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KEYWORDS Abstract Solar collectors are active solar devices which help reducing the energy consumption in
Solar thermal collector; buildings. In this paper, a real installation of solar collectors is analysed under different collector
Exergetic analysis; array configurations. Also, both energetic and exergetic analyses have been developed, for both gen-
TRNSYS dynamic model; eral balance and specific variables. To apply these analyses, a TRNSYS dynamic model has been
Exergetic efficiency built and validated with experimental data obtained in the real installation. The values of the rep-

resentative variables have been examined in different points of the installation, resulting in a
description of the installation operation and parameters influencing the exergetic efficiency.
Although parallel connections of the collectors are commonly used, in this work, simulations
and experiments have been carried out with both parallel and series connections. As a result, no
significant differences regarding the array configurations have been found. The values of the exer-
getic efficiency of the collectors are always very low (within 1% and 4.6%), no matter the config-
uration nor the irradiance. Its maximum value was reached after about 5 h of operation, for all
configurations. The values obtained for the whole installation are in the range of 20-50% for the

energetic efficiency, whereas the exergetic efficiency is always lower than 1.5%.
© 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
4.0/).

1. Introduction in households, both for a single dwelling [1,2] and for a larger
scale (such as district heating systems) [3,4]. Among the diverse
alternatives, solar collectors are widely used and, specifically,
flat-plate solar collectors are the most common ones through-
out the world [5] due to their characteristics (simple design,
compactness, low production and maintenance cost) and their

In the current energy situation, with a growing use of renew-
able energy and the consequent reduction of gas emissions,
thermal solar energy is one of the most popular alternatives

* Corresponding author. reliability obtained through long years of experience, research
E-mail address: riosjuan@uniovi.es (J.C. Rios-Fernandez). and development [6,7].

Peer review under responsibility of Faculty of Engineering, Alexandria Several studies carried out on flat-plate collectors have been
University. focused on thermal performance using laboratory or prototype

https://doi.org/10.1016/j.a¢j.2021.06.075
1110-0168 © 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria University.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.aej.2021.06.075&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:riosjuan@uniovi.es
https://doi.org/10.1016/j.aej.2021.06.075
http://www.sciencedirect.com/science/journal/11100168
https://doi.org/10.1016/j.aej.2021.06.075
http://creativecommons.org/licenses/by/4.0/

1666 D. Garcia-Menéndez et al.
Nomenclature
A Surface, m> i i-th material stream
¢ Heat capacity, kJ/K-kg j Jj-th instant
ex Specific exergy, kJ/kg in inlet
Ex Exergy flow rate, kW k k-th component
h Specific enthalpy, kJ/kg KN Kinetic
1 Solar irradiance, W/m? L Loss
in Inlet out outlet
m Mass flow rate, kg/s P Product
n Efficiency p Pressure
out Outlet PH Physical

P Pressure, kPa

0 Heat transfer flow rate, kW

R Universal gas constant, kJ/ K-kmol
S Specific entropy, kJ/K-kg

T Temperature, K

Subscripts and superscripts0

Dead state
¢ Collector
CH Chemical
D Destruction
ex Exergetic
F Fuel

PT Potential

(0] Heat transfer

S Sun

sr Solar radiation
tot Total
AbbreviationsEES

Engineering equation Solver
GSCL Gijon Solar Cooling Laboratory
HX Heat exchanger
TIM Transparent Insulation Materials
TRNSYS Transient Systems Simulation Program

installations [6,8,9], making experimental tests with a single
collector. Verna et al. [6] evaluated the improvement of the
performance substituting the water as thermal fluid by
nanofluids. Alvarez et al. [9] presented a new design character-
ized by its corrugated channel and by the high surface area
directly in contact with the heat transport fluid. This design
was evaluated using both an experimental analysis and a ther-
mal and hydrodynamic model. Zambolin and Del Col [8] com-
pared the efficiency of a standard glazed flat plate collector and
an evacuated tube collector according to the European norma-
tive. In these small installations, it is not feasible to create all
testing environments due to excessive run duration, trade off
and socio-financial implications, as Shivastava et al. [10] and
Tagliafico et al. [11] pointed out. In such cases, both modelling
and simulation are good alternatives for performing long-term
analyses under different weather and operating conditions, and
design optimizations. Shivastava et al. [10] carried out a review
on different simulation tools for these systems and considered
that TRNSYS can be a good option because this tool enables
to simulate the whole solar installation, including the main ele-
ments (solar collectors and water storage tanks) and the sec-
ondary elements (pumps, pipes, and so on).

