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A B S T R A C T   

In recent years, new materials and absorber configurations have been proposed to improve the performance of 
hybrid photovoltaic-thermal (PV-T) collectors. This work analyses the fluid flow and the energy performance of 
an uncovered water-based PV-T collector with a roll-bond thermal absorber. A detailed CFD model was devel-
oped and the results were compared with the experimental performance features provided by the PV-T manu-
facturer. The fluid flow results show uneven flow distribution among the roll-bond microchannels which leads to 
areas with larger PV cell temperatures and thus a lower electricity generation. The PV-T collector layers were 
also modelled using the energy transfer equations layer-by-layer. The model was run for several water inlet 
temperatures and water flow-rates to obtain the thermal performance curve. The results show that the electrical 
efficiency of the PV-T collector is 14.5–10.3% larger than for a PV-only system for water inlet temperatures of 
20–30 ◦C, respectively. The developed CFD model reproduces accurately the thermal performance of the PV-T 
collector, with a maximum error of 6.5% for inlet water temperatures of 20–60 ◦C. Therefore, this model can 
be used with confidence to propose alternative designs that achieve a homogeneous temperature distribution in 
the PV layer and improve the overall PV-T collector performance.   

1. Introduction 

The Paris Climate Conference in 2015 [1] concluded through a 
legally-binding agreement signed by over 190 countries to keep the rise 
in the average global temperature below 2 ◦C (above 20th-century 
pre-industrial levels) [2]. Decarbonisation of the energy systems is 
essential to meet this ambitious target [3]. This energy transition from 
fossil-fuel-based systems to clean energy systems can be achieved by 
several parallel actions, including an increasing penetration rate of 
renewable energy systems, smart technologies and clean energy policies, 
among others [3]. 

Research on renewable energy systems is rapidly progressing in the 
last decades [4], demonstrating the techno-economic feasibility of these 
systems [5] to promote the security of supply while lowering energy 
costs, reducing greenhouse gas emissions, as well as driving growth 
through job generation and industrial development [6]. It is believed 
that solar energy can play a key role in this energy transition [7], as it is 
an abundant primary-energy resource, which can be exploited in several 

cost-competitive and reliable ways [8]. Still, more research is required 
in resource assessment, energy efficiency enhancement of different 
technologies and demand-supply integration [8]. 

Heating and cooling demands in buildings are mainly satisfied by 
fossil fuel technologies [5], while renewable energy sources such as solar 
[9], wind [10] or biomass [4] can be used, as shown in the literature 
[11]. Among the different solar technologies, hybrid 
photovoltaic-thermal (PV-T) collectors generate both electrical and 
thermal outputs from the same aperture area [12], presenting a higher 
overall energy output per collector area than side-by-side photovoltaic 
(PV) and solar thermal collectors [13]. Liquid-based PV-T collectors are 
the most common type of PV-T collectors used to provide heat and 
power in buildings [14,15], although air-based PV-T collectors are 
gaining attention [16], particularly as building-integrated PV-T systems 
[17]. The most common fluid employed is water, or a mixture of 
water-glycol to avoid freezing [18], as those are considered the most 
efficient PV-T collector type for water preheating all year long [19]. 

Among the different configurations, copper is the most widespread 
solid material used in liquid-based PV-T collectors [20], and the 
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sheet-and-tube arrangement is the most common thermal absorber 
design [21]. Most of the sheet-and-tube thermal absorbers comprise 
parallel pipes connected in series [22] or a serpentine tube [23]; 
although other authors proposed web-flow [24], or spiral-flow [25] 
designs made of stainless steel. The main drawback of the 
sheet-and-tube configuration is the thermal contact between the PV cells 
and the thermal absorber, as in several cases the thermal absorber is 
directly glued with the PV cells, leading to poor thermal contact [26]. 
Previous research reported a 6–8% increase in electrical efficiency by 
improving this thermal contact, due to the reduction (by 10 ◦C) in the PV 
cell temperature [26]. In this line, several studies [27,28] concluded 
that the absorber plate should be in direct thermal contact with the PV 
cells to enhance energy performance. 

In recent years, new materials and absorber configurations have been 
proposed to improve bonding quality [29] and heat transfer [30,31]. 
The enhancement of heat transfer can be achieved by increasing the 
thermal contact [32] area and by creating turbulence [33]. Twisted or 
perforated tapes, wire coils, inserts/baffle plates, grooves, or internally 
finned tubes have been proposed to increase turbulence [34]. However, 
this leads to larger pressure drops, thus increasing the pumping energy 
consumption and reducing the net power output [35]. 

