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ABSTRACT

In this paper, the optimum orientation and sizing of a thermosyphon flat plate collector—storage solar water heating System
were determined using the typical meteorological year data for Adana, Turkey. The typical meteorological year data for the
location was taken from Meteonorm software, and the daily hot water consumption was estimated by utilizing the Rand hot
water profile. A transient modeling was carried out for the prediction of a full year system performance through the use of the
System Advisor Model simulation program. The effects of the collector area, the storage tank volume, the daily average
delivery temperature and the daily hot water consumption on the annual solar fraction were analyzed by the presented
simulation model. Results showed that the optimum tilt angle for a due south-facing solar collector is found to be 35.0° for
maximizing the annual solar fraction. The collector area and storage tank size greater than 3 m? and 100 L respectively have
little effect on the solar utilization.
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1. INTRODUCTION

Water heating which is one of the essentials of human beings requires thermal energy. This energy had
been met by primitive methods such as burning of wood in the ancient times. The idea of heating
water with solar energy dates back around 200 b.c. when the Rome empire got used it for heating the
public baths [1]. Commercial use of solar water heating (SWH) in houses was invented toward the end
of 19th century. This system was renovated in the following years through a set of improvements such
as antifreeze, thermosyphon, heating control, etc. Today’s world uses widely solar thermal
technologies. By the end of 2014, an installed capacity of 410.2 GW4 was in operation worldwide [2].
Figure 1 illustrates the global share of solar thermal technologies by 2014. In Turkey, water collectors
like flat plate collectors (FPCs) were predominant with 80.80%, followed by evacuated tube collectors
(ETCs) with 19.17%, and the rest was occupied by air collectors. The main issue why the FPCs are
mostly used in the country is considered to be its cheapness relative to the ETCs.
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Figure 1. Distribution of the total installed capacity in operation by collector type. Adapted from [2]
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The levelized cost of energy (LCOE) for small thermosyphon domestic hot water systems ranges
between 2-5 Euro-cent/kWh in Turkey [2]. The FPC systems are widely used in Turkey due to their
lower capital cost relative to the ETC systems. A reduction in initial capital cost of solar thermal
system is expected with the reduction in the capacity of the system components doing the same task.
In order to reduce the LCOE of a specified FPC system, the parameters such as tilt angle, collector
area, and volume of the storage tank have great significance and priority. Selection of the optimum
values promotes efficient harnessing of solar energy with minimum capital cost and size.

A number of studies were carried out to find the optimum tilt angle for solar collectors in Turkey such
as Izmir [3, 4], Adana, Ankara, Diyarbakir, Erzurum, Istanbul, izmir, Samsun and Trabzon in [5].
These studies optimized the tilt angle for the associated locations based on the maximization of
monthly average global radiation. Ertekin et al. [6] made a techno-economic analysis where the
optimum tilt angles for 129 geographic locations of Turkey were found to maximize the useful heat
gain by a SWH system. However, this study considered the determination of the energy requirements
for water heating using the spatial interpolation method of universal kriging in ArcGIS software [7].

On the size modeling of SWH system for domestic supplies in Turkey is quite limited in the literature.
Akinoglu et al. [8] presented the modeling of a thermosyphon solar water heater in TRNSY'S software
[9] for the determination of the optimum collector area in the nine geographic locations of Turkey
including Iskenderun, Dalaman, izmir, Istanbul, Sinop, Rize, Kayseri, Mardin, and Mus. In this model,
the estimated monthly average daily global solar radiation for each location was used for running the
transient simulations. Comakl et al. [10] carried out a transient modeling for a SWH system operating
under the climatic conditions of Erzurum. The optimum size for the storage tank volume to collector
area was proposed to be 50—70 L/m? for more economic and efficient solar water heating systems.

The literature review clearly indicates that a few studies dealt with the size optimization of SWH
system in different parts of Turkey but the case study for Adana is still a question. It should be aware
that in most of the SWH applications in Turkey, the implementers apply standard sizes for their
installations which may not constantly comprise the optimum size. On the other hand, the use of a
typical weather data for a location is usually required in many energy calculations. The main objective
of this study is to determine the optimum tilt angle and size for SWH system in Adana which is one of
the hottest cities in Turkey. For this reason, a long-term transient simulation is performed to analyze
the optimum size of the SWH system using the typical meteorological year (TMY) data for Adana.

