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A B S T R A C T   

This work aims to validate a transient model of a solar hybrid pilot plant based on photovoltaic-thermal (PV-T) 
collectors integrated via thermal storage tanks with an air-to-water reversible heat pump (rev-HP). The pilot 
plant is in operation and provides space heating, cooling, domestic hot water (DHW) and electricity to an in
dustrial building located in Zaragoza (Spain). The plant consists of eight uncovered PV-T collectors (2.6 kWe, 
13.6 m2), two water tanks and a rev-HP with a nominal thermal power of 16 kW for heating and 10.5 kW for 
cooling. The validation results show that the transient model fits the experimental performance of the PV-T 
collectors, with an average error of -16% and 3%, for the thermal and electrical generation respectively. The 
accuracy of the estimated rev-HP performance depends on the operation mode. The estimated COP in cooling 
mode has an average error of 14%, while in heating mode has an average error of -10%. The results show that the 
integration of the thermal and electrical generation of the PV-T collectors with a high-performance rev-HP allows 
the solar PV-T system to be self-sufficient to satisfy the building energy demand.   

1. Introduction 

Heating and cooling (H/C) account for half of the EU energy con
sumption (983 Mtoe in 2019) [1]. The energy demand is mainly for 
space heating (52%) process heating (30%) and water heating (10%), 
while space cooling demand is currently low but it is rapidly increasing 
[2]. Heating and cooling are mainly consumed in the residential sector 
(45%), industry (37%) and services (18%) [3]. However, H/C demands 
in buildings are mainly satisfied by fossil fuel technologies [4], while 
renewable energy sources (RES) only contributed 22% to the H/C con
sumption in 2019 [1]. Thus, the development and implementation of 
RES for building H/C are essential to increase the share of RES and 
therefore displace fossil-fuel utilization, reducing its associated green
house gas emissions [5]. Solar heating and cooling (SHC) technologies 
appear as an attractive solution [6], but further investment in existing 
and future solar technologies is necessary to reduce the costs and make 
these systems cost-competitive [7], as well as to ensure appropriate 
infrastructure [8]. 

Most of the published research focuses on SHC technologies that use 
solar thermal collectors [9] for solar cooling [10], with more than 1200 

installations reported around the world [11]. Both air- and liquid-based 
solar thermal collectors have been coupled with an air-air or a 
water-water heat pump (HP) respectively [12]. The integration of solar 
thermal collectors with an HP takes advantage of the higher source 
temperature of the collectors to enhance the HP performance [13]. 
Alternatively, photovoltaic (PV) panels can be integrated into 
solar-assisted heat pump (SAHP) systems for solar heating [14] and solar 
cooling [15]. However, the generation and consumption profiles of PV 
and HP respectively are usually barely coupled and need to be integrally 
managed [16]. 

As distributed solar generation becomes increasingly deployed in 
urban environments, the amount of suitable space for solar installations 
will be increasingly scarce [17]. In this context, hybrid 
photovoltaic-thermal (PV-T) collectors combine the output of PV and 
solar thermal systems from the same aperture area [18], generating 
simultaneously electricity and useful heat [19], with higher overall ef
ficiency than the separate systems [20]. In addition, PV-T collectors 
integrated with H/C technologies allow the simultaneous generation of 
hot water, cooling and electricity [21], and thus have the potential to 
cover a significant fraction of the energy demands of buildings [22]. 

Previous studies integrated concentrated PV-T collectors with H/C 
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technologies [23]. For instance, parabolic dish concentrated PV-T col
lectors using triple-junction PV panels were integrated with 
double-effect LiBr–H2O absorption chillers to provide electricity, space 
heating, cooling and DHW to buildings [24]. The simulation results 
showed thermal efficiencies of ~60% over a wide range of operating 
conditions along with 19–25% electrical efficiencies [25]. In addition, 
nanofluids have been proposed in concentrated PV-T collectors for the 
provision of heating and cooling [26], concluding that, in the long-term, 
the nanofluid-based system is preferred to a water-based system. 

The integration of water-based PV-T collectors with LiBr–H2O ab
sorption chillers showed an important energy-saving potential in 
buildings thanks to the provision of heating, cooling and electricity [27]. 
The results show that the highest solar utilization factor (of 0.24) is 
achieved with covered PV-T collectors while the shortest payback time is 
achieved with uncovered PV-T collectors [28]. An auxiliary heater is 
always required to satisfy the energy demands when there is not enough 
solar irradiance as well as to ensure a safe system operation [29]. 
However, the economics of these systems considerably depend on the 
utility prices of the specific application [30], requiring in most cases 
public funding or economic incentives to be cost-competitive with 
conventional alternatives [31]. Previous research concluded that 
water-based PV-T collectors integrated with H/C technologies can cover 
more than half of the space heating, domestic hot water (DHW) and 
cooling demands of households [32]. 

A recent review concluded that the integration of PV-T collectors 
with HPs is an important research area as it has the potential of 
cogenerating heat and electricity with improved overall efficiency and 
reliability [33]. 

Some authors analysed air-based PV-T collectors coupled with HPs 
[34]. The modelling results [35] of a system where an air-source HP uses 
the warm air generated in the air-based BIPV-T collector for space 
heating provision in residential households showed that the proposed 
system was a highly efficient heating system in winter conditions, and 
concluded that there is an important electricity cost reduction potential. 
In this line, an experimental analysis [36] of an air-based PV-T collector 
integrated with an air-to-water HP showed a COP enhancement of 3.1% 
(average) and 8.6% (maximum) compared to an air-source HP. 

Theoretical works of a PV-T double façade system for space heating 
showed electrical efficiencies of 8–11% in New Delhi (India) [37], while 
site-scale experimental works in Busan (South Korea) obtained an 
average electrical efficiency of 17%, an average thermal efficiency of 
38%, and an average HP COP of 3.4 [38]. This integration seems 
interesting in applications where water is in limited supply [38], but it 
has limitations due to the low density and small heat capacity of air. 

Alternatively, several authors [39] proposed the integration of 
refrigerant-based PV-T collectors with HPs, where the PV-T collector 
acts as the HP evaporator [40] to provide space or water heating [41], 
enhancing the COP of the HP [42]. There are several theoretical studies 
[2] focused on direct expansion SAHP systems that provide heating to 
buildings. The reported thermal efficiencies of the PV-T collectors vary 
from 32% [43] to 55% [44], while electrical efficiencies are between 
12% [45] to 19% [44]. The simulation results of another study [45] 
showed a year-averaged COP of 5.9 and an electrical efficiency of 12%, 
concluding that the energy output of a PV-T SAHP system is higher than 
that of a conventional side-by-side PV and HP system. In this line, other 
authors obtained an average COP of 6 in a PV-T SAHP system operating 
with a variable-frequency compressor [46]. Previous authors [47] also 
showed promising results for a solar system based on PV-T collectors and 
an HP with a variable speed compressor to provide the heating demand 
in winter in Nanjing and Hong Kong (China). Recent theoretical research 
[48] proposed the integration of refrigerant-based PV-T collectors with a 
reversible HP (rev-HP) to provide electricity, heating and cooling. The 
PV-T collectors produced cooling at night-time by longwave radiation 
exchange with the sky and convection losses to the ambient air. 

