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Abstract

This study evaluates the energy performance, operational carbon emissions, and
energy autonomy of electrified residential buildings compared to a conventional gas-
based Zero-Energy Building (ZEB) under Korea’s ZEB certification framework. A
detached single-family house was modeled with three configurations: a gas-based
ZEB, a Packaged-Terminal Heat Pump (PTHP) ZEB, and an Air-to-Water Heat
Pump (AWHP) ZEB. A 3-kW rooftop photovoltaic (PV) system was applied to all
cases, representing a typical residential-scale installation for energy self-sufficiency.
The results show that full electrification increases primary energy consumption—
from 148.3 to 201.6 kWh/m?yr—under the current source energy conversion fac-
tor (2.75 for electricity), making it difficult for electrified ZEBs to satisfy the pre-
sent 90 kWh/m?-yr threshold. Although the electricity emission factor (EF) of the
Korean grid is projected to decline significantly from 0.4781 to 0.0480 kgCO,eq/
MWh by 2050, this reduction reflects grid decarbonization, not changes in building
performance. When building operational emissions are recalculated using the future
EF values, electrified ZEBs show substantially lower annual emissions than the gas-
based case, highlighting the long-term benefits of electrification under a decarbon-
ized power system. PV-based energy autonomy analysis reveals that the load cover
ratio (LCR) and self-consumption ratio (SC) remain within 38—-67%, while the self-
sufficiency ratio (SS) exceeds the 20% threshold required for ZEB certification.
Nevertheless, the high loss of power supply probability (63—78%) underscores the
necessity of storage or load-shifting strategies. Overall, electrification represents a
viable transition pathway toward carbon—neutral ZEBs, contingent upon continued
grid decarbonization and expanded renewable integration.
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1 Introduction

The international community has set the achievement of carbon neutrality by
2050 as a top priority, and is making various efforts to achieve carbon neutral-
ity. The building sector accounted for 39% of global greenhouse gas emissions in
2019 [1]. Electrification is attracting attention as a strategy for reducing green-
house gas emissions in the building sector. Building electrification refers to
designing and operating buildings in which all energy-related functions rely on
electricity. These buildings have heating, cooling, lighting, appliances and other
functions powered by environmentally friendly electrical energy, replacing tradi-
tional fossil fuel-based systems.

Countries around the world are promoting policies related to electrification of
buildings for decarbonization. The European Union has committed to phase out
heating from fossil fuels by direct combustion in the building sector by 2040 [2].
Some Member States are banning the use of fossil fuel-based boilers in new and
retrofitted buildings and actively adopting electrification technologies [3]. Each
state has introduced various policies and programs related to electrification in the
United States. California has introduced legislation banning the use and emission
of natural gas in all new buildings from 2023 and converting space and water
heating systems to electrical systems [4]. New York State seeks to approve and
implement the All-Electric Building Act, which would ban the use of gas in all
new buildings by 2027 [5]. In Canada, provincial and municipal governments are
promoting the electrification of buildings by providing economic support for the
adoption of electrification technologies [6]. Many other countries are adopting
electrification strategies to achieve carbon neutrality.

Through previous studies, various advantages of building electrification such
as energy saving, reducing greenhouse gas emissions, public health impact, and
securing economic feasibility have been revealed. Li et al. [7] proposed a heat
pump system combined with thermal energy storage to reduce the peak load and
reduce the overall electrical load, since installing solar panels on the roof for
electrification of single—family houses cannot solve the high heating and cooling
loads. As a result, in the case of using thermal storage, the annual electrical load
could be reduced by 50 to 80% by climate zone compared to the case of using
only heat pump. Padovani et al. [8] found that combining PV with heat pumps
can reduce life cycle cost and greenhouse gas emission in residential buildings
in a cold climate with high heating load. Fournier et. al revealed that the com-
munity’s greenhouse gas emissions can be reduced by electrifying gas devices
[9]. In addition, it was found that there was an advantage of public health due to a
reduced in PM-2.5 p emission in housing. It was confirmed that power generation
was helpful not only in terms of energy conservation but also in improving the
health of residents. It was found that the electrification of buildings could have a
similar effect to the renovation of existing buildings as well as newly built ones.
The paypack period was shorter to heat using a heat pump than to renovate deeply
with a gas boiler or to use an electric boiler [10]. Earle et al. [11] confirmed that
the electrification at a community scale reduce greenhouse gas emissions like
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individual building units, and there was no negative impact on the bill impact.
However, as distributed energy systems had to be installed on a community scale,
the initial investment cost was high and the payback period was long, which acted
as a barrier. Ryan et al. [12] used ground source heat pumps with thermal energy
storage for electrification of heating and cooling for a large campus consisting of
a complex building group for various purpose in a cold climate. Thermal storage
is effective in reducing peak load, and the electrified system would be reduced
CO, emission by 30% compared to fossil fuel-based CHP. Through this, it was
confirmed that electrified heat supply is possible in large campus. In this way,
electrification of buildings has various advantages, and is being actively applied
to both individual buildings and community scales.

