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Table2 Mathematical model boundary conditions
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Table3 Parameters used in the model

28 55 A FAL K
FL AR p 1031 kg/m? R0
FL iR S0 ) R B I 0.0012 Pa-s SRR
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Fig 5 Reactant concentration distribution in the catalytic layer under different reactant inlet concentrations
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Fig.8 COz concentration in the catalyst layer under different reactant inlet flow rate
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ITMAL R M L— LB FE A, BRI AR A0 RORART 20%01510), (R, A3C
SR P P05 L [ 7 PR Rt S — Ak iz AT I SR BRI R AR 3. 281, B T2 2
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Tab.1 Conversion of heat exchange network into matrix diagram
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El 1> 0 0 0 1y 0 0 0 0
E2 0 1 0 0 0 0 0 0 1
E3 0 0 -1 0 0 0 0 1y 0
E4 0 o 1 0 0 v 1 0 0 0
ES 0 0 0 1 0 0 1 0 0
E6 1y 0 0 0 - 0 0 0 0
E7 yl> 0 0 0 0 0 0 *1, 0
E8 0 0 0 1y 0 0 0 1< 0
E9 -1 0 0 0 0 0 0 ¢ 1 0
E10 0 0 0 # 1—> 0 “ 0 0 0

2ok W SRR AT SR T R B, AE OSP B R AT AT SR T VIR I, A — A0
REEH G, 538 El M E6 2 [AFEMEIR, io/F8[1,6,7.8,10];5 K5, 193] E3.



E7 Al B9 Z [AIfFfER &5 R, 1AER4L[3,7,9]; B =M R)5, 53] E4 1 E10 Z [AI/F{E#E
HGRFR, WEHA4,10]; &J5—HH R, 192 E5. E8 M E10 ZMAFEREG X R, 10/EH
#1[5,8,10]-

IRV R 2 (AR AZEE G, T LAASE[1,3,4,5,6,7,8,9,10], LAS 3| A 28 ) v] S 1 145
458°80.989=0.83, Wi MM, 5 LRSS R RS R —8, IR T BT
SEMEVFE TR A R, AR AT BaR SCER T, A SR T ] S A A R A
ATEEME R BB, ST AT R CE

4 ZFEMAEREESMN

T EIRX AT SR 2 (8 2% R 0T, 23— ST BT T SR 2 8] R S LA,
DL oA R SRR O 20 RS A 0 T O 28 bs . 0 KRR IR P Is AT I, 2515
RGBT FEVERL TR = 0.7 /64 - Bltt, SATSEERIZ0aR AN T 0.7 I, FIHTER 1 9
HURIEAT AL B o X FREARE P L RAATF NG AR 2 A RR AR Y, MUY
INFEFFISAT ISR, A — R LT S A5 R AR L

FTEL, % TG ARG, Rt MEZE R IR SR N AR, 0 T Hoft i
BRAZEAF AT 0 T AT SRR LR, MARF A S 2, BIR<0.7,
R A Z T e e, i T T BB P AR AE R BEVE R HARBR AL, P RATT DA ZE 5 P A T
PEZ R — RS IRT . i TR KB B AT AT ek, By DL H AR B0 B 2R A e N
FELRE T TAC AR TS Hbredd R 0 TEST B, inQo)Fis:

m 4 m 4
Flayrt) = &+ z Guw) + Z|hv(x)| + 7 Z Gue + Z|hv(y)| (20)
u=1 v=1 u=1 v=1

EATHEM RS E AR R, P o =minTAC +R, B ARENS A
TR x=[A4;;] € Ny, j € Neo RAIEIERNIETIHE], S FETNREWEH LR, W FR
(21)-(23)Hi7R:

1
kD) = — if casel (21)

1
rk+D) = g 5 &) if case2 (22)
rltD) = &) otherwise 23)

Hrhcase1RF AT k ARYINATITHE, case2fCFK AT k R NATATAE, HAp, >1, B>
1. N7 RERS B RVU R R BR M A i s, SINLIRAR R 6, RS 2400 k5 e 4 )
SZIEMRISFEREW . HTRERERAEEM, SECRBUE WML R M TCIEA 2L, B
SR MIEARIE AR, TR T 78 TH 5 A I A A 20 B G AR B AT AR A, (AR B R AR AE 0—1 2 [
ZIR A R4 FTR

R-6
gy)=1- o7 (24)

KA S HLA T AT S0tk 2 R A AT AR B, T SEB G Br PR ] S 2 [ R B R R

SEELE 2 (A gE e A o

5 BHloh

A R ARG R R R SRR T VA THEE, K LR TR 1 9SP B AMAKE In o 20,
W 2 P NSRRI BB S T AN B AL AR, AT R A2 B 2 8] i
R LB R 2R o

Ry LR 4 AR 5 BE AT LA Y AR5 X 1070 2 5, #FA R 48 H 45 R oin =2 2%,



SEREONAGTE, PIEEIEAN S PRI IR R BTl T . BRIk, R EONS x 1071,
FEINH A2 P AN A KL, BRI 2R 2 A1 it BE 22 UL IRC AT REE, P2 b PR Al 5
PEZ AR A, MR B E AT SE M SR A U Tk, 158G ANl FE VR A TR0
s 2 25k 1, G 7 iR, TAC 4 2,894,052 USD - a'!, AIEEMEN 0.75. Z4ERS5H
AT SCHR P 3 2 S5 AR AL S R EL N2 3 P, BHOGiE] 3T SRS I B &
TAVERT AT SEVE I 2R S UL T IR A 2
R 2 RWCE BIAMULERESH
Tab.2 Main parameters of RWCE algorithm optimization
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Tab.3 Economic comparison results of the 9SP study

Ref. Unit TAC/USD-a™! R
Fieg et al.[f] 14 2,922,298 0.88
Xiao et al.l] 15 2,901,696 0.85
this work (/& 6) 12 2,924,858 0.83
this work (& 7) 14 2,894,052 0.76
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Fig. 1 Schematic diagram of the experimental system for heat transfer in microfine channel flow under high

heat flow density conditions
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Table 1 Uncertainty analysis of direct measurement parameters

ZH METH BRARHEE
R R T 2.55%
E7 JE AR AR 0.75%
AR ZEEARIL R 4.29%
HE R 3.33%
FH I HIR R 8.92%
K AL H 0.36%
BEIR T B4 e A 1.48%
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Table 2 Uncertainty analysis of calculation parameters



RERE 2.55%
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Table 3 Flow heat transfer visualisation sample database

AR GE L /mm AN FUKf/PC PRBAALIE/me-h! W REW-em? 3R
20 30-50 0.056-0.268 57.5-114 41
30 30-50 0.056-0.268 24.2-46.7 33
50 30-50 0.056-0.268 23.3-46.4 33
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Table 4 Comparison of the accuracy of the neural network prediction model for thermal diagnosis of

operational parameters with the classical neural network model

Ay W R HER BE e IE VR 2
AlexNet 94.81% 94.73%
VGGI19 96.41% 95.96%

ResNet-50 95.74% 95.32%
SqueezeNet 96.51% 95.33%

BT SHIS W 2% 97.21% 96.88%
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Fig.2 Selected test results of neural network prediction models
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ABSTRACT:

Owing to pressing global warming and energy crisis, the power generation technology that converts
green environmental energy into electric energy has attracted enormous research interest. Water is a
recyclable resource and the largest energy carrier on Earth. New hydropower generation technologies are
the future, and the ability to generate electricity through the interface between water and materials is very
valuable. Water evaporation power generation and moisture absorption power generation are two important
methods. Hot and humid air is an important carrier of water, we establish a thermodynamic hot and humid
air energy conversion analysis method based on the principle of hydropower generation, and conduct
research on the energy between the difference between heat, electricity and humidity of hydropower
generation technology, so as to provide solutions for improving energy utilization. The first law of
thermodynamics and the second law of thermodynamics are the two foundations of thermodynamics, and
the maximum available energy of hydropower generation is analyzed by exergy and parametric calculations.
Energy is contained in various differences. The greater the difference, the greater the available energy.
Through analysis, the energy and efficiency of hydropower generation are evaluated, and relevant
application strategies are provided to provide theoretical and practical support for the development of green
energy. In order to improve the power generation capacity of this power generation mode, it is necessary to
constantly improve the difference between the two states. Also, a power generation with AlO;
nanoparticles is fabricated, and an open-circuit voltage is above 2.5V and a short-circuit current is around
150nA.

KEY WORDS: Exergy Analysis, water evaporation power generation, moisture absorption power generation, renewable
energy

1. INTRODUCTION

Since the industry revolution, human has continuously created a diversified world through
technological innovation. The consumption and demand of energy resources have been growing. Energy
crisis, environmental pollution and other problems have been growing. Green and sustainable development
has become a new development requirement. Electric energy is a high quality secondary energy, and the
thermal power generation is an important way at present. At the same time, nuclear power, wind power,
solar power and other new energy also account for a certain proportion. These power generation
technologies can relieve energy pressure. In addition, there are some new environmental energy conversion
technologies, such as thermoelectric power generationl!, piezoelectric generation!?), triboelectric
generationl®], water evaporation power generation, moisture absorption power generation, etc. Among them,
water evaporation power generation and moisture absorption power generation are self driven in the
environment, requiring only water. They are promising clean renewable energy sources.

In recent years, new functional materials have involve nanoscale materials and inorganic-organic
materials containing carbon elements. Upon the interaction between water molecules and new functional
materials, they can induce the migration of anions and cations at the solid-liquid interface or inside the
material. There is charge migration at different end faces of the material, resulting in potential differences.
Current and voltage can be measured in external circuits.

The two main types of electricity generation methods and mechanisms, namely water evaporation and
moisture absorption, are based on various micro-scale electricity generation mechanisms. The first and
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foremost is the theory of the "electrical double layer" (EDL) at the solid-liquid interface®. Li et al.%]
produced biological nano-generators which including cellulose, chitin, silk fibroin, and amyloid, are
produced either by liquid-exfoliation of biomasses or by supramolecular assembly of bio-acromolecules.
And it can produce an open-circuit voltage and short-circuit current around 0.11V and 0.022uA,
respectively. Wang et al.l% develop a heterogeneous moisture-enabled electric generator (HMEG) based on
a bilayer of polyelectrolyte films. Through the spontaneous adsorption of water molecules in air and
induced diffusion of oppositely charged ions, one single HMEG unit can produce a high voltage of 0.95V
and a current of up to 0.04uA.