There are also some experimental works at the laboratory scale re
ported in the literature [49]. A direct expansion SAHP system that 
provides heating was experimentally tested on a rig [50], obtaining an 
average COP of 5.4, with a PV-T electrical efficiency of 13%. A prototype 
of a refrigerant-based PV-T collector acting as the evaporator of an HP 
was experimentally tested, showing an improvement in the electrical 
efficiency of 15% compared to a conventional PV module and an 
average system COP of 3.91 [51]. A glass vacuum tube PV-T collector 
with a U-shape copper tube as an evaporator and amorphous silicon PV 
cells integrated with an HP was experimentally tested in Nottingham 

Nomenclature 

APVT PV-T collector area [m2] 
β Power temperature coefficient [%/K] 
COP Coefficient of performance [− ] 
cp specific heat capacity [J/kg K] 
Δt time step [h] 
ΔT temperature difference [◦C] 
EHP HP electricity consumption [kWh] 
EPVT PV-T electricity yield [kWh] 
Gg Incident global solar irradiance [W/m2] 
ṁPVT Mass flow-rate in the PV-T circuit [kg/h] 
ηe Electrical efficiency [%] 
ηe,ref Electrical efficiency at reference conditions [%] 
ηth Thermal efficiency [%] 
pHP HP electrical power consumed [W] 
pPVT PV-T electrical output [W] 
THPin HP inlet water temperature [◦C] 
qth PV-T useful thermal output [W] 
qHP HP thermal power generated [W] 
QDHW DHW demand [kWh] 
Qheating Heating demand [kWh] 
QHP HP thermal energy generated [kWh] 
QPVT PV-T thermal energy yield [kWh] 
SCFeHP Electrical solar contribution factor to the HP [− ] 

SCFth Thermal solar contribution factor [− ] 
Ta Ambient temperature [◦C] 
Tcell PV cell temperature [◦C] 
TDHW DHW supply temperature [◦C] 
Tm Average water temperature [◦C] 
THPin HP inlet water temperature [◦C] 
TPVTin PV-T inlet water temperature [◦C] 
TPVTout PV-T outlet water temperature [◦C] 
TPVTtoT PV-T outlet water temperature at the tank entrance [◦C] 
TtBot Tank temperature at the bottom [◦C] 
u’ Reduced wind speed [m/s] 
uw Wind speed [m/s] 

Abbreviations 
DHW Domestic hot water 
H/C Heating and cooling 
HP Heat pump 
PID Proportional–integral–derivative 
PV Photovoltaic 
PV-T Photovoltaic-thermal 
RES Renewable energy sources 
rev-HP Reversible heat pump 
SAHP Solar assisted heat pump 
S–CCHP Solar combined cooling heating and power 
SHC Solar heating and cooling  
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[52]. The results showed an average COP between 3.8 and 4.3 
depending on the solar irradiance, condenser water temperature and 
water flow rate. 

More recently, other authors [53] analysed the performance of a 
roll-bond PV-T collector acting as the evaporator in heating mode [54] 
and as the condenser in refrigeration mode [55] of a single-stage 
compression HP in northern China. The experimental results showed 
an average daily system COP of 4.7 for heating under real testing con
ditions [56]. In cooling mode, the experimental COP varied from 2.4 to 
3.5 with an average value of 2.8 during the chilled water process, and 
from 1.9 to 2.9 with an average value of 2.3 during the ice process [55]. 
There are also promising economic analyses of refrigerant-based PV-T 
collectors integrated with HPs, showing payback times of less than 5 
years [57]. 

Recently, experimental research on an opaque ventilated PV-T sys
tem integrated with an HP was presented [58]. The PV-T façade was 
used as the evaporator of the HP while generating electricity, and at the 
same time, the cavity preheated the fresh air of the building. The 
experimental results showed a maximum COP of 3.1 and an average 
electrical efficiency of 9% during the testing period. 

Heat-pipe PV-T collectors have also been integrated with an HP for 
domestic heating [59], showing PV-T efficiencies of 40% (thermal) and 
10% (electrical). The economic analysis performed concluded that local 
utility prices and renewable incentives are critical for the financial 
feasibility of these systems [60]. 

Water-based PV-T collectors can also be integrated with rev-HPs 
[32], using the PV-T thermal output in the heating mode to increase 
the COP [61], while in both heating and cooling modes, the PV-T elec
trical output can be used to run the HP [62]. Most of the studies found in 
the literature are theoretical [2]. 

Previous authors [63] proposed the integration of water-based PV-T 
collectors with a water-to-water HP for the provision of space heating 
and electricity to households [64], concluding that high flow rates and 
larger storage tanks enhance the total PV-T collector efficiency [43]. 
Recent research [65] analysed different control strategies in this type of 
system. In this line, a polygeneration system was proposed by some 
authors [66] in which the hot water generated by the PV-T collectors 
was used in winter in the HP evaporator to provide space heating, while 
in summer it was used to run an adsorption chiller to provide space 
cooling. 

The experimental results of PV-T collectors with a micro-channel 
heat absorber integrated with a water-source HP are also promising 
[67], showing a COP in heating operation mode from 3.2 [68] to 4.9 
[69], and PV-T efficiencies of 32% [69] to 38% (thermal) [68] and 14% 
(electrical) [69]. In this line, a theoretical model of water-based PV-T 
collectors (fractal shape) integrated with a water-source HP for water 
heating in sports centres showed an average COP of 4.2, and a payback 
time of 10.5 years when the system is located in Hong Kong [70]. Other 
experimental analyses [71] showed that uninsulated PV-T collectors can 
work to directly heat water in sunny periods and as a heat exchanger 
with the ambient in periods with solar irradiance below 50 W/m2, 
connected to the source of a brine-water HP, which can provide the hot 
water. 

Alternatively, other authors [72] proposed the integration of 
roll-bond PV-T collectors with a dual-source air-to-water rev-HP, 
developed a transient model for the system and compared the results 
with a PV SAHP system. The comparison of four alternative SAHP 
heating systems concluded that the integration of PV-T collectors with a 
water-source HP seems the best alternative in locations with high elec
tricity prices [73]. 

Air-source HPs can also be integrated with water-based PV-T col
lectors in dual indirect systems [74], with the PV-T collector operating 
as the evaporator in parallel with the air-source HP evaporator [75]. The 
air-source evaporator can recover heat under low radiation levels, while 
the PV-T evaporator can compensate for the performance degradation of 
the air-source evaporator caused by the increasing condensing 

temperature [74]. 
There is a considerable number of theoretical analyses on PV-T col

lectors integrated with HPs, particularly using refrigerant-based PV-T 
collectors [57]. Meanwhile, most of the current PV-T manufacturers 
focus on water-based PV-T collectors [76] and 57% of the total installed 
PV-T thermal capacity corresponds to uncovered water-based PV-T 
collectors [77]. These facts show that this type of PV-T collector is 
gaining attention in the market, although more applied research is still 
needed in the integration of water-based PV-T collectors with HVAC 
technologies, as highlighted in Task 60 of the International Energy 
Agency [78]. 

