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Abstract: The concept of zero energy buildings (ZEBs) has recently been actively introduced in
the building sector, globally, to reduce energy consumption and carbon emissions. For the imple-
mentation of ZEBs, renewable energy systems, such as solar collectors, photovoltaic (PV) systems,
and ground source heat pump (GSHP) systems, have been used. The system performance of solar
collectors and PV systems are dependent on the weather conditions. A GSHP system requires a
large area for boring machines and mud pump machines. Therefore, inhabitants of an existing
small-scale buildings hesitate to introduce GSHP systems due to the difficulties in installation and
limited construction area. This study proposes an integrate photovoltaic-thermal (PVT) and air source
heat pump (ASHP) system for realizing ZEB in an existing small-scale building. In order to evaluate
the applicability of the integrated PVT-ASHP system, a dynamic simulation model that combines
the PVT-ASHP system model and the building load model based on actual building conditions
was constructed. The heating and cooling performances of the system for one year were analyzed
using the dynamic simulation model. As the simulation analysis results, the average coefficient of
performance (COP) for heating season was 5.3, and the average COP for cooling season was 16.3.,
respectively. From April to June, the electrical produced by the PVT module was higher than the
power consumption of the system and could realize ZEB.

Keywords: photovoltaic-thermal; air source heat pump; integrated PVT-ASHP system; small-scale
building; zero energy building

1. Introduction

Recently, the reduction of carbon emissions, and energy consumption by heating and
cooling requirements, have attracted urgent attention globally. Owing to this global trend,
the policy of zero energy buildings (ZEBs) has shifted from the public to private sector. For
the implementation of ZEBs, high-efficiency heating, and cooling air-conditioning systems
based on heat pumps have been introduced together with renewable energy systems.

In the United States, heat pumps have been installed in more than 40% of new single-
family dwellings, and approximately 50% of multi-family buildings. France, Italy, and
Spain, account for half the European heat pump market; Sweden, Finland, and Norway,
show high penetration rates corresponding to more than 24 units per 1000 households,
annually [1]. In addition, heat pumps have been actively applied for building heating and
cooling in northeast Asia: China, Japan, and the Republic of Korea.

The utilization and applications of heat pumps have accelerated, since heat pumps
exhibit low carbon emissions and higher energy efficiencies than conventional heating and
cooling systems based on fossil fuels.

The air source heat pump (ASHP) systems that use air as a heat source are the most
widely used pumps for applications in buildings, owing to easy installation and mainte-
nance. In mild climates, they are more economical than conventional heating and cooling
systems, and they can provide a higher coefficient of performance (COP) [2]. However, it is
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difficult to obtain a high COP in very hot or cold climate using ASHP systems [3]. To over-
come this, ground source heat pump (GSHP) systems, which provide a stable performance
irrespective of the climatic conditions, have been introduced to buildings as space heating
and cooling systems [4]. However, in this system, an imbalance between the heating and
cooling demands of a building changes the underground temperature [5]. This negatively
affects the subsurface environment, degrades the heating and cooling performance of GSHP,
and causes system failure.

To overcome these limitations, integrated systems with other renewable energy sources
have been developed: solar assisted ASHP (SAASHP) and GSHP (SAGSHP) systems can
support the air and hot water demands of a building through solar collectors, as well as
recover the ground temperature lowered by the GSHP operation during winter [6,7].

The energy efficiency of such integrated systems has been verified by many compara-
tive studies between the performances of the integrated systems, and ASHP (and GSHP)
systems. The heating COP of SAASHP and SAGSHP systems was reportedly improved
by 10–65% [8–10]. Moreover, the improvement of equipment configuration and design
method have been proposed for SAASHP and SAGSHP, in addition to performance analysis
according to operation strategies [11–13].

However, to respond to the electricity demand required for maintenance, including
the heating, cooling, and hot water demands of the building, the system must produce
electricity by itself. In addition, the electrical production of the system is essential for ZEB
realization. To this end, a photovoltaic-thermal (PVT) module (combination of PV panel
and solar collector) that can produce heat and power, simultaneously, was developed. Since
a PVT module cannot fully respond to the air conditioning and hot water demands of
the building, the integrated systems combined with ASHP and GSHP systems have been
studied extensively.

