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 The transition toward net-zero energy homes (NZEH) requires residential 

electrical systems that can efficiently integrate renewable generation, battery 

storage, and both AC and direct current (DC) loads. Although DC and 

hybrid AC/DC residential systems have been widely studied, limited work 

directly compares hybrid AC/DC and conventional AC house architectures 

under different grid standards, power levels, and AC/DC load ratios while 

considering DC bus losses. This study presents a MATLAB/Simulink-based 

steady-state efficiency comparison between hybrid AC/DC and conventional 

AC residential electrical systems. Twelve models were developed, consisting 

of six hybrid AC/DC and six conventional AC configurations under 120 

V/60 Hz and 230 V/50 Hz standards. The models include PV generation, 

battery storage, inverter, AC/DC converter, multiple-input single-output 

(MISO) converter, and line-resistance effects. Results show that hybrid 

AC/DC houses achieve 4–11% higher efficiency than conventional AC 

houses when DC load demand remains below approximately 1.5–2.0 kW, 

mainly due to reduced conversion stages. At higher DC load levels, the 

efficiency advantage decreases because of copper losses in the 48 V DC bus. 

Increasing the DC bus voltage to 60 V reduces current-related losses and 

extends the efficient operating range. These findings indicate that hybrid 

AC/DC distribution is most suitable for residential applications with low-to-

moderate DC demand, such as lighting, electronics, communication devices, 

and other DC-compatible appliances. The main contribution of this study is 

identifying the operating range, efficiency limit, and practical design 

implications of hybrid AC/DC residential distribution for future NZEH 

applications. 
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1. INTRODUCTION 

Efficient, sustainable conversion and use of electricity are increasingly critical. Modern life 

telecommunications, transportation, computing, and basic lighting-depends on reliable power, and demand 

continues to rise. In 2023 the U.S. consumed ~4.07 trillion kWh of electricity; heating and cooling dominate 

residential use, while computing, refrigeration, ventilation, cooling, and lighting lead in the commercial 

sector. The global electricity demand will grow by roughly 33–75% by 2050 [1]. Yet much of today’s 

electricity still comes from fossil fuels. In the U.S., about 60% of 2023 generation was from fossil sources, 

primarily natural gas and coal [2], resulting in ~4,807 million metric tons of CO₂ emissions, with ~1,427 
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million metric tons attributable to the electric power industry [3]. These trends underscore the urgency of 

cleaner, more efficient energy practices aligned with international commitments such as the Paris Agreement.  

At the same time, renewable energy adoption especially photovoltaics (PV) is accelerating. PV 

inherently produces direct current (DC), which is typically converted to AC for consumption and grid export. 

Many residential devices (e.g., LED lighting, phones, and laptops) are themselves DC, so grid AC is often 

converted back to DC, compounding conversion losses. Allowing PV-generated DC to serve DC loads 

directly can avoid unnecessary DC-AC-DC conversion stages and improve building energy efficiency. 

Previous studies report that DC distribution can increase building energy efficiency by up to 18.5%, 

particularly when PV, battery storage, and DC-native loads are integrated on the DC side [4].  

The concept of the DC House is built on the idea that most modern renewable sources and 

household devices natively operate on DC, and therefore bypassing repeated AC/DC conversions can 

improve efficiency, reliability, and affordability. Recent studies on residential DC microgrids show that DC 

distribution can improve building energy efficiency by reducing conversion stages between PV systems, 

battery storage, and DC-native household loads. For example, [4] reports that DC distribution can increase 

building energy efficiency by up to 18.5% [5]. Beyond efficiency, the DC House is part of a broader shift 

toward DC microgrids, in which distributed renewable generation, storage, and DC-native loads interact 

seamlessly to reduce conversion losses, enhance resilience, and simplify integration with smart grids [5]. 

Recent reviews of residential DC microgrid energy management systems further indicate that control 

architecture, energy management, storage coordination, and cost optimization are essential issues for 

practical residential implementation [6]. Another DC house project proposed in [7] demonstrates how low-

voltage DC systems can provide scalable, affordable, and flexible electrification solutions for remote or rural 

communities. By relying on renewable and by directly supplying DC loads, this system minimize 

infrastructure costs while offering efficiency improvements of more than 15% compared to traditional AC-

based solutions. However, while the DC House demonstrates the efficiency and accessibility potential of 

fully DC-based systems, it does not reflect the realities of grid-connected residential homes that must 

accommodate both AC and DC loads.  

Hybrid AC/DC residential systems have therefore emerged as a practical intermediate architecture 

between conventional AC homes and fully DC homes. In this architecture, the existing AC network can 

continue supplying high-power AC appliances, while a dedicated DC bus can supply DC appliances directly 

from PV or battery sources. Recent hybrid DC-AC home studies using rooftop solar and MATLAB/Simulink 

simulation show that a dedicated DC bus can be combined with the conventional AC bus to supply 

residential loads more efficiently [8]. Similarly, studies on front-end AC/DC converters in hybrid AC/DC 

smart homes highlight the importance of converter control, DC-grid interfacing, and power quality when 

renewable energy, storage, electric mobility, and native DC technologies are integrated into residential 

systems [9]. Low-voltage DC supply and utilization systems have also been identified as an emerging 

approach for integrating distributed solar generation, storage, DC loads, and smart-home applications, 

although voltage level selection, protection, control, and standardization remain important challenges [10]. 

Therefore, the main research problem is not only whether DC distribution can reduce conversion 

losses, but under what residential operating conditions a hybrid AC/DC architecture provides a measurable 

advantage over a conventional AC house. This study addresses that problem by developing and comparing 

hybrid AC/DC and conventional AC house models under 120 V/60 Hz and 230 V/50 Hz grid standards. The 

analysis evaluates efficiency gains from reduced conversion stages, identifies the DC load range where 

hybrid AC/DC distribution remains beneficial, and quantifies the effect of DC bus line losses at different 

power levels. The contribution of this study is a comparative simulation framework that links hybrid AC/DC 

residential architecture with practical design limits, including DC load level, bus voltage, and economic 

feasibility for net zero energy homes (NZEH) applications. 

