
Modeling, simulation, and optimization of a solar water heating system in different
climate regions
Kaan Yaman, and Gökhan Arslan

Citation: Journal of Renewable and Sustainable Energy 10, 023703 (2018); doi: 10.1063/1.5004069
View online: https://doi.org/10.1063/1.5004069
View Table of Contents: http://aip.scitation.org/toc/rse/10/2
Published by the American Institute of Physics

http://aip.scitation.org/author/Yaman%2C+Kaan
http://aip.scitation.org/author/Arslan%2C+G%C3%B6khan
/loi/rse
https://doi.org/10.1063/1.5004069
http://aip.scitation.org/toc/rse/10/2
http://aip.scitation.org/publisher/


Modeling, simulation, and optimization of a solar water
heating system in different climate regions

Kaan Yaman and G€okhan Arslana)

Department of Mechanical Engineering, Mersin University, 33343 Mersin, Turkey

(Received 11 September 2017; accepted 20 February 2018; published online 9 March 2018)

To design an effective solar water heating system (SWHS), parameters such as

the energy consumption rate, total cost, and climatic region characteristics must

be analyzed during the time interval (annual or seasonal) of the predicted use. In

this paper, the optimum dimensions of a SWHS were determined using the life

cycle cost (LCC) analysis constraint by the 40% solar fraction for the different

regions of Turkey for annual and seasonal periods. Particle swarm optimization/

Hooke and Jeeves hybrid optimization algorithm was applied. The optimum

number of solar collectors and the volume of the hot water storage tank of the

SWHS were determined. The optimization process showed that LCC could be

reduced for all regions in the range of 3.3%–5.8% in the annual simulation period

and 1.8%–4.8% in the period of the summer season simulation. The optimization

process carried out in the winter season revealed that the optimization results

obtained over different time periods can make a difference in the relations

between the optimization parameters. Accordingly, the performance of the

SWHS could be improved using a design according to the optimum results

obtained at the time interval of the usage. The optimization results obtained in

the summer season led to a saving in LCC, while the results obtained in the

winter season led to an improvement in the system’s thermal performance.

Finally, the relative influence of possible operating parameters on an optimum

SWHS was investigated through sensitivity analysis. Published by AIP
Publishing. https://doi.org/10.1063/1.5004069

I. INTRODUCTION

According to the European Commission - Eurostat solar energy statistics, annual primary

production of solar thermal energy is 828 ktoe (34 646 TJ) in 2015 for Turkey and 65% of the

produced energy is consumed in the residential sector. In that sector, almost all the solar ther-

mal energy was provided by solar thermal systems that were used for heating domestic hot

water (DHW), mainly by small-scale systems in single-family houses and larger applications

attached to multi-family houses, hotels, schools, etc.1 Over the last 10 years, solar thermal

energy production has increased by about 2 times, and according to the policy implemented by

the Turkish government, it is obvious that this increase will continue in the future. Solar water

heating systems (SWHSs) are generally known for high initial cost and low operating cost.

These systems need to be carefully evaluated, especially given the increase of solar energy

applications in recent years. In this evaluation, the SWHS components must be designed con-

sidering the effect of climate, energy, and cost on satisfying the thermal and economic condi-

tions. One of the base issues in solar energy applications is the time discrepancy between solar

energy employability and thermal demand. Material savings can be increased, and system

performance can be further improved by creating a design that takes into account the seasonal

climatic conditions and the variety of the intended use of the systems.
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In the literature, SWHS design methods are classified into two categories as correlation-

based and simulation-based. Commonly used correlation-based methods include U,2, U;3 f-
chart,4 and U, f-chart5 methods. These methods have been successfully implemented by some

researchers6 despite various limitations such as different usage profiles and climatic data. On

the other hand, simulation-based methods such as EnergyPlus,7 Transient System Simulation

(TRNSYS),8 and WATSUN9 have been implemented along with the development of technol-

ogy. In particular, after 2006, there has been an increasing trend towards studies concerning the

optimization of SWHS (indexed between 1966 and 2017 by SciVerse Scopus of Elsevier).

Various researchers numerically and/or experimentally investigated the effect of various design

variables on system performance using comprehensive optimization algorithms, such as genetic

algorithm (GA), particle swarm optimization (PSO) algorithm, and Hooke and Jeeves (HJ) algo-

rithm (e.g., Refs. 10 and 11). Examples of these studies are as follows: Skerlić et al.12 used the

HJ algorithm to find optimum solutions for an SWHS. To obtain the highest solar fraction (SF)

(for Belgrade over 3-, 6-, and 12-month periods), the optimum solar collector inclination angle

was determined. Using the optimum collector inclination angle in the SWHS, it was shown that

the energy consumption can be reduced by 4.7%.12 Similar to the HJ algorithm, GA has been

used in several optimization problems.11,13 Ko11 used GA to create optimum configurations and

sizing for the capacity and quantity of solar collectors, storage tanks, and auxiliary heaters. Atia

et al.13 obtained optimum solutions using GA in which solar energy solely supplied up to 98%

for system operation. In their optimization study, Bornatico et al.14 suggested that by using the

PSO algorithm instead of GA, investment cost was reduced by 30%, improvement in energy

consumption was 3.8%, and the solar fraction was increased by 17.5%. In some studies, hybrid

algorithms were used.15,16 Thus, researchers combine advantages of algorithms to converge the

optimization problem in an efficient way. Ng Cheng Hin and Zmeureanu15 observed that the

