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Abstract

In the present study, we investigated the effects of a combined system-control method in a solar thermal system; specifically, preven-
tion of temperature reversal plus a reduced circulation rate. A 3-way valve is adopted as a remedy of the temperature reversal in the water
storage tank and a 2-stage flowrate is implemented as the flowrate control strategy. To evaluate the effects, we perform five experiments
and TRNSYS based simulations with a carefully developed system-control algorithm. As the main result, we experimentally validated
that a 3-way valve is effective for the prevention of temperature reversal and a 2-stage flowrate extends the solar energy collection time.
Annual simulation results show that the proposed combined method improves the system performances (1.9%p increase of collector
efficiency, 2.2%p increase of solar fraction, and 5.3% additional collected energy) compared to the conventional forced circulation sys-
tem. Our results should be applied to the water storage tank proposed in this study.
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1. Introduction

Solar thermal systems convert the solar energy into thermal
energy and store it in the form of heated water which can be
used during a later time. They are recognized as some of the
most competitive systems in the renewable energy field due to
their high economic feasibility and availability [1]. As for the
technology of the water storage tank, the thermal stratification
inside the tank is widely acknowledged as the means by which
the overall system performance is improved as the collector
inlet temperature decreases. Regarding this, previous studies
reported that the stratification improves the useful energy con-
sumption by 5-20% [2, 3]. Further, other experimental and
theoretical studies showed that stratification enhancement
technology, which increases the temperature difference be-
tween the top and bottom of the storage tank, results in a high-
er collection efficiency and higher exergy [4-10].

In the conventional forced circulation system employing
pumps, antifreeze is circulated in a closed loop between the
collector and the heat exchanger located inside the storage
tank in order to prevent freezing during the winter season. The
collected thermal energy is transferred through the heat ex-
changer, and is then stored inside the storage tank. Storage
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tanks employed in small or medium-sized solar systems utilize
the internal heat exchange coil to minimize the overall system
size. In such systems, the heat exchange coil is usually in-
stalled between the middle and bottom of the storage tank.
Contrary to this lower installation of heat exchange coil, our
previous studies showed that the upper and side heating of the
storage tank is more effective for higher stratification per-
formance [11], as upper heating increases the temperature
difference between the top and bottom of the storage tank.
However, a drawback of upper heating arises when the solar
irradiation condition is poor. In this case, the upper tempera-
ture of the storage tank is observed to be higher than the col-
lector’s outlet temperature; we call this phenomenon tempera-
ture reversal. Consequently, temperature reversal destroys the
stratification since the thermal energy stored in the upper side
is transferred to the lower side through the flow inside the
exchange coil.

We already proposed a novel method to prevent the tem-
perature reversal [12, 13]. In those studies, the whole heating
coil inside the tank was divided into the upper coil and the
lower coil, and the antifreeze returning from the collector usu-
ally circulated through the whole coil. When the temperature
sensors detected the temperature reversal, the antifreeze circu-
lation was rearranged to pass through only the lower coil by
adopting a 3-way valve. The effect of this novel idea was con-
firmed by an experiment and a simulation based on TRNSYS
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Fig. 1. Schematic of the experimental set-up of the solar combi-system.
3WV: 3-way valve, SV: Solenoid valve, BV: Bypass valve

[12]. Another critical parameter affecting the stratification
performance is the circulating flowrate. A previous study [14]
showed that the well-controlled forced system shows a better
performance than the natural system, which utilizes buoyancy
as the driving force of circulation. The natural circulation,
however, showed a higher performance when the irradiation
condition was poor. This interesting point can be explained as
follows. Under poor irradiation, the natural circulation still
collects the energy even though the flowrate is low. On the
other hand, the forced system, which operates under the prede-
termined operating condition, stops the energy collection
when it encounters poor irradiation. This analysis suggests
that the elaborate control of flowrate can improve the system
performance, even in with poor irradiation. However, this
means an additional installation cost in the small- or medium-
sized systems is necessary if a precise flowrate control such as
the inverter control is implemented.

