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Abstract: The technology of alkaline water electrolyzer (AWE) for hydrogen
production provides a promising way to storage and utilize the renewable energy.
Further improvement of AWE efficiency is one of the main research directions at
present. In this paper a thermodynamics-electrochemical model of AWE is established,
then this model is applied to detailly analyze the influences of characteristic parameters
(electrode conductivity, distance between the electrode and diaphragm, diaphragm
porosity and tortuosity, electrolyte concentration, bubble coverage) and operating
conditions (temperature and pressure) on over-potential and exergy efficiency of AWE.
Analysis results show that activation over-potential, compared with ohmic over-
potential, presents more significant influence on the cell voltage and exergy loss. Ohmic
over-potential changed most obviously with current density under the condition of

358K and 30wt% KOH concentration. Diaphragm resistance accounts for the largest

proportion of total ohmic resistance exergy loss, followed by electrolyte and bubbles,
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and electrode resistance can be almost ignored. By quantifying and comparing the effect
of each parameter on exergy efficiency, it is found that the diaphragm porosity has the
most obvious effect on exergy efficiency among each characteristic parameter, the
effect of electrode gap is the second in impact, the effect of bubble coverage is less
important, but studies related to it are valuable and the effect of electrode conductivity
can be largely ignored. The influence of temperature on exergy efficiency is more
significant than that of pressure in operating conditions. This paper can provide
reference for the selection of each parameter through conducted quantitative
comparative analysis, which is of great significance for energy loss analysis and
performance optimization of AWE device.

Key words: Alkaline water electrolysis; Exergy efficiency; Characteristic parameters;

Operating conditions.

1. Introduction

Hydrogen is an important energy carrier for building a diversified energy supply
system with clean energy, which is regarded as an essential link between renewable and
traditional energy in the future smart energy system [1-3]. Hydrogen mainly comes
from fossil energy (coal, natural gas, etc.) or reforming production of liquid
hydrocarbons at this stage, which will cause environmental pollution and over-
exploitation of fossil fuels [4-6]. As a new type of hydrogen production technology,
water electrolysis to produce hydrogen from renewable energy has attracted more and

more attention. At present, only about 4% of the global hydrogen is produced by



hydrolysis [7], mainly due to the limited infrastructure for hydrogen production by
water electrolysis and the high economic cost of hydrogen production. Recent studies
have shown that the cost of renewable hydrogen production needs to be reduced by half
in order to be economically competitive with hydrogen produced from fossil fuels [8-
10].

The most common water electrolysis technology includes alkaline water
electrolysis (AWE), polymer exchange diaphragms water electrolysis (PEM), and solid
oxides water electrolysis. AWE is the earliest developed and most mature technology
among these three, which currently has the highest market share in the field of water
electrolysis [11]. System modelling is one of the main areas of current research in AWE
electrolyser and electrochemical modelling has received a lot of attention as the core of
modelling work on water electrolysis systems. Ulleberg et al. [12] developed an
empirical model for the accurate prediction of electrochemical properties, this model
has been widely used by many authors as it requires a low number of experimental
parameters to construct the polarization curve that characterizes the operation of
electrolyzer, allowing to perform estimations for large scale applications such as the
prediction of electrolysis voltage and hydrogen production rate [13-15]. Henao et al.
[16] developed a more complete electrochemical mechanistic model and integrated it
into an electrical simulation system for research. Olivier et al. [7] summarized the
existing work and completed a very comprehensive review of electrochemical
modeling for researchers. Jang et al. [17, 18] studied the effects of temperature and

pressure on the performance of AWE systems on this basis and found that increasing



temperature facilitates a reduction in ohmic overpotential and that increasing the
pressure at high current density leads to a reduction in activation and ohmic over-
potential.

At present, the electrolytic efficiency of AWE is 59%-70%. Further improvements
in electrolytic efficiency are also a major area of current research, but high ohmic and
activation over-potential loss have become the main factors to limit its efficiency [19,
20]. In order to improve the electrolysis efficiency of AWE, many researchers have
carried out various studies. Bakker et al. [21] studied the influence of pressure swings
on cell voltage based on rectangular electrochemical flow cell experimental platform,
and the results showed that pressure swings could reduce the influence of voltage
accumulation caused by the shield layer formed by bubbles on electrode surface.
Phillips et al. [22] researched the structure advantages of zero-gap alkaline electrolyzer
compared with the traditional design. It was found that small electrode gap has compact
design and high electrolytic efficiency, mainly because it could force bubbles to release
from the back of the electrode which could reduce the ohmic resistance of electrolyte
and bubbles between the two electrodes. Haverkort et al. [23] studied the voltage loss
in the structure of zero-gap electrolyzer and found that, compared with the traditional
zero-gap electrolyzer, the electrode gap of 0.2 mm could eliminate ohmic loss of most
bubbles, thus improving the electrolytic efficiency. Li et al. [24] set up a simple
experimental platform of electrolyzer and studied the influence of magnetic field on
cell voltage and efficiency. The results showed that the optimal layout of electrode and

magnetic field could induce bubbles to detach from the electrode surface, which was



beneficial to reduce cell voltage and improve electrolytic efficiency. Wang et al. [25]
studied the relationship between cell voltage and gravity coefficient through
establishing a cylindrical centrifugal electrolyzer experimental platform that could
provide different gravity coefficients. The results showed that the electrolysis of water
is obviously enhanced under the action of supergravity field, and the cell voltage
decreases greatly under the higher gravity coefficient and current density, in which the
ohmic voltage drop is the main influence. Li et al. [26] studied the influence of
ultrasonic wave on electrolysis process based on the experimental platform of
electrolyzer under the action of ultrasonic wave. It was found that the voltage is greatly
reduced, hydrogen production efficiency is increased by 5-18% and energy saving is
about 10-25% under ultrasonic field, especially under high current density and low
electrolyte concentration. Even though there are many researches pay attention on how
to improve the electrolytic efficiency of AWE, but most of them just focus on part of
the structure or operating parameters, fail to reveal the influence rule of each parameter
on energy efficiency and over-potential, moreover, the variation trend of parameter-
energy efficiency/over-potential and its deeper mechanism in a wide range of steady-
state conditions have not been fully displayed.