Also, TRSNSYS is one of the tools subjected to continuous
revisions and updates. Regarding the dynamic simulations,
there are several papers analysing larger scale installations and
different climates. Ayompe et al. [2] developed a simulation
model for forced circulation solar water heating systems. This
model was validated with experimental data taken in an instal-
lation composed of two flat-plate collectors and a heat pipe
evacuated tube collector and produced hot water for a typical
European domestic dwelling in a temperate climate. The model
underestimated the collector outlet fluid temperature by —9.6%.
Hobbi and Siddiqui [11] performed a TRNSYS model for an

indirect forced circulation solar water system using a flat-plate
collector, producing hot water requirements of a single-family
residential unit in a cold climate. Sokhansefat et al. [12] com-
pared two different solar hot water systems with two types of
solar collectors (flat-plate and evacuated tube) under cold cli-
mate conditions, using a TRNSYS model validated with exper-
imental data. They obtained the absolute value error of the
outlet temperature and the mean energy efficiency in a year.
For this type of climate, the evacuated tube collectors have
higher performance. Also, there are some studies of large solar
thermal plants for district heating, although they are still scarce.
Bava and Furbo [3] presented a detailed TRNSYS-Matlab
model to simulate a large solar collector field for district heating
application, comparing the results with experimental data. They
studied different parameters such as the flow distribution in the
different rows, the effect of the flow regime on the collector effi-
ciency, and so on. Tiwari et al. [13] used TRNSYS to simulate
flat plate collectors in India observing a worse performance of
the installation in the monsoon season, July and August.
Recently, Harrabi et al. [14] analysed the performance of a ther-
mosyphon flat-plate solar installation to produce domestic hot
water in a residential dwelling in Tunisia, using a dynamic model
developed in TRNSYS. The results of the simulations pointed
out that with higher storage volume, higher efficiency and solar
fractions were achieved. Tian et al. [15] analysed and validated a
solar collector field with both flat plate and parabolic trough col-
lectors for district heating. In all the references found in the lit-
erature it is assumed parallel connection between solar
collectors, omitting the possibility of serial connection.

The concept of energy quality is naturally associated with
exergy. In this way, exergy analysis can be used in parallel with
energy analysis to determine the most efficient use of energy.
Several authors have applied the methodology of exergetic
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analysis for the optimization of a single flat-plate solar collec-
tor. Gunerhan and Hepbasli [16] investigated a solar water
heating system consisting of a flat plate collector and analysed
the influence of the water inlet temperature on the exergetic effi-
ciency of the collector. Farahat et al. [17] performed an exer-
getic optimization of flat plate solar collectors to determine
design parameters and the optimal thermal and optical perfor-
mance of the collectors. They found the maximum exergetic
efficiency, as well as the optimum values of the absorber plate
area and the mass flow rate. Pons [18] carried out a comprehen-
sive exergetic study of the solar collectors, taking into account
both direct and diffuse solar radiation, and calculating the
exergy losses in the flat-type solar collectors. Jafarkazemi and
Ahmadifard [19] presented both energetic and exergetic evalu-
ations of this solar technology analysing the effect of the design
parameters (working fluid, mass flow rate, inlet temperature,
and thickness of the back insulation) on the performance.
The same design parameters were analysed in the work of Cha-
moli [20] with the application of an optimization procedure of a
typical flat-plate solar collector based on exergy analysis. Ge
et al. [21] introduced, and experimentally validated, a theoreti-
cal exergetic model for the analysis of flat plate solar collectors,
which considers the lack of uniformity in the temperature dis-
tribution along the absorber plate. Mortazavi and Ameri [22]
performed both a conventional and an advanced exergetic anal-
ysis on a simple flat plate collector and a flat plate collector with
thin metal sheet. They investigated the effect of the radiation,
the channel depth and the Reynolds number on the exergy
destruction of each flat-pate configuration components. Genc
et al. [23] presented a transient numerical heat transfer
approach for determining the thermal inertia of each compo-
nent of a nanofluid flat plate solar collector. Through an exergy
analysis, they evaluated the effect of operation parameters on
the thermal efficiency of the collector.