Kamel et al. [14] proposed the building integrated photovoltaic-thermal (BIPV/T)
coupled with ASHP system for net ZEB. The warm air generated in the BIPV/T array
was utilized as the source of the heat pump. Accordingly, the BIPV/T-ASHP coupling
system indicated a high performance during the harsh winter season. The COP of the
BIPV/T-ASHP coupling system could be increased to a maximum of 3.45. Further, the
power consumption of the heat pump was reduced by 20%. Cao et al. [15] developed the
PV/T-ASHP integrated heating system based on the characteristics of air–heat transfer
media and solar radiation heat transfer mechanism. The performance of the integrated
heating system was analyzed by the TRNSYS transient simulation tool. The simulation
showed that the PV/T could supply a temperature of up to 77 ◦C, and the ASHP COP was
4.1, which improves the heating efficiency of the integrated heating system. Wang et al. [16]
proposed PV/T-air composite heat pump hot water system. The system comprised a flat
plate solar PV/T collector with a micro-channel heat pipe and an ASHP. The average heat
pump COP was approximately 3.0, and the system COP ranged between 1.3–6.1. These
results indicate the system to be a beneficial application for buildings.

On the other hand, Sommerfeldt and Madani [17] analyzed the technical and economic
performance parameters of a GSHP system, with PVT collectors in series connection, for
multi-family houses in a heating dominated climate. The ground heat exchanger (GHEX)
length could be decreased, and installation area saved by PVT collector which could be
up to 89%. Jeong et al. [18] comparatively analyzed the performance of the integrated
system combined with PVT and GSHP, and a conventional GSHP system, using energy
simulation. Based on these results, an economic analysis was conducted, considering
various installation conditions such as weather condition and building load. The COP
of the GSHP system was confirmed to be 2.76, and that of the integrated system was
confirmed to be 6.26, during three days of a heating dominated cycle. The integrated
system could decrease the power consumption through the PVT module. The initial
investment cost of the integrated system was higher than the GSHP system. However,
the annual energy cost was low, and the investment cost could be recovered after seven
years. Abu-Rumman et al. [19] proposed a PVT-GSHP integrated system as a solution
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for electricity shortage and high electricity consumption while heating for buildings in
Jordan. The performance analysis of the PVT-GSHP system through energy simulation
revealed that the PVT-GSHP system reduced the temperature of the PV panel by more than
20 ◦C, and improved the electrical efficiency by 9.5%. Moreover, the average COP of the
heat pumps increased from 4.6 to 6.2 during the heating dominated season because of the
PVT module.

Kang et al. [20] developed and analyzed two systems with conventional (chiller and
boiler) and tri-generation that consisted of a ground-to-air heat exchanger, PVT module
and air-to-water heat pump through the energy simulation. The performance of the tri-
generation system was compared to the conventional system. As the simulation result,
the tri-generation system was saved maximum 45% of primary annual energy compared
to conventional system. Moreover, the CO2 eq emission was reduced by 82%. The tri-
generation system could successfully contribute to energy saving and decarbonization at
the residential level. Conti et al. [21] proposed a design methodology for PVT module
with a reversible heat pump based on the dynamic simulation considering building energy
demand, thermal and electrical energy production and power consumption of the system.
Kashan et al. [22] proposed the microchannel based hybrid PVT module (MCPVT) and was
constructed mathematical models using energy simulation. Moreover, the water-to-water
heat pump was combined with MCPVT. The performance of the system was compared with
that of a conventional solar thermal collector-based system. The energy performance of
the MCPVT system achieved a 10–35% higher than the conventional solar thermal system.
Table 1 shows the summary of the previous studies analytical approach method and results.

Table 1. Summary of the previous studies analytical approach method and results.

