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In this study, an integrated model system which is consisted of a solar pond, flat-plate

collectors and an organic Rankine cycle (ORC) was designed to determine not only thermal

and electricity but also hydrogen generation performances. The flat-plate collectors

assisted by a solar pond to enhanced the thermal performance of the system in order to

generate electrical energy with ORC. In addition, mass, enthalpy, entropy, energy and

exergy balance equations of the system was solved by using a software which is called

Engineering Equation Solver (EES). Thus, the thermodynamic analysis of the system were

done. As a result, a significant amount of electrical energy is produced by using ORC which

works with the thermal energy comes from the integrated system. Thus, this system can

reach up to a hydrogen production rate of 2.25 kg/day by the water electrolysis system. The

results show that hydrogen production performance increased by increasing the perfor-

mance of the thermal system. Thus, the performance of a solar pond is an important ef-

fects at the performance of the integrated system. We believe that the theoretical results

obtained in this work are very useful for making realistic and accurate predictions about

the pre-planned integrated systems to produce the hydrogen energy.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Solar ponds that can supply and store thermal energy for

many applications. A solar pond contains salty water whose

salinity increases with depth, forming a saline concentration

gradient. The added salt into the bottom layer of the pond

inhibits natural convection, allowing the cooler and fresh

water on top to act as insulation and reduce evaporation.

Thus, solar energy reaching the bottom of the pond is trapped
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and stored there. The performance of a solar pond depends on

the heat storage capacity of the salty water, thermo-physical

properties of the pond and surrounding conditions [1].

Karakilcik et al. [2] investigated the performance of a solar

pond by experimentally and theoretically. They found that the

temperature of each layer of the inner zones depends on the

incident radiation, zone thicknesses, shading areas of the

zones and overall heat loss. The modification of the zone

thicknesses increases pond performance and stability of the

pond.
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Bozkurt et al. [3] investigated heat storage performance of

integrated solar pond and collectors. A cylindrical solar pond

systemwith a radius of 0.80m and a depth of 2m and four flat-

plate collectors whose dimensions of 1.90 m � 0.90 m was

used. Their results showed that pond's heat storage perfor-

mance is affected strongly by the number of collectors. As a

result, they obtained a good agreement between experimental

and theoretical efficiency profiles.

Date et al. [4] compared of the transient thermal perfor-

mance of solar pond with heat extraction from lower

convective zone (LCZ) alone and that with combined heat

extraction from LCZ and non-convective zone (NCZ). Their

study showed that the instantaneous efficiency curves tend to

flatten out with increased heat extraction for both LCZ alone

and combined NCZ and LCZ heat extraction. They also found

that the temperature of LCZ and the average annual solar

pond efficiency is very sensitive to the mass flux of the heat

transfer fluid that flows through the in-pond heat exchanger.

Flat-plate collectors that are devices employed to gain

useful heat energy from the incident solar radiation. A typical

flat-plate collector consists of an absorber metal sheet of high

thermal conductivity, with integrated or attached riser tubes

in an insulated box together with transparent glazing. The

absorber metal sheet absorbs solar radiation and converts it

into heat energy. This heat energy is then absorbed by the

working fluid that passes through the riser tubes [5].

Farahat et al. [6] developedanexergetic optimizationof flat-

plate solar collectors to determine the optimal performance

and design parameters of these solar to thermal energy con-

version systems. They carried out a detailed energy and exergy

analysis for evaluating the thermal and optical performance,

exergy flows and losses as well as exergetic efficiency for a

typical flat-plate solar collector under given operating condi-

tions. They found the optimum values of the mass flow rate,

the absorber plate area and the maximum exergy efficiency.

Dikici et al. [7] investigated the solar-assisted heat pump

system with flat-plate collectors experimentally and they

tested it for domestic space heating. They found the system

COP as 3.08 while the exergy loss of the solar collectors as

1.92 kW. They also reported that the energy and exergy loss

analysis results show that the COP increase when the exergy

loss of evaporator decrease.