However, few studies addressed the exergetic evaluation of
flat-plate solar collector arrays together with processes related
to the conditioning of buildings. Kalogirou et al. [24] provided
a review on exergy analysis of solar thermal collectors and pro-
cesses, including flat plate collectors and several water heating
applications, where this gap becomes apparent. At the same
time, they emphasized that exergy analysis is a valuable
method to evaluate and compare possible configurations of
these systems and processes. Rosiek [25] reported an exergy
analysis carried out on a process combining a flat-plate-
collector array together with a single effect LiBr-H2O refriger-
ation system. This work used experimental data from a facility
in operation and it concluded with some recommendations,
from the exergetic point of view, for the operation parameters.
A recent review of Sakhaei and Valipour [26] collects the
research conducted on the thermal performance enhancement
of flat-plate solar collectors. They introduce some thermal
models, based on exergy analysis, for the determination of
the optimal design of the collector, and they suggest the use
of dynamic models and the comparison of their results with
experimental data to choose the best option in modelling of
flat-plate solar collectors. In this regard, Allouhi et al. [27] used
exergy analysis to analyse the efficiency of a promising alterna-
tive where they integrated heat pipes to flat plate collectors as a
mean of heat extraction devices. Also, the thermal behaviour
of the whole system and its daily energetic and exergetic per-
formances were discussed. Their results showed thermal effi-
ciencies of up to 33% and exergetic efficiencies of up to 4%.

In this paper, a real installation of flat-plate solar collectors
located in Gijon (a coastal city in the north of Spain) is anal-
ysed. It is part of the Gijon Solar Cooling Laboratory (GSCL)
at the University of Oviedo. This laboratory has been designed
to test different devices, such as solar collectors, absorption
coolers, boilers, ground-coupled heat exchangers and other
dissipation systems, used in heating and cooling systems for
residential buildings. In order to obtain a highly efficient sys-
tem, it is very important to evaluate different configurations
of the solar collectors and select the most appropriate one.
Nonetheless, most home heating installations are designed by
using the worst-case approach, the worst environmental condi-
tions in this context. This achieves that the installation works
correctly in the worst possible scenario, but it also generates an
over-cost of energy and a high level of emissions, unnecessary
in most cases. In the present research, a dynamic model for the
flat-plate solar collectors is developed using TRNSYS. Both
the primary and the secondary circuits are modelled, and the
experimental tests carried out in the real installation are used
to validate the model. After the validation, six configurations
of the flat-plate solar collectors are simulated, under five differ-
ent normal irradiance conditions (200, 400, 600, 800 and
1000 W/m?), giving a total of 30 cases. The main parameters
are obtained to analyse the performance. Furthermore, both
energetic and exergetic analyses have been performed, for both
general balance and specific variables.

The novelty and main contributions of this paper are:

1. Developing a detailed TRNSYS model of a real installation
of 20 flat-plate solar collectors (considering both the main
and secondary devices) and its validation with experimental
data (as we have already considered, most of the works pre-
sent in literature are focused on the analysis of a flat-plate
solar collector as a single unit, and mainly taking into
account theoretical data).

2. Analysing six different possible configurations, through this
model with combination of series or parallel connections of
the collectors. The performance of the installation has been
obtained varying the solar radiation conditions,

3. Choosing the most suitable configuration through energy
and exergy analysis. Energetic and exergetic efficiencies
have been obtained for all configurations under the differ-
ent irradiance conditions. This way, the most appropriate
scenario has been selected.