The majority of previous studies are based on theoretical models 
[48], some of which are validated with experimental results from 
literature or test rigs [79]. There are also some experimental works, 
although, usually, the systems are small-scale (e.g. a couple of PV-T 
collectors and an HP) [80], and tested in a rig under controlled oper
ating conditions or during some days in a specific season (e.g winter or 
summer conditions). Most of the findings of previous research show that 
PV-T SAHP systems have an important potential to decarbonise the 
building [81] and industry [82] sectors, even in climates with low 
irradiance levels or in countries with a highly decarbonised electricity 
supply [81]. 

Still, experimental and validation studies of a full-size solar system 
installed in a building under real operating conditions, such as the one 
proposed in this work, are scarce [83]. For instance, a recent review [84] 
concluded that there is a lack of demonstration studies of PV-T systems 
in real buildings. 

The present research addresses this gap by considering a full-size 
pilot plant located in Spain and operating under real weather condi
tions (in winter, spring and summer seasons). This solar hybrid pilot 
plant consists of water-based PV-T collectors integrated with an air-to- 
water rev-HP via thermal storage tanks. It provides space heating, 
cooling, DHW and electricity to an industrial building, which consists of 
an office area, and an assembly area. Unlike many other previous works, 
which use data from test rigs or from the literature for validation, real 
monitoring data provided by the plant is used in this work, together with 
actual energy demands. This is one novelty of this research. 

Additionally, the literature also shows a lack of studies of the solar- 
assisted heat pump system proposed in this work, viz water-based PV-T 
collectors integrated with a reversible air-to-water heat pump for the 
provision of heating, cooling and electricity. This is one of the original 
contributions of this work. Most of the solar PV-T systems have been 
integrated into residential buildings [85], and some in fitness centres 
[70], universities [21] and offices [61]. Meanwhile, the application in 
industrial buildings is less common, which is another novelty. 

2. Materials and methods 

The solar hybrid pilot plant consists of eight uncovered PV-T col
lectors (2.6 kWe, 13.6 m2), two water storage tanks (of 350 l for DHW 
and of 263 l for space heating/cooling) and an air-to-water rev-HP. The 
space heating/cooling distribution circuit uses fan coils as terminal 
units, allowing a minimum supply temperature of 35 ◦C in winter and 
7 ◦C in summer. To increase the use of low-temperature heat, DHW is 
supplied at 50 ◦C instead of 60 ◦C, performing periodic heat treatments 
at 60 ◦C to avoid legionellosis according to sanitary regulations [86]. 

The pilot plant has been in operation under real conditions from 
February 8th until August 25th, 2021 with some idle periods to imple
ment performance changes or to perform maintenance. Detailed results 
of the experimental performance can be found in previous work [87]. 
Section 2.1 summarises the main components of the pilot plant; Section 
2.2 details how the different components are modelled in the software, 
and Section 2.3 summarises the key performance indicators analysed to 
validate the transient model. 
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2.1. Solar hybrid pilot plant 

In the solar hybrid pilot plant, the PV-T thermal output is used to 
heat the water of two parallel storage tanks (see Fig. 1), one (the hot- 
water tank) for DHW, and the other (the inertia tank) for space heat
ing in winter and space cooling in summer. In both heating and cooling 
modes, as well as for DHW production, the rev-HP acts as an auxiliary 
heater/cooler to reach the set-point temperatures of the building’s 
thermal demand. The rev-HP is electrically powered by the PV-T col
lectors, and the PV-T electrical output not consumed by the rev-HP is 
used to match the building electricity demand (for lighting and other 
electrical devices). 

2.1.1. PV-T collectors 
The PV-T field consists of eight PV-T collectors, these prototypes 

were manufactured by ENDEF [88], and arranged in parallel. The PV-T 
collectors are unglazed, with a sheet-and-tube spiral heat exchanger, a 
nominal electrical power of 320 Wp and a gross area of 1.70 m2 (see 
Fig. 2). The PV-T parameters are detailed in Table 1. 

Previous experimental analyses in a test bench under controlled 
operating conditions following the requirements of the ISO 9806:2017 
standard [89] allowed the estimation of the thermal performance curve 
(qth, in W/m2), as follows: 

qth = η0Gg − a1(Tm − Ta) − a2(Tm − Ta)
2
− a3u′

(Tm − Ta)+ a4
(
EL − σTa

4)

− a5
dTm

dt
− a6u′ Gg − a7u′ ( EL − σTa

4) (1)  

where u’ is the reduced wind speed (estimated as uw - 3 m/s), Tm is the 
average water temperature, Ta is the ambient temperature, Gg is the 
global solar irradiance [89]. The PV-T collector parameters were ob
tained following a multivariable fit approach using experimental data 
obtained in the test bench (see Table 1) [89]. 

2.1.2. Reversible air-to-water heat pump 
The reversible air-to-water HP selected for this research is the Yutaki 

S6 model, manufactured by Hitachi [90]. The main heat pump param
eters are detailed in Table 2. Water can be provided from 20 ◦C to 60 ◦C 
in heating mode, from 30 ◦C to 60 ◦C for DHW production, and from 5 ◦C 
to 22 ◦C in cooling mode. 

2.1.3. Water storage tanks 
The hot-water tank from Lapesa [91] has a capacity of 350 l and two 

internal heat exchangers, one for the solar circuit (in the lower part) and 

the other one for the rev-HP unit (in the upper part). Coldwater from the 
mains enters at the bottom and leaves from the top for DHW. The inertia 
tank from Greenheiss [92] has a capacity of 263 l and one internal heat 
exchanger for the solar circuit, covering approximately 2/3rd of the tank 
height. The HP circuit enters and exits at the upper part, while the 
heating/cooling circuit enters at the bottom and leaves from the upper 
part of the tank. 

2.1.4. Monitoring system 
The thermal performance of the pilot plant is monitored through 

temperature sensors and flow meters (see Table 3) installed in the hy
draulic circuits (marked in different colours in Fig. 1): solar circuit, HP 
circuit, DHW circuit and heating/cooling circuit. The electricity gener
ated by the PV-T collectors is monitored through a DC/AC inverter in
tegrated into the overall monitoring system, and the electricity 
consumed by the rev-HP is also measured and fed into the monitoring 
system. The weather data monitored include ambient temperature (Ta), 
global solar irradiance at the collector slope (Gg) and wind speed (uw). 
All the variables are monitored every minute. 

The measurement uncertainties of the main pilot-plant variables are 
estimated considering the accuracy of the different sensors indicated in 

Fig. 1. Schematic diagram of the solar hybrid pilot plant including the main components.  

Fig. 2. Schematic diagram of the PV-T collector (not to scale).  

Table 1 
PV-T collector parameters.  