PSO/HJ hybrid algorithm reduced the life cycle cost (LCC) of the solar combisystem by 19%,

the life cycle energy use by 34%, and the life cycle exergy by 33% (technical boundary) and

24% (physical boundary). Rey and Zmeureanu16 optimized an SWHS for a residential building

using a PSO/HJ hybrid algorithm. The life cycle cost and life cycle energy were reduced by

11.4% and 36.1%, respectively. There is no general rule for optimization algorithm selection of

SWHS because of both the complex structure and the variety of the intended use of those sys-

tems. However, it is possible to say that the authors usually benefit from GA, PSO, or hybrid

algorithms. Some other important research studies are summarized as follows: Kalogirou17 pro-

posed an approach to design and optimization of various SWHSs with an artificial neural net-

work and GA. The optimum collector area and storage tank volume were obtained in order to

produce the maximum life cycle savings. Yaman and Arslan18 suggested the optimization

method in order to optimize life cycle cost for an SWHS. The obtained results showed that SF

increased with an average of 35.4% and LCC decreased with an average of 4.5% in different

climatic regions. Yan et al.19 proposed an optimization method of providing the maximal life

cycle energy saving. Recently, Araya et al.20 and Karaçavuş21 proposed SWHS optimization

methodology that focused on cost efficiency, implemented for different climatic regions.

There are limited studies on the optimization of an SWHS for monthly or seasonal periods

rather than the annual period. For example, Fahmy et al.22 determined the optimum surface

area of the flat plate collector of an SWHS to obtain the highest solar fraction on a monthly

basis, and Li et al.23 suggested that the storage tank volume corresponding to one unit collector

area was between 0.01 and 0.02 m3/m2 in their work on storage volume and storage tank tem-

perature. A similar study showed that using the multiple tank system is more efficient than the

single tank with thermal stratification, according to the design method of SWHS that was pro-

posed in the cold climate regions by Mori and Kawamura.24 Their results showed that 20% of

total hot water demand was provided by solar energy in the winter period for a cold region,

whereas sufficient thermal performance could be obtained in the summer period. Hobbi and

Siddiqui25 stated that the designed SWHS according to the optimum parameter values of the

solar collector surface area and mass flow rate, fluid type, storage tank volume and height, heat

exchanger effectiveness, size and length of connecting pipes, and type of absorber plate mate-

rial could provide for 83%–97% and 30%–68% of the hot water demands in summer and
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winter.25 Hasan26 performed a parametric study on the optimum collector angle of inclination

and tank volume and position on a monthly basis for a thermosyphon solar water heater.

System performance increased by 5% using a smaller storage tank placed 0.5 m above the col-

lector bottom header at the optimum collector angle of inclination.26 However, only design sol-

utions based on the annual basis were discussed in detail. In addition, many researchers have

investigated the optimum orientation of the collector and/or the angle of the solar collector

inclination for monthly, seasonal, and annual periods.27–30

The survey of the literature showed that the optimization of the SWHS components (e.g.,

storage tank, solar collector, and auxiliary water heater) has been carried out according to ther-

mal, economical, and/or environmental aspects in annual or long-term periods. The optimum

design results obtained over short time periods are required for extreme cold/hot climatic condi-

tions or special applications, such as a greenhouse rather than annual or long-term periods.

Using this approach, the thermal and economic performance of the system would be increased.

On the other hand, whereas many researchers perform design and optimization of SWHS with

cost efficiency such as life cycle cost,11,13 life cycle savings,20 and payback period,31 they could

ignore certain contribution of solar energy, which is crucial for sustainability. When the studies

are evaluated in this direction, the obtained results can be very different.

In this study, optimum SWHS design parameters (storage tank volume and number of solar

collectors) are determined for five different climatic regions of Turkey. The optimization proce-

dure including the LCC analysis constraint to 40% SF was carried out for annual and seasonal

periods. PSO32 and the HJ33 hybrid optimization algorithm (PSO/HJ) were used in the proce-

dure. Finally, the parametric sensitivity analysis was performed to investigate the effect of

water temperature demand, daily total amount of hot water required, and domestic hot water

(DHW) profiles on an optimum SWHS design. The remainder of this paper is organized as fol-

lows: First, the simulation model is described and the optimization problem is defined in Sec.

II. Then, the hybrid optimization algorithm (PSO/HJ) is explained in detail in Sec. III. In Sec.

IV, the SWHS simulation and sensitivity analysis results are presented and discussed.

II. SYSTEM SIMULATION AND DESCRIPTION

A conventional SWHS was designed for a single-family house. The basic components of

the system are given in Fig. 1. There is a closed loop system composed of a flat plate solar col-

lector, a hot water storage tank assisted with a natural gas fired heater, a circulation pump, pip-

ing, and controls. The energy simulation of the SWHS was undertaken using EnergyPlus#

(v8.4), a widespread and accepted tool in the global energy analysis community.34 Among the

other popular simulation tools such as BLAST (Building Loads Analysis and System

Thermodynamics), BSim (Building Simulation), DeST (Designer’s Simulation Toolkit), eQuest

(Quick Energy Simulation Tool), and TRNSYS (TRaNsient SYtem Simulation), EnergyPlus is

defined as completely implemented for modeling characteristics such as simulation solution,

time step approach, simultaneous radiation and convection, solar gains, shading, and sky con-

siderations.35 The simulation model is described in the subsections II A–II E.