This paper is structured as follows: Section 1 contains the
introduction and the state of the art on solar thermal collec-
tors. In Section 2 the experimental installation used in this
research is described. In Section 3 the dynamic model devel-
oped is analysed and validated with experimental data; also,
the simulations are performed. In Section 4 the exergetic study
is presented. Section 5 discusses the results obtained in the
energetic and exergetic analyses by using the dynamic simula-
tions. And finally, in Section 6, the conclusions of this research
are presented.

2. Experimental installation

A real installation of solar thermal collectors has been used for
the experimental tests. This installation is composed of 20 col-
lectors, with a total area of 38.2 m? and which can supply
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30 kW of thermal power. This installation is part of the Gijon
Solar Cooling Laboratory (GSCL) at the University of
Oviedo. It is located in the upper part of the East Department
Building at the University Campus of Gijon, a coastal city in
the North of Spain, with a yearly insolation of 1700 sunshine
hours. Fig. | shows a real photograph of the solar thermal
field.

The solar thermal collectors have been installed with a
slope of 43° towards the South-Southeast, at the coordinates
43°31’21.08” Latitude N and 5°37'19.57" Longitude W. The
solar thermal collectors are flat-plate type, Unisol 90 Clima
TIM, dimensions 2.02x1.02 m. They have a TIM convective
barrier consisting of a cellulose acetate with a honeycomb
structure attached to the glass. This technology destroys the
cells formed in the collector by convection reducing the ther-
mal losses and increasing their efficiency.

Fig. 1

Photograph of the solar thermal collectors located in the
upper part of the East Department Building at the University of
Oviedo.
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Three-way valves have been installed so that the collectors
can be connected in parallel or in series. Thus, different config-
urations can be studied in order to select the most appropriate
one, according to the climatic conditions. Also, there is an
inverted return pipe equalizing the paths and, consequently,
the head losses, encouraging the hydraulic balancing of the
installation.

The installation has two circuits, which have been repre-
sented in Fig. 2. The primary or hydraulic circuit is composed
of a pumping group (Grundfos TPE 32-180/2 AFA RUUE
1X230), a flowmeter (KOBOLD DMH-1A15T10A10) and
the security elements needed. The fluid circulating inside this
circuit is a mixture of water and ethylene glycol in a 30% pro-
portion, with a freezing temperature of —17 °C. This circuit is
connected to the secondary one by means of a plate heat
exchanger, model UFO-34/19H-C-PN16 (SEDICAL) with
30 kW thermal power. The secondary circuit is composed of
a pumping group (Grundfos TPE 32-180/2 AFA RUUE
1X230), a flowmeter (KOBOLD DMH-1A15T10A10) and
two water tanks in series with a total volume of 3000 L.

There is also an emergency and safety emptying system,
which allows the installation to be emptied in case of long peri-
ods of inactivity. It is composed of safety valves, deaerators
and an expansion vessel of 300 L.

As regards instrumentation and control, the installation has
a pyranometer, and both temperature and pressure sensors in
different points, as Fig. 2 shows. For better control of the
installation operation, the temperature is measured at the inlet
and exit of each collector. All these measurements have been
monitored and collected using an acquisition data system of
National Instruments.

Different configurations of the solar thermal collectors were
tested: 10 groups in parallel of 2 collectors connected in series,
5 groups in parallel of 4 collectors connected in series and 4
groups in parallel of 5 collectors connected in series. For all
configurations, different flow rates were used during the exper-
iments, and the temperature at the inlet and exit of each collec-
tor, the ambient temperature, the solar radiation and the

Water tank

MO

Secondary

lowmeter

Fig. 2 Scheme of the experimental installation.
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volumetric flow rate were measured and registered each 10 s.
All the experiments lasted around 1 h. After analysing the
experimental results, the configuration of 5 groups in parallel
of 4 collectors connected in series was used to validate the
model.