Ahmadi et al. [8] reported a comprehensive thermody-

namic analysis and multi-objective optimization of an ocean

thermal energy conversion (OTEC) systemwhich drives a low-

temperature organik Rankine cycle to produce hydrogen using

electrolysis. They used a fast and elitist non-dominated sort-

ing genetic algorithm (NSGA-II) to determine the best design

parameters for the system. They showed that the system

performance is notably affected by themass flow rate of warm

ocean surface water, solar radiation intensity, condenser

temperature and evaporator pinch point temperature

difference.

Bicer et al. [9] proposed a new combined system, using

solar and geothermal resources, for hydrogen production.

This combined renewable energy system consists of solar PV/

T modules and an organic Rankine cycle. They found the

overall energy and exergy efficiencies of the system can reach

up to 10.8% and 46.3% respectively for a geothermal water

temperature of 210 �C.
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Bozoglan et al. [10] studied some technical issues related to

solar hydrogen production methods such as exergy-based

environmental and sustainability parameters and found

exergetic benign index to be 6.30. Accordingly, they stated that

solar hydrogen production should be used for practical ap-

plications because of higher exergetic sustainability potential

and lower environmental destruction index.

Joshi et al. [11] considered a solar-based thermally-driven

hydrogen production system and analyzed thermodynami-

cally. They also investigated the effects of environmental

conditions and relevant parameters on the energy and exergy

efficiencies of the system. They reported that the overall en-

ergy and exergy efficiencies of the solar thermal hydrogen

production system can be evaluated as 14.25% and 6.12%,

respectively.

Flat-plate collectors have been used to provide hot water

for domestic and industrial usage. Especially for industrial use

large amounts of hot watermay be required in a short time. At

this point, the performance of the flat-plate collectors may be

insufficient. This trouble can be resolved by using a process as

preheating of inlet water by using a solar pond. Here the

performance of the solar pond will be one of the important

parameters affecting the performance of the system. To date

there have not been any theoretical analysis on the integrated

system of flat-plate collectors assisted by a solar pond. This is

the main purpose behind the present study.

The objective of the study is to point out the performance

of hydrogen production of a new integrated system. The sys-

tem was design to produce electric and hydrogen from the

electrolysis and ORC integrated with the flat-plate collectors

assisted by a solar pond. Thermodynamic analysis of the in-

tegrated system was studied theoretically. The pre-heat en-

ergy which was obtained from solar pond in order to

enhanced the heat performance of the collectors. Increasing

the heat performance of thermal system was increased

amount of the electric produced by ORC and also amount of

the hydrogen produced by the electrolysis. Therefore, flat-

plate collectors assisted by a solar pond is significantly effec-

ted electric and hydrogen performance on the integrated

system in a day. A detail study is conducted on the energy and

exergy efficiencies of the system components.
System description and analysis

The present system, as shown schematically in Fig. 1, com-

prises a salinity gradient solar pond, in-pond heat exchangers,

flat-plate solar collectors, an ORCwhich contains ammonia as

a working fluid to generate electricity and electrolysis system

to produce hydrogen. The solar pond equipped with flat plate

collectors are used as solar thermal energy collectors.

Exchanger-1 is used for heat extraction from the lower

convective zone (LCZ) while exchanger-2 is used for heat

rejection to the upper convective zone (UCZ) of the pond. The

solar pond and flat-plate solar collectors incorporate an ORC

which evaporates a working fluid to drive a türbine to

generate electricity, which in turn is used to drive electrolysis

system to produce hydrogen. After passing through the tur-

bine, the vapor is then condensed back to a liquid throught the

condenser and pumped back through the evaporator, and the
gation of hydrogen production by the flat-plate collectors assisted
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Fig. 1 e Schematic of the integrated system.
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cycle is repeated continuously. Energy and exergy analyses

are used to determine the efficiency of the integrated system.

