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Abstract: Due to increased grid problems caused by renewable energy systems being used to realize
zero energy buildings and communities, the importance of energy sharing and self-sufficiency
of renewable energy also increased. In this study, the energy performance of an energy-sharing
community was investigated to improve its energy efficiency and renewable energy self-sufficiency.
For a case study, a smart village was selected via detailed simulation. In this study, the thermal
energy for cooling, heating, and domestic hot water was produced by ground source heat pumps,
which were integrated with thermal energy storage (TES) with solar energy systems. We observed
that the ST system integrated with TES showed higher self-sufficiency with grid interaction than the
PV and PVT systems. This was due to the heat pump system being connected to thermal energy
storage, which was operated as an energy storage system. Consequently, we also found that the ST
system had a lower operating energy, CO, emissions, and operating costs compared with the PV and
PVT systems.

Keywords: energy-sharing community; ground source heat pumps; self-sufficiency; photovoltaic
and solar thermal system

1. Introduction

To address global climate change, efforts to reduce carbon emissions have been under-
taken by increasing the energy supply and energy efficiency through renewable energy.
Some countries have launched several initiatives to reduce greenhouse gas emissions, and
some energy transition scenarios have been published [1-5].

France has been engaged in the energy and environmental policy transformation for
the Green Growth Act since 2012 and tried to develop the tool for realizing the energy
transition [1]. To realize the successful energy transition, the socio-technical changes with
stakeholders are important [2]. However, the actors of energy transitions received limited
attention, and there are many gaps between stakeholders and actors [3]. Even in the
transportation sector in the EU, the share of renewable energy is not adequate for reaching
the energy transition target [4]. From this point of view, many energy transition scenarios
under the consideration of multiple stakeholder opinions have to be considered [5].

In the case of South Korea, efforts have also been made in the building sector to
reduce carbon emissions from buildings by 18.1% by 2030, through the proliferation of
zero energy buildings [6]. In recent years, efforts have been made to increase the number
of zero energy buildings at the district and city levels, as well as increasing the number
of single buildings [7]. In addition, the target proportion of renewable energy power
generation by 2040 has been set in the 30-35% range through the third national master plan
for energy [8], and recently, the target for carbon emissions by 2050 has been set at carbon
neutral. Therefore, various efforts have been made to increase the energy supply through
renewable energy.
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With the increase in the proportion of renewable energy power generation as one of
the distributed generators (DGs), electric energy consumers are becoming prosumers. They
are motivated by financial and environmental concerns, and residential-scale photovoltaic
(PV) systems, community-owned small wind farms, and combined heat and power (CHP)
have been leading the response to this [9].

However, some problems have emerged, including the flexibility and uncertainty of
PV power generation, voltage fluctuations for grid-connected operations, and grid instabil-
ity due to frequency fluctuations [9]. To overcome these problems, various quantitative
indicators with respect to load matching and grid interaction (LMGI) for the evaluation of
grid interactions, such as the efficiency and stability of grid-connected operations, have
been proposed [10].

Low-carbon energy-sharing communities are one plan for spreading and disseminat-
ing zero energy communities. They aim to improve energy efficiency in new buildings, as
well as in existing buildings and communities, through remodeling, and to achieve zero
energy in these community units through energy sharing and trading between buildings or
communities. This model reduces energy consumption and maximizes profits in buildings
and communities based on peer-to-peer (P2P), peer-to-business (P2B), and business-to-
business (B2B) energy sharing and trade of the energy produced through renewable energy
facilities in the community, and the energy saved through energy-efficiency improvement.
Peer-to-peer (P2P) energy sharing is an effective method to manage the distributed energy
resources (DERs) in community microgrids. P2P energy sharing describes energy trading
between prosumers, or between prosumers and consumers, where the excess electricity
from prosumers is shared among neighbors [11-15].

In addition, these communities are operated with the aim of increasing the self-
sufficiency of energy through renewable energy by efficiently responding to problems,
such as the intermittency of the energy produced from renewable energy sources, within
the community. To overcome these problems, the interest in energy storage technologies,
such as power and thermal energy or power-to-heat (P2H) conversion technology, has
increased. These technologies take advantage of the fact that the energy produced from
renewable energy sources can be consumed in real time and reduce the grid burden created
by fluctuating renewable energy sources. This can contribute to increasing the energy
supply from renewable energy at the national level, activating zero energy buildings and
communities, and minimizing the grid burden due to an increase in renewable energy
sources.

Various domestic and overseas studies have been conducted on these matters.
Prasanna et al. [16] conducted research on the utilization of low-temperature heat net-
works and ways to improve the self-sufficiency of energy produced by PV systems, to
increase the effectiveness of prosumer buildings in local energy supply systems. They
found that the method of using two 1000 L heat storage tanks achieved a grid stabilization
effect at the same level as the method of using batteries of 1383 kWh. Facchinetti et al. [17]
derived an optimization method that can decrease grid utilization, reduce the peak load,
and minimize operating costs through a local energy sharing system. In South Korea,
Kim et al. [18] analyzed the supply cover factor (SCF) and load cover factor (LCF) for load
matching, based on the measurement data of a demonstration house, as a study on load
matching for net zero energy housing.

