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Abstract:

With more than 27% of the final heat demand in Europe consumed by the
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topics nowadays, leading to many initiatives to make pilot projects in central
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and southern Europe. This paper analysed two analytical methods to
optimise the essential working parameters (solar collectors, glycol ratio,

volume flow rate, relative tank capacity, and tank height/diameter ratio) in a
pasteurising plant located in Budapest, Hungary. The first method is an
analytical approach to determine the optimum values considering the other
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variables at fixed levels. In contrast, the other one is linear modelling using
response surface method RSM and R script coding program to identify the
most influential factors using Pareto plots and then discussing the most
important two factors' interactions. This research aims to identify which
method is better for optimising solar heat for industrial (SHIP) systems. The
paper compares the previously mentioned methods, and the results are
compared with the results from the other authors. As a result, all factors
showed similar magnitudes in both methods except for relative flow rate
which was neutral in the analytical method and positive in the RSM.

1. INTRODUCTION

Solar process heat is defined as hot water
production using solar thermal collectors in
commercial or industrial facilities for process heat
purposes. During the warm seasons, it is a beneficial
solution for duties that need process heat at a
temperature below 100°C, even better below 50°C.
It can be used for various processes such as
cleaning, washing, baths and vessels heating,
drying, and pre-heating systems. Solar heat can be
done using different types of undeveloped
collectors. For instance: low-emissivity coated
glazing, double glazed flat-plate collector (FPC) with
anti-reflection, tightly sealed with vacuum or gas

fillings, evacuated-tube collector (ETC) with
reflectors, compound parabolic collector (CPC),
parabolic trough collector (PTC), and Fresnel
collectors [1-5]. A critical point must be considered:
the solar system does not need to cover the total
process heat demand, but cost optimisation is
conducted to determine the optimum sizing.

Solar heat for domestic hot water production
has an increasing observable market share globally.
The international energy agency (IEA) expects solar
array installations to provide 45% of the global
demand in 2050 [6]. While currently in Europe solar
heat process is in an early stage of market
development, Hungary still has the lowest target for
renewable energy compared to all other EU
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members [7]. The potential in Europe is enormous,
where 27% of the final energy demand is needed for
industrial heat and 30% of the overall industrial
heat demand at a temperature level below 100°C. It
means that a significant part of this heat, mainly
heat below 100°C, can be produced by solar
thermal plants with commercially available solar
thermal collectors [8]. However, only 70 projects
and installations in Europe were found according to
the IEA task 33 titled "solar heat for industrial
applications".

Such initiatives targeted the awareness raising
for those who oversee industrial decision making.
Also, to train professionals, planning guidelines, and
conduct 12 pilot projects in Europe (mainly in 6
European regions Upper Austria, Madrid/Spain,
Czech Republic, North-Rhine Westphalia and
Saxony/Germany, Maribor /Slovenia) to encourage
the utilisation of this technology. As a result,
projects like Leitl Beton, Horsching, Austria for
prefabricated concrete ceilings with 1.91-10° M
annual production and the annual saving are more
than 70%. Also, Montesano, La Esperanza, Spain for
meat derivates with 1.13-10° MJ annual production
and 45% solar fraction [9-10]. The solar fraction
represents the ratio of the provided solar energy
divided by the total required energy.

It is very important to size the storage tank to
overcome the possible mismatch between the
production peak and the thermal demand peak and
reduce the wasted energy. Sizing the tank can be
done directly or using reference data from
textbooks [7]. Based on those references, 50 |/m? of
solar collector area can be used for the central
European climate conditions. In contrast, 80 |/m?
can be used for regions with higher solar radiation,
such as southern Europe.

Estimating the cost of the solar systems can be
calculated, and it depends on the following five
main elements: solar collectors, storage tank, piping
system, auxiliary heaters, and heat exchangers [11].

It is necessary to classify the processes that
consume thermal energy into open or closed
processes, continuous or discontinuous processes.
Suppose there is a continuous running open process
with no mass or heat recovery. In that case, it
should have the most significant attention since it
has the highest potential for the integrations of the
solar thermal system [12-13].