 

 

2. BACKGROUND 

2.1.  Net zero energy homes (NZEH) 

Net zero energy homes (NZEH) are residential homes designed to produce as much energy as the 

energy used by the home’s residents within a year. These homes are extremely energy efficient and are 

designed to reduce energy need [11]. Current NZEHs are designed with improving thermal insulation, 

renewable energy generation, and energy-efficient appliances to reduce their carbon footprints [12]. These 

homes offer improved reliability during power outages, enable long-term savings on energy costs, and 

promote a sustainable way of living. A prominent example is the Acton Passive House in Massachusetts [13], 

which utilizes high-performance insulation, airtight seals, and an efficient heat pump for low-energy thermal 

comfort. The home is also equipped with highly efficient appliances and a PV array for energy generation. 

The home utilizes efficient PV on its roof while taking advantage of large windows and high-quality 

insulation to maintain a thermally comfortable living environment.  
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2.2.  DC house concept 

AC power systems have drawbacks, particularly in residential electrical systems where lossy 

conversions from AC to DC occur. This issue becomes even more crucial with the increasing prevalence of 

devices and systems that rely on DC power, particularly considering that the conversion loss can range from 

17% to 35% [7]. One solution for these conversion losses is to utilize a purely DC electrical system. 

DC-operated homes have been considered an alternative to the existing AC residential homes to 

facilitate the NZEH. These DC homes are an alternative, especially for rural electrification, where the houses 

are powered by solar panels and the location is economically unviable for access to the AC grid [7]. These 

homes, also known as nano-grids, are entirely powered by DC energy generation and can operate off the grid. 

This DC power is typically generated from renewable sources such as PV and stored in a battery energy 

storage system (BESS).  

Several potential benefits such as reduced power losses, as DC loads can be supplied directly, and 

improved resilience during grid power outages. The robustness of DC systems is exemplified by the 

development of portable PV solutions with DC-first architectures, which provide sustainable and rapidly 

deployable energy in off-grid or emergency scenarios [14]. Furthermore, the reduced conversion steps with a 

pure DC system can improve power supply reliability [15]. BESSs can be more easily integrated and are 

potentially more efficient due to the lack of conversion steps for DC loads required in conventional AC 

systems [16].  

However, DC systems also have drawbacks, such as ground fault circuit interrupters (GFCIs) are not 

widely produced for DC use, partly due to DC Arcs being difficult to detect in the time domain [17]. Other 

issues, such as a lack of standards and regulations are other hurdles for purely DC systems to be implemented 

[16]. Hence, issues such as the unstandardized DC bus have prompted researchers to explore ways for a DC 

smart wall plug that can accept various input and output DC bus voltage levels [15]. Another drawback is 

that many high-power electric appliances rely on AC power due to their large induction motors. In a purely 

DC system, an inverter will be necessary to power some of these appliances. Additionally, many of these DC 

systems rely on renewable energy sources, such as PV, which is heavily dependent on weather conditions. 

Therefore, a DC house may require multiple energy sources to make it operate reliably with minimal 

interruption.  

Multiple input sources would require a multiple-input single-output (MISO) converter to allow more 

than one energy source to connect to a DC house. This converter type can accommodate different input 

sources and combine them into a controlled single DC output, making it suitable for integrating PV, battery 

storage, and other DC sources in a hybrid residential system [18]. Previous research on this matter includes 

the DC House Project at Cal Poly State University, with similar research also conducted in the Philippines 

and Indonesia [7]. Other research includes the DC Nanogrid House by Purdue University [19], microgrid 

research conducted by InstantOn in Hawaii, and numerous other off-grid energy projects. Recent studies on 

residential DC microgrids show that the DC House concept is strongly supported by the natural compatibility 

between rooftop PV, battery energy storage systems, and modern DC loads. Residential PV systems normally 

require power electronic converters to interface with household loads and the grid, but DC-side integration 

can reduce unnecessary conversion stages and improve overall energy efficiency [4]. Nevertheless, the 

practical deployment of residential low-voltage direct current (LVDC) systems still faces several unresolved 

challenges, including voltage-level selection, protection coordination, fault isolation, control strategy, 

standardization, and availability of suitable DC appliances and devices [10]. Therefore, although fully DC 

residential systems offer clear efficiency advantages, their implementation remains more suitable for specific 

applications such as off-grid, rural, or demonstration systems than for typical grid-connected homes. While 

DC homes are being researched, a hybrid AC/DC house presents another potential approach for facilitating 

the future NZEH, especially in developed, urban settings. 

 

2.3.  Hybrid AC/DC house 

While DC electricity is widely used in many devices today, the predominant form of electricity 

transmission is AC. This existing infrastructure makes AC advantageous relative to DC distribution. 

Therefore, completely replacing existing AC infrastructure is impractical. Unlike fully DC homes, hybrid 

AC/DC architectures can supply electric loads through both conventional AC power and a separate DC bus 

that can be powered from renewable energy sources. Previous work on hybrid AC/DC microgrids for 

nearly/net-zero energy buildings shows that AC and DC sub-grids can be coordinated through power 

electronic interfaces and control strategies to improve renewable energy utilization, support power exchange 

between AC and DC sides, and reduce unnecessary conversion stages [20]. Figure 1 depicts the basic 

diagram of the hybrid AC/DC house. 
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Hybrid AC/DC homes require coordinated energy management among PV generation, battery 

storage, grid supply, AC loads, and DC loads. Previous reviews show that EMS design is essential for 

optimizing power flow, reliability, operating cost, and DER–storage coordination [6]. Therefore, evaluating 

hybrid AC/DC homes should consider not only their architecture, but also their operating conditions and 

efficiency limits under different AC/DC load ratios. 