It is difficult to apply ground source and various unused energy sources to the cool-
ing and heating systems of individual houses for efficient energy usage. Therefore, for
zero energy at the community level, it is necessary to apply district cooling and heating
systems that can improve efficiency through various unused energy sources. Previous
research [19] carried out a comparison of the renewable thermal energy systems in terms
the operating energy savings when supplying domestic hot water (DHW). In this study,
energy saving, sharing, and efficiency improvement were evaluated by applying various
renewable energy systems based on a ground source heat pump (GSHP) integrated with
thermal energy storage (TES) for the supply of cooling, heating, and DHW to a residential
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community, through a detailed simulation. In addition, the reduction in the grid usage
caused by the intermittent production of renewable energy was analyzed by calculating
load matching, based on the application of renewable energy systems. Based on this, the
effect of reducing carbon emissions and enhancing the economic benefits under integration
of various renewable thermal energy systems was analyzed.

2. Hybrid Energy System Overview

This section describes the general idea of energy sharing and the structure of electricity
and thermal energy-integrated energy sharing. We present a case study of the smart village
in the Busan Eco-Delta smart city, which is composed of residential houses and a community
center, which uses renewable energy systems such as PV, and we calculate the thermal and
electric load of the village. The applicability of a photovoltaic solar thermal (PVT) system
was compared. Then, to supply cooling, heating, and DHW, based on the facility for GSHP,
we reviewed the applicability of PVT and solar thermal (ST) systems, and we reviewed the
existing air-source heat pump. The energy savings compared to the heat pump systems
were analyzed.

2.1. Hybrid Energy System for an Energy-Sharing Community

In existing residential buildings, energy trading through the peer-to-grid (P2G) was
basically used. Each residential building was supplied cooling, heating, and DHW through
an air-source heat pump, and electricity produced by PV was used in the residential houses,
while excess electricity was supplied to the grid. At this time, a PV was used to increase
self-consumption to maximize each customer’s own generation. However, due to the
capacity limitation of the batteries, the surplus energy from the energy produced by PV
was supplied back to the grid. When the power stored in the battery was insufficient,
power was purchased from the grid.

In an energy-sharing community, surplus generated power from a PV installed in
the roof of single building is shared or traded in the neighborhood [18]. Previously,
various studies related to energy sharing for the use of electricity in such buildings have
been conducted [19-21]. However, the proposed energy-sharing community shares not
only power, but also energy consumed for cooling, heating, and DHW supply, using the
centralized mechanical systems of power-to-heat (P2H). The P2H stores excess power as
heat using electric heaters or heat pumps, as well as batteries (Figure 1).
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Figure 1. Schematic of a hybrid energy system for an energy-sharing community in a smart village.
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The hybrid energy sharing system for the power and heat supply proposed in this
study consists of a PV for generating power, the battery energy storage system (BESS)
for electric energy storage, GSHP, a water treatment source (WSHP) heat pump, and TES
facilities for storing heat. Power is produced through a PV installed on the roof of each
house, and sharing energy is produced through a sharing PV installed in the common area.
In addition, the BESS is installed in the common area, and the produced surplus power is
stored in the BESS. The centralized heat for cooling, heating, and hot water supply of the
building is produced through a centralized ground source heat pump. Instead of sending
energy to the grid, it is used as operating power for the heat pump.

2.2. Overview of the Case Study Community: Smart Village

The target smart village was in the waterfront area of the Busan Eco Delta City, and
it was composed of 56 single-family houses and a community center (Figure 2) [22]. The
village had a site area of 7202 m?, a building area of 2200 m?, and a total floor area of
3620 m?. For the construction scale, the single-family houses were two-story, whereas the
community center was one-story and two-story. While the houses were lightweight steel
structures combined with reinforced concrete structures, the community center was made
up of reinforced concrete structures. The community center had a building area of 266 m?
and a total floor area of 1192 m2. The single-family houses had a building area of 1636 m?
and a total floor area of 2374 m?, based on 56 houses. For the single-family houses, the
thermal transmittance values (U-values) of the outer walls, roofs, floors, and windows were
designed to be 0.27, 0.103, 0.175, and 0.963 W/ (mZ-K), respectively. For the community
center, they were designed to be 0.147, 0.107, 0.212, and 0.997 W/ (m?-K), respectively.

Community center V(1) .
w. Mechanicalroom Sl

iy}
% i
2

.

Figure 2. Overview of the smart village [22].