Ref. System Approach Location Results

[14] BIPV/T-ASHP Simulation Toronto, Canada Seasonal COP could be increased from 2.7 to 3.5
[15] PVT-ASHP Simulation Shenyang, China Heating COP of the ASHP varied from 3.6 to 4.9
[16] PVT-ASHP Experimental Beijing, China System COP ranged from 1.33 to 6.07
[17] PVT-GSHP Simulation Stockholm, Sweden System SPF ranged from 1.8 to 3.4
[18] PVT-GSHP Simulation Seoul, South Korea System SPF of the System varied from 4 to 10
[19] PVT-GSHP Simulation Amman, Jordan Heating COP of the ASHP varied from 4.6 to 6.2
[20] GAHX-PVT-AWHP Simulation Incheon, South Korea Average system COP was 2.87

In previous studies, the energy performance of the PVT-ASHP (or GSHP) integrated
system was estimated and its applicability to buildings was evaluated through energy
simulation. However, the accurate estimation of the energy performance and applicability
of an integrated system requires the consideration of the overall energy situation of the
building and installation condition for real application. Most of previous studies are
simply at the analytical stage of individual system performance. There are no studies
that comprehensively consider the local conditions, building load and actual building
application of the system.

It is practically difficult to install large equipment such as boring machines and mud
pump machines due to the limited construction area for applying GSHP to small-scale
buildings. In addition, civil complaints may arise due to noise and traffic congestion during
geothermal construction. Therefore, the inhabitants of small-scale buildings hesitate to
introduce GSHP systems, owing to the additional cost to introduce such systems and efforts
to resolve complaints.

Therefore, in this study, to encourage the use of renewable energy systems for the
heating and cooling requirements of existing buildings, an integrated PVT-ASHP system
was proposed, which is easier to install and apply than GSHP. In order to evaluate the
applicability of the integrated PVT-ASHP system to existing small-scale building, a dynamic
simulation model that combines the PVT-ASHP system model and the building load model
based on actual building conditions was constructed. The dynamic simulation model was
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constructed using TRNSYS software, which can freely configure each component as defined
by the user and measure the energy flow dynamically.

Moreover, the heating and cooling performance of the PVT module, ASHP and the sys-
tem that was based on local condition and building load were dynamically analyzed using
the dynamic simulation model. In particular, it was confirmed that the system including
PVT module and ASHP was accurately operated based on local condition, building load
and operation strategies through the heating and cooling representative day analysis. After
the representative day analysis, the monthly COP of the integrated PVT-ASHP system
was quantitatively evaluated using the electrical production, power consumption and heat
exchange rate of each component. The quantitative energy performance analysis results of
this study are expected to be used as basic data for related workers to apply the use of the
integrated PVT-ASHP system, in actual buildings.

This paper is organized in four main sections. Sections 1 and 2 describe the literature
review, research gap, and construction process of the dynamic simulation model. In
addition, Sections 3 and 4 describe the heating and cooling performance results of the
integrated PVT-ASHP system and conclusion.

2. Materials and Methods
2.1. Integrated PVT-ASHP System
2.1.1. Overview of Integrated PVT-ASHP System

Figure 1 shows the schematic of the proposed integrated PVT-ASHP system. The
system comprises a PVT module, a domestic hot-water (DHW) tank, a heat storage tank
(HST), ASHP, a fan coil unit (FCU), and circulating pumps. Moreover, the real-time
monitoring system is used to measure operation conditions such as weather condition,
temperature and flow stream of equipment, and energy use and production condition.
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Figure 1. Schematic of the integrated system with photovoltaic-thermal and air source heat pump.

2.1.2. Operation Strategies of Integrated PVT-ASHP System

The operation of the multi-source integrated PVT-ASHP system requires established
operation strategies for the efficient use of heat sources. Therefore, in this study, operation
strategies that utilize the PVT module extensively were established to respond to the
simultaneous demands of heating, cooling, and hot water.

Figures 2 and 3 show the operation strategies for the heating and cooling seasons.
In the heating season, the integrated PVT-ASHP system performs both heating and heat
storage operations. The heating operation begins when the indoor temperature is lower
than 20 ◦C. If the temperature of the HST is 43 ◦C or higher, the heating operation conducts
using HST.
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Figure 2. Operation strategies during the heating season.

However, when the temperature of the HST is lower than 42 ◦C, the heat storage
operations start using PVT module and heat pump. Among the heat storage operations, the
PVT module use preferentially. In order to utilize the PVT module, the outlet temperature of
the PVT module should be higher than HST temperature. However, when the PVT module
could not be used due to weather conditions, the heat storage operation is conducted using
heat pump. Meanwhile, the heat storage of the DHW tank is performed only using the PVT
module, for which the outlet temperature of the PVT module must be higher than 58 ◦C.

