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Abstract: Various efforts have been made worldwide to reduce energy use for heating, ventilation,
and air-conditioning (HVAC) systems and lower carbon dioxide (CO;) emissions. Research and
development are essential to ensuring the efficient use of renewable energy systems. This study
proposes a multiple sources and multiple uses heat pump (MMHP) system that can efficiently
respond to heating, cooling, and domestic hot water (DHW) loads using multiple natural heat sources.
The MMHP system uses ground and air heat as its primary heat sources and solar heat for heat
storage operations and ground temperature recovery. For the efficient use of each heat source, it also
determines the heat source required for operation by comparing the heat source temperatures in the
same time zone. A model for predicting the heat source temperatures, electricity use, and coefficient
of performance (COP) was constructed through simulation. To analyze the efficiency of the proposed
system by comparing the existing air source heat pump with ground source heat pump systems, a
performance analysis was conducted by setting regional and system configurations as case conditions.
The results demonstrate that the electricity use of the MMHP system was 13-19% and 1-3% lower than
those of air source heat pump (ASHP) and ground source (GSHP) systems, respectively. In addition,
the MMHP system was the most favorable in regions with a low heating load.

Keywords: multiple sources and multiple uses heat pump; ground heat exchanger; air; photovoltaic
thermal system

1. Introduction

To reduce energy use and associated carbon dioxide (CO,) emissions in the building sector, various
studies focusing on heating, ventilation and air conditioning (HVAC) systems have been conducted
worldwide. Specifically, the South Korean government has set their renewable energy installation rate
to 30% for newly constructed public buildings with a total floor area of 1000 m? or higher [1]. It also
recently published the Green New Deal Policy [2] and established a plan to install renewable energy
facilities in existing public buildings. The government provides subsidies to residential buildings in
which renewable energy systems are installed according to the capacity of the systems. Therefore,
there is a growing demand for renewable energy, and it is essential to develop technologies for the
construction of efficient renewable energy systems.

The ground source heat pump (GSHP) system is a renewable energy system that uses the ground,
which can have favorable temperature conditions relative to the air temperature, as a source of
heating/cooling for buildings because it is a stable temperature zone. The continuous operation and
long-term use of GSHP, however, can cause changes in ground temperature around the borehole.
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In other words, the efficiency of the system decreases if sufficient time for ground temperature
recovery is not given. Various studies have been conducted to prevent the reduction in efficiency by
hybrid systems.

Methods for increasing the efficiency of heat pump systems have been developed by combining
GSHP and solar-thermal systems [3-15]. Through the combination of the GSHP system and PVT,
the heat of PVT can be stored in a heat storage tank or used to allow the underground temperature
to recover. In a system that combined GSHP and photovoltaic thermal (PVT) systems, the power
generation efficiency of PV was increased by supplying the relatively low temperature of the ground
to the bottom of the PVT panel [3]. Xi [4] compared the performance of a solar assisted ground source
heat pump (SAGSHP) system with that of a GSHP system. The COP of the SAGSHP system was 26%
higher than that of the GSHP system. After operation for 20 years, the heat pump COP of the SAGSHP
system was 4.18, and that of the GSHP system was 3.73. Bae [5] devised a design method in which an
auxiliary heat storage tank (HST) was placed in the SAGSHP system and the heat produced by a solar
source could be used for the water inlet temperature of the heat pump. In the study, energy use was
analyzed by comparing the developed design method with the existing design method. Razavi [6]
analyzed COP and electricity use according to the SAGSHP system configuration. Among them,
the method in which the circulating water of GSHP passed through the ground heat exchanger and the
tube of PVT, and flowed into GSHP was the most efficient. This method can reduce energy use by 8.4%
compared to conventional GSHP systems. Lazzarin [7] compared the performance of SAGSHP and
GSHP systems and found that the former had a stronger performance. They also found that the use of
a solar heat source and reducing the length of the ground heat exchanger led to a lower investment
cost than that of the GSHP system. Yang [8] developed a system that uses solar heat and the ground as
heat sources and conducted research on the optimal number of boreholes and solar collector areas for
the SAGSHP system. The length of the ground heat exchanger had a significant impact on system
efficiency, but the size of the HST had an insignificant influence. Xia [9] proposed an optimal control
method for the SAGSHP system and formulated a control strategy using a simplified adaptive mode
and a genetic algorithm for the efficient control of a PVT system. Through the optimal control strategy,
energy use was reduced by 7.8% for cooling and 7.1% for heating compared to the existing control
method. In addition, the solar power generated was increased by 4.4 and 6.2%. Emmi [10] analyzed
the ground temperature and performance for ten years according to the configuration of the SAGSHP
system. When the solar heat collector of the SAGSHP system was used for ground temperature
recovery operation and building cooling/heating, more efficient operation compared to a conventional
GSHP system was shown to be possible. In addition, energy efficiency remained constant for ten
years. even when half the initial value of the ground heat exchanger was used. Bakirci [11] installed
a SAGSHP system in the Erzurum cold climate area and analyzed the performance of the system
through experiments. The heat pump COP ranged from 3.0 to 3.4 and the system COP ranged from
2.7 to 3.0, confirming that the SAGSHP system supplied sufficient residential heating in the Erzurum
area. Eslami-nejad [12] developed a double U-tube system in which one U-tube was connected to a
heat pump and the other to a solar heat collector. In the developed system, the length of the ground
heat exchanger could be reduced by 17.6-33.1% compared to an existing GSHP system.