Among these residential houses, 88 kWp of the building-integrated photovoltaic
systems (BIPV) were located on the roof in 19 houses, while 10.8 kWp and 34.9 kWp of PVs
were installed in the garages and corridors, respectively. For the community center, various
renewable energy systems were applied to the roofs and walls. On the southern wall,
building integrated photovoltaic (BIPV) systems were installed, and the area was 194 m?.
The available installation area on the roofs was 108 m?. Building-attached photovoltaic
(BAPV) systems and the application of solar thermal (ST) systems and photovoltaic and
solar thermal (PVT) systems were possible (Figure 2) [19]. In this study, the case of installing
BAPYV systems on roofs was set as Case 1, the case of installing PVT systems was set as
Case 2, and the case of installing ST systems was set as Case 3. Additionally, in this research,
conventional air-source heat pumps without TES (Case 4) were considered to compare the
energy performance of the proposed system.
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2.3. Centralized Thermal Energy System

In the smart village of this case study, the mechanical room is located in the basement
of the community center, and it supplies cooling, heating, and DHW to the single-family
houses and community center through central supply control. When central supply systems
are used, heat loss may occur in the network piping supplied to single-family houses, but
energy efficiency can be improved by utilizing various renewable energy sources, such
as water treatment or ground sources. In addition, it is possible to reduce the heat pump
installation capacity compared to the existing GSHP installation method for individual
buildings by installing TESs. In the target smart village, heat pumps and TESs for supplying
the cooling and heating were separated from those for the supply of DHW (Figure 3). The
cooling and heating heat pumps, as well as the DHW heat pumps, were designed to
support a capacity of 600 kW (170 RT) and 176 kW (50 RT), respectively, and the TESs were
designed to be 257 m?® and 82 m3, respectively. These values are the TES capacities required
for a heat pump operation time of 12 h, based on the days with the annual maximum
cooling/heating and DHW loads. In this study, the effect of the application of various
renewable energy sources on the heat pumps and TESs for DHW in terms of energy saving
was analyzed.
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Figure 3. Overview of the proposed community mechanical system.
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3. Simulation Method

In this study, the cooling, heating, and DHW demand of the 56 single-family houses in
the smart village was analyzed through the detailed simulation, and the cooling, heating,
and DHW energy consumption were calculated based on the operation of the GSHP.

Then, the applicability of various solar energy-based renewable energy systems was
analyzed through a simulation. As shown in Figures 1 and 2, the operating energy savings
and self-sufficiency were compared with three different solar energy-based renewable en-
ergy systems: the building-attached photovoltaic (BAPV) systems as Case 1, the application
of solar thermal (ST) systems as Case 2, and photovoltaic and solar thermal (PVT) systems
as Case 3. In addition, conventional air-source heat pumps without TES were considered
as Case 4 to compare the energy performance of the proposed renewable energy systems.

For the simulation, the TRNSYS 18 software, which specialized in modeling solar
energy-based systems, was utilized (Figure 4). The meteorological data for the simulation
analysis were derived for the location of the demonstration complex, through Meteonorm
7.3, and TMY2 was applied as the meteorological data format. For the target analysis
area, the annual average outdoor temperature was found to be 14.6 °C, and the annual
horizontal global solar radiation was 1345 kWh/ m?2.

Experimental plug load and random TRNSYS Simulation
modified data for residential buildings for cooling, heating and DHW load

‘ PV, PVT electric generation (Type 566) ‘
|f‘> ‘ PVT (Type 560), ST thermal generation (Type 301) ‘

it

‘ HP (Type 927) and TES (Type 142) integration ‘

L

Grid Interaction Economic analysis CO, emissions

Environment data (OA) TRNSYS
- Meteonorm 7 software

‘ Tilted surface solar radiation (I )

‘ Outdoor air conditions ‘

Results

Energy consumption
Zero energy rate

Figure 4. Overview of the simulation method.

3.1. Cooling, Heating, and Domestic Hot Water Demand

TRNSYS 18 was used to analyze the cooling and heating load of the smart village.
To calculate the heat load of the smart village, the setpoint temperatures for indoor air
during the heating and cooling season were 20 °C and 26 °C, respectively. The infiltration
level of the residential house was set to 0.3 ACH at 5 pa differences of indoor and outdoor.
The lighting load was set to 9.15 W/m?. As a result, the heating and cooling loads for the
56 households were analyzed as 196 MWh/year and 120 MWh/year, respectively. This
can be converted into the heating and cooling load per unit area at 31 kWh/m?year and
19 kWh/ mzyear. The maximum heating and cooling loads were 25 W/ m? and 25 W/m?, re-
spectively. In the case of the community center, the heating and cooling loads were analyzed
as 19 MWh/year and 35 MWh/year, respectively. This was calculated as 68 kWh/m?a
and 122 kWh/m?2a when converted into the basic unit of the heating and cooling load. In
addition, the maximum load per unit area was analyzed as 163 W/ m? and 181 W/m? for
the heating and cooling loads, respectively.

For the analysis of the DHW load of the smart village, the DHW load of a previously
analyzed house was applied. This load was analyzed based on the measurement data of a
single-family house [19,23]. The analysis results showed that the annual DHW demand
was 2839 kWh. This value was determined to be appropriate because it exhibited a 4.8%
difference from 2702 kWh, which was derived based on the use of 36 L/day per person
through the ISO 13790.
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3.2. Thermal Energy-Sharing System Operation

The operation of the thermal energy sharing system used for supplying DHW in this
study was as follows. To supply hot water to the village, the GSHP and WSHP operated
and stored the hot water in the heat storage, to maintain the set temperature of 55 °C. At
this time, the thermal energy generation rates in terms of the PVT (Case 2) and ST (Case 3)
were predicted 24 h ahead, and the corresponding thermal load was also predicted. After
that, during the time when electricity was generated by PV in terms of PV on the south
wall and roof of a PV or PVT, the heat pumps were operated to take charge of heat to match
the DHW load. When the power generation of the PV was insufficient, the DHW load was
matched with operation of the heat pumps during the off-peak time and stored in the TES.

