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Abstract: Photovoltaic-thermal (PVT) collectors are hybrid solar collectors that convert solar and
ambient energy into thermal and electrical energy. Integrated PVT-HP, in which PVT collectors are
combined with a heat pump, offers an efficient and renewable option to replace conventional fossil
fuel-based energy systems in residential buildings. Currently, system concepts in which the selection,
design and control of the components are aligned towards the system performance are lacking. The
development of a system model enables the comparison of a variety of system parameters and system
designs, informed decision making based on the energetic performance and the market diffusion of
PVT-HP systems. This contribution presents a simulation model of a PVT-HP system. By means of
numerical simulations, with simulation program TRNSYS, the energetic performance of a PVT-HP
system and the system components are investigated. It is shown that the PVT-HP can cover the
annual energy demand of a residential building. The corresponding Seasonal Performance Factor
(SPF) is equal to 3.6. Furthermore, the effect of varying weather conditions, occupancy and building
orientations on the performance of the reference system is analyzed. The SPF for the investigated
scenarios varies between 3.0 and 3.9. Lastly, two system parameters, the PVT collector area, and the
PVT collector type are varied as an initial step in the optimization of the system performance. To sum
up, the presented PVT-HP model is suitable for dynamic system simulation and the exploration of
the system concepts. The simulation study shows that a PVI-HP system can cover the annual energy
demand of a residential building. Lastly, parametric variations showcase the optimization potential
of PVIT-HP systems.

Keywords: PVT collector; hybrid solar collector; heat pump; residential energy system; numerical analysis

1. Introduction

Climate change, with all the associated negative consequences, is the main driving
force behind the global transition from fossil fuels to renewable energy sources. Globally,
buildings generate nearly 40% of the annual global greenhouse gas emissions [1]. In the
Netherlands, 13% of the national CO; equivalent emissions are from the use of natural gas
in the built environment [2]. The majority of the eight million households are connected
to the natural gas infrastructure and use natural gas for space heating, the generation of
domestic hot water and to a lesser extent for cooking. Most of the natural gas is recovered
from the Groningen gas fields, which in the past decade has led to increasingly frequent
and significant earthquakes in the Northern Province of Groningen. The adverse impact
of the use of natural gas has made the Dutch government decide that by 2050 the built
environment should be free of natural gas. In addition, as of July 2018, new buildings are
in general no longer allowed to use natural gas [3]. The building sector in the Netherlands
is thus standing on the threshold of a major transformation of its energy paradigm.

Typically, a distinction is made between three main alternative directions for replacing
natural gas as the main energy source in the built environment. The first option is to
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replace natural gas with green gas, such as biogas and hydrogen. Hereto, albeit to some
extent modified, existing gas infrastructure can be used. The second option is to connect a
building to a heat grid. A heat grid is used to supply heat, for instance, waste heat from
industrial processes, directly to a building. The third option is to use electricity to drive
heat pumps for heating purposes.

All-electric systems are particularly interesting in newly built dwellings or well-
insulated buildings which allow an efficient operation of a heat pump. In general, the heat
pump draws energy from the air or from the ground. Refs. [4,5] have performed simulation
studies on air- and ground-source heat pumps. A less common but promising alternative
is to use a hybrid solar collector, also known as PVT collectors, as the main energy source
for heat pumps. PVT collectors generate both thermal and electrical energy, using solar
energy and ambient energy. Previous research has shown that PVT can improve the system
performance of ground source heat pump systems. For instance, Bertram et al. investigated
the performance of unglazed PVT collectors as an additional heat source in a heat pump
system with a borehole heat exchanger [6]. Sakellariou modeled a PVT based solar assisted
ground source heat pump system and performed a sensitivity analysis on six parameters
on the energy conversion side of the system [7]. However, ground source systems impose
requirements on the ground characteristics and are rather expensive as a consequence
of the drillings costs and the ground installation. Other research has pointed towards
the potential of using PVT collectors as the primary energy source of the heat pump [8].
Several scholars have investigated the performance of PVI-HP systems in utility buildings.
Vallati et al. investigated, by means of MATLAB simulations, the performance of PVI-HP
systems for small offices located in three different European Cities. The research concluded
that there is a good potential for supporting heat pump based PVT heating systems [9].

In the light of the quest for an alternative to natural gas as the primary energy source
in the built environment, together with the fact that PVT-HP systems are a promising
alternative, the Solar Energy Application Centre (SEAC) initiated the PVT inSHaPe project.
In this project, a broad consortium of partners aims to design, realize, and validate several
PVT-HP systems. Despite the potential of this concept, knowledge on the integration of
the system components is missing. Hereto, a simulation model is constructed and used
to analyze and optimize the performance of PVT-HP systems and ultimately to compare
the system performance with alternative systems and promote the market diffusion of
PVT-HP systems.

In the next section (Section 2) the PVI-HP system and the system model (Section 3)
are described. In Section 4, the method of analysis of the system performance is elaborated
upon, including the key performance indicators. This is followed by an overview of the sim-
ulation cases (Section 5). The simulation results are discussed in Section 6. Finally, Section 7
presents the main implications of this work and discusses directions for future research.

2. System Description

Figure 1 illustrates the hydraulic system design. The PVT collectors can collect solar
irradiation, but they can also act as a heat exchanger and collect heat from the surrounding
air. The thermal energy collected by the PVT collectors flows to a glycol-water mixture.
Then, a pump drives the heated fluid to the source side of the heat pump. The heat pump
extracts energy from the fluid after which the process described above is repeated in case
there is a demand signal, and the operating limits of the system are not violated. The
temperature of the fluid supplied to the heat pump is restricted to a specific maximum
temperature. To prevent overheating, the source-side loop holds a bypass valve. In case
the fluid temperature approaches the threshold, the heated fluid from the PVT collectors is
mixed with the cold fluid that returns from the heat pump.
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Figure 1. Hydraulic scheme of the PVT-HP system.

The heat pump extracts energy that is collected by the PVT collectors and supplies
it, at a proper temperature level, to the fluid (water) in the load-side loop. In doing so,
the heat pump consumes a small amount of electricity, about a quarter compared with the
thermal energy output. The heated fluid is either supplied to the space heating system of
the building or used to charge the DHW tank. In case there is a demand for DHW, water is
extracted from the top of the tank. Tap water enters at bottom of the tank to replenish the
tapped DHW. The draw-off loop includes a bypass valve. The bypass valve opens if the
temperature of the fluid that leaves the tank is higher than the required DHW temperature.

Although not included in the hydraulic scheme of the PVT-HP system, the HP has an
internal electrical backup heater. In case the heat pump is not able to cover the space heating
demand, this backup heater switches on and thereby prevents uncomfortable conditions in
the building. For similar reasons, the DHW tank also holds a backup heater to ensure that
the DHW demand is met when the HP is not able to do so. Finally, the entire fluid volume
in the DHW tank is heated once every week to a temperature of at least 60 °C to prevent
legionella growth in the tank.

