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Abstract

Objective In arid regions, the low dew-point temperature of ambient air significantly limits the water-harvesting efficiency of
conventional condensation-based atmospheric water-harvesting (AWH) systems. To address this limitation, this study proposes a
desiccant-wheel-enhanced condensation AWH hybrid system that elevates the dew-point temperature of the incoming air prior to
condensation, thereby enhancing the condensation potential. The primary objective of this study was to investigate the performance of
three hybrid system configurations featuring different desiccant-wheel partition structures (WFS—1, WFS-2, and WFS-3) under various
environmental and operational conditions as well as identify the optimal configuration and operating parameters for efficient water
production in arid environments.

Methods A comprehensive mathematical model describing coupled heat and mass-transfer processes in a hybrid system was developed.
The model integrates desiccant-wheel dehumidification and regeneration processes with the subsequent cooling condensation process.
Numerical simulations were performed to evaluate the effects of key parameters on system performance, including the ambient humidity
ratio, ambient temperature, regeneration temperature, and cooling-source temperature. Three system configurations—WFS-1, WFS-2,
and WFS-3—were compared. Performance metrics included water harvesting rate (WHR, kg/h) and water harvesting efficiency (WHE,
kg/(kW+h) ). All simulations were conducted under steady-state assumptions, and model accuracy was validated against experimental
data from the literature.

Results and Discussion The simulation results revealed several key findings. First, the ambient humidity ratio showed a strong

positive correlation with the water yield. When the humidity ratio exceeded 3 g/kg(dry air), WFS—1 achieved the highest WHR owing to
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its lower pressure decrease and simpler heat-transfer characteristics. However, under extremely dry conditions (humidity ratio <3 g/kg
(dry air) ) , WFS-3 outperformed the other two configurations owing to its enhanced moisture adsorption efficiency in low-humidity

environments.

Conclusion This study demonstrated that integrating a desiccant wheel with condensation-based atmospheric water harvesting is a
viable strategy for improving the water yield in arid regions. The hybrid system performance was highly sensitive to the ambient humidity
ratio, and ambient, regeneration, and cold-source temperatures. Among the three configurations, WFS-1 is recommended for
moderately humid arid conditions (humidity ratio >3 g/kg (dry air) ), whereas WFS=3 performs better in extremely dry environments

(humidity ratio <3 g/kg(dry air) ), and offers superior energy efficiency under high-temperature regeneration conditions. These findings

provide theoretical guidance for the design and optimization of energy-efficient atmospheric water-harvesting systems tailored to arid and

semiarid regions.
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Fig.1 Desiccant wheel enhanced condensation atmospheric

water harvesting composite system
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®1 =ZHXERSH

Tab.1 Three-zone desiccant wheel specifications

ZH Bl A
R} e
iadEti] EIE
JELJE fmm 400
2SS (m/s ) 2
HAR/mm 1252
3/ (o/h) 12
. 0.16
341 :
H0.14
32F =
{012 2
= 30¢ 3
H0.10 £
EXTY 5
18 40.08 %
8 | z
& ) 10.06 13
24r —o— SLIG KL #
' —o— E i RIUKE | o F
20F —o— BHUAGIARITUKE |
1 1 1 1 1 1 1 0
60 65 70 75 80 8 90
FAETE/C

E 4 BEEIEE RV SLIIGIE
Fig.4 Experimental verification of numerical simulation

results



TS, 4 BRI R S B s TBUK & RGERE /T & A4

2 #FR5iTiE

BT R AR B AT T R AR U
AR, W 43 X G 22 40 v A 33 DX A XX
0.476 m*/s F10. 158 m%/s, = X Z & R G R AR IX |
WA X AT A XKL 0. 476 m¥/s |, 0. 158 m¥/s Fll
0. 158 m?/s, X Fb 43 BT 3 FhAS W) & 6 43 IX 2544 ) e %t
B 0 5 b Ve B 25 SBOK B A R Ge e A 30 8580 1
JE PR IR R A TR B T A T UK RE
2.1 MBEEREREX RS EUKFI

SR G IREE A5 A AR N [ 5 4 R G BOK
REAYSZ A, 15 B TN T« BOK A PR 28 ALK I B
H7C, B AR R 10 °CL AR A R E R R
2.0 ghkg(TER)BLFES. 5 gk (T2 B
TR I T 45 R GEHUK G K SR $A i UK & 1 A8
fERLAE