It was set that the heat pumps were operated at full load operation during the simula-
tion. To make the most of the electricity produced by the PV or PVT and consumed by the
heat pump operations simultaneously, the heat pump control was set to respond to the PV
generation fluctuations, maximizing the self-consumption of the PV generation.

In this study, the simulation was conducted under the assumption that the PV genera-
tion rates, solar heat production, and DHW can be accurately predicted. To increase the
amount of energy produced through the renewable energy sources, various subsidies, such
as the REC and feed-in tariff (FIT), have been adopted to offset the economic cost of PV
or wind power generation. However, as solar and wind power generation increases, and
inexpensive power generation sources such as coal and nuclear power plants are stopped
due to environmental problems, the electricity retail price is expected to increase, and
surplus electricity feed-in prices through renewable energy are expected to be lower than
the retail purchase prices. However, in China and Europe, the selling price has already been
lowered to 1/3 of the purchase price. Therefore, in this study, a simulation was conducted
on the assumption that the retail purchase price of electricity is 200 Won/kWh, and the
surplus solar power feed-in price is 60 Won/kWh [23-26]. The total carbon emission rate
(Ctota1) can be calculated by Equation (1). The total electric energy consumption (Py,y,)
contains the operating energy of the heat pumps and pumps. The carbon emissions per
power (SC) were assumed to be 0.495 tCO, /MWh, which was taken from the national life
cycle inventory database [27,28].

Ctotul = SC'Ptoifal (1)

3.3. Heat Pump System Model

There are various models for predicting the performance of the GSHP [29]. As the
inlet and outlet temperatures are the same due to the TES and the ground source used
in this study, the simulation was performed under the assumption that a stable ground
source at 15 °C was produced throughout the year. In this instance, the simulation was
performed by assuming a reference system COP of 3.5, considering that the operation of the
heat pump and the operating power of the circulation pump were based on the operation
results of the GSHP during the heating period [30]. Four heat pumps were divided based
on their design capacity. The reference COP of the ASHP was set at 3.0 [31].

Each of them was analyzed when operating number control was performed in re-
sponse to the increase or decrease in load, and the amount of PV power generated. To this
end, the amount of PV power generated was predicted, and the production of DHW heat
in the TES and the heat storage process were analyzed according to the power generated.

3.4. Renewable Thermal Energy Systems

In this study, a flat-plate collector was selected as the solar collector. The ST and
PVT systems were analyzed using the solar collector test data provided by a domestic
manufacturer [32], as shown in Equations (2) and (3). The total area of the collector was
2.0 m?. In the case of TYPE 560, a module that can simulate a building-integrated PVT
system in the TRNSYS 18 software, it is difficult to predict the thermal energy performance
by applying a detailed model for the solar collector. As such, the collected solar heat was
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analyzed using a solar collector module (TYPE 301) based on the same solar radiation,
and the result of operating the DHW heat in connection with the TES was simulated.
Then, the amount of PV power generated was simulated by applying the inlet temperature
and flow rate of the solar collector to the PVT module. The BIPV system was analyzed
using TYPE 566. The number of panels of the PV system in the south wall and roof
were 97 and 54, respectively. The module sizes of the PV system, PVT system, and ST
system were 1994 x 1000 x 35 [mm], 2024 x 1024 x 40 [mm], and 2024 x 1024 x 40 [mm],
respectively. The reference module efficiency was 19.1% and 15.9% of the PV and PVT
system, respectively. The PV system capacities of the wall and roof of the community
center were 36.9 kWp and 20.5 kWp, respectively. The PV system capacity of the roof in the
residential houses was 397.6 kWp (7.1 kWp per single residential house).

tm — ta

st = 0.7208 — 47999

@

2
tm —t tm —t
npyr = 0.6379 — 4.3793-" G £ 0.0277( ’”G “) 3)

Based on the validated TRNSYS model compared with the experimental data [32],
the simulation models were modified. The detailed simulation model for integrating solar
thermal and TES with the ground source heat pump was validated with experimental data,
and the model showed 1.7% and 0.7% differences in the solar thermal system and TES,
respectively [30].

3.5. Self-Sufficiency Analysis

The self-sufficiency rates from the renewable energy generation for community energy
consumption can be estimated by the index of load cover factor (LCF) and supply cover
factor (SCF). As shown in Figure 1, the LCF and SCF were used to analyze the self-
sufficiency of the PV, PVT, and ST systems in the community unit. LCF represents the
proportion of PV power generated in the power consumption (Equation (4)), and SCF
represents the proportion of PV power generated supplied to the load (Equation (5)).

