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a b s t r a c t

In this paper, we propose an integrated system aiming for hydrogen production with by-

products using geothermal power as a renewable energy source. In analyzing the system,

an extensive thermodynamic model of the proposed system is developed and presented

accordingly. In addition, the energetic and exergetic efficiencies and exergy destruction

rates for the whole system and its parts are defined. Due to the significance of some pa-

rameters, the impacts of varying working conditions are also investigated. The results of

the energetic and exergetic analyses of the integrated system show that the energy and

exergy efficiencies are 39.46% and 44.27%, respectively. Furthermore, the system perfor-

mance increases with the increasing geothermal source temperature and reference tem-

perature while it decreases with the increasing pinch point temperature and turbine inlet

pressure.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Meeting energy needs in a sustainable manner is quite a

critical challenge of present-day life. Energy consumption is

increasing every day and current energy sources are

decreasing day-by-day. One solution for this problem is to

find new, environmentally friendly, economical, reliable and

secure energy sources. Using renewable energy sources is one

alternative to using fossil fuels which produce emissions

causing greenhouse effect, global warming and climate

change. In many developing countries with limited energy

sources, the power production processes have major signifi-

cance for achieving sustainable development. The energy

generation and consumption processes result in critical

environmental concerns (at global, regional and local levels)

which may have significant results and even put at risk the

long-term sustainability of the planets ecosystems at risk.

Therefore, local and renewable energy resources must be

supported for power production. When locality is important,
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geothermal energy is one of the suitable solutions among

renewable energies. There are several usage areas of

geothermal energy, some of these areas are electricity gen-

eration, heating, hot water and warming applications of

greenhouses. Main problems of power production using

geothermal power include high installation costs and low

performance. The important way to increase the system ef-

ficiency of geothermal power plant is to integrate it with sub-

systems for hydrogen, cooling, heating and hot water pro-

duction. When those problems related to cost and efficiency

of geothermal power plants are overcome, geothermal energy

will be a very important source for the countries having it.

Five countries (such as China, Turkey, Japan, Iceland and

India) are leading the world in terms of direct use of

geothermal sources [1].

When geothermal energy is used to produce heat energy

for heating applications, its efficiency remains low. In order to

improve efficiency of geothermal-based systems, some

studies have been performed in literature. Cakici et al. [2] have

modelled an integration of geothermal source with parabolic

trough solar collector and analyzed the system in terms of

thermodynamic performance. As integration of geothermal

energy sources with other sub-systems offer higher advan-

tages, feasibility studies are being performed for multi-

generation purposed energy production systems. One of those

feasibility studies have been conducted by Arslan and Kose [3]

for Simav, Kutahya in Turkey. According to their study, 21

distinctive designs have been comprised and evaluated by

performing exergy and life cycle cost analyses. After analysis

results, the most exergetic and the most beneficial models

have been presented for decision makers.

Hydrogen is generally treated by many as an energy carrier

for future usage because of its advantages. However, the pro-

duction of hydrogen is also an important issue. If hydrogen is

produced from fossil fuels, it will release emissions harmful to

the environment. Therefore, hydrogen should be produced by

renewables to keep the environment clean. Nikolaidis and

Poullikkas [4] have performed a review study for comparison of

hydrogen production from renewables. Themost cost effective

thermochemical process for hydrogen production is super-

critical water gasification of biomass according to their study.

Producing hydrogen from geothermal sources is relatively

cheaper than solar and wind energy sources. They have

concluded that feasible applications for hydrogen production

are low andmoderate temperature geothermal sources; beside

these waste heat of geothermal is feasible too for hydrogen

production.

In order to produce electricity, themost common cycles are

the Rankine cycle, Organic Rankine cycle (ORC) and Kalina

cycle. Shokati et al. [5] have compared ORC and Kalina cycle in

geothermal-based tri-generation systems and performed

thermodynamic analysis and optimization. Kalina cycle is

found to be more efficient than the ORC by about 4% and

produces more power by 12.2%, respectively.

Recently, after having higher efficiencies from cogeneration

and trigeneration systems compared to conventional ones, a

new challenge started to gain more outputs from energy pro-

duction systems. Multigeneration systems are still new and

being investigated by many researchers. Many researches

involvingmultigeneration systemsutilizing geothermal energy

have been conducted. In these multigeneration systems,

sometimes geothermal energy is integrated to other renewable

energy sources. Calise et al. [6] have investigated a novel in-

tegrated multigeneration process using geothermal and solar

energy as sources. Outputs of the system are electricity, heat-

ing, cooling and freshwater for a small community. The overall

energetic and exergetic efficiencies of that process have been

found to be as 54.7% and 46.4%, respectively. Similarly, another

integrated process using solar and geothermal energy for

electricity, cooling, space heating, hot water and industrial

heat is analyzed by Al-Ali and Dincer [7]. They have compared

the energetic performances of single generation and multi-

generation and calculated as 16.4% and 78%, respectively. On

the other hand, their exergetic efficiencies are 26.2% and 36.6%,

respectively. In addition, it is suggested that solar collectors

should be improved because of having the highest exergy

destruction rate.

As environmental concerns increase, there are numerous

studies searching alternatives in order to decrease harmful

emissions. Besides, environmental concerns, investors are

also interested in the cost of systems. In literature, there are

some studies investigated the cost of systems and perform-

ing parametric studies that how variables affect the cost of

the products. One of the most important parameter in

geothermal systems affecting the cost of the product is

geothermal water temperature. As geothermal water tem-

perature increases 130 �Ce200 �C, cost of hydrogen produc-

tion decreases from 4.8 $/kgH2 to 1.1 $/kg H2 [8]. Also,

parametric study reveals that as geothermal fluid tempera-

ture increases, exergetic cost of hydrogen decreases. Desideri

and Bidini [9] have investigated three designs of Rankine

cycle and compared them to conventional single and dual

flash steam power steam plants for geothermal power sys-

tems. The results illustrated that there is a potential for

optimization of performance, by modifying the system

design parameters, such as turbine inlet pressure and type of

working fluid. Yuksel et al. [10] have proposed a novel com-

bined system for power, hydrogen, oxygen, cooling, heat and

hot water production driven by geothermal energy. It is

observed that rising geothermal working fluid temperature

and concentration of ammonia in vapor leaving a very high

temperature heat exchanger results in improved efficiency of

the whole system. Khalid et al. [11] have reported a tech-

noeconomic assessment of geothermal and solar district

heating systems through mass, energy, exergy, cost ac-

counting analyses to supply electricity, cooling, heating,

hydrogen and hot water for buildings. They have carried out

the detailed energetic and exergetic analyses of integrated

system, and studied parametrically the impacts of tempera-

ture, mass flow rate, pressure of geothermal fluid and the

effect of reference temperature on the system performance.

Balta et. al [12] investigated and reviewed a geothermal based

hydrogen production using thermochemical and hybrid cy-

cles. In that study, various operating conditions and param-

eters were evaluated. According to the results, Cu-Cl cycle is

one of the most promising method for production of

hydrogen having energetic and exergetic efficiency 51% and

65%, respectively.

In the present paper a new integrated system based on

geothermal energy for electricity, hydrogen, cooling, heating
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