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ABSTRACT

The global energy demand, particularly for cooling, refrigeration, and air-conditioning, has
been rising rapidly, correlating with the standard of living, which is also responsible for a high
amount of greenhouse gases (GHGs) harming the environment and climate change. Thus, there
is a need for effective utilization of waste thermal energy including renewable fuels and
resources to reduce escalating energy demand, thereby mitigating the climate change. The
cooling requirements for refrigeration and air-conditioning contribute significantly to global
energy consumption, expected to triple by the mid of this century. Approximately 17% of
global electricity is consumed by conventional cooling and heating systems, primarily reliant
on fossil fuels, leading to resource depletion and greenhouse gas emissions. Moreover, many
remote areas face challenges due to electricity scarcity, posing challenges for conventional
refrigeration and air-conditioning for critical applications like food storage and preservation of
life-saving drugs. The depletion of fossil fuels, environmental concerns, and challenges in
remote areas intensify the urgency to develop sustainable technologies, drawing attention to
ecological and renewable energy resources.

In countries like India, surplus biomass is often burnt in-situ, contributing to resource
wastage, air pollution, and environmental degradation. Converting crop residues into value-
added products could serve as a mitigation strategy against biomass wastage and in-situ
burning. Alongside improving energy efficiency and biomass waste management, alternative
heat-powered cooling technologies are essential to reduce grid dependency for refrigeration
and air-conditioning. The adsorption technology has emerged as the promising solution,
operating on low-temperature heat sources like Solar thermal, geothermal energy, and biomass
combustion heat, and ensuring lower maintenance due to fewer moving parts. However,
challenges such as bulky systems and high operating costs have hindered the

commercialization of adsorption technology. Despite these setbacks, advancements in adsorber
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designs, novel adsorbents, multi-stage schemes, heat and mass recovery schemes, and control
mechanisms offer avenues for enhancement. This thesis contributes to advancing adsorption
refrigeration systems through experimental and numerical studies, aiming to optimize
parameters, improve efficiency, and pave the way for a more sustainable and commercially
viable cooling technology.

An extensive literature survey highlights a huge variation in the thermal performance of
adsorption refrigeration systems with different porous materials. Therefore, a thermal
performance estimation of a single-stage vapour adsorption system using various carbon-based
adsorbents with ethanol refrigerant has been studied. The system is coupled with a small-scale
biomass-based heating unit for space cooling, refrigeration, and heat pumping applications.
The detailed investigation explored the impacts of operating parameters, and heat exchanger to
adsorbent mass ratio on specific cooling energy (SCE), coefficient of performance (COP),
uptake efficiency (nu), and mass of adsorbent to combustion fuel to identify the suitable
adsorbent and sorption bed designs for each application. One of the promising biomass-based
adsorbents with finned flat-tube adsorbers outperforms traditional designs by 19-30%. Further,
biomass-based adsorbents not only demonstrate superior performance, with higher COPs and
efficiency for heat-pumping applications, but also require the least amount of adsorbent to
achieve the desired effect per unit mass of combustion fuel in biomass heating units.

The thermal performance enhancement of an advanced adsorption chiller involves a
comprehensive assessment focusing on entropy generation minimization through appropriate
operating strategies, temperatures, and design modifications. The analysis involved a second
law evaluation of a two-bed silica gel water pair-based adsorption cooling system, exploring
novel aspects like heat recovery and measures to reduce auxiliary consumption. The specific
irreversibility index, reflecting entropy generation, auxiliary electricity consumption, and

cooling capacity, serves as an indicator for second law efficiency. The numerical evaluation



shows around 63% reduction in entropy generation with a passive heat recovery strategy, and
up to 22% decrease in specific irreversibility with a capillary-assisted evaporator. Additionally,
a multi-objective optimization is conducted considering wetness fraction and hot flushing
effects, employing the NSGA II and LINMAP techniques. The research findings highlight the
substantial contributions of precooling, preheating, and flushing processes to exergy
destruction, emphasizing the importance of a heat recovery scheme. The proposed optimized
values of COP and specific exergy destruction (ep) under passive heat recovery indicate
improvements of +18.56% and -27.63%, respectively, compared to a system without heat
recovery.