While many countries are proposing the electrification of heating and cooking
energy sources to achieve carbon neutrality in the building sector, the Korean gov-
ernment is proposing energy efficiency improvement, supply of high—efficiency
devices, smart energy management, low—carbon clean energy supply, and behavior
improvement. Low—carbon clean energy supply means expanding the proportion of
renewable energy use in buildings and expanding district heating. In other words,
although electrification is being promoted through decarbonization of the energy
sector and conversion to renewable energy, electrification to replace fossil fuel con-
sumption in buildings with other energy sources is slow.

Korea’s climate is mostly in the humid continental climate (Dwa), and the heat-
ing degree days amount to 3061 HDD (base 18 °C) [13], which means that heating
energy consumption is higher. The heating system of residential buildings in Korea
uses a radiant floor heating system that uses hot water above 55 °C [14]. Most heat-
ing systems in residential buildings use fossil fuel-based boilers or district heating
to supply hot water to floor radiant coils. While 52% of commercial buildings’ heat-
ing and hot water energy use is electrical energy [15], only 2.6% of residential build-
ings use electric boilers [16]. In other words, the era of electrification of residential
buildings is almost never achieved.

Achieving carbon neutrality requires transforming energy production and
end—use across all sectors. Direct combustion of fossil fuels in buildings and trans-
port inevitably emits carbon, making net—zero unattainable without eliminating such
fuels. Electricity, by contrast, can be progressively decarbonized through renewable
integration, nuclear expansion, and carbon capture, which is why electrification of
end—uses is considered central to net—zero strategies [17].

Electrification also delivers efficiency gains. Heat pumps, for example, can supply
three or more units of heat per unit of electricity, far outperforming gas boilers [18].
Furthermore, electricity enables the integration of variable renewable resources with
demand-side flexibility, storage, and smart controls, enhancing both efficiency and
grid stability [19]. Consequently, major international roadmaps—including those
of the EU, the United States, and Korea—highlight electrification, together with a
decarbonized power sector, as an indispensable pathway toward carbon neutrality
[20].

This study aims to evaluate the energy and carbon performance of electrified
buildings as a pathway toward carbon neutrality in residential zero energy buildings
(ZEBs). The analysis compares a conventional gas-based ZEB, which utilizes both
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gas and electricity, with two fully electrified configurations employing a packaged-
terminal heat pump (PTHP) and an air-to-water heat pump (AWHP). The research is
structured in three parts. First, the building energy consumption of each ZEB type
is analyzed to identify the influence of electrification on-site and source energy use.
Second, PV integration and energy autonomy are evaluated using key indicators.
Finally, the carbon neutrality potential of electrified buildings is examined under
different power mix scenarios, including the current grid composition and the pro-
jected 2050 decarbonized electricity mix. Through this comparative approach, the
study provides quantitative insights into how electrification and renewable integra-
tion contribute to achieving carbon—neutral operation in residential ZEBs.

2 Methodology
2.1 Building Description

The case study building is a single-family residence located in Seoul, Korea.
According to the Koppen climate classification, Seoul has a humid continental
(Dwa) climate. Figure 1 illustrates monthly temperature and solar radiation profiles.
Annual global radiation is 1,185 kWh/m?, with temperature ranging from —13.1 °C
to 34.1 °C.