In this study, we investigate the system performance for the
combined system, which integrates the flowrate control into
the prevention of temperature reversal. Here, we introduce a
2-stage flowrate control method, which usually operates with
normal flowrate in the good irradiation condition and switches
to a low flowrate under a poor irradiation condition. In par-
ticular, this simple 2-stage flowrate control is designed to be
cost competitive. From a theoretical point of view, the low
flowrate lowers the collection efficiency compared to the
normal flowrate, but increases the collector’s outlet tempera-
ture. This increase in temperature is supposed to be useful for
stratification enhancement in the storage tank and a higher
solar fraction. In addition, low flowrate is expected to extend
the collection time.

As the outline of this study, we conducted five experiments
(Modes 1-5) to verify the effects of lower heating, upper heat-
ing, temperature reversal prevention and low flowrate. How-
ever, it is not feasible to compare the system performance for
the above five modes only through short time experiments
since the actual daily meteorological condition is not repeated
exactly. In this regard, we evaluate the system performance
for the five modes using a commercial code (TRNSYS) under
a given meteorological condition.
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Fig. 2. Drawing of the storage tank. Solid circles represent the thermo-
couple positions.

2. Experiment

2.1 Experimental setup

Fig. 1 shows the schematic of the experimental setup for a
solar thermal system composed of a collector, a storage tank
and a controller. First of all, we explain the closed loop con-
nected in a series by the collector, 3-way valve, upper heating
module, lower heating module, pump, solenoid valve, bypass
valve and flow meter. The antifreeze (Propylene glycol 40% +
Water 60% by weight) circulation through this loop collects
solar energy on the collector and stores the thermal energy in
the tank through the heating modules, where three control
units (pump, 3-way valve, solenoid valve) adjust the loop
according to the control signals. The pump is controlled by an
ON/OFF mechanism; ON means the system is turned on and
OFF means the system is turned off. The 3-way valve deter-
mines whether or not the antifreeze circulates through the
upper heating module (for example, open A and closed B
means circulation through the upper heating module). An
open solenoid valve makes the flowrate normal, whereas a
closed solenoid valve makes the flowrate low since the bypass
valve is always open.

Fig. 2 shows the drawing of the cylindrical storage tank
(outer diameter: 750 mm, height: 1579 mm) used in the ex-
periment. The upper heating module made of stainless pipe
(outer diameter: 15.88 mm, thickness: 1.22 mm, length: 12 m,
heat transfer area: 0.60 m’, coil pitch: 27 mm) is installed in
the upper part of the storage tank. The lower heating module
(length: 20 m, heat transfer area: 1.0 m’, coil pitch: 105.4 mm,
the same stainless pipe as the upper heating module) is in-
stalled in the lower part of the storage tank. The short coil
pitch of the upper side enhances a locally intensive heat trans-
fer compared to the lower side, so that the upper side tempera-
ture will increase more quickly than the lower side. Specifica-
tions for the four main components of the system (collector,
storage tank, heating coil, pump) are listed in Table 1.

Temperatures were measured using a thermocouple (K-
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Table 1. Specifications of the system.

Table 2. Expected performances of five modes.

Size 1180 x 2400 mm? . Operation
D £ Prevention of der bad
Collector Area 2.83m’ x 4 Mode Control cgree O temperature under®
S stratification reversal irradiation
Slope 45 period
Storage tank Capac?ty 550 L Mode 1 LH « ° «
Material STS304 Mode?2 | LH+UH A % %
Upper 15SAx12m LH+UH+
. . Mode 3 A o x
Heating coil Lower 15A x20m 3WV
Material STS304 Mode 4 LH ;rSII;TH + o y o
P Capacity 35lpm (H:3 m)
Hop LH+UH +
Output 40 W
tp Mode 5 WV + 2SF o o o

type) at four points (7,,, 7.,, T,,, T,, ) for system moni-
toring and control, as shown in Fig. 1, and at five points (7, ,,, ,
r,, T,, T,, T, ) inside the storage tank (see Fig. 2)
along the tank axis at an interval of 250 mm in order to obtain
the temperature profiles. Flowrate was measured using a tur-
bine flowmeter (FLOW-300, 0.5-15 Ipm, accuracy +1.0%,
ILJIN) while irradiation was recorded using a pyranometer
(MS-602, ISO 9060 Second Class, sensitivity +2%, EKO). All
the data were gathered using a data logger (HP34970A,

Agilent) at intervals of 12 seconds.