There exist many evaluation indexes of electrolytic efficiency, including energy
efficiency, voltage efficiency, thermal efficiency and so on. Energy efficiency bases on
the first law of thermodynamics, which reflects the proportion of total input energy
converted to hydrogen chemical energy. However, the energy input to the electrolyzer

is not only used in the electrolytic process, but also consumed in the form of useless



energy and heat transfer. Therefore, the analysis based on energy efficiency cannot
provide accurate reference for the influence of various parameters on electrolytic
efficiency, which may mislead the analysis results [27]. While, exergy efficiency is
based on the principle of energy conservation, mass conservation and the second law
of thermodynamics, reflecting the efficiency at which the maximum useful energy used
for the electrolysis reaction converts to hydrogen chemical energy in a particular
environment. It integrates the electrochemical characteristics into thermodynamic
analysis to accurately analyze the rationality of energy utilization and the influence of
various parameters on electrolysis efficiency. Meng Ni et al. [28, 29] studied the
electrochemical-thermodynamic characteristics of the two hydrogen production
methods of PEM and solid oxide steam electrolyzer respectively by means of exergy
efficiency analysis method. However, those study were mainly focused on the
influences of operating parameters such as temperature and current density on exergy
efficiency, without detailed analysis of the influences of different design parameters.
Khalid et al. [27] studied the influences of design parameters in AWE electrolyzer on
exergy efficiency and energy consumption. However, due to many deviations in the
modeling process and no verification with experimental data, the calculation results
were inconsistent with the actual situation and could not provide reference for the
optimization of electrolyzer parameters.

According to the above literature investigation, there is still no reliable and
comprehensive study on the effects of AWE characteristic parameters and operating

conditions on exergy efficiency. This work will establish an AWE electrochemical-



thermodynamic model and combine with exergy efficiency analysis method to carry
out relatively comprehensive analysis of AWE characteristic parameters and operating
conditions on exergy efficiency and voltage loss. In Section 2, the AWE
electrochemical-thermodynamic model will be firstly established. Then, in Section 3,
the exergy efficiency analysis method will be introduced. And in Section 4, the
experimental setup and detailed parameter setting will be introduced. At last, in Section
5, the influences of characteristic parameters (electrode conductivity, electrode gap,
diaphragm thickness, electrolyte concentration, bubble coverage) and operating
conditions (pressure, temperature) on cell voltage and exergy efficiency will be
analyzed. Through the comprehensive comparative analysis of the influence of each
parameter, it can provide a theoretical guidance for how to optimize the electrolytic

efficiency.

2. AWE physics model

Electrical energy is the main energy source in electrolysis and also an important
part of exergy efficiency analysis in AWE electrolyzer. Electrochemical modeling
reflects the composition of cell voltage and its relationship with current. Accurate
electrochemical modeling is the precondition to analyze the influence of different
parameters on exergy efficiency of AWE. This section will build a comprehensive
electrochemical model including the reversible voltage, ohmic over-potential and
activation over-potential. Diffusion over-potential is usually not considered, because

the operating current density is low and the electrodes are always immersed in the



electrolyte in AWE electrolyzer.

2.1. AWE reaction principle of hydrogen production

AWE hydrogen reaction process contents both electron and ion transfer. After a
direct current (DC) is supplied between the two electrodes, electrons flow from the
negative pole of the DC power source to the cathode, where they are combined with
hydrogen ions on the cathode to form hydrogen gas. To maintain charge balance,
hydroxide ions are transferred through the electrolyte solution and crossover diaphragm
to the anode, where they release electrons and generate oxygen. The released electrons
are returned to the positive pole of the DC power supply. The chemical equation for

this reaction is as follows:

Cathode: 2H,0 + 2e"—>H,T + 20H~, E.%, =-0.828V (1)
1
Anode: 20H™—>H,0 + ;0,1 + 2e~, Eg, =0.404V (2)
1
Total response: H,0—HpT + 50,1, EQ =1.23V 3)

Where E.0.. EQ, respectively represents the voltages of the anode and cathode under

standard conditions; E,, represents the reversible voltage under standard conditions.

2.2. Electrochemical modeling of AWE hydrogen production

The polarization curve (I-)) is an important index to evaluate the performance of
electrolyzer, which is affected by the design and operation parameters. The total cell
voltage of AWE is composed of reversible voltage V,,.,, activation over-potential of

cathode and anode V., ohmic over-potential V,,,, and concentration over-potential



Vaifs- Due to the low current density and the electrode is always immersed in the
electrolyte during the reaction process, concentration over-potential is usually not
considered. The total cell voltage composition is shown in Eq. (4). Vyey, Ve, and
Vonm are modeled in sections 2.2.1, 2.2.2, and 2.2.3, respectively.
Veell = Viev ¥ Vet + Vohn (4)

2.2.1. Reversible voltage

Reversible voltage is the minimum cell voltage for water to meet electrolytic
conditions, which is about 1.23 V under standard conditions. In the reaction process,
the value of V,,, will be affected by operating temperature and pressure, which can

be calculated as follows [30]:

0 RT
Viev=Vyer + 571n

2F

(P—Pyz0)*?
—l (5)

@H20

Where R is the gas constant (R = 8.314 ]/(mol - K)); T is the operating temperature
in electrolyzer; F is the Faraday constant (F=96485); P is the operating pressure in
electrolyzer; Py, represents the partial pressure of water vapor in electrolyzer; ay;¢
represents the activity of water. Ppyo can be estimated by empirical formula related

to T and the molar concentration of electrolyte m [31]:

logPH,, = —0.01508m—0.0016788m?* + 2.25887 x 10~ >m?
+(1—0.0012062m + 5.6024 x 10"*m?2—7.8228 x 10~ 5m3) (6

3343.93
X (35.4462———F7——10.9logT + 0.004165T)

T )

ayzo 1n KOH solution within the range of 273 K-423 K can be estimated by the

following formula [31]:

log ap,0(KOH) = —0.02255y, 4+ 0.001434m? + (1.38,—0.9254m? g
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2.2.2. Activation over-potential