The thermal contact area can be increased by reducing the pipe 
diameter D and increasing the number of channels per unit width (i.e., a 
shorter distance (W) between pipes) [36,37], which involves a lower 
W/D ratio. However, the costs and weight of the PV-T collector increase 
with the number of channels [38]. To solve this problem, several authors 
proposed flat-box [39], or roll-bond [40,41] structures, made of 
aluminium [42,43] or polycarbonate [32,44]. The flat-box structure 
allows for reducing the W/D ratio to 1 when square channels are used 
[45], improving the fin efficiency and bonding quality, and thus 
increasing the heat transfer area [32]. In this line, a parametric analysis 
[46] concluded that the collector should have a fluid layer thickness of 
less than 10 mm to collect more than 90% of the energy. 

Some authors [47,48] reported a global efficiency of 87% in 
controlled conditions, with a maximum thermal efficiency of 75% [47], 
with an aluminium roll-bond design with a fractal shape (FracTherm® 
heat exchanger). Similar results were reported in another experimental 
analysis with a covered roll-bond PV-T collector, where 79% thermal 
efficiency and 8.7% electrical efficiency were measured when the mean 
fluid temperature is equal to the ambient temperature [49]. Recent 
research [50] analysed a serpentine roll-bond PV-T collector and 

compared its performance with alternative parallel-tube configurations 
(named Harp designs in the work) and with a spiral design. The nu-
merical analysis concluded that the serpentine configuration achieves 
the highest thermal efficiency (46%) but the larger pressure drop re-
duces the net electrical power output [50]. Given the promising results 
of roll-bond thermal absorbers, this research analyses this type of 
configuration with a low W/D ratio to increase heat transfer. 

The PV-T collector cover reduces thermal losses, increasing thermal 
efficiency [51,52], but it also reduces electrical efficiency (by up to 
10–20% [26]) due to larger PV cell temperature and reflection losses 
[53,54]. Therefore, there is a trade-off between thermal and electrical 
efficiencies [55], and thus the best PV-T collector configuration depends 
on the needs of the specific application. Single-covered PV-T collectors 
seem an interesting option when a significant thermal output is needed 
[56], while uncovered PV-T collectors are recommended to satisfy 
low-temperature water demand all year-round [57] or to act as the 
source of a heat pump [55]. This work proposes uncovered PV-T col-
lectors to preheat water while keeping high electrical efficiencies, 
lowering also the cost and weight of the collector. 

Manufacturing new PV-T collector prototypes and undertaking 
experimental studies to analyse its performance is expensive, so a 
detailed theoretical model that incorporates several materials and layers 
is important to analyse the fluid flow and heat transfer throughout the 
PV-T collector, and to identify potential hot spots which might lead to an 
underperformance of the PV cells [26]. A previous study showed a 
temperature variation of up to 10 ◦C over the surface of a sheet-and-tube 
PV-T collector under normal operating conditions, which led to a 5% 
drop in the PV cell efficiency in the identified hot regions [58]. 

Several 3-D computational fluid dynamics (CFD) analyses have been 
performed on solar thermal collectors [59–61]. Martinopoulos et al. 
[62] analysed the velocity field and the channel pressure drop of a 
polymeric solar thermal collector. Moldovan et al. [63] proposed a 
triangular flat-plate solar thermal collector for its integration into the 
building façade. Recently, the authors optimised the thickness of the 
water layer in the triangular solar thermal collector [64]. The perfor-
mance of a new design of a hybrid parabolic trough collector and 
concentrator PV absorber was also analysed using ANSYS software [65]. 

Fewer studies model water-based PV-T collectors using CFD tech-
niques [66], and most of them consider copper sheet-and-tube PV-T 
collectors [67,68] with a serpentine design [69,70] or parallel tubes [68, 
71]. A recent work [32] proposed alternative designs based on 

Nomenclature 

Symbols 
a1 linear heat loss coefficient (W/(m2⋅K)) 
a2 quadratic heat loss coefficient (W/(m2⋅K2)) 
Ac PV-T absorber area (m2) 
α absorptivity (− ) 
β0 power temperature coefficient for the PV panel (%/K) 
δ thickness (m) 
ε emissivity (− ) 
G solar irradiance (W/m2) 
η PV-T efficiency (− ) 
h heat transfer coefficient (W/(m2⋅K)) 
Impp Current at Pmax [A] 
k thermal conductivity (W/(m⋅K)) 
Pp Peak electrical power [W] 
q heat flux (W/m2) 
Qu Total heat transferred to the fluid (W) 
σ Stefan-Boltzmann constant (σ = 5.67⋅10-8 W/(m2⋅K4)) 
τ transmittance (− ) 
T temperature (K) 

