Chapter 74
Performance Improvement in a BIST Water
Collector: A Parametric Study

Gilles Notton, Christian Cristofari, Fabrice Motte and Jean-Louis Canaletti

Abstract A flat-plate solar collector with high building integration was designed
and prototyped. The experimentations showed that the performances of this solar
collector can be improved. A numerical thermal model, developed in Matlab® envi-
ronment using a finite difference model, was validated. Then, a modelling of the
complete solar domestic hot water system (solar collector + water storage + piping)
was realized. The performance of this system was calculated for various solar col-
lector configurations such as the number and the position of the water pipes, air layer
thickness, fluid flow rate, etc. Several solar fractions were used to implement this
optimization procedure. An optimized solar collector structure is finally presented.

Keywords Thermal solar collector - Building integration - Modelling
Experimentation + Optimization

74.1 Introduction

A large Web survey on architectural integration of solar technologies (addressed to
more than 170 European architects and building professionals) [1] showed that the
architectural integration is a major issue in the development and spreading of solar
thermal technologies.

First, we present the patented concept and the implemented experiment. Second,
we underline the main negative points noted during the experiment. Third, we pres-
ent the numerical models developed for each part of the thermal system: the first
one for the solar collector presented in detail in [2] and a second one for the stor-
age and the thermal loop inspired by the work of Haillot et al. [3]. This numerical
model will be used for determining the best configuration of the thermal system and
studying the influence of various parameters such as flow rate and air layer thick-
ness. At last, we present a new improved configuration of the solar collector.
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74.2 Solar Collector and Experiment

The patented concept H2OSS® is invisible from the ground because it is inserted
within a drainpipe (Fig. 74.1) which conserves its rainwater evacuation role. The
canalizations connecting the house to the heating collector are hidden in the vertical
drainpipe. An installation consists of several connected modules. One module is
about 1 m length and 0.1 m in width (individual houses), and larger modules can be
developed for buildings. The number of modules depends on the drainpipe length.
The structure of the collector is composed of glass, an air layer, a highly selective
absorber, and an insulation layer (Fig. 74.1). The cold fluid flows from the tank
through the inferior insulated tube and then into the upper tube in thermal contact
with the absorber.

The experimentation (Fig. 74.3) allowing one to operate closer to the European
Standard EN 12975-1 was implemented to test the thermal behaviour, to validate
the thermal model, and to improve the performances by some parameter adjust-
ments. Four rows of four thermal modules (1.8 m?), connected in serial or parallel,
are fixed to a solar tracker for better control of the solar intensity and direction
(Fig. 74.2).
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Fig. 74.1 The solar collector H2OSS®

1. Water heater with electrical resistance 2.Temperature sensor (dry cooler gate control).
3. Water heater gate. 4. Dry cooler gate 5. Dry cooler (outdoor). 6. Expansion tank. 7. Pump.
8. Flow rate adjustment. 9. Temperature sensor (water heater gate control. 10. Flow meter

Fig. 74.2 The experiments: the solar tracker with H20SS modules and the thermal loop
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Fig. 74.3 Efficiencies versus the reduced temperature for H2OSS and Buderus SKN. 3.0

We compared the performances of the prototype with a commercial solar col-
lector (Buderus 3.0) (Fig. 74.3); we calculated the optical efficiency and the ther-
mal loss coefficient. Our optical efficiency is high, but the thermal losses are high
particularly on the sides which are more important, and the performances decrease
rapidly when the reduced temperature increases; the best performance is obtained
with a low reduced temperature, that is with a low-input water temperature; it is
more interesting to use a water storage tank with a thermal stratification, working at
low flow rate with a colder temperature.

74.3 Thermal Models

The solar domestic hot water system is described in Fig. 74.4. The thermal model
consists of 2 models:

* One for the H20SS module, which calculates various temperatures in the solar
collector [2]

* One for the hydraulic loop with water storage and distribution circuit developed
by Haillot et al. [3]

We developed a bidimensional model with thermal transfers composed of a serial
assembling of one-dimensional elementary models. The domain is broken up into
elementary isotherm volumes, and for each of the 97 nodes, we write a thermal
balance equation using an electrical analogy. All parameters of this model can be
changed in such a way that we can estimate the influence of future changes on the
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Fig. 74.4 The solar domestic hot water system

performances of solar module. The collectors can be connected in serial or parallel;
in the first case, in the flow direction, the output fluid temperature of the first mod-
ule becomes the input fluid temperature of the next one (Fig. 74.5); in the second
case, the output temperature is the same for all the lines of modules and the total
water flow rate is the sum of the flow rates of each line.

The experimental validation showed a good accuracy of the model: the relative
root mean square errors are around 5% for the water temperatures and from 4.6 to
10 % for the internal ones [2].