The transfer of electron from the reactants to the electrodes must overcome the
energy step which is called the activation energy. Activation over-potential is related to
the activation energy of the electrochemical reaction on the electrode, which is namely
the voltage consumed in the duration when the reaction breaks the equilibrium state and
starts to proceed forward, which is closely related to the electrocatalytic activity of the
electrode material [32]. In the process of reaction, the bubbles attach to the electrode
surface will also have an influence on V ;. Considering the influence of bubbles, V.

can be expressed as follows [7]:

B RT : ] RT ] ]
Vact = no:aFln (Io,a(l—e)) * nacFm (10,6(1—9)) (8)

Where n represents the amount of charge transferred when producing 1 mol hydrogen

(n=2); a, and «a,. respectively denote the charge transfer coefficients of the anode
and cathode, which can be calculated by empirical temperature-dependent formulas, as
shown in Eq. (9) and Eq. (10) [30]; J is current density; o4+ Jo. Trespectively
represent the exchange current density of anode and cathode which is shown in Eq.
(11) and Eq. (12) when nickel material is used as electrode [17], where Ty, Py
respectively represent the initial reference temperature and pressure; 6 is the bubble

coverage on the electrode surface, Its empirical formula is shown in (13) [17]:

g = 0.0675 + 0.00095T 9)

a, = 0.1175 + 0.00095T (10)
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2.2.3. Ohmic over-potential

AWE electrolyzer is usually composed of several electrolyzer cells connected in
series. The electrons and ions migration paths in zero-gaps electrolyzer are shown in
Fig. 1(a). After closing current circle, the electrons will be transferred to the cathode
through the polar frame and the reduction reaction will take place at the surface of the
electrode. Then, the generated hydroxide ions will pass through the electrolyte and
crossover diaphragm to the anode, where an oxidation reaction will take place and the
lost electrons will continue to pass through the polar frame to the next electrolyzer cell.
The composition of ohmic resistance in AWE electrolyzer can be obtained based on the
migration paths of electrons and ions, which is included anode resistance R,. cathode
resistance R.. electrolyte resistance R, bubble resistance R\ 1., diaphragm
resistance R, external line resistance R;, etc. Because the ohmic over-potential
caused by external line resistance is small, therefore it is usually ignored in modeling
analysis. So that, the total ohmic over-potential can be expressed as follows:

Vohm=(Rc+ Rag+ Rete + Rem + Ripupbie) X 1 (14)
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(C)) (b)

Fig. 1. Zero-gap AWE electrolyzer. (a) Electron and ion migration paths in electrolyzer.
(b) Distribution of bubbles producing sites on electrode surface.
The resistance of the electrode is mainly related to the electrode structure and
material properties, the anode resistance R, and cathode resistance R_. can be

expressed as follows:

1(6q

Rq = a_(i) (15)
1 (6.

R, = a_c(i) (16)

Where §,. 6. indicate the thickness of cathode and anode; S,. S, indicate the area
of anode and cathode; o,. o, represent the conductivity of the anode and cathode,

which is related to the material properties of the electrode itself. Currently, porous
nickel is mostly used as the electrode material of AWE electrolyzer, and its conductivity

can be estimated as a function related to 7'[17]:

c,=0. = oy;=60000000_279650T + 532T2_0.38057T3 an



From the perspective of ion migration path, the resistance of electrolyte represents
the resistance of ion migration from the cathode surface to the diaphragm and then from
the other side of the diaphragm to the anode. While, the electrolyte resistance outside
of the two electrodes is usually ignored. So that, R, can be estimated by the current

mainstream modeling method [16, 17]:

_
Reje = k

Sa + S (18)

Where, o,.;, represents the conductivity of the electrolyte; dg,,, and d.,indicate the
distances from the anode and cathode to the diaphragm respectively. For the traditional
non-zero-gap electrolyzer, the values of d,, and d., can be taken as the actual
physical distance between the electrode and the diaphragm. However, for the zero-gap
structure, the electrode and the diaphragm are in direct contact, what’s more, V.
Kienzlen et al. [33] found that bubbles were mainly generated on the opposite side of
the diaphragm, as shown in Fig. 1(b), this indicates that the reaction sites on the
electrode surface are mainly distributed on the contact surface between electrode and
diaphragm. It means that the value of the distance between electrode and diaphragm in
zero-gap electrolyzer should be 0, but this will lead to the resistances of electrolyte and
bubble part are 0, which obviously does not conform to the actual situation. In this work,
dynm and d., are both taken as 1.2 mm by fitting the modeling results and the
experimental data, the detail fitting process will be shown in Section 5.1. In Section
5.2.1, the correlation between electrode gap and exergy efficiency will be studied
detailly.

For the ionic conductivity of KOH solution, this work adopts the following



empirical formula given by Gilliam et al. [34] to estimate its value:

OKOH (19
m
= —2.041m—0.0028m? + 0.005332mT + 207.2: + 0.C
—0.0000003m2T?2 )

Because diaphragm materials are not conductive, therefore ions are mainly
transmitted through diaphragm pores filled with KOH solution. Therefore, diaphragm
resistance R, 1s mainly related to its own structural characteristics and the

conductivity of KOH solution [35]:

Om " Tm

(20)

Rypem =
Pm* OkoH " Sm

Where §,, is diaphragm thickness; p,, is diaphragm porosity; t,,indicates the
diaphragm tortuosity; S,, is the diaphragm cross-sectional area.

During the reaction, bubbles on the surface of the electrode continue to accumulate
and grow. Once the buoyancy and shear force exceed the adhesion force of the electrode
surface, the bubbles will be separated from the electrode surface. The bubbles
separation from the electrode surface is affected by the roughness of the electrode, the
contact angle and the velocity of the electrolyte near the electrode surface. The bubbles
will hinder the reactive ion transport in the electrolyte and increase the length of ion
transmission path, thus increase the resistance of the whole. The ion transmission route
when with and without bubbles effect as shown in Fig. 2. Bubble resistance usually
refers to the increased electrolyte resistance after bubbles entering the solution from the
electrode surface, bubbles on the surface of the electrode mainly affect activation over-

potential. The resistance of the bubble part Rj,;,,;. can be estimated as [16]:



1
Rpupbie = Rete " [——3—1

(1_29)5 @1

(a) (b)

Fig. 2. Influence of bubbles on ions transport. (a)ion transport without bubbles and

(b)ion transport path with bubbles [23].