3. Simulation Models, Boundary Conditions and System Design
3.1. Simulation Models and Parameters

The behavior of the PVT-HP system is simulated with the use of TRNSYS 17 [10].
Table 1 lists the simulation models, available in TRNSYS, of the main system components.
Below the characteristics of the system components are discussed in more detail.

Table 1. Simulation models of the main system components.

System Component Simulation Model System Component Simulation Model

Type 835 [11]

PVT collector Type 832 [12] Flow diverters Type 647
Heat pump Type 927 Flow mixers Type 649
DHW tank Type 340 [13] gfteri)el?;;"s‘l Type 2
Building Type 56 L’;ﬁ:tr;aé?,“kup Type 659
Pumps Type 114 Ground temperature  Type 77
Pipes Type 31 S;r\:’;r:ller for bypass Type 953
Thermostat

controllers Type 698
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3.2. Boundary Conditions
3.2.1. Weather Data

The Central European climate conditions in De Bilt, a municipality found in the center
of the Netherlands, serve as a reference. Typical Meteorological Year 2 (TMY2) climate
data is obtained from the METEONORM database [14]. This climate data closely matches
the long-term average climate conditions for the location under consideration. The time
resolution of the climate dataset is one hour. The adopted timestep is one minute which
means the simulation model uses interpolated climate data. Table 2 lists the weather
characteristics of the Central European climate in De Bilt.

Table 2. Climate characteristics of the reference location.

Symbol Value Characteristic
LAT 52.10 Latitude [°]

LONG 5.18 Longitude [°]
ALT 40 Altitude [m]
Tavg 9.5 Annual average temperature [°C]
Toin —-11.7 Annual minimum temperature [°C]
Tinax 30.9 Annual maximum temperature [°C]
Igur 968 Global horizontal irradiation [kWh/m?]

Igeam 382 Beam irradiation [kWh/m?]

IpIRECT 586 Diffuse irradiation [kWh/m?2]
RH 79.8 Annual average relative humidity [%]
WS 3.3 Annual average windspeed [m/s]

The sensitivity of the system performance towards the climate conditions is investi-
gated. Hereto, eight alternative weather scenarios are investigated. A distinction is made
between four different locations spread over the Netherlands. In addition, both historical
and forecasted climate data are considered. The former refers to TMY2 climate data, the
latter refers to climate data according to the IPCC B1 scenario [15].

3.2.2. Building

The PVT-HP system performance is assessed against a well-insulated terraced house,
which is illustrated in Figure 2.

Figure 2. Sketch of the single-family terraced building.

The interior building plot area is equal to 40.8 m?. The total interior volume of the
three building floors is equal to 330 m3. The ground and the first floor are equipped with a
floor heating system, which results in a heated floor area of 91.6 m?2. The third floor, the
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attic, is a passive zone that is not actively heated. Table 3 contains the key geometrical
characteristics of the reference building.

Table 3. Geometrical characteristics of the reference building.

Area
Front facade (% windows) 29.6 (16%)
Back facade (% windows) 29.6 (34%)
Side facade 63.9
Front side roof (% windows) 24.3 (5%)
Back side roof 38.3
Volume

Ground floor 1184
First floor 118.4
Attic 93.5

Angle of Inclination
Front side roof 65°
Back side roof 35°

The building is well-insulated and represents a newly built house. The adopted R- and
U-values, listed in Table 4, are in line with the minimum required values by the Building
Decree in the Netherlands [16].

Table 4. Construction of the building elements.

R-Value [m2 K W-1]

Building Element (U-Value [W m—2 K-1])
External wall 45
Ground floor 3.5
Interior floor 3.0
Roof 6.0
Partition walls 3.0
Window: glazing (1.2)
Window: frame (3.0)

Figure 3 is a schematic of the construction of the floor heating system which is installed
on both the ground and first floor. The top floor layer is a 0.11 m thick cement screed layer
with pipes at a depth of s = 0.07 m. The pipes have an outer diameter of D = 0.015m, a
wall thickness of 0.002 m and a wall conductivity of 0.35 W m~! K~!. The pipe spacing is
T=0.12m.

The building is not actively cooled. However, external shading devices must reduce
overheating that results from solar gains. The shading devices are activated if the Global
Horizontal Irradiation (GHI) is higher than 300 W m~2. If activated, the shading device
is deactivated, or opened, in case the GHI drops below 50 W m~2. The minimum time
the shading device is activated is set to 2 h to prevent frequent opening and closing of the
shading devices.

Infiltration and ventilation ensure acceptable air quality in the building. The adopted
infiltration rate at the ground and first floor is equal to 0.2 Air Exchanges per Hour
(ACH). The infiltration rate at the attic is 0.3 ACH. The adopted ventilation rate is equal
to 40 m3 h~!. In case two occupants are present, the ventilation rate corresponds with
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0.7 ACH. The ventilation rate scales down to 0.2 ACH in case no occupants are present.
The ventilation system includes a heat recovery device with an assumed effectiveness of
70%. To prevent overheating, the heat recovery device is bypassed in case the ambient
temperature is higher than 22 °C.

T
<l L.
- »
A S
Cement screed —1® \ 4
Underfloor  mfem———(®) _]: D

heating pipes

Insulation
(XPS) —

Bearing floor
(Concrete) —T®

Figure 3. Illustration of a section of the underfloor heating system.

3.2.3. Occupancy

Occupancy has a significant impact on the domestic energy demand [17]. Therefore,
different occupancy scenarios are considered. A distinction is made in the number of
occupancies, the occupancy profile, and the occupancy preferences.

The study considers a two- and a four-person household. Next to that, three different
occupancy profiles are taken into account, which is referred to as the reference (REF),
mostly at home (MH) and the mostly away (MA) profile (Appendix A). The temperature
settings for the different occupancy scenarios are listed in Table 5.

Table 5. Heating setpoint temperatures adopted in the numerical study. Between brackets the setpoint
temperature adopted during the night (midnight until 7 AM).

Building Zone
Occupancy Profile Ground Floor First Floor
Reference 20 (18) °C 18 °C
Mostly away 19 (17) °C 17 °C
Mostly at home 21 (19) °C 19 °C

The occupancy profiles contribute to internal heat gains. For practical reasons, a
distinction is made between the metabolic heat gain, the heat gain from lighting equip-
ment and the heat gain for appliances. Table 6 lists the maximum specific heat gains
from appliances.

Table 6. The annual average specific, per m? usable area, electricity demand from appliances for
different occupancy scenarios. Values are in W/m?.

Number of Occupants

Occupancy Profile Building Zone 2 4
Reference Ground floor 7.1 10.7
First floor 2.3 5.0
Ground floor 6.3 9.0
Mostly at home First floor 40 5.9
Mostly away Ground floor 5.2 10.0

First floor 2.3 3.9
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In case no occupants are present, the standby load for the ground and first floor is
100 W and 50 W, respectively. The specific heat gains from appliances are calculated by
multiplying the maximum value with the occupancy factor, which is defined as the ratio
between the number of occupants present at the building zone and the maximum number
of occupants (Appendix A).

