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Abstract

A new combined system, using solar and geothermal resources, for hydrogen production, along with power generation, cooling and
heating, is proposed and analyzed for practical applications. This combined renewable energy system consists of solar PV/T modules for
heating, water heating and hydrogen production purposes and geothermal energy for electricity, cooling and hydrogen production.
Energy and exergy analyses are conducted to assess the performance of the cycle, and the effects of various system parameters on energy
and exergy efficiencies of the overall system and its subsystems are also studied. 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. Furthermore, the effects of varying geother-
mal water temperature and using different type of working fluids on the system performance are investigated.
� 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

As energy need in the world has increased rapidly within
twenty-first century, developing suitable energy portfolio,
especially for developing countries has become an
important concern. In order to maintain stability of energy
supply, use of various energy resources is emphasized.
Therefore, multigeneration systems are considered one of
the major alternatives for distributed energy production.
However, renewable energy sources are not always avail-
able, due to the fluctuative nature, with a consequence of
requiring energy storage or a hybrid system to balance
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these changes. When it is combined with the future energy
carrier hydrogen production, it becomes a crucial renew-
able energy based multigeneration system. Using hydrogen
in a fuel cell to produce electricity during low power gener-
ation or peak demand appears to be an alternative solu-
tion. The cost of hydrogen production from fossil fuels is
dependent on fuels prices and carbon taxes, while the
hydrogen produced from carbon-free sources is clearly
independent of fuels prices and availability.

There has been a lot of research on renewable energy
based multigeneration systems for hydrogen production.
Al-Sulaiman et al. (2011) studied on exergy modeling to
assess the exergetic performance of a novel tri-generation
system using parabolic trough solar collectors (PTSC)
and an organic Rankine cycle (ORC). In their system a
single-effect absorption chiller is utilized to provide the
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Nomenclature

C compressor
_Ex exergy rate (kW)
ex specific exergy (kJ/kg)
h specific enthalpy (kJ/kg)
HX heat exchanger
_m mass flow rate (kg/s)
MW molar mass (kg/kmol)
P pressure (kPa)
_Q heat rate (kW)
s specific entropy (kJ/kg K)
T temperature (�C or K)
_W work rate (kW)
HHV higher heating value
LiBr lithium bromide
PTSC parabolic trough solar collectors
PV/T photovoltaic/thermal
COP coefficient of performance

Greek letters

gen energy efficiency
gex exergy efficiency

Subscripts and superscripts

abs absorption
in inlet of a component
out outlet of a component
0 ambient condition
i state number

C compressor
cond condenser
d destruction
Eva evaporator
GEN generator
ORC organic Rankine cycle
s source or sink
P pump
TES thermal energy storage
pce power conversion efficiency
HX heat exchanger
HP heat pump
EV expansion valve
T turbine
ph physical
ch chemical
ov overall
sys system
sc short circuit
oc open circuit
mp nominal
m maximum
AC absorption cooling
PV photovoltaic
geo geothermal
elec electrolysis
E electrolyzer
1, 2, . . . i state points

270 Y. Bicer, I. Dincer / Solar Energy 127 (2016) 269–284  

 

necessary cooling energy and a heat exchanger is utilized to
provide the necessary heating energy. Ozturk and Dincer
(2013a) studied a solar-based multigeneration system and
found its exergy efficiency to be around 57%. Ozturk and
Dincer (2013b) indicated that the integration of various
systems, multigeneration for multiple purposes increases
energy and exergy efficiencies. Dincer and Zamfirescu
(2011) showed that renewable energy-based multigenera-
tion system decreases fuel prices and harmful pollutant
emissions, compared to conventional systems. Khalid
et al. (2015) proposed a biomass and solar integrated based
system for multigeneration for power, cooling, hot water,
heated air and found the overall system exergy efficiency
as 39.7%. Karellas and Braimakis (2016) analyzed a
micro-scale trigeneration system capable of combined heat
and power production and refrigeration using R245fa
organic medium. The exergy efficiency of the ORC was
estimated at about 7%. They also assessed the system eco-
nomically for a particular apartment block in Greek island
with a payback period of 7 years.

Suleman et al. (2014) designed a solar and geothermal
energy based system for multigeneration applications. They
used two organic Rankine cycles for power generation, an
absorption chiller cycle for cooling production and a
drying system to dry wet products. Ayub et al. (2015) con-
ducted thermos economic analysis of a combined solar
geothermal plant. Solar system contribution to the system
power output is limited to 7%. Comparing solely solar or
geothermal systems, the constant-flow solar trough system
suggests 5.5% and the variable-flow solar trough system
gives 6.3% higher power output compared to the sole
geothermal system. Ozcan and Dincer (2014) conducted
analysis and performance assessment of a solar driven
hydrogen production plant running on an Mg–Cl cycle
through energy and exergy methods by energy and exergy
efficiencies of 18.8% and 19.9%, respectively. Ahmadi
et al. (2013) proposed a multi-generation system based on
a biomass combustor, an organic Rankine cycle (ORC),
an absorption chiller and a proton exchange membrane
electrolyzer to produce hydrogen, and a domestic water
heater for hot water production. Wang et al. (2010) evalu-
ated a low temperature ORC with a working fluid of
R245fa. They found the overall power generation efficiency
as 4.2%, when the evacuated solar collector is utilized.
Their results emphasized that using R245fa as working
fluid in the low-temperature solar power Rankine cycle sys-
tem is feasible and the performance is acceptable. Cho et al.
(2014) reviewed different methods of CHP system analysis 
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by explaining possible advantages of multigeneration sys-
tems such as additional options for energy outputs, provid-
ing increased opportunities to minimize primary energy
consumption and maximizing exergy efficiency. Zhang
and Lior (2006) analyzed a cogeneration system consisting
of ammonia–water Rankine cycle and an ammonia refrig-
eration cycle for refrigeration and power output. They
found cycle energy and exergy efficiencies as 27.7% and
55.7%, respectively. Their exergy analysis indicated that
conventional enhancements in the condenser, heat
exchangers and turbine efficiency can increase the cycle
exergy efficiency to 60%. Kumar and Kumar (2014) studied
integrated power generation and waste heat operated
absorption, ejector-jet pump refrigeration cycle. The refrig-
erants used in the cycle have no ozone depletion potential
and negligible global-warming potential. The percentage
of exergy destruction was highest in the condenser-1 and
HRSG unit.