In recent years, analysis and simulation of solar
thermal systems in both residential and civil sectors
were analysed using several programs such as
TYNSYS, Aspen-HYSYS, Python and MATLAB [14].
That research highlighted the attributed problems

with the efficient use of solar systems from

different prospects. The objective of the economic

prospect is to minimise the costs, while the
technical prospect is to maximise the overall system
performance. At the same time, the environmental
prospect is to minimise pollutant emissions. All
prospects can be applied individually or collectively
on the case study to achieve a better solar system.

In the literature, different approaches have been
developed to design the solar thermal system. It
varies in concept, such as detailed simulation like
the day-to-day iterative method for 365 days per
year like T*Sol. Or a more straightforward method
like f-chart, which calculates the solar fraction
during each month. Based on some sizing methods,
choosing the collector area and the tank capacity is
determined from a fixed share of the annual
thermal load needed. This method assumes a fixed

minimum and maximum shares as 40% and 60%,

respectively. It means that the solar system

provided 60% of the total need during summer and

reduced a bit (10-15%) during the cold season.
Thermal efficiency and exergy analysis must be

done for each component to achieve the optimum

parameter. It can be by using Pinch analysis [12],

system advisor model (SAM) [15], or using the audit

methodology which was developed by the EINSTEIN
project (Exert system for an INtelligent Supply of

Thermal Energy In Industry) [16].

In this paper, two methods were conducted:

v' Changing one variable and detecting its
magnitude on the overall solar fraction while the
other system characteristics are defined;

v The other is a linear modelling and optimisation
process using the response surface method
(RSM) to determine the most influential factors
on the solar fraction. Based on the results, this
research highlights the differences between the
two methods to determine which method is
better for optimising the SHIP system. The two
methods will be compared with each other and
with the other authors.

2. MATERIALS AND METHODS

In this research is modelled an indirectly forced
circulation with external heat exchanger and
primary flow loop with antifreeze fluid solar
thermal system for heat process. The primary loop
absorbs and transports the solar energy from the
solar collectors to the hot side of the external heat
exchanger. The assumed flow is a solution of glycol
in water in different volume percentages to avoid
freezing the primary fluid during wintertime. The
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external heat exchanger transfers the energy
between the primary and secondary loop allowing
the absorbed energy to pass to the heat storage
tank. A temperature sensor checks the produced
hot water from the solar system to see if it matches
the desired water. If not, an auxiliary heating boiler
warms the water to the desired level during the
overcast days. Contrarily, when the water produced
by solar exceeds the desired one, a 3-ways valve can
add cold water to adjust the temperature.

Current studies are focusing on two different
sets of simulations to optimise the system's
performance. The first set is to perform and
optimise the whole system performance for given
characteristics of solar collectors. In contrast, the
second one is to perform a simulation to optimise
the efficiency of the solar collector. Most of those
studies are done using TRNSYS or MATLAB software,
and the scheme of the main components of the
solar process heat system is shown in Fig. 1.

Evacuated tube collector
Budapest
() 72°

Solar tank

Process heat

@r‘@

Heat exchanger

Fig. 1. Solar system for process heat

The working profile of the pasteurising plants is
generally characterised for being continues through
the year with short breaks, e.g., during Sundays
where the work in half capacity, also during January
and December when there are long vacations. In
contrast, the daily profile differs since the
pasteurising shift starts in the early morning at 6 AM
after the milking process. The plant works at 20%
capacity until reaching the cleaning process at 4 PM.
In the cleaning process, higher water temperature
and flow are needed to clean the residuals in the
system components that may cause health
problems. Of course, not all pasteurising plants
have the exact profile since it may differ if the
company has different processes like packaging or
cheese making. However, the studied profile
concerns the primary process of all pasteurising
plants.