During the cooling season, the operations of cooling, cool storage, and heat storage,
are performed simultaneously. If the indoor temperature lower than 24 ◦C, the cooling
operation is conducted using HST. At this time, HST temperature should be higher than
12 ◦C. When the temperature of the HST is higher than 13 ◦C, the cool storage operation is
started using heat pump. In the cooling season, the PVT module performs the heat storage
of the DHW tank. The outlet temperature condition of the PVT module remains similar to
the heating season.

2.2. Dynamic Simulation Model
2.2.1. Building Load Model

Figure 4 shows the building load model. The model was constructed by referring to the
design of an actual building, for which the integrated PVT-ASHP system was considered.
It was located in Busan city, Republic of Korea, its floor area was 110 m2, and the height
from the floor to the ceiling was 3.9 m. The window to wall ratio according to the cardinal
direction was 5.7% in the north, and 40% in the south. Table 2 shows the U-values of the
building load model, which are based on the actual architectural drawing.
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Table 2. U-value of the building load model.

Construction Type U-Value (W/m2·K)

External wall 0.284
External roof 0.181
Ground floor 0.355

Window 1.51

The building was considered to be a small-scale office, and the daily schedules of
the occupants, lights, equipment, and integrated PVT-ASHP system were adopted from
the ASHRAE Standard 90.1-2004 [23]. The ASHRAE Standards 55-2004, 90.1-2004, and
62.1-2004, were also referred to for indoor input conditions, for the calculation of the heating
and cooling demands of the building load model [23–25]. Table 3 summarizes the input
conditions of the building load model.

Table 3. Building load model conditions.

Parameter Value Reference

Heat generated by people 70 W/m2 ASHRAE Standard 55-2004

Number of persons 7 people

ASHRAE Standard 90.1-2004
Light 12.9 W/m2

Equipment 8.1 W/m2

Plug 6.8 W/m2

Setpoint temperature Cooling: 24 ◦C, Heating: 21 ◦C

Ventilation 0.42 air changes per hour (ACH)
ASHRAE Standard 62.1-2004Infiltration 0.002 ACH

Figure 5 shows the monthly heating and cooling demands of the building load model.
The annual heating and cooling demands were calculated to be 5543 and 1016 kWh,
respectively. Moreover, the heating and cooling peak loads were found to be 15 and 3 kW,
respectively. For the heating and cooling demand analyses, the weather data provided
by the Korea Meteorological Administration for Busan city, Republic of Korea, were used.
The annual average outdoor temperature was 14 ◦C, and the maximum and minimum
temperatures were 26 ◦C and 2 ◦C, respectively.
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The hot-water demand was adopted from the average daily DHW demand and daily
DHW schedule of small-scale offices, proposed by ASHRAE [26]. The daily DHW demand
was set to 26.6 L (3.8 L/person), considering the number of persons = 7 (Table 1).

2.2.2. Integrated PVT-ASHP System Model

The dynamic simulation model was constructed by referring to the components of
the integrated PVT-ASHP system proposed in Section 2.1. Table 4 shows the component
specifications of the integrated PVT-ASHP system. The PVT module comprised 10 panels
measuring 1.012 × 1.972 m2. The reference condition of the photovoltaic cell was based on
standard test condition suggested by IEC 60904 [27]. The air-to-water type heat pump was
set to respond to the heating and cooling requirement of the heating and cooling demand
of the building (Section 2.2.1). Therefore, the actual specification at the level of 11.36 kW
was adopted for the heating and cooling design capacity of the heat pump, and FCU.

Table 4. Component specifications of the integrated PVT-ASHP system.