The installed capacity of lighting equipment is equal to 3 W m~2. The lights on the
ground floor are on between 4 and 12 PM and when occupants are present; on the first
floor, lights are on between 6:30 AM and 9 AM and if occupants are present. The sensible
metabolic heat gain from occupants present on the ground floor is 75 W. Due to the lower
activity level, the sensible metabolic heat gain from occupants present on the first floor is
60 W. The internal gains are transferred to the building via different heat transfer processes.
The internal heat gains from lighting equipment are transferred through convection, while
70% of the metabolic heat gains are transferred through convection and the remainder
through radiative processes. Lastly, the internal heat gains from appliances are distributed
evenly among convective and radiative heat transfer processes.

3.2.4. Domestic Hot Water Profile

DHWcalc, a software tool, is used to generate domestic hot water profiles [18]. DHW-
calc distributes DHW draw-offs over the year by statistical means. Hereto, different
so-called draw-off categories are defined of which the characteristics are listed in Table 7.
The daily equivalent draw-off volume, at a temperature of 60 °C, is 40 L per occupant.
Under the assumption of a tap water temperature of 10 °C, this corresponds with a daily
energy demand for DHW of 2.3 kWh per occupant. For a four-person household, this
implies that the daily DHW demand is thus equal to 160 L at a temperature of 60 °C, which
corresponds to 9.3 kWh.

Table 7. Flow characteristics of the three domestic hot water draw-off categories.

Category —

Characteristics | 1 2 3
Mean flow rate in1h~! 300 220 180
Standard deviation of the flow rate in 1 h™? 60 45 45
Average duration of draw-off in min 8 2 1
Relative part in % 50 30 20

3.3. System Design
3.3.1. PVT Collector

In this study, three different PVT collectors from three different manufacturers are
considered. The three manufacturers are all involved in the PVT inSHaPe project and
made their products available for testing. In the outdoor SolarBEAT test facility located at
the Eindhoven University of Technology, the PVT collectors are tested and characterized
under quasi-dynamic conditions. The experimental characterization is described in detail
by Psimmenoy [19]. The experimental results are reflected in the adopted parameters of
the PVT model. The latter consists of separate models for the PV panel (Type 835) and
for the thermal collector (Type 832) are used to model these PVT collectors. The models
of the PV panel and the thermal collector are linked via a thermal network that connects
the cell temperature of the PV panel to the temperature of the thermal collector, which is
assumed to be equal to the fluid temperature. The electrical and thermal model and the link
between these models is described in detail by Jonas et al. [11]. The electrical and thermal
performance characteristics are listed in Tables 8 and 9.
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Table 8. Electrical model parameters for the different PVT collectors. Adopted values from [19].
Values for a4, b and c are supplied by the manufacturer of the PV-panels.

Manufacturer
Parameter Dimark Solar (DS) SolarTech (ST) ExaSun (XS) Parameter Description
el ref 0.183 0.153 0.202 The electrical efficiency under Standard Test Conditions (STC)
Teelt,ref 25 25 25 The cell temperature under Standard Test Conditions (STC) °C
bo 0.07 0.125 0.139 Constant for the Incidence Angle Modifier (IAM)
a —0.00019 —0.00019 —0.00019 Parameter in the correction factor for irradiance losses [m2 W1
b —0.047 —0.047 —0.047 Parameter in the correction factor for irradiance losses
—-14 —14 —14 Parameter in the correction factor for irradiance losses
B —0.38 —0.38 —0.38 Temperature coefficient [% /K]

Table 9. Thermal model parameters for the different PVT collectors. Adopted values from [19].

Manufacturer

Parameter Dimark Solar (DS) SolarTech (ST) ExaSun (XS)  Parameter Description

"o 0.47 0.20 0.09 Zero-loss efficiency of the PVT collector
Ky 1 1 1 The Incidence Angle Modifier for beam irradiance
ay 12.1 35 1.9 Heat loss coefficient [W m 2 K]
a 0 0 0 Temperature dependence of the heat losses [W m 2K 2]
as 1.25 0 0.14 Wind speed dependence of the heat losses [J m™3 K]
ay 0 0 0 Long wavelength dependence of the heat losses
as 17,173 6455 4640 Effective thermal capacitance of the PVT collector [J m 2K 1]
ag 0.029 0.016 0.007 Wind dependence of the zero-loss efficiency s m ']
Ueell— fluid 40 6 15 Heat transfer coefficient between the PV panel and the collector fluid

3.3.2. Heat Pump

The heat pump is, together with the PVT modules, the key part of the system.
A brine/water heat pump—type Vitocal 300-G, BW(S) 301.B06—manufactured by Viess-
mann is adopted in this study. The rated operating conditions and the corresponding
performance characteristics are shown in Table 10.

Table 10. Rated operating conditions and performance characteristics of the heat pump. Values are
adopted from [20].

Performance Characteristic/Operating Condition Value
Rated source side (evaporator) temperature 0°C
Rated load side (condenser) temperature 35°C
Rated capacity 5.7 kW
Rated power 1.2 kW
Rated coefficient of performance (COP) 4.6

The minimum flow rate at the respective source and load side are 860 kg h~! and
520 kg h~!. In addition, the heat pump is bound to operating temperature limits. The
respective minimum and maximum operating limits for the temperature of the glycol-water
mixture entering at the source side of the heat pump are —10 and 30 °C. At the load side, the
maximum allowed water temperature is 65 °C. Figure 4 illustrates the COP as a function
of the fluid inlet temperatures at the source and load side of the heat pump. Refer to
Section 4.3 for the definition of the COP. The performance data inside the red rectangle is
obtained through linear interpolation of catalog data provided by the HP manufacturer. To
use the catalog data in the numerical study, however, performance data outside the range
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of operating conditions for which the manufacturer specified performance data is required.
For one, because the DHW and hence the fluid in the DHW tank must be heated up to at
least 60 °C. Consequently, the performance data outside the red rectangle is obtained via
linear extrapolation of performance data provided by the manufacturer. Finally, it should
be noted that the performance data is normalized with respect to the rated conditions
such that it can be used to model an HP with a different rated capacity than for which the
performance data, listed in Table 10, was retrieved.

COP VS Inlet Temperatures

I COP — 2.4
COP = 323

<—COP = 3.17 COP = 5.33 —

T\ COP = 7.1

5 10 15 20
Ts.m [OC]

Figure 4. Fluid inlet temperatures versus the COP of the Vitocal 300-G heat pump, manufactured by
Viessmann. The red rectangle indicates the temperatures limits between which data is specified by
the manufacturer [20].

