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Fig. 1 Illustration for operating principle of the energy system

AR KB AE H B IE AR, B8O H Bk
SERE AL RE, T AR HLRE T A7 R B LT P O TR Y
LA RORE R B rh A MRS . SR L KAk
SO BRI, %A A RO AR, iRt
REANFARE, BB A F o 7 A B i, S
H2& 0 S N LAl /K I BE D5 7K el S8 4% e K BH e 4
B AR S DA AL SR H B I i s K
BH RE I 1l 325 7K 88 S N e 7 B0 i A58, KR B N 25 K%
IR MRS BEIRER & 8 BB A0 H Bk
REVR AR GE 0 AR IR EAT I L BEAIR JEE

SRR B FRRL L i AP A 5 B 1, H B
(] e AR B %) A% B L e S S g AR R v TS, SBT3
S AT LR K, i B ) SR AR KRR R
B SRR I ETR A O, R i H S AU B
AR K SRR KRB %, R A K AR AR
AR AT -

42 KEREARSH

AR ARG L 2 Ll ZERINER,
o ) SRR R A S R ST K A A A T B e
IS R, REIRARSY LI EEREEA
BHRELLT LA T

1) bl A Bt

R OR AR S o) SR D B R R, (H A R A AR
E N RN RN B E 1 A X A
CIEALYFIVEW LN aaa DN BN R (S T e I VA )
B W IRAUBCEA AL TR, il OB T T 4 e )

SRR, KSR IR A ) L B R PR R A, XL
BB R RN 780, fRIE
TARRESLAE, FERIE G R Pess m i, ik
# it PRAE BRI PR S RERE T, B OB AL AL
T (R LA .

2) MR BT

AR Rt A R s T AR v A N S
JIEREE SO IRORL A B BT R 2 TR, 1R
ARG EENE . 8% RGUCAR BRI i T S
SRR 96 A2 J SR S B FH IR o (0 B A MR
U 0 FELHE I [ AT RE 05 S U S L A A 2 RE B e HE
HE, WAIEAT e s F K AE P A AMA T, 2 IRE.
Tt /N TR LM PRI A1) A AR A A BT AL s TR R L
Ifil THRWE T, B AR SE A fif e 4 (1 SR SRR

HEANEEGIFIDER S E o

3) RGBT

WRAE I ERFEHAT 557007, 0 e R 48 b AN R 2K
RIRERAI 7P AC . LA B F5 bR A B U5 A & DT T2 g
BAGRARB N EZEAR; TR ARG,

REEFE ARG EE., LIUREAM. RERFETENZ
ERBEE I 7y T B A AR

4) RGN

AER 28 Gt HH 1 FL B L0 2 H BRI M e & AR
MR, Hof i R 3 ZEER AN B B (i AR
b, REIR ARG E IE RGAF AL RE R4 AL AT — 14
WARIEM BT, Fe38 REE OBit. KHREASS



566 TR S R 2 3

20184F

P RGRREREK S HAA; BAh, NS RER
ARG IR PNUR EAF P RS T, BRIR RS
B 5 ZMRIIE O IR 2z T RS F Ko

5 #FRiE

SR BEH BREE MR N ISR AR I J A A7 2 A 1Y
WEIRTT, WNEBNARMSHREHNE L. RRERS
rE HERIEM D RE SEDLI SR, CEAT 2P BOA BRIE B DL
R FHBEAE N LRI AL B B IE T, 7 e i f) S
T LR FRE P e R3CA7 it I

ARSCHR T AT SEELUK BH RE 45 R IR REVR R
Giiih B, G TIPS g BeA B . JE i
X RBEBCAR B 73 M SRR 7E s 5 AR 58 3 IR B AR g
BARGK B, By BN ELIRE, m& 4L
BRIV EOR, AT AROR H BREE M 1 T AT i
BEE B AR KAl

2 £ X ™

[1]  BRBHEIE, 487K B, Bk, 55, H BRI BHR A TT AR R AT S []. 3
BRI K222, 2002, 27 (5) : 498-503.

OUYANG Z Y,ZOU Y L, LI C L, et al. Prospect of exploration and
utilization of some lunar resources[J]. Earth Science-Journal of China
University of Geosciences, 2002,27(5): 498-503.

[2]  CRBKEN, ZEN, KB 5 — o a AT BRI S0 5 R
IERIBAR D] BR8] 5321, 2014, 35(6) : 1-10.
GUOLL,LIZJ,QIB,etal. An overall tentative plan and construction
blueprint of manned lunar base[J]. Spacecraft Recovery & Remote
Sensing,2014,35(6): 1-10.

[3]  akJe, IEH. JoN A BRIE R AR AP B[] AR ES TR, 2010,
19(5):95-98.