El-Emam and Dincer (2013) studied on thermodynamic
and economic analyses of a geothermal regenerative organic
Rankine cycle based on both energy and exergy concepts.
The energy and exergy efficiency values are found to be
16.37% and 48.8%, respectively. The mass flow rates of the
organic fluid, cooling water and provided geothermal water
are calculated for a net out power of 5 MWe. AlZaharani
et al. (2013) proposed an integrated system which is com-
prised of a supercritical carbon dioxide (CO2) Rankine cycle
cascaded by an Organic (R600) Rankine cycle, an elec-
trolyzer, and a heat recovery system. It is designed to utilize
a medium-to-high temperature geothermal energy source
for power and hydrogen production, and thermal energy
utilization for space heating. The system provides overall
energy and exergy efficiencies of 13.67% and 32.27%, respec-
tively. Balta et al. (2010) researched for geothermal-based
hydrogen production methods, and their technologies and
application possibilities. They used a high-temperature elec-
trolysis (HTE) process coupled with and powered by a
geothermal source. Balta et al. (2009) discussed the potential
methods for geothermal-based hydrogen production by
stating electrolytic hydrogen production yields the highest
purity hydrogen. Hand (2008) studied hydrogen production
using geothermal energy by making simulation studies for
different type of geothermal water temperatures. He has
indicated in his research that it can be shown using first
and second laws of thermodynamics that energy can be
added through heat water input to improve the electrolyzer
efficiency. He showed that there is a 17% increase in effi-
ciency by increasing the temperature from 20 �C to 80 �C.
Yekoladio et al. (2015) studied thermodynamic analysis
and performance optimization of geothermal power cycles.
Their binary-cycles are operating in the range of moderately
low temperature and liquid-dominated geothermal
resources with temperatures of 110 �C to 160 �C. They con-
cluded that regenerative ORCs require organic fluids with
lower vapor specific heat capacity for an optimal operation
of the binary-cycle where isobutane is one of the key
options.
Yilanci et al. (2009) studied solar hydrogen production
methods and their current status. They discussed solar-
hydrogen/fuel cell hybrid energy systems for stationary
applications and performed preliminary energy and exergy
efficiency analyses for a photovoltaic-hydrogen/fuel cell
hybrid energy system. Kalogirou et al. (2016) summarized
exergy analysis of solar thermal systems realized in last
two years concluding such that solar energy can be used
in the collection or storage of thermal energy, drying, heat-
ing cooling and multigeneration, hydrogen production,
hybrid systems, solar ponds, electricity generation systems
and desalination. Sahin et al. (2007) defined a new effi-
ciency which is useful in studying PV performance and pos-
sible improvements. They found that exergy efficiencies,
which incorporate the second law of thermodynamics and
account for solar irradiation exergy values, are lower than
energy efficiencies ranging from 2% to 8%. Joshi et al.
(2009) investigated exergy efficiency for PV and PV/T sys-
tems that is useful in studying the PV and PV/T perfor-
mances. In their experimental data of New Delhi, it is
found that the energy efficiency varies from a minimum
of 33% to a maximum of 45%, the corresponding exergy
efficiency varies from a minimum of 11.3% to a maximum
of 16% for PV/T systems. Ratlamwala et al. (2011) pro-
posed an integrated PV/T absorption system for cooling
and hydrogen production in U.A.E. Bouzguenda (2012)
studied performance analysis software of hybrid systems
including wind turbines, solar systems, and storage batter-
ies backed up with diesel generators using HOMER for dif-
ferent locations in Oman. He concluded that hybrid
systems offer many advantages such as reducing diesel
operating time, fuel consumption, and maintenance.

Future’s energy carrier hydrogen can be produced in
many different ways. Water electrolysis currently provides
an attractive solution to the problem of hydrogen produc-
tion. One of the critical benefits which water electrolysis
has over other technologies for production of hydrogen is
that it is compatible with both recent technologies and
future technologies such as solar, wind, wave and geother-
mal. Another advantage of using water electrolysis is that it
can provide onsite hydrogen. Requiring electrical energy
for water electrolysis, in order to produce hydrogen in an
environmental friendly manner, we need to use carbon free
renewable energy sources. Solar and geothermal energy
represent a great potential to be the power source of multi-
generation systems including electrolysis. In electrolysis
process, the electrolyzer is utilized to break the water mole-
cule bond. As the water molecule breaks, it splits into
hydrogen and oxygen. The hydrogen molecules are then
taken out of the electrolyzer and are stored in a tank.
Dincer (2012) defined the green hydrogen production
methods and assessed these processes for comparison pur-
poses. Various case studies are presented to highlight the
importance of green hydrogen production methods and
systems for practical applications. Acar and Dincer
(2014) presented a comparative environmental impact
assessment of possible hydrogen production methods from 
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renewable and non-renewable sources and compared the
performances of hydrogen production methods and assess
their economic, social and environmental impacts. Carmo
et al. (2013) prepared a review in which PEM water elec-
trolysis is comprehensively highlighted and discussed. The
technical state and the progress in the areas of electrocatal-
ysis, essential components, and modeling activities for
PEM water electrolysis are inspected in the review.
Ferrero et al. (2013) worked on comparative analysis
between low- and high-temperature electrolysis for hydro-
gen generation. The comparison is carried out with two
electrolysis systems generating hydrogen at the same pro-
duction rate and pressure. Barbir (2005) addressed specific
issues regarding the use of PEM electrolyzer in the renew-
able energy systems such as sizing of electrolyzer, intermit-
tent operation, output pressure, oxygen generation, water
consumption and efficiency. They determined the eco-
nomics of PV-hydrogen not only by the cost of the PV
array and the electrolyzer, but also by the capacity factor
and the electrolyzer efficiency. Guo et al. (2011) studied
theoretical analyses of natural and conventional working
fluids based Rankine cycles run by low-temperature
geothermal resources. They used the method of pinch point
analysis by computer models. They concluded that R125
proposes better performances thermodynamically and
techno-economically. Tunc et al. (2013) analyzed Kizildere
Geothermal power plant in terms of exergy by using
organic Rankine cycle. The results of their study showed
that the cycle efficiency can vary between 8% and 30%
based on the working fluid used. Solar energy is clean, sus-
tainable and cost effective source of energy. However, there
is one disadvantage of solar energy which is being intermit-
tent. In the current study, in order to eliminate this defi-
ciency, geothermal energy, which is continuous and
renewable, is utilized by integrating an organic Rankine
cycle. Furthermore, producing hydrogen using both renew-
able resources, solar energy can be stored in the form of
chemical fuel. The advantages and cost analyses of combin-
ing solar and geothermal energy system were studied in the
literature by Astolfi et al. (2011) as they concluded that the
solar-geothermal hybrid concept could represent a good
opportunity for lower cost electricity production. Further-
more, one of the earlier studies from our group (Suleman
et al., 2014) confirmed that combining solar and geother-
mal subsystems brings up some advantages, such offsetting
the mismatch between demand and supply, reducing life
cycle emissions, reducing life cycle costing and increasing
efficiencies.