3.3.3. Domestic Hot Water Storage Tank

Figure 5 is a schematic representation of the DHW tank. In addition, Table 11 lists
the geometrical features. The DHW tank is connected to the heat pump via a helical tube
heat exchanger. A backup heater is installed to ensure a sufficiently high temperature in
the upper region of the tank and serves as a backup in case the heat pump cannot meet
the DHW demand. The regulation of the backup heater is carried out by a temperature
controller, which is installed at a relative height of 0.90. If the backup heater is previously
turned off, the heater stays off until the temperature at the controller drops below 50 °C.
Conversely, if the heater is previously turned on, it stays on until the temperature at the
controller reaches 55 °C. The heat loss capacity rate from the storage to the environment
is assumed to be 1 W K~1. Under the assumption that the environmental temperature,
e.g., the air temperature in the attic, is 15 °C and the average fluid temperature is 55 °C,
the corresponding annual heat loss is in the order of 350 kWh. Lastly, it is noted that the
tank losses are assumed to be a factor 1.3 higher for the DHW tank with a volume of 250 L
(four-person household).

outlet: DHW
— = ZDHW.out =1

tank Temperature sensor

H A
tank
an aux. heater

—

ZTS.uu;r

Zh(’.r.in Zuu.r

Zh(’:r.ouf

=< Zpnwin=0
inlet: tap water

Figure 5. Schematic of the domestic hot wat water storage tank.
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Table 11. Geometrical features of the DHW tank.
Parameter Value Parameter Description
Hipnk 1.3m Internal height of the DHW tank
Dyank 041 m Internal diameter of the DHW tank
Viank 175L/250 L Internal volume of the DHW tank (two-/four-person household)
Viuex 5L Internal volume of the heat exchanger
ZDHW,in 0 Rel. height of the tap water inlet
ZDHW,out 1 Rel. height of the DHW outlet
Zpexin 0.60 Rel. height of the heat exchanger inlet
Zhex out 0.05 Rel. height of the heat exchanger outlet
Zaux 0.70 Rel. position pf the backup heater
278 qux 0.90 Rel. position of the controller for the backup heater

3.3.4. Secondary System Components

The PVT-HP system includes two electrical backup heaters. The internal heater of
the heat pump serves as a backup to prevent uncomfortable conditions in the building.
The backup heater in the DHW tank ensures a sufficiently high DHW temperature. The
capacity of both backup heaters is 3 kW.

The system includes two pumps. The first pump is installed in the source side loop
and has a rated flow rate of 75 kg h~! m~2, which is based on the specifications according
to the PVT manufacturer and meets the HP requirements. The second pump is installed in
the load side loop and the flow rate is set such that the temperature difference over the load
side connections of the heat pump is equal to 7 °C if the heat pump is operating under the
rated conditions. For a rated HP capacity of 4 kW, the corresponding load side mass flow
rate is equal to 690 kg h~!. Lastly, the electricity consumption of both pumps is assumed
to be constant and equal to 25 W. The standby electricity consumption is considered to be
negligible. The same applies to the energy transfer between the pumps and the fluid.

Pipes are used to transport the fluids in the PVT-HP system. The temperature differ-
ence between the air surrounding the pipes and the fluid inside the pipes leads, in general,
to energy losses and in exceptional cases to energy gains. To avoid transmission losses,
the pipes are insulated and a heat transfer coefficient of 0.5 W m~2 K~! is assumed. For
practical reasons, the model contains four pipes that are connected to the four connections
of the heat pump. The equivalent pipe length which is exposed to losses is 5 m for all pipes.
For the pipes in the source side loop, the surrounding air temperature is assumed to be the
annual average air temperature, which is 9.5 °C for de Bilt. The surrounding air tempera-
ture for the pipes located in the load side loop is 15 °C which is assumed to approximate
the annual average air temperature in the attic, where the DHW tank is located.

Finally, the efficiency of the inverter is 95%. The energy consumption of all controllers
in the system is assumed to be constant and equal to 5 W.

3.3.5. System Dimensioning

The key system dimensions are the PVT collector area, the heat pump capacity, and the
volume of the DHW tank. The heat pump capacity is selected based on the peak demand
for space heating. The selection of the heat pump capacity based on the peak demand for
DHW would namely not be cost effective as the capital expenditures increase significantly
with higher heat pump capacities. Instead, a DHW tank is used to be able to cover the gap
between the peak demand for DHW and the maximum heat pump capacity.

The peak demand for space heating is calculated with a static maximum heat loss
calculation in which the static heat demand of the building is calculated under rather
extreme conditions. TRNSYS is used to perform this calculation for the set of conditions
listed below:

e  Ambient air temperature: T,,,;, = —10 °C
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e  Boundary temperature of the partition walls between adjacent building: T4, = 15 °C

Infiltration rate: 0.5 ACH
Setpoint temperature: 21 °C

The corresponding peak demand for space heating is calculated to be 3.5 kW. In line
with this value, a heat pump with a rated capacity of 4 kW is selected. The corresponding
rated source and load side temperature are 0 and 35 °C, respectively. In turn, the capacity
of the HP is the determining factor in the dimensioning of the PVT collector area. The
PVT collector must have enough capacity to act as a source for the heat pump. However,
the capacity, or thermal yield, from the PVT collector is the result of an interplay between
the collector characteristics, the environmental conditions, the heat pump characteristics,
and the control strategy. Together with the fact that the PVT collector is responsible for a
significant share of the investment costs, this makes it an interesting design parameter. For
this reason, the effect of the PVT collector area on the system performance is investigated in
the parametric analysis. In the reference case, an area of 6 m? per kW installed HP capacity
is adopted. The DHW storage volume is selected based on the household consumption
and the behavior of the occupants. In line with values found in the literature, the storage
volume for the two-person household is 175 L and the storage volume for the four-person
household is 250 L [21].

3.3.6. System Control

The control strategy is a decisive factor for the system’s performance. In this study, a
straightforward control strategy is adopted. The air temperature in the ground and first
floor, which are equipped with a floor heating system, are monitored to determine whether
there is a space heating demand. The fluid temperature in the DHW tank is monitored
for two reasons: to determine whether or not the tank must be charged and to fulfill the
legionella prevention function. On top of that, the operating limits of the heat pumps are
protected and, if necessary, the backup heaters are activated to be able to cover the demand
when the heat pump is not able to do so. A distinction is made between eight different
operating modes which are listed in Table 12.

Table 12. Operating modes of the PVT-HP system.

Mode Heat Source Heat Load
1 Standby Standby
2 PVT-HP DHW tank
3 PVT-HP FHS: ground floor
4 PVT-HP FHS: first floor
5 PVT-HP FHS: both floors
6 Internal backup heater HP FHS: ground floor
7 Internal backup heater HP FHS: first floor
8 Internal backup heater HP FHS: both floors

Mode 1 is the standby mode in which the system is turned off and does not supply
thermal energy. In case the sensor in the DHW tank signals that the temperature in the
DHW tank drops below Ty, = 45 °C, a signal is sent to the controller. If possible, i.e., the
operating limits of the HP are not violated, the system is operated in Mode 2 and the
tank is charged. As shown in Figure 6, the charging stops when the upper temperature
limit Ty = 55 °C is reached. Once a week, the upper temperature limit is increased
to Ty jee = 63 °C to eliminate, and prevent the growth, of the legionella bacteria in the
DHW tank.
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Figure 6. Control schematic of the temperature controller in the DHW tank.

