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Abstract

total electrode surface area.

The hydrogen redox power generation system is a combined energy cycle consisting of the H,0=H,+1/20,
reduction reaction performed by the bipolar alkaline water electrolyzer with electrostatic-induction potential-
superposed electrodes and the H,+1/20,->H,0 oxidation reaction performed by the alkaline fuel cell. This type of
electrolyzer functions by a mechanism in which the power used is theoretically 17% of the total electrical energy
required, while the remaining 83% can be provided by electrostatic energy free of power. Part of the power
delivered by the fuel cell is returned to the electrolytic cell and the remainder represents the net power output. This
power generation concept assumes the use of a low temperature alkaline fuel cell and a low temperature alkaline
water electrolytic cell, both commercially available. Calculations using the commercial data for the operational
conditions show that the cycle power efficiencies ranging from 60 to 80% may be attainable, regardless of the
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Introduction

This review was intended to address the fundamental aspects of new
high power generation system that functions with zero energy input,
zero matter input and zero emissions, without any violation of the
laws of thermodynamics. The method proposed and examined in the
previous papers [1-4] has been termed hydrogen redox electric power
generator (HRPG) and takes advantage of the intrinsic self-sustaining
electrostatic energy that takes its origin from the Coulomb’s force.

Theoretical Backgrounds

The hydrogen redox power generation system is a combined
energy cycle consisting of the H,O>H,+1/20, reduction reaction
performed by the bipolar alkaline water electrolyzer with electrostatic-
induction potential-superposed electrolytic method (ESI-PSE) and the
H,+1/20,”H,0 oxidation reaction performed by the alkaline fuel cell
(FC). This type of electrolyzer functions by a mechanism in which the
power used is theoretically 17% of the total electrical energy required,
while the remaining 83% can be provided by electrostatic energy free of
power. This energy was termed internally self-sustaining electrostatic
energy. Part of the power delivered by the fuel cell is returned to the
electrolytic cell and the remainder represents the net power output.
This power generation concept assumes the use of a low temperature
alkaline fuel cell and a low temperature alkaline water electrolytic cell,
both commercially available. Calculations using the commercial data
for the operational conditions show that the cycle power efficiencies
ranging from 60 to 80% may be attainable, regardless of the total
electrode surface area. Figure 1 shows a tentative plan for the hydrogen
redox electric power generator. The electrolyzer is assumed to be a
low temperature bipolar alkaline water electrolyzer (BAWE) and the
fuel cell is a low temperature alkaline fuel cell (AFC) with the same
electrolyte (H,0-30% KOH) as that for the electrolyzer. Notice that
the fuel cell is situated at a higher level than the electrolyzer to use the
gravitational energy to return water from the fuel cell to the electrolyzer.

The electrostatic energy created and stored between the electrodes
of an electrolytic cell is responsible for the highly positive power balance
of this energy cycle. Nature of the internally self-sustaining electrostatic
energy is then explained as below. The non-linear V-I characteristic
curve for a practical water electrolytic cell shown in Figure 2a typically

shows the amount of current measured at the point between the cell
and the power supply as a function of cell voltage. In the voltage region
over the theoretical decomposition voltage E,°, the external currents in
transition flow. In the consecutive region where practical electrolysis
occurs, the current increases in an almost linear relationship with the
applied voltage, as evidenced experimentally. To improve the energy
efficiency of the electrolyzer using the ESI-PSE power supply mode,
the V-I characteristics have been modified using a resistance as shown
in Figure 2b. The V-I curve implies that the total cell voltage E, is the
superposition of two separate voltages: (1) the practical decomposition
voltage, E, and (2) the additional applied voltage AE, which when
superposed on E yields the electrolytic current, I, and the ionic
current, I, in the electrolyte solution. AE is then identified as the
electromotive force (emyf) for the electrolytic current, I. On the other
hand, the ionic current in the electrolytic cell undergoing electrolysis
flows by migration under the influence of the electrical potential
gradient in the electrolyte solution [5] The electronic behavior of the
cell for the electrolytic decomposition of a chemically stable compound
such as H,O is analogous to that of the electrical double layer capacitor
for energy storage [6]. The total energy required for the cell undergoing
electrolysis is the sum of the energies that correspond to the continuous
charge and discharge processes:

W,=E, I +AEI. 1)

The null-current voltage range from 0 to E contributes to a major
portion of the total applied voltage, E . If alkaline water electrolysis is
assumed, then at V=E’ the reversible cell enters the decomposition
state represented by the half-reactions that occur at the negative and
positive electrodes, which correspond to Equations (2) and (3) below,
respectively.
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Figure 1: Flow diagram for hydrogen redox electric power generation system.
ESI-PSBE: Electrostatic induction- potential superposed bipolar electrolyzer.
Pnet: Net power output; Pr: Power returned.
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Figure 2: V-/ characteristics curve. E . Theoretical decomposition voltage;
E,: Real decomposition voltage; E_: Electrolytic cell voltage; /: Electrolytic
current; AE: Extra applied voltage over E .