In this paper, a new multigeneration system based on
carbon free renewable energy sources for power genera-
tion, hydrogen production, cooling and heating is devel-
oped and analyzed. The developed system consists of
already proven and mature technologies which increases
the practicality of the system. The system differs from many
multigeneration systems in terms of zero fossil resources
usage and zero carbon emissions by using two different
renewable energy sources. Combining thermal energy
storage, PV/T systems and heat pump system brings a spe-
cial and distinctive cycle with higher exergetic efficiency.
Compared to CHP systems, having cooling and hydrogen
production is a significant advantageous for which we
can utilize in many industrial applications as alternative
fuel. The particular objectives of this paper are to develop
and to assess a new integrated multigeneration system
using geothermal and solar energy by using energy and
exergy analyses, including the determination of overall
energy and exergy efficiencies of the multigeneration system
and its subsystems; and to execute a parametric study to
determine the effects of various parameters on the overall
energy and exergy efficiencies of the multigeneration system
and its subsystems.

2. System description

While designing a system, there are three important
aspects; resources, system and application (Dincer and
Zamfirescu, 2012). In the designed multi-generation sys-
tem, there are two type of renewable energy resources;
solar thermal/photovoltaic and geothermal energy. The
system consists of an organic Rankine cycle, heat pump,
absorption cooling system, thermal energy storage and
hydrogen production system. Application is the purpose
of the system. The designed multi-generation system serves
for hydrogen production, heating, cooling and power gen-
eration for consumers which are located on a geothermal
area. High temperature geothermal resources range
between 150 and 350 �C for many regions in the world
(Tunc et al., 2013; Coskun et al., 2012; Bertani, 2012;
Chamorro et al., 2012). Following geothermal regions
can be listed as possible application areas; Innamincka-
Australia (250 �C), South Meager-Canada (220–275 �C),
Yangbajain-China (250–330 �C), Ahuachapán-El Salvador
(250 �C), Bedugul-Indonesia (280–320 �C), Larderello-Italy
(300–350 �C) Bertani, 2012. The proposed system can be
appropriately applicable to any geothermal area satisfying
the temperature and solar irradiance limit such as Denizli-
Turkey (Tunc et al., 2013). Average sunshine duration of
Denizli is 4.3 h in February and 11.6 h in July while the
average temperature during the seasons vary between 6 �
C and 28 �C. Yearly irradiation is around 1650 kW h/m2-
year (Turkish State Meteorological Service). As system
schematic is shown in Fig. 1, organic Rankine cycle whose
working fluid is isobutane is run by a medium-high temper-
ature geothermal water by giving its heat to evaporator of
organic Rankine cycle. The inlet temperature of Evapora-
tor 1 is 201 �C and outlet temperature is 150 �C which is
utilized by Heat Exchanger 1 for heating the water in elec-
trolysis. The inlet temperature of turbine with a nominal
power of 1.85 MW is 145 �C and steam leaves the turbine
with 100 �C which transfers its heat to generator of absorp-
tion cooling system. This temperature is satisfactory for a
LiBr-water based absorption cooling system. The turbine
is coupled with a power generator to supply the required
electricity for electrolysis of water. Condensers of the 
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Fig. 1. Schematic diagram of designed multigeneration system.

Table 1
PV/T module specifications and important analysis data of solar system
(modified from VOLTHER PowerTherm&PowerVolt (2014)).

Dimensions (mm) 1310 � 2175 � 180
Gross area (m2) 2.85
Weight (kg) 34.4
Absorber panel Mono-Crystalline
Number of cells 72
Cell dimensions (mm) 125 � 125
WPower (W) nominal power 235
Imp (A) nominal current 5.98
Isc (V) short circuit current 6.4
Vmp (V) nominal voltage 39.36
Voc (V) open circuit voltage 44.64
Flow (l/h) 360
Maximum temperature ( �C) <134
Cell temperature (Tcell) 75 �C
Sun temperature (Tsun) 5504.85 �C
PV/T modules total area (A) 85 m2

Direct normal irradiation (ST) 770 W/m2
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system are cooled by a cold ground water which is supplied
through the pump. This ground water is also the water sup-
ply of electrolysis process after filtration. The temperature
of ground water is around 10 �C. For PV based hydrogen
production, the ground water is heated through a duct sys-
tem under the PV/T modules to increase the electrolysis
efficiency. Obtained cooling effect in the outlet of Evapora-
tor 2 of absorption cooling system is used to cool the resi-
dential buildings. In order to heat the residential buildings,
a heat pump with a working fluid of refrigerant R134a is
used. The energy supply of heat pump is stored heat in
thermal energy storage system with a capacity of 15 kW
at a temperature of 60 �C. Refrigerant R134a is chosen
to enable low temperature application. The water for elec-
trolysis is filtered and stored in water tank. Obtained oxy-
gen from electrolysis is also stored in oxygen tank for later
medical purposes. Working fluid refrigerant R134a leaves
Evaporator 3 with a temperature of 9.5 �C. After compres-
sion, it enters to Condenser 3 with 75 �C and leaves at 35 �
C. The heat output of Condenser 3 is utilized for residential
heating purposes. Solar thermal system reaches up to 85 �C
and the hot water is stored in thermal energy storage to
have 24 h operation of heat pump with a capacity of
20 kW. Since system is applied on a residential area,
heating, cooling and electricity are always needed in 24 h
a day, 7 days a week. By using geothermal energy source
and thermal energy storage system, it is enabled to have
an uninterrupted power generation, heating, cooling and
hot water. The required electricity for whole processes is
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supplied by generated electricity in the organic Rankine
cycle. Generated electricity in the PV/T modules is used
in electricity consumption of Pump 5 and 1 which is used
in water pumping from ground source and in pumping to
heat pump system, respectively. The generator coupled
with turbine is connected to the grid in order to work par-
allel with the grid. 30 PV/T modules, whose features are
given in Table 1, are used in the designed system which cor-
responds to 7 kW installed solar power (VOLTHER
PowerTherm&PowerVolt, 2014).
3. Thermodynamic analysis

Energy and exergy analyses are performed for the pro-
posed multigeneration system, in order to provide the
information about its performance, efficiency and exergy
destructions. The assumptions made for the analysis of
the integrated system are listed as follows:

� The expansion valves, compressors, pumps and turbine
are adiabatic.