Vmpp Voltage at Pmax [V] 
vwind wind speed (m/s) 
we electrical yield of the system (W/m2) 

Subscripts 
a ambient 
abs absorber 
g glass layer 
in inlet 
ins insulation layer 
longλ long wavelengths 
PV PV layer 
PV,ref reference PV panel 
shortλ short wavelengths 
th thermal 
cv,b convection of air at the back of the PV-T collector 
fm fluid mean 
r reduced 
rd radiation 
ref reference 
u useful  
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polymeric materials and a flat-box structure. The study showed the 
utility of this type of detailed CFD analysis, for instance, to assess not 
only the thermal performance of the PV-T collectors but also the thermal 
stresses that it suffers. Several of the above CFD studies [68] modelled in 
detail only one of the parallel tubes, assuming a uniform flow distribu-
tion among the tubes. Therefore, there is a lack of studies that model in 
detail the fluid flow and heat transfer of water-based PV-T collectors 
modelling the whole collector. 

This work fills this gap by developing a detailed 3-D CFD model to 
analyse the fluid flow and the energy performance of an uncovered 
water-based PV-T collector with a roll-bond aluminium thermal 
absorber (Section 2.1 includes details of the PV-T collector and Section 
2.2 summarises its main parameters). Given the geometrical complexity 
of the problem, a multiscale approach is adopted where the fluid flow is 
calculated in detail first in a single channel with a very high-resolution 
mesh (which is impractical to adopt in the full domain), as detailed in 
Section 2.3.1. Then, it is ensured that the main flow characteristics are 
retained when half of the full (symmetrical) channel network is simu-
lated with a smaller mesh resolution (Section 2.3.2). And finally, the 
solid layers (such as the PV layer and the glass) are added to the model 
(Section 2.3.3). The detailed analysis of the fluid flow in the whole 
thermal absorber allows the detection of a non-uniform flow distribution 
throughout the PV-T collector (Section 3.1). The impact of such non- 
uniformities in the temperature distribution is then quantified, along 
with the associated performance loss (Section 3.2). The thermal per-
formance curve obtained in the CFD simulation is used to validate the 
model against the experimental performance provided by the PV-T 
manufacturer (Section 3.3). Once the CFD model is validated, it can 
be used to study design modifications to improve the thermal and 
electrical performances of the PV-T collector, reducing the number of 
experimental analyses and their associated costs (Section 4). 

2. Methodology 

A 3-D CFD model has been developed in ANSYS Fluent to simulate 
the PV-T collector and its results are validated against an 
experimentally-derived performance curve provided by the collector 
manufacturer. 

2.1. PV-T collector modelling 

The PV cells and the thermal absorber are the two main components 
of a PV-T collector. In Fig. 1, a schematic of the collector layers is shown: 
glazing, PV cells, EVA and Tedlar layers, thermal absorber (fluid chan-
nels) and insulation. The thermal absorber is made of aluminium with a 
roll-bond design to increase the thermal contact area between the PV 
cells and the fluid (a water-glycol mixture). 

The PV-T CFD model is developed under the following assumptions.  

• radiation absorption in the glass layer and the collector frame is 
negligible [32,72];  

• the ambient temperature is uniform around the collector [73,74] and 
heat losses from the frame of the PV-T collector are negligible [74];  

• the PV cells and the thermal absorber are in perfect thermal contact 
[36]; 

• solar irradiance and wind speed are uniform over the collector sur-
face area [32]. 

The model is run under steady-state conditions [32,52,75]. The 
detailed 3-D CFD model of the PV-T collector involves fluid dynamics 
and heat transfer. The continuity, momentum and energy equations are 
solved in the water channels of the absorber, and the energy conserva-
tion equation is used in the solid parts. Boundary conditions for these 
equations are detailed below and shown in Fig. 1. 

2.1.1. Top layer 
Losses through the top of the PV-T collector are mainly due to forced 

convection caused by wind (qwind, see eq. (1) and eq. (2)), radiation from 
the glass to the sky (qrd,sky, see eq. (3)) and radiation from the PV layer to 
the sky due to glass transmittance at long wavelengths (qrd,PVsky, see eq. 
(7)) [76]. 

