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Abstract

Water scarcity has emerged as a potentially pressing global challenge, necessitating
the urgent need of novel and sustainable technologies to address this issue on priority. This
research is an attempt to address the critical issue of water scarcity by advancing innovative
atmospheric water harvesting (AWH) technologies, with a particular emphasis on the needs of
water-stressed rural communities. The study initially explored the active refrigeration-based
commercial AWH systems of residential scale with a cooling capacity of 1.5 kW and
minimum water generation capacity of 20 L/day at 25°C ambient temperature and 60%
relative humidity. Their performance was evaluated through modelling in MATLAB
Simscape environment, followed by experimental validation, and feasibility analysis in water-
stressed cities across India. The specific energy consumption varied between 0.345 kWh/L to
0.762 kWh/L under hot and humid conditions while it varies between 1 kWh/L to 3.4 kWh/L at
low dew point conditions. To improve AWH system performance and extend operation during
unfavourable periods, a monthly variable airflow rate control strategy was investigated and
found to be beneficial over constant airflow. The average daily productivity of the AWH
system was quantified through a water generation map for all months of the year across the
selected cities, allowing for the identification of favourable operational periods. While these
systems demonstrated potential for scalable urban applications, their high energy
consumption in low-humidity and unfavourable climatic conditions highlighted the need
for more sustainable alternatives for rural areas.

To meet these challenges, a novel biomass-derived composite sorbent was synthesized
using activated carbon derived from waste sugarcane bagasse impregnated with CaCl
salt. The activated carbon was synthesised using an optimized two-step chemical
activation method, resulting in a high specific surface area of 2280.5 m?/g and pore volume of

1.69 cm®/g, projecting it as an efficient host matrix for holding the hygroscopic salt.
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Experimental investigations confirmed excellent water uptake with faster adsorption-
desorption kinetics, stability over multiple cycles with good storage reliability with minimal
degradation even after 10 months. The sorbent demonstrated reasonably good water uptake in
a broad relative humidity band ranging from 10-90%, with a water uptake ranging from 0.24
to 2.44 g/g, showing its feasibility even at arid location. At moderate temperature and humidity
(25°C, 60% RH), the prepared sorbent exhibited a water uptake of 1.2 g/g and achieved over 80%
of its equilibrium water uptake within 90 minutes. Also, the sorbent showed excellent solar driven
desorption with desorption efficiencies reaching over 93% and 85% for 1 sun and 0.5 sun
illumination, respectively, within 60 minutes. The practical solar-driven atmospheric water
harvesting performance of the developed composite was also successfully demonstrated using a
custom-built proof-of-concept device under outdoor conditions and the harvested water met
the quality standards of drinking water. Furthermore, the optimum parameters for the developed
sorbent were identified through simulation of vapour transport and adsorption using the
COMSOL Multiphysics platform. The optimum sorbent layer porosity was found to be in the
range of 0.6 to 0.7, with an optimal thickness of 4 mm, ensuring efficient and scalable
AWH performance. Based on a theoretical framework, the sorption-based AWH potential
was predicted to vary between 1.0 and 4.0 L/m?*/day under a single-cycle passive solar-
assisted operation across diverse climatic conditions in India and was represented through an
atmospheric water harvesting potential map.

This research provides a scalable and sustainable roadmap for AWH solutions,
offering practical guidelines to address the unique challenges of both urban and rural
communities. By demonstrating a sustainable, low-cost, and passive solar-compatible AWH
system, this study contributes to the advancement of sustainable atmospheric water

harvesting technologies for diverse climatic conditions.



LUK

o B HH Tp Juifad TR Ay g & Tu A U 8, ORI 39 I, & wiufiedr &

YR TR §A B & [oTU 7T 3R fCHTS ThIh! Bl dbTd SATaTDdT & | T8 MY 5 Pl
S & TUR Te, 1 80 B3 & oIE 7d IrgHS A S S+ (AWH) daheiieh] ol 3T S
&1 U YA 8, Forad Sdt-aravRa artor SHert &t sraadmdrst R faRy SR faar mn

g1 YT B! Y31 H Fichg ApoRTH-31end g drgHSHg Sd Taa- (AWH)
JoTIfera T TRi&ur farar T, S STariTa Wk &1 o 3R forat Rtaa e 1.5 fhaare ot