Therefore, the relevant equations for the integrated system

are described in the following subsections.
Solar pond

Solar energy in the form of heat is collected and stored in the

solar pond which can be confidently used as a source of heat

for industrial processes and the generation of electricity. A

solar pond consists of three layers of water, as shown in Fig. 2,

which are upper convective zone (UCZ), non-convective zone

(NCZ) and lower convective zone (LCZ) or in other words heat

storage zone (HSZ). The UCZ is a homogenous thin layer of low

salinity brine or fresh water at the top of the pond. The UCZ is

fed with fresh water to maintain cleanliness of the pond and

replenish lost water due to evaporation. The NCZ is a thermal

insulator at themiddle of the pondwhich has salinity gradient

with salinity increases from top to bottom of this layer. The

NCZ plays an important role to the working of a solar pond by

allowing an extensive amount of solar radiation to the bottom

of the pond and prevents the heat loss by natural convection.

The LCZ is a heat storage region which contains salty water
Fig. 2 e Schematic vertical cross-section through a salt

gradient solar pond.
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with the highest density at the bottom of the pond. The LCZ

absorbs and stores an important amount of solar energy in the

form of heat. Therefore this zone has the highest temperature

and heat has been extracted from the LCZ [3,12].

According to the energy flows throughout the layers of the

solar pond as shown in Fig. 3, the general energy balance for

the LCZ can be written as:

_QLCZ;stored ¼ _QLCZ;in � _QLCZ;bottom � _QLCZ;up � _QLCZ;side � _QLCZ;ext

(1)

where _QLCZ;stored is the heat stored in the LCZ, _QLCZ;in is the

amount of the solar radiation entering the LCZ, _QLCZ;bottom is

the heat loss to the bottom wall from the LCZ, _QLCZ;up is the

heat loss to the NCZ from the LCZ and _QLCZ;side is the heat loss

to the side wall from the LCZ and _QLCZ;ext is the heat loss by

extraction.
Fig. 3 e Schematic of the energy flows for the solar pond.
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_QLCZ;in ¼ bI
:

ALCZ 1� Fð Þh X� dð Þð Þ (2)
where b is the fraction of the incident solar radiation that

enters the solar pond, _I is the total solar radiation reaching the

solar pond surface (W/m2), ALCZ is the sunny area of the LCZ

(m2), F is the absorbed energy fraction at a region of d thick-

ness (m), h is the solar radiation flux absorbed (W/m2). The

transmission coefficient for air-water interface depends on

the angle of incidence and refractive of sunlight, varying

slightly with radiation wavelength, time of the day, water

temperature and salinity [13]. So, the fraction of the solar ra-

diation is given as:

b ¼ 1� 0:5
sin2

qi � qrð Þ
sin2

qi þ qrð Þ
þ tan2 qi � qrð Þ
tan2 qi þ qrð Þ

" #
(3)

where qi is the incidence angle and qr is the refraction angle.

h X� dð Þ ¼ 0:727� 0:056
X3 � d

cos qr

� �
(4)

The energy efficiency of a solar pond has been defined as

the ratio of the total thermal energy extracted to the total

incident solar radiation within a specified time interval. Thus,

energy efficiency of the solar pond is given as:

hen ¼
_QLCZ;stored

_QLCZ;in

¼ 1�
_QLCZ;bottom þ _QLCZ;up þ _QLCZ;side

� �
_QLCZ;in

(5)

where

_QLCZ;bottom ¼ ksideA
DXLCZ;bottom

TLCZ � Tað Þ (6)

_QLCZ;up ¼ kwA
DXLCZ;up

TLCZ � TNCZð Þ (7)

_QLCZ;side ¼
kside 2PLLCZð Þ

ln rout
rin

h i TLCZ � Tað Þ (8)

where DX is the thickness of the sub divisions of the LCZ

(rin and rout is the inner and outer radius of the solar pond,

respectively).

More information about solar pond is detailed in Refs.