 

 

 
 

Figure 1. Hybrid AC/DC House component layout, featuring an energy management system to control power 

distribution and various supply types 

 

 

Mitigating the current practice of converting solar panel DC into AC and then back to DC for 

devices will ultimately help maximize the electrical efficiency. Additionally, the hybrid AC/DC house 

approach would employ BESS to store generated energy while demand is low, thus simultaneously 

enhancing the resilience of the home’s electricity during power outages. Researchers in Shenzhen, China, are 

addressing the hybrid AC/DC microgrids for commercial buildings with smart interlinking units, which are 

complex control architectures for various supply scenarios and load types [19]. Other research explores the 

operational costs and demand response associated with the size of DC loads using this hybrid approach [19]. 

This study will conduct comparative studies between hybrid AC/DC and conventional AC houses. The DC 

house will not be included in the study, as the future NZEH requires the house to be grid-connected. 

In summary, conventional AC homes remain mature and grid-compatible, but repeated DC-AC-DC 

conversion reduces efficiency when PV, battery storage, and DC-native loads are used. Fully DC homes can 

reduce conversion stages, but their deployment is still limited by protection, voltage standardization, 

appliance availability, and compatibility with existing infrastructure. Hybrid AC/DC homes provide a 

practical compromise by retaining the AC network while adding a DC bus for selected DC loads. However, 

their benefit depends on AC/DC load ratio, DC bus voltage, conductor losses, and control strategy. This gap 

motivates the present comparison between hybrid AC/DC and conventional AC homes under different grid 

standards, power levels, and load ratios. 

 

 

3. SYSTEM MODELING AND METHODOLOGY 

This study develops and compares detailed models of conventional AC and hybrid AC/DC 

residential electrical systems to evaluate efficiency and cost implications for NZEH. Both models incorporate 

PV arrays, BESS, and AC grid connections, ensuring consistency in inputs while differing in how loads are 

supplied. The modeling process involved multiple levels of block diagrams to define architecture, component 

specification, and operating conditions. Simulations were conducted in MATLAB/Simulink. Figure 2 shows 

the flowchart of this study. 
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Figure 2. Flowchart of the study 
 

 

3.1.  Modeling assumptions 

To ensure a fair and consistent comparison, both the conventional AC and hybrid AC/DC house 

models were developed using identical input sources: the AC grid (120 V/60 Hz or 230 V/50 Hz), a rooftop 

PV array, and a battery storage system. In the AC house, all loads—whether inherently AC or DC—are 

powered through the AC distribution bus, with DC loads receiving power via individual AC/DC converters at 

each outlet. In contrast, the hybrid house incorporates a dedicated DC bus supplied by a MISO converter, 

allowing DC loads to be powered directly from the PV array or battery without multiple conversion stages 

[18]. Both configurations assume single-phase connections typical of residential systems. Table 1 

summarizes the key engineering specifications and justifications applied in developing and comparing the 

two models. 

The main simulation parameters were selected to represent practical residential distribution 

conditions. The AC buses of 120 V/60 Hz and 230 V/50 Hz represent the two dominant residential supply 

standards used globally. The 48 V DC bus was selected because it is commonly discussed in LVDC 

residential systems and provides a practical compromise between safety, appliance compatibility, and 

conductor loss [10]. PV and battery capacities were scaled according to low-, medium-, and high-power 

residential cases, while the battery capacity was sized to support the average load for six hours. The inverter 

THD limit was maintained below 5% following IEC 61727 requirements for grid-connected PV systems. 
 

 

Table 1. Hybrid AC/DC house and conventional AC house specifications 
Engineering Specification Justification 

AC Bus: 120 V 60 Hz and 230 V 50 Hz Most common AC buses worldwide. 

DC Bus: 48 V 
Common LVDC level for residential DC distribution, balancing safety, appliance 

compatibility, and conductor losses [10]. 

300 W to 12 kW 
Minimum and maximum loads are based on research of developing and developed 
country residential electrical systems. 

Photovoltaic system power: 0.5, 2, and 5 kW 
Power requirement range for high-power-capacity homes in high latitudes to low-

power-capacity homes in low-latitude regions. 
Battery system storage: 3.3, 12, and 39 kWh Energy requirements to run average loads for six hours. 
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3.2.  Block diagram development 

A total of six conventional AC house models were developed to represent different system 

topologies and power capacities (low, medium, and high-power household). Once the AC models were 

validated, hybrid AC/DC counterparts were created by modifying the original topologies to incorporate a 

mixed-supply configuration. In the hybrid models, a MISO converter was introduced to integrate both the 

battery charge controller and the AC/DC converter. The charge controller connects the PV and battery DC 

inputs, while the AC/DC converter interfaces directly with the AC bus. Together, these two inputs feed the 

MISO converter, whose single output establishes the 48 V DC bus supplying the household’s DC outlets. 

Figure 3 shows the conventional AC model, in which the PV and battery energy sources are 

processed through an inverter and then supplied to AC loads. Any DC loads in this setup require an 

additional AC/DC conversion stage. Figure 4 shows the hybrid AC/DC model, which enables both AC and 

DC loads to be powered more directly—AC loads remain supplied through the inverter and AC bus, while 

DC loads draw power from the 48 V DC bus through the MISO converter.  

