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Abstract: Since the sharing economy emerged as a new paradigm with the development of technology,
the global sharing economy market has grown rapidly. In the energy sector, peer-to-peer energy
trading is being conducted to share energy produced through renewable energy systems. In this
study, in the situation where energy transactions among individuals are expected to expand in the
future, the types of buildings and trading to secure the economics of energy trading were compared.
The types of buildings were limited to residential buildings, and the economic efficiency according to
energy performance was compared. Because the government has strengthened energy performance
regulations, the performance varied depending on the time of construction. Therefore, building
types were divided into existing houses, new houses, and zero-energy houses. The trading types
were compared to the existing methods, net-metering and feed-in tariff for small-scale distributed
PV systems, with P2P trading. Thus, consuming only the amount of electricity in Tier 1 and trading
the rest between individuals was the most economical strategy in residential buildings to which the
progressive tariff system was applied. As the performance of a building improves, the more electricity
that can be traded, and the wider the range for securing economic feasibility.

Keywords: peer-to-peer electricity trading; photovoltaic system; prosumer; progressive
electricity tariff

1. Introduction

The traditional way of using energy involve receiving and consuming energy unilaterally from
energy suppliers. However, due to the 4th industrial revolution and the activation of the sharing
economy, the paradigm of the energy industry has also shifted with energy decentralization and
independence, in which consumers can directly consume or sell the energy produced by installing
energy facilities. In particular, in the power sector, energy prosumers that generate electricity
through small distributed energy resources (DERs) and trade leftover electricity for other consumers
have emerged.

Energy prosumers are divided into three types: net energy metering, wholesale market transaction,
and peer-to-peer (P2P) energy trading, depending on the buyer or transaction methods. First, in net
energy metering, surplus power among the electricity produced from DERs is transferred back to
the grid, and this is subtracted from the amount of electricity received to settle the electricity bill.
Second, according to the wholesale market transaction, the aggregators recruit small-scale DERs to
proxy the transaction in the electricity wholesale market and distribute the sales revenue. Lastly, in P2P
trading, individuals directly generate and consume energy and trade surplus electricity directly with
each other without going through the power exchange.

Recently, a massive number of energy-users have transformed into prosumers because of numerous
reasons such as the strong society attitude with respect to alleviation of negative climate impacts, desires
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to decrease electricity costs, and various government regulations, including generous feed-in tariff
schemes. Factors influencing the prosumer’s revitalization vary in terms of social values, technological
development, etc. [1–6], but the most frequently mentioned are renewable energy generation costs and
electricity prices [7–10]. In general, the cost of power generation is compared with the levelized cost of
electricity (LCOE) [11]. Korea’s utility-scale PV LCOE is 0.102 USD/kWh [12], which is higher than the
world average utility-scale PV LCOE of 0.085 USD/kWh [13]. In particular, LCOE of residential solar PV
systems for prosumers is higher than the utility scale. PV LCOE around the world is steadily decreasing
because of technological advances, production scale expansion, and operations and maintenance
efficiency. However, Korea’s PV LCOE is higher than that of nuclear power plants or conventional
fossil fuel-based power plants, and Korea is not achieving grid parity. Among countries where P2P
energy trading is in effect, the Netherlands and Germany have reached grid parity [14], while the
United Kingdom and the United States are nearly approaching grid parity [15–17]. Electricity prices
vary by country, but are generally increasing. This economic burden on electricity bills is also an
important factor in the emergence of prosumers, and energy prosumers in EU have been shown
to participate in the market to reduce energy costs [18]. Korea’s electricity price for households is
110.45 USD/MWh, which is cheaper than that in other countries [19]. Consumers are encouraged to
participate in energy production if it is cheaper to generate and use electricity directly than to use
conventional electricity. However, if the cost of generating electricity is higher than the revenue gained
from reducing or trading, the cause disappears. These high LCOE and low electricity prices in Korea
are a barrier to P2P energy trading.

The price of P2P energy trading for a house is affected by the electricity cost of that building,
installation cost of the PV system, and supply price of electricity, among others. The existing power
transactions are divided into a spot market that is traded at auctioned rates and a contract market that
is traded at a certain fixed rate. The spot market fluctuates depending on the supply and demand;
recently, the spot market transaction prices in Korea have been continuously decreasing. In the spot
market scenario, it is difficult to secure sufficient economic feasibility to attract participation from
small-scale power generation companies.

The Korean prosumer market is still in its infancy. Korea has not yet entered grid parity. Thus, there
is little incentive for individuals or private companies to enter the prosumer market. However, globally,
the cost of renewable energy generation continues to fall, and there is a possibility that electricity rates
will rise as energy demand increases. Moreover, as artificial intelligence and blockchain technology are
used in the prosumer market, the energy trading market is evolving into various P2P models beyond
net metering and wholesale market sales [20]. P2P energy trading is an inevitable trend.

Various studies have been proposed to secure the economic feasibility of P2P energy trading.
Baghaee et al. [21] presented an algorithm for planning and designing an optimized microgrid
system in terms of the supply reliability and cost. However, this algorithm is suitable for designing
independent RE systems in microgrids but unsuitable for renewable energy systems integrated
into buildings. Moreover, there are limits to applying the energy produced by considering energy
consumptions in buildings toward P2P energy trading. Pillai et al. [22] proposed the prosumer
electricity unit cost for calculating economic benefits. The case studies compared different climate
and operating conditions in the two locations. They pointed out the importance of installed locations
and demand-generation matching for economic benefits of grid-connected residential PV systems.
Delgado et al. [23] studied economic analysis for heat and electricity prosumers in zero-energy buildings
in Finland. They found that it is difficult to reach zero-energy balances in cost effective ways with
the low retail prices and without demand control. The time difference between occupancy and PV
generation has led to additional electric charges. Camilo et al. [24] compared the economic efficiency of
different prosumer’s scenarios according to whether it is self-consumed and whether there is a battery.
They obtained the most effective way for PV owners to trade the remaining amount of electricity after
self-consumption. Because the investment for batteries is still too high, they claimed that it was not
economical to store surplus energy in a battery and then trade it later. According to the survey of
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Oberst et al. [25] on the energy consumption patterns in prosumer and non-prosumer households,
energy consumption attitudes were not different. Instead, more energy-efficient equipment was used
in prosumer households, resulting in lower energy consumption. In other words, it is not necessary to
save energy due to changes in the behavior of the occupants but to save energy in the facilities of the
building or the building itself for prosumers. In this context, economic energy trading requires demand
control in the building itself and not the storage of surplus energy. Although P2P energy trading is
expected to be actively pursued, there are very few reported works that address the possibility of energy
trading between individuals by considering self-consumption according to the energy performances of
buildings. For the economic feasibility of P2P energy trading, the balance between the energy demand
of buildings and the amount of production is important, but research on it is insufficient.