� Air, hydrogen and oxygen are treated as ideal gas.
� The ambient has a temperature T 0 ¼ 25 �C and a pres-
sure P 0 ¼ 100 kPa

� The changes in kinetic and potential energy and exergy
terms are negligible.

� The processes taking place are steady state and steady
flow.

� There is no chemical reaction taking place between the
refrigerant and absorbent. Therefore, chemical exergy
is neglected and only physical exergy is taken into
account.

� The working fluid of organic Rankine cycle is isobutane.
� The working fluid of heat pump is R134a.
� The working fluid of absorption cooling system is LiBr–
Water.

� The solar PV/T back surface temperature is taken to be
75 �C.

� The chemical reactants and products are at the reaction
temperature and a pressure of 1 atm.

The energy balance, based on the first law of thermody-
namics, is applied to each of the sub system components.
The general steady state form of the energy balance equa-
tion for any component can be written as follows:

_Q� _W þ
X

_minhin �
X

_mouthout ¼ 0 ð1Þ

where _Q and _W represent the heat transfer and work cross-
ing the component boundaries and _m and h represent the
mass flow rate and the specific enthalpy of the streams of
the system working fluid.

Analysing only in terms of first law of thermodynamics
prevents designing accurate systems. Hence, exergy analy-
sis is one of the most important aspects for the design
and analysis of thermal systems. It is based on the second
law of thermodynamics. Exergy is a measure of the system
state departure from the environment state and is consid-
ered also as a measure of the available energy (Cengel
and Boles, 2014).

The flow exergy terms for each state point are defined as
following formula;

exi ¼ hi � h0 � T 0ðsi � s0Þ ð2Þ
Applying the exergy balance on the system components at
steady state, the exergy destruction in each component can
be calculated as follows:

_Exdi ¼ _ExQi � _ExW i þ
X

_minexin �
X

_moutexout ð3Þ
where _Exdi represents the exergy destruction rate that

occurs at the device i, _ExW i and _ExQi represent the exergy
rate due to work and heat transfer respectively across the
system boundaries and the exin, exout represents the exergy
rate carried with the flow in and out from the system. The
exergy transfer due to heat can be expressed as follows:

_ExQi ¼ _Qi 1� T 0

T si

� �
ð4Þ

where T0 is the ambient temperature that describes the
state at which the system is in unrestricted equilibrium with
the environment and it cannot undergo any state change
through any kind of interaction with the environment
(Dincer and Rosen, 2013) and TS is the temperature of
source in case there is a heat penetration and temperature
of sink in case there is a heat loss.

The exergy destruction rate is calculated by multiplica-
tion of ambient temperature with entropy generation in
each component:

_Exdi ¼ _T 0 � _Sgen;i ð5Þ
where _Sgen;i denotes the entropy generation rate in the com-
ponent i and it is determined by applying the entropy bal-
ance equation for a steady state operation on each
component of the system as follows:

_Sgen;i ¼
X

_moutsout �
X

_minsin �
X _Q

T

� �
ð6Þ

Here, the exergy associated with a process at a specified
state is the sum of two contributions: physical and
chemical.

Thus, the specific exergy of the hydrogen production
process is calculated by:

exi ¼ hi � h0 � T 0ðsi � s0Þ þ exch ð7Þ
The chemical exergy based on a typical exergy reference

environment exhibiting standard values of the environmen-
tal temperature T0 and pressure P0 such as 25 �C and
100 kPa is named standard chemical exergy. The data of
the chemical exergies for the reactants and products are uti-
lized from the literature (Moran et al., 2011).

The electrolysis reaction is the opposite of the formation
of water reaction:  
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H2Oþ Electrical Energy ¼ H2 þ 1

2
O2 ð8Þ

The exergy content of produced hydrogen is calculated
as follows:

_ExH2
¼ _mH2

ðexH2;ch þ exH2;phÞ ð9Þ
where

exH2;ch ¼
236:1 � 1000

MWH2

ð10Þ

where 236.1 kJ/g mole is taken to be exergy content of
hydrogen (The Exergoecology Portal) and MWH2

is the
molar mass of hydrogen in kg/kmol.

The efficiency of electrolyzer is taken to be 70% and 65%
(Roy et al., 2006; Nieminen et al., 2010; Artuso et al., 2011)
for PV and Geothermal, respectively as per following
formula:

gelectrolyzer ¼
mH2

�HHV
_W electrolyzer

ð11Þ

where _W electrolyzer is taken to be 50% of turbine work output
for geothermal system and 85% of PV/T work output for
solar based hydrogen production. HHV represents the
higher heating value of hydrogen.

The electrolysis efficiency of geothermal based hydrogen
production is:

gen;elect;Geo ¼
mH2

� hH2
þ mO2

� hO2

_W out;T

ð12Þ

The exergy efficiency of electrolysis process is the ratio
of the exergy of the reactants (water), over the power input
which can be determined by the following formula:

gex;elec;Geo ¼
mH2

� exH2
þ mO2

� exO2

_W out;T

ð13Þ

The electrolysis efficiency of PV/T based hydrogen pro-
duction is:
gen;ov;sys ¼
_W out;T � 0:5þ _W PV � 0:15�P

_W Pumps � _W in;C þ _m26h26 þ _m25h25 þ _m9h9 þ _m8h8 þ _Qout;Cond3 þ _QAC

_m1h1 þ _QSolar

ð22Þ

gex;ov;sys ¼
_W out;T � 0:5þ _W PV � 0:15�P

_W Pumps � _W in;C þ _m26ex26 þ _m25ex25 þ _m9ex9 þ _m8ex8 þ _ExQCond3 þ _ExQAC

_m1ex1 þ _ExQSolar

ð23Þ
gen;elec;PV=T ¼ mH2
� hH2

þ mO2
� hO2

_W PV

ð14Þ
and the exergy efficiency becomes

gex;elec;PV=T ¼ mH2
� exH2

þ mO2
� exO2

_W PV

ð15Þ
All of the important subsystem exergy balance equa-
tions and exergy efficiency definitions are given in Table 3.
The exergy efficiency of a process can be given as the ratio
of exergy output that is produced by the system to the total
exergy input. The exergy efficiencies for the sub-systems
can be stated as follows:

The organic Rankine cycle exergy efficiency is the ratio
of net work generated by turbine over total exergy input:

gex;ORC ¼
_W out;T � _W in;P4

ð _m2ex2 � _m3ex3Þ ð16Þ

The absorption cooling system energetic and exergetic
COP are as follows:

COPen;AC ¼
_QAC

ð _m29h29 � _m30h30Þ ð17Þ

where _QAC is heat absorbed by Evaporator 2.
The COP reversible can be found as follows:

COPreversible ¼ T 32 � T 0

T 32 þ 273

� �
10þ 273

T 0 � 10

� �
ð18Þ

The exergetic COP of absorption cooling system is the
ratio of energetic COP over reversible COP stated as:

COPex;AC ¼ COPen;AC

COPreversible

ð19Þ

In the heat pump system, useful output is the heat out
from Condenser 3. Therefore, both energetic and exergetic
COPs of heat pump system can be written as

COPen;HP ¼
_Qout;Cond3

_W in;C

ð20Þ

COPex;HP ¼
_Qout;Cond3 1� T 0

T s

� �
_W in;C

ð21Þ

By considering all useful outputs and total inputs, over-
all system energy and exergy efficiencies are defined as
follows:

 

4. Results and discussion

In energy and exergy analyses of the designed renewable
energy based integrated multigeneration system, values of
mass flow rate (kg/s), temperature ( �C), pressure (kPa),
specific enthalpy (kJ/kg) and specific exergy (kJ/kg) are
determined for the each state of the system as listed in 



Table 2
Process data for the multigeneration system.

State no Fluid/gas type T (�C) P (kPa) _m (kg/s) h (kJ/kg) s (kJ/kg K) ex (kJ/kg)

0 Water 25 100 – 104.8 0.3669 –
00 R134a 25 100 – 276.4 1.106 –
000 LiBr–Water 25 100 – 50.78 0.1773 –
0000 Isobutane 25 100 – 599 2.515 –
1 Water 200 2500 45 852.8 2.329 162.9
2 Water 201 2600 45 857.3 2.339 164.6
3 Water 150 2600 45 633.6 1.84 89.68
4 Water 90 2600 45 378.9 1.191 28.44
5 Water 40 200 0.01 167.7 0.5722 1.627
6 Water 80 200 0.01 335 1.075 542.8
7 – 25 100
8 Hydrogen 80 150 0.005032 791.4 65.58 117,672
9 Oxygen 80 150 0.004968 50.68 6.461 159.7
10 – 25 100
11 Water 60 180 0.035 251.3 0.8311 8.053
12 Water 63 200 0.035 263.9 0.8686 9.441
13 Water 10 190 0.035 42.17 0.1509 1.724
14 R134a 9.5 300 0.04 258.7 0.9595 26.06
15 R134a 75 950 0.04 309.8 1.037 54.06
16 R134a 35 950 0.04 100.9 0.3712 43.57
17 R134a 2 300 0.04 100.9 0.4362 24.2
18 Water 85 150 0.1 356 1.134 22.38
19 Water 65 150 0.1 272.2 0.8934 10.36
20 Water 10 120 0.02 42.1 0.151 1.654
21 Water 12 200 0.02 50.55 0.1804 1.322
22 Water 43 200 0.02 180.2 0.6121 2.285
23 Water 43 200 0.02 180.2 0.6121 2.285
24 Water 40 200 0.01 167.7 0.5722 525.4
25 Oxygen 40 150 0.009967 13.74 6.35 155.8
26 Hydrogen 40 150 0.00003293 215.4 63.85 117,612
27 Isobutane 77 1500 25 396.9 1.624 63.65
28 Isobutane 145 1500 25 807.4 2.74 141.5
29 Isobutane 100 300 25 734 2.766 60.37
30 Isobutane 85 300 25 703.6 2.683 54.76
31 Isobutane 75 300 25 391.4 1.61 62.32
32 Water 90 5.48 0.18 2669 8.674 86.85
33 Water 40 5.48 0.18 167.5 0.5723 1.434
34 Water 5 0.8 0.18 40.73 0.1475 1.319
35 Water 5 0.8 0.18 2510 9.064 88.1
36 LiBr–Water 35 0.8 1.9 88.12 0.2075 28.32
37 LiBr–Water 38 5.48 1.9 94.09 0.2269 28.53
38 LiBr–Water 53 5.48 1.9 124.2 0.3217 30.39
39 LiBr–Water 90 5.48 2 229.1 0.4861 86.2
40 LiBr–Water 60 5.48 1.72 173.8 0.3271 78.35
41 LiBr–Water 55 0.8 1.72 164.7 0.2996 77.48
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Table 2. The reference conditions are taken to be the ambi-
ent conditions. Thermodynamic values are calculated using
Engineering Equation Solver (EES) software which is a
powerful software for thermodynamic analysis.

Solar PV/T modules are capable of both generating hot
water and electricity. Selected PV/T module has a nominal
power of 235 W. The exergy destruction values, energy
consumption or generation values, energy and exergy effi-
ciency values of important components are listed in Table 4.
As seen in Fig. 2, highest exergy destruction rates are
observed in Heat Exchanger 1, geothermal based electroly-
sis process and Evaporator 1. Because Heat Exchanger 1
and Evaporator 1 content high amount of mass flow rate
as geothermal water input. The exergy destruction rates
of Pump 1 and Turbine are 124.9 kW and 193.1 kW respec-
tively as seen in Table 4 and Fig. 2. Absorber has also an
exergy destruction rate of 113.3 kW which is followed by
Pump 4 with 105.4 kW. Highest exergy efficiency values
are observed in Expansion Valve 1 and 2, as 92% and
99% respectively. Exergy efficiencies of Generator and Eva-
porator 2 are 93% and 95% respectively. In organic Rank-
ine cycle, the turbine generates approximately 1.8 MW
power with an exergy efficiency of 90%. The turbine exergy
destruction rate is 193.1 kW. The thermal energy storage
energy and exergy efficiencies are 87% and 18% respec-
tively. The exergy efficiency is lower than energy efficiency,
therefore while designing the thermal energy storage
systems, exergy ethically analyses are suggested to be 



Table 4
Thermodynamic analysis data of the multi-generation system components.