The solar system is described considering the
following parameters:

o Different sets of Evacuated-tube collectors

To optimise the overall system, an ETC is chosen
with an 87.8% conversion ratio and 1.43 W/m?K and
0.0038 W/m?K? simple and squared heat transfer
coefficients. The heat transfer coefficients
represent the thermal loss of solar collectors, which
comes from the testing data. The dimensions of the
collector are 2.14 m? of gross area and 1.31 m? of
active area with a specific heat capacity of 8,000
J/kgK.

According to the solar electricity handbook, the
collector needs to face the south with a tilting angle
(B) of 72°, the optimum angle for winter case in
Budapest, Hungary.

e Collector loop heat exchanger

The mean logarithmic temperature difference
(MLTD) is considered constant at 5 K for all cases. At
the same time, the maximum heat transfer rate
depends on the general size of the system, e.g.,
based on process heat requirements and the
collector area. MLTD is usually used in flow systems
to determine the temperature driving force for heat
transfer.

e Unstratified tank

The tank has an insulation thickness of 100 mm
of material with 0.065 W/mK of thermal
conductivity. At the same time, the expected
average daily losses are 25.56 MJ/day. The variable
is the height to diameter ratio HT/D.

e Auxiliary heater

A gas-fired boiler is connected in parallel with
the storage tank. Both the storage tank and
tempering valve are set to the desired heat process
temperature. And the capacity of the boiler is
191.16 MJ which is oversized since the boiler is not
just needed for the duty, but also the space heating.

e Flow circulation pumps

The first one is mounted on the primary loop
between the solar collector and the external heat
exchanger, while the second is between the boiler
and the storage tank, and the last is the process
heat pump between the process and the storage
tank. An on/off controller generates the signals for
each pump; for example, the controller switches the
primary loop if the outlet collector's temperature is
above the tanks' temperature by +8 K and switch off
if it's below +3 K. The variables are the volume flow
rate and the glycol-water volumetric ratio.
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e Internal and external connecting pipes

The external pipes are mounted between the
collectors and the external heat exchanger, while
the internal pipes are between the external heat
exchanger and the buffer tank. The diameter is
calculated based on 0.5 m/s fluid flow velocity. In
contrast, the thermal insulation is 0.045 W/mK and
it is 100% relative thickness of the pipe's nominal
diameter.

e Weather and metrological data

The weather data are acquired between 1986
and 2005 and stored as external Typical
Meteorological Year (MTY) files of Budapest-kmi
weather station.

3. RESULTS AND DISCUSSION
3.1. System optimisation using analytical method

e Required collector area

The analytical model studied five different
collector sets 5, 10, 15, 20, and 25 collectors. The
other variables should be fixed at initial values at
0.05 m3/m? relative tank capacity, the
recommended value for solar heat for industrial
processes in central Europe [11]. At the same time,
the relative mass flow rate to each square meter of
the collector area is 0.05 m3/h/m?% which is within
the recommended range in the literature [17]. In
Hungary, using 30% glycol in water is considered a
proper design to avoid freezing and bursting in the
pipes. Finally, the tank’s height-to-diameter ratio is
1.8 m/m. when this value increases, a higher daily
loss will occur due to the larger exposed surface of
the tank.

The result of the monthly solar fraction for each
collector area is drawn in Fig. 2. The result shows
that for indirect solar system with glycol solution, 20
ETC collectors, for each collector 2.14 m? gross area,
is a proper solution since the recommended value
for industrial heating by solar is between 40% to
60% solar fraction, and this solution gives 48%
annual solar fraction. This system is considered a
proper design since it can provide more than 50%
solar fraction from April till October, while it does
not fall below 25% for the rest of the year.
Moreover, considering the space requirements,
costs, and reliability issues of large systems (for our
case, approximately 43 m?), this system is a suitable
design for industrial production in Budapest.

80

=N
<

Solar fraction [%]
) IS
(=] (=)

0
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e | 0 collectors SF 26%
e 7 ) collectors SF 48%

e 5 collectors SF 14%
15 collectors SF 38%
25 collectors SF 55%

Fig. 2. Required collector area

On the other hand, this scope from another
projection will result solar fraction increase step by
step by adding five extra collectors. As in Fig. 3,
adding more collectors than 25 will result in less
than 5% solar fraction improvement. The results
show that the above 25 collectors for this project
have no significant output to the overall system
performance.