The purpose of this study is to analyze the suitability of P2P energy trading according to the
energy performance of buildings in photovoltaic installed houses. In addition, the profitability of
each electricity trading type was compared to analyze the economic feasibility of P2P energy trading.
In this study, to investigate the applicability of P2P energy trading according to building performance,
the transaction amounts were analyzed based on the electricity rate systems without considering the
price fluctuations due to network congestion and spot pricing. The paper is organized as follows.
In Section 2, the building model for simulated and electricity tariffs for residential buildings in
Korea are described. The buildings are divided into existing houses (EH), newly-built houses (NH),
and zero-energy houses (ZH) according to the time of construction and energy performance. Section 3
presents the results regarding building energy consumption and electricity rates by building types.
Section 4 discusses and analyses the results. The economic feasibility was compared based on trading
types and building types.

2. Methodology

2.1. Building Model

The simulation model was set up as a detached house of 83.16 m2, located in Seoul, South Korea.
The size of the simulation model was referred to as the size of the national housing proposed by
the Housing Act in Korea. National housing refers to houses built by the government to stabilize
housing. Table 1 lists the building parameters, and Figure 1 shows the plan of the simulation model.
Table 2 lists the simulated weather conditions. The weather data used were hourly data provided by
Meteonorm v.7.3.4. The type of climate in Seoul, South Korea, is categorized as mixed-humid (4A) by
the ASHRAE 169-2006 standard. The building envelope construction was based on the building energy
conservation design standard, as shown in Table 3. To save energy in buildings, the Korean government
has continually strengthened the building’s legal insulation standards. The EH and NH were assumed
to apply the 2001 and 2020 standard, respectively. For ZH, the building envelope construction was
applied to a passive house standard. Table 4 summarizes the input variables by building types.
The infiltration rate varied with building types because the building age affects the airtightness.
The occupancy density was calculated as a household composition of four people. The EHs were
equipped with fluorescent lights, and the NHs had LED lights, according to “Construction standard of
energy conserving eco-friendly housing” [26]. The light density of the ZH was set with reference to
previous ZHs [27]. To obtain the miscellaneous electric load, the same appliances were assumed to be
used in all three houses and the same values were applied. The heating and cooling systems shown in
Table 5 were installed radiant floor heating by hot water and a fan coil unit, respectively.
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Table 1. Simulation building parameters.

Category Parameters

Building type Detached house
Location Seoul, S. Korea

Longitude 126.97◦

Latitude 37.57◦

Building area 83.16 m2

Number of floor 1
Orientation Full southern aspect
Floor height 3.0 m

Ceiling height 2.5 m
Roof type Flat roof

Table 2. Weather conditions.

Month Outside Dry-Bulb
Temperature (◦C)

Outside
Dew-Point

Temperature (◦C)

Air Speed
(m/s)

Direct Normal
Irradiation
(kWh/m2)

Diffuse Horizontal
Irradiation
(kWh/m2)

January −1.4 −9.5 2.3 74.7 33.5
February 1.1 −7.8 2.5 64.1 45.4
March 6.0 −3.2 2.8 72.0 64.3
April 12.5 2.8 2.7 75.4 80.0
May 18.2 9.4 2.4 69.6 95.6
June 22.1 15.2 2.2 61.3 87.8
July 24.9 19.9 2.1 41.0 73.4

August 25.6 19.9 2.1 49.6 77.2
September 21.1 14.3 1.8 64.3 66.0
October 15.2 7.5 1.9 72.0 57.6
November 7.2 −0.4 2.1 58.5 38.5
December 0.5 −7.7 2.3 60.3 31.9

Table 3. The national standard for building envelope by year and passive house standard for the
building envelope (unit: W/m2K).

Standard Revision Year External Wall Roof Floor Window and Door

The national
building code

2001–2013 0.470 0.290 0.520 3.840
2013–2015 0.270 0.180 0.350 2.100

2018– 0.240 0.150 0.240 1.500

Passive house – 0.150 0.120 0.150 0.800
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Table 4. Input variables by building types.

Variables EH NH ZH

External wall U-value (W/m2K) 0.469 0.235 0.150
Roof U-value (W/m2K) 0.290 0.179 0.120
Floor U-value (W/m2K) 0.513 0.239 0.150

Total solar transmission of window (SHGC) 0.844 0.630 0.400
Light transmission of window 0.884 0.690 0.430

Window U-value (ISO 15099/NFRC) (W/m2K) 3.840 1.500 0.800
Infiltration (ACH) 2.0 1.0 0.6

Occupancy density (people/m2) 0.0576 0.0576 0.0576
Lighting density (W/m2) 10 8.0 4.7

Miscellaneous (W/m2) 6.4 6.4 6.4

Table 5. Specifications of the heating and cooling system.

HVAC Systems Type Specification

Heating

System type Heated floor, Hot water
Boiler efficiency 92%

Fuel type Natural gas
Heating setpoint temperature 20 ◦C
Heating setback temperature 13 ◦C

Operation period November–March

Cooling

System type Air conditioner
Fuel type Electricity

COP 3.5
Cooling setpoint temperature 26 ◦C
Cooling setback temperature 30 ◦C

Operation period May–September

The PV system in Table 6 was installed on the roof. The PV system was connected to the electrical
system of the building via a grid-connected type inverter. The capacity of the PV system was 3 kW,
and the efficiencies of the modules and an inverter at standard test condition were 18% and 95%,
respectively. The generated energy was calculated by a standard one-diode model with the building
energy consumption using DesignBuilder. The energy consumption was calculated as the site energy.

Table 6. Specifications of the PV system.