Component Exergy destruction rate (kW) Exergy efficiency (%) Power or heat transfer rate (kW)

Condenser 2 2.962 81 450.2
Condenser 3 0.368 12 8.357
Condenser 4 81.93 70 7806
Heat exchanger 1 2750 1 11,461
Heat exchanger 2 34.09 9 –
Electrolysis geothermal 961.4 32 1833
Electrolysis PV 6.89 77 8.594
Expansion valve 1 0.02086 92 –
Expansion valve 2 1.509 99 –
Expansion valve 3 0.7748 56 –
Pump 1 124.9 39 203.7
Pump 2 10.96 3 11.35
Pump 3 0.3912 11 0.4398
Pump 4 105.4 24 138.7
Pump 5 0.1757 4 0.169
Turbine 193.1 90 1834
Compressor 0.922 55 2.042
Generator 9.943 93 –
Absorber 113.3 2 567.7
Evaporator 1 1426 58 –
Evaporator 2 2.131 95 –
Evaporator 3 0.1955 28 –
Thermal energy storage 0.9767 18 1.062
Solar PV/T 6.382 13 15.44/7.061

Table 3
Exergy destruction rates and exergy efficiency equations for the system components.

Component Exergy destruction rate definition Exergy efficiency definition

Turbine _Exd;T ¼ _m28ex28 � _m29ex29 þ _W out;T gex;T ¼ _W out;T

ð _m28ex28� _m29ex29Þ

Condenser 4 _Exd;Cond4 ¼ _m30ex30 � _m31ex31 þ _Qout;Cond4 1� T 0

T s

� �
gex;Cond4 ¼

_Qout;Cond4ð1�T0
T s
Þ

ð _m30ex30� _m31ex31Þ

Pump 4 _Exd;P4 ¼ _m31ex31 þ _W in;P4 � _m27ex27 gex;P4 ¼ ð _m27ex27� _m31ex31Þ
_W in;P4

Evaporator 1 _Exd;Eva1 ¼ _m27ex27 þ _m2ex2 � _m28ex28 � _m3ex3 gex;Eva1 ¼ ð _m28ex28� _m27ex27Þ
ð _m2ex2� _m3ex3Þ

Generator _Exd;GEN ¼ _m38ex38 þ _m29ex29 � _m30ex30 � _m39ex39 � _m32ex32 gex;GEN ¼ ð _m32ex32þ _m39ex39� _m38ex38Þ
ð _m29ex29� _m30ex30Þ

Condenser 2 _Exd;Cond2 ¼ _m32ex32 � _m33ex33 � _Qout;Cond2 1� T 0

T s

��� ���� �
gex;Cond2 ¼

_Qout;Cond2ðj1�T0
T s
jÞ

ð _m32ex32� _m33ex33Þ

Evaporator 2 _Exd;Eva2 ¼ _m34ex34 þ _QAC 1� T 0

T 35

��� ���� �
� _m35ex35 gex;Eva2 ¼

_QACðj1� T0
T35

jÞ
ð _m35ex35� _m34ex34Þ

Heat exchanger 2 _Exd;HX2 ¼ _m39ex39 þ _m37ex37 � _m40ex40 � _m38ex38 gex;HX2 ¼ ð _m38ex38� _m37ex37Þ
ð _m39ex39� _m40ex40Þ

Solar PV/T _Exd;Solar ¼ _m19ex19 þ _Qin;Solar 1� T 0

T sun

� �
� _m18ex18 � _W PV gex;Solar ¼ _W PVþ _m18ex18� _m19ex19

ST 1� T0
T sunð Þ A

1000

Geothermal based electrolysis _Exd;E;Geo ¼ _m6ex6 þ _W out;T � _m8ex8 � _m9ex9 � _Qloss;E;Geo 1� T 0

T 8

� �
gex;elec;Geo ¼ ð _m8ex8þ _m9ex9Þ

_W out;T

PV/T based electrolysis _Exd;E;PV ¼ _m24ex24 þ _W PV � _m26ex26 � _m25ex25 � _Qloss;E;PV 1� T 0

T s

� �
gex;elec;PV ¼ ð _m26ex26þ _m25ex25Þ

_W PV

Compressor _Exd;C ¼ _m14ex14 þ _W in;C � _m15ex15 gex;C ¼ ð _m15ex15� _m14ex14Þ
_W in;C

Condenser 3 _Exd;Cond3 ¼ _m15ex15 � _m16ex16 � _Qout;Cond3 1� T 0

T s

��� ���� �
gex;Cond3 ¼

_Qout;Cond3ðj1�T0
T s
jÞ

ð _m15ex15� _m16ex16Þ

Evaporator 3 _Exd;Eva3 ¼ _m17ex17 þ _m12ex12 � _m14ex14 � _m13ex13 gex;Eva3 ¼ _m14ex14� _m17ex17
_m12ex12� _m13ex13
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performed. The solar PV/T system’s energy and exergy
efficiencies are 23.6% and 13.3% respectively, while the
power conversion efficiency of the PV/T modules is
calculated to be 10.8%.

The geothermal based electrolysis process energy and
exergy efficiencies are 39.1% and 32.3% respectively. About
50% of generated electricity is used in electrolysis process
for hydrogen production. In geothermal based hydrogen
production 18.11 kg/h hydrogen is stored in the tank.
While in PV/T, 0.1185 kg/h hydrogen can be stored since
the amount of produced electricity is only ca. 7 kW. PV/
T based electrolysis energy efficiency is 68.2% and exergy
efficiency is 77%. There is an important amount of heat loss
in Heat Exchanger 1, Condenser 4 and geothermal based 



Fig. 2. Highest exergy destruction ratios for main components of the
system.
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electrolysis process. The produced oxygen is also stored to
be transferred for medical purposes.

The overall energy and exergy efficiencies of the renew-
able energy based multigeneration system are calculated to
be 5.5% and 20.4% respectively under given conditions at
25 �C and 100 kPa. The energetic and exergetic COPs of
the absorption cooling system are found to be 0.58 and
0.17 respectively. The exergetic COP is lower than the ener-
getic COP because there are significant losses in the absorp-
tion system especially in Absorber and Condenser 2. The
energetic COP is lower than expected absorption systems
because required heat input for the generator is supplied
from an organic Rankine cycle whose temperature is con-
siderably lower than conventional Rankine cycle. The ener-
getic COP of heat pump system is 4.1 and exergetic COP is
Table 5
Energy and exergy efficiency comparison of various geothermal based systems

Author Energy
efficiency (%)

Exergy
efficiency (%)

S

Franco and Villani (2009) 9.27 31.45 R
T

I

10.89 36.98 S
O
R
T

Zhou (2014) 10.8 14.7 S

11.6 14.1 S
Heberle and Brüggemann (2010) 14 53 G

I
T

Coskun et al. (2012) 39.9 54.8 G
D
T

Al-Ali and Dincer (2014) 78 36.6 G
T

El-Emam and Dincer (2013) 16.37 48.8 G
T

AlZaharani et al. (2013) 13.67 32.27 S
R
T

Suleman et al. (2014) 54.7 76.4 C
0.03. In addition, the energy and exergy efficiencies respec-
tively are calculated to be 16.9% and 50.3% for organic
Rankine cycle. A comparison of energy and exergy effi-
ciency values of different geothermal based co/tri/multi-
generation systems, as available in the open literature, is
listed in Table 5.