80

= 60

Y

Solar fraction [

0 10 20 30 40 50 60

Collectors

=@ Total solar fraction ——@— added solar fraction

Fig. 3. Solar fraction Vs collector area

e Effect of glycol ratio in solution

The solution of polypropylene glycol-water is
used in the solar system external loop to avoid
freezing and burst problems. The specific heat of
the glycol-water mixture varies with the volumetric
percentage of the glycol in water and the
temperature. Within the operating range of the
collectors, the specific heat of 10%, 20%, 30%, 40%,
50% glycol in water is 4,032, 3,884, 3,736, 3,588,
and 3,440 J/kgK, respectively. Since the specific
heat capacity of the glycol is less than the water, as
the glycol ratio increases, a lower heat capacity of
the total solution will occur. The simulation was
conducted for different values of volumetric glycol
ratio in water which varies between 5% and 60%, to
study the effect of polypropylene on the solar
fraction. The results from the monthly prospect
have no observable results since the graphs are
overlapping, except during December and January,
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where this solution helps to harvest more solar
during wintertime. But using annual solar fraction
graphs helps identify the glycol mixture's
importance in the solar loop. In Fig. 4, the annual
solar fraction improves if more glycol is added up to
35%. It is noted that 60% has similar overall
performance, but 60% is recommended for cities
where the ambient temperature falls to 223K (-50°C)
where solar is clearly not a feasible solution. The
recommended values for Budapest, where the
lowest recorded value was during January at 248.2
K (-25.6°C) and the corresponding recommended
value for this case from literature is 46% glycol ratio
for freezing protection or 30% for burst protection.
Another reason to reject the 60% is the cost of this
liquid, where the external loop must be filled with
tens of litres of solution. As a result, the glycol ratio
has no significant impact on the output. However, it
must be taken from hydraulic prospect to ensure
that no freezing or burst may happen in the solar
system components.

40.09 40.08 40.08
40.08
40.07
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40.05
40.04
40.03
40.02
40.01
40.00
39.99
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Glycol ratio [%]

Solar fraction [%]

Fig. 4. Solar fraction Vs glycol ratio

o Effect of the collector mass flow rate

The effect of the collectors' flow rate m/Ac
ranges between 0.01 to 0.09 m3/h/m? on the
monthly and annual solar fraction is simulated. The
other variables were fixed at 16 collectors, 30%
glycol ratio, 0.05 m3/m? solar tank volume and 1.8
height to diameter ratio. The variation of the solar
fraction on the annual performance is plotted in Fig.
5. The optimum performance is between 0.02 —
0.05 m3/h/m? and the peak at 0.03 m3/h/m?. The
monthly results show that the system
approximately has more than 45% solar fraction
from April till October while it does not fall below
25% but during November.

On the other hand, the flow rate can be kept
constant between 0.02 - 0.04 m3/h/m? so that it will
have no significant influence on the overall solar
fraction. The optimum results found by this
simulation agree with the previous research around

0.036 m3/h [18-19] but with less impact on the solar
fraction. For example, moving from 0.01 to 0.03
m3/h/m? will result in 6% more solar fraction for the
indirect DHW solar system, while here, it will result
in 2.18%. This difference occurs because the two
systems are different in boiler connection (direct,
indirect) and the controlling method.