ZHANG H,HU Z X. A tentative idea for robotics lunar base[J].
Spacecraft Engineering, 2010, 19(5): 95-98.

[4]  SRBRWE, FF, KB, 55 HONH BRI TREM]. b5 o AT
JiAE, 2013.

GUO L L, WANG P,ZHU E Y,et al. Manned lunar base
engineering[M]. Beijing: China Astronautics Press,2013.

[5]  FBEEESC BR, WAL, 55 Rk H BRIR AR AE[T]. #OAATR,
2015,21(5):425-434.

HOU J W,ZHAO C, CHANG L P, et al. General conception of future
lunar exploration[J]. Manned Spaceflight, 2015,21(5) : 425-434.

[6] AR, GEHNI, AR R, A ERR AR EEAL BT [1]. FHER,
2006,27(2): 153-156.

XU X H,LIANG X G,REN J X. Numerical analysis of thermal
environment of lunar surface[J]. Journal of Astronautics,2006,27(2):
153-156.

(7] FidE, 2% AREENS, 55 3 T ALL 28 AR R 0], SR 8% L
F,2010,19¢5): 76-81.

CHEN L, LI F,REN D P, et al. Lunar surface and near lunar space
environments and their effects[J]. Spacecraft Engineering, 2010,
19(5):76-81.

[8]  TKABIL, Bl S, b T, 45, AL BN BH HEIB R A (¥t R 5 0 S (T].

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

LR 2003,20(3) : 33-38.

ZHANG Z W,LU J F,CHI W Y, et al. Technique development and
prospects analysis of GaAs solar cell[J]. Aerospace Shanghai, 2003,
20(3):33-38.

FEAEMG, Zog Ak, BIRH. 3 BRYT IR EE 7 A 55 I 2 By 7 R P 1 7
[3]. FRiF4, 2007,28(6) : 1553-1537.

REN D P, XIA X L,JIA Y. Analysis on temperature distribution and
transient thermal response of lunar concavity[J]. Journal of
Astronautics, 2007,28(6) : 1553-1537.

B 5, SRR, L IET RS T I LA SRR RIR A
REBEILILEC B T R, B RGH B, 2013,37(18): 20-24.

LI C, YANG X, ZHANG M X, et al. Optimal configuration scheme for
hybrid energy storage system of super-capacitors and batteries based on
cost analysis[J]. Automation of Electric Power Systems,2013,37(18):
20-24.

SR, WFS A 25 A WAT 2% AR T & b bl e HLUR B AT At e
[3]. HLEFA, 2006,30(1) : 70-73.

AN X Y, TAN L S. Development of lithium-ion batteries as new power
sources for space application[J]. Chinese Journal of Power Sources,
2006, 30(1): 70-73.

X, TR, 0 AR, 4 I Ik = S PRI 2R S R it S RE
[0]. FEBHEE AR ), 201444) : 353-360.

LIU Z J, XIANG Y C, SI D B, et al. Design and verification of thermal
control system for Chang’E-3 probe[J]. Sci. Sin. Tech.,2014(44) :353-
360.

B, R . R R ST 2% 1A R PR g R H A S R 0], KRB g
2FH%,2001,22(1): 111-114.

YAO R, WU K Q. Application of free piston stirling engine in space
solar power system[J]. Acta Energiae Solaris Sinica, 2001,22(1):111-
114.

B, RATE AP, 4 2R REOR KRT Uk R R BUIRT]. R
JEHAR,2010,34(3):310-313.

ZHAO J Y,ZHU D S,ZHOU Z G,et al. Research progress of
thermoelectric power generation[J]. Chinese Journal of Power Sources,
2010,34(3):310-313.

S, TRE R, 0. SRR 2 R BRI R iR (1],
PEHAR,2016,40(8) : 1737-1740.

YAN W,QIU G Y,YUAN X F. Application and research of
semiconductor thermoelectric power generation technology[J]. Chinese
Journal of Power Sources, 2016,40(8) : 1737-1740.

GEORGE R. Enabling exploration with small radioisotope power
systems[R]. USA:NASA Oftice of Space Science, 2004.

AR, AR TR, S AT IR BRI S 0 A 2R 2 R L AR R AR DL
[3]. HLIEHIA, 2004, 28(12) : 803-806.

CUI P, LI X,ZHANG N, et al. The development of radioisotope
thermoelectric generator in USSR & Russia[J]. Chinese Journal of
Power Sources, 2004, 28(12) : 803-806.

PG, B R, AR AR, 3 AR SR HERERR (1), [ AMZ B0 77,2004,
25(5):1-5.

RAN X,SHAN J Q,ZHU J Z. Summary of space nuclear reactor
power[J]. Foreign Nuclear Power, 2004,25(5) : 1-5.

i, B R, A5 A BREEIZ B IR R G T RT U], JRT R
BHEHAR, 2016, 50(3) : 464-470.