2. MATERIALS AND METHODS
2.1. System Description

A schematic of the SWH system for domestic supply is shown in Figure 2. It consists of a
thermosyphon FPC connected with an insulated water storage tank (WST) in horizontal position. The
FPC transfers solar energy from the collector fluid to the delivery water heated in the WST tank.
Although water-ethylene glycol is often used as a collector fluid in FPCs which operates under the
outdoor temperature below freezing, it was considered to be water in this study. Because the long-term
measurements reveal that the lowest ambient temperature in Adana was over the freezing temperature.
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Figure 2. A SWH system with FPC and WST

2.2. Collector Specifications

The horizontal arrangement of the WST was analyzed in this study since they are more commonly
used relative to the vertical ones in Turkey. But it should be known that the effect of the arrangement
on the collector performance is almost negligible [11]. In other words, there is no difference in case
the vertical WST is analyzed instead of the horizontal one. The technical specifications and the
performance ratings of the FPC used in the simulation were taken from the database of Solar Rating &
Certification Corporation [12]. Table shows the characteristics of the FPC.

Table. Collector specifications [12]

Collector type Glazed flat plate
Solar collector Baymak Advanced X
Test fluid Water
Test mass flow rate 0.0188 kg/s-m?
Frzo. 0.711
FrUL 4.757 W/m?.°C
Incidence angle modifier, b —0.1535 (1%t order coeff.)

2.3. Meteorological Data

This study considers the estimation of optimum collector area and WST volume of a FPC system in
Adana, Turkey (Latitude 37.0° N/Longitude 35.3° E, 20 m from sea level). For this purpose, the TMY
for Adana was used to determine the optimum tilt angle and SWH system size. Hourly values of the
TMY data for the selected location were obtained from the weather software Meteonorm 7.2.1 [13]
and then added to the solar resource library of System Advisor Model (SAM) software [14] in the
TMY2 weather file format (see Figure 3 for monthly average variation).
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Figure 3. (a) Yearly variation of monthly average global radiation over the period of 1991-2010; (b) Yearly variation of
monthly average ambient temperature over the period of 2000—2009 [13]

2.4. Hot Water Consumption Profile

In domestic applications, the hot water demand may vary during the course of time, i.e., day to day but
mean daily load variations can be used for the prediction of long-term solar performance [15]. In this
study, the Rand hot water profile shown in Figure 4 was used to estimate the daily hot water
consumption throughout the simulated year. This load scheme is widely used in the literature and
obtained by Fanney and Klein [16] as a result of monitoring six solar domestic hot water systems.
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Figure 4. A normalized hot water use profile. Adapted from [17]
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Although different hot water consumption profiles are available in the literature, the influence of load
distribution upon the performance of a SWH system is about 5% for the water storage tank capacity of
90 L per unit collector area [18]. This effect is somewhat larger when the storage capacity gets smaller.

2.5. System Simulation and Model Description

In this study, the National Renewable Energy Laboratory’s SAM [14] was used to simulate the
transient behavior of the SWH system shown in Figure 5. SAM vyields very fast runtimes and good
agreement on a time based analysis with much more detailed and validated simulations. The validation
of the SWH model in SAM was performed by DiOrio et al. [19] with a commercially proven software
TRNSYS [9].
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Figure 5. Representation of the domestic solar water heating system

The SAM model estimates the energy savings of the control volume, E., (WST) using the first law of
thermodynamics:

dE

d_tcv = ch + r‘hdraw (hmains - hNST ) (1)

where cv refers to control volume, dE/dt is the time rate of energy change, Q is the net rate of heat

transfer, and the last term in the right-hand side of the equation corresponds to the net rate of energy
transfer by the mass entering the WST at the mains temperature, Tmains and leaving the WST at the
mean tank temperature, Twsr.

The energy of the control volume is equal to the internal energy of the water which is estimated by
E.= pVWSTCpTWST (2)

where p is the density of the water, Vwsr is the volume of the WST, and ¢, is the specific heat of the
water.

During solar collection, the WST is assumed to be uniform as shown in Figure 5a. Equation (1) is
reduced to Eq. (3) to solve for the mean tank temperature in each hour:
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dTWsT _ Quseful - Qloss + I"hdrawcp (TWST _Tmains )

(3)
dt AystC,
where Q. is the useful heat gain delivered to the collector fluid, and Q. is the heat loss from the
WST to the ambient air at temperature Ta.
Quseful = FRA% [IT Km (T(Z)n -U L (Tm _Ta ):I (4)
Qloss =Uysr Avst (TWST _Ta) ()

where Fr is the collector heat removal factor, A is the collector area, I+ is the radiation falling on tilted
collector surface, K, is the incidence angle modifier, (za)n is the transmittance-absorbance product at
normal incidence, U. is the overall collector heat loss coefficient, and Ti, is the collector inlet
temperature. Uwst and Awst are the heat loss coefficient and the surface area of the WST.