Category Parameters

Cell type Monocrystalline Silicon
Installed PV power capacity 3 kW

Number of a module in series 10
Number of cells in a module 60

Size of a module 1670 × 1000 × 32 mm
Active area of a module 1.46 m2

Power at max power (PMPP) 300 W
Short circuit current (Isc) 9.83 A

Module current at max power (IMPP) 9.28 A
Temperature coefficient of short circuit current (α) 0.04 %/K

Open circuit voltage (Voc) 39.76 V
Module voltage at max power (VMPP) 32.41 V

Temperature coefficient of short circuit voltage (β) −0.28 %/K
Array slope 35◦

Azimuth 0◦

Inverter capacity 3 kW
Inverter efficiency 95%
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2.2. Electricity Tariffs

In Korea, electricity is supplied to all buildings through Korea electric power corporation (KEPCO),
a government-owned public entity. Electricity billing plans depend on the use type and supply voltage.
In general, the use types are residential, general, educational, industrial, agricultural, street lighting,
and electric vehicle charging. The progressive electricity tariff is only applied to residential houses,
and different rates are applied to the others depending on season or the time of the day. The net payable
charge is calculated with the minimum charge, energy charge, value-added tax (VAT), and electric
power industry basis fund as shown in Equation (1). Table 7 lists the progressive electricity tariffs for
residential services. The minimum charge is charged according to the monthly energy consumption,
and the energy charge is calculated based on each tier of the energy consumption range. The rates of
Tier 2 and Tier 3 are approximately twice and three times those of Tier 1, respectively. Table 8 presents
the low voltage plan that most consumers select. The general and educational services are charged
using a seasonal rate.

Ctotal = Cmin + CE + VAT + FElec = Cmin + CE +(Cmin + CE) × 0.1 + (Cmin + CE) × 0.037 (1)

where Ctotal is the net payable charge, Cmin is the minimum charge, CE is the energy charge, VAT is the
value-added tax, and FElec is the electric power industrial basis fund.

Table 7. Progressive electricity tariffs for residential services.

Tier Energy Consumption Range(kWh) Minimum
Charge

(USD/household)

Energy Charge
(USD/kWh)General Month Expect

July and August
July and August

1 0–200 0–300 0.75 0.08
2 201–400 301–450 1.32 0.15
3 401– 451– 6.00 0.23

Note: The exchange rate (KRW/USD) is 1,216.00 won to a U.S. dollar (as of 26 February 2020).

Table 8. Electricity tariffs for low voltage general and educational services.

Use Type Minimum Charge
(USD/Consumer)

Energy Charge (USD/kWh)

Summer
(June–August) Spring & Fall Winter

(November–February)

General 5.07 0.09 0.05 0.08
Educational 4.30 0.08 0.05 0.07

Note: The exchange rate (KRW/USD) is 1216.00 won to a U.S. dollar (as of 26 February 2020).

2.3. Types of Generated Energy Transactions

There are two methods of using electricity produced through PV systems: a stand-alone type that
consumes all of its energy using a battery, and a grid-connected type that transmits the electricity by
connecting with the grid. In this paper, it is assumed that electricity transactions are conducted only
for the grid-connected type, and that the capacity of the PV system is 3 kW. The energy transaction
types considering installed PV capacity were set as follows:

1. Net metering
2. Feed-in tariff for small-scale distributed PV system
3. P2P trading

Currently, the electricity generated by installing PV systems in residential buildings can be used
for net metering and to feed-in tariff for small-scale distributed PV systems. The net metering is a
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system in which surplus electricity is sent to the KEPCO grid after self-consumption of electricity
produced through power generation facilities of 10 kW or less, and the electricity rate corresponding
to the surplus electricity is deducted. However, the minimum charge, VAT, and the electric power
industrial basis fund are charged based on the energy usage without considering the excess energy
produced. If the required electricity from the grid is smaller than the produced energy, the difference is
carried over to the next month’s billing.

To generate stable profits for small PV owners, the feed-in tariff for small-scale distributed PV
systems was implemented in 2018. This system is for PV owners with a capacity of less than 30 kW
or cooperatives or farmers with a capacity of less than 100 kW. The produced energy is purchased at
a fixed price for the next 20 years by the public power generators. The unit price is determined by
referring to the system marginal price (SMP) base price of the previous year and the weight by the
installed type and place. The unit price is calculated as shown in Equation. (2). In this study, the unit
price of 143.08 USD/kWh announced in 2020 was applied. The fixed price considering the weight is
calculated as shown in Equation (3). Because PV systems are installed on the building, the fixed price
with the weight 1.5 is 174.45 USD/MWh as of 2020.

Punit = SMP + 1REC = 143.08 USD/MWh (As of 2020) (2)

Pfix = SMP + REC ×weighting factor = SMP + (Punit − SMP) ×weighting factor (3)

where Punit is the unit price, SMP is the system marginal price (USD 80.32), REC is the renewable
energy certificate, and Pfix is the fixed price.

The number of projects for P2P energy trading has increased recently all over the world. In Korea,
article 19 of “Guidelines for transactions on small-scale renewable energy generation electric power”
has made it possible to trade energy between neighbors since 2016. However, direct energy trade
between individuals is impossible in Korea. P2P transactions are handled by KEPCO as an intermediary
and settle fees similar to the net metering system. The energy transaction is assumed to use KEPCO’s
gird and pay fees in consideration of Korea’s situation. It is assumed that producers and consumers
enter into mutual contracts, such as trading amount of electricity, unit price, and duration, to trade
electricity through KEPCO’s distribution network and to pay a certain fee. The estimated price to use
the P2P trading platform is set to USD 5.50 per month by referring to the study of Lee and Cho [28].
To establish electricity trading conditions, this study set two scenarios according to the balance between
the generated energy and electricity demand (Table 9). The first scenario (P2P Tier 1) is to trade
energy except the maximum consumption amount of Tier 1 and use progressive electricity tariffs
for residential services. Energy consumption and production generally fluctuate on a daily basis
depending on the weather. However, in this study, it is assumed that the amount of electric energy
supplied from the grid is limited by the Tier 1 capacity (200 kWh or 300 kWh), and the energy used in
excess of this quantity is consumed as energy produced by the PV system. The remaining production,
after excluding self-consumption, is used for P2P energy trading. The second is to trade the remaining
energy after self-consumption. The second scenario (P2P Zero) only involves trading the monthly
remaining energy after firstly self-consuming the generated energy in buildings. The second one
is similar to net metering. The difference is that the remaining energy is supplied to the consumer,
not KEPCO, so the trade price is different. Energy trades are assumed to be supplied to consumers
who consume more than Tiers 2 or 3 of progressives, so that prosumers and consumers can trade at a
lower cost than electricity supplied from the grid. In actual P2P trading, the price of energy trading
may fluctuate in real time, but in this study, it is limited to supply for a year at a fixed price.
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Table 9. Trading types depending on the energy consumption range.