Various expressions are given in different sources for the estimation 
of the forced convective heat transfer coefficient (hwind) [74,77–79], all 
of them dependent on the wind speed (vwind). These correlations do not 
differ significantly, so it was decided to use the expression that provides 
intermediate values, within the range of the various predictions [32]. 
Hence: 

qwind = hwind⋅
(
Tg − Ta

)
(1)  

hwind = 4.5 + 2.9⋅vwind (2) 

The radiative heat loss to the sky, qrd,sky, can be calculated as [80, 
81], 

qrd,sky = εg,longλ ⋅ σ⋅
(
Tg

4 − Tsky
4) (3)  

where εg,longλ is the glass emissivity at long wavelengths, σ is the Stefan- 
Boltzmann constant (σ = 5.67⋅10− 8 W/(m2⋅K4)), Tg is the glass tem-
perature, and Tsky is the sky temperature, which is calculated as Tsky =

0.0552⋅Ta
1.5 [73,74,81], with the ambient temperature (Ta) in Kelvin. 

The absorption of solar radiation by the top layer (glass) at short 
wavelengths is neglected, given the very low absorptivity of glass (αg, 

shortλ = 0.05). 

2.1.2. PV layer 
The fraction of the total solar irradiance (G) that is not reflected by 

the glass is absorbed by the PV layer (GPV). Such fraction is calculated as: 

GPV =G⋅τg,shortλ⋅αPV,shortλ (4)  

where τg,shortλ is the transmittance of the glass, αPV,shortλ is the absorp-
tivity of the PV cells, both at short wavelengths (see Table 2) [81]. 

The electrical yield of the system per unit area, we, depends on the PV 

Fig. 1. PV-T collector layers and energy flows (not to scale).  
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panel efficiency. This term varies with temperature and can be estimated 
from Refs. [52,75,82]: 

we =G⋅τg,shortλ⋅ηPV (5)  

ηPV = ηPV,ref ⋅
[
1+ β0 ⋅

(
TPV − TPV,ref

)]
(6)  

where ηPV,ref is the reference PV panel efficiency at a PV cell temperature 
TPV,ref of 25 ◦C and at a solar irradiance of 1000 W/m2, and β0 is the 
power temperature coefficient for the PV panel, values given in the 
technical specifications of the PV-T manufacturer. 

The radiative heat loss from the PV layer to the environment, qrd, 

PVsky, accounts for the radiative heat flux emitted by the PV layer at long 
wavelengths that is not absorbed by the glass and therefore is lost to the 
environment. This flux can be estimated considering the emissivity of 
the PV layer and the transmittance of the glass at long wavelengths as 
follows: 

qrd,PVsky = τg,longλ ⋅ εPV,longλ ⋅ σ⋅
(
TPV

4 − Tsky
4) (7)  

where τg,longλ is the transmittance of the glass and εPV,longλ is the emis-
sivity of the PV layer, both for long wavelengths, and TPV is the tem-
perature of the PV layer. 

2.1.3. Absorber plate (roll-bond) 
The heat from the PV layer to the absorber can be either transferred 

from the absorber layer to the cooling fluid or lost through the underside 
insulation layer to the environment [32,52]. The heat transfer to the 
absorber plate and from the absorber plate to the cooling water does not 
need to be imposed, as both are calculated by the CFD model, which 
solves the discretised energy conservation equation in these regions. 

2.1.4. Back insulation layer 
Since heat losses through the back insulation layer are very small, 

this layer is not discretised in the CFD model. Instead, the insulation 
layer is modelled as a resistance to heat transfer to the environment. 
Therefore, the heat losses, qback, from the absorber plate temperature, 
Tabs (computed locally by the CFD model), to the ambient temperature, 
Ta, are introduced as a boundary condition: 

qback = hback⋅(Tabs − Ta) (8)  

where hback is the heat transfer coefficient between the absorber and the 
environment through the back layer insulation, which is calculated as: 

hback =
1

δins
kins

+ 1
hcv,b

(9)  

where δins and kins are the thickness and conductivity of the insulation 
layer (see Table 2), and hcv,b is the convective heat transfer coefficient to 
the air at the back (underside) of the PV-T collector, which usually takes 
values between 0.3 and 0.6 W/(m2⋅K) [76]; an intermediate value of 
0.45 W/(m2⋅K) was used in the present work [32]. 

2.1.5. PV-T collector thermal performance 
The thermal efficiency of the PV-T collector obtained in the simu-

lation is compared with the experimental one provided by the PV-T 
manufacturer [83] through the thermal performance curve widely 
used in the literature (see eq. (10) and eq. (11)) [32,84]. Since there is 
currently no specific standard method to assess the performance of PV-T 
collectors [85], the ISO procedure approach for solar thermal collectors 
[86] is followed to perform the experimental characterization of the 
PV-T collector. This standard includes the particularization of the 
thermal characterization in the case of PV-T collectors, which states that 
the power generator (PV cells) must be kept within 15% of the module 
maximum power point (MPP) during the thermal testing. 

