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Summary
This paper investigates the retrofit application and performance validation of a building-integrated photovoltaic-thermal (BIPVT) system for building thermal energy serving system. The system was developed to overcome the leakage risk and limited façade applicability of conventional photovoltaic-thermal systems by reducing the number of hydraulic joints. A 1.472 kW capacity of BIPVT system composed of eight 184 W electric capacity modules was installed in a renovated building and operated as a heat source of a water-to-water heat pump system. And the heat source of heat pump uses BIPVT and ground heat exchagner. The surplus thermal energy duriong the day-time was stored into the ground. To validate its thermal behavior, a Hottel-whillier model was adopted using a 23.5% of optical efficiency and first-order heat loss coefficient of -5.795 W/m2K. The simulation outputs were validated against measured performance data, it was found  that a installed BIPVT showed 7.2% of CV(RMSE) and 91.8% of an R2 value. These results show that the BIPVT system can be practically applied to retrofit buildings and that its actual performance can be reliably predicted through a simulation model. 
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Field of application for the findings: Retrofit building energy systems, solar-assisted heat pump systems, building-integrated renewable energy technologies
Addressed audience: Researchers and engineers in solar thermal systems, building façade design, heat pump applications, building retrofitsInclude a short summary of your paper here. The summary should be 10–15 lines long and include keywords.
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Field of application for the findings:
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Introduction (SWC_Heading1)This is both a guideline and a template for preparing your manuscript. To format your manuscript correctly, please use the fonts and type sizes defined in this document. 
All papers must be submitted electronically and uploaded no later than 1 September 2026.
Paper FormattingIntroduction
The manuscript must be written in English. The title of the paper should be written in CAPITAL letters, Arial, Interest is increasing in photovoltaic-thermal (PVT) systems that can simultaneously utilize photovoltaic and solar thermal energy in order to enhance the applicability of renewable energy in the building sector. In particular, building-integrated photovoltaic-thermal (BIPVT) systems are advantageous for application to retrofit and net zero-energy buildings in that they can efficiently utilize limited installation area through integration with the building envelope. However, conventional PVT or building-attached PVT (BAPVT) systems have a risk of leakage due to the large number of connecting components between modules, which may limit their reliability and constructability as exterior materials.
In this study, to improve these limitations, a BIPVT system with reduced number of connecting components was applied to a retrofitted building, and both the system performance and the validity of the analytical model were examined through comparison of measured data and simulation results. In particular, this system has significant practical implications not only because of the structural improvement in enhancing building applicability, but also because under actual operation it serves as a heat source for a heat pump and excess heat is stored in the ground heat exchanger.
The objectives of this paper can be summarized in three parts. First, it presents the applicability of a BIPVT system with reduced connections, compared to conventional PVT systems, to retrofitted buildings. Second, it evaluates the thermal utilization potential of the system through actual installation and operation. Third, it verifies the applicability of the analytical model by comparing simulation results with measured values.14 pt bold. The section headings should be numbered, in Arial 10 pt bold (SWC_Heading 1), the sub-sections in Arial 10 pt italic. The standard font for the manuscript is Times New Roman for the text and Symbol for special characters. Body text should be justified as block (SWC_Text), 10 pt, in single column format. 
The paper size is A4 (210 mm x 297 mm). Margins are 30.0 mm top and left; 25.4 mm right and bottom. Do not insert a page number! References should be given exactly as shown in the example given below. 
Number the sections and sub-sections, and do not use automatic paragraph numbering. 