A. Reference climatic conditions

To evaluate the effect of the climate on the performance of the SWHS, five major climatic

regions of Turkey were considered according to the TS825 standard,36 Ankara (mild-dry),

Erzincan (cold), Erzurum (severe cold), Istanbul (mild-humid), and Mersin (warm). One-year

EnergyPlus simulations were carried out with a typical meteorological year (TMY) weather file

(time resolution 1 h) generated using Meteonorm# software. The climatic conditions are sum-

marized in Table I.

B. Flat plate solar collectors

The solar collector was selected from the product list of ACR Solar Company.37 The net

surface area of the solar collector was 0.93 m2, and four collectors were installed in the system.
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The orientation of the face of the solar collector was in the southerly direction with a slope

angle of the latitude of the region. The thermal efficiency of the collector was defined using the

Hottel-Whillier-Bliss equation38 given in the ASHRAE handbook

g ¼ QSC

IsolarASC
¼ FR sað Þn � FRUL

Tin;SC � Tambð Þ
Isolar

þ FRUL2

Tin;SC � Tambð Þ2

Isolar
; (1)

or

g ¼ a0Kh � a1

Tin;SC � Tambð Þ
Isolar

þ a2

Tin;SC � Tambð Þ2

Isolar
; (2)

where a0 is the optical efficiency and a1 and a2 are the first order and second order heat loss

coefficients, respectively. These coefficients were determined according to the Solar Rating &

Certification Corporation (SRCC)39 test results as ao ¼ 0.6, a1 ¼ �3.87, and a2 ¼ 0.002. Tin is

the temperature of the water at the inlet of the solar collector, and Tamb is the ambient air tem-

perature. Finally, Isolar is the solar radiation on the solar collector surface.

The actual thermal efficiency of a collector depends on the incidence angle of the solar

radiation. The incidence angle modifier for the direct and diffuse component of the solar radia-

tion is expressed as follows:

Kh ¼ 1� b0

1

cos hð Þ

� �
� b1

1

cos hð Þ

� �2

; (3)

where h represents the incidence angle and bo and b1 are �0.194 and �0.019, respectively.

FIG. 1. The solar water heating system: (a) Flat plate collector; (b) pump; (c) storage tank assisted with a natural gas heater;

NG: Natural gas; and DT: Differential thermostat.

TABLE I. Key weather data for each region.

Latitude (�N) Longitude (�E) Altitude (m)

Global solar radiation

(kWh/m2)

Min/max temperature

(�C)

Regions Climate Summer Winter Summer Winter

Ankara Mild-dry 40.0 32.9 902 580.8 843.1 14.1/28.9 �9.9/23.8

Erzincan Cold 39.7 39.5 1215 604.7 862.7 14.2/28.1 �15.3/20.8

Erzurum Severe cold 40.0 41.3 1823 506.3 991.5 13.6/23.9 �25.9/15.5

Istanbul Mild-humid 41.0 29.1 33 842.6 507.9 10.9/29.3 �1.4/18.9

Mersin Warm 36.4 34.0 15 1411.7 285.7 12.6/33.8 3.5/17.1
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C. Stratified storage tank

The volume of the storage tank was 200 l, and the height to diameter ratio was 3. The over-

all heat loss coefficient was assumed to be 0.8 W/m2K. The temperature difference in the stor-

age tank affects the SWHS thermal performance. Therefore, the stratification in the tank was

taken into account in the calculation procedure. The cylindrical storage tank was divided into

five nodes at an equal distance. The energy balance at each node defined by Araya et al.20 and

Duffie and Beckman40 is given in Eqs. (4)–(8)

MST;n
dTST;n

dt
¼ USTAST;n Tamb � TST;nð Þ þ

kAST;nþ1 TST;nþ1 � TST;nð Þ
Dx

þ kAST;n�1 TST;n�1 � TST;nð Þ
Dx

þ _Qnþ1 þ _Qn�1 þ _Q1þ _Q5 þ _Qaux; (4)

where

_Qnþ1 ¼ _mL � _mSCð Þcp TST;nþ1 � TST;nð Þ; if _mSC < _mL; (5)

_Qn�1 ¼ _mSC � _mLð Þcp TST;n�1 � TST;nð Þ; if _mSC > _mL; (6)

_Q1 ¼ _mLcpTmains � _mSCcpTST;1; if n ¼ 1; (7)

_Q5 ¼ _mSCcpTout � _mLcpTST;5; if n ¼ 5; (8)

where the storage tank inlet of water mains is located on node 1 and the outlet of the storage

tank is located on node 5. M is the storage tank mass, m is the flow rate, T is the temperature,

and A and U are the storage tank area and overall heat loss coefficient, respectively. SC, L, ST,

amb, and mains subscripts represent the solar collector, load, storage tank, ambient, and mains

water, respectively.