In Mode 3 up to Mode 5 thermal energy is supplied to the floor heating system of
one or both floors. A two-stage room thermostat monitors the temperature on the ground
and first floor. Figure 7 is a control schematic of the two-stage room thermostats. The first
stage of the thermostat turns on when the air temperature drops below the lower threshold.
In general, the charging of the DHW tank (Mode 2) has priority over the supply of space
heating (Mode 3 up to and Mode 5). Hence, in case the system runs in Mode 2, and the
DHW tank is charged, and the first stage of one or both of the room thermostats is activated,
the system will remain to be operated in Mode 2. However, if the air temperature in the
building continues to drop and the lack of space heating threatens to lead to uncomfortable
conditions, the second stage of the room thermostat is activated. If the latter is true and
the second stage of a room thermostat is activated, the space heating (Mode 3 up to and
Mode 5) has priority on the charging of the DHW tank (Mode 2). Finally, in case there is a
space heating demand, the second stage of one or both thermostats is activated and the
operating conditions at the HP pump are outside the operating limits, the internal backup
heater of the HP turns on and supplies space heating to the building (Mode 6 up to and
Mode 8).
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Figure 7. Control schematic of the two-stage room thermostats.

4. Key Performance Indicators and Method of Analysis

The focus of the performance analysis lies with the energetic performance. Figure 8
Mlustrates relevant energy flows to and from and inside the system [22].
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Figure 8. PVT-HP reference system configuration implemented in the Template Solar System of IEA
SHC Task 32.
4.1. Seasonal Performance Factor

The Seasonal Performance Factor (SPF) is a dimensionless measure of the energy
efficiency of the PVT-HP system. The SPF is the ratio of the useful thermal energy output
of the system to the electrical energy input to the system:

J (QSH + QDHW) dt
[ Poyordi

SPFsys = (1)

where Q sy and QD rw the respective space heating and domestic hot water demand. Psys
is the electrical energy input to the system which consists of multiple contributions:

Psys = Ppp + Paux + Ppumps + Pentrl )

where Pyp and P, the electricity demand from the HP and the controllers, respectively.
The electricity demand of the pumps, Ppymps, has separate contributions from both pumps
in the system:
Ppumps = Ppumps,SS + Ppumps,LS (3)
The same holds for the electricity demand of the backup heaters in the HP and the
DHW tank:
Poyy = Paux,SH + Paux,DHW (4)
A more detailed insight in the system performance is obtained through the definition
of the SPF for the generation of domestic hot water and the SPF for space heating:

Qe

SPF;, =
! f Pel,i'dt

©)

where the subscript i is replaced with DHW in the former case and with SH in the latter.
Finally, the corresponding electricity consumption is given by the following equation:

Pyp + Pouxi + P 2 >0
Pel,i — HP aux,i pumps _Qz (6)
0 Q; <0
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4.2. On-Site Energy Fraction and On-Site Energy Matching

The On-site Energy Fraction (OEF) and On-site Energy Matching (OEM) are measures
of the respective self-sufficiency and self-consumption of the PVT-HP system. The OEF
stands for the fraction of electrical energy demand that is covered by on-site generated
electricity from PV panels. The OEF is calculated using the following equation:

_ f MIN[PPVT,'PSyS]'dt

OEF ;
ftf Pyys-dt

@)

From the supply perspective, the OEM represents the fraction of the on-site generated
electricity that is used directly on-site:

f MIN [PPVT; Psys] -dt

OEM =
J Ppyr-dt

®)

4.3. Performance Indicators of the Key System Components
4.3.1. PVT Collectors

Next to the thermal and electrical yield, the fluid temperatures of the PVT collectors
are analyzed. The weighted inlet and outlet fluid temperatures, TPVT,Z-H and TpyT oy, are

calculated using the thermal yield from the PVT modules, Qpy 7, as weighing factor:

[ Qpyr-TpyT,in-dt
J Qpyr-dt

The difference between the fluid outlet temperature and the environmental air temper-
ature provides an insight into the extent to which the PVT collectors capture and collect
energy from sunlight or, in other words, in the contribution of the energy captured in the
environmental air to the thermal yield.

Tpyt,in =

)

4.3.2. Heat Pump

The energetic performance of the heat pump is assessed by the Coefficient of Performance:

COP — QHP,out, (10)
Ppp

where Q Hp,out the thermal output from the heat pump that is delivered to the fluid stream
at the load, or condenser, side. Pyp is the electrical energy input to the heat pump. Under
rated conditions, the COP of the heat pump is equal to 4.6 (Table 10). The COP, however,
depends on the operating conditions and is preferably as high as possible. The investigate
the effect of the operating conditions, such as the fluid temperature from the PVT collector,
on the heat pump performance over a specific period, the so-called Seasonal Coefficient of
Performance (SCOP) is defined:

f QHP,out'dtL

SCOP =
f Pyp-dt

(11)

Note that the term ‘seasonal” might be considered misleading since the adopted
integration periods are months.

The effect of the operating conditions on the heat pump performance is analyzed
through the—weighted—inlet fluid temperatures of the heat pump. The weighted inlet
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fluid temperature at the source side, or evaporator side, of the heat pump, is defined
as follows:

T | Qupout “Thp,ss,in-dt
HP,SS,in = : )
fQHP,out'dt

After replacing the inlet source side temperature Typ ss i, with the inlet load side
temperature Typ 15 i, the weighted inlet temperature at the load side is calculated in the
same way.

As explained before, the heat pump performance data provided by the heat pump
manufacturer is extended for a wider range of operating temperatures through linear
extrapolation. The extension of the performance data, however, is considered as one of
the dominant sources of uncertainty in the simulation results. This uncertainty grows
when the operating conditions are further away from the range of operating conditions for
which manufacturer data is available. To get an insight into the operating conditions under
which the heat pump operates, a heat map is generated in which the operating hours are
plotted against the weighted fluid temperatures. Lastly, the on/off cycles of the heat pump
are monitored. On/off cycling namely leads to wear of the heat pump and must thus be
minimized to extend the lifetime of the heat pump.

(12)

4.3.3. Comfort in the Building

The PVT-HP system is designed to maintain comfortable conditions in the building.
To ensure that this requirement is met, the indoor air temperatures are monitored and
compared with the setpoint temperatures. In addition, the floor surface temperatures at the
ground and first floor, which are both equipped with a floor heating system, are monitored.
The maximum allowed floor surface temperature is 29 °C due to medical and comfort
reasons [23].

5. Simulation Cases
5.1. Reference Case

The system behavior is simulated for the period of one year at a timestep of one minute.
Table 13 contains the key features of the reference system design and the corresponding
boundary conditions.

Table 13. Key features of the designed PVT-HP system and the boundary conditions of the
reference case.

PVT-HP System Design Boundary Conditions
System type Serial PVI-HP system  Building type Newly built terraced house
PVT collectors 15 m2—Dimark Solar Space heating 15GJ
demand

Capacity: 4.0; COP:
4.6 (BO/W35)

DHW tank 175L Location De Bilt, the Netherlands

Heat pump DHW demand 6GJ

5.2. Scenario Analysis

Next to the reference case, multiple scenarios are defined in which the effect of both
varying boundary conditions and system parameters is investigated. Firstly, the climatic
conditions are varied. Four different locations, spread throughout the country, are con-
sidered. On top of the location, a distinction is made between the current climate, which
is based on climate datasets, and a future scenario. Secondly, six different occupancy
scenarios are considered. ‘The difference between the occupancy scenarios is reflected
in the—three different—occupancy profiles and in the distinction between a two- and
four-person household. Thirdly, the orientation of the building is varied, which affects
the space heating demand and, in turn, the system’s performance. Lastly, the effect of
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two system parameters: the PVT collector type and the PVT collector area on the system’s
performance is analyzed. With the reference case as the starting point, the Dimark collector
is replaced with the ExaSun and with the SolarTech collector. The same reasoning holds
with respect to the PVT collector area, of the Dimark collector, which is varied between 5
and 35 m? with increments of 5 m?.