Types Prosumer’s Electricity Consumption Time Progressive Tariff Tier According to
Prosumer’s Electricity Usage

P2P-Tier 1 Maximum range of tier 1, 200 or
300 kWh depending on a month

Monthly 1

P2P- Zero 0 kWh expect the month which is less
generating than consumption

Monthly 0

In general, power management systems in the microgrid are connected to the same grid, and the
building and distributed power generators are considered separately. These models separate the
demand and supply of energy and are managed comprehensively via an energy management system
within the microgrid. In such cases, energy supply by distributed generators can be considered to
be more important than energy saving in buildings. However, the strategy proposed in this work
preferentially consumes only a certain amount of energy in buildings and uses the remaining amount
for power transactions. This reduces the load on the building through the integrated PV system and
reduces congestion and overload of the network. This helps analyze the appropriate target for P2P
energy trading according to the energy performance of the building.

2.4. Economic Assessment

LCOE is a numerical value that represents all costs incurred during the operation period of a
PV system. Thus, it shows how much cost the PV system needs to produce 1 kWh of electricity,
considering investment costs, operating costs, revenues, etc. A lower LCOE means that energy is
produced at a low cost, implying that the prosumer’s economic potential is expected to be higher.
Because the LCOE is calculated using the installation cost, operating cost, replacement cost, and power
generation of the system, it does not differ based on the type of building. The LCOE according to the
trading type was analyzed, and the minimum trading price was calculated by comparing the LCOE
with the energy charge by tier of progressive electricity tariffs for residential buildings. The LCOE is
defined by [29]:

LCOE =
LCCPV

LCEGPV
=

∑n
i=1

ICi+OMi+RCi

(1+r)i∑n
i=1

AEG(1−d)i

(1+r)i

(4)

where LCCPV is the life cycle cost of the PV system, LCEGPV is the life cycle electricity generation cost
of the PV system, ICi is the initial installation cost in year i, OMi is the operation and maintenance cost
in year i, RCi is the replacement cost in year i, AEG is the annual electricity generation by PV system,
d is the annual degradation rate, and r is the real discount rate.

In this study, the net present value (NPV), internal rate of return (IRR), profitability index (PI),
and discounted payback period (DPP) were used as indicators of economic assessment [24,30,31].
NPV is the difference in cash flows between the revenue and expenditure over a period of time and is
calculated as the sum of the discounted amount of the present time by applying the rate of interest,
as shown in Equations (5) and (6). Revenue is the reduction in electricity rates and electricity trading
of surplus energy according to the scenario of generated energy transaction. In general, when the NPV
is greater than 0, the project is well worth investing in; otherwise, there is no investment value.

NPV =
n∑

i=1

NRi

(1 + r)i
− IC (5)

NRi = ECi + ETRi −OMi −RCi (6)
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where n is the project lifetime, NRi is the net revenue obtained in year i, ECi is the difference between
the existing electricity rates and the reduced electricity rates due to self-consumption of electricity
produced, and ETRi is the electricity trading revenue.

IRR is the discount rate that equals the present value of the total cost of the expected total benefit
from the investment and can be expressed using Equation (7) as the discount rate that makes the
NPV zero. In general, if the IRR is greater than the capital ratio before proceeding with the project,
the project is proceeded with. In other words, if IRR is higher than the standard interest, the project is
economically profitable.

n∑
i=1

NRi

(1 + IRR)i
− IC = 0 (7)

PI describes the ratio of the present value of investment costs and the present value of future cash
flow. If the PI is greater than 1, the project is accepted, and if it is less than 1, the project is rejected.
PI is calculated using Equation (8):

PI =

∑n
i=1

NRi

(1+r)i∑n−1
i=0

ICi

(1+r)i

(8)

DPP measures the time taken to recover the initial investment costs based on the present value of
cash flows over a period expected in the future. The DPP is calculated by

DPP∑
i=1

NRi

(1 + r)i
=

n−1∑
i=0

ICi

(1 + r)i
(9)

The indicators for economic assessment are shown in Table 10. The standard for 2020 was applied
to the criteria for grassland investment costs and government subsidies. The real discount rate is
0.75%/year, which is the base rate of the Bank of Korea for March 2020. The government provides
subsidies for the installation of PV systems in residential houses with net metering or P2P, but in the
case of FIT, they are subsidized at the guaranteed purchase price of generated energy, so installation cost
support cannot be applied. The replacement cost was assumed to be 13 years after installation, and the
inverter was assumed to be replaced; 9.5% of the initial installation cost was assumed. According to
the NREL, the annual degradation rate of the mono-Si PV system was suggested to be 0.2–0.9% [32].
Therefore, 0.5% was applied considering this range.

Table 10. Assumptions for economic assessment.

Category Parameters

Analysis point 2020
Life time of PV system 25 years

Installation cost of 3 kW PV system 4135 USD
Subsidy of 3 kW PV systems 2043 USD

Operation and management cost 1% of the installation cost
Real discount rate of interest 0.75%

Replacement cost 9.5% of the installation cost
Replacement cycle 13 year

Degradation rate of PV system 0.5%

3. Results

3.1. The Building Energy Consumption

Energy consumption according to the construction time of the building was estimated as shown in
Table 11. Typical Korean houses use gas for heating and hot water and electricity for other energy loads
such as cooling and lighting. EHs had a large proportion of heating in the total energy consumption
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and consumed more gas than electricity. Furthermore, the better the building’s energy performance,
the greater the reduction in heating energy. The ratio of electric energy consumption to the total energy
consumption was large, as shown in Figure 2. The energy use intensities of EH, NHs and ZH are
248.2 kWh/m2, 141.8 kWh/m2, and 55.0 kWh/m2, respectively. According to the statistics of energy
consumption for residential buildings in Seoul [33], the annual energy consumption of detached houses
was 239.8 kWh/m2, which showed an error of 3.5% in the EH simulation result value of 248.2 kWh/m2.
EH consumed 68% of the annual energy consumption as gas for heating and hot water and 22% of the
annual energy consumption as electricity. In contrast, ZH consumed 22% of total energy consumption
as gas for heating and domestic hot water and 78% as electrical energy. As the energy performances of
buildings improved, the total energy consumption by NH and ZH were respectively 57% and 22%
of the total energy consumption by EH. However, the electricity consumption of NH and ZH were
respectively 87% and 70% of that of EH. Hence, the electric energy consumption savings are very small
compared to the overall building energy consumption savings. Because it is assumed that the living
pattern of the occupants is the same regardless of the building energy performance, as the energy
performance of buildings improves, it can be seen that the proportion of the internal equipment load
increases in the total energy consumption.