The building was set up as a single—story single—family house, and the floor plan
and outline of the building are shown in Fig. 2 and Table 1. Although multi-fam-
ily housing dominates the residential building stock in Korea, single-family houses
were chosen because they allow clearer evaluation of energy autonomy and more
direct application of on-site renewable systems without shared infrastructure or
metering constraints. This approach enables an independent assessment of building-
level energy performance and facilitates quantitative comparison between gas-based
and electrified ZEB configurations.

As shown in Table 1, input variables related to energy analysis were set to com-
ply with current legal standards. Residential buildings in Korea use a gas-based
radiant floor heating system as a heating system and a fan or air conditioner as a
cooling system. The base model (gas-based ZEB) used gas for heating and elec-
tricity for cooling, reflecting the typical configuration of Korean residential build-
ings, and electrified buildings were set to use electricity for both cooling and heat-
ing (Table 2). In this study, two types of heat pump systems were considered for
the electrified building scenarios: a PTHP and an AWHP system. The selection of
these systems reflects both technical diversity in electrification pathways and the
characteristics of Korean residential heating practices. The PTHP system repre-
sents a direct air-based heating and cooling solution, which is widely applicable to
small- and medium-sized buildings undergoing partial electrification. In contrast,
the AWHP system was included to reflect Korean residential heating characteristics,
where radiant floor heating using gas boilers (ondol system) is the dominant form of
space heating. The AWHP enables the use of low-temperature hot water to maintain
floor-slab radiant heating, thereby serving as a technically feasible replacement for
conventional gas boilers under full electrification. By comparing PTHP and AWHP
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Fig. 1 Monthly weather conditions of Seoul, S. Korea; a solar radiation and b air temperature

ZEBs with a gas-boiler-based baseline, this study evaluates how different electrifica-
tion approaches affect energy consumption, energy autonomy, and carbon emissions
in the transition toward carbon—neutral buildings in Korea.

It was assumed that a 3-kW PV system would be installed on the roof for energy
independence. The selected capacity represents a typical residential-scale PV instal-
lation in Korea, which is generally adopted to support partial energy autonomy in
detached houses. This capacity is sufficient to meet a significant portion of house-
hold electricity demand under favorable solar conditions, aligning with the practical
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Fig.2 Plan of the target building

Table 1 Building parameters and input variables used for the energy simulation

Input variables

Value

Building type

Location

Longitude

Latitude

Orientation

Floor area (m?)

Number of floors

Floor & ceiling height (m)
Roof type

External wall U-value (W/m?-K)
Roof U-value (W/m?-K)
Floor U-value (W/m*K)
Window

Infiltration (ACHj)

Occupancy density (people/m?)
Lighting density (W/m?)
Miscellaneous power density (W/m?)
Mechanical ventilation rate (ACH)

Total solar transmission

(SHGC)
Light transmission
U-value (W/m>K)

Detached house
Seoul, South Korea
126.97°

37.57°

South

83.82

1

3.0/23

Flat roof

0.150

0.150

0.150

0.430

0.400
0.800
1.5
0.0229
55
6.40
0.5
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objectives of residential ZEB design rather than complete off-grid operation. There-
fore, the 3-kW system was deemed an appropriate baseline for assessing the effect of
electrification and PV integration on energy self-sufficiency and carbon reduction. The
specifications of the installed PV system are summarized in Table 3. The PV system
was assumed to be a grid-tied configuration without battery storage.

In this study, DesignBuilder based on Energyplus, which allows hourly detailed
analysis, was used. Climate data for the Seoul area provided by Meteonorm V. 7.3 was
applied.

2.2 Performance Metrics

To evaluate the matching performance between the building’s energy demand and elec-
tric generation by the PV system, the energy self-sufficiency ratio (ESSR), annual load
cover ratio (LCR), self—consumption (SC), self—sufficiency (SS) and loss of power sup-
ply probability (LPSP) of energy supplied through a PV system were used.