3. Exergy efficiency analysis method

This section will compare the analysis methods of energy efficiency and exergy
efficiency and point out the advantages of exergy efficiency analysis. First of all, it is
necessary to calculate the theoretical energy required for water electrolysis, its total
energy demand is expressed as follows:

AH = AG + Q =AG + TAS (22)
Where AH stands for enthalpy change which reflects the energy demand of water
decomposition under certain conditions (285 KJ/mol under standard conditions); AG
is Gibbs free energy; Q is the heat absorbed during the reaction. It can be seen from

Eq. (22) that the electrolysis process requires the joint action of electric energy and heat



energy. In the actual electrolysis reaction process, over-potential due to ohmic and
activation resistances, heat exchange between the electrolyzer and environment and
energy losses due to gas output are unavoidable [36]. Therefore, the electrolysis
efficiency can reflect the utilization degree of energy, the quality of system performance
and the influence of each parameter on performance.

From the perspective of energy efficiency, it represents the efficiency of

converting energy input to hydrogen chemical energy, as shown below [29]:

LHVy, ny,

Nen (23)

a Qelectric + Qheat.HZO + Qheat,cell
Where |, HVy, represents the low calorific value of 1mol hydrogen; p H, denotes the

rate of hydrogen production, which can be expressed as a function of current I and the

number of electrolytic chambers n. [12]:

n, = p (24)

Qelectric 1ndicates the power input rate:

Qelectric = 1+ Veell (25)
Qheat,H,0 TePresents the heat energy input rate with water after heating. Assuming

that the input rate of water is equal to the consumption rate of water in the electrolyzer,
and that the temperature of water input after heating is the same as that in the

electrolyzer, so the heat energy input rate with water can be expressed as [37]:
mavy ) T
Qheat 1,0 = Qheat 0 * € = N0 - (Hyo—Hi,0) - € (26)
Where Q.0 o represents the theoretical maximum heat exchange rate between the

at,H,0

two liquids; ¢ represents the effective heat exchange coefficient between two different



liquids; n H,0 refers to the rate of water consumption during the reaction which is equal

othe n,; H and p, " represent the enthalpy of water at temperature T an
to th Ho Hgo d HT;Op t th thalpy of water at temperatu d

initial reference temperature T, respectively.

Qheat,cerr TePTESENtS the heat input rate. The reaction is exothermic process when
the voltage is greater than the thermoneutral cell voltage (standard condition of 1.48
V), at this case the additional heat input is no longer needed [28]. The heat energy input
rate of the electrolytic cell is expressed as follow when cell voltage less than
thermoneutral cell voltage.

Qheatcett = TAS—(Vee11=Vrev) * 1 (27)

For energy efficiency analysis method, the value of energy input stands for the
total energy input. The energy efficiency cannot correctly reflect the actual energy
conversion efficiency in electrolytic reaction. In view of this defect for energy
efficiency, this paper adopts the exergy efficiency analysis method, which is more
reasonable than energy efficiency when analyzing the influence of various parameters
on the electrolysis efficiency. Exergy efficiency represents the proportion of the
maximum useful energy actually converted to hydrogen chemical energy during

electrolysis reaction, its calculation is as shown below [29]:

EH2 . TLHZ

Nexergy =
Qelectric + Eheat,HZO + Eheat,cell (28)

Where, Ep, represents the standard chemical exergy contained in 1mol hydrogen at

298 K and 1 bar with the value of 236.09 K]J/mol [38], which is a characteristic of

hydrogen. Epeqrn,0 represents the exergy input rate with water at a certain



temperature, which can be expressed by Qpeqs,n,0 and the heat source temperature T'g
[28]:

Ty
Eheat,HgO = Qheat,H20 ’ (1_T_S) (29)

Ehearceny TEPTEsents the exergy input rate of external heat, which can be expressed

as a function of Qpeqt cerr, as shown below [28]:

Ty
Eneat,cell = Qheat,cell ' (1_?) (30)

4. Experimental setup and parameter setting

An AWE electrolyzer experimental bench at the State Key Laboratory of
Automotive Safety and Energy in Tsinghua University is applied to obtain the
experimental data, and its main structural components are shown in Fig. 3. This
electrolyzer is with a zero-gap electrode structure, nickel electrode and a 0.7 mm thick
PPS fabric diaphragm. The experimental data for the calibration of the /-V curve was
carried out at 1.6 MPa and 358 K. More detailed parameters in the experimental bench

and model are shown in Table 1.
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Safety and Energy in Tsinghua University. (a) System sketch and (b) main system

components.



Table 1. Parameters used in AWE exergy efficiency analysis model.

Parameter Value Data source
ne 8 Number of electrolytic cells
g4~ 0.(mm) 2 Provided by the manufacturer
6 1 (mm) 0.7 Provided by the manufacturer
dam ~ dem(mm) 1.2 Distance between electrode and diaphragm
Tm 52 [39]
Pm 0.65 [39]
LHV y,(KJ/mol) 282 Physical parameters
Ey,(KJ/mol) 236.09 [27]
T(K) 358 Operating temperature of electrolyzer
To(K) 343 [17]
Ts(K) 373 Heat source temperature
P(Pa) 1.6 x 10° Pressure of electrolyzer
Py(Pa) 1x10° Initial reference pressure
H b o(KJI/mol) 6.038 Physical parameters
H HTZ“O(KJ /mol) 1.521 Physical parameters
£ 0.8 [28]

5. Results and discussion

5.1. Analysis of cell voltage and exergy efficiency

In this section, a detailed analysis of the electrolytic voltage composition,



percentage and variation trend will be carried out based on experimental data, on this
basis, the relationship between the exergy efficiency change under different operating
conditions and the energy loss due to activation overpotential and ohmic overpotential

for each part will be obtained.
Veer1 and the proportion of Vi .v Vgees Vopn 1n the total voltage when

changing with current density are obtained based on the AWE comprehensive model
established in Section 2.2. The simulation results are shown in Fig. 4(a), it can be seen

that the simulation results are in good match with the experimental data. According to
Fig.4(a), V,ays Vacts Vo @ll increase with the increase of current density, while V.,
and V,, are the main reasons for the increase of cell voltage with the increase of
current density. For V.., it only increases slightly while the growth rate of V.
decreases rapidly when current density increasing; under the condition of low current
density (< 1000 A/m?), V,., grows as a log function and plays a major role for the
increasing of cell voltage; while under the condition of medium and high current density
(> 1000 A/m?), its growth rate becomes very slow. For V., its growth rate, when the

current density is < 1000 A/m?, is relatively slow but gradually accelerates and then,
when the current density is >1000 A/m?, keeps approximately constant with the
increase of current density, and gradually becomes the major role for the increasing of

cell voltage.