Table 11. Annual energy consumption by end uses.

Building Type EH NH ZH

End use energy type Electricity Natural gas Electricity Natural gas Electricity Natural gas

End
uses
(kWh)

Heating 20.4 14,253.6 15.6 6542.9 4.0 515.2
Cooling 784.7 0 669.5 0 438.5 0
Lighting 1149.2 0 857.8 0 522.4 0
Fan 369.7 0 247.1 0 124.6 0
Interior equipment 1937.5 0 1937.6 0 1937.5 0
Domestic hot water 0 725.5 0 725.2 0 725.2

Total energy (kWh) 4261.4 14,979.2 3727.5 7268.0 3026.9 1240.4

Total energy per total
building area (kWh/m2)

55.0 193.2 48.1 93.7 39.0 16.0
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Figure 2. Energy use intensity by building types.

The annual energy output of a 3-kW PV system is 3,611.4 kWh, as presented in Table 12. The ratios
of PV generation to the total site energy of EH, NH, and ZH were 11%, 35%, and 85%, respectively.
The ratios of power generation to the annual electricity consumption were 85%, 97%, and 119%,
respectively. Electric energy consumption is not constant on a monthly basis but is concentrated in the
summer months. However, PV generation is high in spring and autumn. Although buildings with
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high self-reliance rate are advantageous for P2P trading, the potential of P2P trading can be evaluated
through monthly net electricity analysis of EHs with low energy independence. As shown in Figure 3,
the monthly net electricity varies with building energy performance. In general, because electricity
consumption is concentrated in the summer, the electricity consumption of the ZH is also in high
demand in the summer. In contrast, during the winter or mid-term, PV generation of NH and ZH is
greater than the electricity consumed. During the cooling period, from June to September, electricity
consumption increases, so that EH and NH are not self-reliant and have to use electricity from the grid.

Table 12. Annual electricity consumption and PV power generation.

Energy Types Annual Electricity (kWh) Electricity Per Total Building
Area (kWh/m2)

Building Types EH NH ZH EH NH ZH

Total site energy 19,240.6 10,995.5 4267.3 248.2 141.8 55.0
PV power generation 3611.4 3611.4 3611.4 46.6 46.6 46.6

Net site energy 15,629.2 7384.1 655.9 201.6 95.3 8.5
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3.2. Electricity Rates

Table 13 shows the monthly electricity rate using the progressive rate system. The annual electricity
rates for EH, NH, and ZH are 601.90 USD, 471.33 USD, and 336.89 USD, respectively. According to
the improvement of building performance, the annual electricity savings are 13% for NH and 29% for
ZH compared to an EH. However, the electricity charge savings are 22% for a NH and 44% for a ZH.
This is because the tier of the progressive rate system changes. In the case of EH, the Tier 3 plan with
the highest price was applied from June to September because of the increased requirement for cooling
energy. The Tier 3 plan was only applied to the NH in August. The Tier 2 plan was applied to the ZH
every month.

It is important not only to reduce the electricity consumed by the building itself but also to lower
the tier of the progressive rate system. For example, let us compare the June rate of the EH with the
July rate of the NH. Even though the electricity consumption in July for the NH is higher than the
consumption in June for the EH, the electricity charge for June in the EH is higher. In July and August,
the electricity consumption range increases at each tier, so even if electricity consumption is similar,
lower rates are applied.
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Table 13. Monthly electricity charges.

Building
Types EH NH ZH

Month
Electricity
Usage
(kWh)

Tier
Total

Charges
(USD)

Electricity
Usage
(kWh)

Tier
Total

Charges
(USD)

Electricity
Usage
(kWh)

Tier
Total

Charges
(USD)

1 298.8 2 36.30 262.6 2 29.94 221.1 2 22.64
2 269.2 2 31.09 236.5 2 25.36 199.3 1 18.24
3 296.6 2 35.91 260.6 2 29.59 219.7 2 22.40
4 284.1 2 33.72 250.1 2 27.75 212.5 2 21.14
5 331.1 2 41.97 310.8 2 38.41 289.4 2 34.64
6 422.4 3 65.28 371.2 2 49.02 295.9 2 35.79
7 515.7 3 89.76 431.1 2 59.55 313.1 2 38.81
8 563.6 3 102.34 462.8 3 75.90 324.3 2 40.78
9 400.8 3 59.61 368.9 2 48.61 299.2 2 36.38

10 294.3 2 35.51 258.7 2 29.26 219.6 2 22.39
11 286.8 2 34.19 252.0 2 28.08 212.4 2 21.12
12 298.3 2 36.21 262.1 2 29.86 220.6 2 22.56

Yearly
totals 4261.4 - 601.90 3727.5 - 471.33 3026.9 - 336.89

3.3. Economic Assessment by Trading Types

3.3.1. Minimum Trading Price

The LCOE for PV systems was calculated considering initial cost, operating cost, replacement cost,
and annual energy production. When calculating the LCOE, the differences in energy consumption
according to the type of building were not considered. Thus, the LCOE according to the trading type
was compared.

The resulting LCOEs are listed in Table 14. The least LCOE was for net metering because the
initial cost with subsidy was the least. The initial cost for P2P was the same as net metering, but the
LCOE value was higher because the LCOE of P2P includes platform usage fee for trading and requires
more operating cost. In contrast, the LCOE of FIT was 0.71 USD/kWh, which was higher than those of
other trading types because it did not receive government subsidies at the beginning of the installation.
In this study, the minimum trading price was set to 0.08 USD/kWh considering the energy charge at
Tier 1 of the residential electricity rate system and LCOE by trading types.

Table 14. LCOE by trading types.

Trading Types Net Metering FIT P2P

LCOE(USD/kWh) 0.043 0.071 0.064

3.3.2. Net Electricity Charge by Building and Trading Types

The existing electric rate system consists of minimum charge, energy charge, VAT, and electric
power industry basis fund, of which, the energy charge has the largest proportion. However, the rate
system using net metering is calculated in the same way as the existing rate system except energy
charge, which is calculated only for electricity excluding power generation from energy consumption.
The rate system with FIT charge is the same as the existing electricity rate systems, and instead revenues
are collected by selling electricity energy produced through PV at fixed prices. The prosumer assumes
that it deals with Tier 3 consumers with high energy consumption and sets the default trading price as
the average energy charge at Tier 2 and Tier 3 (0.19 USD/kWh).