YAO C Z,HU G, XIE J C, et al. Scheme research of nuclear reactor
power system for lunar base[J]. Atomic Energy Science and
Technology,2016,50(3) : 464-470.

UPTON H, PROTSIK A, GAMBLE R, et al. The application of SP-100



% 6 3

FEAEMESS . A ERIEAEIE R VP07

567

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

B1

[32]

[33]

technology in a lunar surface power system[C]//Proceedings of the
Conference on Advanced SEI Technologies. Washington D.C.: AIAA,
1991.

LEE M, DAVID P, LOUIS Q. System concepts for affordable fission
surface power[R]. USA:NASA, 2008.

KING J C, EL-GENK M S. Submersion-subcritical safe space(S4)
reactor[J]. Nuclear Engineering and Design,2006,236(17):1759-
1777.

POSTON D I. The heatpipe-operated Mars exploration
reactor(HOMER) [C]//Space Technology and Applications
International Forum-2001. [S.1]: AIP Publishing,2001,552(1):797-
804.

TR, SRR, AL, S5 A% SR HE A () R AT FE[T]. AR 4 LA
2013,22(6): 119-126.

ZHANG M, CAI X D, DU Q,et al. Research on nuclear reactor in
space application[J]. Spacecraft Engineering, 2013, 22(6) : 119-126.

TR 4R, Tk, B i, S5 MORE L L IR KR R IR (D). B AR
72k, 2014(6) : 65-68.

ZHANG Y Y,ZHANG P L, GE J, et al. Current situation and prospect
of fuel cell application[J]. Advanced Materials Industry,2014(6) : 65-
68.

W6, 5, SR, 5. MUK R R B S BE R )], A6 Lk, 2012,
31(6):1231-1237.

YANG Z G,YE F,GUO H,et al. Progress of space power
technology[J]. Chemical Industry and Engineering Progress, 2012,
31(6):1231-1237.

U, W55, AT, 55, PRRL R AENTR TR RI I [I]. Bk, 2007,
37(3):237-240.

WU F,YE F,GUO H,et al. The application of fuel cells in
aerospace[J]. Battery Bimonthly, 2007, 37(3) : 237-240.

KRR, TR, &, 5. W TR I R T ST Rt R (0], AdREL
A,2006,30(3):175-178.

SONG S D,ZHANG H M, MA X P, et al. Progress in research on
renewable fuel cells[J]. Chinese Journal of Power Sources, 2006,
30(3):175-178.

JAN D L, ROHATGI N, VOECKS G, et al. Thermal, mass and dower
interactions for lunar base life support and power systems[C]//Inter-
national Conference on Environmental Systems. Colorado: Jet
Propulsion Laboratory of the California Institute of Technology, 1993.
TG, RORER, WG, 25 R AR AL I F 3 IR B BE L],
2 RHER AR, 2016, 36(3) £ 70-76.

LUO Z F,SONG B Y, CAO X. Numerical simulation of lunar soil
temperature considering its variable thermal properties[J]. Chinese
Space Science and Technology, 2016,36(3): 70-76.

BELEN Z,JOSE M M, LUISA F C, et al. Review on thermal energy
storage with phase change: materials, heat transfer analysis and
applications[J]. Applied Thermal Engineering, 2003 (23):251-283.
R, P4 5T, W, S5 O K AR AR A e S S AR
HI[D). BB AL, 2009,24(2): 114-118.

ZHAO J G,GUO Q G,GAO X Q,et al. Preparation of
paraffin/expanded graphite phase change composites for thermal
storage[J]. New Carbon Materials,2009,24(2): 114-118.
UGS, 283, -7 T . DA MR A RHI LB K R ().
YA THERAL 3R, 2014, 33(6) : 932-940.

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

GU X B,QIN S,NIU J J. Research status and prospect on phase
change mineral materials[J]. Bulletin of Mineralogy, Petrology and
Geochemistry, 2014, 33(6) : 932-940.

VRER, TJR. 025 SRR RT FUBLR 5 A SR 350, #4
kHFR,2013,27(10):93-97.

XU J, YU S R. Research and application progress of Al-based alloy
phase change materials using for thermal storage[J]. Materials Review,
2013,27(10):93-97.

TN, 235, A, P mnR L RS RE T T ERE[)]. el e S
HiA,2015,4(6):577-584.

SUN F, PENG H, LING X. Progress in medium to high temperature
thermochemical energy storage technologies[J]. Energy Storage
Science and Technology,2015,4(6): 577-584.

SCHMIDT M, SZCZUKOWSKI C, ROBKOPF C, et al. Experimental
results of a 10 kW high temperature thermochemical storage reactor
based on calcium hydroxide[J]. Appl. Therm. Eng., 2014, 62(2):553-
559.