 

 

 
 

Figure 3. Conventional AC House simplified schematic 

 

 

 
 

Figure 4. Hybrid AC/DC House simplified schematic 

 

 

3.3.  Power and efficiency measurement  

 Power measurements were recorded after the system reached steady-state operation, typically 

between 0.12 s and 0.20 s, depending on the transient response of each model. The overall efficiency for all 

house models was determined using (1). 

 

𝜂 =  
𝑃𝑜

𝑃𝑖𝑛
=  

𝑃𝑜𝑢𝑡,𝐴𝐶+ 𝑃𝑜𝑢𝑡,𝐷𝐶

𝑃𝑖𝑛,𝐴𝐶+ 𝑃𝑖𝑛,𝐷𝐶
 (1) 
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The input and output powers for both AC and DC sides were calculated separately before combining them to 

obtain the total system efficiency. For AC measurements, the average power was computed according to (2): 
 

𝑃𝑎𝑣𝑔 =  
1

𝑇
∫ 𝑣(𝑡) ∙ 𝑖(𝑡)𝑑𝑡

𝑇

0
 (2) 

 

where, 
  

𝑣(𝑡) = instantaneous AC voltage. 

𝑖(𝑡) = instantaneous AC current. 

𝑇 =  
1

𝑓𝑔
 = Period from the grid frequency (either 50 Hz or 60 Hz). 

 

Because all AC loads were modeled as purely resistive, the output power 𝑃𝑜𝑢𝑡,𝐴𝐶 represented only active 

power with negligible reactive components. For DC quantities, instantaneous power was calculated using (3). 

 

𝑃(𝑡) = 𝑣(𝑡) ∙ 𝑖(𝑡) (3) 

 

The DC input and output powers (𝑃𝑖𝑛,𝐷𝐶 and 𝑃𝑜𝑢𝑡,𝐷𝐶) were measured once the system reached steady state to 

avoid transient fluctuations. These instantaneous values were then averaged over the sampling window to 

obtain consistent and comparable power results across all load and topology configurations. 

This study focuses on steady-state comparative efficiency rather than dynamic performance. Power 

values were recorded after the initial transient settling period to ensure consistent comparison between 

topologies. Loads were represented as aggregated active-power demands, and converter efficiencies were 

modeled using fixed average values to isolate the effect of system architecture and conversion-stage 

reduction. Therefore, the results indicate comparative efficiency trends, while transient response, nonlinear 

and constant-power loads, and load-dependent converter efficiency require further investigation. 

 

3.4.  Component modeling 

The primary subsystems for both conventional and hybrid house configurations were modeled and 

simulated in MATLAB/Simulink to accurately represent power flow and conversion efficiency. 

- PV array and maximum power point tracking (MPPT) controller: The photovoltaic subsystem employs 

a perturb-and-observe (P&O) algorithm to regulate a buck converter, ensuring operation at the 

maximum power point (MPP). The converter supplies power to both the battery and the inverter, 

achieving an average conversion efficiency of approximately 96%. 

- AC/DC power supplies: The AC/DC converters are modeled as full-bridge rectifiers followed by buck 

converters, stepping down 120/230 V AC to 24 V DC suitable for typical electronic loads. These units 

represent device-level adapters commonly found in residential environments. 

- Inverter: The inverter consists of a DC-DC boost stage, a unipolar PWM-controlled full-bridge inverter, 

and an LC output filter to ensure sinusoidal voltage at the output. The simulated inverter performance 

achieved total harmonic distortion (THD) levels within the IEC 61727 standard, maintaining values 

below 5%. 

- MISO converter: The MISO converter integrates inputs from the PV array, battery, and AC/DC grid 

supply to sustain a regulated 48 V DC bus. This configuration enables seamless power sharing among 

sources and enhances overall system flexibility and efficiency for hybrid operation. 

 

3.5.  Simulation modeling 

The house models were tested under multiple load cases (low, medium, and high power), simulating 

daily residential consumption patterns. Efficiency calculations were performed by comparing input and 

output power at each stage, with line losses also modeled for the DC bus. The conventional AC house 

Simulink model establish a baseline system for comparison against the hybrid topologies. As shown in  

Figure 5, the PV source is connected through a MPPT charge controller, which regulates the charging of the 

DC link. The inverter then converts this DC power to 120 Vrms, 60 Hz AC, matching grid standards. The 

load circuits modeled in the right section of the diagram. This configuration reflects the conventional 

residential setup in which all devices, including inherently DC appliances, receive power through AC 

distribution. 

The hybrid AC/DC house model was constructed to evaluate the benefits of integrating a DC 

distribution bus alongside the conventional AC network. Unlike the purely AC system, this configuration 

supplies DC loads directly from the PV array and battery, thereby reducing the need for multiple AC–DC 

conversion stages. As shown in Figure 6 and Figure 7, the model is divided into two main sections. The 

upper half of Figure 6 includes the MPPT charge controller, battery, and inverter. The PV source is regulated 
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by the MPPT controller to charge the DC link and battery storage. The inverter converts DC to AC power for 

conventional household loads and operates in coordination with the battery to maintain system stability. 

The lower half of Figure 7 contains the AC/DC supply converter and the MISO converter. The 

MISO converter allows DC loads to be powered either directly from the PV/battery source or from the 

AC/DC converter connected to the grid. This arrangement enables flexible power routing, as DC appliances 

can draw energy directly from DC sources with minimal conversion losses, while AC loads are supported 

through the inverter stage. 

 

 

 
 

Figure 5. AC house model for 120 Vrms at 60 Hz in Simulink 

 

 

 
 

Figure 6. Upper half of the hybrid house model in Simulink, including the charge controller, battery, and 

inverter stages 

 

 

 
 

Figure 7. Lower half of the hybrid house model in Simulink, including the central AC/DC converter and 

MISO converter 
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4. RESULTS AND DISCUSSION 

This chapter presents the outcomes of the modeling and simulation of twelve different house 

configurations under varying AC and DC load conditions. 
 