The annual net electricity charges for each trading type are shown in Table 15. The net electricity
is calculated as the difference between the electricity charges and revenues obtained by electricity
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trading including the P2P platform usage fee. If the net electricity charge is negative, it implies income
and that the net electricity charge value reduced as the energy performance of the building improved.
Electricity energy used for lighting, cooling, heating, etc. is reduced, and the electricity charge has
been reduced.

Table 15. Annual net electricity charges by trading types (unit: USD).

Building Type Trading Type
Annual

Electricity
Charges (A)

Revenues by
Electricity

Trading (B)

Platform
Charge for

P2P (C)

Net Electricity
Charges

(D = A−B + C)

EH

Existing electricity plan 601.90 0 0 601.90
Net metering 156.94 0 0 156.94

FIT 601.90 630.03 0 −28.13
P2P-Tier1 306.55 370.00 66.0 2.06
P2P-Zero 169.14 42.84 27.5 153.80

NH

Existing electricity plan 471.33 0 0 471.33
Net metering 89.22 0 0 89.22

FIT 471.33 630.03 0 −158.70
P2P-Tier1 276.76 471.95 66.0 −129.19
P2P-Zero 113.05 76.62 33.0 69.43

ZH

Existing electricity plan 336.89 0 0 366.89
Net metering 55.82 0 0 55.82

FIT 336.89 630.03 0 −293.14
P2P-Tier1 255.31 605.05 66.0 −283.75
P2P-Zero 63.08 129.92 44.0 −22.84

Net metering subtracts the electricity produced through a PV system from the electricity
consumption, and the surplus electricity is carried over to the next month and is reflected in the next
month’s charge. EH consumes more energy than electricity, but NHs and ZHs consume more electricity.
In particular, ZH has 584.5 kWh/year of electricity left without any financial benefits. In the case of
FIT, the generated energy is the same regardless of the building and revenues by trading at the same.
All types of buildings with FIT were in surplus, so profits increased by reducing the electricity charges
by improving the building energy performance. When conducting P2P trading, the net electricity
charge was largely different depending on the scenario. It is assumed that P2P-Tier 1 consumes only
the amount to maintain the Tier 1 of the electricity rate system and trades the rest. Compared with EH’s
FIT and P2P-Tier 1, the net electricity charges are −28.13 USD and 2.06 USD, respectively. The trading
volume is almost twice as large at 3611.4 kWh/yr and 1950.0 kWh/yr, respectively, but the fixed
price of FIT is 0.175 USD/kWh, which is smaller than the default trading price of 0.190 USD/kWh,
and the annual energy charge is higher, so the P2P-Tier 1 has more income. This means that even if
the transaction volume is small, the energy charge and transaction cost play an important role in
securing the economics.

Because P2P-Zero made the energy consumption zero and only other power generation methods
were a part of the transaction, there was not much actual trading volume. As shown in Table 16,
most of the electricity produced was self-consumed, and only 6–19% of the generated power could be
traded. EH, NH, and ZH participated in trading for only 5, 6, and 8 months of the year. In contrast,
P2P-Tier 1 could generate transaction profits by trading all year round. The trading volumes of the EH,
NH, and ZH were 54%, 69%, and 88% of the total power generation, respectively.
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Table 16. Self-consumption and transmission of generated energy (unit: kWh/yr).

Building Type Trading Type Self-Consumption Transmission to the Gird or Trading P2P

EH Net metering 3611.4 0
FIT 0 3611.4

P2P-Tier1 1661.4 1950.0
P2P-Zero 3385.9 225.5

NH Net metering 3611.4 0
FIT 0 3611.4

P2P-Tier1 1127.5 2483.9
P2P-Zero 3208.1 403.3

ZH Net metering 3026.9 0
FIT 0 3611.4

P2P-Tier1 426.9 3183.7
P2P-Zero 2927.6 683.8

3.3.3. Economic Analysis by Building and Trading Types

NPV, IRR, PI, and DPP were analyzed for economic analysis. Table 17 presents the economic
analysis based on building types and trading types. In this study, it is assumed that the total revenue is
the electricity charge savings and trading income of each building type. To compare the economics of
each building type, the construction cost of each building type should be considered. However, in this
study, the construction cost of the building was not considered, so a comparison between building
types was not conducted. Net metering and P2P trading generate revenues with reduced electricity
bills because of the improved building performance. However, FIT does not reduce electricity bills,
so the economic feasibility of improving building performance is the same.

Table 17. Results of economic analysis by building types and trading types.

Building Type Trading Type NPV (USD) IRR (%) PI (%) DPP (Year)

EH Net metering 5942 18 4.1 5.28
FIT 7025 12 3.0 7.37

P2P-Tier1 8403 25 6.2 3.99
P2P-Zero 5474 17 4.6 5.33

NH Net metering 4640 15 3.6 6.27
FIT 7025 12 3.0 7.37

P2P-Tier1 8634 24 6.5 3.83
P2P-Zero 4563 15 4.2 6.03

ZH Net metering 2548 9 2.6 9.00
FIT 7025 12 3.0 7.37

P2P-Tier1 8901 26 6.6 3.70
P2P-Zero 3725 13 3.9 6.89

Rooftop PV installation prices have fallen significantly worldwide [13,34,35]. Types of economic
feasibility by trading types were evaluated. The most economical trading type of each building
types was the P2P-Tier 1. P2P-Tier 1 is the most economical because it self-consumes a portion of
the electricity generated to maintain Tier 1 of the progressive electricity tariffs and uses the rest for
P2P trading.

FIT has a high cash flow, so NPV is high. However, it does not receive the government’s installation
subsidy, and payment of electricity is more than other transaction methods. Although the profits were
large, the expenditure was also high, and the FIT yield was analyzed to be low.

The least profitable trading method is net metering. In the case of EH, most generated energy is
self-consumed, resulting in a lot of savings from the EH’s existing electric rates. In contrast, when the
net metering was applied to ZH, it was found that the energy consumption of the building was less
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than that of EH, so it was not economical because the cost saving due to self-consumption was not
large. The net-metering revenue of EH is higher than that of ZH.