2H*+2e > H, 2
20H1/2>0,+ H,O + 2e 3)

If this process proceeds reversibly without the production of current
in the circuit external to the cell, then the net gain in energy of H,O
from the constant electrostatic field is given by the standard Gibbs free
energy change of the reaction, HZO—)H2+1/202, and related to E L as
AG°=2FE . According to the thermodynamic data at 300 K, AG°=237
kJ/molH,, and the total energy change (enthalpy change) is AH°=286
kJ/molH,. Hence, theoretically 83% of the total energy required for the
electrolytic reduction of H,O is the electrostatic energy for which the
outside voltage source is not required to provide power, only voltage.

To take advantage of the internally self-sustaining electrostatic
energy, the feature and essential part of the electrostatic-induction
potential-superposed method are demonstrated as follows. The
method termed ESI-PSE supplies potentials to the electrodes in a dual
mode as shown in Figure 3a, i.e., the superposition of two voltages on

the electrodes with two independent voltage sources; one is a bias-
voltage source, which induces E qat the cell electrodes and the other is
a power supply, which provides power to the cell. Figure 3b is a closed
circuit with two voltage sources connected in opposing directions.
These sources can act in parallel independently, and supply the cell
electrodes with individual potentials, which yields a superposition
such that the resulting voltage between the cell electrodes equals the
magnitude of the algebraic sum of the individual potential, i.e., E L TAE.
The performance of the cell can be explained by a series of steps.
Firstly, when the PS2 output voltage V. =E,, I=0 (null point) because
of the usual condition of uniformity of the electrochemical potential
throughout the electrolyte solution [7]. Secondly, if V,, is increased
from the null point, then an electrolytic current I=I flows due to the
total source voltage (emf) of AE =V, E, Hence, the two sources can
be replaced by a single source (PS2) that delivers AE. The bias-voltage-
source does not need to produce electrical current, but only a static
voltage because of the null-current condition at E,. The cell voltage E , is
the superposition of AE on E,, and the entire corresponding electrolytic
process is the superposition of the charge-transfer process where
AE is applied, (i.e., where power is used) to the electrostatic process
where E, is applied, (i.e., where power is not used). If the current 2F
flows to produce 1 mole of H, and half a mole of 0, and the current
efficiency is almost unity, as in a commercial electrolyzer, then the total
power requirement reduces to the generalized form for any given cell,
regardless of the decomposition voltage E,, temperature, pressure,
composition of electrolyte solution and cell dimensions:

P'=2FAE. (4)
Structure of Electrolyzer

A single ESI-PSE cell generates a limited amount of H, and O,
In practice, many cells are assembled into a stack, with the principles
being the same. For example, the bipolar electrolyzer currently in
use in industry offers considerable advantages, in that it may be used
directly with the present cell structure as shown in Figure 4. This is
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Figure 3: Electrostatic-induction potential-superposed electrolytic system
(ESI-PSE). (a) Diagram showing the principles of the system. PS: Power
supply; FG: Field generator; /: Electrolytic current; AWE: Alkaline water
electrolyte. (b) Equivalent circuit for the ESI-PSE system. V.. Output
voltage of PS2; R : Resistance due to electron transfer reactions at the
electrode/solution interface; Vi : Field induced voltage between the anode
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Figure 4: Longitudinal cross section through series-connected ESI-PSE
cells. R: Resistance; FG: Field generator.