6. Simulation Results
6.1. Reference Case
6.1.1. System Performance

Figure 9 is an overview of the annual energetic performance of the PVI-HP system
for the reference case. The energy balance is satisfied as the mismatch between the supply
and demand is equal to 2 kWh, which corresponds with 0.1%. On an annual basis, the
respective SCOP and the SPF are 4.0 and 3.6. Figure 10 shows the monthly values for
the SCOP and the SPFs. The SPF of the system, SPF;ys, is a combination of the SPF that
includes the supply of domestic hot water, SPFpywy, and the SPF for space heating, SPFg.
The SPF for the supply of domestic hot water increases in the course of the year and reaches
a maximum value of 3.5 in the month of July. Subsequently, the SPFp gradually declines
again, until it reaches the minimum value of 2.0 in December.
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Figure 9. Monthly seasonal performance factor (SPF), seasonal coefficient of performance (SCOP) of
the heat pump and the system’s energy balance.

11
" s Anmal SPF,, 3.6 o Annual SPFpgw: 2.5
10 B _
9 o Annual SPFsy: 4.7 Annual SCOP: 1.6
8
7 .
(& *
& 6 Y * * * py
b} p3
4 u ! " n [ "
< H e
3 4 . a ] [ ]
. ° . ° .
2 () [ ]
1
N O Y 2 4 X0 S X S o
\\_\\\ A\\w‘\\' ~.\‘b 2 & & 43 & \\& & 5 o & i
$ NN 3 v & & & &
W > ¢ S O & oy
% ~ <
Month

Figure 10. Performance factors and seasonal performance factors of the system.
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An analysis of the monthly average fluid temperatures in the DHW tank shows
that the supply temperature from the DHW tank to the heat pump is approximately
constant throughout the year. In contrast, the supply temperature from the PVT collectors
is relatively high in the summer season due to high air temperatures and irradiation
levels compared with the winter period. As a result, the heat pump operation is more
efficient in the summer period, which in turn leads to an increase in the SCOP and the
SPFpyw. A similar declaration can be made with respect to the development of the SPFgy;
throughout the year. Note that the energy demand of the internal backup heater of the heat
pump explains the break in the trend for SPFg in January.

The performance factors for space heating are higher than for the supply of domestic
hot water. This is a consequence of the fact that the heat pump operation is more efficient for
the lower load side fluid temperatures required for space heating than for DHW. Weighted
with their respective contributions of space heating and domestic hot water to the total
energy supply, the SPFsy and SPFpw add up to the performance factor of the system. In
the winter, the contribution of space heating demand is relatively high. In contrast, the
contribution of the space heating demand is nil in the summer which results in a SPFsys
close to SPFpyw. The SPFsys is slightly lower as SPFpyw because it includes the energy
demand of the system controllers. Lastly, it is noted that the SCOP follows a similar pattern
of the SPFyys, it is, however, slightly higher as it does not include system losses such as
thermal losses from the DHW tank.

Figure 11 is an overview of the net annual electricity flows between the system, the
building, and the grid. The annual energy demand of the PVT-HP system is 1.6 MWh.
The heat pump is responsible for 81.4% of the system’s electricity demand. The electricity
demand of the electrical backup heaters accounts for 10.9% of the system’s electricity
demand. The domestic electricity demand, for appliances and lighting equipment, is
2.1 MWh. The electricity generation from the PVT collectors is 2.7 MWh, which is equal
to the system’s electricity demand and about half of the domestic electricity demand.
However, due to the mismatch between supply and demand, electricity is used as a buffer.

System electricity demand Domestic electricity demand
1582 kWh 2084 kWh

Heat pump

Appliances
A Controllers

Lighting
Pumps S

Back-up heater(s)

Electrical energy supply Electrical generation from PVT
3666 kWh 2690 kWh
Load

From PVT

Losses

From grid

Dumped

Figure 11. Annual electrical energy balance of the system and the household.

6.1.2. System Operation and Control

Figure 12 shows, for each month of the year, the part of the month that the system is
operated in a specific operation mode. On an annual basis, the system is in standby mode
(mode 1) 82% of the time. In addition, the system is generating domestic hot water 7%
of the time, which roughly corresponds with a daily average of 1.5 h. The remainder of
the time, of which during 5% of the time the backup heater is activated, space heating is
provided to the building via the floor heating system.



Energies 2022, 15, 96

18 of 29

% of the Month

\\

0 S\ stem Operating Mod es

95

90

85

Mode 1: Standby

(:'“ Mode 2: DHW

£9 Mode 3: FHS-GF

70 Mode 4: FIIS-FF

65 Mode 5: FIIS

60 Mode 6: FHS-GF (back-up
55 Mode 7: FHS-FF {back-up)
50 Mode 8: FHS (back-up)
45

40 "

Ay

s & &S
&K @ \\\\ \ \\\\‘ \\\\ >\ S \*L y‘
& g <

W ge
Month

Figure 12. Monthly distribution of the system’s operating modes. FHS: Floor heating system, GF:
ground floor and FF: first floor.

The daily DHW demand is constant. The operation time for DHW charging, however,
is higher in the winter period compared to the summer period. This is explained by the
fact that the system operates more efficiently, for reasons explained before, in the summer
period. Therefore, the heat pump must be activated for a prolonged period in the winter.
Lastly, note that the higher setpoint temperature at the ground floor results in higher
activation times of the floor heating system compared with the first floor.

Figure 13 shows the fraction of the month that the boundaries of the working envelope
of the heat pump do not prohibit the activation of the system. The minimum temperature
threshold at the source side of the heat pump is the main bottleneck for the activation of
the system. In January and February, the minimum source side threshold is violated 10% of
the time. In line with Figure 12, the internal backup heater is, therefore, necessary to ensure
comfortable conditions in the building in these months.

HEl \in. Temp. Max. Temp. HEl Comb. signal

Heat pump - Source side

1.0
0

Heat pump - Load side

1.0
0

Heat Pump - Working Envelope

Figure 13. Monthly working envelope control signals of the heat pump.

Figure 14 shows the monthly number of operating hours and on/off cycles. The
operating hours and on/off cycles are highest in the winter when there is both a demand
for space heating and for domestic hot water. The number of on/off cycles, however, is
relatively high in the summer when the system is almost exclusively activated to generate
DHW. This is a result of the relatively small dead band of 10 °C that is adopted in the DHW
charging control strategy. The second reason is that the average tank temperature is used
as input to the control strategy. The average tank temperature, however, is a numerical
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artifact. Based on the above, and to reduce the number of on/off cycles, it is recommended
to increase the dead band and replace the average tank temperature with the temperature
at a specific location in the top region of the tank.
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Figure 14. Monthly number of operating hours and on/ off cycles for the heat pump.