SER R B R AR E X BOUK M RE B A
FE PSR, HANTR] 28 G0k TR AR N W) B DX ] 2 31 1
WEES WK S K6 . AR SR R X (A
(<3 ghkg(T255)) , WFS=3 2 48 19 UK &8 )% K,
WFS-1KZ , 1l WFS-2 R G AE IL 4514 T To ik A 2
Ko TEE R X (53 o/kg(T257)), WFS-1 &
e UK & i 5 . 2 RGBUK IR T BRI
AH A, WFS—1, WFS-2, WFS-3 a] J|- & HU/K f) 5 1% 6
B ST R 3.0.3.5.2.5 ghe (TR . fEfE
BT T, WFS=3 2 48 1) B #4 i UK & iR A e e
WFS-11kZ , WFS-2 %

| —@— WFS-1 3
| —— WFS-2 !
| —— WFS-3 !

Bk 2/(kg/h)
S = N W AR i O 0 O

20 25 30 35 40 45 50 55 60
B E/(g/ke)
B 5 MEES SRS K EMF M
Fig.5 Effect of ambient air humidity ratio on water

collection rate

W PR 2 SRR A T R, 3N E A R GERI I
K5 A AR UK B R B TS FARAHL
BT Oy A0 28 R R i R L e e A B X AE
W RS B 22 K 0, 2 A DR 7 AR B AR HE U R
AR N 42 3, TR T 1T ¥ BEBUK A9 J) . WEFS-1

e
wn

-a—- WEFS-1
| —— WES-2

<o
~

<
[

=
[\
T

o
-

AP RUK R/ (kg/kWh)

(=)
T

1 1 1 1 1

20 25 30 35 40 45 50 55 60
AyE EL
i /(g/kg)

6 MEZSREEXNRUAEFUKENF M
Fig.6 Effect of ambient air humidity ratio on water yield per

unit of heat consumption

ARG A T BUK RS, E2E N T HAA
IR R A B DX X (270° ), DATATSEER T d5e i A 7K 43I

TEARIR AR, =40 X RS0 R 45 F4 O 3545 LA i
M. WFS-3 Z4: AL 5 WFS-1 A [A] , {H -k
SE WA DX AT BB AI T e A X A R
PETH T IREBRIRAE Ty, AR AR O s S A X R
JEE T, T AE MR RS T S8 T S AR A BUK R -
AN, WES=3 F14E IX A BEANCR 457, 07 5 1592 XU i e
X 90° A WFS—1 A1 WFS-2 &R 4010 1/2., HIt,
T AR TR (0 AR JELRE R, WFS=3 i FE A P REAE i 2%
REARG 3 FL 4 S 30 T LR I BRUK i (RE K0 TR ¢
b F ALK

F KK E N EE AR, EFRERT
3 olkg (T2 ) B L FEHE$E WFS-1 R4, 7F & 1 &
% TF 3 gkg( T2 B WFS-3 R H A ; 45 LARE TR
BCRAE R B bR, W WEFS-3 2 G 78 i A 18 441
IR AR
2.2 MEBEERIBEEX RGEUK Y

ARG R I B X AN [ e 48 2R e UK PR B Y 52
i), 58 E B T A0 - BUK Bt g KB R 7 °C,
WEE A S AR [ E N 4 glkg (T2, B BE 6 K
TR 1 10 ‘CIEATEE 35 C BT E IO TR &R
GrIUK it S A A UK B 1) AR TR

ZE R B IR X R BOUKRE ) HA B E
(A A, LT BE T X S (] 2 G ) R 11 55 i £
IR 2R, K 7 ME 8 s . fEIRIREL (<27 °C),
WFS-1 R G HOK it fie i s M 27 “CfS , WFS-3
RGEMBOK R e o 4 RG0S B RANR],
WFS-1,WFS-2 5 WFS-3 1] 1F ¥ 12 17 1Y fi i PR 85 7L
JE 4510 25 °C.20 “CHI130 °C s 4R A3 35 CR, fir
ARGAE B TOUF ¥ IEEAMIBOK . R
T, WFS=3 R G0 i B P e BIUK i 05 28 e ey, WEFS-1