2.2 Five experiment modes (Modes 1-5)

In mode 1, the lower heating module in the storage tank is
heated with the normal flowrate. The antifreeze flows along
the loop (D — B of 3-way valve — (3 — lower heating
module — pump — @ and & — flow meter — ® — col-
lector — (D) (see Fig. 1). In the normal flowrate, a small
portion of the normal flowrate occurs through the path (& —
bypass valve) in parallel with the path of (@ — solenoid
valve). Mode 1 is considered to be the conventional heating
method. In mode 2 [12], antifreeze flows with the normal
flowrate along the loop (D — A of 3-way valve — upper
heating module — (3 — lower heating module — pump —
@ and ® — flow meter — ® — collector — (D) (see Fig.
1). Thermal stratification is expected to be enhanced in this
mode since intensive heat transfer occurs in the upper side.
Mode 3 is identical to mode 2 regarding the usual condition.
However, when the temperature reversal occurs, the 3-way
valve stops the circulation of the upper heating module to
form the loop in mode 1. Consequently, the heat transfer
from the upper side to the lower side is prevented. In this
regard, the upper side temperature is expected to maintain a
constant temperature. Mode 4 is also usually operated as in
mode 2. However, under the condition of poor irradiation, the
flowrate is changed into the low state by closing the solenoid
valve to form the loop (D — A of 3-way valve — upper
heating module — (3) — lower heating module — pump —
(® — bypass valve — flow meter — ® — collector — D)
(see Fig. 1). Hence, the collector’ s outlet temperature
should increase due to the lowered flowrate. Mode 5 is the

LH: Lower heating, UH: Upper heating, 3WV: 3-way valve, 2SF: 2-stage
flowrate. o: Good, A: Normal, x: Bad

proposed method which combines modes 3 and 4. Theoreti-
cally estimated performances of the five modes are summa-
rized in Table 2.

2.3 Algorithm of system control

In this study, the algorithm of system control is important in
order to adequately realize the benefits of the combined
method. The system control is carried out based on the tem-
perature difference (AT ) between the collector’s outlet tem-
perature (7., ) and the tank’s outlet temperature (7, ),
AT =T, —T, . Normal flowrate (,, ) was determined to be
0.17 kg/s based on our previous experiments. This flowrate
allows the usual AT to be maintained around 10 K in the
good irradiation condition. As a result of this flowrate, the
temperature difference between the outlet and inlet of the col-
lector is kept higher than the difference between the top and
bottom of the storage tank. Hence, system control is stabilized
and frequent system ON/OFF changes do not occur. The sys-
tem ON/OFF condition was determined from our previous
experiments; A7, (from OFF to ON) was set to 12 K, AT,
(from ON to OFF) was set to 2 K.

As already mentioned, we employed a 2-stage flowrate con-
trol composed of the normal flowrate m,, and the low
flowrate m,, , which is set to one fifth of m,, (=0.034 kg/s,
m,, =m, /5). The switchover from m,_ to m,, occurs if
AT decreases to 3 K. On the other hand, the switchover from
m,, to m, occursif AT increasesup to 15K. The ration-
ale for the above 15 K, 3 K and the relation of m,,, =m,, /5
can be explained as follows. The switchover from m,, to
m,,, should occur at a temperature that is higher than the
temperature for system OFF. If 1 K of margin is added to 2 K
(system OFF temperature), 3 K is obtained. Thus, the tank’s
outlet temperature is usually very close to the collector’s inlet
temperature (7, = T,,). Therefore, a quantitative relation for
AT (=T,,-T,,) is expressed as follows, using the two rela-
tions for the collector: the energy collection rate O = mC AT
and the definition of collector efficiency 7 =Q / (41,).
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Fig. 3. Collector efficiency curves.

ar =141 (1)
mC,

Therefore, the AT ratio between the low and normal
states, leads to the following equation for the given A4, , I,
and C,:

ATy _ Moy Moy
low :771_ . (2)

AT, 7, m,,

nor

The ratio 7,,/7,, in the above equation can be obtained
from the following equation expressing the collector effi-
ciency [13]:

T -T
n:FR(m)—FRUL(“"I—”). 3)

t

For the normal flowrate, the experimental values for the
collector used in our experiment are 0.7203 for F,(za)
and 3.9488 for F,U, . Using collector theory [16], we can
calculate F,(zar) as 0.6272 and FU, as 3.4387 for the
low flowrate. The two efficiencies of 7, and 7, exhibit
a linear relation with respect to (T”. -T ) / 1., plotted in Fig.
3,and 7,,/n,, is 0.871 over the entire range. Subsequently,
by inserting 7,,/7,, =0.871 and m,, =m, /5 into Eq.
(2) for AT, =3 K, we get 13.1 K for the value of AT, .
This result implies that the switchover temperature 3 K
(m, — m,, ) for the normal flowrate is equivalent to 13.1
K for the low flowrate. Now, the other switchover tempera-
ture (m,,— m,, ) should be greater than 13.1 K in order to
prevent the immediate return from m,, to m,, . In this
context, considering a margin, we decided a switchover
temperature from the low flowrate to the normal flowrate of
15 K to avoid frequent switchovers between the two
flowrates.

As the control criteria for the prevention of temperature re-
versal, both the upper heating module and the lower heating
module are circulated if 7,, is greater than 7, . Otherwise,
only the lower heating module is circulated.
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Fig. 4. Experiment results of mode 1 with load.

3. Experimental results and analysis

Experiments were carried out in the test site located at
Kyung Hee University (Yongin, Korea) since September 2014
either in the good irradiation condition (clear day) or in the
poor irradiation condition (cloudy day). Each experiment was
carried out over one full day. To reflect a practical user’s condi-
tion, a simple load scenario (hot water consumption of about 11
Ipm during 1 hour from 13:00, total 660 L) was applied during
the experiment for good irradiation; cold city water was sup-
plied into the bottom of the storage tank while the same
amount of hot water was drained from the top (see Fig. 1).

Fig. 4 shows the experimental results of mode 1. It discloses
the measured flowrate, irradiation and temperature profiles
from the early morning to the late afternoon. The initial pump
operation between 9:00 and 10:00 shows frequent pump
ON/OFF changes, which is a typical pattern of conventional
forced solar water heating systems. The temperatures of the
top (7,,, ) and bottom (7,,, ) of the tank are almost the same
up to 13:00, showing a fully mixed state inside the storage
tank. All temperatures during the load period (13:00-14:00)
sharply drop due to the cold water supply. Although a tem-
perature difference exists between 7,, and T, , it is worth
noting that a temperature reversal (dotted circle) occurs due to
the sudden deterioration of irradiation (13:00-13:30). Thereaf-
ter, the temperatures rise again and return to the fully mixed
state.

In mode 2, shown in Fig. 5, a notable stratification is obvi-
ously observed over the entire period for the experiment (see
the difference between 7,, and T, profiles). In contrast
to the perfect mixing of mode 1, this stratification is attribut-
able to the effect of the intensive upper heating method. Fur-
thermore, irregular irradiation generates temperature reversal
(12:00-13:00, dotted circle). In the same manner as mode 1,
the load initiation on 13:00 results in the sudden decrease of
all temperatures. However, for the load time with good irradia-
tion, temperature reversal is not observed. Considering the
temperature reversal of modes 1 and 2, it can be concluded
that temperature reversal occurs more frequently with poor
irradiation.
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Fig. 5. Experiment results of mode 2 with load.
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Fig. 6. Experiment results of mode 3 with load.

Fig. 6 shows the experimental results for mode 3 under the
good irradiation condition. We can observe temperature rever-
sal during the time interval between 13:30-14:00 (upper dotted
circle). Interestingly, a small increase of flowrate is observed
during this same interval (inside the lower dotted circle). In
the circulation loop of mode 3, antifreeze flows into the lower
heating module without passing through the upper heating
module. Therefore, the flowrate increases due to the reduction
of flow resistance since the total path is shortened. This means
that our system control using a 3-way valve is correctly func-
tioning. It is notable that the top temperature of the storage
tank is maintained at an almost constant temperature (green
line inside the upper dotted circle), as expected.

Fig. 7 shows experimental results of mode 4 carried out un-
der the poor irradiation condition without load. As expected,
the flowrate changed from m,, to m, under very low irra-
diation (comparing the low flowrate m,, between 12:00-
13:00 and the normal flowrate m,, between 11:00-12:00).
This result clearly shows that our 2-stage flowrate strategy
with the previously described control method can extend the
energy collection time, even in the poor irradiation condition.
Furthermore, we can observe the temperature reversal be-
tween 12:00-13:00 (see the dotted circle). Poor irradiation
once again causes the temperature reversal. However, the up-
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Fig. 7. Experiment results of mode 4 without load.

per temperature of the tank (green inside the dotted circle)
slightly decreases during the interval of temperature reversal,
which implies that the 3-way valve did not stop circulation in
the upper heating module.