Figure 15 is a heat map of the operating temperatures of the heat pump. Out of the
total number of operating hours, the heat pump is operated approximately 60% of the
time at source side temperatures between —10 and 10 °C and at load side temperatures
between 20 and 30 °C. The fact that the system is operating a handful of hours at load
side temperatures higher than 60 °C indicates that the system is fulfilling the legionella
prevention function.

Operating conditions of the heat pump
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Figure 15. Heat map of the operating temperature at which the heat pump is operated throughout
the year.

According to Figure 15, the heat pump is operated for more than 70% of the time
under operating conditions for which the data was obtained through extrapolation data
provided by the manufacturer of the heat pump. As the simulation results are heavily
dependent on the extrapolated performance data of the heat pump, it is recommended to
verify the performance data under the corresponding operating conditions.

Figure 16 demonstrates that for 96% of the time of the running hours, the heat pump is
operated at source side fluid temperatures below the ambient temperature. In the compari-
son with an alternative air source heat pump system, this is an interesting observation. One
of the potential benefits of using a PVT collector is that next to environmental energy in the
air, irradiation can be collected. In turn, the use of solar irradiation can lead to higher fluid
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temperatures at the source side of the heat pump, resulting in a more efficient operation of
the heat pump, and thus to a lower—electrical—energy demand. From the observation
above, it can be concluded that the current system design leaves room for improvement in
terms of capturing and using solar irradiation as an energy source for the heat pump. In
this light, a more advanced control strategy and improvements in the heat transfer between
the different constituents of the PVT collector are promising directions for future research.
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Figure 16. Ambient air temperature versus the inlet fluid temperature at the inlet the source side of
the heat pump.

Figure 17 shows the weighted inlet fluid temperatures at the source and load side of the
heat pump. The weighted inlet fluid temperature at the source side rises during the summer.
This can be explained by the higher irradiation levels and ambient air temperatures in the
summer compared to the winter.
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Figure 17. Monthly weighted inlet fluid temperatures at the source and load side of the heat pump.

6.1.3. DHW Storage Tank

The energy balance of the DHW storage tank is met. On average, the daily energetic
draw-off from the DHW tank is equal to 4.6 kWh corresponding with 1696 kWh on an
annual basis. The contribution of the backup heater is 15 kWh, which corresponds with
less than 1% of the total DHW demand and with 8.1% of the total electricity demand from
the backup heaters. In contrast, about 2015 kWh are supplied by the heat pump on an
annual basis. The difference between the supply and demand is explained by the annual
tank losses, 331 kWh, and the accumulation of energy, 4 kWh.
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Figure 18 gives the monthly mean fluid temperatures at three distinct locations which
are evenly distributed over the storage tank height. The monthly average temperature
at the center and upper region of the—stratified—storage tank ranges between 49 and
56 °C. The temperature at the bottom region of the tank is significantly lower, with a steady
monthly average temperature of 20 °C. Finally, note that this observation substantiates the
claim made before that the supply temperature from the storage tank to the heat pump is
approximately constant throughout the year.
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Figure 18. Monthly mean fluid temperature at distinct locations inside the domestic hot water
storage tank.

6.1.4. PVT Collector Performance

Figure 19 shows the monthly thermal and electrical yield from the PVT collectors. The
annual electrical yield is 2.7 MWh, which corresponds with a specific yield of 180 kWh m~2.
The monthly electrical yield reaches a maximum in the summer, which is the season with
the highest irradiation level. In contrast, the opposite is true for the thermal yield. The
thermal yield namely follows the demand which, due to the space heating demand, reaches
a maximum in the winter. On an annual basis, the resulting thermal yield from the PVT
collectors is 4.7 MWh, which corresponds with a specific yield of 310 kWh m~2.
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Figure 19. Monthly—thermal and electrical—yield from the PVT collectors.

Figure 20 is an overview of the weighted operating temperatures related to the per-
formance of the PVT collectors. The figure shows that except for August, the weighted
monthly fluid outlet temperature, Tpy T out, is lower than the ambient temperature, which



Energies 2022, 15, 96

22 of 29

implies that the environmental energy is not exploited to its full potential. In the winter
months, the demand is the highest while the system operates under the most adverse
conditions with respect to air temperatures and irradiation levels. This is reflected by the
relatively low fluid temperatures and the low temperature difference between the inlet
and outlet. The temperatures rise towards the summer when the air temperatures and the
irradiation levels are higher. The maximum temperatures are reached in August, which is
the only month for which it can be concluded that a significant share of the irradiation is
captured and used by the system. More advanced—flow—control strategies are believed
to lead to an increase in the exploitation of environmental resources. In the light of the
above, this is especially relevant for the winter months, when the demand is the highest. In
addition, an optimal PVT design must be found with respect to heat gains (winter) and
losses (summer) from and to the environment.
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Figure 20. Monthly operating and weighted operating temperatures related to the performance of
the PVT collectors. The cell temperature of the PV panel, T, is included for reference purposes.

Figure 21 shows the hourly profile of the fluid temperature at the inlet and outlet of
the PVT collector. Note that the fluid temperatures are higher in the summer period due to
elevated ambient temperature and the increased solar gains.
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Figure 21. Hourly profile of the PVT fluid inlet and outlet temperature.
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6.1.5. On-site Energy Fraction and On-site Energy Matching

Figure 22 shows the monthly On-site Energy Fraction (OEF) and the On-site Energy
Matching (OEM). Hereto, a distinction is made between two variants. The general variants
include both the domestic electricity demand and the system’s electricity demand. The
second variant, OE Msys and OEFss, merely include the system’s electricity demand. On an
annual basis, 34.0% of the electricity demand is generated on-site and 24.9% of the electricity
generation from the PVT collectors can be used directly on-site. The development of the
OEM throughout the year is opposite to the development of the OEF. The OEF increases
towards the summer as there are more sunshine hours and the irradiation level is higher
compared to the winter. The OEM, however, reaches a minimum in August as it follows
the demand, which is the lowest during the summer due to the absence of the space
heating demand.
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Figure 22. Monthly and annual On-site Energy Fraction (OEF) and On-site Energy Matching (OEM).
A distinction is made between the OEF and OEM including and excluding (system) the domestic
electricity demand.

From the system’s perspective, 15.1% of the system’s electricity demand is generated
on-site and 11.1% of the electricity generated by PVT collectors is supplied directly to
the system components such as the heat pump. The development of the OEF;ys differs
from the general OEF, which also includes the domestic electricity demand. The latter
namely increases towards the summer, whereas the OEF;,s decreases which imply that
relatively less energy is generated on-site in the summer. From this observation, it can
be concluded that the system is not exploiting the sunlight to its full potential in the
summer. In order to increase the self-efficacy of the system it is recommended to further
investigate the correlation between the activation of the system, for DHW charging, and
the—forecasted—irradiation level.