Moreover, studies were conducted to improve efficiency through the combined use of air and
ground sources. [13,14]. Nam [13] developed a heat pump that used both groundwater and air as
heat sources and analyzed its performance. The COP of the developed heat pump system was higher
than that of the single heat source system, and the system had a positive effect on the recovery of the
groundwater temperature. Corberan [14] developed a heat pump that used ground heat and air as its
heat sources. The developed heat pump system exhibited the same performance as existing GSHP
systems, even when the length of the ground heat exchanger was reduced by half.

However, there are few studies [15] on hybrid systems that simultaneously use multiple natural
heat sources such as solar, air and ground for heating, cooling, and providing domestic hot water in
buildings. Air heat source systems can be introduced to buildings as heating and cooling systems
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and can reduce total system costs, even though their performance significantly depends on the local
climate. There are many conditions in which the air source is more efficient than the water source,
owing to the electricity use of the circulation pump or the heat loss of the piping. In view of system
performance, the most efficient source in multiple sources heat pump systems should be selected based
on transient conditions.

In this research, to determine the performance of multiple sources and multiple uses heat pump
(MMHP) systems according to local climates, a dynamic energy simulation was conducted by an
integrated simulation model with ASHP, GSHP, a solar model, and a building load model.

This study quantitatively analyzes the superiority of MMHP systems compared with conventional
systems in three different climates. The system proposed in this study uses the air and ground as
the main heat sources, and solar heat for the ground temperature recovery and as an auxiliary heat
source. In this study, the cooling, heating, and domestic hot water (DHW) demands in each region
were calculated using the TRNSYS (TRNSYS 18, Thermal Energy System Specialists, Madison, WI,
USA). In addition, each system model was constructed and its annual performance analyzed. The most
efficient system in each region was identified through the constructed simulation model, and additional
analyses were conducted on a control method to further improve performance.

2. Description of the MMHP System

The configuration and operation method of the MMHP system are described in this section.
The MMHP system was designed to meet the heating, cooling, and DHW demands of residential
models. MMHP can improve system performance by selectively using a heat source with the highest
energy efficiency among the three heat sources (air, ground, and solar heat). It can also prevent the
efficiency reduction normally caused by the continuous operation and long-term use of ground heat.
The proposed MMHP system consists of a ground heat exchanger, a heat pump, PVT, a HST, and a fan
coil unit (FCU) (Figure 1).
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Figure 1. Schematic diagram of MMHP.

Figure 2 shows the eight operation modes of the MMHP system. Heating is performed by three
operation methods. Figure 2a shows direct heating using the ground heat exchanger, Figure 2b
demonstrates direct heating using air, and Figure 2c details heating using the HST. Regarding cooling
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operations, only direct cooling operation was performed, as shown in Figure 2a,b. Figure 2d shows a
DHW operation in which hot water is supplied using the heat of the HST. To perform heating and hot
water supply using the HST, heat storage is required. Figure 2e—g shows the methods for supplying
heat to the tank using ground, air, and solar heat. Solar heat is stored through the circulating water at
the bottom of the solar collector (Figure 2e). The ground and air are used as the heat sources of the
heat pump, and the heat produced by the heat pump is supplied to the HST (Figure 2f,g). Figure 2h
shows the operation for recovering the ground temperature through heat exchange between solar heat
and the cooled ground.