Water contains enormous energy, and the generation of electricity in water has significant application
prospects. However, the mechanism of hydrovoltaic power generation lacks systematic clarity. There is a
lack of overall connection between meso and macro aspects, which restricts the theoretical, preparation,
and application development of hydropower technology. Furthermore, while there are evaluation indicators
for output electricity, unit area, and unit volume, there is no unified standard for electricity generation
efficiency and evaluation. we establish a thermodynamic hot and humid air energy conversion analysis
method based on the principle of hydropower generation, and conduct research on the energy between the
difference between heat, electricity and humidity of hydropower generation technology, so as to provide
solutions for improving energy utilization.

2. Theoretical and experimental research on Energy and Exergy analysis
2.1. Principle analysis

Moisture absorption power generation does not require external mechanical energy input. It can
generate power by using the gaseous water in the ambient humid air, which interacts with materials to
generate electrical energy. First, set the difference of the environment or the internal structure of the
material. The difference of the environment is realized by applying humid air with varying humidity, that is,
air with varying water content. The difference of the internal structure of the material is to form gradient
chemical functional groups in the membrane material through physical and chemical methods. Wet air is
adsorbed on the material. Inside the material, water molecules and functional groups interact, water
molecules dissociate, and free anions and cation are generated inside the material. Cation (hydrogen ions)
are relatively small in size, which are easy to migrate freely in the material. Due to the gradient of water
content or the gradient of functional groups, the concentration of anions and cation generated inside the
material is different, which further generates ion diffusion, cation will diffuse to areas with high anion
concentration. If the external circuit is connected to the material, the directional migration of ion in the
material will produce two extremes. After the external circuit is connected, electrons begin to migrate and
generate current. In a circuit, the movement of charge depends on electrons, while in a solution it is cation
and anion. Therefore, electricity is generated through the action of water and materials in the membrane
material, which is called moisture absorption power generation. When the wet air desorbs on the surface of
the material, the anion and cation return to their original positions under the action of electrostatic force,
completing an electricity generation cycle. In the process of moisture absorption power generation, wet air
is the only material that can provide energy from the outside. It does not require input of other mechanical
energy. Instead, it outputs wet air and generates electric energy without other harmful additional substances.
It is a green, highly sustainable power generation technology.
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Fig. 1 Power generation schematic diagram.



For this power generation technology, a large number of researchers have carried out a series of
studies. With Qu as the representative, the materials in the moisture absorption and power generation
process can be of different dimensions!"I®I°], Shao selects a silver wire as an electrode at one end, and then
soaks the silver wire into the graphene oxide suspension for many times to obtain a silver wire with a
graphene oxide layer of the required thickness[’). Then, a longer silver wire was selected as an electrode at
the other end and wraps it outside the graphene oxide layer to obtain a fibrous moisture generator with
electrodes. Because it is one-dimensional, DIY can be formed into various shapes, and can produce
electrical energy about 0.21uW/cm under 70% humidity change. The fiber electrical component makes use
of gradient moisture, and the material is stable and uniform. It regulates the internal structure of
two-dimensional graphene oxide film through electric field treatment, so that the functional groups inside
the membrane material are distributed in gradient from top to bottom, thus promoting the concentration
gradient of hydrogen ions generated by dissociation from top to bottom after water absorption, so as to
promote the migration of electrons and generate current. It can generate electrical energy about 18mV
voltage and 5.7uA/cm2 through the moisture generated by human respiration®. On the basis of
two-dimensional materials, three-dimensional functional materials can also be used to adsorb moisture and
generate electricity. 3D foam is a porous material. Because of the existence of pores, the cross-linking
between pores and the large specific surface area provided by pores, it can improve the speed of moisture
adsorption in wet air, facilitate the diffusion and dissociation of water molecules, and improve the power
generation performance. Huang et al. treated graphene foam materials with laser treatment to obtain the
inhomogeneous structure of gradient reduced graphene oxide and graphene oxide, and then used gold and
silver as electrodes to generate 1.5V voltage.[’]

The other is water evaporation power generation. When the solid is still immersed in the water, the
solid molecules contact with the water molecules. Due to the effect of the solid surface charge or chemical
potential, the solid surface molecules will selectively adsorb some charged components in the water, while
the components with opposite charges in the water and the adsorbed ions will be enriched at the solid-liquid
interface near the adsorbed components due to Coulomb force. The overall result is that two layers of
enrichment areas with heterogeneous charges are formed near the contact surface of the two phases, which
is called double electric layer(EDL). The adsorption of solid forms a double electric layer structure in the
channel, while the radius of the channel is small, and the liquid double electric layers on the upper and
lower surfaces overlap, so that the channel has selective permeability. As the siphon effect of the outflow
solution evaporation forces the solution to be passed through the solid channel continuously, forming a
stable flow potential on both sides of the channel, so far the water evaporation induced power generation
effect has been realized theoretically. It was the first time that Zhou research group of Huazhong University
of Science and Technology found this effect in carbon black nano films in 2017. They directly burned
carbon black in quartz chips with an alcohol lamp. After annealing and plasma treatment, they measured
the water evaporation induced power generation effect with an open circuit voltage of about 1 V and a short
circuit current of 100 nA, respectively.l!'%The nano materials containing nano pores are prepared into a
sheet device, one part of which is put into water, and the other part is exposed to the air. Some nano
materials in water absorb water, rise through capillary adsorption, and evaporate from the surface of nano
materials at the air interface. In the process of water moving in nano pores, in the EDL the flowing water
molecules to generate electric energy.

The above researches on moisture absorption and water evaporation power generation mainly focus on
the construction of functional materials and internal structural gradient of materials, and the continuous
exploration of carbon nano materials, porous materials, structural surface treatment and other aspects to
improve the power generation capacity. In the process, we are constantly improving the mechanism of
moisture absorption and water evaporation power generation, and studying its various influencing factors.
However, a unified standard has not been formed on how to evaluate the power generation capacity, which
is mainly characterized by the power generation capacity per unit area. There is no detailed description on
the power generation efficiency.

2.2. Exergy analysis

Exergy not only includes the size of energy, but also can measure the size of work ability, representing
the level of energy taste. Through exergy, we can directly calculate the change of energy in moist air under
two air conditions. In the exergy analysis, the following reference points should be determined first. There
are generally three types:
a) In the first method, environmental parameters are taken as reference points for exergy analysis;
b) The second is to take the average meteorological parameters of the ambient atmosphere as the reference



point for exergy analysis;
¢) The third method takes the saturated air state at ambient temperature as the reference point for exergy
analysis.
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In this study, the environmental parameters are taken as the reference point, the temperature is ~©,

moisture content 1S do . In this reference environment, a wet air state is (~ 4, d), then its exergy ist!!]
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In the formula, the first item is heat exergy, the second item is mechanical exergy, the third item
is humidity exergy, and the three items together are the total exergy of moist air. For the problem analyzed,
in the category of constant pressure open system, the mechanical exergy is zero. Now suppose that the state

d

of a stream of wet air absorbed is A( T, , 4), The state of the other wet air released is B( Ty , dy ), the
exergy of the two states are
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The states of A and B are unknown, while 0 is the reference point. 0 has no influence on the analysis
of efficiency, but has an influence on the size of work capacity. It is a state quantity.
Calculate the partial derivative of the exergy of the two state points, and then make the difference to get the
exergy difference of the unit water vapor under the two state points.
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The first item of the above equation is the difference caused by sensible heat. The sensible heat
difference caused by different steam temperatures in the two states is actually very close. If this item is
ignored, it can be rewritten as
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The minimum input energy consumption in the process of unit moisture adsorption and release (i.e. A
to B state) is the exergy difference.
The energy generated by Moisture absorption or water evaporation is [*]

w, = [ 10V (6)d(0) (8)

it can be changed to

1
W= [ 1.0V, (0d () ©)

where 1 s I, s V s Ve , t, respectively representing the current, short circuit current, voltage, open circuit
voltage and time of the power generator. This energy can be measured in the experiment.
The final efficiency is

n=—r (10)
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Fig. 3 Relationship between exergy and relative humidity.

As shown in the Fig.3, the state A is 20 C and the relative humidity is 20% (Moisture content is
2.883¢g/kg dry air), and the state B is 20 °C, the relative humidity increases from 10% (Moisture content is
1.438g/kg dry air) to 40% (Moisture content is 5.793g/kg dry air), and then increases from 40% to 90%
(Moisture content is 13.188g/kg dry air), with an increase of 5% relative humidity each time. The whole
power generation environment is selected as 0, and the relative humidity is also 20%. As the difference
between the two states increases, the exergy becomes larger and larger. If there is a greater potential
difference in the environment, there will be more exergy. The potential difference between dry and wet is
changed, and the amount of energy remains unchanged. It can be imagined that the amount of energy
remains unchanged from state B to state A when state A and state B are exchanged. In order to improve the
power generation capacity of this power generation mode, it is necessary to constantly improve the
difference between the two states. However, under natural circumstances, the difference between the two
states is limited. How to maintain this difference at a low cost so as to improve the power generation
capacity is a problem for the more in-depth research.
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Exergy calculation at different temperatures, ~ 4 selects 15-28 °C, increases 0.2 ‘C each time

between 18-21 °C, and increases 2 ‘C each time for other intervals. T is the same as T, , T, is 20°C.
One method is to include the sensible heat difference caused by different water vapor temperatures in two
states, and the other is not to include. The results are shown in the Fig.4. It is found that the difference
between the two methods is small. The values on the curves calculated by the two methods almost overlap,
and the relative difference between the two is less than 0.25%. The method of calculating the maximum
electricity generation through the difference has been verified to be feasible from the perspectives of
theoretical analysis and previous research comparison. As the difference between the two states increases,
the exergy also increases. A larger environmental potential difference results in more exergy. It is verified
that the exergy of the sensible part can be ignored in the very small range of temperature change. It is
reasonable to go from Formula 1 to Formula 2. However, in natural circumstances, the difference between
the two states is limited. Finding cost-effective ways to maintain and enhance this difference for improved
power generation capacity is a subject for further in-depth research.