In accordance with the Korean ZEB certification system established by the Ministry
of Land, Infrastructure and Transport (MOLIT) and the Korea Energy Agency (KEA),
the ESSR quantifies the share of on-site renewable energy generation relative to the
total primary energy demand of a building. This indicator serves as a key criterion for
determining ZEB certification grades, ranging from Level 5 (20%) to Level 1 (100%).
The ESSR is calculated using the following equation:

EG source
ESSR= ——— x 100 (1)

demand,source

where, E ... 1S annual source energy equivalent of on-site renewable energy gen-
eration (KWh/m>-yr); E,,,...1 «ouree i annual total source energy consumption of the

Table 3 Specification of the PV system

Category Parameter Value
PV module Cell type Monocrystalline silicon
Capacity 3-kW
Size of module 2,124 % 1,134 %35 mm
Active area of a module 2.27 m?
Power at max power (Py;pp) 500 W
Short—circuit current (/) 13.88 A
Module current at max power (/y;pp) 13.18 A
Temperature coefficient of short circuit current (o) 0.04%/K
Open—circuit voltage (V) 45.62V
Module voltage at max power (Vypp) 3795V
Temperature coefficient of short—circuit voltage (f3) -0.27%/K
Array slope 35°
Azimuth 0°
Inverter Efficiency 95%
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building, including heating, cooling, domestic hot water, lighting, and ventilation
(kWh/m?-yr).

The primary energy conversion coefficients for natural gas and electricity con-
sumed in the building were 1.1 and 2.75, respectively. According to the certifica-
tion guidelines, a building is classified as a ZEB when its total source energy con-
sumption is under 90 kWh/m?-yr, and the ESSR exceeds 20% (Level 5). Higher
certification levels correspond to greater renewable energy coverage, culminating
in Level 1 for 100% or higher energy self-sufficiency.

The LCR ratio represents the ratio of the energy production of the PV system to
the annual electrical energy consumption of the building, as shown in Eq. 2 [21].

MR—EG
=3 @

where, E; is the annual generated energy of the on—site PV system (kWh); and E; is
the annual power demand of the building (kWh).

SC is the ratio of the amount of power consumed on its own rather than sup-
plied to the grid among self—generated power. In other words, a SC value of 100%
means that the electricity produced was totally consumed in the building. SS
refers to the ratio of the amount of electricity consumed by self—generation to
the amount of electricity consumed. In other words, it measures how much of the
power needed within the building was supplied by the PV system. A SS value of
100% means that the building’s energy demand and power generation completely
match. SC and SS are expressed as Eq. 3 and 4 [21-23].

[ FMin[G@), L(1)]dt
c=""— 0<SC<1 %))
/ L G(n)dt

[ 2 Min[G(p), L(1)]dt
8§ = —— 0<S5<1 )
/ LD(ndt

where, G(t) is the PV system at hour t; and LD(t) is the building power consumption
at hour(t).

LPSP is the probability that the available generation capacity is insufficient to
meet the building’s demand at any given time, it can be calculated as [24, 25]. In this
study, LPSP is calculated as the ratio of hours during which the on-site PV system
without energy storage fails to satisfy the electric load, to the total hours in the anal-
ysis period. LPSP quantifies the proportion of time during which the self-generation
and storage systems cannot meet the building’s load demand. Hence, it serves as a
suitable indicator for assessing the energy autonomy and supply reliability of zero-
energy buildings under a renewable generation. A higher LPSP indicates a greater
risk of supply shortfall and highlights the need for supplementary resources such
as grid connection in electrified buildings. In this study, LPSP was calculated under
grid-connected, no-storage conditions, considering PV output only.
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ST LD(1) - G(1)

LPSP = -
2. LD(t)

®)

When G(¢) > LD(t), the numerator becomes zero, indicating that the supply ade-
quately meets the demand during that period.

2.3 Assessment of Carbon Emissions under Power Mix Scenarios

This study evaluates the carbon emissions associated with building electrification.
Conventional ZEBs use both natural gas and electricity, whereas electrified ZEBs
rely solely on electricity to meet all final energy demands. Greenhouse gas emis-
sions from electricity use were assessed by applying multiple energy mix scenar-
ios, including the current power mix and the 2050 carbon—neutral mix, to analyze
changes in emissions under different scenarios. The system boundary encompasses
space heating, cooling, domestic hot water, lighting, ventilation, and plug loads.