| pvT | | HsT | | DHW | L Pvr | [ hsT | [ ohw |
| GHEX |={ MmHP | Fcu | | GHEx | [ mmHP [ Fcu |
i —
(a) Ground-based direct heating and cooling (b) Air-based direct heating and cooling
| PvT | | HST | DHwW | | pvT | | HST |- DHW |
| GHEX | | MMmHP | Fcu | | GHEX | | mMmHP | | Fcu |
(c¢) Heat storage tank (HST) heating (d) HST to domestic hot water (DHW)
[ pvT || HST | | DHW | | pvt | | HsT | | DHwW |
| GHEX | | mwmHP | | FCu | | GHEX |=» mMmHP | | FCU |
(e) Heat storage operation using photovoltaic thermal (PVT) (f) Ground-based heat storage operation
| pvT | | msT | | DHw | | pvT | | HsT | | DHw |
| GHEX | [ mwmHP | | Fcu | | GHEX | | mwviHp | | Fcu |
[ —
(g) Air-based heat storage operation (h) Ground-based heat storage

Figure 2. Operation modes of the multiple sources and multiple uses heat pump (MMHP) system.

Figure 3 shows the operation logic of the MMHP system. The eight operation methods described
above are controlled by this logic. In the winter, the indoor temperature was set to 24 + 1 °C. During
heating, priority was given to heating that uses the HST. When the temperature of the HST (Ts)
decreased to 40 °C or lower, direct heating was performed using the heat pump. For direct heating
that used the heat pump, the air and ground temperatures were compared; air was used as a heat
source when the air temperature was 2 °C higher than the ground temperature, while ground heat was
used when the air temperature was lower than the ground temperature. In the summer, the indoor
temperature (T;,) was set to 26 + 1 °C. A cooling operation using the heat pump was performed.
Regarding the heat source of the heat pump, the air and ground temperatures were compared and air
was used when the ground temperature (Tg) was 10 °C higher than the air temperature (T,). Although
air was used as a heat source, the ground was used if the air temperature was 8 °C higher than the
ground temperature.
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Figure 3. MMHP system control logic.

Heat storage operations were performed both in summer and winter to supply hot water to the
user. During this operation, priority was given to the heat storage operation that used PVT. This mode
was used when the water outlet temperature of PVT (Tpyt) was more than 5 °C higher than the
temperature of the HST. Otherwise, a heat storage operation was performed using the heat pump.
In this instance, the heat source of the heat pump was selected using the same method as in heating.
The ground heat storage operation was performed when the temperature of the HST was sufficiently
high, and a heating operation was not performed in winter. When the water outlet temperature of
PVT was 30 °C higher than the ground temperature, the circulating water of PVT was supplied to
the ground heat exchanger to recover the ground temperature that was reduced by heating and heat
storage operations.

3. Simulation Model

In this study, the simulation model was constructed to calculate the COP and electricity use of the
MMHP system. The method of constructing building and system models is described in this section.
First, the load of the target building was calculated through building modeling. Based on the calculated
load, capacity design was performed by applying regional design standards.

3.1. Overview of the Building Model

The building model used for simulation was created by referring to the standard housing proposed
by the Ministry of Land, Infrastructure and Transport of South Korea [16]. Its floor area was 140 m?.
Table 1 shows the boundary conditions of the building model. The standards of South Korea [17]
and Canada [18] were applied for the thermal transmittance values. In addition, the internal heating
conditions (lighting, equipment, and human body) and infiltration of the building model were set
by referring to ASHRAE 90.1-2004 [19]. For the amount of hot water supply, four family members
were considered. The daily amount and schedule of the hot water supply were set by referring to the
ASHRAE Handbook’s HVAC applications [20].
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Table 1. Load calculation conditions by region.
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Item Seoul Ulsan Ottawa
Wall 0.17 W/m2K 0.22 W/m2K 0.247 W/m2K
Thermal Roof 0.15 W/m2K 0.18 W/m2K 0.156 W/m2K
transmittance Floor 0.29 W/m2K 0.35 W/m2K 0.183 W/m2K
Window 1.0 W/m?2K 1.2 W/m?2K 1.9 W/m?2K
Infiltration 0.7751/h
Human body 2160 kJ/h
Internal heating Lighting 27.126 kJ/h m?
Equipment 19.368 kJ/h m?
Set temperature Heating ¢
Cooling 26 °C