D. Load

When the solar energy was not sufficient to provide hot water demand, a natural gas oper-

ated heater was used in the storage tank. The auxiliary energy ( _Qaux) to heat the water in the

storage tank to the set temperature with a natural gas fired water heater was calculated using

the following equation:

_Qaux ¼ gaux _mLcp TL � TST;n¼5ð Þ; (9)

where gaux is the thermal efficiency of the natural gas-fired water heater. Thus, the system load

( _QL) is calculated using the following equation:

_QL ¼ _QSC þ _Qaux � _Qloss: (10)

E. Control strategy

A variable speed pump was used to circulate the water between the solar collector and the

storage tank. A differential thermostat was used to compare the temperature in the storage tank

with the temperature in the solar collector outlet. If the temperature difference is higher than

5 �C, then the circulating pump starts and stops when that difference is below 2 �C. Thus, the

pump is only turned on when there is a useful heat gain.

In the SWHS, the hot water usage instantaneous peak value was assumed to be 0.08 l/s and

the total amount of hot water demand was 300 l at 55 �C. A time-dependent hot water usage

profile was defined according to ASHRAE 90.241 standard.
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III. OPTIMIZATION FRAMEWORK

In this study, the optimum design solutions of an SWHS were determined using a hybrid

optimization algorithm, PSO/HJ. Wetter and Wright42 stated that the combination of PSO and

HJ algorithms improves the optimization performance, despite the hybrid algorithm having

been chosen for a few studies43 in the literature. PSO was proposed by Kennedy and

Eberhart44,45 and further developed by Clerc and Kennedy32 with a constriction coefficient algo-

rithm. PSO is a population-based optimization method inspired by the social behavior of birds

and bird-like species. The particles (solution) in the population randomly generated by the PSO

algorithm are assigned to their random initial positions (x) and velocities vð Þ using the follow-

ing equations:

vkþ1
i ¼ X vk

1 þ c1u
k
1 pk

l;i � xk
i

� �
þ c2u

k
2 pk

g;i � xk
i

� �� �
; (11)

xkþ1
i ¼ xk

i þ vkþ1
i ; (12)

where i is the number of particles and k is the number of iterations. pl;i is the position of the

lowest cost function for the ith particle and pg;i is the position of the best particle in all previ-

ous generations. u1 and u2 are the randomly generated numbers between 0 and 1. Acceleration

constants are selected as c1 ¼ c2 ¼ 2:05.32 The PSO performance is improved by controlling

the particle velocity with the constriction factor X. The constriction factor is calculated using

the following equation:46

X ¼ 2

2� x�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � 4x
p�� �� ; (13)

where x ¼ c1 þ c2 ¼ 4:1:
The particles change their velocity and position relative to the best solution in the popula-

tion. In this way, generations are updated to obtain the most appropriate values. The solution of

the PSO algorithm is chosen as the starting point for the HJ algorithm. The HJ pattern search

algorithm is a direct search method proposed by Hooke and Jeeves.33 HJ finds the local mini-

mum for the most appropriate solution according to the neighborhood relation at each iteration.

The successful values obtained by HJ are assigned as the optimum solutions. The control

parameters of the PSO/HJ hybrid algorithm are listed in Table II.

The optimization problem of SWHS was solved using GenOptVR (v3.1), an optimization

program for the minimization of a cost function evaluated by EnergyPlus. In Fig. 2, a general

flow chart diagram of the SWHS optimization procedure is presented. EnergyPlus needs an

input file that describes the SWHS and the environment surrounding it. After the simulation has

TABLE II. Settings of the SPO/HJ algorithm used for the optimization.

Parametera Value

Neighborhood topology Von Neumann

Number of particles/generations 10/10

Cognitive/social acceleration 2.05/2.05

Maximum velocity gain continuous/discrete 0.5/4

Constriction gain 0.7298

Mesh size divider 2

Initial mesh size exponent 0

Mesh size exponent increment 1

Number of step reductions 4

aThe first five rows for PSO and the last four parameters for HJ algorithms are user-defined.
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been completed, the required output data listed in the EnergyPlus raw report variable output file

(*.eso) were transferred to the algorithm written in Java platform in the GenOpt program. The

optimization algorithm examined the minimum value of the objective function by changing the

values of the design parameters and calculating LCC. After the optimum solution was achieved,

a sensitivity analysis was carried out to determine the effects of operating parameters.

A. Decision variables

In the optimization procedure of the SWHS, the solar collector number (NSC) and storage

tank volume (VST) were taken as independent parameters and decision variables in the optimiza-

tion problem were obtained according to the vector of those parameters given in the following

equation:

~x ¼ NSC; VST½ �T ; (14)

~x¢ NSC; VSTð Þ 2 Zn �Rnjai � xi � ui; i 2 1;…; nð Þ
� 	

; (15)

where ai and ui denote the lower and upper limit, respectively. The optimization problem handled

the discrete variables for NSC 2 1; 2; …; 12f g and continuous variables for VST 2 5;…; 1000f g.