System description and methodologyTables, figures, equations, and lists
2.1. Overview of BIPVT system 3.1. Tables (SWC_Heading1.1)
All figures and tables should be cited in the text, numbered in order of appearance, and followed by a centered The proposed BIPVT system installed on a retrofitted building, with a total installed capacity of 1.472 kWp, consisting of eight 184 W modules. The overall construction period was from June 26 to August 11, 2025, and the BIPVT installation itself required a total of 6 days. Specifically, 2 days were installed for the modules, 1 day for insulation, 2 days for piping, and 1 day for the inverter. This shows that, in terms of constructability, the system has a relatively short installation period when applied to retrofitted buildings.
Conventional PVT systems have a high possibility of leakage because they contain module connection parts, and this structure acts unfavorably for application as a building exterior material. The BIPVT system examined in this study was designed to allow the use of original 6 m copper tubes, thereby reducing the number of separate connection parts. As a result, the number of joints was reduced from 24 to 6, a reduction of about 75%. Such a structural improvement can be regarded as a key strategy for reducing the possibility of leakage and enhancing system reliability in terms of long-term operation and integration with the building envelope.
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Fig. 1: Overview of BIPVT system
2.2. Operation conditions
This BIPVT system was operated not as a electricity generation system, but as a heat source generation device linked with the building thermal energy services system. The heat recovered from the BIPVT was used as a heat source for the heat pump and was utilized to produce thermal energy for heating and hot water supply, while excess heat during daytime operation was stored into the ground heat exchanger. This operating method takes into account both the direct usability of the recovered solar thermal energy and the possibility of seasonal or hourly-shifted utilization.
2.3. Performance evaluation methods
The Hottel–Whillier model was applied for thermal performance analysis. In this study, the useful heat gain of the BIPVT system was calculated based on the optical efficiency and the heat loss coefficient, with the optical efficiency set at 23.5% and the first-order heat loss coefficient set at 5.795 W/m²K. This model is widely used for evaluating the steady-state or quasi-steady-state performance of solar thermal collectors, and it has also been extended to the analysis of PVT and BIPVT systems. Relevant previous literature (An et al. 2025) nd the collector performance characterization approach of the ISO 9806 series provide the background for this coefficient-based analysis. The power generation model was applied to NOCT cell temperature model. 
In this study, the suitability of the model was examined by comparing the simulation results with measured data. The measured-based comparison item was the thermal performance obtained from the system operating data, and CV(RMSE) and the coefficient of determination R² were used as quantitative comparison indicators. This comparison was intended to determine how accurately the analytical model reproduces the trend and level under actual operating conditions.title. All table columns should have a brief explanatory heading. 
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3.2. Figures
Figures should be with a resolution of minimum 300 dots per inch and followed by a figure caption, justified as block. 
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Fig. 1: Figure captions (8 pt) should be justified as block and placed below the figure (SWC_TableFigureCaption)

3.3 Equations
Equations should be arranged to the left, with characters similar to that of the body text and should be numbered. 
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3.4 Lists
Bulleted lists can be used to arrange information more clearly in the text. 
Results and validationReferences 
[bookmark: _Hlk225767497]3.1. Thermal and electrical performance evaluation
From the operation results of the proposed BIPVT system during the two months after installation (September to October 2025), it was confirmed that the total power generation over the two-month period was 17.97 kWh and the heat collection amount was 37.37 kWh. During the heat collection period, the inlet water temperature of the BIPVT ranged from 21.7°C to 41.2°C, and the outlet water temperature ranged from 22.6°C to 41.7°C, with the average inlet-outlet temperature difference operated at 0.6 °C. During the measurement period, for most of the time, the collected heat was stored in the ground-source heat pump, and during some daytime hours, it was operated as a heat source for the heat pump. 
3.2. Performance validation
The comparison between the simulation results and the measured data for solar thermal performance showed that the CV(RMSE) was 7.2% and the coefficient of determination R² was 91.8%. In general, a low CV(RMSE) and a high R² indicate that the model estimates the measured data with high accuracy, and the results of this study show that the simple model can sufficiently reproduce the thermal performance trend of the actual BIPVT system. An actual building-applied system involves various non-ideal factors such as installation conditions, operation control, outdoor conditions, piping, and storage conditions, it still showed a relatively high level of agreement, indicating high practical applicability.
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[bookmark: _Hlk225768650]Fig. 2: Comparison of measured and predicted outlet temperature of BIPVT 
1. Conclusions 
In this study, the applicability and performance verification results of a building-integrated photovoltaic-thermal (BIPVT) system applied to a remodeled building were presented. To alleviate the leakage risk at connection parts inherent in conventional PVT systems, a structure with a greatly reduced number of connecting components was applied, and as a result, the number of joints was reduced from 24 to 6. In addition, by installing and operating a 1.472 kWp system on an actual building, the possibility of real-scale application of the improved BIPVT system was confirmed.
For thermal performance analysis, simulations were performed based on the measured zero-loss maximum efficiency of 23.5% and the first-order heat loss coefficient of 5.795 W/m²K. As a result, comparison with the measured data showed a CV(RMSE) of 7.2% and an R² of 91.8%, securing a high level of agreement between the model predictions and the measured values. This means that the simple physics-based model applied in this study can be used as a reliable performance prediction tool even under actual operating conditions.
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Appendix: UNITS AND SYMBOLS IN SOLAR ENERGY