3. Dynamic model

3.1. Description of the model

The solar thermal installation has been modelled with
TRNSYS 17.02.0004, which has been widely used for this pur-
pose [10]. In Fig. 3 it is shown the scheme of the model used for
validation with the experiments, where 20 solar collectors were
disposed in 4 parallel branches of 5 collectors in series.

The solar collectors were originally checked by the manu-
facturer according to EN 12975-2:2006 standard, obtaining
an intercept efficiency of 0.773, an efficiency slope of 3.071,
and an efficiency curvature of 0.015. The collectors were mod-
elled by means of Type 1b [28] (mathematical reference),
assuming the intercept efficiency of the tests, but modifying
the values of the slope and the curvature of the efficiency, tak-
ing into account the effects of the higher convection losses due
to wind of 1.3 m/s in the real installation. Thus, values of effi-
ciency slope of 7.75 and efficiency curvature of 0.035 were
assumed.

The water storage tanks were modelled with Type 38 [28],
considered as a unique tank of 3000 L. Regarding the heat
exchanger, it was assumed with constant effectiveness as in
Type 91 [28]. As effectiveness, the mean value obtained in
the experiments, 0.821 was used. The model also considers
pipes with their thermal insulation by means of Type 31 [28].

As input of the model, the solar irradiance on the collector
surface, the mass flow rate, and the solar collector inlet temper-
ature are considered by means of Type 9C, generic data reader
(Input data in Fig. 3a). The evolution of such variables during
the test can be seen in Fig. 4.

Instantaneous ambient temperatures were not registered,
but on the day of the experiments a minimum ambient temper-
ature of 16.3 °C and a maximum ambient temperature of
21.6 °C were observed. The test were carried out between
11:15 and 12:17, a value of 19 °C was assumed.

Finally, the time step of the model was set at 10 s, as in the
experimental measurements.

3.2. Validation of the model

For the validation of the model, the output temperature of the
solar collector array and the thermal power supplied by the
collectors are compared with the experimental results (Fig. 5
and Fig. 6). The coupling observed by the model and experi-
mental curves is widely acceptable.

Integrating the thermal power along the experimental time
period, the total energy gained in both cases, simulation and
experimental tests, is obtained. The total energy produced with
the solar array, is 1678.2 kJ for the simulation and 1652.5 kJ
for the experiments, resulting in an error of 1.56% for the
one-hour test. This result shows reasonable accuracy com-
pared with the values of 14% obtained by Ayompe et al. [1]
with TRNSYS simulations for flat-plate collectors in a similar
installation. In a district heating facility, Bava and Furgo [3]

obtained discrepancies between simulations and experimental
results in the range of 1.7-3.5% for cloudy days and lower
than 1% with clear sky conditions. Tian et al. [15] also mod-
eled flat-plate solar collectors with daily energy output fitting
experimental results in the range of —1.7% and 1.1%. The
same authors reported discrepancies in the range of 3% to
3.9% when simulating the performance of a parabolic trough
collectors’ field.

3.3. Description of the dynamic simulations

Once the model has been validated, six possible configurations
of the solar collector array (Fig. 7) have been modelled and
simulated under five different normal irradiance conditions
(200, 400, 600, 800 and 1000 W/m?), giving a total of 30 cases.
Cases are named using a number to identify the array config-
uration and a letter referring to the irradiation level according
to Table 1. Thus, Case 4D corresponds to a collector array of 4
branches of 5 collectors in series under normal irradiance of
800 W/m?>.

In all the cases, both primary and secondary mass flow
rates have been kept constant at 800 kg/h, and the supply
water mass flow rate has been considered constant at a value
of 90 kg/h. For the calculation of the supply water flow
rate, the typical requirement for twelve families, where
75 L per family and per day are demanded, has been
assumed. The replacing water coming into the tank has been
considered at 19 °C (ambient temperature). The simulations
have been run over a period of 10 h, with a simulation time
step of 1 min.

4. Exergetic analysis

An exergy balance can be applied to this installation following
the general formulation [29]:

Z Ex;, = Z Expu + Exp + Ex;. (1)

In this balance, the inlet and outlet terms account for the
exergy associated with both material and energy transfers.