R 5 _



il

%

X T

2

WZ, WFS-2 ) i 2 I TR o 1% 30 52 370 1 BfT
RS2 R AT R B0 W B T e S IR
I I 750 P4 - R o 5, 3 550 Ak 8 IXC R 9 ik /L, A
T AT 2 AP 2B XY KRR AR , e 2l A AR HE R
FrIR AR Ve RV 155

5.0
-a— WFS-1

40 —a— WFS-2
= —- WFS-3
zf 30F
Bl
=3

1.0F

0L 1 1
10 15 20 25 30 35 40
RKAIE/C
E7 ME=SIEEXNBUKERN M
Fig.7 Effect of ambient air temperature on water collection
rate

0.25
z

0.20F
E)
< 0.15F
[@ ]
2 0.10F
%ﬂﬂ
E 0.05F
L

10 15 20 25 30 35 40
KA/ C

E 8 BMETSIREX R AR EIKEMN N
Fig.8 Effect of ambient air temperature on water yield per

unit of heat consumption

WFS-1 7EIG T T BUK SRS, B84 25 T H
TR AL X T AR (270°) , W] ST 4 1149 7K 4 Rf
i (HREE B LA R M pe iR TSR A g
IS E B, L2 T, WFS-25 WFS-3 R4t 1%
WX, BB AR AR Fe IR 3, DT 22 fif oo T 6 Wi
B B 0 S R S PR I 7 2 o R B PR B e 1Y
Bk #g

HE— %} WFS-2 5 WFS-3, 76 AH i) v 45 5 1
(4 gkg(T253)) T, WES=3 G248 H B A A b 311X
TR (270° %5 LE 1807 , W Bt 1T 88 27K 43, i A= HER
S0 IR T A A 5 T WS =2 4 HE AU AR X
“RRARIE o FEBUK S IES T i R
I ELA 0 i A v BE A%, I I WFS=3 (1 HIUK &= i 2%
BT WFS-2,

WFS-3 FR G0 754 v (1) 1 B 3 Bl P e B R 4 A9 B
IKBET 5 R BRIRCR , U HAE T B R s F= 1y

R 6 R

B
w

PRV 2 K TR B N 5t o B 0 kA I A 45
A7 IR IR S B R
2.3 BEREX RGEUK I

R 5 T A I AN [ 5 % 2R R BOK A BB A 5
M), 15 A AL T 250 AT < BOK 0 42028 A6 /K L B2 1 A
7 C RS FW R4 o/kg( T2 R) s R IRE
FaE T 10 C, % FAE W FE i 60 CRr#h U2 7+ 2
90 °C, AT I o3BT T 45 R G WOK 2 F B 34
HUK f8 i AR AR

FRAEREEXT 3N & R I R (UK
5 L ARG TUK B A S e 4y AN 1 9 (& 10, & 11
JIi7R o WES-1 R G016 45 T B B SR ML o, Jo 2
F£ 80 “CLA T B BUK £ i 2 e HoAh 77 8 s WFS-2 5
WFS-3 [ UK 2 35 Fifl A4 308 5 T v i 484 o, {0 FE AR
I X (<80 “C)WFS-2 B i L, Mi7r i i X (>80 °C)
WFS-3 S WFS-2, (HAEEAE, WFS-1 R4
B i A i T e S BRI 1 D B R
7 80 CHIUT ik EIMAE . RGEAERRIRALR Iy 1l S I
oAk, WFS=3 (1% 557 $R i BOK S Bl i B T oo dp
ERMEIG s WES—-1 I S 2t T R i 3 s WFS-2 [ L.
PR IOK B A 3 A S0 I R P R X AR
{ERGEL ST (A G 1

- ; 0.014
s$f e mEmimE |
56 —— ﬁiﬂjuﬁiﬂi____# - H0.012
sa b g1 e
O sl g : 10010 3
oo L ' =1
% 50 // J0.008 &
| o 0005 &
Fily = 5
4} .
fa / . 10.004
Iy ” :
a0l / | 40.002
38 L 1 1 1 1 E 1 1
60 6 70 75 80 85 90 °
FAIR R/ C