Sy min[ (PEIPV 4 PEV'), Pload | at

LCF = 4
Ji2 Plgoda @

2 min| ( PBIPV 4 PEV)), pload | g
SCF _ 151 |:( 1,t 1t ) it } (5)

t BIPV PV
t12<P1',t + P )dt

4. Analysis of Simulation Results
4.1. Thermal Energy Production of the ST and PVT Systems

In this study, the thermal energy production was compared between applying the
PVT system (Case 2) and applying the ST system (Case 3) to the same roof area of the
community center. As shown in Figure 5a, when the annual solar radiation of 132 MWh
(57 kWh/(m?a)) reached each solar collector system, the application of the ST system
(Case 3) acquired an annual heat of 60 MWh. In this instance, the heat collection efficiency
was 45.7%. The PVT system (Case 2) exhibited a heat collection of 22 MWh (21 kWh/ m?a)
in the same area, and an annual efficiency of 17% was observed (Figure 5b). The annual
efficiency of the TES was analyzed to be 95%. It appears that the PVT system exhibited
lower heat collection efficiency than the typical flat-plate collector due to the attachment of
the PV system to the upper part, and the additional equipment required for the attachment.
In addition, when the solar collector was located on the roof, it was found to cover 66-89%
of the DHW load in the smart village during the cooling period from June to September.
On the other hand, when the PVT collector was installed on the roof, it was found to cover
29-34% of the DHW load from June to September, but it could not cover the DHW load,
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because the collected solar heat was less than 10 kWh for each month from November to
February. Consequently, the application of the ST system could cover 27% of the annual
DHW and heating load, whereas the application of the PVT system could cover 9% of the
annual DHW and heating load.
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Figure 5. Monthly thermal energy production by solar thermal system.
4.2. Analysis of Self-Sufficiency and Enerqy Balance of the Community Center for DHW

In this study, self-sufficiency was analyzed according to each proposed system and
their operation methods. Self-sufficiency was analyzed based on the 15-min power con-
sumption and production simulation results. This analysis was conducted for the case with
the designed TES (82 m?), and the case with only the short-term buffer TES (15 md).

Figure 6 shows the results of analysis of the self-sufficiency and energy balance,
according to the size of the TES. It was observed that there is no major difference in the
annual operation energy consumption of heat pumps and generation from PV based on
the size of heat storage and number of heat pump operations. The heat storage system was
able to manage over-heating problems or inefficient operation due to the full operation
of the heat pumps (Figure 6a). Self-sufficiency was found to be enhanced when the daily
short-term TES (82 tons) was implemented, compared to when the buffer TES (15 tons) was
operated, and the number operation of the heat pump was determined according to the
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load fluctuation (Figure 6b). This confirmed that the grid utilization of the PV system can
be decreased by appropriate heat storage capacity and heat production capability of the
heat pump, even for the short-term TES, because the operation of the heat pump enables
the heat conversion and storage of electricity according to the surplus PV power generation,
rather than the ON/OFF operation, depending on the load.

As previously mentioned, when the capacity of the TES is limited to the level of the
buffer TES, use of the ST system was expected to exhibit the lowest annual self-sufficiency
(Figure 6b). This is because the energy consumption of the heat pump required for DHW
heat production was the lowest due to the ST system, but the amount of power generated
was also the lowest, as power was generated only through the BIPV system on the wall. On
the other hand, when DHW energy was produced using only the PV system on the roof and
on the wall, the amount of power generated was the largest, but the power consumption of
the heat pump to produce DHW heat was also found to be the largest.

Figure 6 shows the operation results of the cases, based on the number of heat pump
operations with four heat pumps, with 82 tons of heat storage. When 82 tons of TES was
available, we found that installing the PVT system on the roof and the BIPV system on
the wall led to the lowest annual energy consumption (Case 2). This method could save
22.0% and 37.2% of the energy required when using only the BIPV system or only the
ST system, respectively. In addition, we confirmed that the PV system alone can show
high self-sufficiency due to the utilization of the short-term TES. In terms of the operating
costs of the system with interaction between the grid and energy sharing system, we also
observed that the PVT (Case 2) system showed the lowest operating costs compared with
the other systems. The ST system showed the highest annual surplus energy to the grid,
but the real-time generation and load matching were much lower than the other systems
(Figure 5). This led to the cost difference between the other systems. Additionally, the
PVT (Case 2) system showed lower annual electric generation rates than the PV (Case 1)
system; however, the PVT (Case 2) system generated thermal energy and required lower
electric energy consumption than the PV system. The PVT (Case 2) system showed a better
cost-benefit outcome than the PV (Case 1) system.

In the case of carbon emissions, the use of the gas boiler was expected to emit 37 tCO,
per year, but the GSHP, excluding the renewable energy production, was expected to emit
23 tCO,, thereby achieving a carbon emission reduction effect of 37%. If the renewable
energy production is included, carbon emission reduction effects of 89%, 92%, and 87%
were predicted for Cases 1, 2, and 3, respectively.
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Figure 6. Annual self-sufficiency of the proposed systems to serve the DHW load.