4.1.  Systematic testing matrix 

To comprehensively evaluate the performance of both the conventional AC and hybrid AC/DC 

house models, a systematic testing matrix was developed, as summarized in Table 2. Each house 

configuration—low-, medium-, and high-power—was simulated under a range of total load conditions. The 

simulations also considered varying AC/DC load ratios to capture realistic household consumption patterns 

across different regions and power capacities. 
 

 

Table 2. Load configurations and component specifications for conventional AC and hybrid AC/DC  

house models 
Power 

capacity 

type 

Total 

load [W] 

AC/DC ratio AC/DC ratio AC/DC ratio AC/DC ratio AC/DC ratio PV size 

[W] 

Battery 

size  

[W] 

Battery 

size  

[Ah] 
1:0 0.75:0.25 0.5:0.5 0.25:0.75 0:1 

AC load 
[W] 

DC load 
[W] 

AC load 
[W] 

DC load 
[W] 

AC load 
[W] 

DC load 
[W] 

AC load 
[W] 

DC load 
[W] 

AC load 
[W] 

DC load 
[W] 

Low power 100 100 0 75 25 50 50 25 75 0 100 500 3.3 137.5 

200 200 0 150 50 100 100 50 150 0 200 

300 300 0 225 75 150 150 75 225 0 300 

400 400 0 300 100 200 200 100 300 0 400 

500 500 0 375 125 250 250 125 375 0 500 

600 600 0 450 150 300 300 150 450 0 600 

700 700 0 525 175 350 350 175 525 0 700 

800 800 0 600 200 400 400 200 600 0 800 

900 900 0 675 225 450 450 225 675 0 900 

1,000 1,000 0 750 250 500 500 250 750 0 1,000 

Medium 

power 

1,000 1,000 0 750 250 500 500 250 750 0 1,000 2,000 12 500 

1,500 1,500 0 1,125 375 750 750 375 1,125 0 1,500 

2,000 2,000 0 1,500 500 1,000 1,000 500 1,500 0 2,000 

2,500 2,500 0 1,875 625 1,250 1,250 625 1,875 0 2,500 

3,000 3,000 0 2,250 750 1,500 1,500 750 2,250 0 3,000 

3,500 3,500 0 2,625 875 1,750 1,750 875 2,625 0 3,500 

4,000 4,000 0 3,000 1,000 2,000 2,000 1,000 3,000 0 4,000 

4,500 4,500 0 3,375 1,125 2,250 2,250 1,125 3,375 0 4,500 

5,000 5,000 0 3,750 1,250 2,500 2,500 1,250 3,750 0 5,000 

5,500 5,500 0 4,125 1,375 2,750 2,750 1,375 4,125 0 5,500 

6,000 6,000 0 4,500 1,500 3,000 3,000 1,500 4,500 0 6,000 

10,000 10,000 0 7,500 2,500 5,000 5,000 2,500 7,500 0 10,000 

High power 1,000 1,000 0 750 250 500 500 250 750 0 1,000 5,000 39 1,625 

2,000 2,000 0 1,500 500 1,000 1,000 500 1,500 0 2,000 

3,000 3,000 0 2,250 750 1,500 1,500 750 2,250 0 3,000 

4,000 4,000 0 3,000 1,000 2,000 2,000 1,000 3,000 0 4,000 

5,000 5,000 0 3,750 1,250 2,500 2,500 1,250 3,750 0 5,000 

6,000 6,000 0 4,500 1,500 3,000 3,000 1,500 4,500 0 6,000 

7,000 7,000 0 5,250 1,750 3,500 3,500 1,750 5,250 0 7,000 

8,000 8,000 0 6,000 2,000 4,000 4,000 2,000 6,000 0 8,000 

9,000 9,000 0 6,750 2,250 4,500 4,500 2,250 6,750 0 9,000 

10,000 10,000 0 7,500 2,500 5,000 5,000 2,500 7,500 0 10,000 

11,000 11,000 0 8,250 2,750 5,500 5,500 2,750 8,250 0 11,000 

12,000 12,000 0 9,000 3,000 6,000 6,000 3,000 9,000 0 12,000 

 

 

The low-power house was designed for small residences with a peak demand of 1 kW and two 

circuits, representing households typical in rural Indonesia and India. The medium-power model reflects a 

small residence with a peak load of 6 kW and eight breakers, consistent with modest homes in the U.S. or 

U.K. The high-power model represents large family homes with up to 12 kW peak demand and twenty 

breakers, typical of suburban households in the U.S. PV and storage values were selected based on load 

profiles and prior electrification studies. Battery sizing was derived from the average load over a six-hour 

period, while PV sizing followed references [21], [22]. From each of the four topologies, three capacity levels 

were created, resulting in twelve total models. Each model was tested with multiple combinations of AC and 

DC loading to quantify efficiency. Each load was further subdivided into five AC/DC ratios, producing 165 

test cases per topology. In total, approximately 660 test cases were conducted across the four topologies. 
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4.2.  Breaker configuration and resistance modeling 

The number of breakers, PV size, and battery sizing for each of the three power capacity homes are 

shown in Table 3. The number of breakers determined the number of circuits the house model contained. The 

battery sizes were calculated from the average load, taken from the range of total loads in Table 2, over a 6-

hour period. PV sizes are justified from [21], [22]. 
 

 

Table 3. Organization of breaker count and DC source specifications 
House model Number of breakers PV size [W] Battery size [kWh] Battery size [Ah] 

Low power 2 500 3.3 137.5 

Medium power 8 2,000 12 500 
High power 20 5,000 39 1,625 

 

 

The conductor/line resistances were calculated for the 120 V and 230 V circuits, assuming 12 AWG, 

single-core copper, was used in all the homes. 12 AWG is the standard conductor used for residential 

general-purpose power applications in the U.S. due to its 20 A-30 A ampacity. The copper length varied 

among the low, medium, and high-power house models, as it is assumed that home size increased 

proportionally with peak power demand. House sizes based on power capacity are shown in Table 4 [23]. 