B9 BERENBELDIREENIT
Fig.9 Effect of regeneration temperature on outlet

temperature and humidity of regeneration air

A TR B T v R A T B SR Bh g, 7 60 ~
80 CIX[H N, % R 4t A HE R o W i Bl 2 $2 71, UK
AP, SR, YR 80 CfF , AR I &
MRHEAUH 0. 011 4 g/kg(T2 )2 0. 012 g/kg (T2
) 5 B D B K 3 1% I B T R, g — 20 TR
F B G| AR S SR BT, RO R IBOK B B 2%
PBERAR UK WFS=1 6 9 B 8., Sofdi H Uk
BEEEX TR, T WFS-1 4 X M JE  WFS-3
() 2 4%, AR ] P 2R TR B T /R IH AR 2y 2 5 A,



TS, 4 BRI R S B s TBUK & RGERE /T & A4

HUk 2/(kg/h)

60 65 70 75 8 8 90 100
HAELE/C

E 10 B4R EXTBUKER M
Fig.10 Effect of regeneration temperature on water

collection rate

0.28
=026
2 024
202
1§ 020
2018
£ 016
I 14
fﬁ 0.12
2 0.10

0.8 60 65 70 75 80 85 90 95

AL/ C
11 BEREMNBEMREFKENF N

Fig.11 Effect of regeneration temperature on water yield per

unit of heat consumption

PRI 1h JHE B A7 PR TR A v Ui B P AT WFS-3.
%S RWAAE D e KA K &8 B bR, WFS-1 7£
80 “CRHIT A fe L BE £ 5 75 AR IR AR Ty i BLPE M 45
P, WES=3 76 T S AR R BT R o 2 34, e il
I T R GRS AR R B N
2.4 RRREX R G EUK 0

k2 Gt 5% v Bk IR X B P BE AR 52 i 35k B
RERCR B ) WEFS-3 RGAE W5 X 42, LABUK
PR K IR AE R S AR o R TF AT . 76 [ 58 SR BRI
ESHAERERET , BAREKEN T Citm =
15 °C, BB I T AR EE SRR T RS
i o7 R 2B

R EEKIRXT R WBOK AR ) B AT B E MmIER
mE 2 W13 s, BEKET S, 3NES RSN
BUKE 5 A B BUK B3 2 N R BN e
(A2 , ¥ B /K IR LR 52 ) R B35 A T T 38 1V Y T
MK R T CH, R GE AT SUBOUK A S IR BT 2
2 gkg(F2550) 5 1 4 /K IR TE 2 15 “CHY, e fIREUK
TR R R RS 24 gkg( TR, BWRE RS
TR EREE A BUK BE 1 KR A2 PR

FEWOK B 3025 v, P AR HE ST v A & R

[ - 7°7C

3.0F

/(ke/h)

Kok

20 25 30 35 40 45 50 55
SR/ (g/kg)

12 % RE E X BUK BRI 7200

Fig.12 Effect of cold source temperature on water collection

rate

= [ - 7T
= 035F o-9¢C
< 030F e 11C
v

< 025F —@

B o20f - 15T

. 5 s 'mk i
20 25 30 35 40 45 50 55
B/ (g/ke)
13 ARBEEM BAHERKER RN

Fig.13 Effect of cold source temperature on water yield per

unit of heat consumption

TR LT A RESCBUK 0 i o R A AR R
SiR PR Ve H1 IR Bl g 5 SRR A i S EE R, 1 R ST RE
7 SRR AP A R I A A R S VR B, AT
WE Y R GAARIRIA T s AT R AE Rk
4 5 X SRR 3 5, 2 A R R ¥
ARG VLR BRIV BEL L , 1 R B R G A E
BT 5 R BOK AT A F o IRA5IE R B T PR A
G M EOTI R S BT B R TR

3 &g

W BB, RGN T K bRiE LR
e BOUKE A R HERE, I XA R R 404y A
(WFS-1.WFS-2 WFS-3) #4717 XF besrdr A5 8 anF
458