3.2. Heating, Cooling, and DHW Load

The load of each region was calculated based on the building model. Table 2 shows the heating
and cooling peak loads of each region. The system capacity was designed based on each peak load.
The detailed capacity of each system can be found in Section 3.3. Ottawa exhibited the highest heating
load, followed by Seoul and Ulsan. On the other hand, Ulsan exhibited the highest cooling load,
followed by Seoul and Ottawa. The DHW load was calculated based on a daily hot water supply of
252 L/day [20].

Table 2. Heating, cooling, and DHW loads.

Peak Load Ottawa Seoul Ulsan
Heating (kW) 9.78 6.13 5.55
Cooling (kW) 1.22 3.05 4.03

DHW (kW) 0.9 0.9 0.9

3.3. Modeling of the MMHP System

The MMHP system performance simulation model was constructed using TRNSYS.
The constructed system calculated the amount of heat exchanged between the ground heat exchanger,
PVT, heat pump, HST, and FCU, as well as their electricity use and COP. To construct the MMHP system
model, a ground heat exchanger (type 557a), PVT (type 560), heat pump (type 927), HST (type 4c),
and FCU (type 987) components were used. The ground heat exchanger model is the vertical U-tube
type that interacts thermally with the local earth. The PVT component can calculate the production
rate considering the PV back temperature and solar radiation. The heat pump model is based on the
performance curve according to the entering source temperature, load temperature, source flow rate,
and load flow rate. The HST model has multiple inlet and calculates heat losses according to the
ambient temperature. The FCU model is a four-pipe, fan coil unit.

3.3.1. Ground Heat Exchanger Component

The ground heat exchanger component was created based on the duct ground heat storage model
developed by Hellstrom [21]. The heat flow from the ground heat exchanger to the ground was
determined by the ground around the ground heat exchanger and circulating water temperatures.
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If transient terms in the fluid are neglected, the heat balance equation for the heat carrier fluid can be
defined, as shown in Equation (1).

aT
Crap- + ap(Ty = T,) = 0 )
The water outlet temperature (T,;;) of the ground heat exchanger can be expressed as Equation (2).
Tout = ﬁ'Tin + (1 - ﬁ)'Ta ()
The damping factor (8) can be defined as shown in Equation (3).

aplp

p=e Y ®)

Here, C¢ is the volumetric heat capacity of the fluid, g is the flow rate, « is the heat transfer coefficient,
f pacity qr

Ty is the fluid temperature, T, is the ground temperature, e is the exponential function, and Ly, is the

pipe length. T;, is the water inlet temperature of the ground heat exchanger.

3.3.2. PVT Component

The PVT component consists of PV cells, an absorber plate, a tube, and back insulation. The energy
received by PVT was calculated using the method presented by Duffie and Beckman [22]. PVT receives
solar radiation energy and the received energy is given by Equation (4).

Q = (ta), IAM G PV 4)

Some of the received energy is used by PV cells to generate power based on the photoelectric
effect. The power generated by the PV cells (PVpouer) is calculated using Equation (5).

PVpower = (Ta)n IAM G PV yren nnominulXcell temeRudiation (5)

Here, 7a is the transmittance-absorptance product for the solar collector, IAM is the incidence angle
modifier, G is the total solar radiation, PV, is the solar panel area, 1,,oinq is the nominal efficiency;,
Xeell temp is the multiplier for the PV cell efficiency as a function of the cell temperature, and Xragistion i
the multiplier for the PV cell efficiency as a function of the incident radiation.

The absorbed energy (Qupsorbed) is the net rate at which energy is absorbed by the collector plate
excluding the energy used for power generation. The absorbed energy is shown in Equation (6).

Qubsorbed = (Ta)n IAM G PVarea (1 - Pvpower ) (6)

The absorbed energy is lost to the ambient conditions through convection off the top of the
collector (Qloss,top,ww) ; some is lost to the sky through radiation off the top of the collector (Qloss,top,md)
and some is lost to ambient conditions through the back of the collector. The energy (Q,) left after
such losses is used for heat production in the tube. The energy used for heat production is shown in
Equation (7).