Mode 5 is the method that integrates the advantages of
mode 3 (prevention of temperature reversal) and mode 4 (ex-
tension of energy collection time). Fig. 8 shows the experi-
mental results of mode 5 for the clear day without load (Fig.
8(a)), clear day without load (Fig. 8(b)) and cloudy day with
load (Fig. 8(c)). Mode 5 repeats the switchovers between the
low and normal flowrates identified in mode 4 (Fig. 8(a):
9:30-10:30 and 14:00-15:30; Fig. 8(b): 9:30-10:00 and 15:30-
16:30; Fig. 8(c): 11:30-12:30, 13:30-14:00, 14:30-16:00).
These observations indicate that the advantages of mode 4 are
effective mainly in the morning and afternoon, as well as for
the deteriorated irradiation condition at noon. On the other
hand, for the modes without the 2-stage flowrate control, only
sporadic energy collection is observed in the poor irradiation
condition (Fig. 4 of mode 1: 9:00-10:30 and 16:00-16:30; Fig.
5 of mode 2: 9:30-10:00 and 15:30-16:30; Fig. 6 of mode 3:
9:00-10:00, 16:00-17:00); series of thin spikes represent a
short collection time. These results provide more evidence
supporting the advantages of a 2-stage flowrate. Quantitative
data analysis supports the above observations. Mode 5, shown
in Fig. 8(a), shows a much higher additional energy collection
compared to the conventional mode 1, shown in Fig. 4; 5.7 MJ
of additionally collected energy for mode 5 (8.6% of the total
collected energy) for mode 5, and 2.0 MJ of additional collec-
tion for mode 1 (1.8% of the total collected energy). In addi-
tion, Fig. 8 provides evidence for the preventive mechanism
against the temperature reversal phenomena. In the time inter-
val between 14:30-15:00 (Fig. 8(c)), a sudden deterioration of
irradiation causes temperature reversal (see the dotted circles).
In the profile for the flowrate, a small square on the green line
indicates that the 3-way valve stopped circulation in the upper
heating module. Fig. 8(c) presents the operation with the low
flowrate and the temperature reversal prevention for the time
interval 14:50-15:50. During this period, the top temperature
of the storage tank maintained a constant temperature of 31°C,
while the bottom temperature increased from 23.5°C to
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Fig. 8. Experiment results of mode 5.

G

24.3°C (see the upper inset). Further, the inset of Fig. 8(b)
reveals that the low flowrate slightly increased, indicating that
temperature reversal prevention has occurred (see the dotted
upper ellipse). As a result, 7,,, maintains a constant tem-
perature. We can find the same results for the 3-way valve in
Fig. 8(b) (13:30-14:00 of load time, 16:00-16:30 in the late
afternoon) and Fig. 8(c) (14:30-16:00 in the afternoon). Tem-
perature reversal occurs more frequently in the afternoon.
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Fig. 9. Daily load pattern.

4. Simulation

4.1 Simulation process and modeling

Simulations were carried out using TRNSYS. First, meas-
ured meteorological data were input through the type 9¢ Data
Reader module. The output data from the type 16a module,
which produces the solar angle and solar radiation, were input
into the type 1b collector module. The storage tank module of
type 60d including two heat exchangers (the upper and lower
heating modules) employed a simplified cylindrical model,
where a stratified storage tank with 10 nodes was assumed. In
the same manner as the experiment, the temperature difference
between the collector outlet and inlet was used to control the
system operation (Type 2b).

Commercial code EES was utilized to adjust the load tem-
perature, circulated flowrate and city water flowrate. To reflect
a practical user’s condition, a load scenario, such as a hot wa-
ter consumption of 650 L per day, was included in the simula-
tion. The load pattern proposed by Cardinale et al. [17] (see
Fig. 9) was used for the daily load pattern. Also, the city water
temperature was adjusted to the month-averaged earth tem-
perature (1.5 m below the earth) provided by the local Mete-
orological Administration.