6.1.6. Indoor Conditions in the Building

Figure 23 shows the daily average air temperature in the different building zones. In
addition, it contains the daily average ambient air temperature. The air temperature at the
ground and first floor fluctuate around the setpoint temperature. There are two periods,
at the end of January and at the end of December when there is a slight drop in the air
temperature at both zones. The figure shows that these periods coincide with a drop in
the ambient air temperature, with temperatures going down to —10 and —5 °C in January
and December, respectively. During these periods the capacity of the PVT collectors as an
energy source is insufficient and the internal backup heater of the heat pump is activated
to ensure comfortable conditions in the building. Finally, it is noted that the daily average
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floor surface temperature at the ground and first floor, which are both equipped with a
floor heating system, meet the comfort requirements, and does not exceed 29 °C.

35 ¢ GF e FF A Attic ®m  Ambient |

Temperature [°C]

Month

Figure 23. Daily average air temperature in the building together with the environmental air temper-
ature and the Running Mean Outdoor Temperature (RMOT).

6.2. Scenario Analysis

The system robustness against the weather conditions, occupancy, and building orien-
tation are investigated. In addition, two system parameters: the PVT collector type and the
PVT collector area, of the Dimark collector, are varied.

6.2.1. Climate Conditions

Figure 24 illustrates the effect of the climate conditions on the seasonal performance
factor and the space heating demand. Note that the corresponding domestic hot water
demand, for the two-person household, is 1695 kWh. The SPF values range between 3.6
and 3.9. Moreover, the general trend for the SPF is that it decreases with higher space
heating demand. Under unfavorable climate conditions, such as low air temperatures, the
space heating demand is typically higher. On top of that, the auxiliary demand increases
which result in lower SPF values.
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Figure 24. Seasonal Performance Factor (SPF) versus the space heating demand for different climate
conditions. With exception of the climate conditions, the cases are identical to the reference case.
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6.2.2. Occupancy Profiles

Figure 25 shows the SPF for six different occupancy scenarios. A distinction is made
between the number of occupants, either two or four, and the presence of the occupants
throughout the day. The latter is encompassed by three occupancy profiles: Reference,
Mostly at Home, and the Mostly Away profile. The SPF ranges between 3.3 and 3.65. The SPF
for the four person households is lower than the SPF for the two person households. This is
explained by the higher contribution of domestic hot water to the total—thermal—energy
demand: 12 GJ versus 6 GJ. Additionally, note that the space heating demand is higher
for the two-person household. This is explained by the lower internal heat gains for the
two-person households. For both household compositions, the space heating demand is
the highest for the Mostly at Home scenario and the lowest for the Mostly Away scenario.
For one, due to the difference in setpoint temperatures, which are the most stringent for the
Mostly at Home scenario.
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Figure 25. SPF versus the space heating demand for different number of occupants, two or four, and
three different occupancy profiles: Reference (REF), Mostly at Home (MH), and Mostly Away (MA).
Note that the corresponding DHW demand for a respective two and four-person household are 6
and 12 GJ.

6.2.3. Building Orientation

Figure 26 shows the effect of the building orientation on the seasonal performance
factor and the space heating demand. The energy demand for space heating is similar
and varies no more than 5%. As expected, the highest SPF value is found for the south
orientation in which the collector array is facing the equator and the PVT collectors are
receiving more sunlight compared to other orientations. In turn, this leads to an improved
heat pump performance and to a higher SPF value. For similar reasons, the lowest SPF
value, 3.0, is found for the North orientation.

6.2.4. PVT Collector Area

Figure 27 illustrated the effect of the PVT collector area on the SPF and the auxiliary
energy demand of the system. For the reference situation, the PVT collector area is varied
between 5 and 35 m? by increments of 5 m?. Starting at an SPF value of 2.5 for a collector
area of 5 m? the SPF increases with the collector area until it approaches an asymptotic
value of approximately 4.2 for collector areas greater than 30 m2. In contrast, the auxiliary
energy demand is 730 kWh in case the collector area is 5 m? and rapidly decreases to values
close to 100 kWh for collector areas larger than 20 m?.

A more efficient operation, and a lower auxiliary energy demand, results in lower
electricity costs. On the other hand, this goes together with larger collector areas which
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imply higher investment costs. A recommendation for follow-up is the optimization of the
collector area in the light of, among others, the corresponding financial implications.
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Figure 26. SPF versus the space heating demand for different building orientations. The orientations
are shown in the figure refer to the direction that the back side of the building, and thus the PVT
collectors, are facing.
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Figure 27. SPF and the auxiliary energy demand for different collector areas (Dimark Solar). The SPF
is indicated by the blue dots, the auxiliary energy demand by the green squares.

6.2.5. PVT Collector Type

The effect of the PVT collector type on the system performance is investigated by
replacing the PVT collector manufactured with the PVT collectors manufactured by So-
larTech and ExaSun in the reference design. The adopted collector area is 25 m?, which
is based on the manufacturer’s specifications for the alternative collector types. Table 14
summarizes the simulation results. In terms of the energetic performance, the PVT collector
manufactured outperforms the other two collector types for the current system design. The
thermal yield from the Dimark collector is 19% and 39% higher than from the SolarTech
and ExaSun collectors, respectively. An analysis of the simulation results shows that the
difference in thermal yield is mainly a result of the reduced ability of these collectors to
capture and collect energy from the environmental air, which is also resembled by the
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collector parameters listed in Table 9. Therefore, the capacity of the SolarTech and ExaSun
collectors is more often insufficient which results in higher auxiliary energy demand and
thus in a lower SPF value. Additional research is necessary to verify to which extent the
system performance can be improved by increasing the collector area.

Table 14. System performance for the different PVT collectors manufactured by Dimark Solar,
SolarTech and ExaSun. The collector area is 25 m?.

Manufacturer
Dimark Solar SolarTech ExaSun
SPF 4.0 2.8 2.2
Equx [kWh] 115 537 1072
Qpyr [KWh] 4853 4094 3493
Epyr [kWh] 4453 3718 5058

7. Conclusions and Recommendations

Aside from the obvious reasons, such as climate change, earthquakes due to the explo-
ration of the gas fields in the northern provinces of The Netherlands, means that there is an
urgent need for a renewable and sustainable alternative to natural gas as an energy source.
A promising alternative to the traditional natural gas based residential energy system is a
PVT-HP system which includes hybrid (PVT) collectors and heat pump technologies. This
article contributes to the exploration of this novel concept by presenting the results of a
numerical study on a PVT-HP system. A numerical model, using the TRNSYS simulation
tool, of a serial connected PVT-HP system for a newly built terraced house located in the
Netherlands is constructed and the—energetic—performance is simulated. The seasonal
performance factor is equal to 3.6. The robustness against varying boundary conditions is
also investigated. The SPF values range between 3.0 and 3.9 for varying climate conditions,
occupancy scenarios, and building orientations. Lastly, the PVT collector type and PVT col-
lector area are varied. The results suggest that there is room for improvement in the system
performance and that an optimum, including financial and environmental performance,
remains to be found.
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Appendix A. Occupancy Profiles
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