For the fuel sector, the “2021 Approved National Greenhouse Gas Emission
and Absorption Factors” published by the Greenhouse Gas Inventory and Research
Center of Korea was employed [26]. Based on this source, the emission factor (EF)
for natural gas (LNG) combustion was set at 56.0 tCO,/TJ (0.2013 tCO,eq/MWh).
For electricity, the national average EF of 0.4781 tCO,eq/MWh from the same
source was applied.

The amount of carbon emissions emitted from natural gas and electricity con-
sumed in buildings is calculated according to Egs. 6 according to the greenhouse gas
reduction calculation method presented by the Ministry of Environment [27].

Emissionsgyg = z E; X EF (6)

where, Emissionsgy is total greenhouse gas emission (tCO,eq) by electricity con-
sumption and gas combustion; Ei denotes the energy consumption by each energy
source; and EF represents the greenhouse gas EF for each energy source. EF for
electricity at the point of consumption stage is 0.4781 tCO,eq/MWh, and the EF for
natural gas is 0.2013 tCO,eqMWh [26] that was derived by converting the original
value of 15.236 tC/TJ [26] using the IPCC AR6 GWP100.

As listed in Table 4, the power mix scenarios were derived from the “Korea
2050 Carbon Neutral Scenario (K-Map 2.0) [28].” Specifically, the annual shares
of generation by source (e.g., renewables, nuclear, coal, LNG) presented in K—Map
2.0 were reflected in constructing each scenario. The carbon EF of electricity was
calculated as the weighted average of the generation shares. Since the government
does not officially provide generation—specific emission factors, this study referred
to internationally recognized literature, including IPCC and UNECE reports,
which present life cycle assessment (LCA) based GHG intensities for major gen-
eration technologies such as coal, natural gas, oil, nuclear, solar PV, and wind. This
approach compensates for the absence of officially disclosed values in Korea while
appropriately capturing the influence of generation mix changes on the carbon inten-
sity of electricity.
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Table4 Power mix scenario for  p e soneration source (%) 2022 2030 2040 2050
carbon neutrality in Korea and

emission factor Coal 327 3.9 0 0
Natural gas 27.7 42.4 4.1 0
Nuclear 29.8 26.1 19.3 15.6
Oil 0.3 0 0 0
Solar PV 4.6 15.8 332 375
Wind 0.6 9 24.0 23.5
Hydrogen turbines 0 0 17.3 22.5
Others 43 2.7 2.1 1.0

The GHG intensity of electricity generation by power source is shown in
Table 5. The ‘other’ category includes minor domestic renewable generation
technologies such as biomass, geothermal, small hydro, and waste—to—energy.
Since official emission factors are not separately provided for these technolo-
gies, this study refers to published life cycle GHG emission studies: dedicated
biomass power (~130-230 kgCO,eq/MWh) [29], geothermal (~11-47 kgCO,eq/
MWh) [30], and small hydro/run—-of-river (~ 1-24 kgCO,eq/MWh) [29]. Consid-
ering the heterogeneity and low penetration share, we adopt a representative EF
of ~100 kgCO,eq/MWh for the ‘other’ category and conduct sensitivity analy-
sis within the range of 50-150 kgCO,eq/MWh. The EF of electricity was calcu-
lated as a weighted average based on the generation mix, with a transmission and
distribution loss rate of 5% applied to adjust the value to the final consumption
stage. The resulting EF was 0.4702 kgCO,eq/MWh, which is in close agreement
with the officially reported consumption—based factor of 0.4781 kgCO,eq/MWh,
thereby validating the methodological approach.

Table 5 GHG emissions

. : . Power generation source Lifecycle GHG emis-  Reference

mtensn.y of electricity sion intensity

generation source (kgCO, o, MWHh)
Coal 888 [31]
Natural gas 499 [31]
Nuclear 29 [31]
Oil 733 [31]
Solar PV 85 [31]
Wind 26 [31]
Hydrogen turbines 10 [32-34]
Others 100 [29, 30]
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3 Results & Discussion
3.1 Building Energy Consumption

In this study, to ensure a reliable analysis model, the gas—based ZEB (conventional
system) was set as the reference building, and the energy consumption of the refer-
ence building was compared with energy consumption statistical data. The reference
model was compared to the energy consumption of an apartment complex that was
completed in 2019 and received zero energy certification (Fig. 3). The criterion for a
ZEB is that the source energy consumption for heating, cooling, domestic hot water,
lighting, and ventilation does not exceed 90 kWh/m?yr.