40.21%

40.5% w00 40.17% 40,079

40.0%

<0, 39.94%
39.5% 3981% 30 2c0r 39.77%

39.0%

Solar fraction [%)]

38.5%

38.08%
38.0%

37.5%
0 20 40 60 80 100

Volume flow rate

Fig. 5. Volume flow rate

e Effect of tank volume

The effect of the tank volume on the system
performance is conducted for various tank-to-
collector ratios V./A.. At the same time, the other
factors are fixed at 16 collectors, 30% glycol ratio,
0.03 m3/h/m? volume flow rate and 1.8 height to
diameter ratio of the tank. As in Fig. 6, the result
shows that the optimum ratio is 0.05 m? for each
square meter of the collector area. Suppose an
increase of the tank's capacity from 0.01 to 0.05
m3/h/m? will gain a 12% additional solar fraction.
This value matches precisely with the
recommendations of the literature in the industrial
sector [6]. If a continuous increase happens, then a
negative impact on the overall system performance
will appear. This difference is due to the increase of
the heat losses from the storage tank to the
surroundings because it will have a larger surface
area. For 0.05 m3/h/m?, the solar fraction is above
40% from April till October and does not fall below
23%.

41% 40.22% 39.79%

o 37.73%

39% 36.84%
37%
35.18%
35%

33%

31%

Solar fraction [%)]

29%
27%

25%
0 100 200 300 400

Relative tank capcity

Fig. 6. Specific tank capacity
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o Effect of the tank height

The effect of the tank height on the overall
system performance is studied for 16 collectors, 30%
glycol ratio, 0.03 m3/h/m? volume flow rate and
0.05 m3/m? solar tank volume. Fig. 7 presents the
relationship between the annual solar fraction and
the tank's height. It shows that the annual solar
fraction increases when the height-to-diameter of
the tank increases from 0.2 to 1 m. Then it remains
at slightly constant values till 1.8 m, and then it
starts to decrease since the heat losses will increase
due to the larger exposed surface area. Similar to
other graphs, it is noted that the monthly solar
fraction remains above 40% from April till October,
while it is above 23% for the rest of the year
(wintertime).

40.14%

40.2% 40.13%

40.05%

40.1%  40.02%,
= 40.0%
£ 39.9%
S 39.75%
= 39.8%
5
S 39.7% 39.67%
39.60%
39.6%

39.5%

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Tank height/diameter

Fig. 7. Tank height to diameter ratio
3.2.System optimisation using RSM and R script

Analytical methods are suitable for having a
deeper look at the system, considering each factor
as an independent variable. Since when the single
variables are evaluated, the other variables are set
at a specific medium level. But is the effect of this
factor being the same when the other variables are
at different levels? In other words, the analytical
methods are not sufficient to make a final judgment
regarding the factors that most significantly
influence the desired goal (solar fraction or system
efficiency), considering that other factors are
changing simultaneously.

For this purpose, a complete set of experiments
was conducted considering all the variables'
fluctuation simultaneously. The experiment has five
variables, which means a set of 2¥ (where k is the
number of variables). It equals 2° = 32 full factorial
experiments for each factor at two coded levels [-1,
+1]. Each level has a corresponding real value which
can be converted using the Eq. 1. The real values are
in Table 1.

real value—center value

coded value = < 1
3 (range)
Table 1. Set of actual experiment values
Variable Coded value Unit
-1 +1
A collector area 5 25 Collectors
B Glycol ratio 10 60 %
C Mass flow rate 0.01 | 0.07 m3/h/m?
D Tank volume 0.01 | 0.07 m3/m?
Tank
E height/diameter 0.4 1.6 m/m
ratio

The modelling process using the R-script
program was created for the abovementioned
values using a linear model. A simulation process
using T*sol is conducted for each case to determine
the corresponding case's solar fraction and system
efficiency.

The linear approach is the least-squares method,
which was invented by Carl Friedrich Gauss back in
1795. This approach provides the rationale for the
best fit line placement that crosses among the
studied data points. To easily observe the results,
the magnitude of each parameter is presented
using the Pareto plot as in Fig. 8. In the Pareto plot,
the influence of every parameter on the solar
fraction is observed and all other interactions from
second, third, fourth and fifth degrees. But while
more than two factors do not exist in nature, the
most critical magnitudes are only considered to
make better visualisation in the Pareto plot