AT 25°C IRART ATTHA 3R 60% ATUET STl B! R & FATH STel STe &HT 20 WX
gfcr fa ot 39 W= &1 geid MATLAB R araraRor ¥ Afefei & arey 4 faar
T, 3% d1¢ YRS AU 3R HRd 4R & SId-d-Taud el & Iggridr faveryur far
AT AWH WUTTEt & UGR & 9gaR a1 SR Ufdgd 3aft o gRI Jara- ol [adR &3
& forg, uep wiiies ufadHTa arg yarg &) e oG &t Sifg &1 715 8 38 fFRAR arg

UdTE &1 o1 H BragHe Urdl T AWH JUITE &1 3i1d - Sadleddl & gaf-d el
Ay o Tt Al & o STat ScdTe At o Arend § Feiia foan mar ot o/t srqea
URETE 3fafd &1 Ugd i Sl Ueb | Sdich 31 YUIMTerdl = Iheteed et STV & fofg
& BT USRI a1, HH HTEdT 3R Ul siaarg URRfaal & 3! 3o Hell @ad A
JrHioT & & foTT stferep feehTs fachetl 1 SHTaRTDH AT IR YebT=I el

S AT BT AT R & [T, CaCl, THS & 1Y T DT Tlg A U Alohd HIa Bl
SUIRT FReb U 9 SHN-dd THY ARAC HI U= foar 11 o7 | afohd Hiad Bl
TP 3BT &l-aRUT IS Afchaur fafe o1 ITFT Hb W= fasar mam o1, aikomd

WEY 2280.5 Hiexy U I fAfRIp Tdg &7 3R 1.69 THP/ U &1 {855 Saa- urd ga,
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ORI Ig STearTg! (BTRURGpIUeh) TH Bl Tld B b [Tl Teh GHTG! Aota Aigad &
U T IHIT| UIIRTS Wi 4 10 HeH & &g Wt G801 &l § gAad FTR1ae & Y 3wt
HSRUT fayT-1adT & 1Y 3 Foh] IR FRRRTT, Aol F Sa=NYUI-[Iae= Tad) & Ty 35y
ST SIRNY0T B gfY BT | WREE = 10-90% b1 W1 H D TT0e Ml ss 7 Tifyd =0
T 3BT ST IRV UG R o, FoRid 0.24 ¥ 2.44 UM/ UTH T ST SARNHOT AT, S TH
R WR W 5T e <Rifar 8 | HeaH dTgHM 3R 3MTedT (25°C, 60% RH) R, dUR IR
q 1.2 T/ UTH HT S SE=IV0r vefRid faan 3R 90 e & 3fa 3u= e ST Sfa=iyor
BT 80% O e U T | ST Sfarar, WRae 7 60 fiFe & ofer HAR: 1 g4 3R 0.5 [
AT & T 93% 3R 85% F 31w T Uga arelt ARV S&rdrsft & 1Y IFF TR
Tarferd faxiwor foaman| fawfid daifsie & TmagiRe AR-Afd agHsad Sd daaH
TeRH &I off aedt uRfufadl § sen-fiifa yw-sife sy fSasy &1 Iwim #vd
THAAYad UeiRid far a7 3R 3R U S Ui a1 o oral AFd] IR WRT S|
S 31T, fasRid Wide 3 Ry 3yaw AIUES] 1 UgdT COMSOL HeHthoa WehiH
&1 IUANT B AT GRag 3R RNV & R & [y § &t 13 | 3yan diee
WRd K0T 0.6 T 0.7 Pt Arar T grr 7, Ford 4 el &1 39aw A ff, S o=@ 8k
WHATd AWH TR AT BT 81 Th JGiad afd & YR W, YRd J fafdy Saarg
aRfRUfal & Tahd-Ie Fitry GR-Tgrdl ard dare & ded SRa-1-3URd AWH &l
1.0 3R 4.9 L/m*/f& &9 AT &t T8, SR Ter argHeaia oid Saae SHTSHdT AR

& U H U fovar T

Tg XY qHSHd od Y99 (AWH) & T T Whaad 3R fedhrs; AsHY UeH &Rl g,
S Tredt oik amftor S el @) Al gAfadl & Jaifta s & forg aragiie
ferenfrder TRqa a1 g1 TP Wdd, S aFd aTa 3R IR-IG fAfssg AwH YUl &1

vii



UG I I8 31ea fafay sraarg aRkfRufadl & fore fiodrs; argH sy Sia Saa- adb-i|
B TS B GRTe AT |
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Nomenclature

Symbols

Aq Total surface area of heat exchanger (m?)