KATO Y, YAMADA M, KANIE T,et al. Calcium oxide/carbon
dioxide reactivity in a packed bed reactor of a chemical heat pump for
high-temperature gas reactors[J]. Nucl. Eng. Des.,2001,210(1-3): 1-8.
KODAMA T, OHTAKE H, MATSUMOTO S, et al. Thermochemical
methane reforming using a reactive WO3/W redox system[J]. Energy,
2000(25):411-425.

BLOCK T,KNOBLAUCH N,SCHMUCKER M. The cobalt-
oxide/iron-oxide binary system for use as high temperature
thermochemical energy storage material[J]. Thermochim. Acta,
2014(577):25-32.

FUNK J E, REINSTROM R M. Final report energy depot electrolysis
systems study, TID-20441[R]. USA: [s.n], 1964.

Wi 3%, BRAEAE. FITIRPH Be ) 2 M7 i SR FRIUVIR(T]. #RHS R,
2015,29(6) : 36-40.

CHEN H S, WEI H H. The methods and development status for
hydrogen production from water-splitting using solar energy[J].
Materials Review, 2015, 29(6) : 36-40.

FENE, RAE, XNIRZ, 5. KB RE 2 K B S RBT FE Rt [1]. 1k
T3k, 2006,25(7): 733-738.

WANG B H,WUHJ,LIU S Z, et al. Advance on research of hydrogen
production by solar water splitting[J]. Chemical Industry and
Engineering Progress, 2006, 25(7) : 733-738.

STEINFELD A. Solar hydrogen production via a two-step-water
splitting thermochemical cycle based on Zn/ZnO redox reactions[J].
International Journal of Hydrogen Energy,2002,27(6):611-619.

TR ERAR, 2 AR, S SR EE K AR Z LB [T]. b T 23%4R, 2009,
60(5):1275-1280.

XU B, WANG S L, LI S J, et al. Experiment for hydrogen making by
hydrolyzing Zn nanoparticles[J]. CIESC Journal, 2009, 60(5): 1275-
1280.

YE#F TR

AR A976-), 5, W5, EEFT AT A HBRTRES A SR 51T
Hikg A .

JEE L AE RS 142154637350 46 (100094)

Hifi: (01068117764

E-mail: rdpsd@163.com



568 AR 2 R 20184F

Preliminary Research on the Lunar Base Energy System

REN Depeng, LI Qing, XU Yinggiao
(Beijing Institute of Spacecraft System Engineering, Beijing 100094, China)

Abstract: The establishment of lunar bases is an inevitable trend in the following deep space exploration. Meanwhile, the
energy system is a basic condition for keeping a lunar base working well. In this paper, basic requirements of the energy system are
determined by combining lunar base energy requirements and lunar environment features. A variety of energy resources are analyzed
comparatively, indicating that utilizing solar energy is the main method in the primary stage of the lunar base energy system. The
core technology of utilizing solar energy is to store it with high efficiency. Based on the analysis of energy storage technologies, an
energy system scheme using thermochemical hydrogen production combining hydrogen and oxygen fuel cells and photovoltaic
power generation devices is proposed. The key technologies for the system design are analyzed, which can be referred in the
detailed design of the lunar base energy system.

Key words: lunar base; energy system; scheme overview

High lights:

e Basic requirements of the energy system are determined by combining lunar base energy requirements and lunar environment
features.

e The utilization of Solar energy is the main method in the primary stage of the lunar base energy system, and the core technology
is to store the energy with high efficiency.

e An energy system scheme using thermochemical hydrogen production combining hydrogen and oxygen fuel cells and

photovoltaic power generation devices is proposed.
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The Development Overview and Prospect of Lunar Relay

Communication Satellite System

ZHANG Lihua', WU Weiren”
(1. DFH Satellite Co., LTD., Beijing 100094, China; 2. Lunar Exploration and Space Program Center, Beijing 100086, China)

Abstract: The relay communication is a key problem for lunar exploration missions, especially the landing and cruising on
the lunar farside and polar areas, as well as the manned lunar exploration missions. The research and development status are
analized about lunar relay communication satellite system throughout the world. Based on the analysis on the requirements for lunar
relay communication missions, the implementation approach are analyzed for relay communication system scheme, orbit
selections, etc. The technical development trends for future lunar relay communication satellite system are also given in this paper.

Key words: lunar exploration mission; relay communication satelllite; development overview; development prospect
High lights:

e The research and development status of lunar relay communication satellite system are summarized and analyzed.

e Implementation approaches for the critical issue of lunar relay communication missions are analyzed.

e The technical development trends for future lunar relay communication satellite system are given.
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