During the experimentation, the hydraulic resistance due to the linear structure
was a problem. To reduce it, the solar system must work at low flow rate with these
advantages [4]:
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Fig. 74.5 Electrical analogy of the solar thermal collector and serial connexion
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Fig. 74.6 Model node definitions [3]

» Thermal stratification: Using low flow operation results in an increased outlet
temperature from the collector and a higher degree of thermal stratification in-
side the heat storage, the temperature at the top of the storage will be closer to the
desired load temperature reducing the auxiliary energy consumption and increas-
ing the solar fraction. The return temperature to the collector will be lowered,
and the working periods and the output energy for the collector will be increased.

» Piping: We can use smaller pipes and the heat losses are reduced.

* Pump: The energy consumption of the pump is decreased which is very impor-
tant in our case.

The thermal loop behaviour is simulated using a numerical code based on a nodal
approach [3, 5]. It is divided into 19 nodes: 7 for the fluid circulation, 10 for the
storage tank (optimal number of nodes for taking into account optimally the thermal
stratification) [4], and 2 for the water inlet and outlet in the storage (Fig. 74.6). The
temperature of water at the outlet of the solar collector and the average temperature
of the solar absorber are obtained from the modelling of the solar collector.

The energy balance, in 1D, is applied and an iterative method is used to solve
the first-order differential equations. A “reversion—elimination mixing algorithm”
based on a thermal mix of some storage tank nodes to obtain a correction factor in
order to have a positive temperature gradient from the bottom to the top of the tank
[6, 7] is used to simulate the thermal stratification. More information on the water
utilization profile and thermal regulation are given in [8].

The model of the thermal loop was validated by Haillot et al. [3] from mea-
sured data. The comparison between experimental and computed data is conduced
to a relative root mean square error of 8.6 % for the yearly average solar fraction;
then, the thermal loop model is validated. We plotted in Fig. 74.7 the temperatures
ST1-ST10 into the tank, and we see the stratification phenomenon. The two models
have good accuracy and can be coupled to simulate the thermal behaviour of the
total solar system.
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Fig. 74.7 llustration of the thermal stratification into the storage tank

74.4 Solar Collector Optimization

To choose the optimal configuration, we calculate during each simulation the fol-

lowing data:

The working time of the pump and its electrical energy consumed

The working time of the electrical auxiliary heater and its electrical energy con-
sumed

The thermal energy drawn to the storage tank, that is useful for the user

The thermal energy produced by the solar system (solar and electrical)

The part of the thermal energy produced by the solar resource

The thermal losses by the storage tank and the distribution water network

From these data, we defined three solar fractions:

SF: the conventional solar fraction, which is the ratio of the total solar energy
delivered to the tank Eqy. ol (KWh) and the total energy delivered to the
tank Eqpemal (KWh). Eqyeomar 18 the sum of the solar energy delivered to the tank
and the auxiliary energy delivered to the tank.

!

SF+: we noted that high hydraulic losses occur in the collector due to serial
connexions. These losses impose the use of a high-power electrical pump with
a high electrical consumption. It is necessary to take into account this supple-
mentary energy due to the pump working in the solar fraction, and we added the
electrical energy of the pump E g ecuicalpumn to the electrical energy used for the
auxiliary heating:

=E

Thermal,solar

E

Thermal,solar

SF = EThermal,solar /ET + EElecm'cal,AuxHeal ) . (74 1)

hermal
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Current version New version

Fig. 74.8 The two versions of the solar collector H20SS used for optimization

+
SF = ETherma],solar /( EThermaI,so]ar + EElectrical,AuxHeat + EEIectrical,pump ) (742)

* SF++: the value of electric power and thermal energy differs due to the form of
energy. Electricity is a high-grade form of energy since it is converted gener-
ally from thermal energy. We used an overall thermal efficiency [9] "ITher-Elec for
converting thermal energy into electricity and taken equal at 0.38. This formula-
tion suggests energy equivalence between electricity and thermal energy with an
electrical-to-thermal ratio equal to 2.63 (1/0.38):

++ _
S - EThermal,solar/|: EThermal,solar + (EElectrical,AuxHeat + EElectrical,pump )/UTher-Elec j| . (743)

We saw during the experiment that our collector has high heat losses due to its
particular shape. The objective being to reduce the temperature of the absorber, we
tested, after preliminary studies, a new configuration of the H2OSS collector called
new version (Fig. 74.8).

Our optimization was realized for a solar system used by four persons in Corsica
and composed by 35 serial connected modules (4 m?) and a tank of 200 L. First, we
verified that using 35 serial modules does not produce a temperature saturation, that
is the water temperature continues to increase. Figure 74.9 shows, in steady state,
the water temperature versus the number of modules (solar irradiance 750 W m2,
ambient temperature 25 °C, wind speed 1 m s™!, flow rate 60 L h™!) for the two ver-
sions of solar collectors.