ηth =
Qu

G⋅Ac
= ηo − a1⋅Tr − a2⋅G⋅Tr

2 (10)  

Tr =
Tfm − Ta

G
(11)  

where Qu is the total heat transferred to the fluid, Ac is the absorber area 
in direct contact with the PV panel, ηo is the optical efficiency, a1 is the 
linear heat loss coefficient, a2 is the quadratic heat loss coefficient, Tfm is 
the fluid mean temperature and Tr is the reduced temperature. 

Table 1 
Properties of the PV panel.  

Parameter/variable Value 

Pp Peak electrical power (W) 300 
Vmpp Voltage at Pmax (V) 32.5 
Impp Current at Pmax (A) 9.25 
ηPV,ref Nominal PV cell efficiency (%) 18.44 
β0 Power temperature coefficient (%/K) -0.39 
- Cell number/type (− ) 60/m-Si 
AG Gross area (m2) 1.62 
NOCT nominal operating cell temperature (◦C) 45 ± 2  

Table 2 
Properties of the PV-T collector layers.  

Layer Parameter/variable Value 

Glass δ Thickness (m) 3.2⋅10-3 

εg,shortλ Emissivity at short wavelengths (− ) 0.05 
τg,shortλ Transmittance at short wavelengths (− ) 0.94 
εg,longλ Emissivity at long wavelengths (− ) 0.86 
τg,longλ Transmittance at long wavelengths (− ) 0.06 
k Thermal conductivity (W/(m⋅K)) 14 

PV αPV,shortλ Solar absorption coefficient at short wavelength (− ) 0.95 
εPV,longλ Emissivity at long wavelengths (− ) 0.89 
δ Thickness (m) 3.5⋅10-4 

k Thermal conductivity (W/(m⋅K)) 130 
EVA δ Thickness (m) 5⋅10-4 

k Thermal conductivity (W/(m⋅K)) 0.35 
Tedlar δ Thickness (m) 3⋅10-4 

k Thermal conductivity (W/(m⋅K)) 0.36 
Absorber plate δ Thickness (m) 1.5⋅10-3 

k Thermal conductivity (W/(m⋅K)) 310 
δ Thickness of the water layer (m) 1.6⋅10-3 

Insulation δ Thickness (m) 0.03 
k Thermal conductivity (W/(m⋅K)) 0.034  
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2.2. PV-T collector parameters 

The PV-T thermal absorber consists of a roll-bond heat exchanger in 
which the heat-transferring fluid (a water-glycol mixture) flows through 
22 parallel aluminium channels. The PV-T collector prototype has a PV 
panel with a peak electrical power of 300 Wp, a nominal efficiency of 
18.44%, and a power temperature coefficient (β0) of -0.39%/K. Other 
PV-cell properties of interest are provided in Table 1. The nominal col-
lector flow rate is 70 L/(m2⋅h) and the thermal absorber area is 1.4 m2. 
The following operating conditions are applied: a total incident solar 
irradiance (G) of 1000 W/m2 and an ambient temperature (Ta) of 25 ◦C. 
The thickness, δ, and thermal conductivity, k, of the different layers as 
well as their optical properties are reported in Table 2. 

The mains water temperature (Tin) is set at 20 ◦C for the detailed 
analysis of the flow distribution (Section 3.1) and the heat transfer 
(Section 3.2), while variations in the range of 20–70 ◦C are used for the 
model validation (Section 3.3). 

2.3. CFD models 

The regular geometry of the PV-T collector allows the development 
of several CFD models to study in detail the several aspects of fluid flow 
and heat transfer in the PV-T collector; these models, presented below 
together with their rationale, are.  

i) the channel model  
ii) the half-collector (fluid-only) model  

iii) the half-collector model with PV-T layers. 

2.3.1. Channel model 
The channel model allows a detailed analysis of the fluid flow 

through one of the 22 channels in the collector (see Fig. 3 for an over-
view of the channels corresponding to the half-collector) using a very 
fine mesh. It is used to assess how the velocity develops through the 
channel. The mesh is refined near the walls (Fig. 2a) and has a total of 
3.9 million elements. 

2.3.2. Half-collector model 
The half-collector (fluid-only) model allows for analysing how the 

fluid is distributed among the channels and investigating the pressure 
and velocity distributions in the channels. Thanks to the symmetry of the 
thermal absorber along the longitudinal axis, with an independent inlet 
and outlet on each side, only half of the PV-T collector needs to be 
computed. The mesh in this case has 28.8 million cells. 