Qu = Qabsorbed - Qloss,top,conv - Qloss,top,md - Qloss,back (7)

3.3.3. Heat Pump Component

The heat pump of the MMHP system has two heat sources, i.e., air and water. As there is no model
that can implement two heat sources in TRNSYS, MMHP was implemented by combining air-to-water
and water-to-water heat pump components. The heating/cooling capacity and power of the heat pump
were determined by the performance data of the heat pump manufacturer [23-25]. The amount of heat
absorbed (Qpeating) by the heat pump during heating can be obtained using Equation (8).
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Cappeating 1s the heat pump heating capacity at current conditions and Pjegting is the power drawn
by the heat pump in the heating mode.

Qheating = Capheating - Pheating (8)

When heating using the ground, the water outlet temperature (Tsource,out) Of the ground heat
exchanger is determined by Equation (9). Tg source, in is the water inlet temperature of the ground
heat exchanger, ¢y source is the mass flow rate of the liquid on the source side of the heat pump, and
Cpgr,source is the specific heat of the liquid on the source side of the heat pump.

Qheatin g

)

T r =T n—
gr,source,ou gT,SOlH‘CE, m mgrlsource Cpg;/’sgurce
When heating using the air, the temperature of the air discharged (Tir sourceout) from the heat
pump to the atmosphere is given by Equation (10). Ty source, in is the air inlet temperature of the
ambient, M,y source is the mass flow rate of the air on the source side of the heat pump, and Cpyjr spurce i5
the specific heat of the air on the source side of the heat pump.

Qheating - Qheating_lat

Tair, source,out — Tﬂir,source, in—

mair,sourcecpair, source (10)
The temperature of the water outlet temperature (T}y,g ;1) from the load side can be obtained
using Equation (11). T}y, iy, is the water inlet temperature of the load side, 1, is the mass flow rate
of the water on the load side of the heat pump, and Cpgir source is the specific heat of the water on the
load side of the heat pump.
Capheating
Mioad Cpload

The amount of heat released (leing) through the heat pump during MMHP cooling can be
obtained using Equation (12).

Capeooling is the heat pump cooling capacity at current conditions and Peyging is the power drawn
by the heat pump in cooling mode.

Tloud,out = Tload, in— (11)

Qcooling = Capcooling + Pcooling (12)

When ground heat is used as a heat source, the water outlet temperature of the ground heat
exchanger is determined by Equation (13).

Qcoolin g

(13)

T =T i+

gr,source,0 gr,source, i Mgy source Cpgr,source

When air heat is used as a heat source, the air outlet temperature on the heat source side of the
heat pump is determined by Equation (14).

Qcooling - Qcooling,lut

Tuir,source,o - Tuir,source, i

(14)

mair,sourcecpair,source

The temperature of the air discharged from the load side can be obtained using Equation (15).

C“P cooling

_ 15
Mioad Cpload ( )

Tload,out = Tloual, int
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3.3.4. System Capacity

Table 3 shows the capacity of each component of the MMHP system. The capacity design of a
system that uses multiple heat sources is not quantified, unlike the capacity design of the existing
system. Therefore, the standards of the regions and previous studies were referred to [3,5,26,27].
There is a difference in average ground temperature between Canada and South Korea. Therefore,
the two countries apply different standards for the design of ground heat exchangers. Ground heat
exchangers were designed based on 30 W per meter in Canada [26] and 60 W per meter in South
Korea [27]. The PVT installation area was set to 60% of the rooftop area as staircase rooms, elevated
tanks, and outdoor units are usually installed on the roof, typically occupying 40% of the total rooftop
area. The capacity of the heat pump was designed considering the safety factor in terms of building
cooling and heating loads in each region. Previous studies were referred to for the circulation pump
and FCU [3,5].

Table 3. Capacity design by region.