4.3. Analysis of Self-Sufficiency and Energy Balance of the Smart Village

Figure 7 shows the monthly LCF and SCF for each system integrated with the de-
signed TES for cooling and heating (257 m3), with BIPV generation and consumption in
the residential houses. We found that the LCF and SCF showed no significant difference
depending on the system, but the ST system exhibited relatively lower SCF values. How-
ever, in the case of LCF, the ST system exhibited the highest values, followed by the PVT
and BIPV systems. In summer, since the most of the DHW load was covered by the ST
system, most of the electricity produced by the BIPV system was transmitted to the grid.
On the other hand, when the PVT and PV systems were used, the power transmitted to
the grid decreased because the power generated was utilized for the operation of the heat
pump to produce DHW heat. As shown in Figure 7, the proposed systems were compared
with the conventional ASHP without TES (Case 4). We found that the conventional ASHP
had a much lower SCF value than the proposed systems. This is because the ASHP mostly
operates during the night in the heating season.
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Figure 7. Monthly average LCF and SCF values for different systems.

Table 1 shows the annual electric energy self-sufficiency, operating energy cost of the
proposed system, and energy conservation rate.
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Table 1. Simulation results of the yearly electric energy balance.

Grid Interaction Grid Interaction Operating
Electrlc' Generation Net (kWh) (.30'2 Cost Cost
Systems Consumption Emissions (kWon) (kWon)
Rates (kWh) (kWh)
(kWh) (tCO»)
Import Export Import Export
Case 1 (PV system) 341,780 407,025 65,245 164,836 —230,080 —0.028 32,967 —13,805 19,162
Case 2 (PVT system) 336,280 403,585 67,305 162,913 —230,217 —0.029 32,583 —13,813 18,770
Case 3 (ST system) 325,528 388,397 62,869 159,350 —222,219 —0.027 31,870 —13,333 18,537
Case 4 (PV with ASHP) 375,496 407,025 31,529 214,964 —246,493 —0.013 42,993 —14,790 28,203

5. Discussion

Over the last few decades, the importance of energy-sharing communities has in-
creased, and research has focused on electric energy sharing or improving self-sufficiency
with PV and BESS. However, through this research, the TES for cooling, heating, and DHW
was shown to also be a significant energy storage system, such as BESS, for improving self-
sufficiency and grid interactions and moving toward realizing zero energy communities.
In a previous study [19], the operating energy savings when serving the DHW load of the
village have already been discussed. Through those research results, the importance of
self-sufficiency, as well as operating energy savings, was identified. As shown in Table 1,
the PV system was able to save a significant amount of operating energy on the village
side compared with the other systems; however, the grid interactions were also significant
to save operating energy costs. In future works, TES should be integrated with BESS to
enhance the community self-sufficiency and operating cost savings. This case study of a
smart village has also been under construction, and experiments will need to be conducted
to verify the proposed system operations.

6. Conclusions

In this study, a thermal energy-sharing system for serving the cooling, heating, and
DHW needs with various renewable thermal energy systems was proposed to save energy
and improve efficiency for the implementation of a low-carbon energy-sharing community,
and the energy-saving effect for the proposed system was analyzed. When the proposed
system was installed on the roof of the community center, the energy efficiency and self-
sufficiency for the application in the same area were analyzed. We found that the solar
thermal (ST) system could cover 27% of the total annual cooling, heating, and DHW energy
demand, and the PVT system could cover 9%. The proposed system can also be operated
as an energy storage system, and the grid interaction rates and self-sufficiency can be
improved by increasing the capacity and size of the TES by controlling the number of
heat pumps. The PVT system exhibited a 19.1% lower power generation rate than the PV
system. This is because the efficiency of the PVT system power generation module was
low, and relatively low temperatures persisted in winter. However, the ST system could
reduce the operating energy by 3.6% and 6.6% compared to the PV and PVT systems, due
to the reduction in the DHW and heating energy demand. On the other hand, for electricity
self-sufficiency in the community unit, the ST system was excellent at decreasing the size
of the TES, and the PV system exhibited the highest self-sufficiency as the size increased.
This was because the PV system consumed the largest amount of operating energy for the
heat pumps compared with the other systems. The proposed system was also expected
to reduce carbon emissions by more than 50% compared to the conventional ASHP with
PV system.

The analysis results for the energy-sharing community show that policy, decision
makers, and stakeholders can pursue the ambitious policy objectives considering the
PV, ST, and PVT systems. The policy objectives that involve those systems can reform
the community energy transition, achieving both operating energy and cost saving. The
consideration of those systems and energy planning with a renewable energy system could
accelerate the achievement of global energy transition strategies.