2.3.3. Half-collector model with PV-T layers 
The half-collector model with PV-T layers takes advantage also of 

the left-right symmetry of the panel to simulate only one of the two 
collector halves. It includes both fluid and solid regions (see Fig. 4a) so 
that it can be used to analyse the heat transfer through the PV-T col-
lector. The underside insulation layer is not discretised, but represented 
as a heat-transfer resistance, as discussed in Section 2.1 (see Fig. 4b). 
Several meshes are considered using a simplified PV-T collector model 
(comprising only part of a channel with the corresponding layers) to 
analyse the influence of the mesh in the results (particularly in the fluid 
flow). The selected meshes for the fluid flow and the thermal absorber 
are tetrahedral, with refined elements near the walls (see Fig. 4a). The 
mesh in the upper PV-T layers is hexahedral to facilitate heat transfer 
convergence and reduce the number of elements. The mesh has a total of 
13.1 million elements (see Fig. 4b). 

3. Results and discussion 

First, the fluid flow through one of the 22 channels in the PV-T 
collector is analysed in detail to assess how the velocity develops 
through the channel. Then, the fluid side of the half collector is dis-
cretised and solved (making use of the PV-T collector symmetry), to 
analyse the fluid distribution among the channels and to compare the 
results with the previous model. Finally, the PV-T layers are added to the 
half-collector model, discretising all of them except for the insulation 
layer to analyse the heat transfer through the PV-T collector, to obtain 
the thermal performance curve and to compare it with the experimental 
performance provided by the PV-T manufacturer. 

3.1. Fluid flow 

The velocity field in a channel is solved assuming that the fluid is 
uniformly distributed through the 22 channels, at the nominal flow rate 
(70 L/(m2⋅h)). Thus, the nominal flow rate per channel is set at 4.45 L/h. 

Fig. 2. (a) Transversal view of the mesh at the channel entrance and (b) mesh view from the top of the channel in the channel model.  

Fig. 3. Half-collector model with PV-T layers (view from the bottom of the 
collector, without the insulation layer). 
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Considering the hydraulic diameter of each channel, the Reynolds 
number obtained at the inlet of each channel is 130, so the flow is 
modelled as laminar. 

Fig. 5a shows that the fluid enters the channel and is uniformly 

distributed among both sub-channels. It is observed that the flow be-
comes fully developed in the first part of the channel and that there is no 
substantial flow across the passages connecting the sub-channels (see 
Figs. 5b and 6). 

Fig. 4. (a) Transversal view of the mesh at the channel entrance and (b) mesh view (detail) from the bottom in the half-collector model with PV-T layers.  

Fig. 5. (a) x-component of the velocity at the inlet and (b) velocity vectors at the outlet of a channel.  

Fig. 6. x-component of the velocity in the middle region of a channel.  
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Although the flow distribution for the above analysis has been 
assumed to be uniform across the 22 channels, the fluid flow analysis of 
the half-collector model suggests otherwise. The Reynolds number at the 
entrance of the PV-T collector is 2390, so the flow is turbulent at low Re 
numbers. The pressure field in the half-collector, fluid-side-only model 
shows that there is a pressure gradient between the inlet and outlet of 
the collector, located in diagonally-opposed corners and that some 
channels experience larger pressure drops than others (see Fig. 7), 
leading to an uneven flow-rate distribution among the channels (see 
Fig. 8). Specifically, the fluid flows with a larger velocity in the channels 
closer to the inlet and outlet of the collector, with low velocities in the 

intermediate channels. The lower flow rates shown in the (7) interme-
diate channels lead to a decrease in the heat transfer in this area, 
penalising the thermal production of the absorber (see Section 3.2). 

Fig. 9 shows that there is a preferential flow through the two chan-
nels close to the collector inlet (channels 1 and 2) and the two channels 
close to the collector outlet (channels 10 and 11), with 13–18% of the 
total flow rate flowing through each of these channels (in an even flow 
distribution, the flow rate in each channel would be 9.1% of the total). 
The flow rate through most of the intermediate channels is around 5% of 
the total. This is expected to lead to an uneven temperature distribution 
in the PV-T collectors. 

3.2. Heat transfer 

The flow fields obtained in the previous analysis showed that the 
flow distribution among the channels in the half PV-T collector is un-
even. It is therefore necessary to model heat transfer in this half col-
lector. The domain is that described in Section 2.3.3, Half-collector model 
with PV-T layers. 