In this solar collector installation, just material and heat
transfers can occur. The exergy rate associated with a heat
transfer is [29]:

fxg, = (1 _g) 0, 2)

The term Qj represents the time rate of heat transfer at the
location of the boundary of the control volume, where the
instantaneous temperature is 7;.

The total specific exergy of the i-th material stream is calcu-
lated by [29]:

ex; = exi™ +ex 4 exIN 4 ex!7. (3)

Here, the potential, ex? T and kinetic, efo , exergies have
been neglected. Neither the chemical exergy, ex‘”, has been
considered, because the composition of the circulating fluid
is assumed to be constant during the process. Therefore, the
exergy of the i-th material stream is obtained from the specific
physical exergy, ex/, and its mass flow rate, rig,q[29]:

Exi = Efo = fi’lﬂuid[(hi — /’l()) — T()(S,' — S())}. (4)
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A

Fig. 7

Table 1 Codes for array configuration
and irradiance levels.

Configuration

20 collectors in parallel

10 branches of 2 collectors in series
5 branches of 4 collectors in series
4 branches of 5 collectors in series
2 branches of 10 collectors in series
20 collectors in series

[NV I SN

Irradiance

200 (W/m?)
400 (W/m?)
600 (W/m?)
800 (W/m?)
1000 (W/m?)

mgaQ® >

The circulating fluid remains in a liquid phase during the
process, so that [29]:

Ex; = tiyia | ¢,(Ti — To) — Tocyln (%) + ToRin (1’7’—)] (5)
0 0

For the exergy reference environment, the temperature and
pressure in Gijon during the experimental test have been taken
as Tp = 19 °C, po = 1022.5 mbar. The system boundaries are
located outside the device, where the temperature corresponds
to the ambient temperature, taken here as the temperature of
the exergy reference environment, 7. This way, there is no
heat transfer to the environment, and the exergy loss term just
refers to material wastes. Therefore, exergy destruction term

.
/4

Solar collector array configurations analysed.

accounts for the total exergy destruction within the compo-
nent: exergy destruction due to the friction and the irreversibil-
ity of heat transfer within the control volume.
For the calculation of the exergetic efficiency, the following
definition has been taken [30]:
EX P 1 Ex D — EX L

Hex ===

6
Ex;: EXF ( )

Applying the exergetic balance to the different components
of the installation (Fig. 2):
Solar collectors:

Exi,in + Exsr = E-xi,our + ExD,c‘ol[e('tar- (7)

The exergy of the solar radiation [31] is:

() (B
3\T,) 3\T;
where 4. is the collector area (1.91 m?), I the solar irradiance
(200, 400, 600, 800, and 1000 W/mz), and T, the apparent
black body temperature of the sun, which is assumed to be
5777 K.

In the solar collectors, the exergy of the fuel is the exergy of

the solar radiation, and the exergy of the product the increase
in exergy of the circulating fluid streams. Therefore:

Ex, =AA -1 , (8)

Exi out E"xtlin
Hex collector = T . (9)
Heat Exchanger:
EX3 + Exs = Ex4 + Ex6 + E"xD.HX. (10)

In the heat exchanger, the primary circuit transfers exergy
to the secondary circuit. This way:
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Ex; — Ex4
'/Ie,\.HX EX(, _ EX5 ( )
Water tank:

In the tank some heat is transferred to the supply water. So,
the exergy balance becomes:

EX(, -+ EX7 = EXS + EXg + ExD,Deposit~ (12)
And,
EXg — Ex7
ex,Deposit — T 0 . 13
Hex,D °posit EXG _ EX5 ( )

Total system:
Ex, + Ex; = ExQ + Exg + Exp 0. (14)

As a result of the whole process, the exergy of the solar
radiation is transferred to the supply water:

nex,tol -

E)Cg — EX7 ( 1 5)

5. Results and discussion

Both the energetic and the exergetic efficiencies of the collector
array for the different scenarios have been analysed and com-
pared. EES (Engineering Equation Solver) Software has been
used for the calculations. Fig. 8 and Fig. 9 show, under irradi-
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Fig. 9 Exergetic efficiency of the array for the analysed
configurations under irradiances of a) 400 W/m? and b) 600 W/m?>.

ances of 400 and 600 W/m?, the energetic and exergetic effi-
ciency of the arrays as a function of time, respectively. And
Fig. 10 shows the energetic and exergetic efficiency of the
arrays also as a function of time versus the irradiance. These
irradiance levels were selected because they are the most fre-
quent in the location where the installation was tested.