B. Objective function

The objective function, also called the cost function, is what is optimized in optimization

problems. The appropriate identification of this function is important to accurately solve the

problem. In the optimization problem of SWHSs, some researchers12,47 defined the cost func-

tion according to the SF, whereas some authors11,13 defined this according to LCC. In this

study, the cost function was considered as LCC with the constraint for SF. Therefore, the cost

function was defined according to LCC, and SF was set as a constraint condition to ensure that

the optimum solution was a practical design. The cost function was formulated as

min : f ~xð Þ¢
Xn

i¼1

LCCi ~xð Þ þ
0; SF ~xð Þ � 0:4

1; otherwise:

(
(16)

The LCC of an SWHS comprises three main components: investment cost Cinv, operation

and maintenance cost CO & M, and energy cost CE. LCC is given as

FIG. 2. The optimization procedure.
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LCC ¼ Cinv þ CO & M þ CEð ÞPW; (17)

where

Cinv ¼ CSCNSC þ CSTVST þ Cpump; (18)

CO & M ¼
Cinv

t
0:10; (19)

and

CE ¼
QauxCNG

gaux

þ QpumpCelek

gpump

; (20)

where CSC, CST , and Cpump represent the solar collector, storage tank, and pump costs, respec-

tively, and t is the life-time. The electricity Celek and natural gas CNG costs were assumed to be

0.116 $/kWh and 0.267 $/m3. In Table III, the related costs used in the determination of the

objective function are given in US Dollars. The present worth factor (PW) is calculated using

the following expression:

PW ¼ 1� 1þ int�ð Þ�t

int�
; (21)

i� ¼ int� e

1þ e
; (22)

where int is the interest rate (10% in Turkey), e is the inflation rate (9% in Turkey), and life-time

is assumed as 25 years. Finally, the solar fraction is determined using the following equation:

SF ¼ QL � Qauxð Þ=QL: (23)

IV. RESULTS AND DISCUSSION

In this study, the basic components of an SWHS were optimally sized, considering the cli-

mate, energy, and cost criteria for both annual and seasonal periods. The results of the optimi-

zation procedure were in parallel for all regions. In order to present the obtained results more

clearly, the final outcomes of the optimization procedure related to all regions were given. It

was chosen to discuss the detailed optimization results from Mersin due to the long sunshine

duration and high solar radiation that make an SWHS preferable. The results were presented

under the headings of the validation of the simulation, optimization, effect of the design param-

eters on performance, and sensitivity analysis.

A. Validation of the simulation results

Prior to the optimization process, the reliability of the mathematical model of the SWHS

used in this study was investigated. The validation of the model was undertaken by comparison

TABLE III. Related costs used in the LCC analysis.

Component Valuea Unit References

Solar collector 87.3 $/m2 48

Storage tank 0.87 VSTþ188.4 $/m3 48

Circulation pump 249.7 $ 48

Natural gas 0.267 $/m3 49

Electricity 0.116 $/kWh 49

aThe exchange rate was taken as 1 TL¼ 3.54 $ in consideration of May 2, 2017.
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with experimental studies in the literature. Ayompe and Duffy50 investigated the thermal perfor-

mance of an SWHS with flat plate collectors in Focas Institute, Dublin, Ireland (53.33� N,

6.25� W), and presented the experimental results of the daily, monthly, and annual perfor-

mance. Similar operating conditions were introduced to the EnergyPlus# simulation file. Since

the meteorological data obtained at the time of the experiments were not available, the TMY

file that includes the long-term average data of Dublin was used. In Fig. 3(a), comparison of

the monthly average auxiliary energy consumption rate of the SWHS obtained in simulations

with experimental data is given. In Fig. 3(b), the same comparison was undertaken for the SF.

The mean absolute percentage error (MAPE) and root mean square error (RMSE) were

obtained to be 11.66% and 39.24 kWh, respectively, for the auxiliary energy consumption rate.

For SF, MAPE and RMSE were calculated to be 15.91% and 6.92%, respectively. The main

reason for the acceptable deviations was the use of the long-term average meteorological data

especially solar radiation rather than the data measured during the experiments. Moreover, the

other reasons for the deviations included the adiabatic pipe assumption and neglecting pressure

losses.

B. Optimization results

The annual and seasonal optimization results of the SWHS for each region are presented in

Fig. 4 as a Pareto front, and the obtained optimum technical parameters (storage tank volume

and solar collector number) and the performance parameters (LCC and SF) are presented in

Table IV. The optimization process showed that LCC could be reduced for all regions in the

range of 3.3%–5.8% and 1.8%–4.8% in the annual and summer simulation period, respectively.

The highest reduction in LCC was obtained for Mersin (warm region) by 5.8% in the annual

simulation period [Fig. 4(e)] and for Erzurum (severely cold region) by 4.8% in the summer

season period [Fig. 4(c)]. However, it was observed that in all regions except Ankara, the opti-

mum LCC values increased from 1.1% to 4.6% in the winter simulation period. The main rea-

son for this increase was the high solar collector number, providing a 40% SF constraint. In

fact, the sunshine duration for SWHS is the most important effect and is for winter less than

summer.51 Moreover, heat losses from the system are higher in winter than in summer.

Nevertheless, the cost function achieved the minimum of 40% energy savings in the winter sea-

son. In this regard, reducing fossil fuel consumption has led to a more sustainable system,

despite the increase in LCC.

In Fig. 4, the clear effect of the proposed optimization method on the SF was observed.