a type of electrostatic-induction electrolyzer, but it remains a barrier
potential type electrolyzer. The electrolyzer is typically operated with
a single power supply PS1, which is responsible for the total power,
i.e., the number of cells times the power per cell, I(E Cl+AE). To change
the power supply mode into the ESI-PSE scheme, it is sufficient to
introduce minor modifications as follows. (1) The outermost pair of
electrodes is used as a field generator and should be connected to the
power supply PS1. (2) The power supply responsible for providing
power should be connected to the electrodes next to the field generator
electrodes. There is no need for lead wires to take current from each
of the inner cells. The performance of this alternative electrolyzer
may be determined by considering two steps that specify the electrical
behaviors of the cells. (1) When the output voltage of power supply
PS1 is V,=7E,, the total field-generator voltage is divided among 7
channels in equal amounts of E,. Thus, there is no current in the circuit
involving PS1, and a voltage of 5E, is induced between the electrodes
A-F as a floating potential. The null-current condition means that PS1
does not need to provide current, but merely induce a static voltage.
(2) If the power supply PS2 is connected to the electrode A-F with its
polarity opposing the induced voltage, then the resultant electrolytic
circuit is analogous to a closed circuit with two voltage sources that
are in series and of opposing polarity. Next, if V,, is increased from
0 to 5(E,+AE), an electrolytic current I, flows due to the emf of 5AE as
a result of the potential superposition of 5AE on 5E, For an internal
cell, the extra applied voltage over E,is AE and the current flowing
through is I ; therefore, the power requirement per cell in this type of
electrolyzer must be I AE. Thus, power requirement equivalency with a

single ESI-PSE cell is established.

A resistor R is required between PS1 and field generator electrode,
FG (+), such that the transitional current flowing through PS1 at E,
(Figure 2a) is lowered down to the level sufficiently low, as shown
in Figure 2b. If the resistor R is not present, then PSI causes extra
power consumption. According to theoretical calculations, this power
accounts for 40% of the power required when no transitional region is
present and the electrolyzer runs at an extra applied voltage AE=0.2 V
and a current density of J=1000 A/m?.

Energy Efficiencies

From the literature, the operating conditions for low temperature
alkaline water electrolysis are: Temperature: 60-80°C; pressure: 1 atm;
current density: 1000-3000 Am; cell voltage, E: 1.9-2.2 V; electrolyte:
H,0-30% KOH. The factors that mainly affect the energy efficiency of
the AFC are the utilization efficiency of fuels at the electrode reactions,
the AG/AH ratio of the H,+1/20, >H,0 oxidation reaction, and the
voltage degradation factor, i.e., the voltage efficiency n= E, / E?° for
the operating AFC, where E, is the actual voltage of a cell undergoing
oxidation and E? is the theoretical open-circuit voltage. The overall
energy efficiency of a commercially available low temperature AFC is
in the order of 60%. If the AFC is combined with the BAWE to form a
closed single energy cycle, the energy efficiency of the developed energy
cycle equals the energy efficiency of the AFC in the system for the
reasons described below. The energy sources for the BAWE with ESI-
PSE electrodes in the system are the internally provided electrostatic
energy plus the power returned from the AFC. The pure stoichiometric
H,-0, fuel completes the reaction, H,+1/20, > H,0, therefore, the
utilization efficiency of the fuel may be deleted from the factors that
affect the energy efficiency of the AFC. The oxidation bi-product,
HO, which contains the heat liberated by the exothermic reaction,
is transferred to the BAWE and used for the endothermic reduction
reaction. The thermodynamic factor, AG/AH, is thus also deleted,
which leaves the voltage efficiency as the only factor, n=E, /E.’.

In this combined energy cycle, the main device is the fuel cell to
produce electricity. The electrolyzer in this system is a backup reactor
to synthesize fuel for the fuel cell. Part of the power generated by the
fuel cell is returned to the electrolyzer, and the remainder represents
the net power output. To represent the productive capacity, the cycle
power efficiency is defined as the ratio £ of the net power extracted
from the cycle, P, to the power produced by the pure stoichiometric
H,-O, fuel, P

Ep:Pnel/ Pf (5)
If the voltage efficiency is taken into account, then for 1 mole H,,
P=2FnE.. (6)

Mass balance in the cycle requires equality of the electrolytic and
galvanic currents. If the current efficiency is assumed to be unity, then
Equation (4) is subtracted from Equation (6) to yield the theoretical
net power output of the cycle, P_ . Hence, the cycle power efficiency is
rearranged in the form:

£ =P/ P=1-AE | nEf. )

Assessments have been made on the achievable cycle power
efficiencies for the hydrogen redox power generation system when a
commercially available AFC is combined with an existing BAWE that
is connected to the ESI-PSE mode. Because AE=E,—E,, Equation (7)
becomes:
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E =nE/(1-{) +E, ®)