The values of the exergetic efficiency of the collectors are
always very low (within 1% and 4.6%), no matter the config-
uration nor the irradiance, as shown in Fig. 9 and Fig. 10b.
Other authors have obtained similar results [8,32,33,34], which
is justified by the high energy (and, therefore, exergy) leaks to
the environment in the collector [32]. In particular, the high
exergetic loss is caused by the following factors: a) heat release
from the absorber plate to the surrounding environment, b)
difference in temperature across the surface of the absorber
plate and the sun, c) solar radiation leaks from the collector
surface to the absorber plate, and d) temperature difference
between absorber plate and fluid [21].

For all the irradiance levels studied, the configuration does
not affect neither the energetic nor the exergetic efficiency of
the collectors’ array, as it can be seen in Fig. 7 and Fig. 8
for irradiance levels of 400 and 600 W/m?. The reason for these
results is that the mass flow rate of the primary circuit was kept
constant whatever the configuration. This condition results in
high mass flow rates inside the collectors in the series configu-
rations, which leads to high pressure losses that make theses
configurations unfeasible in practical installations but they
were still considered for conceptual reasons. It is commonly
known that series connections are used with small flow rates
obtaining high temperatures and thus the collector efficiency
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is penalized. However, if high flow rates could be assumed in
the installation, it could be possible to obtain the same effi-
ciency with a series configuration as with parallel.

With regard to the irradiance, it has been observed for all
the configurations that the higher the irradiance, the higher
both the energetic and the exergetic efficiencies, as it can be
seen in Fig. 10. It can also be observed that as time goes by,
and the fluid temperature increases, on one hand, the energetic
efficiency decreases to a value independent of the irradiance,
with the exception of the simulations with 200 W/mz, in which
case the irradiance level is not high enough to increase the pri-
mary fluid temperature, and for this reason efficiency remains
constant all over the simulation time. On the other hand, the
exergetic efficiency first increases as the fluid temperature
increases, but it starts to decrease once a maximum value is
reached. This maximum is met after about 5 h of operation
and it is not found in the simulations with 200 W/m?, where,
as already mentioned, the temperature of the primary fluid
remains practically unchanged. The same trend is observed
by other authors [21,32]. The reason for this is that after 5 h
of operation an optimum fluid inlet temperature is met, at
which the exergetic efficiency of the array reaches a maximum
value (Fig. 11). The increase of the collector inlet temperature
rises both the outlet temperature and the average absorber
plate temperature, and, in this way, opposite effects are
obtained. The exergetic efficiency is more affected by the outlet
temperature at low temperatures and becomes higher with it.
But, at the same time, the rising of the average absorber plate
temperature, increases the heat loss, which negatively impacts
the exergetic efficiency and it is reduced [21].

As the simulation considers each collector as an indepen-
dent element, it is possible to estimate input and output

as the fluid is passing through the collectors in series. This is
due to the higher temperature of the fluid in each collector.
Fig. 13 shows the fluid mean temperature of the different col-
lectors connected in series for this simulation case, and a tem-
perature difference of 5-10 °C is observed between the first and
the last collectors in the branch.