(a) Experimental system
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At the same time, some experiments are in progress. The water evaporation generator containing oxide
nanoparticles was prepared and the power generation was measured. The preparation of flexible power
generation devices is primarily divided into three steps. (1) The first step is to select a certain size of PET
film for cleaning and drying as a backup material. (2)The second step is to apply a certain width of
conductive carbon paste on the film, with a total of 2 tapes applied as positive and negative electrodes.
After the carbon paste is dried, it will be used as a backup. (3)The third step is to coat alumina
nanoparticles onto a PET plastic film with a carbon paste electrode, cover the electrode, and retain a portion
of the electrode end for subsequent connection. The coating solution adopts a solution of alumina
nanoparticles, with the solute being alumina nanoparticles and the solvent being anhydrous ethanol, with a
concentration of 0.5g/mL. Finally, air dry naturally. Based on exergy analysis and experimental
measurements. As shown in the Fig.5, the final short-circuit current and open-circuit voltage are maintained
at 125-200nA and 2.0-3.2V, respectively. After removing the device from the water and drying it for a
period of time, it can still be used. It exhibits a certain degree of stability.the exergy efficiency is calculated
as follows:

W, .
n=—=125x10"
E!
w
where, an open-circuit voltage of 2.5V and a short-circuit current of 150nA are selected. It is
estimated that there is still great room for improvement in efficiency. However, further specific research is

needed on the exergy losses that exist in the specific power generation process.

3. Conclusion

In this study, the exergy analysis model is established by analyzing the principle of new hydropower
technology (moisture absorption and water evaporation power generation), and the maximum available
energy is obtained by theoretical analysis and calculation of the available energy for power generation.
Power generation efficiency is also defined. The greater the difference between the two states, the greater
the difference between relative humidity and temperature, the more energy available. The difference that
provides continuous stability is the driving force for power generation. At the same time, the relevant water
evaporation generator was also prepared, and the short-circuit current and open-circuit voltage of the Al,O3



nanoparticles nanoparticles device are maintained at 125-200nA and 2.0-3.2V, respectively.

NOMENCLATURE

specific heat capacity at

ideal gas constant

[ ki/(kg-K) ]

. O
“ | constant pressure [ kg K) ] T | temperature [*C]
d | moisture content [g/kgdryair] |t | time [s]
E | exergy [J/kg] V | voltage [V]
I | current [A] W | energy [w]
P | pressure [ Pa] 1 | generation efficiency 1
R
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SeEMEXT MFC P M EERY R
o) Xz FhEE 53 4

XN, F#E, LHEHE, ThE, AFR
AR %, AR RGRN S I FE S REH0E & R SE 0 = B AL A S AR R L i sk s, b
100124)
(Tel:13671359425, Email:liyanxia@bjut.edu. cn)

FE: Y6 AR YRR Hth (Photosynthetic algal microbial fuel cell, PAMFC) & ¥ Y& #ER 5 Nk
YIRELE I (Microbial fuel cell, MFC) Btk =, #id7E MFC [tk = 5| A/ NEREEAT I PAMFC, TEKHS
TR e HRZ M0 B AW =5 R VRO T S € [ 40 A o PRI R B 20 0 VO MIFC (56, AR SCRIF 210
BREN (Red) FAGEBMR (Vo) 27IHIE MFC, W73 E] Vol-MFC Al Red-MFC {7~ B G
JEHEAT 16S TDNA 37T, #HERFE /. 4R E7R, B Vol M &K MFC (Vol-MFC) it Hi R ik
F7 588.9mV, iLfE T Red-MFC i FLIE 488mV, [ Vol-MFC B4 H KIS T . 5 Red-MFC
FALG, SR BRI Vol JNFHBRIRAE YT Vol-MFC FLA B8 & I HiRE

KEBIR: SRR M AU A PEEERE: AEYRETE

0 Al

PEREAE 250 A, PRI 1) R e IR i) 8 o B ROV R AR e “ XU Hbs (RITE
2030 FEHTTERIRIANE, 2060 FHTIAEBRAFD 258 H SRR 2 DLS i 1 R AR
WS, RN T RO A ER A SRR B P AR . TSR, FRIENETE SR AT
FREEtE . MR As KT, B R& Tl 2030 FERTERHBGAIE )2 A0
ZF. R BEsmiR B R E RS ERE . WK EZ BRI R T AR, “ W
W BARKISE R 2 N R R L HENAE S AT R BATF @B T2 — . R sEEl
“OWER” H bR EEFY OGBS BORER ST, R E AR R AN . e
AT AR BRIR AN BE RO T T BT R R, RE TR R R AT REIR, it A e ookt
AR, EFE E ARSI, DAl B A A, S s 02,

WAEYIBREL Il (Microbial fuel cell, MFC) DL AL S0 MEAE M AL 70 B8 VS
K FE R N L RE, BRI SR Zaols g B R BRI R A, ik
FERZ R 1) KEFEH P FER T,

FLAE 1910 4F, SEEY)EK Potter KILAE RS PR 0T LU=, BRI T
MFC W FE R P54, 21 ALK, S e PRRL s i AR 7T ok 2, JFIUE T — &
HIREE RS, i MFC ARET R FCIABHRN, Bkl dith 52

HEETH: EXRARRIEESE (52076004)




B A T RN RN AR R AL R B RE R e, AT RLEID s SR A
B E AR A AR . ROLE BRI MFC # #6 & 3 85U IR R Lt
(Photosynthetic algae microbial fuel cell, PAMFC), T Yt&#EIRiEd s E/ERH AR
O /] LIMEN L T-524K, FITEL PAMFC FIRRAN TR A MILI AL 5 5L T TR SRADG G
FANENEDANG, 5 GRIR FAEAT WU AR EE, K6 A8y MEC (BRI,
FRAR 25 ARV A SR FE B i T TE 20mg/L, 3K 22 ey T UM S A VA g e E 1131,
ARBALE MFC FIH =5 N/NEREHE PAMFC, fE 1000Lux SEIRSEAF T Kilis
17, RIBAS E A E B B Gk R H R AR, SRR E e a
FERIMIEEL B K. BEMIFE MFC FHSGE I R A IS AR A I i, TG &
AE AR AT LGB B S5 O6 A VE I B PP AR P A i 5 B, B IR A A
PSR NRARE YA B AR R MEFC P LR RE R SR B R 3 2 — 14, FH
W = A A AR 3 2 %8 MEC P RE R AT A TR o
AL, ASCERDR LT SR Red A1 R B Vol (W1 1 i) 737K MFC
(Red-MFC HI Vol-MFC), 7K HDERYIML Lt & WS MEC B R PERE R 52
W, NHE PAMFC Rl iM% .

r ‘! %) (¥

v ] U &-_?I e

i) ] == Fe CCN) ™
% | - G
# o G i (LMY
1 EEE% Red MEEEZIE Vol 2 MFC &HnEE
1 K3

1.1 MR5EE

R 7 A= MFC, [ BAMARFR I 50ml, % CMI-7000S BHE A2 il (W H
EE ML AFD KHRESRRIT (B 2 BR). K 2X 2em BRESAE A BH AR AT AR B AN B
W, FARAEAE FH AT R P ERIR L 3h, ZFRFIHTIEA, 28 FRM%ETH, 60°CHE
T2 BEFRIET I Tl RS, DA RvIEIE =AU, &
0 B B Vol BT RIS 77, 2160 5 B Red 7E15 77 PAMFC BB R R BHIR = 3-15,
KAEGE TIEIR 1000Lux, 25 CYIMEEFR. LR F N Hral, 40 | bt R
TAF], SRR EE T K.
1.2 NMFC B93E1T

AL HAPATIZ AT MFC ] Nids, BILLREEN 1g/L BIEEBE (Glw) NI, 1E3K
ISTFURET,  J3 7K P B 2 2 R 10ml FFBN A MFC BHFRE, S8 55 FEARBE N



PHAR B BN BARG ==, #8TE  Red-MFC F1 Vol-MFC. BH. PHARIB R/ & 1
B o FIFER 225 5K BIAR . AR 51 H 5 M 2P (1kQ) S48 e FLAL ImT B o it
P L fof P 509 SR AR X (34970A, Agilent) L 10min/YX ISR H 3 R F L3t . MFC ig17
wE T 25 CHEIEAS R FHE, b Red-MFC & T 1000Lux Yt/ T, Vol-MFC & T

HE2RAF N =3 MFC B U/ T S0mV I SE BRI, BEARGAR
Fz 1 MFC . BHAGE AP

2 i W (gL

Na;HPO;4 * 12H20 14.32

KH2PO4 136

—_— NH4Cl 0.5
NaCl 0.1

MgSO4 0.1

CaClz * 2H20 0.02

K3[Fe(CN)s] 329

AR Na;HPO; * 12H,0 14.32
KH2PO4 1.36

1.3 Mi753%

PEAR 228 (cyclic voltammetry, CV) fEHLALE TAERS (Autolab, Fiit:/7i@) 5%
. CV feis I HBMRERIE 752 —, Bt R T R A A IE i [ B 25 2 FE gk
ATRAES . R JEALNE TV, frlitisiTiae Ja BT 2lsok R g T, 207
P& A7 Copen circuit potential, OCV) f25E, FIFUHINIE. fEFHMEHHA Ag/AgCl £t
MR, s AL T BAAR H AR 5 BH & 1SS e i ] L AET AR AL, BHARC TAE AR, BTN
BT HLARBT

168 rDNA 414 F-llJ7* (16S rDNA Amplicon Sequencing ) £ AR BEW /T il AL PRI EE,
SRR BAEYIE M. 16S IRNA AL T A2 40 iR/ NP B, B3 10 ANMRSF
X1 (Conserved Regions) 1 9 /NEAS[X 1k (Hypervariable Regions), A {R5¢ X E4H
W AIZE R AR, @K AR, MRS XAARNAE —ERZER. B,
16S rDNA E AR AED M RVRHEAZ R T 51, BN R IE T4 KRG K E K%
SE TR, 16S IDNA #3817, 8% RIEFFEANBIE LML F Xk, IR X %
THEH G937 PCR 973, 285X =38 XHEAT I 70 B AN %5 58, 16S IDNA 97381
WA R AT FEP AL P Al A P v 2H RS2 A 1) B T B e 170,
2 FR5WR
2.1 SRR T