Total conductor length varied between the house models as well. For the medium and low-power homes, it is 

assumed their total conductor length was the same as the home square footage. For the high-power home, the 

1.5 ft of conductor length per home square footage is used to approximate copper length due to generally 

larger room sizes, resulting in proportionally greater distances from outlets to the main breaker. 

 

 

Table 4. House model specifications for total conductor length and circuit count 
House model Home square footage [ft2] Total conductor length [ft] Number of circuits 

Low power 500 500 2 

Medium power 1,000 1,000 8 

High power 2,514 3,771 20 

 

 

Line resistance calculations could then be made to approximate line loss throughout the home. The 

wire resistance of copper single-core 12 AWG is 1.588 Ω/1000 ft. Using (4), the resistance of the total 

conductor length could be calculated. 

 

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑙𝑡𝑜𝑡𝑎𝑙 ∙
𝑅𝐴𝑊𝐺

1,000𝑓𝑡
 (4) 

 

The conductor resistance was then divided evenly by the number of circuits, under the assumption that each 

circuit is the same length. From each circuit resistance, the phase and neutral line resistances were then 

placed into the model.  

In 120 Vrms residential electrical systems, 240 Vrms outlets can also be present for high-power loads 

such as electric ranges, electric water heaters, and more. These 240 V outlets require a split-phase 

transformer connection from the grid and can use gauges between 10 AWG and 4 AWG depending on load 

requirements. While 240 V is not present in the 120 V house models, the circuits were still modeled with 6 

AWG wire and copper resistance compensation for the voltage difference. Compensating for the copper 

resistance from the use of 120 V on a 240 V circuit can be done using (5). In short, the conductor resistance 

on the modeled 240 V circuits can be divided by 4 on the 120 V bus, as shown. 

 

𝑃 = (240𝑉) ∙ 𝐼240𝑉 = (120𝑉) ∙ 𝐼120𝑉  

 

𝐼240𝑉 =
1

2
𝐼120𝑉  

 

𝑃240𝑉 = 𝑃120𝑉  →  𝐼240𝑉
2 𝑅240𝑉 =  𝐼120𝑉

2 𝑅120𝑉  

 

(
1

2
𝐼120𝑉)

2

𝑅240𝑉 =  𝐼120𝑉
2 𝑅120𝑉 (5) 

 

𝑅120𝑉 =
𝑅240𝑉

4
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4.3.  Control flow of converters 

The real-world hybrid house systems will require a logic unit to operate as a central controller for 

efficiently operating the different conversion stages. This controller is needed to prevent the inverter and 

power supply from operating simultaneously, as this simultaneous operation would cause an inefficient DC-

to-AC-to-DC conversion to occur. The control flow for this logic unit is presented in Table 5. 
 

 

Table 5. Control flow of hybrid converters 
Inverter AC/DC converter 

ON OFF 

OFF ON 

OFF OFF 

 

 

The hybrid system uses a rule-based energy management strategy to coordinate power sharing 

among the PV array, battery, AC grid, inverter, AC/DC converter, and MISO converter. In the first operating 

state, when AC load demand exists, the inverter supplies the AC bus, while the MISO converter supplies DC 

loads from the PV/battery side whenever DC demand is also present. In the second state, when DC load 

demand exceeds the selected threshold of half the house power capacity, the AC/DC converter provides an 

additional input to the MISO converter to support the DC bus. In this condition, the inverter is turned off and 

the AC grid supplies the AC loads to avoid inefficient DC-AC-DC conversion. In the third state, when there 

is no AC load and DC demand is low, both the inverter and AC/DC converter are turned off, and the MISO 

converter supplies the DC bus from the PV/battery side only. This control strategy improves efficiency by 

prioritizing direct DC supply for DC loads, reducing unnecessary conversion stages, and preventing 

simultaneous inverter and AC/DC converter operation. It also supports DC bus stability by allowing the 

AC/DC converter to assist the MISO converter when DC demand becomes high.  
 

4.4 Efficiency comparison of AC and hybrid AC/DC houses 

The comparative efficiency of hybrid AC/DC and conventional AC houses was evaluated under 

varying DC load conditions. Figures 8-10 present efficiency curves for low-, medium-, and high-power house 

models at both 120 V and 230 V. In all low-power cases (Figure 8), the hybrid model consistently 

outperformed the conventional model across the entire 1 kW range. Efficiency improvements of 1–10% were 

observed, particularly in the 230 V hybrid model, where the advantage was most pronounced at lower loads. 

For medium- and high-power models (Figures 9 and 10), the hybrid approach demonstrated higher 

efficiency up to approximately 1.5–2 kW of DC load. Beyond this threshold, efficiency declined due to 

increased resistive (I²R) losses in the 48 V DC bus. Despite this limitation, the range of household DC loads 

in typical residences is likely to remain below 2 kW, suggesting that the hybrid system provides efficiency 

benefits under realistic conditions. 

Figure 11 further highlights this crossover behavior, showing that hybrid systems maintain superior 

efficiency for total loads up to 2 kW. Under conditions where the inverter could be switched off and the 

MISO converter alone supplied DC loads, the hybrid model achieved notable gains. This trend is consistent 

with recent hybrid DC-AC residential and residential PV-DC integration studies, which show that supplying 

DC loads through a dedicated DC bus can reduce unnecessary conversion stages [4], [8]. Compared with 

previous DC distribution studies, the efficiency gains in this work are more conservative because conductor 

losses in the 48 V DC bus are explicitly included. This indicates that hybrid AC/DC design should consider 

not only conversion-stage reduction, but also DC bus voltage and feeder layout. 
 