The optimization process showed that SF increased for all regions in the range of

31.4%–44.9% and 15.2%–64.1% in the annual and winter simulation period, respectively. In

the summer season, SF only increased in Mersin by 10.7%, whereas a 6.5% to 16.1% decrease

was observed among all regions. In addition, the optimum solutions provided the minimum of

40% contribution of solar energy during all simulation periods. The optimum solutions obtained

without any constraint on SF could sometimes lead to inadequate solar energy contribution in

FIG. 3. Comparison of simulation results in the current study with the results found by Ayompe and Duffy:50 (a) auxiliary

energy consumption rate and (b) solar fraction.
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the winter period or vice versa in the summer period.24,25 The contribution of the solar energy

cannot be ignored on SWHS with an auxiliary heater, especially for the winter period or cold

regions. A linear relation was observed between LCC and SF for all regions (Fig. 4). Similar

results were obtained when the relation between the storage tank volume and SF was examined.

Since the optimum number of solar collectors did not show any significant difference between

the regions, it was found that increasing SF led to an increase in the storage tank volume and a

reduction in LCC. Thus, an increase in SF led to an increase in the investment cost, while the

operation and energy costs were reduced. Bornatico et al.14 obtained similar results, indicating

that total cost could be reduced as well as an increase in SF. The economic and thermal perfor-

mance of an SWHS can be improved by creating a design according to the certain climatic

conditions.

In Figs. 5–7, the optimization results of the SWHS in Mersin are given for annual and sea-

sonal simulation periods. In Fig. 5, the optimization procedure is shown for each iteration. The

PSO/HJ optimization algorithm obtained the minimum value of the cost function (2863.9 $)

defined in Eq. (16) for the first time in the 144th iteration and converged in 195 iterations. The

optimum results of the SWHS obtained for annual period were seven solar collectors and a hot

water storage tank volume of 316.5 l. When compared with the actual SWHS, LCC was

reduced by 5.8% and SF was increased by 31.4%. In Figs. 6 and 7, the optimization results for

FIG. 4. Pareto front of the annual and seasonal optimization results (SF vs. LCC) in (a) Ankara; (b) Erzincan; (c) Erzurum;

(d) Istanbul; and (e) Mersin.
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TABLE IV. Optimization of cost function terms.

Term

Annual Summer season Winter season

Init. value Opt. value Dev. (%) Init. value Opt. value Dev. (%) Init. value Opt. value Dev. (%)

Ankara

LCC ($) 4261.1 4091.4 �4.0 1561.2 1490.7 �4.5 3731.7 3713.7 �0.5

SF (-) 0.35 0.51 44.9 0.55 0.46 �16.1 0.29 0.43 47.3

V (l) 200.0 269.1 34.5 200.0 50.5 �74.8 200.0 221.7 10.8

N (U) 4 8 100.0 4 4 0 4 8 100.0

VST/ASC (m3/m2) 0.036 0.014 0.030

Erzincan

LCC ($) 4319.8 4176.0 �3.3 1541.9 1482.3 �3.9 3813.9 3855.9 1.1

SF (-) 0.35 0.46 33.6 0.57 0.49 �14.3 0.28 0.43 54.3

V (l) 200.0 232.6 16.3 200.0 64.4 �67.8 200.0 235.1 17.5

N (U) 4 7 75.0 4 4 0.0 4 9 125.0

VST/ASC (m3/m2) 0.036 0.017 0.028

Erzurum

LCC ($) 4920.1 4733.0 �3.8 1605.3 1528.2 �4.8 4351.9 4413.1 1.4

SF (-) 0.31 0.45 43.7 0.50 0.46 �8.3 0.26 0.43 64.1

V (l) 200.0 232.6 16.3 200.0 81.9 �59.1 200.0 295.3 47.7

N (U) 4 8 100.0 4 4 0.0 4 10 150.0

VST/ASC (m3/m2) 0.031 0.022 0.032

Istanbul

LCC ($) 3894.8 3761.0 �3.4 1989.0 1943.2 �2.3 2938.3 3073.7 4.6

SF (-) 0.36 0.49 36.2 0.49 0.46 �6.5 0.27 0.43 57.0

V (l) 200.0 245.1 22.6 200.0 107.6 �46.2 200.0 196.5 �1.8

N (U) 4 7 75.0 4 4 0.0 4 9 125.0

VST/ASC (m3/m2) 0.038 0.029 0.023

Mersin

LCC ($) 3038.9 2863.9 �5.8 2181.2 2142.1 �1.8 1891.6 1903.5 0.6

SF (-) 0.53 0.70 31.4 0.61 0.68 10.7 0.37 0.43 15.2

V (l) 200.0 316.5 58.3 200.0 217.0 8.5 200.0 178.6 �10.7

N (U) 4 7 75.0 4 5 25.0 4 5 25.0

VST/ASC (m3/m2) 0.049 0.047 0.038

FIG. 5. Optimization of an actual SWHS for an annual period in Mersin; circle-marking: optimum solution and dashed-

line: PSO ending-HJ beginning.
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the summer and winter seasons are shown. The optimum results of the SWHS obtained for the

summer season were five solar collectors and a storage tank volume of 217.0 l. For the winter

season, a storage tank volume of 178.6 l was obtained with the same number of solar collectors

obtained in the summer season. With the optimum SWHS, a saving of 1.8% for LCC in the

summer season was achieved. However, LCC increased 0.6% in the winter season. Besides, a

10.7% and 15.2% increase in SF was obtained for the summer and winter seasons, respectively.