1) IR 25 S8 R 2 S 52 W) 22 40 UK P BE 19 G A
K BOUK S-SRI m gk, RH RS
FE = MR PR HA SR A K BE T o FEAS [R5 i o
XIH], 3R G i BUAE T B L 4 - = i (>3 g/kg (T2
) BF WFS-1 UK & K IR (<3 g/kg (T 5))
Bf WFS-3 R A AL MiFERERLTT 10T, WFS-3 K
A X EE R BT CRAE A BB 45°) IR X LA Je v B B AL
PR PUK =

g



2) PRI R T v e I RS BUKRE T . B
HERET S, £ REBUK R S5 E 2 TR
WEFS-3 2 G0 7848 i 5 N AP PR R AT 1 UK PR BE
A v AT BOK R I8 30 °C, R R L A R S
YO, 0 P T I 2 R I B A v A PR R

3) W AR EAAEHT LXK S RG2S
£ 60~80 °CIX.[H] P & T+ A 3 T 8 i BBk &1t
#8380 °CJa WES—-1 & 4t 1y HUK & FF 4 T % .
WFS-17£ 80 “CRM I UK H e K, 1l WFS-3 78 5 i 7
AR EE TR B B UK RS TR, R R
REAL LA, U HAE X% REFE MU A Y T 5%

4) Vo R I R 24 R G AR IR A T UK fig
BSOS EL . BRIV TR L W] 8 35 40 I R G BUK 1)
T FBR (WM 15 “CHEY 4 o/kg( T 23 B E 7 “CRi}
12 g/kg (T2530) ), X6 7E T 52 1l X 52 AR e Bk
BREE WABR ARG SR T B
EiER

ENGIERELE TP N W 7 3G ol N iy S E f s
s SBUKE ARG m et 5 Re b e it 7
FISAKIE , I 0 R G A e B 5 e B S B it
AT RIS %

RSO PP A BRI AT H (2025CY-YBXM-106)
J7ARAR S O R R A 5T R 4 2% B 22 (2025A1515010575)
% Bh o (The project was supported by the Key Research and
Development Program of Shaanxi Province (No. 2025CY-YBXM-
106) and the Guangdong Basic and Applied Basic Research
Foundation (No. 2025A1515010575). )

S 3k

Tu Rang,
harvesting technologies[]]. Energy, 2020, 201: 117630.
Nikkhah H, Wan Azmi W M, Nikkhah A, et al. A

Hwang Y. Reviews of atmospheric water

comprehensive review on atmospheric water harvesting
technologies: from thermodynamic concepts to mechanism
and process development [J]. Journal of Water Process
Engineering, 2023, 53: 103728.

EP, NG, £, & s SEUKZ UM R T
[J]. BH8aE 4, 2024, 40(8) : 1-12. (Wang Yuan, Liu
Jianfei, Wang Kao, et al. Research progress on porous
materials for atmospheric water harvesting [J]. Bulletin of
Science and Technology, 2024, 40(8): 1-12.)

FEHDOL, R, oL, 55 B b ol Ry
IRECARMETE S R BERELT]. #1274, 2026, 47(1)
37-50. (Sui Zengguang, Lin Haosheng, Sui Yunren, et
al. Research and application progress of sorption-based
energy and water saving technologies in data centers [J].

_8_

[10]

[12]

[14]

[15]

Journal of Refrigeration, 2026, 47(1): 37-50.)

EHT, W, B, FOREE G RKKES
AW HIPERERT T[T ]. Hl¥% A4, 2025, 46(4): 29—
35. (Wang Weining, Zheng Xu, Yi Zhixiang, et al. Study
of dynamic moisture adsorption and desorption performance
of thermosensitive composite adsorbents [J]. Journal of
Refrigeration, 2025, 46(4): 29-35.)

Wang Jiashuo, Yang Ziyi, Li Zekai, et al. Comprehensive
review on atmospheric water harvesting technologies [J].
Journal of Water Process Engineering, 2025, 69: 106836.
Zolfagharkhani S, M, Shahmardan M M.

Zamen

Thermodynamic analysis and evaluation of a gas

compression refrigeration cycle for fresh water production
air [J].
Management, 2018, 170: 97-107.

Joshi V P, Joshi V S, Kothari H A, et al. Experimental

from atmospheric Energy Conversion and

investigations on a portable fresh water generator using a
thermoelectric cooler [J]. Energy Procedia, 2017, 109:
161-166.

Ansari E, Ferber N L, Hulleck A A, et al. Performance of
vapour compression based atmospheric water generation
systems in arid conditions-Experimentations and perspectives
in the Gulf region[] 1. Journal of Water Process Engineering,
2023, 53: 103739.

