), power loss of a converter at ith instance ( pc
lossi) is calculated. Pc

loss is power
loss associated with a converter through all samples, and PCL represents the total power
loss of converters in the DC-RNG. The number of data samples during a year is Nd and the
number of the converters in the DC-RNG is Nc.

ηc
i

(
pl

i

)
=

pl
i

pl
i + pc

lossi
(6)

pc
lossi = pl

i

(
1 − 1

ηc
i
(

pl
i
)) (7)

Pc
loss =

Nd

∑
i=1

pc
lossi (8)

PCL =
Nc

∑
c=1

Nd

∑
i=1

pc
lossi =

Nc

∑
c=1

Pc
loss (9)
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The wiring power loss is calculated using (10)–(12). In (10)–(12), pw
lossi

represents

wiring power loss of wth circuit, which connects to the lth load category through cth con-
verter at ith instance, and Pw

loss, PWL, and Nl are wiring power loss of wth circuit throughout
all data samples, total wiring power loss, and number of circuits, respectively.

pw
lossi

= Reqi

(
pl

i + pc
lossi

Vn

)2

(10)

Pw
loss =

Nl

∑
i=1

pw
lossi

(11)

PWL =
Nl

∑
c=1

Nd

∑
i=1

pw
lossi

=
Nl

∑
c=1

Pw
loss (12)

The chemical power loss is calculated as a percentage of the energy delivered to and
absorbed from batteries. According to [2], the chemical loss of batteries is about 19% of its
rated capacity for a round-trip. The standing loss of batteries is assumed to be negligible
for a one-year simulation timeframe.

The simulation flow diagram, shown in Figure 4, starts with importing data to MAT-
LAB software, then the profile of each load category is modified using the scaling factors
from Section 2.1. After modifying the load profiles, simulation parameters—such as DC
bus voltage (Vn), battery nominal capacity (Cn), converters’ efficiency curve, and wiring
data—are initialized, and then the number of required parallel converters and PV size are
determined. After completing the previous steps, the simulation of the DC-RNG starts
by determining the amount of energy stored in the battery and the amount of energy
transferred between the grid and the DC-RNG, using the total load power and PV power
at each step. The power loss of elements (converters, wires, and battery) is computed using
each category’s load profile during these calculations.
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5. Component Cost

Different converters and wire sizes are used to evaluate the efficiency of the DC-RNG at
each LVDC level; therefore, the cost of components is important when comparing different
voltage levels for a DC-RNG. In addition, constructing a DC-RNG requires appropriate
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protection devices with respect to voltage levels. Circuit breaker selection factors—such as
short circuit capacity, rated current, and voltage—differ from one voltage level to another;
due to these differences, the cost of converters, cables, and protection devices are considered
in this study.

5.1. Converter

The AC–DC converter, MPPT CC, and LED drivers are required at each voltage level.
As presented in Table 2, a market-ready converter is selected for each application in the DC-
RNG. Based on the power rating required for the application, enough number of converters
are paralleled to meet the power rating requirement. Some selected DC appliances do
not require DC–DC converters; for example, the HVAC unit operates at 48 V and 60 V
DC without using a DC–DC converter, that is, the HVAC unit is directly connected to the
DC bus at 48 V and 60 V; however, it is connected to the 24 V or 120 V DC bus through a
DC–DC converter.

The total converter cost for 48 V is less than other voltage levels. The total converter
cost for 24 V and 60 V DC-RNGs are close and less than 120 V DC-RNG. 120 V DC-RNG
converter cost is more than twice that of 48 V DC-RNG.

5.2. Cable

For conducting wire cross-sectional and length calculations, the number of circuits in
the DC-RNG must be determined. In this study, different circuits were assumed for each
room and each high-power appliance. By taking the power of each load from Section 2,
and by using the maximum allowable current for each size of wire, the cross-sectional area
of each circuit’s wire was determined. In Table 3, the primary cable size for wiring the
DC-RNG is AWG 12, and at lower voltages, larger cable sizes are required for the HVAC
unit, water heater, and PV. Lower voltages necessitate larger cables; consequently, cable
costs are greater at lower voltages.