Aunfin Unfinned area (m?)

Afin Total surface area of fins (m?)

Ac Cross-sectional area of fin (m?)

C Constant, defined in eq. (3.4)

Cs Vapour concentration in the salt crystals (mol/m?)

(O Vapour concentration in the pores (mol/m?)

Com Specific heat capacity of moist air (kJ/kg K)

Ca Specific heat capacity of dry air (kJ/ kg K)

Cina Specific heat capacity of the air at saturated conditions (kJ/ kg K)
Chin Minimum heat capacity rate (W/ K)

D Outside diameter of tube (m)

D, Intercrystalline diffusivity (m?/s)

Dy.a Molecular diffusivity of water vapour in air (m?/s)

Dp Diagonal tube spacing (m)

fi Friction factor

Hg Hagen number

H, Horizontal pitch (m)

hain Specific enthalpy of inlet air (kJ/kg)

h 4, out Specific enthalpy of outlet air (kJ/kg)

ha, adp Specific enthalpy of saturated air at apparatus dew point temperature (kJ/kg)
ha Air side convective heat transfer coefficient (W/m? K)
hm Convective mass transfer coefficient (kg/s m?)

hy Refrigerant side convective heat transfer coefficient (W/m? K)
hg Latent heat of condensation (kJ/kg)

k Sorption rate constant (s)

ki Thermal conductivity (W/m K)

Ly, L Parameters to estimate hypothetical fin length (m)

Le Lewis number

Lq Lévéque number
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Psat
Pr
P

onne

Rtotal

T a, out
T aw, in
T min
T r,in
Twan

Instantaneous mass of the sorbent during sorption (g)
Initial dry mass of the sorbent (g)

Wet fin parameter, defined in eq. (3.6)

Molar mass of water (g/mol)

Water generation rate (kg/s)

Mass flow rate of moist air (kg/s)

Mass of the sorbent after saturation (g)

Nusselt number

Perimeter (m)

Saturated vapour pressure (Pa)

Prandtl number

Pressure of moist air at saturation condition (Pa)

Rate of heat transfer between refrigerant and moist air (W)
Rate of heat transfer occurring in a particular zone or phase (W)
Gas constant (J/kg K)

Reynolds Number

Equivalent fin radius (m)

Total thermal resistance (K/W)

Wall thermal resistance (K/W)

Tube radius (m)

Time (seconds)

Ambient air temperature

Fin element temperature (°C)

Temperature of the inlet air (°C)

Temperature of the outlet air (°C)

Wet bulb temperature of the inlet air (°C)

Cooling coil temperature (°C)

Temperature of the refrigerant at the inlet of evaporator (°C)
Approximate cooling coil surface temperature (°C)
Vertical pitch (m)

Water uptake, mass of water adsorbed per unit dry mass of sorbent (g/g)
Equilibrium water uptake (g/g)

Distance measured from fin base to the fin element (m)

Refrigerant vapour quality at the inlet and outlet of the phase change section
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z Zone length fraction

Greek Symbols

€ Sorption potential (kJ/kg)

€ Porosity

Ee Evaporator coil effectiveness

€ux Heat exchanger effectiveness

Nr Dry fin efficiency

Nwet fin Wet fin efficiency

Pbed Sorbent bed density (kg/m?)

Ps Absolute density of the sorbent particles (kg/m?)

Ds1» Psv Refrigerant density at saturated liquid and saturated vapour states (kg/m?)
¢ Fin parameter, defined in eq. (8)

® Humidity ratio of saturated air at fin element temperature (kg/kg)

®a, in Humidity ratio of the inlet air (kg/kg)

®a, out Humidity ratio of the outlet air (kg/kg)

®a, adp Humidity ratio of the saturated air at apparatus dew point temperature (kg/kg)
®min Minimum humidity ratio (kg/kg)

Owall Humidity ratio of air close to heat transfer surface temperature (kg/kg)
Abbreviations

AWH Atmospheric Water Harvesting

COP Coefficient of Performance

LDF Linear Driving Force

MHI Moisture Harvesting Index

NTU Number of Transfer Units

RH Relative Humidity (%)

SEC Specific Energy Consumption (kWh/L)

SBAC Sugarcane bagasse derived activated carbon

TR Ton of refrigeration

VCR Vapour Compression Refrigeration

WGR Water Generation Rate (L/h)
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