Component Parameter Ottawa Seoul Ulsan
Type Vertical closed loop
Number of boreholes 1
Ground heat exchanger Borehole radius 015 m
(Type 557a)
Borehole depth (m) 360 105 95
Storage volume (m?) 7774 2275 2059
Type Unglazed water
Collector size (m?2) 6mx14m
PVT collector Number of tubes 340
(Type 560)
PV efficiency 16.10%
Collector slope 45
Tank volume (m?) 1.12 0.70 0.63
HST (Type 4c) Heat loss coefficient 0.694 W/m? K
Set point temperature 45°C
Air source heat pump Type Air to Water
(Type 917) Capacity (kW) 11.74 7.36 6.66
Ground source heat pump Type Water to water
(Type 927) Capacity (kW) 11.74 7.36 6.66
Rated cooling capacity (kW) 15 13.984 12.654
Rated heating capacity (kW) 15 13.984 12.654
FCU (Type 987) Rated fan power (kW) 0.168 0.105 0.095
Rated volumetric air flow rate (m?/s) 0.78 0.49 0.44
Circulation pump (Type 3d) Flow rate (kg/s) 0.56 0.35 0.32
Power consumption (kW) 0.34 0.21 0.19

3.4. Case Conditions

In this study, cases were created using three regions and five systems to determine the optimal
heat source for each region. The regions used were Ottawa, Seoul, and Ulsan. The systems used were
ASHP, GSHP, solar assisted air source heat pump (SAASHP), SAGSHP, and MMHP. Figure 4 shows a
schematic diagram of each system.

Figure 4a shows the schematic diagram of the ASHP system. This system consists of an air-to-water
heat pump, a HST, and FCU. It uses air heat as a single heat source, and the transfer process from the
heat pump to the load side is the same as the MMHP system. Figure 4b shows a schematic diagram of
the GSHP system. This system consists of a ground heat exchanger, a water-to-water heat pump, a HST,
and FCU. It uses ground heat as a single heat source. Figure 4c shows the SAASHP. PVT is added
to the ASHP system, and PVT generates power and transfers heat to the HST. Figure 4d shows the
SAGSHP system. PVT is added to the GSHP system. PVT generates power and transfers heat to the



Energies 2020, 13, 5211

10 of 17

HST in the same manner as the aforementioned ASHP system. This system additionally performs heat
exchange with the ground heat exchanger to recover the ground temperature when the temperature of
the HST is sufficient and the water outlet temperature of PVT is higher than the ground temperature.
Figure 4e shows a schematic diagram of the proposed MMHP system. It consists of an MMHP which is
capable of using air and water as heat sources, a ground heat exchanger, a PVT module, a HST, and an
FCU. Table 4 describes the cooling/heating, DHW, and heat storage operation of each system.

P3rcy Quprcu

Qair>up P3rcy Qup-rcu
(a) ASHP system (b) GSHP system
Pyust Qpuw
DHW_|
Qpvr-nst Qusr—Fcu

Qair-np

Qup-HstT

P3pst

P3rcy Qup-rcu

(¢) SAASHP system

Pyrcy

QG >HP

P3rcy Qup-reu

(d) SAGSHP system

P3rcy Qup-reu

(¢) MMHP system

Figure 4. Schematic diagrams of the systems used.

Table 4. System operating mode.

No  System Space Heating Space Cooling Heat Storage DHW Recovery
HST to FCU
1 ASHP ASHP to FCU ASHP to HST
ASHP to FCU
HST to FCU i
2 GSHP GSHP to FCU GSHP to HST
GSHP to FCU
HST to FCU PVT to HST HST to
3 SAASHP ASHP to FCU DHW
ASHP to FCU ASHP to HST
HST to FCU PVT to HST
4  SAGSHP GSHP to FCU
GSHP to FCU GSHP to HST
PVT to
HST to FCU PVT to HST ground
MMHP to FCU
5  MMHP  MMHP to FCU MMHP to HST

(air or ground)

(air or ground) (air or ground)
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4. Results and Discussion

4.1. Performance Characteristic Analysis

Figure 5 shows the heat production of each MMHP system heat source as well as the heat
consumption on representative heating days. As the representative day was selected based on the
day with the highest load, the air temperature was significantly lower than the ground temperature.
In addition, the amount of heat produced using solar was also small owing to the low outside
temperature. Therefore, heat was produced using ground heat as the source on the representative
heating days. In addition, as the system had a HST, there was a difference between the heat production
and heat consumption patterns.

10
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Figure 5. Heat production and consumption on representative heating days (Seoul).

Figure 6 shows the heat production of each MMHP system heat source, as well as the heat
consumption for three interseason days. Heating was required in the interseason period, but the
air temperature became higher than the ground temperature. In addition, the ground temperature
further decreased because ground heat was intensively used in January and February. Therefore,
heat production through air was mainly observed, and heat production through PVT also significantly
increased owing to the increase in outside temperature.
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Figure 6. Heat production and consumption on interseason days (Seoul).