WRHEIREHIANE A 930 P A it 7 7l i 44 49 Vol A1 Red. Fer Vol B DL %) 4k
NIEHBEEKAE FI84TH MFC I E (IR Red HUH LA & HE KA 1000Lux iR
SRIE 25°C 26 F T PAMFC FUZLEARHIRIE, WMES 0N SmL, 16k, FoRethZen] LLE
UL P 2 Bt Iy 50 P B, )2 B WA ot R AP ) S R, 2 it R ) P
LI PR 2 A, 2 AR E R A EIR . RCRAEAT, 55



—=— red
—e— Vol

1 1 1 1 1 1 1
0 10000 20000 30000 40000 50000 60000 70000
Sequences number

3 HrRdhzkE

B ] UKL 2808, il 3 Fros, AT LA, A DU ECE R,
PIANEE BT & RS — ANEORIRFE T, TEB TR e, Refg Ul B 5 L S
8 B4 {5 B

4 &7~ T Red Al Vol BIANFE S AE T K LR AR F MR, B s, ™
ANFE S B R LA e A — 8 (ER AR R B AR, X A8 TR A
PIRIBRIEAR R, BN ENE . 45 IR, Proteobacteria | I ITE P /NFE S 38 R &
i EA . B S5 B/ T Red A1 Vol PRANFEARTE /KA F B2 . S5 EoR, HEm
Red #E¥& 5 Escherichia-Shigella 79 5L K, B it Vol #7% H Pseudomonas 8 LBk »
KR, B AR A RS T, &SRR T I A AE I
HL IR A RS, ANE R MOZEHEIR, FEit Red W Arcobacter JEFHEE N HLL N
29.85%, TEFEAL Vol HiZJE H AR E 0.43%, ZEKZECHEIR G RO OO LA
M, BT Arcobacter JEFHEFFEMERTHFERE & Vol BB ALt FEFE

1s

Oithaes
W Synanjalols
Acidobactenota
B Ve omicrobiota
B Cyareabachenia
Actinobactoiota
B Firmicutes
Dusufichactercta
. Bachescidota
B Campilobacierota
B Profectacions

ﬂ.?ﬁ' i o

Q15_ =

Relative Abundance

9.25- ....... i e i T -

& +

sample Name

& 4 Red 1 Vol 7E[ 1KF_ERYFREFEXT F AR E



i Vol FHA AR REZBIAK, B ) Z A2 FEE

Oahers
W Anasrostigrasm

0.751 Oy
W Dechlorosoma

Appiobactergides

B Gacbaciar
Sphingobaciensm

B Prsudomonas

W Arcobater

B Escherichia-Shigelia

0.5+

Relative Abundance

0.254

@p &
sample Name
5 Red #1 Vol ZEB7KF L AFPEEAEXT EE IR E

2.2 MFC BYM4BE
2% 2 PR NAS S MEC AT 461 -
% 2 MNFCBITEM

Red-MFC Vol-MFC
CER)d WREL (2X2cm)
T B U w1
BATIR 25C
FHBR A= A Red BRI Vol
WL 1000Lux el

2.2.1 MFC #iH B &



Kl 6 4 Vol-MFC #l Red-MFC HLJEHiH 4k, MEH AT LLE H Vol-MFC fE#:F 5
(1) 293h JE L, 1 Red-MFC B BB AL T 1096h, KZJ/2 Vol-MFC JH )i [A]#)
3.7 f. Red-MFC KB AR KT Vol-MFC. X W] Vol rh&4a I E e Bk 4%
PR AEYBEARKTEN, AR A R BACEEER, AR . Wt g b
E, ERBNERE =AEH Vol-MFC 15 2| [ &= 4 H fL k. 588.9mV, 1ff Red-MFC ]
e RHH LR 488.1mV,  E Vol-MFC [t FUERAK 1 17.12%. fEF20E Ji BRIg AT
W] E&, Vol-MFC /NI NEE — A, JAMIRKA 71hs  MEE =8 BT 46 o A )i

—— Red-MFC

)\[\ —— Vol-MFC
0.010 |
R B h 0.005

A
i I :
|

i

-0.010

L L L L L L L L L L L L L L L L L
0 200 400 600 800 1000 1200 1400 1600 1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 10
Time (h) Potential (V)

6 Red-MFC F Vol-MFC E [E#iH %%k 7 Red-MFC 1 Vol-MFC BIEIRMA L sk
WG, fERERR BT I IS AT [AE 2] T 308h, T Red-MFC 1535 K
AR B 2 AN AT LA 2 85h (B8 = J& ). DL ES5 R Ui RS S )5 1) Red B RERLA 4
R EL B, FRAK T MFC 7= FL I RE .

2.2.2 TEFHRZ &5

PRI AR 222 m] DA R S AR A R E B A & 1B, OV IIRHT, % MFC 4%
HRHITF, FEEFHEERE. B 7 8 Red-MFC Al Vol-MFC 4™ ith fE AR 22 il
4o ME 7 FTEUE H S MFC #3527 H— X BB AL S5, Hor Red-MFC F=4E
PRV N, AR E A XU S Red WRERAHL, HEEEHIFERIA
53] DA 085 B ST T 2 A A BB RS B BHAR A v, 2RO B i FE AR AN 7] B
FRAE EVRRIER, AT HE S BHAR A VI R A P AL RE 7. DL Vol H &R i MFC
FEAE B B AR AR I AT T R A R AL e, B SE SR [ b TR

34 g
MFC 7EH RS S IIZ AT, PR E A RN ik (A8 B B AR R AL

o, RO R Red 5 A (B B Vol IFIHEALRA A B ERE L %5, A
43 5 DA B B R Vol FHAL 1 B Red ABHRRGUAEY), #4132 T Vol-MFC F Red-MFC,
i Red-MFC Fl Vol-MFC H1iz {7 ERE IS AT L #r, 3BILL T 4518

(1) Vol-MFC H#AAMAEW] B 1F T Red-MFC, 7=t I . Vol-MFC [t
JEAZ 588.9mV, = H! Red-MFC A%t HLE 20.65%.

(2) Red-MFC {15 3hA] Y 1096h, F& Vol-MFC Ja&iiFA] (293h) 1 3.7 1%, IF
H.f e v LAY My 488.1mV, B EAK T Vol-MFC.



(3) Vol-MFC BAHEKAFE M, &% &k 308h, ik T Red-MFC ] 85h.

(4) 18 16S rDNA 3+ 7 B R IO R 77 5 I BH A 21 67 L B RE Red 1
CL O A A AR LB B B3R, PR REMERRAG; 7EREREAAIE TR AR R Vol B
A T B R 2 A

(5)  FRREIIBHFRIA ST AT DAAG RO Bh e 3r 58 2 R B AR I BH IR A= BTG, &=
R R PRI 338 BE AR A A [ B P R AR EC B R VE T, AT 4 oo BE AR A= P B i A= P v i AL R
UEBHBHAR G A= WA SRS 264 R IR S A A R T MFC I21T, N/NEkigE PAMFC FH
WA AL T UM HRE
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BT HRKEFRKREREXRHERFER
R RERR ST

AR, GE, SKERE 2O, AR
(R TR NS 30 ) TR B, FRL, 211816
Ph22 30E R AR 5 TRE S E m i =, 9%, 710049
FAVEEE T RSN SR A2 P, Jrmd, 639798)

(Tel: 13122388125, Email: wli@njtech.edu.cn)
TEE: ACLMVEEHOK (DHW) A= Bbr, W GI BB it # R GUdAT #k B b, B9 173
IEFENK G SR e (THT) RGMARSETHERE. 45RRY, Pk M URKE i, K
S RESEIL 65°C UL LRIBEIGRE (Tas), 6L DHW A= 753K. 2T StBro f) THT RERILH HER
PERE, H TN 74.3°C, RGHH AN 11,667 MI, B R KFAMEN 89.16%. HIR CaCl # R
Gt n] S R Y DHW (290°C), H# 2Rt AIR: R, KoCOsJE THT RETELFIH St
05 B P ] B T AR R A v (T 2 M R R AT FH
KR HOKAE KE#: KFHRERMLY Rg: AdERe

il

0 RIS

i PR gedi B (IEA)HRIE, 2019 FBRAIEAH ¢ A AL BRAFBCEIE NS 33.1 Gt, N
AL LRI R KT, BRI 5 B EERER 40%LL B, axHdr, BRERSEE A T2
BEBZ IR FE N B LR FERT 60~70%2) o Fifi 45 15 Ge Ak A7 SRt vy A1 4 SR PR 2R 58 8 A 46 ]
(1 H 2™, 5 R BT REE RN AT P A BV SR REUR S ATLAN BEIR B IK L 28 2 BB,
BEIRRPHRAE R BESEHT AR IR AT AR E T A Je, H ph T [ 1 ) B P AN e 14 55
R, SRR T SRONTE RS 25 _EFASUTED, {315 77 726 BE IR 1 = %50R) FH A2 21 BR i1,
TEME T, REEMAE (TES) HANREIEMA MR T ik,

FHEC TR G ARG B 2, A fiRE (TCES) BIR BA R, #dik
NS, PRI T T K R AR A ST o, BT K B AR B A
T2 AR A 22 B I N, (& JB BRI 4 file R EE A% MLk, JL
FEAIREAR, 200°C R 7K A 58 56 A BOIE A BB 7K 20 AT S Ui #A R A2, B R B
KR, Tusbal. XEAEKA LA RN T Tl A HFIR BH A8 B4R
T S F 2 TR LB A A VR HOK A P2 O AT RS . KA ShBIFe 8 BRE) FURER (I A8
CINEE R Y

Jit

Salt - (X+y)H20(s) + Q—)(W_ Salt - xH,0,, +yH,0,, (D

FEETH: EXRARB¥ESE (52176085)



HHTK G 3 AL AR AL T/ NIRRT F i B . Zhang S5 B1% [iGMEELER
JLIC1 &AW B 771 FH A S BRAGIR (<120°C) S5 A FA A7 it o 38 428 R 2 LiCl & B AEBI{E 2
N UABT IS, RS B PR BE A 318 kW - h/mP e Xu ZF VG K 1A /MgCla
H a2 750, RIEFE 2 FLAE ot i BN BR K& R A AL IR B B
N ER RO, B 244 200°C TSR AT T IS 1368 kI/kg it 4 i - Wei 45110
WE] 1A fLIR/CaCla B EFEHE 1000 W/m? 58I S AF N & VB WTIL 254 kW -h/m?, £
I8 11 e v 2KV B B 0.81 /gy BT IR 2 A AL A A R 37 55 o 2R 48U, SrBro/
RANATSBUN, MgCL/AMNAT 3B IA TEER2, KoCOs/BEMKIE AT, MgSOu/f il g 5 £L014]
ST I R 5 F DA & AR RE

FH ol SR 5T A R B, B RO T B X TCES = B R AE TR A R IT & 5 it
KT HSEBRS ARG TN A R . BB —MAE 25-40°C 1, HECAAH T4
PHOKAE (265°C). ¥T U, AR —FH TG 5 BT 2846 (THT)
ARG, W NARIEE, SR N FER RS, S SRR . BRI
WAL R GE, TR T RGNS EIERE . BFFUEE Rl N AR K & b S OB i I R
GBS .