PV-T collector parameter Value 

Nominal electrical power 320 Wp 

Gross area 1.70 m2 

Electrical efficiency at reference conditionsa(ηe.ref) 18.8% 
Power temperature coefficient (β) 0.37 %/K 
PV-T collector parameters (ISO 9806:2017 standard) 
η0 0.344 a4 23,530 
a1 9.60 a5 0.279 
a2 0 a6 0.0089 
a3 0.0128 a7 0  

a Reference conditions: 25 ◦C and 1000 W/m2. 
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Table 3. Table 4 shows that the estimated relative error for the thermal 
and electrical efficiencies of the PV-T collectors is below 1%. 

2.2. Transient model 

The solar hybrid pilot plant was previously modelled in the transient 
simulation software, TRNSYS [93], to size and optimise the system [22]. 
The main system components (PV-T collectors, rev-HP, and storage 
tanks) were implemented in the model by modifying the corresponding 
TRNSYS types to match the real characteristics and performance of the 
commercial units, as detailed below. Real weather data monitored in the 
pilot plant is integrated in the model. The transient model is run with a 
5-min time-step, and the results shown in this work are averaged every 
hour to smooth out the results, as otherwise fluctuations obscure the 
graphical interpretion and comparison of results. Weekly energy results 
are also calculated, by integration, to compare weekly performance 
indicators. 

2.2.1. PV-T collector 
The PV-T parameters were integrated into TRNSYS Type 50 b, which 

uses a mathematical model based on the work of Florschuetz [94] for flat 
plate collectors operated at peak power and the electrical output is also 
solved at peak power using the I–V curves of the PV cells. The perfor
mance was checked at different wind speeds and solar irradiance levels. 
As shown in Fig. 3, the simulation results match the experimental per
formance curve within a 10% error (see error bars), for the operating 
temperatures (10–50 ◦C). Larger variations (within the 10% error) occur 
at lower solar irradiance (see Fig. 3 right) and high wind speeds (6 m/s). 

2.2.2. Reversible air-to-water heat pump 
The rev-HP is modelled using Type 941, which is based on user- 

supplied data files containing catalogue data for the capacity and 
power at different ambient temperatures and water supply temperatures 
[93]. The data files (performance data) are modified to fit the real 
performance of the unit provided by the manufacturer [90]. Specifically, 
the thermal capacity and power consumption of the rev-HP at different 
operating temperatures are compiled in the data files for both heating 
and cooling modes, under nominal compressor speed (3000 RPM). In 
heating mode, values are provided for nine water inlet temperatures 
(from 15 ◦C to 55 ◦C) and ten ambient temperatures (from -20 ◦C to 
20 ◦C). In cooling mode, values are provided for six water inlet tem
peratures (from 10 ◦C to 27 ◦C) and eight ambient temperatures (from 
10 ◦C to 45 ◦C). These values are normalised considering the nominal 
capacity in each operating mode to adapt the performance data to the 
type of data read by the TRNSYS Type [93]. 

2.2.3. Water storage tanks 
The tanks are modelled using a stratified water storage tank of 

constant fluid mass (Type 534) [95]; considering six fully mixed 
equal-volume segments along the cylinder vertical axis. The internal 
heat exchanger is also modelled, its cross-sectional area, coil diameter 
and coil pitch having been estimated from data provided by the manu
facturer. The inlets and outlets to the water storage tank are modelled in 
segments that correspond to the real tank height. 

2.2.4. Solar hybrid pilot plant 
The solar hybrid plant is modelled in TRNSYS following the real 

layout of the pilot plant. The real weather data is an input to the model, 
as is the real building energy demand. The PV-T collectors are connected 
to the two parallel storage tanks (the hot-water tank and the inertia 
tank) through a diverter controlled by two ON/OFF differential con
trollers (Type 165). Depending on the temperature of the water leaving 
the PV-T collectors and the storage tank temperature, water is directed 
to one of the two tanks, or recirculated if it is not hot enough. The rev-HP 
is also connected to the two parallel storage tanks and provides heating/ 
cooling to either of them depending on the building demand. That is, 
when there is DHW demand, the HP heats the upper part of the hot- 
water tank if it is below the DHW set-point temperature. Likewise, 
when there is heating or cooling demand, the HP heats or cools the 
inertia tank to reach the set-point temperature, if needed. Priority is 
given to the DHW demand, so if there are heating and DHW demands 
simultaneously, the HP heats first the hot-water tank to reach the DHW 
set-point and then it heats the inertia tank. Similarly, if there are 
simultaneous cooling and DHW demands, the HP heats first the hot- 
water tank to reach the DHW set-point and then it cools the inertia 
tank to provide cooling. 

In summer, during the months when there is cooling demand, the PV- 
T circuit activates at night if the water temperature in the PV-T collec
tors is lower than the water in the inertia tank. In this case, the water 
leaving the PV-T collector cools the inertia tank (radiative cooling), so 
that during the day when there is cooling demand less energy is required 
by the rev-HP to satisfy this cooling demand. 

The electricity generated by the PV-T collectors is used by the rev- 
HP, and the PV-T electrical output not consumed by the rev-HP is 
used to match the rest of the building electricity consumption (for 
lighting and other electrical devices). 

Table 3 
Summary of sensors in the monitoring system.  

Sensor Amount Type of sensor Technical 
specifications 

Solar radiation 
sensor 

1 Pyranometer thermopile 
type 

Range: 0–2000 W/ 
m2, 
Accuracy: ± 1.2% 
of full scale 

Wind speed 
sensor 

1 Anemometer hemispherical 
cup type 

Range: 0–50 m/s, 
Accuracy: ± 3% 

Temperature 
sensors 

28 Electronic sensor Arduino Range: 55 to 
125 ◦C, 
Accuracy: ± 0.5 ◦C 

Flow rate 
sensors 

4 Analogue volumetric sensor Range: 30–3000 l/ 
h, 
Accuracy ± 3% of 
full scale 

Electrical power 
HP 

1 Electronic power meter, 
integrated into the HP 

Range: 0–10 kW 
Accuracy: ± 5% 

Electrical power 
PV-T 

1 Electronic current meter, 
integrated into the inverter 

Range: 0–27 kW, 
Accuracy ± 1%  

Table 4 
Absolute and relative errors of the main thermal and electrical variables.  

Magnitude Unit Absolute error Mean value Relative error 

ΔT ◦C 0.2 30 0.67% 
ṁPVT l/h 9 680 1.32% 
Gg W/m2 20 800 2.50% 
pPVT W 35 3500 1.00% 
ƞth [− ] 0.0018 0.25 0.74% 
ƞe [− ] 0.0004 0.16 0.26%  

Table 2 
Air-to-water heat pump parameters.  

Air-to-water heat pump parameter Value 

Nominal capacity in heating modea 16.0 kW 
Nominal COP in heating modea 4.57 
Seasonal COP at 35 ◦C (SCOP) 3.90 
Seasonal COP at 55 ◦C (SCOP) 3.20 
Nominal capacity in cooling modeb 10.5 kW 
Nominal COP in cooling modeb 3.31 
Seasonal COP in cooling modeb 2.84  

a Heating mode: operating at 30–35 ◦C in the water circuit and 7 ◦C 
ambient. 

b Cooling mode: operating at 7–12 ◦C in the water circuit and 35 ◦C 
ambient. 
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2.3. Key performance indicators 

A set of key performance indicators are defined to analyse the pilot 
plant and validate the model.  