The evolution of the exergetic efficiency presents a different
trend. Fig. 14 shows the exergetic efficiency as a function of
time and fluid inlet temperature for the 4C simulation. Ini-
tially, the higher the fluid inlet temperature, the higher the
exergetic efficiency of the collector. But, once again, we are
in the presence of the opposite effect that the increase in fluid
inlet temperature over time has on exergetic performance. At
low fluid inlet temperatures, the exergetic efficiency meets a
maximum value as the inlet temperature increases. This beha-
viour can be observed in collectors from 2 to 4, and in the aver-
age of the 5 collectors in series. In collector 1, the initial inlet
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Fig. 12 Individual energetic collector efficiency for case 4C
simulation.
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temperature is very low, and the exergetic efficiency grows con-
stantly, because the exergy increase of the fluid is higher than
the exergy loss due to heat leaks. But, in collector 5, the fluid
inlet temperature is too high, and the negative effect of the heat

loss negatively affects the exergetic efficiency from the begin-
ning of the simulation.

As the solar arrays belong to a general installation, where
heat is transferred to the water supply of a residential building,
it is appropriate to consider the evolution of the performance
of the other main devices as well. Fig. 15 shows the exergetic
efficiency of the plate heat exchanger (HX) and the water stor-
age tank as a function of time for the different irradiances. In
this study, the efficiencies of these two components do not vary
with the configuration of the solar system since the main global
parameters of the installation do not change either. The plate
heat exchanger presents high exergetic efficiencies values
because no heat losses to the environment have been consid-
ered. Initially, the higher the irradiance, the lower the exergetic
efficiency of the HX, but it grows over time, and, until after 8 h
of operation, all cases have similar values. The exergetic effi-
ciency of the water tank grows steadily over time for all irradi-
ances, as expected. The only exception to the general
behaviour is case 200 W/m?, but it is not representative,
because the temperature of the input fluid barely changes.
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Fig. 14  Exergetic efficiency vs a) time and b) fluid inlet temperature for case 4C.
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If the complete installation is considered, the global effi-
ciency can be analysed. As the only part of the installation that
changes among simulation cases is the collector array configu-
ration, and it has been shown that it has negligible influence on
the array efficiency, the global efficiency of the installation is
also independent of the configuration. The influence of the
irradiance level on both the global energetic and exergetic effi-
ciencies is shown in Fig. 16. The global energetic efficiencies
have similar tendencies to the efficiencies of the arrays shown
in Fig. 9, but with slightly lower values. Meanwhile, the exer-
getic efficiencies, with very low values (< 1.5%), now no longer
show a maximum, but grow steadily over time, except for case
200 W/m?, where it remains the same, as explained above.

6. Conclusions

A solar thermal installation of 20 flat-plate collectors at the
Gijon Solar Cooling Laboratory (GSCL has been modelled

and validated with experimental data, and six different config-
urations (series and parallel) of the collector array have been
analysed, under five different normal irradiance conditions
(200, 400, 600, 800 and 1000 W/m?), giving a total of 30 cases.

The values of the exergetic efficiency of the collectors are
always very low (within 1% and 4.6%), no matter neither
the configuration nor the irradiance, justified by the high
exergy leaks to the environment. No significant differences
on both energetic and exergetic efficiency were found for the
series and parallel configurations, as the primary circuit mass
flow rate was kept constant for all the simulations. If pressure
losses were acceptable for the series configuration, the same
efficiency as for parallel configuration could be achieved.

The evolution of exergetic efficiency with time shows that a
maximum efficiency exists, after 5 h of operation. As times
goes by, the collector temperature rises causing the exergetic
output to increase but, also, the thermal losses. Therefore,
an optimum collector temperature is reached where exergetic
efficiency is maximized. This is a difference with respect to
the energetic efficiency, which always decreases whereas the
collector temperature increases. With regard to the irradiance,
it has been observed for all the configurations that the higher
the irradiance, the higher both the energetic and exergetic
efficiencies.

Global installation exergetic efficiency is governed by the
tendency of the deposit efficiency, but with lower values due
to the low collector exegetic efficiency, which agrees with the
literature. The values of global energetic efficiency are in the
range 20-50% for all the simulations, whereas the global exer-
getic efficiency is always lower than 1.5%.

Although the model results are satisfactory, it would be
interesting in future works to improve its dynamical behavior,
in order to achieve a more precise response compared to exper-
iments. This improvement could make it possible to analyse
high frequency phenomena such as the effect of transient cloud
shading on the collectors.
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