For both annual and summer seasons, the results of the optimization processes showed that the

increase in SF led to a decrease in the LCC of the SWHS with an increase in the storage tank

volume. However, a decrease in the volume was obtained in the winter season optimization

process. In general, the annual and summer season optimization processes showed similar char-

acteristic behavior for the optimization of the SWHS parameters. However, the winter season

optimization results revealed that they made a difference in terms of the relations between the

parameters. This shows that the performance of an SWHS can be improved by creating a

design that takes into account the seasonal conditions.

C. The effect of the design parameters on performance

In Fig. 8, the relation between LCC and the storage tank volume per unit collector area is

presented. Only the solutions that met the SF> 0.4 conditions are shown. The others were elim-

inated since a solution with SF< 0.4 is an undesirable situation in the proposed study. Each

solution created a design alternative that provides a range of certain contribution of solar

energy. It is understood that there is a certain optimum volume-area ratio to achieve cost effi-

ciency. Since the insufficient tank volume or the collector surface area leads to an increase in

the energy cost, excess amount of those components leads to an increase in the investment cost.

FIG. 6. Optimization of an actual SWHS for a summer season in Mersin; circle-marking: optimum solution and dashed-

line: PSO ending-HJ beginning.

FIG. 7. Optimization of an actual SWHS for a winter season in Mersin; circle-marking: Optimum solution and dashed-line:

PSO ending-HJ beginning.
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In Table IV, the optimum values of the volume-area ratio for each climatic region are given. In

the annual simulation period, the optimum volume-area ratio ranged from 0.031 m3/m2

(Erzurum, severely cold region) to 0.049 m3/m2 (Mersin, warm region). Moreover, in a cold cli-

matic region, the collector surface area increases, while the storage tank volume shrinks; corre-

spondingly, the highest LCC values were obtained. The main reason for that is the system load

being higher in the cold climatic regions than the warm climatic regions. Çomaklı et al.52

investigated the volume-area ratio of SWHS in Erzurum, Turkey, experimentally. Their results

showed that the volume-area ratio can be 0.05–0.07 m3/m2, where the collector efficiency was

between 35% and 45%. However, the auxiliary heater was not used in the system and the effect

of cost on the system was not examined. Thus, unnecessarily increasing both the storage tank vol-

ume and the collector area increases the investment cost. Besides that, decreasing the storage tank

volume may lead to a decrease in thermal energy storage capacity of the system, which means

high energy cost due to the auxiliary energy consumption. Using an insufficient number of solar

collectors in the system also gives the same result. The proposed optimization method helps to

clearly understand the behavior of the SWHS for designers on LCC and volume-area ratio.

On the other hand, the optimum volume-area ratio determined was in the range of

0.014–0.047 m3/m2 and 0.023–0.038 m3/m2 in the summer and winter season periods, respec-

tively (Fig. 8). In both the summer and winter simulation periods, the highest optimum values

FIG. 8. The relation between LCC and the storage tank volume per unit collector area, (a) Ankara; (b) Erzincan; (c)

Erzurum; (d) Istanbul; and (e) Mersin.
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of the volume-area ratio were obtained from Mersin. This situation, which is in line with the

annual optimization results, was not observed for the smallest optimum volume-area ratio,

which was obtained in Ankara (mild-dry climatic region) for the summer season and in Istanbul

(mild-humid climatic region) for the winter season. The volume-area ratio results were close to

each other in the annual and winter season analyses in the cold climatic region, while they

were similar in the warm climatic region in the annual and summer season analyses. The results

indicate that the design of an optimum SWHS according to the summer season conditions led

to material saving and the design according to the winter season conditions increased the ther-

mal performance of the system.

D. Sensitivity analysis results

A sensitivity analysis can be used to determine parameters that have a relative influence on

the performance of a system. In this study, the relative influence of possible operating parame-

ters on an optimum SWHS was investigated using a sensitivity analysis. The following three

different operating parameters were selected: (i) temperature of the demanded domestic hot

water (40 to 60 �C with 5 �C steps), (ii) total amount of daily DHW demand (150, 200, 300,

400, and 500 l/day), and iii) DHW profiles of ASHRAE 90.2,41 Bouchelle et al.,53 and SRCC39

as given in Fig. 9. The sensitivity index54 given in the following equation was used in the sen-

sitivity analysis:

df ¼ fmax � fminð Þ=fmax: (24)

The relative influence of the temperature of DHW, the total amount of daily DHW demand,

and the DHW profiles on the optimized SWHS was examined for LCC and SF. The statistical

results of the sensitivity analysis (max., min., avg., std. dev., and med.) for annual and seasonal

periods for each location are given in Fig. 10. The optimized values of the variables are given

in Table IV. The sensitivity analysis showed that LCC was most influenced by the daily total

amount of DHW and SF was most influenced by DHW temperature for all regions. The DHW

profile had the lowest influence on LCC and SF. The sensitivity analysis results obtained at dif-

ferent time periods did not make a difference to the order of the relative influence of the oper-

ating parameters on an optimum SWHS.