The energy consumption of actual zero-energy residential buildings was con-
verted to primary energy by averaging the energy consumption from 2020 to 2022
provided by the Apartment Housing Management Information System [35]. The
energy consumption of the reference model was compared with the monthly source
energy use intensity. The mean bias error (MBE) and coefficient of variation (CV)
for the root-mean-square error (RMSE) for the simulation results were 5% and 9%,
respectively, which were considered reliable because they satisfied the MBE and
CVRMSE standards of + 10% and +30% from ASHRAE Guideline 14-2014 [36].

Figure 4 compares site and source energy consumption among three ZEB config-
urations: the Gas-based ZEB using both gas and electricity, the PTHP ZEB adopting
a packaged-terminal heat pump, and the AWHP ZEB utilizing an air-to-water heat
pump. Under the current energy mix and source energy conversion factors (2.75 for
electricity, 1.1 for gas), electrified buildings exhibit higher source energy consump-
tion compared to the gas-based baseline.

Under the current ZEB certification scheme in Korea, buildings are required to
satisfy a source energy consumption threshold of 90 kWh/m?.yr for regulated loads
including heating, cooling, lighting, ventilation and DWH. The gas-based ZEB
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Fig. 3 Comparison of monthly source energy use intensity
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Fig.4 Energy consumption comparison of ZEBs with different heating systems

records a regulated source energy consumption of 81.35 kWh/m?.yr, meeting the
certification requirement. However, both electrified ZEBs exceed the 90 kWh/mz-yr
threshold, thereby failing to satisfy the minimum ZEB requirement under the cur-
rent source energy conversion factors.

The results clearly demonstrate that while full electrification is desirable for long-
term decarbonization, it is at a structural disadvantage under the current certifica-
tion framework. The higher source energy conversion factor assigned to electricity
inflates the calculated source energy consumption, making it nearly impossible for
fully electrified building to achieve the regulatory target, even when high-efficiency
heat pump systems are applied.

Therefore, unless the source energy conversion factor for electricity is revised
downward to reflect the decarbonization of the national grid, electrified ZEBs will
remain ineligible for certification, despite their lower direct CO, emissions and
higher compatibility with renewable energy integration.

3.2 PV Integration and Energy Autonomy

The energy autonomy and reliability indicators for the gas-based and electrified
ZEBs integrated with PV systems are summarized in Fig. 5. The ESSR, LCR, SC,
SS, and LPSP were analyzed to assess the extent to which each building configura-
tion achieves energy independence through on-site solar generation.

The energy self-sufficient rate, defined by the Korean ZEB certification as the
ratio of on-site renewable energy generation to total primary energy consumption,
records 149% for the gas-based ZEB, 109% for the PTHP ZEB, and 87% for the
AWHP ZEB. All configurations therefore meet the minimum 20% requirement stip-
ulated in the national ZEB certification standard, confirming that even fully elec-
trified buildings can achieve compliance under the given PV capacity. The higher
value for the gas-based ZEB reflects its smaller total source energy demand, owing
to partial gas use.
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Fig.5 Comparison of energy autonomy and reliability metrics

The LCR, which indicates the proportion of electrical demand met directly by
PV generation, is 91% for the gas-based ZEB, 67% for the PTHP ZEB, and 58%
for the AWHP ZEB. The decline with increasing electrification results from higher
total electrical loads, particularly from heating operations, which reduce the share of
PV-covered demand. When gas consumption is included in the total load of the gas-
based case, the LCR decreases to approximately 66%, becoming comparable to that
of the electrified ZEBs.

The SC remains within a narrow range of 38-41%, suggesting that the tempo-
ral mismatch between PV output and building demand, rather than heating sys-
tem configuration, dominates energy-use patterns. The SS declines as electrifica-
tion increases—26% for gas-based, 28% for PTHP, and 22% for AWHP—showing
greater reliance on external grid supply in fully electric systems.