As a result, the most crucial single positive
factors are A, D, and E, representing the collector
area, tank volume, and the tank height/diameter
ratio by 16.5%, 3.6%, and 0.45%, respectively. In
overall prospect, changing factor A (the required
collector area) from 5 to 25 collectors will add
16.5% solar fraction to the system compared to 42%,
as illustrated by the analytical method in Fig. 3.
Similarly, moving from 0.01 to 0.07 m3/m? will add
3.6% to the solar fraction compared to 11.75%, as
in Fig. 6. Finally, moving from 0.4 to 1.6 tank
height/diameter ratio will add approximately 0.45%
to the solar fraction compared to 0.04%, as in Fig. 7.
In contrast, the negative single factor magnitudes
are B and C, representing the Glycol ratio and the
mass flow rate by -0.49% and -0.05%, respectively.
Moving from 10% to 60% glycol ratio will decrease
the solar fraction by 0.49%, while in the analytical
method, it shows a slight increase by 0.04%, as in
Fig. 4. Similarly, the mass flow rate decreases by
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0.05% while moving from 0.01 to 0.07 m3/h/m?
compared to an increase of 1.73%, as in Fig. 5. In
conclusion, those differences between the two
methods are because the analytical method
considers the other variables at a specific level. In
contrast, RSM considers the overall changing of all
factors at the same time.

Solar fraction [%] ParsioPiot

Fig. 8. Solar fraction Pareto plot

The most influential two factors interaction will
be considered using the Pareto plot. It is noticed

A and D interaction

B and D interaction

that A:D and D:E have a positive magnitude of
3.17% and 0.52%, and B:D has a negative magnitude
of -0.55%. The most influential two factors are A:D
which means the interaction between the collector
area and the tank volume. It means if 25 collectors
and 0.07 m3/m? were chosen, it would add a 3.17%
additional solar fraction. It is observed in Fig. 9,
where the best solar fraction can be achieved in the
upper right of the graph where both A and D are
positive magnitudes.

Similarly, the D:E interaction represents the tank
volume with the tank height/diameter ratio. It has a
positive magnitude of 0.52%, which occurs when
both D and E are in positive values where the upper
right side shows a higher solar fraction. In contrarily,
B:D interaction has a negative magnitude,
representing the glycol ratio and the tank volume,
by -0.55%. It means the best is to choose one factor
positive and the other one negative so the overall
will be positive. As clearly, the graph shows, the
best solar fraction happens in the upper left part
where B is negative, and D is positive, which means
having a low glycol ratio and high tank volume.

D and E interaction

Fig. 2. Two factors interaction

4. CONCLUSION

In central Europe, diary factories exist widely
and have a massive demand for hot water for
pasteurising and cleaning purposes during the
daytime, with approximately continuous
consumption profiles during the year. Even though

those factories still rely on electricity to generate
hot water, solar thermal systems like FPC or ETC can
provide an essential portion. This paper presents
analytical and mathematical modelling methods of
five crucial factors (collector area, glycol ratio,
relative mass flow rate, tank capacity, and tank
height/diameter ratio) for optimising solar thermal
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system used for the process heat generation in a
pasteurising plant located in Budapest, Hungary.
The umpire factor was the solar fraction, where the
two methods were compared, and the differences
in the results were highlighted and discussed in
detail. The analytical method can highlight the
magnitude of only a single variable, and it clearly
shows the interval of the optimum value. In contrast,
the other variables are fixed at a specific level.

On the contrary, RSM using the least square
method and linear modelling using R script studies
the magnitude of the variables on the system when
the other variables change. It can also give a general
prospect of the variable using the Pareto plot. Also,
it provides each two-factor magnitude using two-
factors contour graphs. These two methods were
never compared in the literature to highlight the
pros and cons of each one. This comparison will help
to optimise SHIP systems. As a result, the collector
area has the highest positive magnitude in both
methods followed by relative tank capacity and tank
height to diameter ratio, respectively. In contrary,
glycol ratio was the only negative magnitude in both
approaches. On the other hand, relative flow rate
showed relatively neutral behaviour on RSM
compared to positive magnitude on the analytical
method.
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