When estimating the amount of energy to be used for P2P trading, the self-consumption ratio
and the energy unit cost should be considered. P2P-Zero will maintain the energy consumption
in the building at zero and then put the remaining energy into the transaction. The electric energy
consumption tiers of EH, NH, and ZH are mostly Tier 2 or 3, and the applied energy charges are
0.15 USD for Tier 2 and 0.23 USD for Tier 3. However, when trading energy between individuals,
it can be sold at a higher price than the energy charge of Tier 2. Therefore, it is more economical to
consume only a part of the energy and sell it to consumers at a higher price. Because the P2P trading
price is set to 0.19 USD, it is more effective to gain a profit by selling large amounts of energy rather
than self-consumption.

The DPPs of EH, NH and ZH were 3.99–7.37, 3.83–7.37, and 3.70–9.00, respectively. The better the
performance of a building, the greater the difference in DPP for each trading type. This is because the
better the performance of the building, the greater the difference in the yield.

3.3.4. Sensitivity Analysis According to the Trading Price

The sensitivity analysis according to the trading unit price was only conducted for P2P-Tier1 with
the best economic efficiency. The range of trading prices is a section where profits can be generated
for both consumers and prosumers and is set to be more than 0.08 USD, which is the unit energy
charge of progressives of Tier 1, and is less than 0.23 USD, which is the unit energy charge of Tier 3.
Consumers can obtain economic benefits by purchasing energy at a cheaper rate than the unit energy
charge of Tier 2 or 3 in residential progressive electric rate systems, and prosumers can sell it at a higher
price than the electricity bill and LCOE of Tier 1.

The trading prices by building types that offset electricity rates and generate net profit are 0.20 USD,
0.14 USD, and 0.11 USD, as shown in Table 18. EH should deal with consumers who consume Tier 3 of
the progressive electric system to generate net profit, and NH and ZH can trade with Tier 2.

Table 18. Annual net electricity charges by trading price.

Trading
Price

(USD/kWh)

EH NH ZH

Income
(USD)

Net-Charge
Including

Platform Charges
(USD)

Income
(USD)

Net-charge
Including

Platform Charges
(USD)

Income
(USD)

Net-Charge
Including

Platform Charges
(USD)

0.09 175.50 197.06 223.55 119.20 286.53 34.78
0.10 195.00 177.56 248.39 94.36 318.37 2.94
0.11 214.50 158.06 273.23 69.53 350.20 −28.90
0.12 234.00 138.56 298.07 44.69 382.04 −60.74
0.13 253.50 119.06 322.91 19.85 413.88 −92.57
0.14 273.00 99.56 347.75 −4.99 445.71 −124.41
0.15 292.50 80.06 372.59 −29.83 477.67 −156.37
0.16 312.00 60.56 397.43 −54.67 509.52 −188.21
0.17 331.50 41.06 422.27 −79.51 541.36 −220.06
0.18 351.00 21.56 447.11 −104.35 573.21 −251.90
0.19 370.50 2.06 471.95 −129.19 605.05 −283.75
0.20 390.00 −17.44 496.79 −154.03 636.90 −315.59
0.21 409.50 −36.94 521.63 −178.87 668.74 −347.44
0.22 429.00 −56.44 546.47 −03.71 700.59 −379.28

Table 19 shows the economic evaluation results according to the trading price of each building
type. When evaluating the economics of each building type, the revenue was calculated similar to the
method in 3.3.3. Based on the NPV value of FIT, 7,025 USD, the unit trading price to secure economic
feasibility of P2P trading was 0.16 USD/kWh. The minimum trading price of EH was 0.12 USD/kWh,
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and the minimum trading price of NH and ZH was 0.11 USD/kWh when the IRR of the trading types
excluding P2P-Tier1 of each building type was applied. In the same way, if the minimum trading price
is determined based on PI, that for EH is 0.10 USD/kWh, while that for NH and ZH is 0.11 USD/kWh.
There is a difference in the method of calculating the economic efficiency of each index, so when
selecting the minimum trading price, a difference occurs for each index.

Table 19. Results of economic analysis by trading price.

Trading Price
(USD/kWh)

EH NH ZH
NPV

(USD)
IRR
(%)

PI
(%)

DPP
(yr)

NPV
(USD)

IRR
(%)

PI
(%)

DPP
(yr)

NPV
(USD)

IRR
(%)

PI
(%)

DPP
(yr)

0.09 4583.5 15 4.5 6.0 3768.9 13 3.8 7.0 2662.9 10 3.3 8.5
0.10 4965.4 16 4.7 5.7 4255.4 14 4.4 6.5 3286.5 11 3.9 7.5
0.11 5347.3 17 4.9 5.4 4741.9 15 4.6 6.0 3910.0 13 4.2 6.7
0.12 5729.2 18 5.1 5.1 5228.4 16 4.9 5.6 4533.5 15 4.5 6.1
0.13 6111.1 19 5.3 4.9 5714.9 18 5.1 5.3 5157.1 16 4.8 5.6
0.14 6493.1 20 5.5 4.7 6201.4 19 5.3 5.0 5780.6 18 5.1 5.2
0.15 6875.0 22 5.7 4.4 6687.9 20 5.6 4.4 6406.5 20 5.4 4.8
0.16 7256.9 22 5.8 4.3 7174.4 21 5.8 4.3 7030.2 21 5.7 4.5
0.17 7638.8 23 6.0 4.1 7660.9 23 6.0 4.1 7653.9 23 6.0 4.2
0.18 8020.7 24 6.2 4.0 8147.3 24 6.3 4.0 8277.6 24 6.3 3.9
0.19 8402.6 25 6.4 3.8 8633.8 25 6.5 3.8 8901.3 26 6.7 3.7
0.20 8784.5 26 6.6 3.7 9120.3 26 6.8 3.7 9525.0 27 7.0 3.5
0.21 9166.4 27 6.8 3.6 9606.8 27 7.0 3.6 10,148.7 29 7.3 3.3
0.22 9548.4 28 7.0 3.5 10,093.3 29 7.2 3.5 10,772.4 31 7.6 3.2

Based on whether a net profit is generated and based on the economic evaluation with other trading
methods, there may be a difference in the minimum trading price for each building type. In the case of
EH, the transaction volume is smaller than that of ZH, so it is necessary to trade at a higher price than
other building types to calculate the favorable amount for the prosumer. However, in the case of ZH,
the transaction volume is high. Therefore, even if it is traded at a price lower than 0.15 USD/kWh,
which is the energy charge of Tier 2, it will be possible to secure economic feasibility.