4.2. System-Based Energy and Performance Analysis

Figure 7 shows the average COP values of the ASHP, GSHP, and MMHP systems by month.
The heat pump COP of the GSHP system was generally higher than that of the ASHP system, but the
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COP of the ASHP system was higher in interseason periods (May and October). The MMHP system
exhibited a higher heat pump COP than the ASHP and GSHP systems because it selectively used the
efficient heat source between air heat and ground heat. The heat pump COP during the heating period
was 2.89 for the ASHP system, 3.63 for the GSHP system, and 3.64 for the MMHP system. The average
COP during the cooling period was 4.61 for the ASHP system, 4.90 for the GSHP system, and 5.48 for
the MMHP system. This appears to be the difference caused by the DHW load that occurred during
the cooling period. During the cooling period, the use of air efficiently produced heat in the heat pump
to respond to the DHW load because the air temperature was higher than the ground temperature.
On the other hand, the use of the ground temperature, which was lower, was favorable for responding
to the building cooling load. Therefore, the MMHP system, which used both heat sources at the same
time, exhibited high COP during the cooling period. The annual average heat pump COP was 3.75 for
the ASHP system, 4.26 for the GSHP system, and 4.56 for the MMHP system.

ASHP GSHP EMMHP
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Heat pump COP
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A

7
.
.
%
%
%
%
%
/
Z
.

Figure 7. Heat pump COP of the MMHP, ASHP, and GSHP systems (Seoul).

Figure 8 shows the annual electricity use of the ASHP, GSHP, SAASHP, SAGSHP, and MMHP
systems, as well as the annual power production of PV. In Ottawa, the electricity use of the ASHP
system was 12,011 kWh and that of the GSHP system was 9798 kWh. The GSHP system exhibited an
18% lower electricity use than the ASHP system. Meanwhile, the electricity use of the MMHP system
was 9784 kWh, which was 14 kWh lower than that of the GSHP system. However, when the ground
temperature recovery operation was not performed, it was 143 kWh lower. The electricity use of the
SAGSHP system was 10,038 kWh. It appears that the electricity use of the SAGSHP system was higher
than that of the GSHP system because the electricity use of the pump that circulated ground heat and
PVT increased, owing to the ground heat storage operation. In Seoul, the electricity use of the ASHP
system was 6722 kWh and that of the GSHP system was 5993 kWh. Meanwhile, the electricity use of
the MMHP system was 5838 kWh, which was 13% and 3% lower than those of the ASHP and GSHP
systems, respectively. Conversely, in Ulsan, the electricity use of the ASHP system was 5386 kWh and
that of the GSHP system was 4945 kWh. Meanwhile, the electricity use of the MMHP system was
4780 kWh, which was 11% and 3% lower than those of the ASHP and GSHP systems, respectively.

In terms of annual electricity use, the efficiency of the GSHP system was significantly higher
than that of the ASHP system in the region with a high heating load. When the GSHP and MMHP
systems were compared, however, the MMHP system was the most favorable in regions with a low
heating load. In terms of power production, the SAGSHP system was 25-357 kWh higher than the
SAASHP system. This was because the SAGSHP system both recovered ground heat and reduced
the back-side temperature of PVT through heat exchange with the ground. This increased the power
production efficiency of PV. The power production of the MMHP system was lower than that of the
SAGSHP system. This was likely because the burden of ground heat decreased for the MMHP system,
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as it used both air heat and ground heat, and thus, the ground temperature recovery operation using

PVT decreased.
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Figure 8. Electricity use and production by the system.
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Figure 9 shows the TRNSYS simulation results for 10 years of ground temperature distribution of
the GSHP and MMHP systems in Ottawa. From the initial ground temperature of 10 °C, the ground
temperature in ten years decreased to 8.8 °C for the GSHP system and 9.7 °C for the MMHP system. This
indicated that the MMHP system could maintain ground temperature at a constant level, preventing
efficiency degradation caused by a decrease in this temperature.

