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a b s t r a c t

Energy is the most important issues of social and economic life in countries either devel-

oped or just developing. It is very well known that hydrogen energy, which is the most

advanced energy carrier; environmental friendly and sustainable, can compensate the

increasing energy requirements. The generation of hydrogen through electrolysis

possessed several advantages, such as high efficiency, low pollutant emissions and flexible

fueling strategies. This research aims to create an efficient, effective and multi-disciplinary

solution package to produce hydrogen evaluating the waste heat. The main goal of this

research was to increase the efficiency of hydrogen production by operating the Solid

Oxide Electrolysis Cell (SOEC) at an optimum combination of operating conditions. Number

of electrolysis cell, the number of stacks and cell area which are the parameters that affect

the high temperature electrolysis are determined on the basis of previous studies. Steam

temperature and steam flow rate that are calculated parametrically for the system.

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

Introduction

One of the new emerging technologies having the world's
clean energy choice is based on hydrogen. Flexible, affordable,

safe, domestically produced, usable in all sectors of the

economy and in all regions of the country; hydrogenmay play

an important role as an energy carrier of the future [1].

There is a growing interest in the development of large-

scale non-fossil hydrogen production technologies [2]. This

interest is driven by the immediate demand for hydrogen for

refining of increasingly low-quality petroleum resources

[2e4], the expected intermediate term demand for carbon-

neutral synthetic fuels [2,5], and the possible long-term de-

mand for carbon-free hydrogen as an environmentally benign

transportation fuel [2,6].

Hydrogen technology, as an environmental friendly tech-

nology, has advantages. It is considered as a universal energy

carrier for the future. Large-scale hydrogen production

without fossil consumption and various gas emissions such as

COx, SOx and NOx is the key to achieving the Hydrogen

Economy [7e14]. Hydrogen can produce with water electrol-

ysis [14e18], thermochemical cycles [14,19,20] and photo

catalysis processes [21e23]. Thesemethods are non-fossil fuel

based process.

Until now, probably the cleanest method of producing

hydrogen has been water electrolysis [14]. Electrolysis process

is much more efficient at raised temperatures [24,25]. Tem-

perature is known to be one of the most effective variables on

the electric power demand of an electrolysis cell. The reasons

of this behavior can be discussed according to the thermo-

dynamic characteristics of a water molecule, as its splitting

* Corresponding author.
E-mail address: ethemtoklu@duzce.edu.tr (E. Toklu).

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.elsevier .com/locate/he

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 1 ( 2 0 1 6 ) 1 0 0 7 1e1 0 0 7 9

http://dx.doi.org/10.1016/j.ijhydene.2015.12.131
0360-3199/© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

mailto:ethemtoklu@duzce.edu.tr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2015.12.131&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2015.12.131
http://dx.doi.org/10.1016/j.ijhydene.2015.12.131
http://dx.doi.org/10.1016/j.ijhydene.2015.12.131


reaction potential is known to reduce as the temperature in-

creases. Moreover, ionic conductivity and surface reaction of

an electrolyte rise directly with temperature [25,26]. High

temperature water electrolysis requires less energy to reach

any given current density in analogy with a low temperature

process [25,27,28].

Theoretically, the efficiency of a solid oxide electrolysis cell

improved with increased temperature as a result of reduction

in the Gibbs free energy change [29]. In this field, Solid Oxide

Electrolysis Cells (SOEC) have attracted a great interest in the

last few years, as they offer significant power and higher ef-

ficiencies compared to conventional low temperature elec-

trolyser [14].

This research aims to create an effective solution package

to produce hydrogen evaluating the waste heat. In this

research, the idea is to improve hydrogen production effi-

ciency through a solid oxide electrolysis process with waste

heat. It is investigated to recovery the portion of the heat and

to convert to useful work released into the atmosphere by

flue gases. Values that can vary according to the materials

and manufacturability of hydrogen are analyzed. Flue gas

exit temperature which is the main factor for steam tem-

perature and steam flow rate dependence on the factors

affecting the thermal electrolysis is analyzed for the designed

system.

Material and methods

Flue gas released to the atmosphere from an industrial

plants' chimneys causes internal heat pollution. This

research is investigated to recovery the portion of the heat

and to convert to useful work released into the atmosphere

by flue gases. All data used in the analysis of waste heat are

all an industrial plants' real data. Research for the design

and analysis is performed parametrically. The solution

package which will be created for the purpose of the thesis

consists of two main processes: The first process is to catch

the waste heat with a heat exchanger. In this process, design

limits are determined by an acceptable pressure drop of fluid

and the total amount of heat that can be transferred. At this

point, heat exchangers are investigated that are available on

market and heat exchanger that provides the package has

been designed on. However, heat transfer capacity and

pressure loss of heat exchangers which are available on

market are not within acceptable limits for our solution

package.

The second process is to produce hydrogen using high-

temperature steam electrolysis. Captured heat in the first

process provides the heat of the electrolysis. In this process,

the geometry of the electrode and material are focused on

fundamental issues. In this process, the efficiency of the

different options and economic analysis is performed. This

situation makes it adaptable solution package. Parameters

that affect the operation of the solid oxide electrolysis cells are

area specific resistance, steam utilization, electrolysis voltage,

thermoneutral voltage, current density, number of electrol-

ysis cell and number of stack. Steam temperature and steam

flow rate that are calculated parametrically. Flue gas exit

temperature which is the main factor for steam temperature

and steam flow rate dependence on the factors affecting the

thermal electrolysis is analyzed for the designed system (see

Fig. 1).

Calculation

Principles of electrolysis

Water electrolysis is an endothermic chemical reaction

through which the molecule can be split into hydrogen and

oxygen when a certain amount of electricity and heat are

supplied [5]. The chemical reaction is presented in Equa-

tion (1);

H2O/1=2H2 þO2 (1)

When a potential applies to electrodes in an electrolysis

cell, electrode reaction in Equations 2 and 3;

Cathode Reaction:

2H2OðsÞ þ 2e�/ H2ðgÞ þ 2OH�
ðaqÞ (2)

Anode Reaction:

OH�
ðaqÞ/H2OðsÞþ2e� þ 1

2
O2ðgÞ (3)

A basic thermodynamic analysis can be applied to a

general thermal water-splitting process in order to deter-

mine the overall process efficiency limits as a function of

temperature. Consider the control volume diagram which

water enters it in the liquid phase at some temperature T

and pressure P and pure hydrogen and oxygen streams exit

the control volume also at T and P. Two heat reservoirs are

at temperature TH and a low-temperature reservoir at tem-

perature TL. Heat transfer between these reservoirs and the

control volume is indicated in the figure as QH and QL. Note

that there is no work crossing the control-volume boundary.

Therefore if the process under consideration is high tem-

perature, the electrolyser is located inside the control vol-

ume [2].

The first and second laws of thermodynamics can be

applied to this process as follows:

1st law : QH �QL ¼ DHR (4)

2nd law : DSR � QH

TH
�QL

TL
(5)

DHR is the enthalpy of reaction and DSR is the entropy

change of the reaction.

The high-temperature heat requirement for the process

can be stated as:

QH � TH

ðTH � TLÞ
�
� DG0

h;H2O

�
(6)
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