In Eq. (4), the radiation falling on tilted surface is predicted using the Perez method which is
summarized in [17]. The Perez model is more complex to use but agrees better with actual
measurements as compared to the isotropic and HDKR methods. The incidence angle modifier (IAM)
is defined as [17]

szﬂ=1+b0(L—lJ (6)

(ra), cosé

where bg is the IAM coefficient given in Table, and @ is the angle of incidence. Eq. (6) can be used to
estimate the modifiers at angles less than or equal to 70°.

In Eqg. (5), the ambient temperature during a full year simulation is estimated to be constant at an
average temperature obtained from Figure 3 for heat loss calculations of the WST tank.

Once useful solar energy is not being collected, i.e. during night, the tank is assumed to be stratified
into one hot node and one cold node [19] as shown in Figure 5b. In this condition, the volumes of hot
and cold regions (Vnot and Veo) vary with water draws according to the need. The cold volume
continues to increase and the hot volume decreases until solar collection begins again. The resulting
temperature equations in differential forms are derived respectively for the hot and cold node
temperatures as

dThot _ _Qloss,hot (7)
dt /OVhoth

choId _ anin,cold + mdrawcp (Tmains _Tcold )
dt choIde

(8)

The solar fraction, f is the key parameter for the maximization of energy savings. It specifies the ratio
of how much solar energy collected by the WST to how much total energy needed to supply the
delivery temperature with auxiliary heater as below.

f = Qsaved _ r’hdrawcp (Tset _Tmains ) - rﬁdrawcp (Tset _Tdelivered ) (9)
Qneeded rhdrawcp (Tset _Tmains )

where Te is the mean value of delivery set temperature in domestic usage, and Taeiiverea IS the delivery
temperature supplied by the WST tank at the hour interested.
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It is noted that for calculating the optimum SWH size, maximization of the solar fraction was
considered through the analyses.

2.6. SAM Interface and Solution Algorithm
SAM has a simulation interface which simplifies the analysis and helps users to integrate simulation

parameters easily. The following flow diagram shown in Figure 6 presents the simulation steps used
for this study on SAM.

Solar water heating
system modeling

v

Hourly hot water draw profile

Input data Parametization

(Rand profile)
A
Svstem parameters Tilt angle

e e Tilt, azimuth, diffuse sky model, albedo

Latitude, longitude, timg zong
¢ A SAM
—— FPC specifications > Collector area > simulation
Annual weather data Collector area, Fyzor, F U, TAM,

Local time, global radiation, working fluid, mass flow rate

ambient temperature A

Tank volume

WST properties

Tank volume, height to diameter ratio,
heat loss coefficient, effectiveness, set
temperature, averaged ambient
temperature

Figure 6. SAM’s solution approach for the SWH system

3. RESULTS AND DISCUSSION

Based on the methodology presented above, the simulation modeling constructed in SAM has
computed the outputs for the system in Adana, Turkey. The several simulation parameters of the
system, 8 = 35.0°, Ac = 3 m?, Vwst = 120 L, Uwst = 1 W/m2.°C Tet = 50 °C, the domestic hot water
consumption = 140 L/day, were specified to be invariable unless the contrary is revealed. The
calculations were made for a south-facing FPC for the full year round since the optimum orientation
for solar collectors is south facing in the northern hemisphere [17].

The variation of the solar fraction at varying tilt angle is indicated in Figure 7. The optimum angle
yielding the greatest energy harvesting for the location is calculated to be 35.0°. This value was
compared with the results available in the literature [4, 5, 20]. Nijegorodor et al. [20] derived a set of
relations for any location which lies between a latitude of 60° south to 60° north. As the relations are
applied for Adana, the optimum tilt angle is found to be 35.2°. Gunerhan and Hepbasli [4] presented
that the optimum tilt angle for a solar system operating throughout a year is taken to be equal to the
latitude of the location, i.e. 37.0°. Bakirci [5] calculated the optimum tilt angles for maximizing the
values of monthly average daily global radiation. The optimum tilt angle has been found to be 31.2°
after averaging the monthly optimum tilt angles. It is clearly seen that the result obtained from the
simulation is in good agreement with the literature. It is proposed that the tilt angle of the collector
should be taken between the range of “the latitude of the location —15 or +15” by this way the solar
fraction becomes 2.7% lower than the maximum solar fraction obtained at the utmost limits.
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Figure 7. Variation of solar fraction with collector tilt angle