⁃ Average thermal efficiency of the PV-T collectors (ηth): 

ηth =
qth

Gg⋅APVT
(2)    

⁃ Average electrical efficiency of the PV-T collectors (ηe): 

ηe =
pPVT

Gg⋅APVT
(3)    

⁃ Average COP of the rev-HP (COP): 

COP=
qHP

pHP
(4)    

⁃ Thermal energy yield (QPVT, kWh) of the PV-T collectors: 

QPVT = ṁPVT ⋅ cp ⋅ (TPVTout − TPVTin) ⋅ Δt = qPVT⋅Δt (5)    

⁃ Electricity yield (EPVT, kWh) of the PV-T collectors: 

EPVT = pPVT⋅Δt (6)    

⁃ HP thermal energy generated (QHP, kWh): 

QHP = qHP⋅Δt (7)    

⁃ HP electricity consumption (EHP, kWh): 

EHP = pHP⋅Δt (8)    

⁃ Electrical solar contribution factor to the rev-HP (SCFeHP): 

SCFeHP =
EPVT

EHP
(9)    

⁃ Thermal solar contribution factor (SCFth): 

SCFth =
QPVT

Qheating + QDHW
(10)  

3. Results and discussion 

The validation of the solar system model is performed in three main 
steps. First, the model of the PV-T collectors is validated against the 
experimental data of the pilot plant (Section 3.2). Then, the air-to-water 
heat pump is validated using a simplified transient model along with the 
monitoring data (Section 3.3). Once the two main components are 
validated, the overall solar system model is run using the real weather 
data and the real building energy demand as inputs, and the simulation 
results are compared with the experimental data. 

3.1. Input parameters of the solar hybrid pilot plant 

To analyse the performance of the solar hybrid pilot plant and vali
date the transient model, several performance parameters and demand 
set-points are varied. Table 5 summarises the values set for the param
eters during the operating weeks used to validate the transient model. 
The set-point temperatures for space heating/cooling refer to the tem
perature of the water leaving the HP and entering the fan-coils to pro
vide heating/cooling. 

Fig. 4 shows as an example the weather conditions (solar irradiance, 
ambient temperature and wind speed) from February 8th until March 
8th, 2021. These data are inputs in the transient model, with the 
experimental data averaged every 5-min to match the simulation time 
step. 

Fig. 3. Thermal performance curves of the PV-T collector from simulation (sim) and experimental (exp) data for different wind speeds (uw) at a global solar 
irradiance of 1000 W/m2 (left) and 600 W/m2 (right). 

Table 5 
Summary of input parameters.  

Week  8–14 Feb 15–21 
Feb 

22–28 
Feb 

1–7 Mar 

Set-point DHW [◦C] 50 50 50 50 
Set-point space 

heating 
[◦C] 40 40 45 45 

PV-T collector 
flow-rate 

[l/ 
h⋅m2] 

50 30 30 50 

Week  10–16 
Mar 

17–23 
Mar 

4–10 
May 

11–17 
May 

Set-point DHW [◦C] – – 50 50 
Set-point space 

heating 
[◦C] 40 40 – – 

PV-T collector 
flow-rate 

[l/ 
h⋅m2] 

50 30 50 50 

Week  15–21 
Jul 

22–29 
Jul 

2–8 Aug 19–25 
Aug 

Set-point space 
cooling 

[◦C] 7 7 7 7 

PV-T collector 
flow-rate 

[l/ 
h⋅m2] 

30–40 30–40 30–40 30–40  
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Fig. 4. Sample of weather conditions during the experimental tests.  

Fig. 5. (Top) outlet temperature of the PV-T collectors (TPVTout) according to the transient model (sim), and experimental data (exp); (bottom) solar irradiance (Gg 
[W/m2]) and PV-T collector flow-rate (ṁPVT [kg/h]), during the week 10th-16th March 2021. 
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3.2. PV-T collectors 

First, the performance of the PV-T collectors is validated against the 
experimental data from the pilot plant. Here, the inlet water tempera
ture and the collector flow rate are inputs to the transient model, as well 
as the weather conditions. 

As shown in Fig. 5, the simulation results are in good agreement with 
the experimental data. The outlet water temperature reaches 38–42 ◦C 
during the high solar irradiance hours. The weekly-averaged error of the 
outlet water temperature during the week 10th-16th March 2021 shown 
in Fig. 5 is 2%, which means that the model slightly overestimates the 
PV-T outlet water temperature. The main differences are observed when 
solar irradiance is very low, particularly at the beginning of the day (see 
11th, 13th and 15th of March). This might be due to the thermal response 
of the PV-T collectors, as, in reality, PV-T collectors have stagnant cold 
water at the beginning of the day. Instead, the simulation only considers 
the inlet water temperature, not considering the cold water mass inside 
the collector. As a consequence, water gets warmer sooner in the model 
when circulating at the beginning of the day. 

Fig. 6 also shows that the electricity generation estimated in the 
transient model matches the real electricity generation measured in the 
pilot plant. For instance, the weekly-averaged error during the week 
10th-16th March 2021 shown in Fig. 6 is -1%, which means that the 
model slightly underestimates the PV-T electricity output. In this case, 
larger discrepancies occur when solar irradiance is high. Here it should 
be noted that the pilot plant does not monitor the PV-T cell temperature, 
so the estimated cell temperature in the transient model cannot be 
compared with experimental data. 

Looking at the weekly results, it is observed that the average outlet 
temperature of the PV-T collectors (TPVTout) obtained in the transient 
model is in general slightly overestimated, with a maximum error of 6% 
and an average error for all weeks analysed of 3% (Fig. 7). 

The electrical (ηe) and thermal (ηth) efficiencies of the PV-T collectors 
during the analysed weeks (see Table 5) are shown in Fig. 8. There are 
larger differences in thermal energy efficiency. The average thermal 
efficiency over the analysed weeks according to the pilot plant model is 
12.5%, while the average experimental thermal efficiency is 11.2%. 
That is, the transient model predicts the PV-T thermal efficiency with an 
average error of 12% over the analysed weeks. In general, the thermal 
efficiency is also overestimated in the model, in agreement with the 
estimated outlet temperature of the PV-T collectors. The maximum 
thermal efficiency occurs the week of July 22–29th, 19.2% according to 
the pilot plant model, and 16.9% according to experimental data (14% 

error). This might be attributed to an underestimation of the thermal 
losses under certain weather conditions. As shown in Fig. 3, at high wind 
speeds and low solar irradiance conditions, the PV-T collector model 
overestimates the thermal efficiency. 

The estimated electrical efficiencies accurately represent the actual 
efficiencies. The average electrical efficiency over the analysed weeks 
according to the pilot plant model is 16.1%, while the average experi
mental electrical efficiency is 15.8% (thus an average error of 2.5%). 
The maximum electrical efficiency occurs the week of March 1–7th, 
16.7% according to the pilot plant model, and 16.3% according to 
experimental data (1% error). Therefore it can be concluded that PV-T 
collector model reproduces accurately the actual performance of the 
PV-T collectors. 