Energies 2021, 14, 4284 13 of 14

Author Contributions: Writing—original draft preparation, M.-H.K.; Conceptualization, H.-].].;
methodology and software, Y.A.; writing—review and editing, D.-W.L.; supervision and project
supervisor, ].-H.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Korea Agency for Infrastructure Technology Advance-
ment, and funded by the Ministry of Land, Infrastructure and Transport (No. 21PIYR-B153277-03).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Dialga, I. Evaluating Normandy’s sustainable development and energy transition policies. J. Clean. Prod. 2021, 305, 127096.
[CrossRef]

2. Falcone, PM. Analysing stakeholders’ perspectives towards a socio-technical change: The energy transition journey in Gela
Municipality. AIMS Energy 2018, 6, 645-657. [CrossRef]

3.  Bjerkan, K.Y.; Marianne, R.; Tomas, M.S. Actors in energy transitions. Transformative potentials at the intersection between
Norwegian port and transport systems. Energy Res. Soc. Sci. 2021, 72, 101868. [CrossRef]

4. D’Adamo, I; Falcone, PM.; Gastaldi, M.; Morone, P. RES-T trajectories and an integrated SWOT-AHP analysis for biomethane.
Policy implications to support a green revolution in European transport. Energy Policy 2020, 138, 111220. [CrossRef]

5. Hofer, T,; Reinhard, M. A participatory stakeholder process for evaluating sustainable energy transition scenarios. Energy Policy
2020, 139, 111277. [CrossRef]

6. Jeong, K,; Hong, T.; Kim, J. Development of a CO, emission benchmark for achieving the national CO, emission reduction target
by 2030. Energy Build. 2018, 158, 86-94. [CrossRef]

7. MOLIT. Ministry of Land, Infrastructure, and Transport. Available online: http:/ /www.molit.go.kr/USR/NEWS/m_71/dtljsp?
lemspage=1&id=95082443 (accessed on 21 May 2021).

8. MOTIE. Ministry of Trade, Industry and Energy. Available online: http://www.motie.go.kr/motie/ne/presse/press2/bbs/
bbsView.do?bbs_cd_n=81&bbs_seq_n=161753 (accessed on 21 May 2021).

9.  Sevilla, ER.S,; Parra, D.; Wyrsch, N.; Patel, M.K.; Kienzle, F; Korba, P. Techno-economic analysis of battery storage and curtailment
in a distribution grid with high PV penetration. J. Energy Storage 2018, 17, 73-83. [CrossRef]

10. Salom, J.; Marszal, A.J.; Candanedo, ].; Widen, J.; Lindberg, K.B.; Sartori, I. Analysis of Load Match and Grid Interaction Indicators
in NZEB with High-Resolution Data. IEA Task 40 2013, 52, 1-100.

11. Long, C.; Wu, J.; Zhou, Y,; Jenkins, N. Peer-to-peer energy sharing through a two-stage aggregated battery control in a community
Microgrid. Appl. Energy 2018, 226, 261-276. [CrossRef]

12. Wang, C.; Yan, J.; Marnay, C.; Djilali, N.; Dahlquist, E.; Wu, J. Distributed energy and Microgrids (DEM). Appl Energy 2018, 210,
685-689. [CrossRef]

13.  Peck, M.E.; Wagman, D. Energy trading for fun and profit buy your neighbor’s rooftop solar power or sell your own-it’ll all be on
a blockchain. IEEE Spectr. 2017, 54, 56-61. [CrossRef]

14. Long, C; Wu, J.; Zhang, C.; Cheng, M.; Al-Wakeel, A. Feasibility of peer-to-peer energy trading in low voltage electrical
distribution networks. Enerqy Procedia 2017, 105, 2227-2232. [CrossRef]

15.  Morstyn, T.; Farrell, N.; Darby, S.J.; McCulloch, M.D. Using peer-to-peer energy-trading platforms to incentivize prosumers to
form federated power plants. Nat. Energy 2018, 3, 94-101. [CrossRef]

16. Prasanna, A.; Dorer, V.; Vetterli, N. Optimisation of a district energy system with a low temperature network. Energy 2017, 137,
632-648. [CrossRef]

17.  Facchinetti, E.; Rohrbach, B.; Van der Wel, G.; Bollinger, A. Monetary Value of a District’s Flexibility on the Spot-and Reserve
Electricity Markets. Buildings 2018, 8, 181. [CrossRef]

18. Kim, B,; Lim, H.; Kim, D.; Shin, U. A Study of Load Matching on the Net-Zero Energy House. |. Korean Sol. Energy Soc. 2018, 38,
55-66. [CrossRef]

19. Kim, M.H.; Lee, D.W.; An, Y,; Joo, H.J. Applicability of Renewable Thermal Energy Systems on a Domestic Hot Water System for
a Low-carbon Energy Share Community. Korean J. Air-Cond. Refrig. Eng. 2020, 32, 532-541.

20. Koirala, B.P; Koliou, E.; Friege, J.; Hakvoort, R.A.; Herder, PM. Energetic communities for community energy: A review of key
issues and trends shaping integrated community energy systems. Renew. Sustain. Energy Rev. 2016, 56, 722-744. [CrossRef]

21. Wang, N,; Xu, W.; Xu, Z.; Shao, W. Peer-to-peer energy trading among microgrids with multidimensional willingness. Energies
2018, 11, 3312. [CrossRef]

22.  Busan Eco Delta Smart Village. Available online: https:/ /busan-smartvillage.com/main/index_main (accessed on 29 June 2021).