5.3. Protection

Due to the wide range of voltage levels and grounding techniques in DC systems,
selecting protection devices is challenging. Additionally, the absence of natural zero
crossings and high di/dt makes it more difficult. There are two types of faults in a DC-RNG:
short-circuit (SC) and open-circuit (OC). The OC fault is considered more of a control issue
than protection; therefore, in this paper, only protection against SC faults is considered.
As shown in Figure 5, the SC fault could happen between the positive and negative
polarities of the DC bus (F1), or it could occur between the positive polarity and the ground
(F2). Using proper circuit breakers for each circuit provides protection against F1 and F2
faults [23].

To design a reliable protection scheme for a system, the inrush load current, the
installation point short-circuit capacity (Isc), device nominal power (Pn), and voltage level
(Vn) must be considered. In DC systems, inrush load currents are lower than those in AC
systems [29]; thus, in this paper, only Isc, Pn, and Vn are considered.

To estimate circuit breaker cost for the DC-RNG, as presented in Table 4, circuit
breakers are considered for the kitchen, living room, bedrooms, bathroom, and high-power
appliances, such as HVAC and water heater, battery bank, and one main circuit breaker for
the DC-RNG. In a conventional house’s protection, circuit breakers are dedicated to the
refrigerator, dishwasher, microwave, and electric range circuits in the kitchen. Although
specific DC appliances are not chosen for these loads in this paper, four different circuit
breakers with the same current ratings are selected for the kitchen circuit to evaluate the
protection cost accurately.

The current ratings of the circuit breakers are chosen based on 125% of the load
rated current for the selected loads in Section 2.1. For the other breakers, which specific
appliances are not chosen, the DC equivalent of a conventional AC circuit breaker at 120 V
AC is chosen. The conventional current rating for an AC circuit breaker is 40 A for kitchen,
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30 A for bathroom, 20 A living room, and 15 A for each bedroom. The rated battery circuit
breaker current is based on the maximum allowable charging and discharging current.

Table 2. Converters, their prices, and total converter cost at each voltage level.

Converter Voltage Level (V) 24 48 60 120

AC–DC

Model LCM3000Q-T LCM3000W-T CP3000/3500A HEP-1000-100

Unit price ($) 652.93 652.93 761.27 422.25

Required No. 2 2 2 6

MPPT Charge
Controller

Model XTRA4415N XTRA4415N TS-MPPT-60-600V-48 SRXHV 300/30

Unit price ($) 249.99 249.99 1009.95 809

Required No. 2 2 1 1

HVAC

Model CFB600-24S48 - - DDR-480D-48

Unit price ($) 232.30 - - 191.52

Required No. 5 - - 5

LED Driver

Model LDD-700L LDD-700H- DA LDD-600H PLC-30-15

Unit price ($) 3.15 11.41 4.39 22.43

Required No. 9 9 9 9

IE

Model - CQB150W CHB150 CHB150

Unit price ($) - 174.52 150.00 150.00

Required No. - 1 1 1

Total converter cost ($) 2979.49 2083.05 2722.00 4651.97

Table 3. Wire size, length, and total wire cost at each voltage level.

Voltage
Level (V)

Estimated Wire Length Total Wire
Cost ($)AWG 12 (m) AWG 10 (m) AWG 6 (m) AWG 2 (m) AWG 2/0 (m) AWG 4/0 (m)

24 357.4 0 38.8 0 0 20.4 669.65

48 357.4 18.8 20.4 0 20.4 0 517.49

60 376.2 0 20.4 20.4 0 0 432.91

120 376.2 0 40.8 0 0 0 353.93

Isc of each circuit is determined using (13), in which Vn is the DC voltage level and
Rdc is the resistance of each circuit. The short circuit capacity of the battery bank (Iscb) is
calculated using (14), which Rb is the battery internal resistance. An AMG battery 12 V
100Ah with an internal resistance of 5 mΩ is chosen [30]. For battery protection, polarized
circuit breakers could not be used because the battery current flows in both directions when
charging and discharging.