In 1977, a committee of ISES developed a set of recommended nomenclature for papers appearing in Solar Energy. This is a condensed and revised version of those recommendations. The original appeared in Solar Energy 21.61-68 (1978). 
1. UNITS
The use of S.I. (Système International d'unités) in Solar Energy papers is mandatory. The following is a discussion of the various S.I. units relevant to solar energy applications. 
Energy
The S.I. unit is the joule (J º kg m2 s-2). The calorie and derivatives, such as the langley (cal cm-2), are not acceptable. No distinction is made between different forms of energy in the S.I. system so that mechanical, electrical and heat energy are all measured in joules. Because the watt-hour is used in many countries for commercial metering of electrical energy, its use is tolerated here as well. 
Power 
The S.I. unit is the watt (W º kg m2 s-3 º J s-1). The watt will be used to measure power or energy rate for all forms of energy and should be used wherever instantaneous values of energy flow rate are involved. Thus, energy flux density will be expressed as W m-2 and heat transfer coefficient as W m-2 K-1. Energy rate should not be expressed as J h-1. 
When power is integrated for a time period, the result is energy that should be expressed in joules, e.g. an energy rate of 1.2 kW would produce 1.2 kW x 3600 s = 4.3 MJ if maintained for 1 h. It is preferable to say that 
Hourly energy = 4.3 MJ
rather than 
Energy=4.3 MJ h-l.
Force 
The S.I. unit is the Newton (N º kg m s-2). The kilogram weight is not acceptable. 
Pressure 
The S.I. unit is the Pascal (Pa º N m-2 º k2 m-1 s-2). The unit kg cm-2 should not be used. It is sometimes practical to use 105 Pa = 1 bar = 0.1 MPa. The atmosphere (1 atm = 101.325 kPa) and the bar, if used, should be in parenthesis, after the unit has been first expressed in Pascals. e.g. 1.23 x 106 Pa (12.3 atm). Manometric pressures in meters or millimeters are acceptable if one is reporting raw experimental results. Otherwise they should be convened to Pa. 

Velocity
Velocity is measured in m s-1. Popular units such as 
km h-1 may be in parentheses afterward. 
Volume 
Volumes are measured in m3 or litres (1 litre = 10-3 m3). Abbreviations should not be used for the litre. 
Flow
In S.I. units, flow should be expressed in kg s-1, m3 s-1, litre s-1. If non-standard units such as litre min-1 or kg h-1 must be used, they should be in parentheses afterward. 
Temperature
The S.I. unit is the degree Kelvin (K). However, it is also permissible to express temperatures in the degree Celsius (°C). Temperature differences are best expressed in Kelvin (K). 
When compound units involving temperature are used, they should be expressed in terms of Kelvin, e.g. specific heat J kg-1 K-1. 

2. NOMENCLATURE AND SYMBOLS
Tables 1-5 list recommended symbols for physical quantities. Obviously, historical usage is of considerable importance in the choice of names and symbols and attempts have been made to reflect this fact in the tables. But conflicts do arise between lists that are derived from different disciplines. Generally, a firm recommendation has been made for each quantity, except for radiation where two options are given in Table 5. 
In the recommendations for material properties (see Table 1), the emission, absorption, reflection, and transmission of radiation by materials have been described in terms of quantities with suffixes 'ance' rather than 'ivity', which is also sometimes used, depending on the discipline. It is recommended that the suffix 'ance' be used for the following four quantities: 









where E and f  is the radiant flux density that is involved in the particular process. The double use of a for both absorptance and thermal diffusivity is usual, as is the double use of r for both reflectance and density. Neither double use should give much concern in practice.