The LPSP rises sharply from 63% (Gas-based) to 72% (PTHP) and 78% (AWHP),
implying reduced supply reliability and greater vulnerability to renewable intermit-
tency as electrification progresses. These high LPSP values highlight that current
PV capacity alone cannot guarantee energy security in electrified ZEBs without
additional measures such as energy storage or demand-side management.

Overall, while electrification increases dependency on electricity and slightly
lowers reliability indicators, all configurations meet Korea’s ZEB certification cri-
teria. The results reaffirm that transitioning to fully electrified buildings remains a
feasible and policy-aligned pathway toward carbon—neutral operation, particularly as
the national power mix continues to decarbonize.

3.3 Carbon neutrality potential of electrified buildings according to the power
mix

Figure 6 presents the projected carbon emissions of three ZEB configurations
from 2022 to 2050, under power mix scenarios aligned with Korea’s 2050 Carbon
Neutrality Roadmap (K-Map 2.0). The EF for 2030, 2040, and 2050 were 0.2859
kgCO,eq/MWh, 0.0676 kgCO,eq/MWh, and 0.0480 kgCO,eq/MWh, respectively,
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3.00

1.00

0.50

CO, Emission(tCO,eq)

2022 2030 2040 2050

-o-Gas-based ZEB 2.01 1.31 0.52 0.45
PTHP ZEB 2.36 1.41 0.33 0.24
-e-AWHP ZEB 272 1.62 0.38 0.27

Fig.6 Projected carbon emissions under evolving power mix scenarios

and these values were derived based on the data presented in Table 4 and Table 5.
The EF for electricity is expected to decline substantially, from 0.4781 kgCO,eq/
MWh in 2022 to 0.0480 kgCO,eq/MWh by 2050, reflecting the progressive decar-
bonization of the national grid.

Under the current EF, electrified ZEBs exhibit higher building operational emis-
sions than the gas-based baseline. Specifically, the AWHP ZEB emits 2.72 tCO,eq,
followed by the PTHP ZEB (2.36 tCO,eq) and the Gas-based ZEB (2.01 tCO,eq).
This outcome is consistent with earlier findings that electrified buildings are disad-
vantaged under the current grid, primarily due to the high carbon intensity of elec-
tricity relative to natural gas.

As the electricity grid transitions toward renewables, however, the building-level
operational emissions for electrified ZEBs decrease sharply. By 2030, emissions
from all ZEB types converge around 1.3-1.6 tCO,eq, indicating reduced differences
between systems. By 2040, the AWHP and PTHP ZEBs emit 0.38 and 0.33 tCO,eq,
respectively, outperforming the gas-based ZEB (0.52 tCO,eq). Finally, by 2050,
all-electric ZEBs become the most carbon—efficient configurations, with emissions
reduced to 0.24-0.27 tCO,eq, compared to 0.45 tCO,eq for the gas-based ZEB.

These results demonstrate a clear turning point around 2040, beyond which elec-
trification becomes advantageous in terms of total carbon emissions. Therefore,
while electrified ZEBs currently face challenges under existing EFs, they hold sig-
nificant long—term potential for carbon neutrality, particularly when combined with
on—site renewable generation such as a PV system.

3.4 Discussion

The results indicate that building electrification, while currently disadvantaged by
higher source energy conversion factors and electricity emission intensities, pro-
vides a clear long-term advantage under the projected decarbonized grid. Although
electrification increases total site and source energy use, it enhances compatibility
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with renewable generation and enables future carbon-free operation. The results also
highlight that the Korean ZEB certification framework, which uses a fixed source
energy conversion factor of 2.75 for electricity, does not fully reflect the evolving
energy system. Updating these conversion factors to align with the progressive
decarbonization of the power sector would allow electrified ZEBs to be properly
recognized for their environmental performance.

In terms of PV-based autonomy, the LCR, SC, and SS values suggest that the cur-
rent 3-kW PV capacity is insufficient for full self-sufficiency in electrified configura-
tions. The high LPSP values (72-78%) indicate that incorporating battery storage or
implementing load-shifting strategies is essential to maintain a stable power supply
and reduce the temporal mismatch between generation and demand. This aligns with
previous studies emphasizing that renewable-based electrified buildings must be
supported by distributed storage and smart control systems to achieve both energy
autonomy and reliability.