23.  Kim, M.; Lim, H.; Shin, U.; Kim, H.; Kim, H.; Kim, J. Design and Energy Performance Evaluation of Plus Energy House. J. Korean
Sol. Energy Soc. 2018, 38, 55-66.

24. Nguyen, S.; Peng, W.; Sokolowski, P.; Alahakoon, D.; Yu, X. Optimizing rooftop photovoltaic distributed generation with battery

storage for peer-to-peer energy trading. Appl. Energy 2018, 228, 2567-2580. [CrossRef]


http://doi.org/10.1016/j.jclepro.2021.127096
http://doi.org/10.3934/energy.2018.4.645
http://doi.org/10.1016/j.erss.2020.101868
http://doi.org/10.1016/j.enpol.2019.111220
http://doi.org/10.1016/j.enpol.2020.111277
http://doi.org/10.1016/j.enbuild.2017.10.015
http://www.molit.go.kr/USR/NEWS/m_71/dtl.jsp?lcmspage=1&id=95082443
http://www.molit.go.kr/USR/NEWS/m_71/dtl.jsp?lcmspage=1&id=95082443
http://www.motie.go.kr/motie/ne/presse/press2/bbs/bbsView.do?bbs_cd_n=81&bbs_seq_n=161753
http://www.motie.go.kr/motie/ne/presse/press2/bbs/bbsView.do?bbs_cd_n=81&bbs_seq_n=161753
http://doi.org/10.1016/j.est.2018.02.001
http://doi.org/10.1016/j.apenergy.2018.05.097
http://doi.org/10.1016/j.apenergy.2017.11.059
http://doi.org/10.1109/MSPEC.2017.8048842
http://doi.org/10.1016/j.egypro.2017.03.632
http://doi.org/10.1038/s41560-017-0075-y
http://doi.org/10.1016/j.energy.2017.03.137
http://doi.org/10.3390/buildings8120181
http://doi.org/10.7836/kses.2018.38.4.055
http://doi.org/10.1016/j.rser.2015.11.080
http://doi.org/10.3390/en11123312
https://busan-smartvillage.com/main/index_main
http://doi.org/10.1016/j.apenergy.2018.07.042

Energies 2021, 14, 4284 14 of 14

25.

26.

27.

28.

29.

30.

31.

32.

Zhou, Y.; Wy, ].; Long, C. Evaluation of peer-to-peer energy sharing mechanisms based on a multiagent simulation framework.
Appl. Energy 2018, 222, 993-1022. [CrossRef]

Liu, N; Yu, X,; Wang, C.; Li, C.; Ma, L,; Lei, ]. An energy sharing model with price-based demand response for microgrids of
peer-to-peer prosumers. IEEE Trans Power Syst. 2017, 32, 3569-3583. [CrossRef]

Cho, S.H.; Chae, C.U. A study on life cycle CO; emissions of low-carbon building in South Korea. Sustainability 2016, 8, 579.
[CrossRef]

Kim, M.H.; Kim, D.; Heo, J.; Lee, D.W. Energy performance investigation of net plus energy town: Energy balance of the Jincheon
Eco-Friendly energy town. Renew. Energy 2020, 147, 1784-1800. [CrossRef]

Kim, D.; Lee, D.; Heo, J.; Kim, M. Empirical Results and Operational Cost Analysis of Geothermal Heat Pump System using
Thermal Energy Storage in Cooling Season. Korean J. Air-Cond. Refrig. Eng. 2018, 30, 167-174.

Kim, D.; Heo, J.; Kim, M.; Lee, D. Empirical results and operational cost analysis of heat pump system using thermal Energy
storage in heating season. In Proceedings of the SAREK 2018 Summer Annual Conference, Pyeongchang, Korea, 20 June 2018; pp.
46-49.

Kim, M.H,; Kim, D.; Heo, J.; Lee, D.W. Techno-economic analysis of hybrid renewable energy system with solar district heating
for net zero energy community. Energy 2019, 187, 115916. [CrossRef]

E-MAX System. 2020. Available online: http://www.emax21.co.kr/business/solarheat.php (accessed on 21 May 2021).


http://doi.org/10.1016/j.apenergy.2018.02.089
http://doi.org/10.1109/TPWRS.2017.2649558
http://doi.org/10.3390/su8060579
http://doi.org/10.1016/j.renene.2019.09.113
http://doi.org/10.1016/j.energy.2019.115916
http://www.emax21.co.kr/business/solarheat.php

	Introduction 
	Hybrid Energy System Overview 
	Hybrid Energy System for an Energy-Sharing Community 
	Overview of the Case Study Community: Smart Village 
	Centralized Thermal Energy System 

	Simulation Method 
	Cooling, Heating, and Domestic Hot Water Demand 
	Thermal Energy-Sharing System Operation 
	Heat Pump System Model 
	Renewable Thermal Energy Systems 
	Self-Sufficiency Analysis 

	Analysis of Simulation Results 
	Thermal Energy Production of the ST and PVT Systems 
	Analysis of Self-Sufficiency and Energy Balance of the Community Center for DHW 
	Analysis of Self-Sufficiency and Energy Balance of the Smart Village 

	Discussion 
	Conclusions 
	References