Table 1: Recommended symbols for materials properties
	Quantity
	Symbol
	Unit

	Specific heat
	c
	J kg-1 K-1

	Thermal conductivity
	k
	W m-1 K-1

	Extinction coefficient+
	K
	m-1

	Index of refraction
	n
	

	Absorptance
	a
	

	Thermal diffusivity
	a
	m2 s-1

	Specific heat ratio
	g
	

	Emittance
	e
	

	Reflectance
	r
	

	Density
	r
	kg m-3

	Transmittance
	t
	
















+ In meteorology, the extinction coefficient is the product of K and the path length and is thus dimensionless. 



Table 2: Recommended symbols and sign convention for sun and related angles
	Quantity
	Symbol
	Range and sign convention

	Altitude
	a
	0 to ± 90°

	Surface tilt
	b
	0 to ± 90°; toward the equator is +ive

	Azimuth (of surface)
	g
	0 to 360°; clockwise from North is +ive

	Declination
	d
	0 to ± 23.45°

	Incidence (on surface)
	Q,i
	0 to + 90°

	Zenith angle
	Qz
	0 to + 90°

	Latitude
	F
	0 to ± 90°; North is +ive

	Hour angle
	w
	-180° to +180°; solar noon is 0°, afternoon is +ive

	Reflection (from surface)
	r
	0 to + 90°






Table 3: Recommended symbols for miscellaneous quantities

	Quantity
	Symbol
	Unit

	Area
	A
	m2

	Heat transfer coefficient
	h
	W m-2 K-1

	System mass
	m
	kg

	Air mass (or air mass factor)
	M
	

	Mass flow rate
	

	kg s-1

	Heat
	Q
	J

	Heat flow rate
	

	W

	Heat flux
	q
	W m-2

	Temperature
	T
	K

	Overall heat transfer coefficient
	U
	W m-2 K-1

	Efficiency 
	h
	

	Wavelength
	l
	m

	Frequency
	n
	s-1

	Stefan-Boltzmann constant
	s
	W m-2 K-4

	Time
	t,t,Q
	s




Table 4: Recommended subscripts
	Quantity
	Symbol

	Ambient
	a

	Black-body
	b

	Beam (direct)
	b

	Diffuse (scattered)
	d

	Horizontal
	h

	Incident
	i

	Normal
	n

	Outside atmosphere
	o

	Reflected
	r

	Solar
	s

	Solar constant
	sc

	Sunrise (sunset)
	sr, (ss)

	Total of global
	t

	Thermal
	t, th

	Useful
	u

	Spectral
	l



















Table 5: Recommended symbols for radiation quantities
	
	Preferred name
	Symbol
	Unit

	a)
	Nonsolar radiation
	
	

	
	Radiant energy
	Q
	J

	
	Radiant flux 
	F
	W

	
	Radiant flux density
	F
	W m-2

	
	Irradiance 
	E, H
	W m-2

	
	Radiosity or Radiant exitance
	M, J
	W m-2

	
	Radiant emissive power (radiant self-exitance) 
	Ms, E
	W m-2

	
	Radiant intensity (radiance)
	L
	W m-2 sr-1

	
	Irradiation or radiant exposure
	H
	J m-2

	b)
	Solar radiation
	
	

	
	Global irradiance or solar flux density
	G
	W m-2

	
	Beam irradiance
	Gb
	W m-2

	
	Diffuse irradiance
	Gd
	W m-2

	
	Global irradiation
	H
	J m-2

	
	Beam irradiation
	Hb
	J m-2

	
	Diffuse irradiation
	Hd
	J m-2

	c)
	Atmospheric radiation
	
	

	
	Irradiation
	F¯
	W m-2

	
	Radiosity
	F­
	W m-2

	
	Exchange
	FN
	W m-2
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