[2e5].
Fig. 4 e Temperature representation of the water inlet,

outlet and the LCZ of the pond.
Heat exchanger

Heat exchangers are devices that facilitate the exchange of

heat between two fluids at different temperatures that are

separated by a solid wall. The rate of heat transfer in a heat

exchanger can be expressed in an analogous manner to

Newton's law of cooling as [14]:

_Qexc ¼ UASDTm (9)

where, U is the overall heat transfer coefficient (W/m2 �C) that

accounts for the contribution of the effects on heat transfer

such as convection and conduction, As is the heat transfer area

(m2), DTm is an appropriate average temperature difference

between the twofluids (�C).However,U andDTmare vary along

the heat exchanger. Therefore, log mean temperature
Please cite this article in press as: Erden M, et al., Performance investi
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difference, which is the suitable form of the average temper-

ature difference for use in the analysis of heat exchanger, is

given as:

DTm ¼ DT1 � DT2

ln DT1
DT2

� � (10)

where

DT1 ¼ TLCZ � Texc�1;out (11)

DT2 ¼ TLCZ � Texc�1;in (12)

Here TLCZ stands for the temperature of the LCZ of the

pond, Texc�1,out stands for the temperature of the outlet water

from the exchanger-1 and Texc�1,in stands for the temperature

of the inlet water to the exchanger-1 as shown in Fig. 4.

Likewise, for the exchanger-2 as shown in Fig. 1, DT1 and DT2

can be expressed as:

DT1 ¼ TUCZ � Texc�2;out (13)

DT2 ¼ TUCZ � Texc�2;in (14)

Here TUCZ stands for the temperature of the UCZ of the

pond, Texc�2,out stands for the temperature of the outlet water

from the exchanger-2 and Texc�2,in stands for the temperature

of the inlet water to the exchanger-2.

The heat gain of the flowing water in the heat exchanger in

the rate form can be expressed as:

_Qexc ¼ _mcp Texc;out � Texc;in

� �
(15)

The flowingwater in the exchanger will gain practically the

entire rate of heat transfer in the heat exchanger. Therefore, it

can be expressed as:

UAS DTmð Þ ¼ _mcp Texc;out � Texc;in

� �
(16)

Although the specific heat of a fluid (cp), in general,

changes with temperature, it can be treated as a constant at

some average value with little loss in accuracy. Therefore the

temperature of water which flows through the heat exchanger

was treated as average value of Texc,in and Texc,out to determine

the value of cp.
gation of hydrogen production by the flat-plate collectors assisted
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Flat-plate collector

Flat-plate collectors are the most common solar collector that

is used for residential water heating, and solar space heating.

A typical flat-plate collector consists of heat absorbing riser

tubes attached on an absorber plate in a collector housing

covered with glazing sheet. The glazing sheet transmits sig-

nificant amount of sunlight to the absorber plate although it

reflects small amount of sunlight. In addition, the glazing

sheet insulates the inner space of the collector housing from

the current of air and protects it from dirty. The absorber plate

which covers all the aperture area of the collector is made of a

metal sheet of high thermal conductivity, such as copper,

aluminum or steel, with heat absorbing riser tubes either in-

tegral or attached. Solar irradiance passing through the

glazing sheet is absorbed directly onto the absorber plate

whose surface is coated with a special selective material to

absorb the maximum possible amount of solar irradiance

while losing a minimum amount of heat back to the sur-

roundings. The absorbing rising tubes transfer the heat from

the absorber plate into the working fluid. The collector hous-

ing which is highly insulated at the back and sides to reduce

heat losses from the back and sides of the collector is made of

galvanized metal, wood or plastic [15].

As shown in Fig. 1, water enters the flat-plate solar col-

lector at point 2. Therefore, the useful heat gained by the

working fluid (water) can be expressed as:

_Qu ¼ _mCpðT3 � T2Þ (17)

where _m, Cp, T3 and T2 are the mass flow rate, specific heat at

constant pressure, water outlet temperature and water inlet

temperature, respectively.