1 YERE
K1 (a) NUL DHW ‘08 HbsBK & fHE KB 68 THT R4, H p-T RAWE 1
(b) . - R N-FT5C R AT H Clausius-Clapeyron ik :

AH.  AS
Ly = ~ 27 25
Py  RI, R ©))

KH, pet NBFEETT, AHFN AS: 53 50 R LI o

-:'-:' i asin "
=L -1 L S
- ] [LEIRT
. [ —— = I # fam iyl
ot B i e .
T e e ) P = o .,
" T v oo condinrar 3 v - -_/' i 4 S b |
-'—' ek | Q'*.: T
i T " ol N A L -
| el S J ._::'E
Coll il : W e |
=- T : T T, TTRI
(a) (b)

B 1 E A
FEA H IR TSR BL PRI RIS R A BEINIAL IR (HTF) 22 iR
R ZE, BUERMREE R T RNCFERR L 15°C (T). HTF Jii A — 50
LRSS TSR SRNHEAT S TR TNV TESE S PRI . SN v AR H 7K 28R
FEINSGRE T Tyt (15°C). HRIAI B RN, f#FET HTF X785 ftas ik
Sl B IS KN KIRIE T3, ARG RSB JF 2N B KK E OB, R



AR TR T DHW 8924577, 8 1 (b) AT 0L, 51648 TCES RGiAHEL, Z&RH
JETH pi THRIE pr, AHRLACRERASONIREE NI Y Ty 3K T, SEBL TR EE AI5ETH(Tup) -

ARSI RLOCHR P — S HERE A A BT /1K & SRR AL AR, il i By /
MR B S P48 9% 2R R T2 P 2 s o

100

= =-SBr, (6-NH,0
- - K,CO,(1.5-0)H,0
— — MgSO,(6-4)H,0
SrCly (2-1)H,0 ;
—-—--CaCl,(2-)H,0 i K
— - — MgCL,(6-4)H,0 2 ot o7
CuS0,(5-3)H,0 p /// Ear 4
;5 —H,0 (g //,/, / )
_‘> 10 7 7 e ./ 7
Y p /'/ K P P
;o // ’
2 v
7 Ly
s A,
/ o .
4 ,’
:7' 2
1/ ",
.
7’ t 7’
1 AR A 1 1
280 300 320 340 360 380 400
T[K]
Kl 2 ARG Eh ST ith 42
Feys
2 HEFIRE
2.1 ¥ 5ERE
M T EARZKZE SR 15640 N B PATIR AR T 100°C, HTF 1] H AR SE R3S B

INF, BERGE R K ZE MR & T IR 10°C;  KPHF35%R B2 B AR 400
W/m? I 6he N T IXFE B (GHHMEHIAL, BOEMPM ARy 10 m?, FLBRZEA
0.4 151, Fir FH e 28 A SCRR[16] R AR MG T IR A%, 3 F BT AR AR 17%, 12N 3%
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Forb 78 S BURIR K 28 SR my 5T K G s 4 /K IR i &
AR 2RI s 9 0N -



Qevap,w:a.mw.L (5)

A L KIS, kl/kg.
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chZVVcr/O'32 (11>
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FEAW T, — 2L BA N AT SRR & SR ARE, i e THT RS0 1
PAREET T KEERRIE SRR INER 20 BT SRR S TAEREE AR, i
FORHRIRE Al AN ZE R HESIRLBE 20 B AN A4 R KA 160°C.

R KRG BRI RN A

JK&Eh  SBr(6- KaCOs (I, MgSOa(6  CuSO4+(5  SiCh(2-  CaClr ( MgCl- (4
DH0 5000 -4)H:0  -3) H:0  1)H:0  2-1)H:0  -2)H:0

S (°C) 89 >180 93 110 100 175 118
RN AH 9479 577.5 241.6 450.57 303.3 384.3 352.8
(kJ/kg)
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AR R IR ST BEE « MR, B2 A K. CaCl, 2 RGIHA HKIIEE
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HI ARG IR T4 N 21.96°C, 29.95°C, 21.04°C, 19.59°C, 31.84°C, 33.47°C, 23.91°C.
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MEL 4 Fab ] I, 4K 2 HEIE RBAEAERE NRME, R E T
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AL PAETEHOK (DHW) AE7= 8 B bR, I8 GI AU fi # R Gt AT #VPERE 70 b7
WFFT 7 B R B /K & B3 Bk 22 B B 10 (THT) REGRIHGRETHERE . BRI I0 R
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(2) StBra 2 THT RS HA AR RIERE, HIRK e 7 89.16%, FEFERT Qusa P Tais
390N 11667 M £ 74.3°C.
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&, N 90.31°C, H#J2EkGEF AT F et B % & TR StBro 2 KRGt/ HAR R4t
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TR : 09 7 SIS HORIN H 2™ E AT, AT LA IR PR SRR R M R A, R
P % 7 A 2N R AR IR, RIS FRGE PR KT BRI 7T, IRTT T AR BLSE AT T FRE IR
KA (COD) MIFFMRR . ZiRERW]: EREFNESIRILAT LSS COD iR, UHHE
5 2R AR T AR P AR R AT AR ; COD (14 [ A 4% I fuleiplz Zh R AN e I 8] (138 2 S B T+ s
FERALRNZEAE T, FRIAIR KK COD PR 55.4%.
KR PLiak; Eaisthn; (e E; CoD
0318
B [ X 22 B R AROE R R AN B AE TR /K I AN B =, 1 AN B 07 it B 75 SR B AE AN
1, A EEREWAR SRR BT, ENESFRESILET00 K A, H
TR IR 2140 73 K U2, (HGE, BEE A TR PGS K, & &RFFHHE
BUEAEIZEET,, HAR KIS AT H s R

N T ERAELL Ty, — i R DR 1R R 5 50 &8 S IR F AT SR G A
FRBILIE O JERE,  RAVE SOkl & TR ARIEVE R, I8 I 1A SEAR T VRS %
TEVE R SR AGIR Y 700°C. Khant55E A L 33809 JORRE i) % 136 s W I 7,
Ao ) 7 TS A I 22 BRS 70)RT DA B8 T T e RO R AR . i IS5 N ATS 3 O JURY
K KOH Jyifi AL s i 1 o« 45 RE W], R LRI T2, R i E N 32.3%.
I, RIUAEZ AT TEIN 25% PR A S BE W AR T FVERE . ATEAE H, ASFJEURHE
BT LA — @R SR O RE, DRI, — e & SRR R R 1 4% RO I S A
AW e FC PR RNV o BT A AR KR < 0 BN PR AT e g S T3
HHOZBAG—ER A WERTEZ, EEAHE CaO. SiO). Fe0s 55, Hig b
Sl 2 AU & R B RHEVE R SR 26 o PINTISE N URFRR SN B ok 55 PR TRk
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BIREN 25%I0F, 2 /NS R 0N 40.7%.
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JIEA . Bk, AT D Eth b &S SRR, ARSCOA SRR 9 JERE, SR
WAELVORRAT A TE R I 2%, FF DARCA AT FR I K AT e B A B8, 5T
AR T IR KT EE (COD) HIREMRE.

1 SLIGERSY

1.1 FEBMREEE

TR, FRAEK, PR R Y W, I RIERER H IR A A SEMN
(AR, EZER: iR, 48R ST K hZERK.

M S N7 2% (75 19 22 7 J3 MKX-HIC 1S D HEAT 1 1tk 7% B4 8] 4% 5 7 5L IR 7K PR PR i
KH COD Hf#Ed. COD MEf (Jbntfe3EiR,F DT-3900. HM-12B) #HATF=5E R K
B fif e kil s SR FH EE SR THAR B AL A (SE 2 50 ASAP 2020 plus) HEATIE R L&
TANGE ; R RSEARMES ERREE MIRA3) FHATE MRS 734 .
12 EAEMREEEE

TAEFEVEEBRER AL, TEIGHRER 2-3mm B4 H, WELHTEET 200
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A 40%[1) KOH ¥, 121 24h. B 5g (FED IRE R A g m RV 28 4, @BA—
SE TRV RS TF R i S N 2« TERI TR 600W 45 1F FiG 4k 15min. £7 S 5E Bl RF
SIEMARSREFRAHEER. BUBFERAH (1+9) BEREHMTIRYE, LRERHESEET,
SR JE FH 80°CTE A4 28 M/K AT KV, BEZIEWE pH N 5~7, FJaNIEIR T T1E—
N 5] BE A5 B 52 GV 1 7%

1.3 MR PSR SC N R IB R 7%

TRt Ay B A B PR AR — P R PR P R K AR B 5, eI B BN R K R K
T RIK AR A E 53 F = R, R B RAE T, R AT A
V47K A LA A R o T EAT R B, E— DA B B AR K IR
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TEPEIR , SR 5 R FTBONTCB R BLAS P, R RE D9 P AN VA e B, 8 T Th e R (1]
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1.4 FFEE 7K & COD #&3

AHIEFEH REL COD it FEVE PRI 58 A7 AR SR st 77 (HY 924-2017) 021474
Do TR ) Crot 5 FRFA R /K o B SR A o R AR R B S BCA) Crt e I COD i
EE— K TIAHEGE, RGP COD WA . %W H R4 sL5
BT T 3 IREE LK, COD BFARRIIRZETE 5% .