3.3. Air-to-water reversible heat pump 

Similarly, the performance of the rev-HP is validated against 
experimental data from the pilot plant. Here, the rev-HP inlet temper
ature (THPin) and rev-HP flow rate are inputs to the model, as well as the 
weather conditions (e.g. ambient temperature), to compare the results. 

The rev-HP is validated first during two weeks with the pilot plant 
operating in heating mode to satisfy only heating demand (10th-23rd 

March), then during the two weeks with only DHW demand (4th-17th 

May), and finally during two weeks with only cooling demand (15th-29th 

July). 
A simplified transient model of the pilot plant is developed for this 

validation, including only the rev-HP and the corresponding storage 
tank, that is, the hot-water tank for the validation of the rev-HP to 
provide DHW, and the inertia tank for the validation of the rev-HP to 
provide space heating or cooling (see Fig. 9). 

3.3.1. Heating mode 
As shown in Table 5, during the weeks 10th-23rd March the pilot 

plant operated in heating mode to satisfy the space heating demand at 
40 ◦C. The first week the PV-T collector flow rate was set at 50 l/h⋅m2 

and the second one at 30 l/h⋅m2. 
The results show that, in general, the estimated thermal power 

generated by the rev-HP for heating (green line in Fig. 10) is in agree
ment with the experimental data (red line). Larger differences occur at 
the beginning of the day at the HP start-up. Some days, the first thermal 
power peak is underestimated (e.g. on the 10th, 13th or 23rd of March), 
on other days it is overestimated (e.g. on the 17th, 18th or 22nd of March), 
and on others, it is accurately predicted (e.g. on the 12th or 15th of 

Fig. 6. Electricity generation of the PV-T collectors estimated by the transient model (sim) and from the experimental data (exp) during the week 10th-16th 

March 2021. 

M. Herrando et al.                                                                                                                                                                                                                              



Renewable and Sustainable Energy Reviews 178 (2023) 113233

9

March). Similar results are obtained by comparing the electrical power 
consumed by the rev-HP (see Fig. 11). 

It is also observed that the performance on some days is predicted 
more accurately than on others. Here it should be noted that it is not 
possible to accurately model the performance of the rev-HP at partial 
load for two main reasons. First, the HP manufacturer does not provide 
data on thermal generation, consumption and/or COP of the rev-HP at 
partial load, while the HP works with a variable speed compressor. Also, 
the transient model of the rev-HP does not allow to include the perfor
mance data at partial load. As a consequence, the rev-HP model works at 
full power until the demand set-point is reached. 

Fig. 12 shows that, in general, the DHW supply temperature (TDHW) 
according to the model (green line) fits the experimental data (red line). 
The main differences occur also at the beginning of the day at the HP 
start-up. It is also observed that the estimated temperature at the bottom 
of the hot-water storage tank (TtBot, blue line) follows the same trend as 
the experimental temperature (yellow), particularly when there is hot- 
water contribution from the PV-T collector circuit (violet line). During 

the evening the measured temperature drops further than the modelled 
one, which might be due to an underestimation of the tank thermal 
losses. 

The weekly analysis shows that the thermal energy generated by the 
rev-HP (QHP) according to the model has an error between -36% and 
-6%, with an average error of -24%. Meanwhile, the average error of the 
electricity consumption of the rev-HP (EHP) is -13%, ranging between 
-31% and 9%, depending on the analysed week. That is, in general, the 
model underestimates the thermal energy generation and electricity 
consumption of the rev-HP (see Fig. 13). This is attributed to two main 
reasons. First, the model assumes that the rev-HP operates at full load 
and constant compressor speed, considering the thermal capacity and 
power facilitated by the manufacturer at the different temperature 
conditions at nominal compressor speed. 

Furthermore, during the winter weeks (February and March), the 
pilot plant was operating an anti-freezing mode at night, which acti
vated the PV-T collector circuit when the ambient temperature was 
below 6 ◦C. Consequently, the cold water exiting the PV-T collectors 

Fig. 7. Weekly average PV-T outlet temperature (TPVTout) estimated by the transient model (sim), and from the experimental data (exp) in the analysed weeks.  

Fig. 8. Electrical (ηe) and thermal (ηth) efficiencies of the PV-T collectors estimated by the transient model (sim), and from experimental data (exp), and corre
sponding errors in the analysed weeks. 
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cooled down the inertia tank at night, and the rev-HP had to heat further 
the tank at the beginning of the next day. However, this anti-freezing 
mode has not been considered in the transient model. This also ex
plains the larger peak of the thermal power generated by the rev-HP in 
the experimental data (see for instance the 10th and 13th of March in 
Fig. 10). 

Fig. 13 shows that the COP of the rev-HP according to the model is 
closer to the experimental one. The COP in heating mode is 3.7–3.8 
according to the simulation model, while the experimental data shows 
COPs of 4.3–4.4 (weekly-averaged error of -14%). Meanwhile, the COP 
in DHW mode is 3.7–3.8 (simulation model) vs. 4.1–4.3 (experimental 
data), thus a weekly-averaged error of -7% or -15% depending on the 
week. Therefore, the model also underestimates the COP. Considering 
that the main input to the rev-HP model to reproduce its real perfor
mance is its thermal capacity and power (thus the COP) at different 
operating temperatures, it is believed the rev-HP model reproduces 
adequately the actual performance of the rev-HP because the COP is 
estimated with an average error of -13% over the weeks when it operates 

Fig. 9. Transient model developed for the validation of the rev-HP.  

Fig. 10. Thermal power generated by the rev-HP for heating (qHP,H) according to the model (sim) and experimental data (exp) in heating mode from the 10th to the 
23rd of March 2021. 

Fig. 11. Electrical power consumed by the rev-HP for heating (pHP,H) according to the model (sim) and experimental data (exp) in heating mode from the 10th to the 
23rd of March 2021. 
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heating water. 

3.3.2. Cooling mode 
In summer, the pilot plant operated in cooling mode to satisfy the 

space cooling demand; with water leaving the HP and entering the fan- 
coils at 7 ◦C (see Table 5). The PV-T collector flow rate was set at 30–40 
l/h⋅m2. 

Fig. 14 shows that the estimated cooling power of the rev-HP (green 
line) is in agreement with the experimental data (red line). Similar to the 
heating mode, larger differences occur at the beginning of the day at the 
HP start-up. In this case, most of the days the first thermal power peak is 
underestimated, which is compensated later in the day with an over
estimation of the cooling thermal power. On a weekly basis, the cooling 
thermal power (QHP) is overestimated by 10–12% (see Fig. 17). 

Similar results are obtained comparing the electrical power 
consumed by the rev-HP (see Fig. 15), but in this case, the weekly- 
averaged error is lower, from -2.2% to -2.6% (see Fig. 17). In cooling 
mode, the PV-T thermal output is fed to the hot-water tank, while the 
rev-HP cools down the inertia tank to provide cooling, so both circuits 
are independent. This might explain the lower error in the estimated rev- 

HP performance in cooling mode. 
The estimated COP also follows the experimental data during these 

weeks, as shown in Fig. 16. The COP in cooling mode is 3.4–3.5 ac
cording to the simulation model, while the experimental data shows 
COPs of 3.0–3.1 (weekly-averaged error of 13–14%). Thus, in this case, 
the model overestimates the COP. 