It is further important to mention that integrating both
solar and geothermal subsystems overcomes any issues
related to hourly changes in the solar radiation intensities
reaching the solar collecting devices and some seasonal
changes in geothermal water temperatures. It also gives a
better and more reliable multigeneration opportunity to
meet the demands of users.

An important advantage of exergy analysis is that it
takes reference ambient conditions into account. In order
to understand the effect of ambient conditions on subsys-
tem and overall efficiencies, some parametric studies are
executed. Additionally, the effect of working fluid type is
studied, and the changes in efficiencies by variable working
fluids are determined.

 

4.1. Effect of ambient pressure

When the ambient pressure increases from 80 kPa to
130 kPa which might change according to the altitude of
location, although energy efficiency does not change,
exergy efficiency decreases very slightly. Even though for
some of the subsystems, pressure change might be more
in the literature.

ystem description

ankine with superheater

geo = 150 �C
sobutane

upercritical cycle
ptimized solution
134a

geo = 150 �C

upercritical hybrid solar–geothermal plant

ubcritical hybrid solar–geothermal plant
eothermal ORC with internal heat recovery
sobutane

geo = 160 �C

eothermal
omestic hot water, heating, electricity

geo = 156 �C

eothermal-solar cycle, organic Rankine cycle and single absorption chiller

geo = 190 �C

eothermal regenerative organic Rankine cycle

geo = 175 �C
upercritical carbon dioxide (CO2) Rankine cycle with an organic (R600)
ankine cycle, an electrolyzer, and a heat recovery system

geo = 200 �C

ombined geothermal and solar energy system  
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effective, overall efficiency is not much affected by ambient
pressure.

4.2. Effect of ambient temperature

Ambient temperature is critical for the performance of
most thermodynamic systems. Therefore, changes in ambi-
ent temperature may increase or decrease the system effi-
ciency. The effects of variations in ambient temperature
on some of the subsystems and overall efficiency of the
multigeneration system are shown in Figs. 3 and 4. By
increasing ambient temperature in Figs. 3 and 4, energetic
COP of both absorption cooling system and heat pump
system remains constant however exergetic COP of absorp-
tion cooling system increases dramatically from 0.1 to 0.75.
On the other hand, heat pump’s exergetic COP is decreas-
ing from 4.4 to 3.7 by a change of ambient temperature
from 15 �C to 25 �C.

The organic Rankine cycle exergy efficiency increases up
to 60% by increasing ambient temperature from 15 �C to
50 �C as shown in Fig. 4 although the turbine efficiencies
remain constant. Overall multigeneration system energy
efficiency remains constant with increasing ambient tem-
perature however exergy efficiency of the system increases
up to 27% at 50 �C as Fig. 4 emphasizes. It shows that
the designed system will work more exergetically efficient
under high temperature ambient conditions.
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4.3. Effect of mass flow rates on some components and

overall efficiencies

There are two independent inputs to the system;
geothermal energy and solar energy. The mass flow rates
of these systems play an important role on overall system
efficiency. As seen in Fig. 5, an increase in the geothermal
water mass flow rate will lower both organic Rankine cycle
and overall system efficiency. This indicates us that the
power output increase will be much lesser than power input
increase.

Increase in water mass flow rate in solar energy system
decreases both energy and exergy efficiencies of overall
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system in Fig. 6. Because water mass flow rate in solar
energy system is one of the two inputs of the overall sys-
tem. Overall exergy efficiency decreases down to 20.1%
from 20.4%. Rising the isobutane mass flow rate in the
organic Rankine cycle decreases the generator efficiencies
in Fig. 7 because generator’s input is the output of turbine.
This will increase denominator of efficiency definition of
generator. On the other hand, increasing isobutane mass
flow rate in organic Rankine cycle, rises both organic
Rankine cycle and overall efficiencies. The exergy efficiency
of organic Rankine cycle increases up to 90% and overall
system efficiency increases up to 40% at 45 kg/s mass flow
rate.

4.4. Effect of global solar irradiance on solar energy system

and overall efficiencies

Fig. 8 indicates that increasing solar irradiance decreases
both energy and exergy efficiency of solar energy system
because energy output of solar module increases less than
increase in solar irradiance. Since average solar irradiance
in Arabic countries and Mediterranean region changes
between 600 W/m2 and 1000 W/m2 during seasons, energy
efficiency goes down to 19% from 32% by increasing solar
irradiance. The exergy efficiency of solar energy system
decreases to 10% at 1000 W/m2 solar irradiance. The over-
all system performance is not affected by solar irradiance
change.
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4.5. Change of exergy destruction rate and exergy efficiency

by changing ambient temperature

Figs. 9 and 10 indicate that exergy destruction rates of
components are inversely proportional with exergy efficien-
cies by increasing ambient temperature. As seen in Fig. 9,
when the turbine exergy destruction rate increases from
185 kW to 210 kW by an increment of 35 �C ambient tem-
perature, exergy efficiency of Turbine decreases more than
1%. The compressor exergy destruction rate is also reverse
proportional with exergy efficiency when the temperature
increases from 15 �C to 50 �C even though the change is
around 4%. The solar PV/T system exergy efficiency
decreases to 12.5% from 13.5% by an increasing tempera-
ture and exergy destruction rate. Another high exergy
destruction rate is observed in Evaporator 1. As seen in
Fig. 10, the exergy efficiency of Evaporator 1 decreases to
42% with increasing ambient temperature and exergy
destruction rate.

4.6. Effect of working fluid on organic Rankine cycle and

overall system

The working fluid type used in organic Rankine cycle
efficiency is an important factor on system efficiencies. A
parametric study is carried out by defining three different
type of working fluids: isobutane, R123 and R245fa. As
seen in Figs. 11 and 12, highest exergy efficiency in organic
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Rankine cycle is observed when isobutane is used in
organic Rankine cycle. At 25 �C ambient temperature,
exergy efficiency is 50% although it is about 22% and
13% for R254fa and R123 respectively. This proves that
system is approximately 3 times more efficient when isobu-
tane is used.