A more rapid saturation occurs for the new version but we can install efficiently,
in serial order, 50 modules (50 m of gutter rarely available in a house). We used a
pump with electrical power proportional to the flow rate between 30 W for 15 L h™!
and 250 W for 200 L h™!. The calculations were realized for winter (January) and
summer (July). We varied the fluid flow rate, the air thickness between cover and
absorber (reduction in convective losses by the front face), and the insulation thick-
ness (back and lateral thermal losses). The collector dimensions must stay within
the commercial standards (the gutter must evacuate rainwater: limits of insulation).
As an example, we show in Table 74.1, the monthly energies for the “current” con-
figuration.
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Fig. 74.9 Water temperature versus number of modules for current and new version of solar
collector

Influence of the Flow Rate A low flow rate allows a thermal stratification of the
storage, a hydraulic losses reduction, and a small pump power and tube diameter
[10]. Hollands and Lightstone [11] calculated an annual energy gain of 38 % com-
pared with high flow rate and Cristofari et al. [4] of 5.25%. The hydraulic losses
are high, and the fact to take into account is that the pump consumption in FR+ and
FR++ should modify the optimization results compared with the use of FR. We see
in Fig. 74.10 that the performances of the new version are better. Then, from now,
we will only consider the new version. An optimum flow rate appears with SF+ and
SF++ because they are a better indication of the performance level. The optimal
flow rates are, respectively, 50 Lh™' and 75 L h™! for summer and winter for the new
configuration, and around 75 L h™! for the current one. For winter, the performance
gaps between a flow rate of 50 Lh™' and 75 L h™! is lower than that in summer; thus,
the optimum flow rate is taken equal to 50 L h™! and the following optimization cal-
culations will be realized for this flow rate, which is considered as a low flow rate;
in fact, we consider as a low flow rate, a value between 7 and 15 Lh™! m 2 [12], that
is for our 4 m? between 28 and 60 L h™".
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Table 74.1 Example of calculation of the solar fractions for the current configuration

January July
Thermal energy drawn to the storage | kWh 182.3 171.0
tank
Thermal losses (storage tank and kWh 27.8 43.9
water distribution circuit)
Thermal energy needs kWh 210.1 215.0
Thermal energy produced by the solar | kWh 51.1 146.0
resource
Running time of the pump hour 62.5 21.9
Electrical energy for the pump kWh 6.2 21.9
Running time of the auxiliary electric | hour 79 34.5
heater
Electrical consumption of the auxil- | kWh 159 69
iary heater
Solar fraction SF % 24.3 68
Solar fraction SF+ % 23.6 61.7
Solar fraction SF++ % 18.6 38.0

Influence of Air Thickness We calculated the three solar fractions for various air
thicknesses (Fig. 74.11). The form of the curve is due to the variation of the con-
vective coefficient in the air layer thickness. It appears in two optimums: 1 cm for
winter and 1.125 cm for summer. The optimum is the same whatever the solar frac-
tion used because the pump consumption has small influence. We chose an optimal
value of 1.125 cm of air thickness. This result is in accordance with the literature
[13] (Fig. 74.10).

Influence of Thermal Insulation We first studied the backside insulation but with
the influence being small, the results will not be shown here. The very hot absorbers
fins are insulated from the aluminium body by only 2 mm of Makrolon® (polycar-
bonate product). We added insulation between fins and body without decreasing
the collection for thicknesses up to 16 mm for each side, but the maximum usable
thickness is 4 mm for a gutter with good rainwater evacuation (Fig. 74.12).

From a thickness of 4-5 mm, the curves tend towards an asymptote. With an
insulation of 4 mm on both sides (2 mm more than now), we have an improvement
of 1.3 % in winter and 2 % in summer for SF.

74.5 Synthesis and Conclusion

From the previous results, we created an “ideal” H20OSS® solar collector with the
characteristics summarized in Table 74.2 for a solar installation for four persons,
situated in Corsica and 35 m of solar modules (4 m?) for water storage of 200 L.
To see the consequences of this optimization on the thermal performances, we
plotted the efficiency versus the reduced temperature for the current and the new
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Fig. 74.10 Solar fractions versus water flow rate for the current and new version of the solar

collector

optimized version in Fig. 74.13. The thermal loss coefficient decreases from 13.80
t0 6.25 Wm 2 K™! (more than 50 %) but the optical coefficient decreases from 0.903
to 0.780 (—13%). Despite the improvement of the thermal loss coefficient, it stays
higher than that of the Buderus 3.0. (4.3 W m2 K™') (Fig. 74.13).

The new positioning of the cold tube in the absorber and the optimization showed
much better performance than with the actual prototype with an annual fraction
passing from 41 % for the current version to 76 % for the new one.
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Table 74.2 Synthesis of the main optimization results

Parameter Optimal value
Water tube positions In the absorber (the cold tube is no longer in
the insulation)
Flow rate 50Lh!
Air layer thickness 1.125 cm
Backside thermal No more
Makrolon® insulation +2 mm on both sides
0.8
0.7 - - - Current version
—— Optimized new version
0.6 1
0.5
2 .. __:-6.25 Tr+0.78
S04 .. n r
:
0.3
0.2
0.1
0 - - T T

0 0.01 0.02 0.03 5 . 0.04 0.05 0.06
Reduced temperature (K.m“.W™)

Fig. 74.13 Performance straight lines for current and optimized versions
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