11
—GSHP ——MMHP

10

Ground Temperature (°C)

8
2019/01  2020/01 2021/01 2022/01 2023/01 2024/01 2025/01 2026/01 2027/01 2028/01

Year
Figure 9. Ten-year ground temperature distribution in Ottawa.
5. Conclusions

In this study, a MMHP system that uses multiple heat sources (air, ground, and solar heat) was
proposed. To evaluate the efficiency of the proposed system, a simulation model was constructed
by applying the proposed system to a residential model. Through the simulation model, the MMHP
system was compared with existing systems (e.g., GSHP, ASHP, SAGSHP, and SAASHP) in Seoul,
Ulsan, and Ottawa. The performance of the proposed system according to the control method was also
compared. The results of this study can be summarized as follows:

e  The MMHP system operates by comparing the temperatures of solar, air, and ground heat and by
selecting an efficient heat source. Therefore, it operates using ground heat when the heating load
is high because the outside temperature is low. However, the system uses both ground and air in
interseason periods as the outside temperature is relatively high. In addition, the use of solar heat
also increases in interseason periods owing to the outside temperature.

e  When the heat pump COP values of the ASHP, GSHP, and MMHP systems were analyzed by
month, the GSHP system exhibited higher values than the ASHP system, except during the
interseason periods of May and October. However, in the interseason periods, the heat pump
COP of the ASHP system was higher. The MMHP system had a higher COP than the GSHP and
ASHP systems because it selectively used the optimal heat source between air heat and ground
heat. The annual average value of heat pump COP was 3.75 for the ASHP system, 4.26 for the
GSHP system, and 4.56 for the MMHP system.

e  The electricity use of the MMHP system was 13-19% and 1-3% lower than those of the ASHP and
GSHP systems, respectively.

e In terms of annual energy use, MMHP systems can be used efficiently in areas where both cooling
and heating are required throughout the year. However, it is disadvantageous to use various heat
sources in regions dominated by heating and cooling loads.

e  The electricity use of the MMHP system was higher when the ground temperature recovery
operation was conducted. It was determined that this was due to the electricity use of the circulation
pump for ground temperature recovery. However, considering both the power generation of PVT
and the recovery of the ground temperature, it is possible that performing the ground recovery
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operation is advantageous in terms of energy efficiency and system sustainability. When the
ground temperature recovery operation was applied, electricity use increased by 129 kWh owing
to the circulation pump, but the PV power production increased by 255 kWh because of the
decrease in the back-side temperature of the PVT system. In addition, the decrement in ground
temperature in 10 years decreased by 25% through ground temperature recovery operations.

The performance of the MMHP system was analyzed through an energy simulation capable of
performing dynamic and transient analyses. The analysis results confirmed that the MMHP system
could reduce electricity use compared to the existing systems in all the regions. The system was also
sustainable, as it increased PV power production and minimized the ground temperature change
caused by using the system. This study was conducted for residential buildings and was limited to
performance analyses.

However, because the MMHP system uses multiple heat sources, to apply the MMHP system to
an actual building, simplification of the complex control methods and economic analysis research are
essential. Therefore, future research will conduct life-cycle cost and payback period analyses based
on real-scale experiments. Lastly, research will be conducted on the optimal operation method by
predicting the performance and electricity use of the MMHP system through ANN models.
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Nomenclature

A Area

C Specific heat capacity (kJ/Kg-K)
Cap Capacity (kW)

cOopP Coefficient of performance (-)

e Exponential function (-)

E Energy (kW)

G Total solar radiation (kJ/hr-K)
IAM Incidence angle modifier (-)

L Length (m)

m Flow rate (kg/hr)

P Power drawn (kW)

Q Amount of heat (kW)

T Temperature (°C)

X Multiplier for photovoltaic cell efficiency (1/°C or h-m?/k])
o Heat transfer coefficient (-)

n Efficiency (-)

T Transmittance-absorptance product for solar collector (-)
Subscript

absorbed absorber heat

air air

back back

conv convection

cooling cooling

ct cell temperature

f fluid

gr ground

heating heating
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i in

lat latent heat

load load side

loss loss energy

nom nominal

o out

P pipe

pv photovoltaic

rad incidence radiation

source source side

top top

u tube

Abbreviations

ASHP air source heat pump

cor coefficient of performance

DHW domestic hot water

FCU fan coil unit

GHEX ground heat exchanger

GSHP ground source heat pump

HST heat storage tank

HVAC heating, ventilation, and air conditioning

MMHP multiple sources and multiple uses heat pump

1% photovoltaic

PVT photovoltaic thermal

SAASHP solar assisted air source heat pump

SAGSHP solar assisted ground source heat pump
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