The energy efficiency of the flat-plate solar collector is

given by Ref. [16]:

h ¼
_Qu

AcI
: (18)

where Ac is the aperture area of the collector, in m2.
Organic rankine cycle (ORC)

The ORC is an engine that uses an organic working fluid to

generate electricity. The schematic of this engine is shown in

Fig. 1. Such engine comprises four components: a pump, an

evaporator or boiler, an expansion device or turbine to drive

electricity generator and a condenser for heat rejection. Heat
Table 1 e Thermodynamics parameters of the integrated syste

No Fluid Temperature
(�C)

Pressure
(kPa)

Mass flo
rate (kg/

Ref. H2O 30 101.3 e

1 H2O 40 200 0.5

2 H2O 60 200 0.5

3 H2O 91.61 200 0.5

5 Ammonia 80 2000 0.08

6 Ammonia 45 1750 0.08

7 Ammonia 30 1750 0.08

8 Ammonia 31 2000 0.08
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is converted into work when the working fluid undergoes the

following four processes. Process 7e8; pumping of the work-

ing fluid, process 8e5; heating the working fluid to the turbine

inlet condition (vaporization), process 5e6; expansion of

vaporized working fluid through the turbine to generate me-

chanical power, process 6e7; converting the working fluid

leaving the turbine into a saturated liquid [17,18].

The net power output of the ORC system can be expressed

as:

_Wnet ¼ _WG � �
_Wpump1 þ _Wpump2 þ _Wpump3

�
(19)

where _WG is the turbine generator power, _Wpump1, _Wpump2,
_Wpump3 are pumping powers.

The turbine generator power can be expressed as:

_WG ¼ hThG _m5ðh5 � h6Þ (20)

where hT, hG, _m5, h5 and h6 are the turbine isentropic effi-

ciency, generator mechanical efficiency, working fluid mass

flow rate, entalphies at the points 5 and 6, respectively.

The energy efficiency of the integrated system is expressed

as:

hint;sys ¼
W
·

net

_Qev

(21)

where Qev is the input heat to the ORC and is given by:

_Qev ¼ _m8ðh5 � 88Þ (22)

where _m8, h5 and h8 are the working fluid mass flow rate,

entalphies at the points 5 and 8, respectively.

The exergy efficiency of the integrated system is expressed

as:

j ¼
_Wnet

_Exin-eva þ _Exin-con þ _Exsolar

(23)

where

_Exin�eva ¼ _m3½ðh3 � h0Þ � T0ðs3 � s0Þ� (24)

_Exin�con ¼ _m9½ðh9 � h0Þ � T0ðs9 � s0Þ� (25)

E
:

xsolar ¼ I
:

J ¼ I
:

1� 4
3

T0 þ 273
Tsolar

� �
þ 1
3

T0 þ 273
Tsolar

� �4
" #

(26)

where E
:

xsolar is the exergy of solar radiation coming on the

surface of the solar systems,J is the exergy of solar radiation

[19]. The reference environment state is taken to be T0 ¼ 30 �C,
m.

w
s)

Enthalpy
(kJ/kg)

Entropy
(kJ/kg �C)

Specific ex.
(kJ/kg)

Exergy
(kW)

125.8 0.44 e e

167.7 0.57 0.79 0.4

251.3 0.83 5.98 2.99

383.8 1.21 23.36 11.68

1625 5.45 19.31 1.55

1493 5.12 50.75 4.06

342 1.49 101.7 8.14

346.9 1.5 101.2 8.1
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Fig. 5 e Total energy and exergy distributions of the solar

radiation in Adana for the pond.
Fig. 7 e Energy and exergy distribution of the solar

radiation in Adana for the pond at 15th July.
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P0 ¼ 101.3 kPa and the surface temperature of the sun

Tsolar ¼ 6000 K.
Results and discussion

Temperature, pressure, mass flow rate, enthalpy, entropy,

specific exergy and exergy are given in Table 1. These values

are used for the calculations to make the thermodynamic

analysis.

The temperature of the storage zone of the pond that has a

surface area 300m2 is assumed to be 64 �C. The inlet and outlet

water temperatures to the exchanger-1 are assumed to be

40 �C and 60 �C, respectively. The temperature of the outlet

water from the exchanger-1 is upgraded to 91.61 �C by using

the flat-plate collector that has a surface area 250 m2.

The amount of incident solar radiation must be known in

order to determine the performance of the integrated system.

Therefore the average of the solar radiation data from the

Meteorology Regional Directorate of Adana to 2010 and 2013

are used to reduce the margin of error in the calculations.