Fig. 10 shows that cooling-fluid temperature increase as the water 
moves along the several channels from left (inlet) to right (outlet). The 
highest water temperature is reached towards the outlet of the inter-
mediate channels, because they have the lowest cooling flow rates, as 
shown in Fig. 9. The temperature increases to a lesser extent along the 
outer channels, resulting in lower final temperatures at the end of these 
channels. 

The temperature distribution in the (solid) thermal absorber is 
shown in Fig. 11. In this case, the highest temperatures are reached at 
the corners of the PV-T collector, because the corners are not cooled by 

Fig. 7. Pressure field in the half-collector, fluid-only model (range 1000–2500 Pa).  

Fig. 8. Longitudinal component of the velocity in the half-collector, fluid-only model (note that velocity values are negative because the flow direction is opposite to 
the reference axis). 

Fig. 9. Flow-rate distribution among the 11 channels of the half PV-T collector 
(channel 1 refers to the channel in the upper part of Fig. 8, i.e. close to the 
collector inlet, while channel 11 refers to the channel in the lower part, i.e. 
close to the collector outlet). 
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water channels. The temperatures in the thermal absorber above the 
channels are also non-uniform in this PV-T collector design. This uneven 
temperature distribution results in less heat being transferred in the 
central channels of each half collector, reducing the thermal efficiency 
and (because of the higher temperatures) the electricity production. For 
instance, the temperature in the thermal absorber above channel 1 
varies from 20 ◦C at the beginning to 27 ◦C at the end of the channel; in a 
central channel (e.g. channel 5) it varies from 21 ◦C to 32 ◦C, and it is at a 
temperature higher than 27 ◦C along more than half of the channel 
length. In the area without water cooling (such as the upper corner of the 
PV-T collector), the temperature reaches 40 ◦C. This entails a reduction 
in the PV cell efficiency of 8%, from 18.8% at the collector inlet to 17.4% 
at the hottest points, thus limiting the total electricity generated by the 
PV panel. 

To achieve a uniform flow rate distribution among the channels, the 

pressure loss along the channel can be modified by changing each 
channel diameter, so that the flow rate is equilibrated and the presence 
of preferential channels is avoided. Alternatively, these equilibrating 
pressure losses can be introduced in each channel in a variety of other 
ways, e.g. by introducing flow restrictions in the channel. 

3.3. Model validation and performance curve analysis 

The developed CFD model is validated using the experimental data 
provided by the PV-T manufacturer, obtained under standard test con-
ditions following the testing procedures indicated in the ISO 9806 
standard [86]. To this end, the complete half-collector CFD model (with 
PV-T layers) is run with different fluid inlet temperatures (Tin), from 
20 ◦C to 70 ◦C. Environmental conditions are maintained constant at the 
standard values indicated in the ISO 9806 standard: total solar 

Fig. 10. Temperature distribution in the fluid through half PV-T collector.  

Fig. 11. Temperature distribution in the solid thermal absorber of the PV-T collector: (a) aluminium layer and (b) embossed aluminium layer.  
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irradiance (G = 1000 W/m2), ambient temperature (Ta) of 25 ◦C and 
wind speed (vwind) of 1 m/s. The nominal collector flow rate (70 
L/(m2⋅h)) and also 70% of the nominal collector flow rate (49 L/(m2⋅h)) 
are considered, as this is the normal range of operation of the PV-T 
collector according to the manufacturer. 

Results indicate a linear thermal behaviour for both flow rates, with 
a negligible quadratic heat loss coefficient (a2) (see eq. (10)), in agree-
ment with the data provided by the manufacturer. The CFD results show 
that the thermal efficiency varies from 51% to 3.4% for fluid inlet 
temperatures from 20 ◦C to 70 ◦C, for the nominal flow rate. Slightly 
lower results are found for the 70% flow rate, with thermal efficiencies 
in the range of 50–3.2%. Comparing these thermal performance results 
with the experimental data, Fig. 12a shows that the developed CFD 
model accurately reproduces the thermal performance of the PV-T col-
lector, with a maximum error of 6.5% for Tin = 20–60 ◦C (for the 
nominal flow rate). 