2RSS THE
2.1 [RAARIEE 5 534
FE AT 5 1A #1802 AN 1) 2 B EAT 1 o SR e T 03,
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Fig. 3 Temperature distribution of hexahedral particles with different particle sizes
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Fig.1 History of lithium-ion battery development
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Fig.3 Sample preparation process of DSC-TG-MS
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Table 1 Geometrical specifications of TTHC heat exchanger

ZH W b
TiE, P (mm) 15 15
FEEL, n 11.5 115
WM EAZ, d; (mm) 2 5
SN EAZ, d, (mm) 3 6
IZJE E A%, D (mm) 60 60
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R 2 ke, B R RIASTRT AL TAEEITER, %K Zhong 25 AR
10 205 B AR E A F b RP-3 (B ARASAL03T, Al ATTE STk A eI e 1) B A4 B e
WPEHEAT T AFARiTiE . A NIST SUPERTRAPP F2F 15 T RP-3 (124 4is ks
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Fig. 2 Comparison of data of 10-component model surrogate and experimental measurement data under the

pressure of 3 MPa
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Table 2 Representative surrogate models of aviation kerosene

B WA (R TS

IS
— BN n-Decane 142
i)
=HHEAR 49% n-Decane, 44% 1,3,5-Trimethylcyclohexane, 7% 133.6
Y Propylbenzene
ZHABR 53% n-Undecane, 18% n-Butylcyclohexane, 143.1

it 29% 1,3,5-Trimethylbenzene
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19.1% n-Decane, 36.5% n-Dodecane, 143.7
14.5% Methyl-cyclohexane, 29.9% n-Butylbenzene
3.12% n-Octane, 22.27% n-Dodecane, 7.06% 142.8
n-Hexadecane, 21.11% Xylene, 16.32% Tetralin, 30.12%
Decalin
6% n-Octane, 10% n-Decane, 20% n-Dodecane, 8% 150.1
n-Tridecane, 10% n-Tetradecane, 10% n Hexadecane,
20% Methylcyclohexane, 8% Trans-1,3
dimethylcyclopentane,

5% Propylbenzene, 3% 1-Methylnaphthalen

1. 3 AR5 BORRR B
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TREAT, RS ARG LK 3 () o
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Fig.3. (a) Structural mesh for the TTHC and (b) meshing details adopted in this simulation
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Table 3 Cases of mesh independency study

Fr5 o 1% 4 ERESFS 3K CO.MEMRSFS3  WERSFS3

WZE (%) w22 (%) R (%)
1 5994956 2.1 1.7 2.5
2 8030972 0.2 0.15 0.2
3 10462508 0 0 0
4 13844524 0.01 0.018 0.02

ff ] ANSYS FLUENT 19.2 {317 3K g, & SIMPLEC 5% T b B A&
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N BAE AN, 15 SST k-o AR 7 =FAF Mg, £ 3 BoR T
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A% 13844524 AT MK 09 10462508 IR 2224/ T 0.2%. HEFIVHER ], Ny
AHE FUESE T HA 8030972 LA .
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1, BEE; 2, A5M0; 3, REIERR; 4, REREU; 5, BUEM; 6, KBUMKBME; 7, TAK;
8, EmAIR; 9, MW, 10, EAOERERR; 11, BHEASBE; 12, BIERE; 13, BE; 14, Ka-
KIGENRE; 15, BIEM; 16, KM
Fig.4 Schematic of the experimental apparatus for heat transfer of RP-3 in helical tube.
1, fuel tank; 2, nitrogen cylinder; 3, high-pressure constant flow pump; 3, filter; 4, Coriolis mass flowmeter; 5,
needle valve; 6, K-type thermocouples; 7, pre-heating section; 8, DC power; 9, test section; 10, pressure
transmitters; 11. welding thermocouples; 12, data acquisition system; 13, computer; 14 water-cooled

condenser; 14, pressure regulating valve; 15, waste oil tank.
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BB BRBE R BERIAT Ry 304 ANEN. O T R RIINRB itk e s, £
A TIEE 100 mm KARINIBL KPS K ZURE A A A8 A D AT 3 it s 11, DA
RAAGBIREZ. Sk 180° (0.5 D IRk MRS, HE RS IR R BUE )
PR ). IR B s A LG, USRI R BRAE TOLINEE 5 fis.
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Table4 Structural parameters of helical coiled tubes in the experiments

JEAR W (mm)  4ME (mm)  THE (mm) BEES (mm) R

WR R 2 3 15 40 45
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Table 5 Operating conditions

24 i
PREE, ¢ (kW/m?) 300
AR, m (g/s) 1, 2,3
K, p (MPa) 4
ANEHREE, T (KD 292

ST 5 IR B AR R AR Y, B R AL RP-3 NmIA ik, BE
T PR S 5 0N 300 kW/m?2, A RS A 292K, HY FIE 30y 4MPa, AR EN 1-3g/s.
SR P TR RR BE 5 e £ b 7 PO BE TRTIELFE At LA, 1 S NS SEE B EE R, %t
B TR UL T 7 S R S B 45 R 2 i KON 8.56%,  ABHULE BN S 4 S 2 ] (1%
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Fig. 5 The simulated and experimental results of wall temperature
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Table 7 Characteristic parameters and levels
5 SR S
1 B2EE, b (mm) 10 20 30
2 IZHEEE, Do (mm) 50 60 70
3 W&, Di(mm) 1 2 3
4 RBRMIK S EAE, Dy (mm) 1 2 3
5 B REL n 8.5 10.5 12.5
BEHIIE CO2 MIIESTE/REL (Nun) FBEEERE (f)ATHLL N AT
h=—1 (D
T, -T,
Nu, = by, 2




Ap,

= (3
/i (L/dh,h)phu}% /2
o Il sCOL M FIMER R, ¢ WIGREIE, ToNRAEEFRmRY, | #E b3 F5RRRE, TR

Th 2N sCO; AT FAIRE, dn NEIEK I ER, ANMNSEE, AP NWEIEEIHK, u
NTRARTRIE, LNRIEKSE, o NIIAEE.
ZEa1ehs (PEC) EXWITF:

Nu,, | Nu,
(ﬁ, /f;))l/}

FErh Nuo F1 fo WTUELER 155 28 /R BURIBEHR R4
2.1 SEEMBSHNFT
2.1, 1 $2EE ARG

WRBE R IR IR R AR — DN IR S, e i O M AR 1) B T S
MARL. StT4 e MRS S, SURIRPERTIZ e £ B AR 1 B R AR,
HAERE VEN AR PEC MSEIRAE AT DUZBE AT o [RIE, MRFR FUR Yo IR R B e A 25
SR — AN EARE R B 6 (@) 4 TR FIRFE T IRIER S H A 3 FE I 8% 5 PEC
AL LR IR B DR AR IN, HAABSIY PEC 3BT NI, XL AR MR T R LT
FE SRR e B RT DU H, MR K13 et T R DU A (16 7450 R R A
figfihs PEC MISEIAR/N,
2.1. 2 SRR E RS

WRE AR IR E B AN — A HEEM S, el SrR s i K T
BRI I BT RS, I P B TIBNEE 2, X £ B Mg e I IE A I
PHIRENTEASFIES L FJHIR N, BRI BLAR 5T T e AR R S s S B s . 1
6 (b) 25 H T AFIREE AL T IREEE MMM IR 5 PEC BILMiZ Kl BEEIRE
BRI, BR8N, JF B PEC tHIZHTH R, XA IR TR KT
AR . R, BRI, e BRI PEC iRm0, I HIgleH
ey e E ik ANV AL AT N

PEC= 4



—a it .
- Rl
- ok
os
. .
% * 3 . dn
‘ . ]
Zo B .
E - = . o
z — 1w 2 & » - e
Z — g ¥ o £
2  —— & 3o
£ o4 ]
] oo
i i
I ho-—mmm———a e -4 E o3
(a) b
b, i
-
30 bt - — Lo . . . - " L0
1L n 30 £ Ly k]
Pitch (mm) Coil dinmeter (mm)
I 1L
L = COOite o 13 —de e
14 A - & - RPLside SRt |
A —a— 4 —m—
g . )
! '-\\ 1 g !
LN .
= , ] -
51! \ ] .
] A ] .,
= n Ll = S
zx ™ B \l—__ 1L
z . —_—
¥ ] ol
] e 1 B
4 ™ H . RN
i woe .
g4 ' ™ i <
= . e ) b T R
i - .
cl . \\ d
. L]
L LEIL Ty B A LTV -
1 2 3 1
Irmer desmeter of ineer b Cmm? Anmulus side hydraulic dismeter {mm ¥
1l
T .
- # -Cske
—a *
o7
. I
g ¥ . Vs
& - -
= — ~_
g es " 1
& 04
Ew
(e
. Ak
— k= —ir
& L . Iy
& [ [0 1 12 [E}

Mumber of the b tms

El6 (a) 4286, (b) #BHEERE, () RERRE, (@ FEMAKNER, () BT p3 MFsco2
MY E ¥k REZ& 18R PEC BISZNE
Fig. 6 Effect of (a)Pitch, (b)Coil diameter, (c)D;, (d) Ds, (¢)Turns on the pressure loss coefficient and PEC of

the CO2-side and RP3-side.
2.1. 3 AERNE D.HIFIT
IR A BRI A E AR D R RN SR RE I DR E VS e AU 1
ENILARBEA, SRUGE T8 NIRRT A S i He R A O 1 e
HAVGEMEREm. Bl 6 (o) fith T AR D FIRREEHMNGNE LS PEC &1L