Isc =
Vn

Rdc
(13)

Iscb =
Vn(

NSRb
Np

) (14)

There are two types of connections for a circuit breaker with more than one pole: series
and parallel; series connection of poles is suitable for high-voltage applications, and parallel
connection of poles has better performance in low-voltage high-current applications. Due
to the low-voltage distribution in the DC-RNG, parallel connection of poles could be
used for the protection scheme. Two parallel poles can be used up to 1.6 times of the DC
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breaker’s rated current, and three parallel poles can be used up to 2.25 times of the DC
circuit breaker’s current rating [29].

The circuit breakers cost for each voltage level is presented in Table 4. The cost of
circuit breakers at the lowest voltage is much higher than at other voltage levels, and the
total circuit breakers’ cost decreases as voltage level increases. Higher circuit breaker cost
at low voltages is because of high Isc, low Rdc, and high rated current of breakers. DC
circuit breakers are generally intended for DC voltages beyond 120 V or 220 V, therefore,
the rated voltage of the circuit breaker has no influence on the total cost. In this research,
the market-ready circuit breakers are used for the low-voltage DC-RNG, therefore only the
short circuit current and rated current are influential on the total circuit breaker cost.

Table 4. Circuit breakers and their cost.

DC Bus Voltage (V) 24 48 60 120

Circuit Breaker Product ID Price ($) Product ID Price ($) Product ID Price ($) Product ID Price ($)

Kitchen 1SDA068092R1 813.65 1SDA066808R1 196.82 1SDA066807R1 166.53 1SDA066804R1 133.64

Room 1 1SDA066807R1 166.53 1SDA066804R1 133.64 1SDA066803R1 133.12 1SDA066800R1 131.55

Room 2 1SDA066807R1 166.53 1SDA066804R1 133.64 1SDA066803R1 133.12 1SDA066800R1 131.55

Living Room 1SDA066808R1 196.82 1SDA066805R1 134.77 1SDA066804R1 133.64 1SDA066801R1 130.52

HVAC 1SDA066807R1 166.53 1SDA066804R1 133.64 1SDA066803R1 133.12 1SDA066801R1 130.52

Water Heater 1SDA100566R1 1379.78 1SDA066806R1 252.68 1SDA066808R1 196.82 1SDA066805R1 134.77

Bathroom 1SDA068058R1 627.66 1SDA066807R1 166.53 1SDA066806R1 157.91 1SDA066803R1 133.12

Battery 1SDA067020R1 427.01 1SDA066809R1 252.68 1SDA066808R1 196.82 1SDA066805R1 135.21

Main Circuit Breaker 1SDA100762R1 2671.64 1SDA100416R1 1499.59 1SDA100415R1 1272.97 1SDA068059R1 738.22

Total Price ($) 9057.10 3494.45 3023.64 2200.02

As shown in Figure 6, the total component cost for 24 V DC-RNG and 48 V DC-RNG
implementations are the highest and lowest, respectively. The protection cost contributes
the most to the total cost at 24 V and 48 V DC-RNGs. Compared to 24 V DC-RNG,
the converter, cable, and protection costs drop for 48 V DC-RNG.

By increasing DC bus voltage to 60 V, the protection and cable cost decrease, and the
converter cost increases. The total component cost at 60 V is slightly higher than 48 V. The
protection and cable cost at 120 V are lower than other voltage levels, but due to the high
converter cost, the total component cost at this voltage level is higher than 48 V and 60 V
DC-RNGs.
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6. Results and Discussion

Simulations were conducted using real data for PV, loads, and converter efficiency
curves. Four voltage levels were used for the DC distribution, and at each voltage level,
the DC-RNG was simulated with and without batteries. Simulations were performed
using annual data, which means that different weather conditions’ impacts are included in
the study.