 

  
(a) (b) 

 

Figure 8. Low-power efficiency curves for conventional and hybrid houses: (a) 120 V and (b) 230 V 
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(a) (b) 

 

Figure 9. Medium-power efficiency curves for conventional and hybrid houses: (a) 120 V and (b) 230 V 

 

 

  
(a) (b) 

 

Figure 10. High-power efficiency curves for conventional and hybrid houses: (a) 120 V and (b) 230 V 

 

 

 
 

Figure 11. Efficiency of the 230 V hybrid house vs. 230 V conventional house for total DC loads of 1 kW, 

1.5 kW, and 2 kW 

 

 

The impact of bus voltage was also investigated. Figure 12 compares hybrid houses operating with 

48 V and 60 V DC buses. The 48 V system exhibited modest gains of 1–4% over the conventional AC house 

at low DC loads but lost efficiency beyond ~1.6 kW. In contrast, the 60 V system sustained 5–7% efficiency 

improvements up to 2–2.5 kW, confirming that higher DC bus voltages reduce copper losses and extend the 

range of hybrid superiority. 

These results are consistent with previous studies showing that hybrid DC-AC residential 

architectures can reduce unnecessary conversion stages by supplying DC loads through a dedicated DC bus 

while retaining the existing AC network for conventional high-power appliances [8]. The observed efficiency 

improvement at low-to-moderate DC load levels also agrees with residential PV integration studies, which 

indicate that DC-side integration of PV, battery storage, and DC-native loads can improve building energy 

efficiency by reducing repeated DC-AC-DC conversion processes [4]. However, the reduction in efficiency 

at higher DC load levels shows that the benefit of hybrid AC/DC distribution is not unlimited; conductor loss, 

bus voltage selection, and load distribution must be considered carefully in practical house design. 
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This conclusion is reinforced by the line loss analysis in Figure 13. DC losses increase quadratically 

with load for both 48 V and 60 V buses, but the 60 V bus significantly reduces I²R losses compared to 48 V. 

AC line losses remained relatively negligible across the same range, further emphasizing the importance of 

optimizing DC bus voltage in hybrid house designs. These results indicate that hybrid AC/DC homes are 

most suitable for low-to-moderate DC loads, such as LED lighting, electronics, communication devices, and 

other DC-compatible appliances. At higher DC demand, increasing the DC bus voltage or redesigning the 

DC feeder layout may be needed to reduce copper losses. Practical implementation should also include 

energy management to coordinate PV, battery, grid, and AC/DC load allocation, as emphasized in [6]. 

Although the 60 V DC bus reduces current and copper losses compared with the 48 V bus, its 

practical use requires careful safety and protection design. Higher DC voltage may require DC-rated 

breakers, appropriate conductor insulation, fault isolation, arc-fault mitigation, polarity protection, and 

compliance with applicable LVDC residential safety requirements. Therefore, the 60 V result should be 

interpreted as an efficiency-oriented design option rather than a direct implementation recommendation 

without protection assessment. 

 

 

 
 

Figure 12. Efficiency difference between the 48 V hybrid (orange) and 60 V hybrid (green) vs. conventional 

house for Medium-Power 230 Vrms 

 

 

 
 

Figure 13. 48 VDC and 60 VDC vs. AC, line losses with increasing load from the medium-power MISO 

converter. DC losses are shown in orange while AC losses are shown in blue 

 

 

4.5.  DC bus voltage drops 

The stability of the DC bus was also examined for the medium-power house model (6 kW peak 

load) using the MISO converter. Figure 14 illustrates the outlet voltage as the DC load increases in 

increments of 600 W, distributed evenly across four outlets. The results show a clear downward trend: as DC 

load increases, the bus voltage drops proportionally. At typical residential demand levels below 1–2 kW, the 

bus voltage remains stable between 47 V and 47.5 V, which is within acceptable limits for most consumer 

devices. Since modern electronic equipment generally incorporates internal voltage regulation, this modest 

variation suggests that additional measures such as smart outlets may not be necessary. 

At higher load levels approaching the MISO converter’s maximum capacity, the voltage drop 

becomes more pronounced, reaching ~42 V. While such conditions are unlikely in typical households, they 
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highlight the importance of considering bus voltage stability in higher-power applications or when multiple 

DC circuits are aggregated. For real house applications, the DC bus should be prioritized for distributed low-

to-moderate DC loads such as LED lighting, electronics, communication devices, and other DC-compatible 

appliances. High-power motor-based appliances should remain on the AC bus unless suitable DC appliances 

and protection devices are available. Practical implementation should also consider voltage regulation, DC 

bus ripple, and power quality assessment, as recommended in AC/DC microgrid building measurement 

studies [24]. 

Although this study focuses primarily on steady-state efficiency, power quality and safety remain 

important considerations for hybrid AC/DC residential systems. Previous work on AC and DC microgrid 

buildings emphasizes that efficiency evaluation should be complemented by voltage quality and power 

quality indicators to enable fair comparison between AC and DC building networks [24]. In this study, the 

inverter output was designed to maintain THD within the IEC 61727 limit, and DC bus voltage behavior was 

evaluated through voltage-drop analysis. However, increasing the DC bus from 48 V to 60 V, although 

beneficial for reducing current and copper losses, requires careful consideration of DC-rated protection 

devices, fault isolation, arc-fault mitigation, polarity protection, conductor insulation, and compliance with 

applicable LVDC residential safety requirements. Therefore, future work should extend the analysis to 

voltage regulation under varying load profiles, DC bus ripple, nonlinear loads, transient operating conditions, 

and protection coordination so that efficiency benefits can be evaluated together with power quality, stability, 

and safety. 