The AWHP represents radiant floor heating, which is widely used in Korean
homes. Its inclusion highlights the importance of designing systems that reflect local
heating practices for practical electrification. The results confirm that PTHP systems
are more energy-efficient for direct air heating and cooling, while AWHP systems
ensure comfort consistency with traditional ondol-based heating but at the cost of
higher electricity consumption. These findings suggest that the optimal strategy for
Korea’s residential electrification should combine heat pump selection, PV integra-
tion, and grid interaction strategies depending on the building typology and user
behavior.

Ultimately, as the power mix shifts toward renewables and hydrogen-based gen-
eration, electrified ZEBs are expected to outperform gas-based systems in both
operational emissions and life cycle carbon intensity. Therefore, electrification is not
merely a technological substitution but a transitional mechanism bridging current
fossil-dependent buildings to future carbon—neutral communities. Taken together,
the study underscores that the effectiveness of building electrification is tightly
coupled to national grid decarbonization, and policies that simultaneously promote
clean electricity and building-sector electrification will be essential to achieving
deep carbon reductions.

4 Conclusion

This study examined the energy consumption, energy autonomy, and carbon neutral-
ity potential of residential ZEBs under different electrification configurations. Three
ZEB types—a gas-based ZEB, a PTHP-based ZEB, and an AWHP-based ZEB—
were compared using identical operational and PV conditions.

Results show that the source energy consumption increases from 148.3 kWh/
m?-yr in the gas-based ZEB to 201.6 kWh/m?.yr in the AWHP ZEB, primarily due
to the conversion of thermal loads to electricity and the higher primary energy factor
for electricity (2.75). Under the current certification framework, only the gas-based
ZEB satisfies the regulated threshold of 90 kWh/mz-yr, while both electrified ZEBs
fail to meet the requirement, despite employing efficient heat pump systems.
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In terms of energy autonomy, the gas-based and PTHP ZEBs exhibited compara-
ble LCR (~66—67%) and SC (~40%), while the AWHP ZEB showed a lower LCR
(58%) due to greater electrical load for radiant heating. When total loads includ-
ing gas are considered, the gas-based ZEB’s LCR decreases to about 66%, indicat-
ing similar on-site generation coverage among systems. All configurations, how-
ever, achieved an ESSR above 20%, meeting Korea’s minimum ZEB certification
criterion.

Carbon emission analysis indicates that although electrified buildings currently
exhibit higher operational emissions due to the carbon-intensive electricity grid,
their performance improves substantially as the grid decarbonizes. The electricity
emission factor decreases from 0.4781 to 0.0480 kgCO,eq/MWh by 2050, and when
this cleaner grid is applied to the simulated energy demand, electrified ZEBs are
projected to achieve more than an 80% reduction in their annual operational emis-
sions under the assumed future grid conditions. By 2050, the AWHP and PTHP
ZEBs emit only 0.27 and 0.24 tCO,eq per year, respectively, outperforming the gas-
based ZEB, which emits 0.45 tCO,eq.

In summary, although full electrification currently leads to higher primary energy
demand and potential supply instability, it represents a viable long-term pathway
toward achieving carbon neutrality under a decarbonized energy system. Future
research should explore integrating energy storage, predictive control, and dynamic
power tariffs with electrified ZEBs to enhance system resilience and maximize
renewable self-consumption. Policy frameworks, including Korea’s ZEB certifica-
tion, should also evolve to reflect the decarbonizing electricity grid, ensuring that
electrified buildings receive fair assessment and support in the national transition
toward net-zero.

This study has several limitations. The analysis was based on a single detached
house, which may not fully represent Korea’s predominantly high-rise residential
stock. Battery storage and detailed occupant behavior were not modeled, and the
carbon emission assessment relied on projected future emission factors that are sub-
ject to uncertainty. In addition, the PV capacity was fixed at 3-kW without explor-
ing optimal system sizing. Despite these limitations, the study provides important
insights by quantitatively demonstrating how the relative performance of electrified
ZEBs evolves under Korea’s decarbonizing electricity grid. The findings highlight
the conditions under which electrification becomes advantageous and clarify the
policy and technical adjustments needed to support a transition toward carbon—neu-
tral residential buildings.
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