The DC-RNG’s efficiency for different voltage levels is shown in Figure 7. At each
voltage, two bars represent the efficiency of the DC-RNGPV and DC-RNGPV-B. The results
in Figure 7 indicate that the efficiency of the DC-RNGPV increases as the voltage level
increases from 24 V to 60 V, but it drops from 60 V to 120 V DC-RNGPV. The DC-RNGPV
with 60 V DC distribution is more efficient than other voltage levels, and 24 V distribution is
the least efficient one. Compared to DC-RNGPV, efficiencies of the DC-RNGPV-B increased
at 24 V, 48 V, and 120 V distribution voltages; however, at 60 V distribution voltage, DC-
RNGPV-B’s efficiency dropped with the addition of batteries. In general, adding batteries to
a DC-RNG may not result in efficiency improvement.
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To identify the power loss sources, the loss breakdown of the DC-RNGPV and DC-
RNG PV-B are shown in Figure 8a and 8b, respectively. Figure 8a represents the amount
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of energy loss in converters and wires to the total energy consumed by the DC-RNG.
Figure 8a indicates that at high voltages, the wire loss decreases dramatically, but the loss
of the converters does not follow a consistent pattern. Figure 8b represents the amount
of energy dissipated in converters, wires, and batteries to the total energy consumed by
the DC-RNG. The converter loss is the dominant source of power loss in the DC-RNGPV,
and in the DC-RNGPV-B, either converter loss or chemical loss is the dominant source of
power loss, depending on the voltage level.

Among the different voltage levels in the DC-RNGPV, 24 V system is the least efficient
due to high converter and wiring losses. By contrast, the 60 V system is the most efficient
mainly because of the lower converter loss. Compared to DC-RNGPV, in the DC-RNGPV-B,
converter loss decreases at each voltage level, but adding batteries introduces the battery
chemical loss to the nanogrid. The wiring loss follows the same pattern in the DC-RNGPV
and DC-RNGPV-B.
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Based on Figure 8, the converter loss is the dominant source of power loss in the DC-
RNGPV. By examining the converter loss breakdown in the DC-RNGPV in Figure 9a, it is
obvious that the AC–DC converter is the dominant source of power loss among converters.
For the DC-RNGPV-B, as shown in Figure 9b, either the AC–DC converter or MPPT CC
converter is the dominant source of power loss.

Previous results are given for a battery bank capacity of 24 kWh and changing battery
capacity affects the efficiency of a DC-RNG. In Figure 10a, the efficiency of the DC-RNGs is
shown by sweeping the battery capacity from 2.4 kWh to 36 kWh. As shown in this figure,
by increasing battery capacity, efficiency of the DC-RNGs changes significantly at lower
capacities. At higher battery capacities, efficiencies do not change considerably. According
to Figure 9, the AC–DC converter loss accounts for a significant portion of the total loss.
Figure 10b shows that at low capacities, the loss of the AC–DC converters drop significantly
by increasing the battery capacity, but they almost are constant at higher capacities. At each
voltage level, the AC–DC converter operates when the DC-RNG absorbs power from or
injects power to the grid. Increasing battery capacity reduces the power transferring in both
directions, but due to the limited PV generation, the stored battery energy is not sufficient
for the DC-RNGPV-B operation during nights, and the DC-RNGPV-B absorbs power from
the grid. Therefore, choosing a high battery capacity for the DC-RNG is not advisable.
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Figure 10. Efficiency of DC-RNG and AC–DC converter loss by sweeping battery capacity: (a) DC-RNG efficiencies,
(b) AC–DC converter loss.