Component Name Value

PVT module

Size 1.012 × 19.72 m2

Thermal conductivity 386 W/m·K (Copper tube)
Number of tubes 21

Tube diameter 0.0109 m
Electrical efficiency 16%

Slope 45◦

Direction South

Heat pump

Type Air to water
Heating capacity 11.36 kW

Heating power consumption 2.02 kW
Cooling capacity 7.55 kW

Cooling power consumption 2.03 kW

Storage tank Volume 0.3 m3

Height 1.0 m

Fan coil unit
Heating capacity 11.63 kW
Cooling capacity 7.38 kW

Fan power consumption 0.12 kW

Figure 6 shows the dynamic simulation model developed for the integrated PVT-ASHP
system. The TRNSYS 18 software was used for the dynamic analysis of the integrated
PVT-ASHP system model. The integrated PVT-ASHP system model comprised a PVT
module (type 560), ASHP (type 941), a DHW tank (type 4), HST (type 4), FCU (type 987),
monitoring (type 65), and a coupled-controller, including the building load model (type 56),
constructed in Section 3.1. In this study, the dynamic simulation model was constructed
based on the integrated simulation model and analysis method of the previous study [28]. In
previous study, the integrated simulation model and analysis method were verified through
coefficient of variation of root mean square error proposed by ASHRAE Guideline 14 [29].
As a result, the integrated simulation model including building load model, PVT, and heat
pump model was represented within 20% error under the real operation conditions.

2.2.3. Analysis Method

The PVT module (type 560) is an unglazed-water type module, in which the combina-
tion of a PV panel and solar absorber is used for the dual purpose of thermal and electrical
generation. The PVT module uses the solar radiation incident on the surface of the PV
panel for power generation, and the dissipated heat is transferred to the solar absorber
in the form of heat energy. The solar absorber of this solar module was based on the
algorithm presented in Chapter 6 of Duffie and Beckman’s ‘Solar Engineering of Thermal
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Processes’ [30]. The heat exchange rate and thermal efficiency by the solar absorber can be
calculated from Equations (1) and (2), respectively, as follows:

.
QPVT =

.
mCp(TPVT,out − TPVT,in) (1)

ηth =

.
QPVT × APVT

G
(2)
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The electrical efficiency of the PV panel is affected by linear factors related to the
temperature and solar radiation [31]. The electrical production and efficiency of the PVT
module can be expressed through Equations (3) and (4), respectively, as follows:

.
PPVT = (τα)n IAM × G × APVT × ηel (3)

ηel = ηnominal × Xcelltemp × Xradiation (4)

On the other hand, the ASHP component used in this study was modeled in single-
stage, with a liquid stream on the load-side. The ASHP component could control the
primary liquid stream by absorbing (heating season) or rejecting energy (cooling season)
from an air-cooled condenser. The load-side was equipped with an optional auxiliary heater
for heating a secondary liquid stream, which was not considered in this study. Moreover,
this component is based on user-supplied data files, containing catalog data on capacity
and power consumption, based on the inlet temperatures of source- and load-sides [32].

In the heating season, the power consumption by the compressor is calculated as the
difference between the input from the data file and the power consumption of controller
and blower. The compressor power, heat rejected by the condenser, and that absorbed by
the evaporator are given by:

.
Qcondens =

.
Qcap (5)

.
Qevp =

.
Qcap −

.
Pcompressor (6)

.
Qliq =

.
Qcondens (7)

In the cooling season, the compressor power, the heat absorbed by the evaporator, and
that rejected by the condenser are related as:

.
Qcondens =

.
Qcap +

.
Pcompressor (8)
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.
Qevp =

.
Qcap (9)

.
Qliq =

.
Qevp (10)

Furthermore, the COP of the ASHP is given by:

COP =

.
Qliq

.
Pcompressor +

.
Pblower +

.
Pcontroller

(11)

The integrated PVT-ASHP system model was controlled through a coupled-controller
that combined circulating pumps (type 114), flow diverter (type 11), and differential
temperature controller (type 2). The input of the coupled-controller comprised data from
the signals of each controller, heating and cooling signals of ASHP and FCU, and the
operation strategies of the heating and cooling seasons described in Section 2.2. The
details of the flow diverter and differential temperature controller have been discussed in a
previous study by the authors [29].