The energy efficiencies for the total generation system require the
V-I characteristics for the BAWE and the voltage efficiency of the AFC.
The V-I characteristics were determined using data for the operating
conditions of typical electrolyzers, with j=1000, 3000 and 4500 A/
m? at E=19, 2.2 and 2.4 V, respectively, and also with reference to
the literature [8,9]. Commercially available AFCs operate with a
voltage efficiency of n=0.8 on average [10]. In view of Equation (8),
points on the V-I curve are related to the corresponding cycle power
efficiencies. Table 1 shows the achievable cycle power efficiencies and
corresponding operational conditions required to BAWE and AFC.
The energy efficiency for this energy cycle where the energy is created
within the system is defined as follows. The purely stoichiometric H,-O,
fuel produced by the electrolyzer is the source of energy to convert into
electricity so that the H +1/2 O, > H,O oxidation reaction is performed
in the fuel cell. The heat released is recycled for use in the endothermic
reduction reaction at the electrolyzer, therefore, the standard free
energy change for the oxidation reaction, |AG |, is responsible for the
electric power generation. On the other hand, the electrical energy
delivered by the fuel cell is 2FnE,". The energy efficiency is then given
by the ratio of 2FnE;" to [AG °|:

£ =2FNE,11AG |=n. ©

The power extracted from the generator is dependent on the rate of
H,O-circulation inside the system. If the circulation rate is 1 mole H,0O
per second, then the power output is given by:

P=|AG £, (KW). (10)

|AG “|= 232 kJ/mole H,0 at 330 K and n=0.8 , therefore, if H,O
circulates at a rate of 1 kg/s, then the net power output would be 1.03
x 10*kW.

Suggested Generator

The proposed approach is to demonstrate that this electric power
generation system may be realized with an energy cycle that consists
of a fuel cell and a water electrolyzer with ESI-PSE electrodes as an
energy supply scheme. This power generation concept assumes to use
a low temperature AFC and a low temperature BAWE, both of which
are commercially available: They are set side by side in parallel. The
result of calculations using the commercial data for the operational
conditions showed that the cycle power efficiencies ranging from 60 to
80% could be attainable, regardless of the total electrode surface area.
Self-exciting capability of the HRPG system may be appreciated with
respect to its cycle power efficiency. For example, if the HRPG using
a nominal 100 kW fuel cell is operated with a cycle power efficiency
of 70%, then it may be implied that the net power extracted from this
HRPG is 70 kW.

Among all types of fuel cells, low temperature (ca, 25 to 70°C)
AFC’s operate well at room temperature, yielding the highest
voltages at comparable current densities. An AFC can be built from
carbon materials and plastics that are anti-corrosive and low-cost.
Therefore, this type of fuel cells is able to achieve a long operating
life, approximately two years. The AFC is installed in a closed system;
therefore, contamination of the alkaline electrolyte (H,0-KOH)
by CO, can be avoided. On the other hand, the BAWE also has the
same advantages with respect to lifetime, construction materials and
stability of the electrolyte. The same alkaline electrolyte is used for both
devices, so that mutual contamination can be avoided. The preliminary
system design is based on consideration of the mutual consistency for

a stable operation of the total system. To maintain the mass balance
in the system, the electrolyzer current must be controlled such that
the rate of hydrogen consumption in the fuel cell equals the rate of
hydrogen emission from the electrolyzer, if the current efficiency of
the electrolyzer is unity. This system does not require the compressed
hydrogen gas tank which is an explosion hazard.

Concluding Remarks

Toward achieving a breakthrough in the practical capabilities of
high electric power generator that functions with both zero energy
input, zero matter input and zero emissions, the basic concept of the
hydrogen redox electric power generator (HRPG) have been developed.
With this generation system, wide range of unique applications may be
expected:

(1) Replacement of the thermal power generation with HRPG to
reduce carbon dioxide emissions from coal and oil-fired electric power
generation.

(2) The HRPG central-station power generation in the regions and
countries where energy sources for power generation are unavailable.

(3) Hydrogen generator:

Figure 5 outlines the combined cycle of AWE electrolyzer with
ESI-PSE and AFC to produce hydrogen. This system is of mutual
consistency with the HRPG system shown in Figure 1, and is able
to generate H, without receiving electric power from outside of the
cycle [1]. Part of the hydrogen generated by the ESI-PSE electrolyzer
is returned to the fuel cell, and the remainder represents the net

Cycle power efficiency BAWE AFC
of hydrogen redox Singlecell . . iensit Voltage
power generator voltage y efficiency
&p (%) V cell (V) J (Am?) n
60 2.2 3000 0.8
70 21 2200 0.8
80 2.0 1400 0.8

Table 1: Operational conditions of BAWE and AFC for high cycle power efficiencies.
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!