Accordingly, the energy and exergy distributions of the solar

radiation in Adana for the pond and collector are shown in

Figs. 5 and 6, respectively.

As shown in Fig. 5, the maximum values of total solar en-

ergy and exergy for the pond are 224430 MJ and 209387 MJ in

July while the minimum values are 66807 MJ and 62608 MJ in

January, respectively.
Fig. 6 e Total energy and exergy distributions of the solar

radiation in Adana for the collectors.
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As shown in Fig. 6, the maximum values of total solar en-

ergy and exergy for the collector are 280537 MJ and 261734 MJ

in July respectively while the minimum values are 83508 MJ

and 78260 MJ in January respectively.

As seen in Figs. 5 and 6, the amount of the incident solar

energy and its exergy of the collectors is greater than that

incident on the solar pond due to the tilt angle of the

collectors.

Figs. 7 and 8 shows that the solar radiation is reached at 5

o'clock in the morning until 19 in the evening and get the

maximum energy and exergy values at 11 o'clock at 15th July.

Accordingly, the highest value of solar energy for the pond

and the collectors were 902 MJ and1128 MJ while the highest

value of solar exergy 857 MJ and 1072 MJ respectively at 15th

July. As seen here in the figures, the exergy of the solar radi-

ation is less than the corresponding energy due to the fact that

energy is conserved but not exergy according to the second

law of the thermodynamic. So, some exergy is destructed due

to exergy losses of the solar radiation coming from Sun to the

Earth. As seen in Figs. 5 and 6, the lowest exergy contents

appear in January and the highest ones in July. Of course, the

surroundings temperature plays a key role in a year. And also,

Figs. 7 and 8 show the exergy of the daily solar radiation

reaching on the surface of the solar pond and collectors are

less than the corresponding energy due to the fact that second
Fig. 8 e Energy and exergy distribution of the solar

radiation in Adana for the collector at 15th July.
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Fig. 9 e Accumulation of the generated electric energy for

15th July.
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law of the thermodynamics. It is important to mention that

the shape of the energy and exergy distributions follow the

solar irradiation profiles closely.

Thermal energy is converted into electrical energy by using

the Organic Rankine cycle which is working with an organic

fluid with a liquidevapor phase change at a lower tempera-

ture than the water-steam phase change. Thus the low-

temperature heat is converted into useful work. The organic

fluids allow Rankine cycle heat recovery from lower temper-

ature sources such as solar pond and collectors. In the real

cycle, only a part of the energy recoverable from the pressure

difference is transformed into useful work during the expan-

sion in the turbine. The remaining part is converted into heat

and is lost. Therefore, the presence of irreversibility lowers the

cycle efficiency and mainly effect on the amount of the elec-

tric generation.

When the efficiencies of the turbine and generator are

considered as to be 90%, it is calculated that 380 MJ electrical

energy can be generated by the system for a day as shown in

Fig. 9.

As shown in Fig. 10, total mass of produced hydrogen by

the system is 2.25 kg. It is obvious that the most of the

hydrogen production took place at noon hours because of the

strong effect of the incident radiation. As expected, in the
Fig. 10 e Accumulation of the produced hydrogen for 15th

July.
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morning and afternoon low hydrogen production took place

due to the weak solar radiation.
Conclusions

In this study, hydrogen production performance of an inte-

grated thermal system that consists of a solar pond, flat-plane

solar collectors and an ORC was examined. Consequently,

solar pond has increased the temperature of the inlet water to

the plane solar collectors in order to increase the thermal

performance of the system. It was observed that a significant

amount of electrical power can be generated in the ORC sys-

tem by increasing the temperature of the water within a short

time. The generated power in the model system was used for

hydrogen production by electrolysis system. A significant

proportion of hydrogen was produced as a final output of the

system. One of the most important advantages of such an

integrated system, the excess thermal energy in the summer

months can be used to produce hydrogen production for

future use. Consequently, more electricity andmore hydrogen

is produced if the heat losses and destruction of the system

can decrease. Finally, the produced hydrogen, renewable and

clean energy carrier, can be used as fuel in homes and

vehicles.
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