3. Results and Discussion
3.1. Thermal and Electrical Performance of PVT Module

Figure 7a shows the thermal performance of the PVT module on a representative day
of the heating season. The daily total heat production of the PVT module was 1.2 kWh,
and its maximum thermal efficiency was 6.5%. The PVT module supplied hot water at an
average temperature of 21 ◦C to the DHW tank from 11 AM to 2 PM. In the Busan area, the
maximum outlet temperature of the PVT module on the coldest day (representative day)
was found to be 23 ◦C.
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Figure 7b shows the thermal performance of the PVT module on the representative
day of the cooling season. The daily total heat production of the PVT module was 6.8 kWh,
and its maximum thermal efficiency was 25%. In the cooling season, the PVT module
supplied hot water to the DHW tank for nine hours, and the temperature of the DHW tank
reached 45 ◦C. The PVT module could maintain the DHW tank temperature at more than
40 ◦C from 1–5 PM.

In the cooling season, the PVT module could supply hot water to the DHW tank,
at a temperature approximately 20 ◦C higher than that of the heating season. However,
the PVT module could not meet the hot water temperature standard (60 ◦C), recom-
mended by ASHRAE to prevent Legionella pneumophila [26]. Therefore, a low-capacity
auxiliary heat source or heat pump for heat storage is required to response the hot water
temperature standard.

Figure 8a,b show the electrical performance of the PVT module on the representative
heating and cooling days. The daily total electrical production of the PVT module was
7.7 and 22.5 kWh in the heating and cooling seasons, respectively. The average electrical
efficiency in the heating and cooling seasons were 14.1 and 13.3%, respectively.
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In the cooling season, the temperature of the PVT module significantly increased
owing to the high outdoor temperature (Figure 8). The increase in the temperature of
the PVT module caused a reduction in electrical efficiency, however, exhibiting a large
difference in electrical production, since the duration of sunlight was three hours longer in
the cooling season than in the heating season.
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3.2. Heating and Cooling Performance of Heat Pump

Figure 9a,b show the COP of the heat pump during the heating and cooling seasons.
In the heating season and cooling seasons, the daily total heat production of the heat pump
was 29 and 21 kWh, respectively, whereas the average COP was 3.4, and 4.0, respectively.
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The heat production of the heat pump was determined by the setpoint temperature
of HST, and the heating and cooling loads of the building. In the heating season, the
temperature of HST fluctuated due to the fluctuating heating load requirement in the
morning, and the heat storage by the heat pump. The HST temperature decreased gradually
by approximately 0.12 ◦C/h owing to the ambient temperature and heat loss of HST.
Although a heating load occurred at 6 PM, the HST temperature was maintained at 43 ◦C
due to the heat storage by the heat pump.

In the cooling season, the heat production of the heat pump or the temperature of HST
rapidly changed before 9 AM and at 7 PM. From 9 AM to 6 PM, the heat production of the
heat pump remained constant, and the HST temperature decreased to 7.8 ◦C. This indicates
that the heat pump performed cold storage for a large fraction of time, to meet the setpoint
temperature of HST on the representative day of the cooling season, as there was only a
marginal cooling load.

3.3. Monthly Performance of Integrated PVT-ASHP System

Figure 10 shows the monthly COP of the heat pump. The annual average COP of
the heat pump was 4.2. The average COP of the heating period was 4.1 and that of the
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cooling period was 4.3. The COP of the heat pump was high in intermediate seasons, and
it reached up to 5.0 in April. The COP of the heat pump increased with decreasing cooling
and heating loads.
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Figure 11 shows the monthly COP of the integrated PVT-ASHP system. The COP
of the integrated PVT-ASHP system can be calculated using Equation (12), considering
the total heat production and power consumption of the system, as it performed cooling,
heating, and heat and cold storage operations, in addition to the electrical production by
the PVT module.

COPSYS =

.
QHP +

.
QPVT

.
PHP +

.
PFCU +

.
PPUMP −

.
PPVT

(12)
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The annual average COP of the system was 10.2. The average COP of the heating
period was 5.3, and that of the cooling period was 16.3. This was caused by the improvement
of the heat production and electrical production by the PVT module, as the solar radiation
and outdoor temperature were higher in the cooling season than in the heating season.
From April to June, the electrical production of the PVT module was higher than the
power consumption of the system. This confirmed that the installation of the integrated
PVT-ASHP system makes it possible to realize ZEBs in intermediate seasons.