L AWE

T> EsIpsE

H20 + heat

Power

Figure 5: A combined cycle of ESI-PSE hydrogen electrolytic cell and fuel
cell to produce hydrogen.
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hydrogen output. In addition to cycling the generated hydrogen, H,O,
which contains heat from the exothermic reaction in the fuel cell, is
transferred to the electrolyzer for the use to its endothermic reaction.
This system may achieve a highly positive hydrogen balance such that
the hydrogen output of this cycle exceeds, for example, 70% of the
hydrogen delivered by the ESI-PSE electrolyzer.

Because of the simplicity, effectiveness, cleanliness and self-

exciting, this new generator HRPG, may offer a potential route for its
practical application to an electricity-production system of the future.

References

1.

Ono K (2013) Fundamental Theories on a Combined Energy Cycle of
Electrostatic Induction Hydrogen Electrolytic Cell and Fuel cell to Produce
Fully Sustainable Hydrogen Energy, IEEJ Transactions on Fundamentals and
Materials 133: 615-621.

Ono K (2013) Energetically Self-Sustaining Electric Power Generation System
Based on the Combined Cycle of Electrostatic Induction Hydrogen Electrolyzer
and Fuel Cell, IEEJ Transactions on Fundamentals and Materials 135: 22-33.

Ono K (2015) Theoretical Concept of Hydrogen Redox Electric Power
Generation, IEEJ Transactions on Fundamentals and Materials 135: 456-466.

Ono K (2015) Hydrogen redox electric power and Hydrogen energy generators,
International Journal of Hydrogen Energy.

Bard AJ, Faulkner LR (2001) Electrochemical method Fundamentals and
Applications. John Wiley & Sons, Inc., USA, p: 139.

Bard AJ, Faulkner LR (2001) Electrochemical method Fundamentals and
Applications. John Wiley & Sons, Inc., USA, pp: 11-14.

Christopher HA, Shipman CW (1968) Poisson Equation as a Condition of
Equilibrium in Electrochemical Systems, J Electrochem Soc., 115: 501-506.

LeRoy RL, Janjua MB, Renaud R, Leuenberger U (1979) Analysis of time-
variation effects in water electrolyzers, J Electrochem Soc., 126: 1674-1682.

Abe J (2008) Hydrogen Production by Water Electrolysis, Hydrogen Energy
System 33: 19.

. Applby AJ, Foulkes FR (1989) Fuel Cell Handbook, Van Nostrand Reinhold,

New York, pp: 295.

Innov Ener Res, an open access journal
ISSN: 2576-1463

Volume 5 ¢ Issue 1 » 1000129


https://www.jstage.jst.go.jp/article/ieejfms/133/12/133_615/_article
https://www.jstage.jst.go.jp/article/ieejfms/133/12/133_615/_article
https://www.jstage.jst.go.jp/article/ieejfms/133/12/133_615/_article
https://www.jstage.jst.go.jp/article/ieejfms/133/12/133_615/_article
https://www.jstage.jst.go.jp/article/ieejfms/135/1/135_22/_article
https://www.jstage.jst.go.jp/article/ieejfms/135/1/135_22/_article
https://www.jstage.jst.go.jp/article/ieejfms/135/1/135_22/_article
https://www.researchgate.net/publication/282804322_Theoretical_Concept_of_Hydrogen_Redox_Electric_Power_Generation
https://www.researchgate.net/publication/282804322_Theoretical_Concept_of_Hydrogen_Redox_Electric_Power_Generation
http://www.sciencedirect.com/science/article/pii/S0360319915017930
http://www.sciencedirect.com/science/article/pii/S0360319915017930
http://www.nt.ntnu.no/users/fengliu/Paper/Allen J. Bard, Larry R. Faulkner.pdf
http://www.nt.ntnu.no/users/fengliu/Paper/Allen J. Bard, Larry R. Faulkner.pdf
http://www.nt.ntnu.no/users/fengliu/Paper/Allen J. Bard, Larry R. Faulkner.pdf
http://www.nt.ntnu.no/users/fengliu/Paper/Allen J. Bard, Larry R. Faulkner.pdf
http://jes.ecsdl.org/content/115/5/501.full.pdf
http://jes.ecsdl.org/content/115/5/501.full.pdf
http://jes.ecsdl.org/content/126/10/1674.abstract
http://jes.ecsdl.org/content/126/10/1674.abstract

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction 
	Theoretical Backgrounds 
	Structure of Electrolyzer 
	Energy Efficiencies 
	Suggested Generator 
	Concluding Remarks 
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	References