According to Fig. 4(a) and Fig. 4(b) from the longitudinal point of view, the
proportion of over-potential in cell voltage increases with the increase of current density.
At 1000 A/m? current density, the over-potential is 0.50 V which takes 30% of the
total cell voltage, in which V . and V, are 0.45V and 0.06 V with the proportions
0f 26.7% and 3.3%, respectively. The over-potential is mainly caused by V.. At 5000
A/m? current density, the over-potential is 0.87 V which accounts for 42.1% of the

total cell voltage. For this case, V,, and V, are 0.58 V and 0.29 V with the



proportions of 28% and 14.1%, respectively. The over-potential is still mainly caused
by Ve even though V. is greatly increased from 0.06 V to 0.33 V. As the current
density increasing to 10000 A/m?, the over-potential increases to 1.22 V, accounting
for 50.7% of the total cell voltage, among which V. and V,, are 0.63 V and 0.59
V with the proportions of 26.1% and 24.6%, respectively. Compared with the case of
5000 A/m? Vg increases slightly from 0.58 V (with a proportion of 28%) to 0.63
V (with a proportion of 26.1%), and V, increases obviously from 0.29 V (with a
proportion of 14.1%) to 0.59 V (with a proportion of 24.6%) due to the large increase

of ohmic over-potential.
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Fig. 4. Analysis of cell voltage and exergy efficiency. (a) Composition and
variation trend of cell voltage. (b) The proportion of ohmic and activated over-
potential in total cell voltage. (c) Exergy efficiency varies with current density.

(d) Exergy input and output varied with current density. (e) Exergy loss

caused by over-potential. (f) The proportion of exergy loss.

On the basis of the above analysis to obtain each voltage proportion and trend, the
variation of efficiency with current density at 358 K is obtained as shown in Fig. 4(c).
It can be seen that the exergy efficiency of the system decreases significantly from 82.2%
to 59.2% by 23% when the current density increases from 100 A/m? to 5000 A/m?.
At low current density (< 1000 A/m?), exergy efficiency decreases greatly, mainly
caused by the rapid increase of activation over-potential. The exergy efficiency further
decreases 8.7% from 59.2% to 50.5% which is significantly smaller compared with
small current density when the current density continues to increase to 10000 A/m?. It
can also see from Fig. 4(c) that the change of exergy efficiency loss caused by thermal
energy loss as a function of current density, which is called heat loss efficiency for short.

The heat energy loss refers to the excess heat energy in addition to the heat energy



absorbed by electrolytic process, including the residual part of the input heat energy
and the heat energy released by electrolytic reaction. The increase of heat loss
efficiency is relatively slow and the value is very small (< 1.2%) when the current
density is lower than 120 A/m?, because the cell voltage and the reaction rate at this
case is low which result the reaction is endothermic or slightly exothermic process. The
heat loss efficiency significantly increases 26.8% from 1.2% to 28.0% when the current
density increases from 120 A/m? to 5000 A/m?, its proportion reaches to 38.5%
when the current density increases to 10000 A/m? which is the main aspect of overall
exergy loss efficiency.

The electrical exergy input, thermal exergy input and hydrogen exergy output
changing with current density are shown in Fig. 4(d). The incoming electrical energy is
3 orders of magnitude higher than the incoming of heat exergy. Because the reaction is
exothermic in most states, only a small amount of heat exergy can be input through
electrolyte. Therefore, exergy efficiency is almost entirely determined by electric
energy input. It can also see from Fig. 4(d) that the exergy difference between the input
electrical exergy and the output hydrogen exergy continually growing which leaded by
the increase of over-potential with the increase of current density.

Through the analysis results from Fig. 4(d), assuming that all the heat needed in
the electrolysis process is provided by external heat and all the heat generated by over-
potential is lost in the form of useless energy, exergy loss caused by ohmic and activated
over-potential can be obtained, as shown in Fig. 4(e). The exergy loss caused by

activated over-potential increases linearly with the current density and always
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dominates the overall exergy loss when the current density increasing from 0 to 10000
A/ m?. Exergy loss caused by diaphragm, electrolyte and bubbles exponentially
increases with current density, at the same time the percent of exergy loss accordingly
increases. Exergy loss caused by the electrode is always the smallest part of overall
exergy loss and increases slightly with current density. According to Fig. 4(f), the
proportion of exergy loss from activated over-potential firstly rapidly increases and then
slightly decreases with current density, mainly because exergy loss caused by ohmic
over-potential (including diaphragm, electrolysis and bubble resistance over-potential)
increases gradually from a small value. The exergy loss from activated over-potential
reaches the maximum of 28.0% when the current density is 3400 A/mz. The exergy
loss slightly decreases 1.9% from 27.8% to 25.9% when current density increasing from
5000 A/ m? to 10000 A/mz. For the exergy loss from ohmic over-potential including
diaphragm, electrolyte and bubble resistance, the part from diaphragm accounts for the
largest proportion, followed by those from electrolyte and bubbles, moreover the part
from electrode is very small and even can be ignored. The exergy loss from diaphragm
increases 6.4% from 9.0% to 15.4% when current density increasing from 5000 A/m2
to 10000 A/mz, at the same time, the part from electrolyte slightly increases 2.7% from
3.9% to 6.6% and the part from bubbles slightly increases 1.4% from 1.0% to 2.4%.
According to the above analysis, exergy loss caused by over-potential is quite large, so
the development of AWE electrolyzer should mainly focus on reducing activation over-
potential and researching parameters that have a greater influence on ohmic

overpotential, such as electrode gap, diaphragm materials and structure.



5.2. Effects of characteristic parameters on exergy efficiency

According to the above analysis, over-potential is the main reason for the increase
of cell voltage, energy consumption and exergy efficiency. This section will specifically
discuss the parameters affecting the over-potential and provide theoretical guidance for
optimizing electrolytic efficiency and reducing energy consumption. These parameters
include electrode conductivity, electrode gap, diaphragm porosity, diaphragm
tortuosity, electrolyte concentration and bubble coverage.