Bai Zhaoyuan, Wang Pengfei, Xu Jiaxing, et al. Progress
and perspectives of sorption-based atmospheric water
harvesting for sustainable water generation: materials,
devices, and systems. [J]. Science bulletin, 2023, 69
(05):671-687.

RN, BRI, BRET, & . NI SR M s =
WK [J]. TR B2 4L, 2023, 44(6) : 1446-1451.
(Feng Yaohui, Chen Bin, Ge Tianshu, et al. High-
efficiency atmospheric water harvesting with internal
cooling source[J]. Journal of Engineering Thermophysics,
2023, 44(6): 1446-1451.)

William G E, Mohamed M H, Fatouh M. Desiccant system
for water production from humid air using solar energy [J ].
Energy, 2015, 90: 1707-1720.

Zhang Qiaoxin, Tu Rang, Liu Mengdan. Thermal and
economical performances analyses of a desiccant wheels-
assisted atmospheric water harvesting system used in
humid climate regions [J]. Journal of Water Process
Engineering, 2023, 56: 104323.

Liu Mengdan, Tu Rang, Wu Zilei, et al. Performance
analyses of desiccant wheel-assisted atmospheric water
harvesting system using renewable heating and cooling
sources [ J]. Energy Conversion and Management, 2022,
252: 115065.

Tu Rang, Liu Mengdan, Wang Siqi, et al. Performance



TS, 4 BRI R S B s TBUK & RGERE /T & A4

[16]

[17]

[18]

[19]

[20]

analyses and optimizations of desiccant wheel-assisted
atmospheric water harvesting systems based on ideal
cycles [J]. Energy Conversion and
Management, 2021, 245: 114540.

Tu Rang, Li Jiaqi, Hwang Y. Performance analysis of

thermodynamic

desiccant wheels assisted fresh air humidifiers in winter
using natural gas boilers: applied in cold and dry climate
regions [ J]. International Journal of Refrigeration, 2020,
119: 24-36.

A, Kumar

atmospheric air using thermal energy storage enabled solar

Agrawal A. Harvesting freshwater from
air heater [J]. Journal of Energy Storage, 2023, 73:
109008.
Motaghian S, Pasdarshahri H. Regeneration energy
analysis and optimization in desiccant wheels using purge
mechanism [J]. Journal of Building Engineering, 2020,
27: 100980.

Guan Bowen, Liu Yanbin, Zhang Ji, et al. Enhancing
exergy performance: Addressing air parameters nonuniformity
at the outlet cross-section in desiccant wheel air-
conditioning [J]. Applied Thermal Engineering, 2025,
258: 124672.

BREH, GRS, KA. YR SRR S RGE
AN TRV BR B TRBE T B 0 I 2 B [0 ). v £, 2023, 43
(5): 53-59. (Li Xinyue, Cheng Jiahao, Zhang Chunlu.

Application analysis of single-stage rotary wheel and heat
pump composite system under different dehumidification
depths [J]. Chinese Journal of Refrigeration Technology,
2023, 43(5): 53-59.)
[21] Panaras G, Mathioulakis E, Belessiotis V, et al.
Experimental validation of a simplified approach for a
desiccant wheel model [J]. Energy and Buildings, 2010,
42(10): 1719-1725.
Fa2eBE, BakA:, WhAHE . XBLAE TR LA & M ik i
T RETE LT ] N K224 (A SR B4R, 2005, 8
(4) : 70-74. (Ni Meiqin, Ma Rongsheng, Xie Zhixiang.
Study on wet-dry cooling conditions equivalent method of

fan-coil unit[J]. Journal of Yangzhou University (Natural

Science Edition), 2005, 8(4): 70-74.)

BIEEEEN

WRMI, 2, B 2082, 79 2 BB R A BE IR S Ak TR 24 Be
13279397868 , E-mail : chenliu@xust.edu.cn. BFFEH7 1] : BRIE2S
PR G K] o

About the corresponding author

Chen Liu, female, associate professor, School of Energy and
Mining Engineering, Xi'an University of Science and Technology,
86-13279397868, E-mail: chenliu@xust. edu. cn. Research
fields: technology and application of desiccant air conditioning

systems.