The 3-way valve was implemented using type 11f. EES
data were called from TRNSYS through a type 66b module,
which calls external programs. After getting further informa-
tion from TRNSYS (operation time from type 14h), EES cal-
culates the flowrate of the city water upon receiv-ing the
month-averaged city water temperature from type 518. The
city water temperature and flowrate are then transferred to
type 11h. The low flowrate mode and normal flowrate mode
are input through type 2b. A signal (signal: 0 ~ 1 — flowrate:
0% ~ 100%) of type 2b is transferred to type 3b, which is then
adjusted to the flowrate of the circulation pump.

The simulation was performed with time steps of 0.1 h and
0.01 h, however the results were almost identical.

4.2 Comparison between experiment and simulation

In order to evaluate the suitability of the preceding simula-
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Fig. 10. Simulation result for mode 5 under the same condition as the
experiment of Fig. 8(b).

tion, we compared the results from the experiment (Fig. 8(b))
and the simulation (Fig. 10) for mode 5 based on the data from
18th November 2014 (clear day, a load of 660 L from 13:00 to
14:00). The collector efficiency is 51.7% (= 103.4/200.0 MJ)
for the experiment and 50.4% (= 100.8/200.0 MJ) for the
simulation. The simulation shows 1.3%p lower efficiency than
the experiment. Average temperatures of city water and at-
mosphere were 16.8°C and 7.6°C, respectively. The heat load
(58.0 MJ) measured during the experiment was set as the in-
put for the simulation.

The profiles (temperature, flowrate, irradiance) plotted in
Fig. 8(b) and Fig. 10 show good overall agreements between
experiment and simulation. They show similar circulation
pump operating patterns. However, some partial discrepancies
are observed in the temperature profiles between the top and
bottom inside the storage tank. Although the first temperature
reversal (13:40-14:00) observed in the experiment is not
shown in the simulation, the second and third reversals
(15:40-16:30) observed in this experiment are shown in the
simulation at 16:30. These disagreements were expected since
we could not completely reflect the complex structure of the
storage tank and meteorological conditions in the modeling
process. We performed an additional four simulations and
compared the results with the experimental ones (not shown
here). Those simulation results agreed well with the experi-
ments regarding several aspects, such as pump ON/OFF.
However, our simulation was revealed to be imperfect due to
the imprecise simulation of actual irradiation. In other words,
the hour-based irradiation curve in our simulation could not
express the exact irradiation curve. We believe that a more
accurate program is necessary for improved agreements.

4.3 Comparison of daily simulation results

We examined the performances of modes 1 and 5 using the
foregoing simulation method under the same condition using
the load pattern presented in Fig. 9, based on SAREK’s Seoul
standard meteorological data on 28th March and the initial
storage tank temperature of 30°C.

Table 3. Summary of daily simulation results for modes 1 and 5.

Mode 1 Mode 5
Solar radiation [MJ] 240.2
Collected heat [MJ] 96.3 100.3
Collector efficiency [%] 40.1 41.8
Heat load [MJ] 100.5
Auxiliary energy [MJ] 19 16.2
Solar fraction [%)] 81.5 84.0
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Fig. 11. Daily simulation results of modes 1 and 5.

Figs. 11(a) and (b) show the daily simulation results of
modes 1 and 5. In the case of mode 1, shown in Fig. 11(a), the
temperature coincidence between the top and bottom inside
the storage tank confirmed the fully mixed state (see Fig. 4 for
experimental coincidence). Further, the pump operation be-
tween sunrise and sunset shows frequent pump ON/OFF tran-
sitions. The simulation results of mode 5 revealed the strati-
fied storage tank (7,,-T,,, >0), the temperature reversal
(08:00 - 09:00 and 15:30 - 17:00) and the extended operation
time (16:30 - 16:45). Those two phenomena can be qualita-
tively confirmed via experiment in mode 5, as shown in Fig.
8(b).

Simulated results of the collector efficiency were 40.1%
(96.3/240.2 MJ) for mode 1 and 41.8% (100.3/240.2 MJ) for
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Table 4. Summary of the annual simulation results for the five modes
(solar radiation: 52.6 GJ, heat load: 26.2 GJ).

Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode 5
Collected heat [GJ] 19.0 19.5 19.9 19.6 20.0
Collector efficiency [%] | 36.12 | 37.07 | 37.83 | 37.26 | 38.02
Auxiliary energy [GJ] 9.06 8.56 8.55 8.50 8.49
Solar fraction [%] 6542 | 6733 | 6737 | 67.56 | 67.60

mode 5. Mode 5 showed slightly improved performance com-
pared to mode 1. Further, the solar fraction of mode 5 (81.5%)
was higher than mode 1 (80.4%). The comparison results are
summarized in Table 3.