3.4. Summary of the energy performance results 

Once the main components are individually validated, the perfor
mance of the overall pilot plant is analysed and validated, for which the 
full transient model is run with a 5-min time step with the input pa
rameters stated in Table 2. In this section, the overall results during the 
first four weeks of operation are shown and discussed. These weeks are 
selected because the rev-HP provides both DHW and heating demands, 
so both storage tanks are in operation as well as the control system to 
direct the PV-T thermal output to either of the tanks. 

Fig. 18 shows that the electrical generation of the PV-T collectors is 
slightly overestimated by the transient model, by 3% on average. The 
PV-T electrical output varies between 46.5 kWh/week and 63 kWh/ 

Fig. 12. DHW temperature (TDHW) according to the model (sim) and experimental data (exp), temperature of the PVT circuit entering the hot-water tank (TPVTtoT), 
and temperature at the bottom of the hot-water tank (TtBot) according to the model (sim) and experimental data (exp) from the 4th to the 10th of May 2021. 

Fig. 13. Electricity consumption (EHP) and thermal energy generated (QHP) by the rev-HP according to the model (sim) and experimental data (exp) in heating mode 
for heating provision (H) or DHW provision (DHW). 
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Fig. 14. Thermal power generated by the rev-HP for cooling (qHP,C) according to the model (sim) and experimental data (exp) in cooling mode from the 15th to the 
29th of July 2021. 

Fig. 15. Electrical power consumed by the rev-HP for cooling (pHP,C) according to the model (sim) and experimental data (exp) in cooling mode from the 23rd to the 
29th July 2021. 

Fig. 16. COP of the rev-HP according to the model (sim) and experimental data (exp) in cooling mode from the 23rd to the 29th of July 2021.  
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week experimentally and between 47.4 kWh/week and 65.2 kWh/week 
according to the simulation. The thermal energy generation ranges from 
14.6 kWh/week to 23.4 kWh/week experimentally and from 8.7 kWh/ 
week to 20.4 kWh/week according to the simulation, being in general 
underestimated, by -16% on average. The lower thermal efficiency 
estimated by the model is attributed to the higher temperature of the 
water circulating through the PV-T collectors in the transient model. As 
mentioned in the previous section, during the winter months the pilot 
plant had active an anti-freezing mode for the PV-T circuit, which cooled 
down the storage tank at night. Consequently, the temperature of the 
water entering the PV-T collector at the beginning of the next day is 
lower in the pilot plant than in the model, leading to a larger experi
mental thermal efficiency (see triangles in Fig. 18). 

Table 6 summarises the main energy performance results and key 
performance indicators of the pilot plant according to the simulation 
results (sim) and experimental data (exp). 

The space heating demand estimated by the model has an error be
tween -19% and 19%, with values within 91.2–183 kWh/week (exper
imentally) and 84.3–200.2 kWh (simulation). The average error over the 
four weeks is 1%, so the heating demand is balanced out during the 
weeks. The DHW demand estimated by the model has an error between 
11% and 15%, and an average error of 12%, being in general over
estimated by the model. The differences are attributed to the supply 

temperature, which varies a few degrees above and below the set-point 
temperature both in the simulation and in the experimental data, as the 
rev-HP goes on and off at the different time steps. 

There are larger differences regarding the thermal energy generated 
and electricity consumed by the rev-HP. Specifically, the transient 
model underestimates the thermal generation of the rev-HP by -30%, on 
average, and the HP electricity consumption by -22%, on average. This is 
attributed to the reasons discussed above. The model assumes that the 
rev-HP operates at full load and constant (nominal) compressor speed. 
Meanwhile, the actual rev-HP has quick dynamics, in which the 
compressor operates at variable speed, according to the thermal load; 
the lower the thermal load, the lower the compressor speed and the 
corresponding power consumption. However, the transient model (Type 
941) does not allow varying the compressor speed, so the accuracy of the 
HP model decreases when the rev-HP is not working at nominal speed. 

Another reason is that the model does not consider the anti-freezing 
mode of the PV-T circuit in winter. This anti-freezing mode cools down 
the inertia tank of the pilot plant at night, so at the beginning of the day, 
more heat is required to satisfy the space heating demand at its set-point 
(e.g. larger experimental QHP), and thus more electricity is consumed by 
the rev-HP (e.g. larger experimental EHP). Still, Table 6 shows that the 
rev-HP COP estimated in the transient model is similar to the one ob
tained in the pilot plant, with estimated values of 3.87–4.11 and 
experimental values of 4.41–4.52. The average error over the four weeks 
is -10%, that is, the COP is underestimated on average. 

The electrical solar contribution factor to the rev-HP (SCFeHP) is 
larger than 1 in any of the analysed weeks, with an average value of 1.13 
(experimentally) and 1.51 (simulation) over the four weeks. This means 
that the PV-T electricity generation is larger than the rev-HP electricity 
consumption, and therefore the electricity surplus can be used to satisfy 
the rest of the electricity consumption of the building. The SCFeHP is 
estimated with an average error over the four weeks of 34%, so the 
model overestimates the electrical solar contribution factor. 

On the thermal side, only a small amount of the thermal energy 

Fig. 17. Electricity consumption (EHP) and thermal energy (QHP) of the rev-HP 
according to the model (sim) and experimental data (exp) in cooling mode in 
the analysed weeks. 

Fig. 18. Electricity (EPVT) and thermal energy (QPVT) generation of the PV-T 
collector field, and average (av) electrical (ηe) and thermal (ηth) efficiencies, 
according to the model (sim) and experimental data (exp). 

Table 6 
Summary of the energy performance results and key performance indications 
according to the simulation (sim) and experimental (exp) data.  