The electrical efficiency varies from 18.5% to 15.2% for fluid inlet 
temperatures from 20 ◦C to 70 ◦C and with the nominal flow rate (see 
Fig. 12b), with an average PV cell temperature varying from 24 ◦C to 
70 ◦C. Similar values are obtained for the 70% flow rate, with the PV cell 
temperature varying from 25 ◦C to 70 ◦C and the electrical efficiency 
from 18.4% to 15.2%, for the same fluid inlet temperature range. These 
results are compared with the electrical efficiency of a PV-only panel, 
that is, the same PV panel without active cooling (see Fig. 12b). In this 
case, the PV cell temperature is estimated considering the nominal 
operating cell temperature (NOCT) provided by the manufacturer (see 
Table 1), using the following expression, 

TPVcell =Ta + G⋅
NOCT − 20

800
(12) 

The results show that the electrical efficiency of the PV-T collector is 
larger than for a PV-only system for water inlet temperatures up to 
~55 ◦C. At low water inlet temperatures (20–30 ◦C), typical values for 
normal operating conditions, the electrical efficiency is 14.5%–10.3% 
higher for the PV-T collector. 

Table 3 shows the thermal performance parameters (ηo, optical ef-
ficiency, and a1, heat-loss coefficient) provided by the PV-T manufac-
turer (experimental) and the values obtained with the CFD model 
(theoretical). It can be concluded that the CFD model predicts the per-
formance of the PV-T collector satisfactorily, slightly overestimating the 
optical efficiency (by 5.9%) and the heat-loss coefficient (by 7.4%). 

These results are in line with the findings of other research on 

uncovered roll-bond PV-T collectors. Bombarda et al. [87] obtained daily 
values of 40% thermal and 15.6% electrical efficiencies. Recent research 
[88] also reported similar thermal performance parameters. Colombini 
et al. [50] analysed three different geometries of parallel-tube configura-
tions (named Harp designs in their work) for an uncovered roll-bond PV-T 
collector and reported thermal efficiencies of 39.2–44.5% and electrical 
efficiencies of 14.2–13.7% (depending on the geometry), for water inlet 
temperatures of 25 ◦C. The results obtained for water inlet temperatures of 
45 ◦C were also similar to those in the present work (24.7–27.0% thermal 
and 12.8–13.0% electrical efficiencies). Other authors [47,89] reported 
thermal efficiencies of 70–75%, but for covered PV-T collectors, which 
achieve higher outlet water temperatures but also lower electrical effi-
ciencies (of less than 10%) [49]. 

4. Conclusion 

A detailed 3-D CFD model of an uncovered water-based PV-T col-
lector with a roll-bond aluminium thermal absorber is developed to 
analyse whether there is a uniform flow distribution among the absorber 
channels and the temperature distribution throughout the PV-T collec-
tor. The model is also validated against the experimental performance 
provided by the PV-T manufacturer. 

The fluid flow analysis shows that there is an uneven flow distribution 
among the channels, which leads to an uneven temperature distribution of 
the PV-T collectors, as confirmed also by the CFD model of a half-collector 
with PV-T layers. There is a temperature difference of ~5 ◦C between the 
channels close to the collector inlet, and the intermediate channels. This 
uneven temperature distribution leads to a reduction of the PV cell effi-
ciency of ~8% between the coldest and the hottest collector surface. To 
avoid this non-uniformity, this work proposes to modify the diameter of 
selected channels to increase their pressure drop (for the same flow rate), 
and thus, homogenise the fluid flow rate. 

The results show that the thermal efficiency varies from 51% to 3.4% 
for fluid inlet temperatures from 20 ◦C to 70 ◦C, for the nominal flow 
rate. The electrical efficiency varies from 18.5% to 15.2% for the same 
temperature range. It is estimated that at low water inlet temperatures 
(20–30 ◦C), which are typical values for normal operating conditions, 
the electrical efficiency is 14.5–10.3% larger than an equivalent PV-only 
panel, that is, the same PV panel without active cooling. Thus, it is 
concluded that these PV-T collectors generate more electricity than 
stand-alone PV panels, along with useful thermal output. 

The model validation shows that the developed CFD model accu-
rately reproduces the thermal performance of the PV-T collector, with a 
maximum error of 6.5% at normal operating conditions (Tin =

20–60 ◦C). Therefore, this model can be used with confidence to propose 
alternative designs that achieve a homogeneous temperature distribu-
tion in the PV layer and improve the overall PV-T collector performance. 

Fig. 12. (a) Experimental (exp) vs. theoretical (theo) thermal performance (ηth) of the PV-T collector, and (b) electrical efficiency of the PV-T collector (ηe,PVT) vs. 
electrical efficiency of a PV-only panel (ηe,NOCT). 

Table 3 
Experimental and theoretical thermal performance parameters of the PV-T 
collector.   

ηo (− ) a1 (W/(m2⋅K)) 

Experimental 0.472 9.551 
Theoretical 0.500 10.259 
error (%) 5.9% 7.4%  
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