5.2.1. Influence of electrode parameters

Electrode conductivity is the main factor affecting electrode resistance. Fig. 5(a)
analyzes the influence of electrode conductivity on electrode resistance and exergy
efficiency at 358 K with 5000 A/m? current density. When the electrode conductivity
changes from 1000 S/m to 6000 S/m, the electrode resistance decreases from 6.7 X
107> Q to 1.1 x 107> Q, exergy efficiency only increases from 58.7% to 59.1% by
a slight increase of 0.4%. The analysis results show that increasing electrode
conductivity could reduce electrode resistance, thus reducing ohmic over-potential and
improving exergy efficiency. However, because electrode resistance is small at first, so
its proportion in the total resistance can be almost ignored. Therefore, improving
electrode conductivity only presents a slight improvement effect on exergy efficiency.

The electrode parameter of electrode gap can affect electrolyte and bubble
resistance by increasing the length of ion migration path. As shown in Fig. 5(b),
electrolyte resistance increases from 0 Q to 1.1 X 1073 Q and bubble resistance

only increases from 0 Q to 3.1 x 10™* Q when electrode gap changes from 0 mm



to 10 mm at 358 K with 5000 A/m2 current density, so that, exergy efficiency
significantly drops from 62.4% to 51.1% by 11.3%. Comparing with electrode
conductivity, electrode gap has a much greater influence on exergy efficiency.
Although the absolute zero-gap structure can ensure the minimum electrode gap, it may
also increase the resistance of bubbles escaping from the electrode surface [23, 40].

Therefore, it is very important to determine the optimal electrode gap.
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Fig. 5. Effect of electrode parameters. (a) Influence of electrode conductivity
on bubble resistance and exergy efficiency. (b) Influence of electrode gap on
electrolyte and bubble resistance and exergy efficiency.

5.2.2. Influence of diaphragm and electrolyte parameters
AWE diaphragm is mainly used to separate cathode and anode to prevent cross-
mixing of gases and allow OH™ through to ensure smooth reaction. There are many
types of diaphragms, including asbestos diaphragm, PPS diaphragm, polysulfone
diaphragm and so on. Porosity and tortuosity are two main parameters to affect the
performance of diaphragm. The influences of porosity and tortuosity on the diaphragm

resistance and exergy efficiency are shown in Fig. 6(a) and Fig. 6(a) respectively. As



can be seen from Fig. 6(a), the resistance of the diaphragm decreases from 3.7 x 1073
Q to 6.2x 10™* Q when the porosity increases from 0.1 to 0.6, and exergy efficiency
increases significantly from 40.8% to 59.2% by 18.4%. Therefore, increasing the
porosity is greatly beneficial to reducing the diaphragm resistance, thus improving
exergy efficiency. However, increasing the porosity of the diaphragm is not the same
as increasing the pore size of the diaphragm which will increase the amount of gas
cross-mixing and then lead to the reduction of the electrolyzer operating range. As
shown in Fig. 6(b), the diaphragm tortuosity is approximately linearly related to the
diaphragm resistance with a negative correlation and exergy efficiency with a positive
correlation. Increasing tortuosity will lead to the increase of the path length for ions to
cross the diaphragm and then result in the diaphragm resistance increase. Tortuosity
increasing from 1 to 6 causes the diaphragm resistance increasing from 1.3 x 10~* Q
to 7.9 x 10~* Q, which leads to an exergy efficiency drops from 63.8% to 57.9% by
5.9%. Comparing with tortuosity, porosity presents a more significant effect on exergy
efficiency.

Electrolyte concentration and temperature will affect the ionic conductivity, which
will then affect the resistance of electrolyte, diaphragm and bubbles. It can be seen from
Fig. 6(c) that the conductivity increases with the increase of temperature and molar
concentration, but too high concentration cannot completely ionize the electrolyte,
which will increase ion migration resistance and lead to the decrease of conductivity
[34]. There is an optimal molar concentration correlated to maximize ionic conductivity

for each different temperature, and its value will gradually increase with the



temperature. The optimal molar concentration is about 5 mol/L at 293 K, while it will
increase about 2.8 mol/L to 7.8 mol/L when temperature increasing to 373 K. The
influence of KOH conductivity on electrolyte, diaphragm, bubble resistance and exergy
efficiency at 358 K with 5000 A/m2 current density is shown in Fig. 6(d). It can be
seen that, when KOH molar concentration increasing from 1 mol/L to 7 mol/L, the
resistance of diaphragm, electrolyte and bubbles will all decrease, in detail, diaphragm
resistance is from 2.3 x 1073 Q to 6.2 x 10™* Q, electrolyte is from 9.7 x 10~* Q
to 2.7 x 10™* Q, and bubble resistance is from 2.7 x 10™% Q to 7.5 x 107> Q, at
last, this will lead to a 15.9% increase from 43.4% to 59.3% in exergy efficiency. It can
be obviously obtained that, compared with electrolyte and bubble resistance, diaphragm
resistance presents the greatest sensitivity to electrolyte concentration, and the second
is electrolyte resistance. Since the bubble resistance just accounts for a small proportion
of the total electrical resistance, electrolyte concentration only has a small influence on
it. The exergy efficiency rapidly increases from 0% to 52.1% when KOH molar
concentration changing from 0 mol/L to 2 mol/L; it slowly increases 7.2% from 52.1%
to 59.3% as the concentration increasing from 2 mol/L to 7 mol/L; while, it will remain
constant or even slightly decrease when the concentration further increasing from 7
mol/L. This is mainly because improving electrolyte ionic conductivity can decrease
over-potential and enhance electrochemical reaction. According to the above analysis,
it can be seen that the ionic conductivity of electrolyte has a great influence with a wide
range on resistance, therefore, the best electrolyte molar concentration should be

selected according to the actual electrolyzer parameter settings to reduce the resistance



of electrolyte, diaphragm and bubbles to the greatest extent.
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Fig. 6. Effect of diaphragm and electrolyte parameters. (a) Influence of

diaphragm porosity on diaphragm resistance and exergy efficiency. (b)
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on electrical resistance and exergy efficiency.