Week Unit 8–14 Feb 15–21 Feb 22–28 Feb 1–7 Mar 

Average Gg [W/m2] 350.6 311.2 366.2 257.1 
Average Ta [◦C] 12.5 13.2 13.0 13.3 
QPVT (exp) [kWh] 23.4 16.0 19.4 14.6 
QPVT (sim) [kWh] 20.4 16.4 16.9 8.7 
EPVT (exp) [kWh] 56.8 52.8 63.0 46.5 
EPVT (sim) [kWh] 59.1 54.7 65.2 47.4 
error QPVT [%] -12.8% 2.9% -13.3% -40.4% 
error EPVT [%] 4.1% 3.7% 3.5% 2.0% 
ηth (exp) [%] 10.1% 10.4% 8.5% 10.4% 
ηth (sim) [%] 8.8% 10.7% 7.4% 6.2% 
ηe (exp) [%] 15.8% 15.9% 15.8% 16.3% 
ηe (sim) [%] 16.4% 16.5% 16.4% 16.6% 
Qheating (exp) [kWh] 112.9 155.4 183.0 91.2 
Qheating (sim) [kWh] 134.4 126.6 200.2 84.3 
error Qheating [%] 19% -19% 9% -8% 
QDHW (exp) [kWh] 13.0 13.9 21.4 24.0 
QDHW (sim) [kWh] 14.6 15.5 23.7 27.7 
error QDHW [%] 12% 11% 11% 15% 
QHP (exp) [kWh] 197.9 217.5 269.0 188.7 
QHP (sim) [kWh] 155.8 132.6 218.2 115.4 
error QHP [%] -21% -39% -19% -39% 
EHP (exp) [kWh] 44.4 49.3 60.1 41.7 
EHP (sim) [kWh] 38.2 32.2 54.5 29.8 
error EHP [%] -14% -35% -9% -29% 
COPHP (exp) [− ] 4.45 4.41 4.48 4.52 
COPHP (sim) [− ] 4.08 4.11 4.00 3.87 
error COPHP [%] -8% -7% -11% -14% 
SCFeHP (exp) [− ] 1.28 1.07 1.05 1.11 
SCFeHP (sim) [− ] 1.55 1.70 1.20 1.59 
SCFth (exp) [− ] 0.19 0.09 0.10 0.13 
SCFth (sim) [− ] 0.14 0.12 0.08 0.08  
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demand can be satisfied by the PV-T thermal output in the winter weeks 
shown in this work; 13% and 10%, on average, according to the 
experimental and simulation results, respectively. The thermal solar 
contribution factor is, in general, underestimated by the model, with an 
average error over the four weeks of -16%. 

The results for the summer months show that, with the electrical and 
thermal generation of the PV-T collectors (see Fig. 7), it is possible to 
cover all the electricity consumed by the rev-HP to satisfy the space 
cooling demand (SCFeHP > 1) as well as all the DHW demand (SCFth >

1). Detailed results of the experimental performance of the pilot plant 
can be found in previous work by the authors [87]. 

4. Further discussion 

The validation results of the main components of the pilot plant are 
very promising. The maximum thermal efficiency obtained (19.2%) is in 
line with previous studies that analysed an uncovered PV-T collector 
with a similar absorber design [96]. Electrical efficiencies (~16%) are 
also in agreement with previous theoretical [97] and experimental 
works [98]. The energy performance of the PV-T collectors obtained 
with the transient model fits the experimental data, with an average 
error of -16% and 3% for the thermal and electrical generation respec
tively. The lower thermal efficiency estimated by the full pilot plant 
model is mainly attributed to the higher temperature of the water 
circulating through the PV-T collectors in the winter months analysed, 
due to the activation of the anti-freezing mode in the actual pilot plant, 
which is not considered in the model. The PV-T collector model can thus 
be used to estimate the performance of this type of PV-T collector in 
different weather conditions or integrated with other components (e.g. 
other type of HP or storage tanks). To model other type of PV-T collector 
(e.g. glazed PV-T collector), the model should be modified accordingly 
to fit the performance of the specific collector. 

The COP values of the analysed rev-HP (3.7–3.8 in heating mode) are 
in agreement with previous research [70]. The estimated COP obtained 
in cooling mode (3.4–3.5) is also in line with previous works [55]. Here, 
it should be highlighted that the COP of an HP strongly depends on the 
type of HP and on the specific location of the system, as shown in the 
literature review of Section 1. Therefore, the HP model should be 
modified to simulate other types of HPs (such as water-to-water HPs) to 
fit the real performance. 

The results show that the PV-T electricity generation can cover all the 
rev-HP energy consumption throughout the year, with some electricity 
surplus that can be used to satisfy the rest of the electricity consumption 
of the building. In the winter months, the PV-T thermal output can only 
cover a small percentage of the building thermal energy demand. This is 
attributed to the low temperatures and low solar irradiance levels of the 
winter weeks. Instead, in the summer months, the PV-T thermal gen
eration can cover all the DHW demand. 

5. Conclusion 

This work presents the main validation results of the transient model 
of a solar hybrid system that consists of PV-T collectors integrated with 
an air-to-water rev-HP. The pilot plant, composed of eight uncovered 
PV-T collectors (2.6 kWe, 13.6 m2), two water storage tanks (of 350 l for 
DHW and 263 l for space heating/cooling) and a commercial rev-HP, is 
currently in operation in ENDEF facilities located in Zaragoza (Spain). 

The main finding of this work concerns the rev-HP performance, 
which shows the largest differences with experimental data. The accu
racy of the estimated rev-HP performance depends on the operation 
mode. This is attributed to two main reasons. First, the model assumes 
that the rev-HP operates at full load and constant (nominal) compressor 
speed. Meanwhile, in reality, the rev-HP compressor speed and thermal 
capacities vary depending on the thermal energy required, controlled by 
a PID controller internal to the HP. However, the HP manufacturer does 
not provide data on the rev-HP performance at partial load and variable 

compressor speed. Therefore, specific performance tests would be 
required in a controlled chamber to characterise the HP performance at 
different loads. Then, this performance data at partial loads should be 
modelled in a new component type of the HP model that allows this 
integration or in an ad-hoc HP model. 

Another reason for the deviation between the experimental and 
simulated HP performance is the anti-freezing mode, which was active 
in the pilot plant in the winter months. This operation mode led to active 
cooling of the inertia tank at night, and thus more heat was required at 
the beginning of the day to satisfy the space heating demand at its set- 
point. This would explain why the simulation results in cooling mode 
fit more accurately the experimental data, as in summer months the PV- 
T thermal output is fed to the hot-water tank, while the rev-HP cools 
down the inertia tank to provide cooling, so both circuits are 
independent. 

The results show that the rev-HP COP estimated in the transient 
model is similar to the one obtained in the pilot plant, with an average 
error of -10%. Therefore, considering that the main input to the rev-HP 
model to reproduce its real performance is its thermal capacity and 
power (thus the COP) at different operating temperatures, it is 
concluded the rev-HP model reproduces adequately the actual perfor
mance of the rev-HP. 

The energy performance of the PV-T collectors obtained with the 
transient model is also in agreement with the experimental data, with an 
average error of -16% and 3% for the thermal and electrical generation 
respectively. The validated model can thus be used to optimise the 
system performance, as well as to size the main components and analyse 
the system performance under different climates and satisfy diverse 
energy demands, minimising the need for lengthy and expensive 
experimental works. The modelling results can then be used to perform 
economic and environmental analyses and assess the potential of the 
proposed solar system at a wider scale. 

The results show that thanks to the simultaneous electricity and 
thermal generation of the PV-T collectors, together with the high per
formance of the rev-HP, the pilot plant is overall self-sufficient to satisfy 
the building energy demand. 

Proposed further work includes an in-depth analysis of the rev-HP 
performance to characterise experimentally its performance at 
different compressor speeds and different loads. Then, include this 
performance data in a new component type of the HP model that allows 
this integration or develop an ad-hoc HP model, to improve the simu
lation of the HP dynamic behaviour operating at variable speed. 
Furthermore, new experiments are planned in the pilot plant that 
include the analysis of its performance in winter without the influence of 
the anti-freezing mode, for instance using a separate small tank to dump 
the cold water at night. 
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