Using the battery capacity of 24 kWh, SoC of the battery bank, PV generation, and load
profiles are shown in Figure 11. Figure 11a shows a five-day period of the SoC, PV, and load
from 100th to 105th day of a year, beginning on 1 January, during which the SoC of batteries
reached 100% during daytime due to the high PV power generation and low load power.
However, the SoC remained close to its minimum value during low PV generation and
high load power period, as shown in Figure 11b.
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Figure 11. Battery SoC and PV-load power during a five-day period: (a) in April, (b) in October.

7. Conclusions

DC voltage levels for power distribution have been investigated for years, and two
voltage levels of 380 V and 48 V are commonly used in commercial buildings such as
data centers. Due to different load natures in the residential sector, addressing the voltage
level selection problem in DC-RNGs must be studied separately. Therefore, in this paper,
voltage level selection of a gird-connected DC-RNG is studied. To include DC market-ready
appliances in the study, the realistic load profiles of AC appliances were modified to DC
load profiles for available appliances. The modeled DC-RNG is composed of the modified
load and realistic PV generation profiles, market-ready converters’ efficiency curves, and a
detailed wiring diagram based on the floor plan.

Regarding the simulation results, 60 V DC-RNGPV was the most efficient among the
studied voltages, but by adding batteries to the DC-RNGPV, 48 V DC-RNGPV-B became
the most efficient one. Among the studied voltage levels, 24 V distribution was the least
efficient in both the DC-RNGPV and DC-RNGPV-B.

To evaluate different voltage levels financially, the cost of components (converters,
circuit breakers, and cables) were considered. The protection cost at 24 V DC-RNG was much
higher than the cable and converter cost, and it decreased at higher voltages. The converter
cost was higher than the protection and cable cost at 120 DC-RNG. 48 V and 24 V DC-RNGs
yielded the least and the most component cost, respectively. The DC-RNG component cost
had a minor increase from 48 V to 60 V DC-RNG. Regarding the efficiency and component
cost, 48 V DC-RNGPV-B and 60 V DC-RNGPV are the best choices for a residential nanogrid
with and without batteries, respectively.
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Appendix A

Appendix A.1. Load Profiles

The annual average load profiles of each load category of the DC-RNG are shown in
Figure A1.
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Figure A1. Average load profiles of water heater, HVAC, Lighting, and IE.

Appendix A.2. HVAC

Table A1. AC and DC HVAC specifications.

Type Model Cooling (BTU) Heating (BTU) Rated Power (W)

DC SWWR-7.2IM 24,000 25,000 2039

AC GSZ16-0241B 24,000 24,000 3010

Appendix A.3. IE

For a house where two people live, a 424 L (15 cu ft). refrigerator/freezer is typi-
cal. Based on the WRT106TFD energy guide manual, the minimum power consumption
is 311 kWh per year and the maximum power consumption is 455 kWh per year [31].
A DC refrigerator with the same capacity consumes 200 kWh and 316 kWh per year at its
minimum and maximum power usage, respectively [32]. Therefore, the AC refrigerator
consumes approximately 1.5 times more power than its DC counterpart on average. Based
on the data, the interior equipment consume about 1121.6 kWh per year and a typical AC
refrigerator consumes 344 kWh per year. Therefore, 30.6% of IE’s power is consumed by
the refrigerator.

Appendix B

Efficiency curve of converters for different voltage levels are shown in Figure A2.
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Figure A2. Efficiency curves of the converters.

Appendix C

Appendix C.1. PV Generation Profile

The daily averaged PV power generation profile is shown in Figure A3.
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Figure A3. Annual PV power generation.

Appendix C.2. Battery Size Impact on BDT and Efficiency

The efficiency and BDT of 24 V DC-RNG is shown in Figure A4. The efficiency curve in
this figure reveals that increasing the battery capacity beyond 24 kWh does not increase the
efficiency noticeably. Additionally, the BDT does not drop considerably in larger capacities
beyond 24 kWh.
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Figure A4. Battery size impact on BDT and efficiency of the DC-RNG by sweeping battery capacity
from 2.4 kWh to 48 kWh.
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