In Fig. 11, the relative influence of DHW temperature, the daily total amount of DHW,

and the DHW profiles on LCC and SF of the optimum SWHS are given for Mersin. In the opti-

mum SWHS determined according to the annual and seasonal periods, LCC was most influ-

enced by the daily total amount of DHW [Fig. 11(b)] with a standard deviation of 0.09 for

annual, 0.1 for the summer season, and 0.07 for the winter season. SF was most influenced by

DHW temperature [Fig. 11(a)] with a standard deviation of 0.09 for annual, 0.13 for the sum-

mer season, and 0.18 for the winter season. The DHW profile had the lowest influence on LCC

and SF with a standard deviation of 0.01 for both annual and seasonal periods.

FIG. 9. DHW profiles.
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V. CONCLUSIONS

In this study, the optimization of an SWHS was carried out according to the LCC criteria

constrained with SF. The optimization procedure was conducted in different climatic regions

for annual and seasonal simulation periods. The optimum technical parameters (storage tank

volume and solar collector number) and the performance parameters (LCC and SF) of the

SWHS were determined to meet the required load. The results obtained in this study are as

follows:

FIG. 10. Statistical results of the sensitivity analysis for annual and seasonal bases.

FIG. 11. The relative influence of different operating parameters on LCC and SF of the optimum SWHS in Mersin; (a)

DHW temperature; (b) daily total amount of DHW; (c) DHW profiles.
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(1) The optimum solution obtained in the annual simulation period showed that LCC was

reduced by 3.3%–5.8% and SF was increased from 31.4% to 44.9%.Reduction in LCC

was also achieved in the optimization process in the summer simulation period.

However, in the winter simulation period, the same trend was not obtained for any of the

regions except Ankara. SF increased for all regions in the range of 15.2%–64.1% in the

winter simulation period. In the summer season, SF only increased in Mersin by 10.7%,

whereas a 6.5%–16.1% decrease was observed among all other regions. All the optimum

solutions ensure to achieve a minimum of 40% contribution of solar energy. Thus, the

proposed optimum SWHS guarantees the minimum of 40% energy savings as well as

cost efficiency during the optimization period. In this way, the economic and thermal

performance can be stabilized in the systems designed by this proposed method in annual

or season periods.

(2) The recommended values of the storage tank volume per unit collector area were between

0.031 and 0.049, 0.014 and 0.038, and 0.023 and 0.038 m3/m2 in the annual, summer, and win-

ter simulation periods, respectively. It is possible to provide enough contribution of solar

energy in annual or seasonal periods according to the recommended ratios. The optimum solu-

tions focused on providing material savings in the summer season and increasing thermal per-

formance in the winter season. To improve the performance of an SWHS, it is necessary to

design the system according to the intended use and climatic conditions.

(3) A sensitivity analysis was carried out for three different operating parameters. LCC was the

most affected by the daily total amount of DHW, whereas SF was the most affected by the

DHW temperature. The DHW profile had the lowest effect on LCC and SF.

As a result, an appropriate design of an SWHS should be created according to the intended

use of the systems, as well as energy, cost, and climate. In the design and optimization of the

SWHS, it should be considered to provide certain energy savings related to different system

capacities and market volumes in relation to the water heater fuel type that provides the speci-

fied load. In this way, these systems will be more sustainable. It is expected that the obtained

results will be of interest to researchers, manufacturers, and technical experts. In future studies,

more decision variables can be used, multi-objective optimization studies can be performed

based on life cycle assessment, and the validity of the optimized value can be increased by cal-

culating the system uncertainties.

NOMENCLATURE

A Area, m2

a0, a1, a2 Efficiency equation coefficients

b0, b1 Incidence angle modifier coefficients

C Cost, $

c1, c1 Acceleration constants, dimensionless

e Inflation, %

FR Heat removal factor, dimensionless

Isolar Solar radiation on the solar collector surface, W/m2

int Interest rate, %

Kh Incidence angle modifier, dimensionless

m Mass flow rate, kg/s

M Storage tank mass, kg

N Number of solar collectors, u

Q Heat transfer rate, W

SF Solar fraction, dimensionless

t Lifetime, yr

T Temperature, �C
U Overall heat loss coefficient, W/m2 K

UL Solar collector transmittance, W/m2 K
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UL2 Solar collector transmittance, W/m2 K

v Particle velocity

V Volume, l

x Particle initial position

~x Vector of decision variables

X Constriction factor, dimensionless

Greek symbols

df Sensitivity index

gaux Efficiency of the natural gas-fired water heater, 90%

gpump Pump efficiency, 90%

h Solar incidence angle, �

(sa)n Transmittance-absorptance at the normal incidence angle, dimensionless

u1, u2 Randomly generated numbers between 0 and 1

Subscripts and superscripts

amb Ambient

aux Auxiliary energy

E Energy

elek Electric

i Number of particles

in Inlet

inv Investment

k Iterations

L Load

n Node

O & M Operation and maintenance

SC Solar collector

ST Storage tank

Abbreviations

Avg Average

BLAST Building load analysis and system thermodynamics

BSim Building simulation

DeST Designer’s simulation toolkit

DHW Domestic hot water

DT Differential thermostat

eQuest Quick energy simulation tool

GA Genetic algorithm

HJ Hooke and Jeeves algorithm

LCC Life cycle cost

MAPE Mean absolute percentage error

med Median

NG Natural gas

PSO Particle swarm optimization algorithm

PW Present worth

RMSE Root mean square error

SD Standard deviation

SWHS Solar water heating system

TMY Typical meteorological year

TRNSYS Transient system simulation
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