 

 

 
 

Figure 14. Voltage at the DC outlet with increasing DC load with maximum DC load of 6,000 W 

 

 

4.6.  Cost analysis 

To complement the efficiency evaluation, a cost analysis was performed to assess the financial 

viability of hybrid AC/DC houses. Economic feasibility is an important consideration for hybrid AC/DC 

residential systems because the architecture requires additional power electronics, DC distribution 

components, and storage-related interfaces. The study in [25] shows that AC/DC microgrid cost is strongly 

influenced by storage topology, power electronics configuration, and installation-related factors. Therefore, 

this section evaluates whether the efficiency improvement of the proposed hybrid AC/DC house can provide 

a practical financial benefit relative to the additional system cost. 

The analysis included the cost of the MISO converter, AC/DC converter, main and DC circuit 

breakers, and boost converters. Labor costs were excluded due to variability across regions. All hardware 

costs were calculated in USD. Table 6 summarizes the estimated hardware costs for low-, medium-, and 

high-power hybrid upgrades. 

To evaluate payback periods, the 120 V medium-power house was used, representing typical small 

family consumption (~29.6 kWh/day). With an average California electricity price of $0.4465/kWh in 2024, 

a 48 V hybrid house delivering 2% efficiency gains saves ~0.592 kWh/day (~$0.26/day). The $784 hardware 

investment results in a payback of ~8.3 years. In contrast, the 60 V hybrid model, with ~4% efficiency 

improvement, saves ~1.184 kWh/day (~$0.53/day), yielding a significantly shorter payback of ~4.1 years. 

These results indicate that, under the assumed hardware-cost and electricity-saving conditions, the hybrid 

upgrades may provide an attractive initial payback estimate, especially when higher DC bus voltages are 

adopted. 

It should be noted that this economic evaluation represents a preliminary hardware-cost and 

electricity-saving payback analysis rather than a complete lifecycle cost assessment. Battery degradation, 

converter lifetime, maintenance, replacement cost, installation cost, discount rate, and electricity price 

variation were not included. Therefore, the payback results should be interpreted as an initial feasibility 
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estimate. A future lifecycle economic analysis should incorporate these factors to evaluate the long-term 

financial performance of hybrid AC/DC residential systems more comprehensively. 

 

 

Table 6. Hardware cost of hybrid houses 
Power type Main DC 

breaker 

cost 

Number of 

DC 

Breakers 

Cost / 

DC 

breaker 

AC/DC 
cost 

AC/DC 

power 

output 

Boost cost 

(x2 boost 

converters) 

Total 

hardware 

cost 
[$] [-] [$] [$] [W] [$] [$] 

Hybrid low-power $13 1 $13 $52 500 $30 $138 

Hybrid medium-power $12 4 $13 $500 2,000 $110 $784 
Hybrid high-power $15 10 $13 $1,025 3,000 $500 $2,170 

 

 

5. CONCLUSION 

This study developed and analyzed hybrid AC/DC and conventional AC house models using 

MATLAB/Simulink to evaluate steady-state efficiency under different residential power levels, AC/DC load 

ratios, and grid standards. Twelve models were considered, representing 1 kW, 6 kW, and 12 kW residential 

load levels under 120 V/60 Hz and 230 V/50 Hz systems. Each model incorporated PV generation, battery 

storage, inverter, MISO converter, AC/DC converter, and line-resistance effects to enable a consistent 

comparison between conventional AC and hybrid AC/DC distribution. 

 The simulation results show that hybrid AC/DC houses provide higher efficiency than conventional 

AC houses when DC load demand remains below approximately 1.5–2.0 kW. At low-power levels, the 

hybrid configuration achieved up to 11% higher efficiency, while medium- and high-power models showed 

efficiency gains of up to 4%. The main efficiency benefit comes from reducing unnecessary DC-AC-DC 

conversion stages. However, at higher DC load levels, resistive losses in the 48 V DC bus reduce the 

efficiency advantage. Increasing the DC bus voltage to 60 V reduced copper losses and improved efficiency 

by approximately 6–7%, although this option requires higher-rated components and careful safety and 

protection consideration. 

 The preliminary cost analysis indicates that hybrid upgrades may be economically attractive under 

the assumed hardware-cost and electricity-saving conditions. Estimated hardware costs were approximately 

$140 for 1 kW homes, $784 for 6 kW homes, and $2,200 for 12 kW homes. Under these assumptions, 

breakeven points were estimated at about 8 years for 48 V configurations and as early as 4 years for 60 V 

configurations. However, these values should be interpreted as initial feasibility estimates because lifecycle 

factors such as battery degradation, converter lifetime, maintenance, replacement cost, installation cost, 

discount rate, and electricity price variation were not included. 

 Overall, the findings indicate that hybrid AC/DC distribution is most suitable for residential 

applications with low-to-moderate DC demand, such as LED lighting, electronics, communication devices, 

and other DC-compatible appliances. High-power appliances are better retained on the AC bus unless 

suitable DC appliances, protection devices, and standards are available. Therefore, hybrid AC/DC 

architecture offers a practical pathway for improving residential energy efficiency while maintaining 

compatibility with existing AC infrastructure. 

The main limitation of this study is that the analysis is simulation-based and focused on steady-state 

efficiency, using simplified load models and fixed converter efficiency assumptions. Therefore, future work 

should proceed toward pilot implementation using a real hybrid AC/DC residential testbed. This validation 

should include nonlinear and constant-power loads, measured converter efficiency curves, PV intermittency, 

battery switching, THD, voltage regulation, DC bus ripple, protection coordination, and lifecycle cost 

assessment. These steps will support practical design rules for applying hybrid AC/DC distribution in future 

NZEH applications. 
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