Another parametric study related to geothermal water
temperature and working fluid indicates that when the
geothermal water temperature increases up to 240 �C, all
efficiencies are increasing however highest increase is still
in isobutane which corresponds to 60% organic Rankine
cycle exergy efficiency at 240 �C. The system is more effi-
cient when R245fa is used than R123 as seen in Fig. 12.
A comparison of efficiency values for three type of working
fluid is seen in Figs. 13 and 14 under same values and ambi-
ent conditions. Evaporator 1 has highest exergy destruction
rate when R123 working fluid is used. Since absorption
cooling system is integrated with organic Rankine cycle
turbine output, Evaporator 2 heat input which is in fact
cooling effect decreases to 223.9 kW and 176.3 kW when
R245fa and R123 is used respectively.
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Fig. 16. Effects of geothermal water temperature on turbine work output
and absorption cooling heat rate.  
4.7. Effect of geothermal water temperature on overall

system

The main input to the electrolysis of water is power.
When the power input increases, more water is split and
more hydrogen is produced. In geothermal based hydrogen
production, the power is supplied by turbine–generator
output. Since the power output increases when the geother-
mal water temperature rises, the amount of hydrogen pro-
duced by the system increases in parallel. If the geothermal
water temperature is 220 �C, the stored hydrogen increases
to around 20 kg in hour. Similarly, the PV based hydrogen
production is much higher when generated PV power is
higher. It reaches to 0.16 kg/h when twelve more PV/T
modules are used as illustrated in Fig. 15.

The geothermal water temperature directly influences
the total turbine work output and absorption cooling sys-
tem as seen in Fig. 16. The generated work increases to
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Fig. 17. Variation of overall energy and exergy efficiencies with increasing
geothermal water temperature.
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2.1 MW and cooling effect to 700 kW when geothermal
water temperature is 240 �C. The overall system efficiencies
are strictly dependent on geothermal water temperature as
stated in Fig. 17. In case we have higher geothermal water
temperature such as 220 �C, the energy efficiency of multi-
generation system can increase up to 15% and exergy effi-
ciency up to 65%. Therefore, the overall system will work
more efficient on a high temperature geothermal zone.
The exergy results show that organic Rankine cycle evapo-
rator and Heat Exchanger 1 are the two main sources of
irreversibility, with the largest exergy destruction rate due
to the high mass flow rate of geothermal water input and
high temperature difference in both components. In addi-
tion, the geothermal based electrolysis has the third highest
exergy destruction rate with a value of 961.4 kW. The pro-
posed multigeneration system efficiencies can be compared
with the ones in the literature. Heberle and Brüggemann
(2010) showed an exergy efficiency of 35–40% for the multi-
generation system combining solar and geothermal energy.
Suleman et al. (2014) found the exergy efficiency ranging
between 60% and 70% for solar collector and geothermal
based multigeneration system. (Karellas and Braimakis,
2016) used biomass and solar energy for multigeneration.
But their organic Rankine cycle efficiency was about 7%
which is low compared the current study. Ayub et al.
(2015) proposed integration of geothermal and solar
energy. The exergy efficiency changes between 39% and
42% depending on the mass flow rate. In the current study,
it ranges between 20% and 40% depending on the mass
flow rate. In Daǧdas� et al. (2005), the energy and exergy
efficiencies of sole geothermal based power plant can be
seen under various conditions. The energy and exergy effi-
ciencies were about 8% and 38%, respectively. In the cur-
rent study, both efficiencies are higher than using only
geothermal plant or sole solar energy. Therefore, combin-
ing various renewable resources in a clean and environmen-
tally benign manner would bring both higher efficiencies
and better sustainability. The results of this study are
encouraging for solar and geothermal based hybrid system
which shows a good opportunity for low cost electricity
production and higher efficiency combined system by
increasing the attractiveness of many low-medium temper-
ature geothermal sources.

5. Conclusions

In this paper, a novel renewable energy based multigen-
eration system together with hydrogen production is
designed and analyzed for heating, cooling, hot water, elec-
tricity and hydrogen production. The electricity production
is achieved by geothermal based organic Rankine cycle and
solar PV/T modules. Absorption cooling system is based
on organic Rankine cycle turbine output. Solar PV/T mod-
ules are the driven source of thermal energy storage and
heat pump system. By a duct system under solar PV/T
modules, required water for electrolysis is conditioned in
order to increase the water temperature.

The effects of certain operating conditions on the sub-
systems and overall system performance are investigated.
Extensive parametric studies on the efficiencies under vari-
ous ambient temperature, pressure and mass flow rate val-
ues are examined and results are comparatively discussed.
Any change in ambient pressure has not an important effect
on overall efficiency as well as organic Rankine cycle effi-
ciency. Increasing ambient temperature of the system pos-
itively influences exergetic COP of absorption cooling,
exergy efficiency of organic Rankine cycle, PV based elec-
trolysis process and overall system. The overall system
exergy efficiency increases to 27% at the ambient tempera-
ture of 50 �C. In addition, geothermal water temperature is
directly increasing the overall system efficiency up to 60%
when water temperature is 220 �C. An increase of 25 �C
in geothermal water temperature from 195 �C to 225 �C,
raises energy efficiency of multigeneration system up to
15%.

In summary, highest energy and exergy efficiencies are
calculated as 15% and 65% respectively when geothermal
water temperature is 220 �C. Compared to second law
analysis, the first law analysis takes into account the ther-
mal energy of geothermal water, which is actually trans-
ferred to the ORC instead of the potentially available
thermal energy of geothermal water hence yielding higher
exergy efficiency. The evaporator 1, turbine and pump 4
in organic Rankine cycle have high exergy destruction rates
as components, accounting for about 30% of the total
exergy destruction rates of the overall system. In geother-
mal based hydrogen production system, 18 kg and in PV/
T based hydrogen production system 0.11 kg hydrogen
can be stored per hour. Additionally, it is seen that under
given conditions, isobutane is the best alternative as work-
ing fluid of organic Rankine cycle while decreasing the
exergy destructions and increasing the turbine work out-
put. As a result, the renewable energy based hybrid multi
generation systems together with hydrogen production
for different type of commodities can be used for various
applications, such as stand-alone factories, houses and
dairy farms.
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