4. Conclusions

In this study, to encourage the use of renewable energy systems for the heating and
cooling requirements of existing buildings, an integrated PVT-ASHP system was proposed,
which is easier to install and apply than GSHP. In order to evaluate the applicability
of the integrated PVT-ASHP system to existing small-scale building, the annual energy
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performance of the PVT module, heat pump, and system was dynamically analyzed using
the simulation model. The following conclusions can be drawn from the study:

(1) In the heating and cooling seasons, the average outlet temperatures of the PVT
module for the DHW tank were 21 ◦C and 37 ◦C, respectively. It was difficult for the
PVT module alone to compensate for the hot water load during the heating season.
However, the hot water load can be sufficiently handled with a low-capacity auxiliary
heat source or DHW tank heat storage by using a heat pump.

(2) The total electrical production of the PVT module was calculated to be 7.7 and
22.5 kWh on the representative heating and cooling days, respectively. The aver-
age electrical efficiency was found to be 14.1 and 13.3%, respectively. The electrical
production of the PVT module in the cooling season was 14.8 kWh higher than that
in the heating season. This could be attributed to the higher outdoor temperature
and solar radiation, and because the sunlight duration was three hours longer in the
cooling season than in the heating season.

(3) On the representative heating and cooling days, the average COP of the heat pump
was calculated to be 3.4 and 4.0, respectively. On the representative heating day, the
HST temperature fluctuated owing to the heating load requirement in the morning
and the heat storage operation of the heat pump. On the representative cooling day,
the heat pump performed cold storage operation for a large fraction of time to meet
the setpoint temperature of HST, as there was only a marginal amount of cooling load.

(4) The average COP of the system during the heating and cooling seasons were 5.3 and
16.3, respectively. This could be attributed to the higher heat and electrical productions
of the PVT module, in the cooling season than in the heating season. From April
to June, the electrical production of the PVT module was higher than the power
consumption of the system, confirming the possibility of ZEBs.

The quantitative energy performance analysis results of this study can be used as basic
data for introducing stakeholders to the integrated PVT-ASHP system in actual buildings.
In the future study, we will conduct the techno-economic performance and sensitivity
analysis. Moreover, the long-term energy performance of the integrated PVT-ASHP system
will be evaluated through the real-scale experiment.
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Nomenclature

APVT Gross area of the PVT module [m2]
Ap Area of ground storage [m2]
B Spacing distance [m]
Cp Specific heat [J/kg·K]
COPSYS Coefficient of performance of integrated PVT-ASHP system [-]
G Solar radiation [W/m2]
IAM Incidence angle modifier [-]
.

m Flow rate [kg/s]
.
Pcompressor Power consumption of compressor [W]
.
Pblower Power consumption of blower [W]
.
Pcontroller Power consumption of controller [W]
.
PPVT Electrical production of PVT module [W]
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.
PHP Power consumption of heat pump [W]
.
PFCU Power consumption of fan coil unit [W]
.
PPUMP Power consumption of circulating pump [W]
.

Qcondens Heat exchange rate of condenser [W]
.

Qevp Heat exchange rate of evaporator [W]
.

Qliq Heat exchange rate of liquid stream [W]
.

QHP Heat exchange rate of heat pump [W]
.

QPVT Heat exchange rate of PVT module [W]
Tg Ground temperature [◦C]
TGHEX,in Inlet temperature of ground heat exchanger [◦C]
TGHEX,out Outlet temperature of ground heat exchanger [◦C]
TPVT,in Inlet temperature of PVT module [◦C]
TPVT,out Outlet temperature of PVT module [◦C]
VDST Volume of ground heat exchanger [m3]
Xcelltemp Multiplier for the power efficiency as a function of the module temperature [m3]
Xradiation Multiplier for the power efficiency as a function of the solar radiation [m3]
Greek symbols
β damping factor [-]
ηel Electrical efficiency of the PVT module [%]
τα Transmittance-absorbance of the PVT module [-]
Acronyms and abbreviations
A/C Air-conditioning
ASHP Air source heat pump
COP Coefficient of performance
DHW Domestic hot water
FCU Fan coil unit
GSHP Ground source heat pump
HER Heat exchange rate
HST Heat storage tank
SAAHP Solar assisted air source heat pump
SAGSHP Solar assisted ground source heat pump
PVT Photovoltaic-thermal
ZEB Zero energy building
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