4.4 Comparison of annual simulation results

The annual simulation results of the five modes are summa-
rized in Table 4. Mode 2 shows higher performance compared
to mode 1. This result is attributable to the stratification en-
hanced in mode 2, caused by intensive upper heating. In addi-
tion, the performance of mode 3, modes 4 and 5 are all higher
than that of mode 2. This suggests that the prevention of tem-
perature reversal and 2-stage flowrate control are effective
regarding performance improvement. The results of mode 4
show a slightly improved performance (0.19%p of collector
efficiency, 0.23%p of solar fraction) compared to mode 2.
Mode 3 collects more heat (19.9 GJ) compared to mode 4
(19.6 GJ), which is also close to the collected heat of mode 5
(20.0 GJ). We conclude that the prevention of temperature

reversal is crucial for improvement of the system performance.

The annual collector efficiency is 36.12% (19.0/52.6 GJ) for
mode 1 and 38.02% (20.0/52.6 GJ) for mode 5. Therefore,
mode 5 shows an improved performance (5.26%; (38.02-
36.12)/36.12 of collection efficiency) compared to mode 1. In
the daily simulation results shown in Table 3, mode 5 shows
an increased heat collection (266.3 MJ) compared to mode 1
(252.4 MJ). However, annual simulation shows that the col-
lected heat of mode 4 (19.6 GJ) does not show a significant
increase compared to the collected heat of mode 2 (19.5 GJ).
It is thought that an increase in the average collector tempera-
ture lowers the collector efficiency when the flowrate is low,
as seen in Fig. 3. Therefore, the collected heat of mode 4 is
lower than that of mode 3. The collector efficiency of mode 3
is slightly higher, 0.57%p more than mode 4, but solar fraction
is lower by 0.19%p. From the annual simulation of mode 4,
the 2-stage flowrate control is thought to be more effective in
terms of solar fraction than the collector efficiency. Overall,
mode 5 is the best if all four performances in Table 4 are con-
sidered.

5. Conclusions

We examined the system performance of the solar thermal
system for a novel improvement method which combines a 2-
stage flowrate control and the prevention of the temperature

reversal inside the storage tank.

Experimental results showed that the lower heating pro-
duces almost perfect mixing inside the storage tank. However,
the intensive upper heating definitely builds up the thermal
stratification. Temperature reversal easily occurred in the sud-
den deterioration of irradiation as well as in the late afternoon.
This phenomenon also occurred when the load was applied.
When an adequately developed control algorithm was applied,
a 3-way prevented temperature reversal. Further, this algo-
rithm made it possible for the 2-stage flowrate to extend the
solar energy collection time.

The annual simulation showed that the proposed combined
method improves the collection efficiency by 1.9%p, and the
solar fraction by 2.2%p compared to the conventional lower
heating method. Further, 1 GJ of solar energy was additionally
collected, which is an improvement of 5.3%.
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Nomenclature

A, : Collector area [m?]

C, : Specific heat of antifreeze [kJ/kgK]
F, : Collector’s heat removal factor [-]
I, : Incident radiation [kW]

m : Flowrate [kg/s]

0 : Solar energy collection rate [W]

T : Temperature [°C]

U, : Collector’s overall loss coefficient [kJ/hrm*K]
Subscript

a : Atmosphere

bm : Bottom

c : Collector

i : Inlet

low : Low flowrate

nor : Normal flowrate

o : Outlet

s : Storage tank

tp : Top

Greek symbol

a : Absorptance [-]

n : Collector efficiency [-]

T : Transmittance of collector’s cover [-]
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Appendix

In order to acquire the error data between the thermocouple
used in this experiment and the standard thermometer (mer-
cury thermometer), we performed a temperature comparison
experiment for a total of 150 points (25 points each for 5°C,
10°C, 20°C, 30°C, 40°C, 50°C). The data (standard tempera-
ture-thermocouple temperature) are presented in the histogram
in Fig. A.1. Statistical analysis shows that the thermocouple
temperature is lower than the standard temperature by
0.495°C in the error range of +0.022°C (confidence level:
95%).

50
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Fig. A.1. Histogram of the temperature error data.
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