5.2.3. Influence of bubble coverage

%10
1

Diaphragm resistance , Q

The bubbles generate by the reaction will firstly adhere to the surface of the

electrode, which will reduce the effective area of the electrode and cause the increase



of the actual current density, then lead to the increase of activation over-potential [30].
The increase of bubbles content in the solution will increase the ion migration resistance
and lead to the increase of ohmic over-potential. In the reaction process, bubble
coverage is used to indicate the proportion of the area covered by the bubbles to the
total surface area of the electrode. Fig. 7 show the influence of bubble coverage on
ohmic over-potential, activated over-potential and exergy efficiency. According to Fig.
7(a), the proportions of both ohmic and activated over-potential in total voltage will
increase with bubble coverage, and the former is more sensitive than the latter one to
bubble coverage rate. The activation over-potential increases 0.05 V from 0.56 V to
0.61 V, at same time the ohmic over-potential increases by 0.07 V from 0.27 V to 0.34
V when the bubble coverage rate increasing from 0 to 50%. Fig. 7(b) shows the
influence of the bubble coverage on the bubble resistance and exergy efficiency. Bubble
resistance increase from 0 to 2.3 X 10™% Q when the bubble coverage increasing
from 0 to 50%, which leads the exergy efficiency decreases 3.3% from 60.4% to 57.1%.
The bubble coverage has a significant impact on exergy efficiency from the analysis
results. However, from the perspective of the influence of current density on bubble
coverage as shown in Fig. 7(c), the bubble coverage greatly increases from 0 to 22.5%
when the current density increases from 0 to 5000 A/mz, and the exergy efficiency
slightly decreases 1.2% from 60.4% to 59.2%. The bubble coverage only increases 5.2%
from 22.5% to 27.7% when the current density increases from 5000 A/m? to 10000 A/
m?, at the same time, the exergy efficiency decreases only 0.3% from 59.2% to 58.9%.

This result shows that bubble coverage caused by reaction has just a little influence on



over-potential and exergy efficiency in actual reaction, even though bubble coverage is
quite sensitive to current density. Kraglund et al. [41] tested the current resistance of
electrolyzer under different current densities based on EIS experiments, and found that
the overall resistance increases slightly when the current density increasing from 800
A/ m? to 12000 A/ m?. Because the change of current density has the greatest impact on
bubble resistance when electrolyte flow rate and other conditions remain unchanged,
so the change in bubble coverage caused by current density is not the main factor

affecting the loss of over-potential and exergy efficiency.
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Fig. 7. Influence of bubble coverage. (a) Influence of bubble coverage on

ohmic and activation over-potential. (b) Influence of bubble coverage on



electrical resistance and exergy efficiency. (c) Influence of current density on
bubble coverage.

In this section, the influence of each characteristic parameter on exergy efficiency
and the exergy loss due to different resistances are compared in detail. Diaphragm
resistance takes up the largest proportion of the total ohmic resistance, followed by
electrolyte resistance and then bubble resistance, and electrode resistance has the
smallest proportion. The diaphragm porosity has very significant effect on exergy
efficiency by affecting the diaphragm resistance. And the electrode gap has also an
obvious but lower effect than diaphragm porosity on exergy efficiency by affecting
electrolyte resistance, but its effect can be minimized when applying a zero-gap
electrolyzer structure. The proportion of bubble resistance in total ohmic resistance is
relatively small and the bubble coverage has just a small effect on exergy efficiency,
but it has an effect on both activation and ohmic over-potential, so it is still very
important to investigate methods to reduce bubble coverage, such as flow channel
design and the choice of optimum flow rate. The proportion of electrode resistance in
total ohmic resistance is approximately negligible, therefore, further improving of

electrode conductivity is meaningless.

5.3. Analysis of the influence of operating conditions on exergy efficiency

The temperature, pressure and other operating conditions of the electrolyzer can
also influence on the cell voltage and exergy efficiency. This section will conduct a

quantitative analysis of the influence of temperature and pressure on exergy efficiency.



Increasing pressure will increase reversible voltage, while decrease bubble
coverage thus reduce bubble resistance. Fig. 8(a) shows the influence of pressure on
cell voltage and exergy efficiency at 358 K with 5000 A/mz. It can be seen that
reversible cell voltage slightly increases 0.05V from 1.18 V to 1.23 V as pressure
increasing from 1 x 10% Pa to 5x 10° Pa. Synchronously, activation over-
potential decreases 0.03 V from 0.59 V to 0.56 V and ohmic over-potential decreases
0.02 V from 0.3 V to 0.28 V. As a result, both cell voltage and exergy efficiency are
firstly a little improved and then slightly decreased, and achieve its maximum at the
pressure of 3.5x10° Pa. It is mainly because, as the pressure increasing, over-potential
reducing rate is greater but then smaller than reversible voltage growing rate. As the
pressure increasing from 1 X 10® Pato 3.5 x 10° Pa, the cell voltage only decreases
0,02 V from 2.08 V to 2.06 V, as a result, exergy efficiency slightly increases 0.5%
from 58.9% to 59.4%. While, as the pressure further increasing from 3.5 X 10° Pato
5 x 10° Pa, the reducing rate of over-potential is only slightly lower than increasing
rate of reversible voltage, resulting the electrolytic voltage only increased slightly on
the basis of 2.06 V, with an increase of less than 0.01 V, and the increase of exergy
efficiency is less than 0.1%. To sum up, there is the best pressure to achieve the best
exergy efficiency of the electrolyzer, even though the influence of pressure on cell
voltage and exergy efficiency is not significant. It should be noted that increasing the
reaction pressure can reduce the cost and energy consumption of hydrogen compression,
but unfortunately, will synchronously reduce hydrogen purity and squeeze AWE

operation range.
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Influence of temperature on exergy efficiency.

Temperature presents an obviously influence on exergy efficiency and voltage loss.
In addition to its direct influence on reversible voltage and activation over-potential,
temperature can indirectly affect the electrolytic voltage of each part by affecting water
activity, water vapor partial pressure, bubble coverage and ionic conductivity. The
influence of temperature on the cell voltage and exergy efficiency at 1.6 x 10° Pa
pressure with 5000 A/m? is shown in Fig. 8(b) and Fig. 8(c). Temperature, compared

with pressure, its influence on the cell voltage and exergy efficiency is more significant.