M. WEMTTE L, BRI BAITNIEE PEC MBMIRAN E I H1bE D 1Y
TR, XA FNAE AR DO/, BRI RP-3 BORUHGER,  INSE T i R g n
TR, HRMARUR IR ST BRI, BRI, D TRRIN 7 51 2%
A PEC fsgmadEs K. B EEnEH, DA 1 N PEC ERIH KA 1.31, HE2RlE
FRRIBER (KT 10%) , HELAIA, FFE—AEIER Di 7] 2338 1 PEC REKH

[, BRI EFRAE 10%2 4o
2.1. 4 IFBEMIZK A ER D89S

IRIEE B ISR AR ) BAR Dy 2 55— MRS R RE R YoE S 4L
E RIS T AME AR AR R BRI AR KRB, 0 T A A COoL R
Fe BA JUE TR . 6 (4 4th TANE Dy FIRIEEE B a1k 5 PEC 22
&l AEIMTTE Y, S B IEN TR b7 PEC BE Di fIMGANTIIE/N, X BT
RGN A BRI P I T IR 05U R BB in, (R, ERBRAZK 5 EAR Dy X T CO,

M 75453 260 PEC HISEMAEK .
2.1.5 B ENE

AU IR R E AR M B ARG SR, BN T A AR R, T H
X TR I R AR 4Rk B, Bl 6 (o) Al T AFIEE N IgiE &8 s
[ 714595 5 PEC A4k 2RIl BRIl &, il o 45t 2 B 25 B S 3 n i 38 45
AR A YEREARPS PEC Seil Sk Y, BN PEC [R52M 50 MERS T3 0 )
2L NS
3 ¢Eig

ASCHESL T sCOo/RP-3 MR IEE B B Al M BB A o B T B s s e A vtk
BEIPIEE AN TRAR PEC, XTZIAaR i 8% 4540 S 800 TR AR M R RS I HEAT 204 . 75
HPL R4

(1) T sCOo/RP-3 HLimg e 22 15 4 AES A BUEASE UL, SEBG A5 5 B TS i e K
REELE 8.56% LA, 1 BLAE R SR BRI & BRI, AU HIEUEEAE K.

(2) IR HE R G AR M R R R 18, 15 IR RIS e B T 45 A1
RIS/ IN B ONT T 95 7% 388 T ) s 7453 2R B MR 65 AR G T £ A PR RE BRI SR 82N
WE WA D FIFRBRINIK ) BAR DA R B a8 e 4R R A A LR A PE R A R 3R
Horb, WEEAMBES E UL R IEADE, D Dy 5WEIEE /H K A PEC 21t
PR
SE Wk



[10]

[15]

VERMAAK N, VALDEVIT L, EVANS A G. Materials Property Profiles for Actively Cooled
Panels: An Illustration for Scramjet Applications [J]. Metall Mater Trans A, 2009, 40(4): 877-90.
ANDREI I. Rocket Propulsion Elements [J]. INCAS bulletin, 2015, 7(2): 165.
LI H, BAO W, QIN J, et al. Analysis on the power generation scheme for wide speed range
super/hypersonic air-breathing propulsion system; proceedings of the 2018 Joint Propulsion
Conference, F, 2018 [C].
ZHU Y, PENG W, XU R, et al. Review on active thermal protection and its heat transfer for
airbreathing hypersonic vehicles [J]. Chinese Journal of Aeronautics, 2018, 31(10): 1929-53.
BAO W, QIN J, YU D. Integrated thermal management method of energy based on Closed Brayton
Cycle for Scramjet; proceedings of the Collection of Technical Papers - AIAA/ASME/SAE/ASEE
42nd Joint Propulsion Conference, F, 2006 [C].
SEGAL C. The scramjet engine: Processes and characteristics [M]. 2009.
XU J, YANG C, ZHANG W, et al. Turbulent convective heat transfer of CO2 in a helical tube at
near-critical pressure [J]. International journal of heat and mass transfer, 2015, 80: 748-58.
YANG M, LI G R, LIAO F, et al. Numerical study of characteristic influence on heat transfer of
supercritical CO2 in helically coiled tube with non-circular cross section [J]. INTERNATIONAL
JOURNAL OF HEAT AND MASS TRANSFER, 2021, 176.
FARZANEH-GORD M, AMERI H, ARABKOOHSAR A. Tube-in-tube helical heat exchangers
performance optimization by entropy generation minimization approach [J]. APPLIED THERMAL
ENGINEERING, 2016, 108: 1279-87.
ALBRIGHT L F, MAREK J C. COKE FORMATION DURING PYROLYSIS - ROLES OF
RESIDENCE TIME, REACTOR GEOMETRY, AND TIME OF OPERATION [J]. INDUSTRIAL
& ENGINEERING CHEMISTRY RESEARCH, 1988, 27(5): 743-51.
ZHOU X, ZUO J, LI X, et al. Thermal behavior of supercritical CO2 inside scramjet cooling
channels with different structural parameters [J]. Applied Thermal Engineering, 2022, 217: 119153.
HUANG Y, DUAN L, LIU D, et al. Computational investigation on heat transfer of supercritical
CO2 in horizontal U-tubes [J]. The Journal of supercritical fluids, 2022, 188: 105690.
ZHONG F Q, FAN X J, YU G, et al.Heat transfer of aviation kerosene at supercritical
conditions[J].Journal of Thermophysics and Heat Transfer, 2009,23(3):543-550.
XU K, RUAN B, MENG H. Validation and analyses of RANS CFD models for turbulent heat
transfer of hydrocarbon fuels at supercritical pressures [J]. International journal of thermal sciences,
2018, 124: 212-26.
FRpRR. IR CO_2 ER) BRI AR E BRI 7T [D]; Hh R B K (b B R 2 B AR A
BRI TLIT), 2020.
Zhang H Z. Study on performance of supercritical CO_2 heat exchanger for printed circuit board [D];

University of Chinese Academy of Sciences (Institute of Engineering Thermophysics), 2020.



T E TR A2 fedhft i

ERLWIT %% 233201
Zr-Mn H32ZLS23 CaO Ef AR AR
IR E T

oKEERR, NI, REH, RE, BER

(b IR RSN ) S UM LR B, JEat 102206)
(Tel:010-61773876, Email: mechxu@ncepu.edu.cn)

FHZE: CaCO3/CaO ik R AA St HRE, mfl R B DL RE EHUR ISR R, BUONEE A0
ML AT a5 JIRIE &« SR, FE4E10 CaCOs/CaO i PRI B T IE M R M 25 . I ST 2618 LA K K BH
REA BRI AR, FEEMIL T H TR Hk, ARSCHI & T — R se Bl PO R =K RA g

TGRSR Ze-Mn JH4B 78 (1) CaO B E S MAMEL, FHF 5T T HAE 30 MEFLFE PR iE R BE .
iR, 30 MEI)E, 20Ca-0.5Zr-0.5Mn FIfits # FE TF BE 24 10.11%, K BH REF35 6 ik i 28 m]
5 376%.

K. PALFAER, BARBOER, SRR, fEHfRE .

0 HIS

OXBH A2 S b o AT AR AR, A A B B A G R R 2 —
SRIM, KPHEE B A B PER A B RS 2, SRR (CPV) HAR T K R & T4
AL B R, Bk, AfTERH T S BE R AR SR AR U RE IR AL 75 2 (A N DL 1) R, &5
HAbMERERAR (EALZAAEREM. FEAERERES). Jefb2AmBaEle) ML, #AEfkfE (TES) %
AR, TERERBTR]. AEFRAE . BOR RA 5 TH B A TR AR A0,

TES HiAR EE N =FRA, BIER BRI o, b6k
PR R ARG BEEBI/NEL S KBH AR AT DUd I # ik 2% T 1
L AL READ R AT G A AR B AT MR AV VA R 2B &REAND
R SEENER. SENWIER LR ESA R o, & TRk R M
CaCO;/Ca0 fiEHA R, TARRIEHET 700 °C, FHIGHERESE Hik 1780 kikg, Ykl 4x
ToBE, LR R —AUOKPHRE R H2 A B iR R U0, T AR SRR T DU T
m:

CaCOs(s) + AH < CaO (s) + CO, (g) AH,=178 kJ/mol (1)

TR, HFFEN AR CaCOs/CaO i #ib 22 il Ak 2 1R BH BE 4 e i e |
TEIAFEE MR R NS 112 S T BT 1T 12 7E . 838 TR e f # b2 I By 2 o
fits A BE AT B RSOK BHER S, 80 T BRI AG R, AT S I K BH B P e R A6 D
fitif7 - M4l CaCOs fifi AR K BH B8P 31 6 i W S e AR AR 38 15 A e I s sk o
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FRIER CaCOs/CaO fif#fh RKFHEEGIEM Y . Zheng S5 NUIBF ALK I, @5
F¢ Cu JLHE M Cr L E, B 1) CaCOs fif AR K BH BE P36 1S U 2 ATk 65%. Yang
ate N2 I R EH 2 7 359524 Fe 7R Mn JTE I CaCOs FEME AR, HAFHAEF
BIETER R A 81.5%; (MR 2T CaCOs/CaO it 2 i Mk S FH A ) 2 22
Fabr. Li % NS T 34524 SiC-Mn (1) CaO FEAEHABIAE 30 IR h iRa e . 45
REH, Hali CaO FAEHAMEHHEL, H4BA¢ SiC-Mn 1 CaO Hefifi bRl B F2 08 M
K FHREMR RIS 2 T H2%. Song 55 AR I Al-Fe L4541 CaCOs Hfif #ubb kL 50
AEIR JE R 2 I IR R 4.5%. L2 IR G0 #i B D R AR AR KRS L
TR B R, Kk, BR TIRTE CaCOs/CaO il #HHRF O AE PR AR 52 T A1 B RE G i
W SCR LA, St Hoah 77545 T 3 IR B 22 . Khosa 25 NS 7T T 4524 ZnO ] CaCOs
HEEM B iR NS 1% G5 RRM, 540 CaCOs 7L, 544 ZnO W LAR S
B NI R o Teng 55 NV —Fh =5 1840 T o I ST BE AR FEZ 25 1 3l 1 24 R R SR AT
7t Mn-Fe L4544 1] CaCOs 22 & i Hb BRI B RLB)) /7 25 FFAIE o