The influence of the collector area on the solar fraction based on the variation in the WST volume is
shown in Figure 8. The system without WST produces much lower solar fractions around 0.32—0.40.
Increasing the WST size improves the solar fraction but the size greater than 100 L has little influence
on it. This means that enlarging the WST size after this critical value will increase the system size and
be costlier. On the other hand, increasing the collector size is pretty effective on the solar fraction
since the collective energy to meet the delivery load is increased. At 1 m?, increasing the WST volume
lowers the solar fraction due to higher heat losses from the larger tank surface areas. Increasing the
collector area has enhanced remarkably the solar fraction but its rise decreases gradually after 3 m?. As
a common practice, most of the collector producers in Adana set up the collector systems benightedly
with a collector area of 3.5 m? and a WST of 160 L for the dwellings featuring 4 occupants. As seen,
the collector areas yielded from the practice and the simulation are close to each other but the
difference between the storage volumes is quite wide. In practical applications, increasing the WST
volume may lead to increase the mass of hot water in the WST but this lowers the averaged WST
temperature (increases the heat loss from the WST due to enlarged surface area, as well) especially in
cold days and accordingly increases the auxiliary heating power which, in turn, lowers the annual solar
fraction. The simulation results clearly indicate that the size of the practical systems is larger than the
optimum values obtained here but should be reviewed from the view of cost reduction.

The influence of the delivery set temperature on the solar fraction is shown in Figure 9. In many
studies and publications of organizations, the usable hot water temperature is recommended to be
between the ranges of 45—60 °C. For example, the mean value of delivery set temperature in domestic
usage was reported to be 51.9 £1.3 °C by Energy Saving Trust [21]. Therefore, the delivery
temperature ranging from 40 °C to 60 °C was analyzed. As it is shown previously, increasing the WST
volume beyond 100 L is not an effective way to increase the solar fraction. Increasing the set
temperature causes higher tank temperature which results in increased thermal loss from the tank and
warmer water entering the collector and accordingly lower collector efficiency and solar fraction. It is
inferred that for each 5 °C increment in the set temperature results in approximately 4% drop in the
solar fraction.
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Figure 9. Effect of delivery set temperature on solar fraction for different WST volumes

In the simulation, the transient performance of the SWH system was also calculated under different
daily hot water consumption ranging from 100—180 L as shown in Figure 10. The mean household
consumption was found to be 122 =18 L/day with the statistical analysis made by Energy Saving Trust
[21]. This value can vary depending on the number of occupants living in a dwelling. For this reason,
the variation of the daily hot water consumption was analyzed and presented here. As can be seen
clearly, lowering daily hot water consumption increases the solar fraction to high levels. This may
enable to have lower collector area in case the daily hot water demand i.e., number of occupants is
173



Yilmaz [ Anadolu Univ. J. of Sci. and Technology A — Appl. Sci. and Eng. 19 (1) — 2018

low. It is also shown that for each 20 L/day increment in the daily hot water consumption results in
approximately 3% drop in the solar fraction.
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Figure 10. Effect of daily hot water usage on solar fraction for different WST volumes

4. CONCLUSIONS

In this paper, the optimum orientation and sizing of a thermosyphon SWH system consisted of a FPC
and WST were determined using the TMY data for Adana. All the efforts presented here will play
important role in improving the performance of the SWH system and its cost decrement with proper
selection of system size. The following conclusions may be drawn from the results of the present
study:

e The best orientation for increasing the solar harvesting of a SWH system in Adana is
recommended to be 35.0° tilt angle. The optimum tilt in the range of the latitude minus 20° to the
latitude plus 20° has relatively little effect on the annual solar fraction.

e The SWH system without WST yields solar fractions around 0.32—0.40. Adding a WST improves
the solar fraction but it has little effect for the size greater than 100 L.

e Increasing the collector area improves the solar fraction remarkably but its rise decreases
gradually after 3 m?.

e For each 5 °C increment in the delivery set temperature results in approximately 4% drop in the
annual solar fraction.

e For each 20 L/day increment in the daily hot water consumption results in approximately 3% drop
in the annual solar fraction.

e The results presented here will provide SHW manufacturers or installers to specify optimum
orientation and sizing of FPC based domestic hot water systems.
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