As shown in Fig. 8(b), increasing temperature is beneficial to decrease reversible
electrolytic voltage, ohmic over-potential and activation over-potential, which has a
more significant effect on ohmic over-potential, followed by activation over-potential,
and has the least effect on reversible electrolytic voltage. As the temperature increasing
from 293 K to 373 K, the cell voltage decreases 0.74 V from 2.73 V to 1.99 V, the
ohmic over-potential significantly decreases 0.51 V from 0.76 V to 0.25 V, the
activation over-potential decreases 0.17 V from 0.72 V to 0.55 V, the reversible voltage
slightly decreases 0.07 V from 1.25 V to 1.18 V. As the temperature further rising from
373 K to 473K, the reduction range of electrolytic voltage gradually decreased from
1.99 Vto 1.61 V, decreased by 0.38 V, the decrease of ohmic over-potential gradually
becomes gentle which decreased by 0.12 V from 0.25 V to 0.13 V, the reversible
electrolytic voltage and activation over-potential remained approximately linear, in
which the activation over-potential slightly increased by 0.14 V from 0.55 V to 0.41 V,
the reversible electrolytic voltage decreased from 1.18 V to 1.07 V, decreasing by 0.11
V.

The influence of temperature on exergy efficiency is shown in Fig. 8(¢). Increasing
temperature promotes over-potential reducing, then causes the thermal loss efficiency
decreasing and exergy efficiency increasing with a decelerated rate. Exergy efficiency
increases almost linearly in the range of 293 K to 473 K. As the temperature increasing
from 293 K to 373 K, exergy efficiency significantly improves 16.5% from 44.9% to
61.4%, at the same time, heat loss efficiency greatly drops 20.2% from 45.5% to 25.3%.

The exergy efficiency increases 14.2% from 61.4% to 75.6%, and heat loss efficiency



decreases 15.5% from 25.3% to 9.8% when the temperature further increasing from
373 K to 473 K. In conclusion, temperature has a significant impact on electrolytic
voltage and exergy efficiency, but with the further increase of temperature, the
improvement effect on exergy efficiency will gradually weaken. From the analysis
results, increasing temperature is beneficial to improve the electrolysis efficiency. But
from the perspective of the energy use of electrolytic system, too high reaction
temperature may cause the power consumption of the attachment system increases,
which is not conducive to improve the energy efficiency of the whole system [17]. At
the same time, too high temperature can cause the electrolyte boiling which is easy to
cause safety problems, it will also pose greater challenges to the heat resistant

performance of diaphragm and gasket.

6. Conclusions

This paper establishes a comprehensive electrochemical model of AWE
electrolyzer which is calibrated with experimental data to study the changing trend of
cell voltage during electrolysis. According to the comprehensive electrochemical-
thermodynamic model, the change of exergy efficiency with current density and the
loss of exergy efficiency caused by various characteristic parameters and operating
conditions are predicted. The conclusions are as follows:

® Activation over-potential, compared with ohmic over-potential, presents more
significant influence on the cell voltage and exergy loss with the increase of

current density. Exergy loss caused by ohmic over-potential changes most
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obviously. Diaphragm resistance accounts for the largest proportion of total
ohmic resistance exergy loss, followed by electrolyte and bubble, and exergy
loss caused by electrode can be almost ignored.

Exergy efficiency just slightly increases 0.4% from 58.7% to 59.1% when the
electrode conductivity increases from 1000 S/m to 6000 S/m. because
electrode resistance is small at first, therefore, there is little room for
improving exergy efficiency by improving electrode conductivity.

The electrode gap changes from 0 mm to 10 mm causes exergy efficiency
drops 11.3% from 62.4% to 51.1%, which has a significant effect on exergy
efficiency. The electrode gap should be reduced as much as possible under the
condition that the efflux of bubbles on the electrode surface is not affected.
Increasing diaphragm porosity and decreasing tortuosity are beneficial to
reduce the resistance of ions across the diaphragm. The exergy efficiency
significantly increases 18.4% from 40.8% to 59.2% when the porosity
increases from 0.1 to 0.6. The tortuosity changes from 1 to 6 causes the exergy
efficiency decreases 5.9% from 63.8% to 57.9%. Increasing porosity,
compared with decreasing tortuosity, presents a more significant effect on
reducing diaphragm resistance and improving exergy efficiency.

Electrolyte conductivity has an impact on the resistance of electrolyte,
diaphragm and bubbles. Existing the best electrolyte concentration at different
temperature to achieve the highest conductivity. The exergy efficiency rapidly

increases from 0% to 52.1% when KOH molar concentration changing from



0 mol/L to 2 mol/L; it slowly increases 7.2% from 52.1% to 59.3% as the
concentration increasing from 2 mol/L to 7 mol/L; while, it will remain
constant or even slightly decrease when the concentration further increasing
from 7 mol/L.

Increasing the bubble coverage will lead to an increase in over-potential and
a decrease in exergy efficiency. The exergy efficiency decreases 3.3% from
60.4% to 57.1% when the bubble coverage increases from 0 to 50%. However,
the change of bubble coverage caused by current density in actual reaction has
no obvious influence on over-potential and exergy efficiency. The bubble
coverage is about 27.7% when the current density reaches to 10000 A/ m?. At
this time, the exergy efficiency is 58.9%, which is just slightly decreasing 0.3%
than that at 5000 A/m?.

The temperature and pressure also affect the cell voltage and exergy efficiency.
From the perspective of pressure, there exists the best pressure to make the
cell voltage and exergy efficiency reach the best value. Exergy efficiency
reaches the best value of 59.4% when the pressure is 3.5x10° Pa. Increasing
reaction temperature can help to reduce cell voltage and improve exergy
efficiency. The efficiency increases almost linearly when the temperature
increases from 293 K to 473 K, but its growth between 373 K—473 K is
slightly lower than that between 293 K—373 K. The exergy efficiency
significantly improves 16.5% from 44.9% to 61.4% when the temperature

increasing from 293 K to 373 K. And it increases 14.2% from 61.4% to 75.6%,



when the temperature further increasing from 373 K to 473 K.
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