4. Discussion

As the energy performance of a building improves, its gas energy consumption decreases
dramatically. Most Korean households use gas for heating and electricity for cooling. According to the
improvements in energy performances of buildings, reduction of heating energy has the largest effect,
whereas the reduction rates of cooling and lighting energies have smaller effects. That is, even if the
energy performance of a building is improved with ZH, a certain amount of electricity is still consumed.
Although the consumption of electric energy is concentrated in the summer for cooling purposes,
the installation angle of the PV system is determined based on the annual energy consumption, so the
load pattern and production energy pattern do not match. Therefore, the trading type should be
considered from the initial stage of the PV system installation.

Since residential buildings use progressive electricity tariffs, with different unit prices for each
tier, it is not economical in the current pricing system to achieve zero electrical energy consumption in
buildings by self-consumption of the produced energy. In P2P energy trading, an important factor
determining the limit of self-consumption is the unit cost of electricity. Presently, the electricity unit
cost for Tier 1 is 0.08 USD/kWh, which is cheaper than the profits from P2P energy trading, so it is
most economical to consume the energy produced by the PV system only in excess of that allowable
under Tier 1. If the unit prices of electricity increase, then these results and the associated strategies
may change.

When multiple distributed generations are combined, those with different characteristics must be
combined to supply power to the load, thereby requiring control technology. For stable operation,
control systems are used to obtain the information on supply and demand. Real-time control of energy
demand and power supply in buildings is required, and real-time energy monitoring and control are
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needed to maintain the electricity consumption in buildings within Tier 1. To track the load in real time,
droop control is the most commonly used strategy. Since the method proposed in this work advocates
consuming the energy produced in the building and trading only as much as necessary, it can help
reduce congestion compared to the method of separating and controlling distributed generation and
demand. The power monitoring and control methods to maintain the electricity consumption within
Tier 1 can be achieved through predictive control of electricity consumption, which will be studied
later. This study is therefore meaningful as it analyzes the applicability of P2P energy trading based on
building energy performance.

5. Conclusions

In this study, residential buildings were classified into EH, NH, and ZH to evaluate the applicability
of P2P trading according to the energy performance of buildings; it was assumed that the energy
trading was on a small scale and in an individual-to-individual manner. In addition, the energy
consumption of each building was analyzed to estimate the transaction amount of electricity generated
by the PV system. Furthermore, economic analysis was conducted according to the trading type.
The main results of this study are as follows.

1. The trading type was set to existing net metering, feed-in tariff for small-scale distributed PV
systems, and P2P trading. P2P trading was subdivided into P2P-Tier 1 and P2P-Zero according to
the ratio of self-consumption of the produced energy.

2. As a result of calculating the LCOE for each trading type, the minimum trading price was
found to be 0.08 USD/kWh due to the drop in system installation prices and the influence of
government subsidies. However, because the energy charge of the residential progressive Tier 1
was 0.08 USD/kWh, the minimum trading price was calculated to be 0.09 USD/kWh.

3. It is assumed that the transaction is conducted with a consumer who consumes a lot of electricity
and is applied to Tier 3 of the progressive system, and the default trading price is assumed to
be 0.19 USD/kWh considering the energy charge at Tiers 2 and 3. Economics were compared
according to the trading type of each building. As a result, it was found that it is most economical
to inject the remaining energy into the P2P trading after self-consuming enough to fix the energy
consumption of the prosumer in Tier 1.

4. For the most economical P2P-Tier1, as a result of sensitivity analysis according to trading price, EH
generated net profit at a trading price of 0.20 USD/kWh, NH generated net profit at 0.14 USD/kWh,
and ZH generated net profit at 0.11 USD/kWh. The higher the building’s energy performance,
the greater the range of transaction volumes to secure economics; thus, prosumers will be able to
actively participate in P2P trading.

Because this study did not consider the increase in construction costs for each type of building,
comparison by building type was impossible, which is a limitation of this study. EH can secure
economic efficiency when the unit trading price is secured, but the consumer can be limited to the
Tier 3 electricity rate. Depending on the electricity rate system, the economics of EH may fluctuate.
In case of P2P trading of ZH, it was found that the electricity tariff saving compared with the existing
electricity tariff of ZH is small, so the revenue is calculated to be less than that of EH. The difference in
electricity rate is small compared to ZH’s existing electricity rate system, so a lesser profit than EH is
calculated. However, we found that it can secure profits because of the large volume of transactions.
In other words, as the energy independence of buildings increases, it is possible to secure economic
feasibility of P2P trading, so that P2P trading can be activated. Currently, power transactions in Korea
are divided according to the power generation capacity; hence, this study assumes that only small-scale
transactions through the grid are possible and limited to solar power systems installed in buildings.
In other words, this study analyzed the economic feasibility of P2P energy trading based on the unit
prices of electricity rates, without comparison of the spot prices. However, when considering P2P
energy trading with participation in spot market trading, the economic feasibility may fluctuate with
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spot price fluctuations. If the business model of P2P trading for each building type is developed based
on the results of this study, the help of the government promotes the use of renewable energy.
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Nomenclature

AEG Annual electricity generation by PV system
CE Energy charge
Cmin Minimum charge
Ctotal Net payable charge
d Annual degradation rate
DER Distributed energy resources
DPP Discounted payback period

ECi
Difference between the existing electricity rates and the reduced
electricity rates due to self-consumption of electricity produced

EH Existing house
ETRi Electricity trading revenue
FElec Electric power industrial basis fund
FIT Feed-in tariff for small-scale distributed PV system
ICi Initial installation cost in year i
IRR Internal rate of return
KEPCO Korea electric power corporation
LCCPV Life cycle cost of the PV system
LCEGPV Life cycle electricity generation cost of the PV system
LCOE Levelized cost of electricity
n Project lifetime
NH Newly-built House
NPV Net present value
NRi Net revenue obtained in year i
OMi Operation and maintenance cost in year i
Pfix Fixed price
PI Profitability index
Punit Unit price
P2P Peer to peer
PV Photovoltaics
r Real discount rate
RCi Replacement cost in year i
REC Renewable energy certificate
SMP System marginal price
VAT Value-added tax
ZH Zero-energy house
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