BMMEZ, BAIET CaCOs/CaO fififiik R W& LRI 7 KEMF, HEH
A K 4> CaCOs/CaO it A RMEAMEHe . S 46 ik KB AR R . G FA Ao M Al PRk
(1) [ RLBJ) 3% o BRI, 4R SR FH S0t PR FR g PR i i) 2% 17 — b Sife L A 15 oK B RE IR AL
R A PO AR e P R (R A N ) Ze-Min 354524 1) CaO ZEE S fibh kL. 8
%7 CaO. 20Ca-Zr. 20-Mn Al 20Ca-0.5Zr-0.5Mn 7£ 30 KAEFFH HITEFR 1 BE o

1 SEIT5E
1.1 L3Ry

V7K IH IR 55 (Ca(NO3)2 4H20), 4l E 99%; VU/KAH R £ (Mn(NO3)2-4H20 ), 415 98%:;
HEREEE (ZrONOs) xH20), 4H1E 98%; FTIEIR (CeHsO7-H20), Zriréfi. A H
A Gk BT BB R T AR IR A R A A
1.2 RIERTE

A SCAE ] ot VA IR EEIRVE AR T CaO FEE A fik M RE . 85 3 BT IR N
Ca(NOs3)2:4H,0, Mn(NO3),-4H,O il ZrO(NO3), xH20 D HMERNEYES 240K Zr Al Mn
MIRTORIE, FrERRIENS AT TEFTE SR CaO B AMAMEIH, Ca0 557k
JE& TG E B BE RGN 20:1, A4 TR 5 4 JE B &+ B BE ZR EE A 1:1. #E 20Ca-0.5Zr-0.5Mn 1,
Zr JLES Mn JUERMEE/RICN 1:1. FHEILL 20Ca-0.5Zr-0.5Mn A, & RAFEWT:
Ca(NO3),-4H,0+ Mn(NOs),-4H,0+ ZrO(NO3)-xH,0 il CsHgO7-H0 PL— 58 HIVR & EL il v
RTE 20 mL 25 & 7oK RGP E 2 EIR A IR WRAE 95 °C b ATHiHE, BHENRAR
AR R B B BOIRAS , FEN 700 t/min;  FEREAS BRI B IR IEAE 150 °C FIBA
HER 120, YRR (IR IR R AR BOEE 1 AR 1 2 FLIEAA M RL R EAT A B s 2 JE R it B 1 (1)
FERTE 850 °C S 3R in# 3 hs fefa, RS BIRE R R FE S LA . R T
VENXTEE, S A A ) 45 7k 46 T 4l CaO. CaO 3t 8 Al Bk By 44 “xxCa-
(Zr/Mn)”, xx REF A MBI TGR S5B R SR T R NER .
1.3 MRIRAETE

A X FEATEHX (Rigaku Smart Lab) Xl 4 (O RE 24T T XRD B #7,
FERELE 10-90°, FHGEFA 10 °/min, SKH 0.02°. N T W% CaO R A it#HHf



BHEEHNHT 5 5 TR 30 224k, {3 FH 4348 B 4885 (SEMD (thermo scientific Apreo 2S)
FIRBUEE T MO T SRR E . 85 FEI Inspect F50 94 7 B8 (SEM) JEH:H)
EDAX super octane R #33E17 BEUE 43T (EDS), i€ CaO HE A HAM R T & TR
MICE DA CaO K CaO FEE G FAM RGP AR H 5K AR AT LI 2040 73 ot B
it (Lambda 1050) HK5& k.

1.4 HERFRIEIFLIG

KSR [FD G HTAC (STA 449F5) AT TR IR SLEG . ACSIEG BT FH A

M TN 8.5 mg. MBBERMIEAL Ar RAHHEAT, RAREN 750 °C, Ar iEA 100
mL/min. B MAE CO M Ar R HIEAT, VR E Y 850 °C, CO2 (90 vol%) Al Ar
(10 vol%) MIPLE LAY 100 mL/min. BRSNS S FRIRFEEI [R] 4R Y 5 min. 7E
Az, SINAREENE (X y) FUEREEE (E, ) RIFH CaO B G HRHF fif 4
PERE.

mcarb,N - mcal,N MCaO

X, - &
N M n M,
_1000Am-AH, 1000AH,
e X G)
co, cal ,N CaCO,

Horbt, meg, v HE N R FER TR, me v 9 N TIBBEE IR . Mc,co, (100
g/mol), Mc,o (56 g/mol)Fl Mo, (44 g/mol)533illJy CaCOs, CaO F CO, [IAHXS 43I
o AH, (178 kJ/mol) MR SN, 1Y I NG BE R 4 o

1.5 CO,-TPD iR TR i
A SZIG i F AL S A (SEAL TP-5080) Xt & A FIFE A iE4T T COL-TPD PR, ATk
FA R R A -
(1) TAbEE: 7E He U NREFE S A IRINFAE] 500 °C, FHEEZEA 10 °C/min,
AR RN 30 mL/min;
(2 WM. fEERNMEA 10%C0,-90%He 1RES
PR, R B AR
(3)  FHEMI: £ He KA N, JHEZE 50 °C, JFiaW{d, BHEERL TR, FHE
N 10 °C/min, SRR EN 30 mL/min;
(4)  FEFFHEMM: 75 He R F, AR FHREIFCFEDE, LL10 °C/min [
FHRHZEF 2 900 °C, AR 30 mL/min;
(5)  WRRLETR: 2 J57E He SR FRRIR 2 =R, 45 IR, A7 &8 30 mL/min.

SRR HEAT IR, ER AL

N

2 LWERKITL
2.1 CaO K CaO EE S &AM RIHI Rt 5E

K 1 4 CaO. 20Ca-Zr. 20-Mn A1 20Ca-0.5Zr-0.5Mn 7E 30 {XAEIA (K4 R AL
B E, ALK, KT CaO A1 20Ca-Mn, 4 R A 2 Ml FAR5 B It 5 1B HA B )
MK, o, 20Ca-Mn I 80 ARG TR BEAERT 1S MEAZISIEE, TMAE



Ja 15 MEFRRGE %, 7 20Ca-Zr F1 20Ca-0.5Zr-0.5Mn HI7G R0 Ak Al 035 FEE 2 14
INFRIZHET AR /7L G 80 A 2 R iy 2 FE IR R N I P o EL TR AL I R 07,
30 MEF G, 20Ca-0.5Zr-0.5Mn 1755 R AL R il 035 FEAE DU RIRE S PR B B i 490
N 56.24%F1 1001.08 kJ/kg . BLAb, T T IX VAR RE 30 ANMEFR G 0 i #3 BE T B,
WE 1 . WTLLER], 30 MEX G, CaO HIfl#HE R EIA 62.62%. 1 20Ca-
0.5Zr-0.5Mn Ffi 3 B TR R A 10.11%. Kk, 5 20Ca-Zr A1 20Ca-Mn AL, £
F G A R T IEH AR e R T .
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—alld
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F 1 CaO K CaO EEAEAME 30 MEIFFHIEREE TR

JET CaO 20Ca-Zr 20Ca-Mn 20Ca-0.5Zr-0.5Mn
BHREERRER 62.62% 13.67% 55.31% 10.11%

2.2 XRD BRI SR FRAE

I 2 A 20Ca-Zr. 20Ca-Mn. 20Ca-0.5Zr-0.5Mn [f] XRD i, #EiX =F CaO H&E
B AEHM R AT DA SR E] CaO HIATHTIE . BhAbh, IEA71E /D B R Ca(OH), FIfiTH G, &
B CaO & G B FIIRIE T80T KRR, 7E 20Ca-Zr H, F2lE] T CaZrOs
frfle 7E 20Ca-Mn ™Y, JERL T CaMnOs fiAH. TMAE 20Ca-0.5Zr-0.5Mn v, MITERK T
CaZrOs 1 CaaMnO4 P S AH -
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B/NTHEER] 20Ca-Zro B, Mn JCEFBA, 7L EFEK CaO HEE S #A R
FWkifE. 23d 30 MER, CaO. 20Ca-Zr. 20Ca-Mn F1 20Ca-0.5Zr-0.5Mn F ik 2515
RK. M I <CaO R THMEFWOLHE o 7EHAD =FF CaO A A K H, 20Ca-Mn fil
PR ALy, FLBREAS /D, 1 20Ca-Zr A 20Ca-0.5Zr-0.5Mn /54 — & & H) K FLAI
AL, BRIFRIRILR SN . Kk, CaZrO3 MIAFEAE ] AZEAR KL _EHHIE A+ CaO
R AR AR . 11 CaaMnO4 T e 4 M A8 U B 2 /N CaZrOs.

Ak, HrEERT 20Ca-0.5Zr-0.5Mn ATk i) EDS EIEMIE 4 Fiox, R Cav Zr F
Mn JCERLERE i I3 S 0 A o YIS BURIE T CaO A il # b B % o0 R I AE BLAE
Fls MITZEZE T CaO FURLTE fits BEAIEH I e 45 AR 4R
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2.3 BIRRREhHE K CO-TPD i
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PP B = ) =4 HEwI M BO H R BEEIEHEIIE N, CaO FIREH SN IH 2 [
EAEIRVCE A BE i s PR . X2 T CaCO5/Ca0 HIMEIE 2R (550°C) 1S5
HAFGAE R & T M E i keds, FLBRSSHmEFIIETE, M FRARAL 2 I RLTE %

£ =Flh CaO 8 At HHFRH, 20Ca-Mn 7ERT 10 MG HA 5 R FUR AR N IE R
MAESS 10 MEHH, T 20Ca-Mn KK Gesb ERE, 7 EOB S N E 2R R, 1
Gb, ATLUR I, 828 Ze TCRIFAG T8 153510 Bob s S R 1 H r, /R4 20Ca-
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Fig. 1 Longitudinal section cutaway view (a) and 4-4 cutaway view of battery module (b)
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Fig. 2 Grid model of battery module
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Fig. 4 Evolutions of maximum temperature and maximum temperature difference of battery module under

different inlet wind speeds
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