The crop residue management in India, marked by the longstanding issue of in-situ burning
causing climate change, health concerns, and soil degradation, is a critical challenge.
Simultaneously, adsorption refrigeration faces obstacles in commercialization due to bulkiness
and inadequate performance linked to unsuitable adsorbents. To address both concerns, the
present study focused on green synthesis, detailed characterization, and sustainable application
of porous activated carbons derived from abundant crop residues. The optimized biochar,
activated with KOH, exhibits substantial surface areas of 2002 m?/g for sugarcane bagasse
(SBAC) and 1241 m?/g for rice straw (RSAC), surpassing commercial activated carbons. These
novel activated carbons exhibit superior performance, notably in ethanol uptake, making them
promising candidates for efficient and sustainable cooling and heat-pumping applications in
renewable energy-powered systems. The proposed SBAC-ethanol pair demonstrates higher
effective uptake and energy density compared to similar adsorbents, showcasing the potential
of synthesized activated carbons. This research recommends the proposed activated carbons as
promising candidates for efficient and sustainable cooling and heat-pumping applications,
offering a potential solution to both crop residue management challenges and the enhancement

of adsorption refrigeration technology.
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A Fort AT, Ay T e, uhia 3R araree & frg, ol S 9g W e, s
e TR ¥ FEfid B, S vafaror 3ik Siaarg uikad= &) JoHar ugar aret Mersd
T} (Sitet) &1 3= 3 & fow Hft TR 8139 TR, Solf 3t gt Hi & HH B
& fom Tdievuig $uF SR HareHl |ied MUk adia Folf & Gyl IuanT B
3TaRgedl §, S Sraary uRad= &1 &4 fasar 51 9 | TRifds SR e & e
e Azt afiies Selt Gud H As@yul dTeH St 8, S 59 Il & Hed ad
T BF 3t Iufie 81 Ay faoTelt &1 AT 17% URURS 2Raer SR due ol gRY
Tud forar ST &, S g7 U 9 shaRy 399 R ik 3, s dumem & &+t iR
TGS T IS 51T & | $HD A, S GRGRISl P SATD| Bl [aolchl BI HUT b HRUT
AT BT ATHAT AT TS g, o W1 HSRUT 3R Siia & garsii & TRefur Sy
Heayul SuarT & R TRURS u=iic @R ardigead & fow gRifaai der gt 7
Share g2 Bt B, Tafaroli fRidTd 3ik gre=el & & § Aot s denfifeat
P! fIBRId B B! IRl B! dgTl o, o mRfRufae 3R Adieuia Suif JamyHt
1 3R & B BT

YR O =1 #, SR ST P SRR 81 Sfell fadT Sl &, Sl J«1el &t gaial,
g Wgw IR waiaRoia fRTae & e T &1 T SRS P geaaiia Sl &
aRafid ST TRITART Said) 3R TURM STel & RIeTh e UM & 0 H HH 3R
ThT 8 | Soll GefdT iR STHRT SUfIy Yeier H GUR 3 I1Y-1, Y=ita SR ardrgad
% fore s FiRel &1 1 &3 & oy depfetres ary-wenferd 2hde Wenfifeat saxas
&1 TR qHHI MRS THIYH & =0 H IHS B, o IR drdig, y-ardia S 3R
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IR & 1Y SR S A9 aTel a1y Hidl IR B B &, 3R HH ge- ard ol
& HRU HH I\RAG AT Hll g1 gTaled, YR FeE iR = gk anTd st
T 3 TRaT TNt & e & a7 IO B 8| 57 SAwhadis & SIavg,
feizror o B ifa 9 & I Te el § | I8 XY ey Ui TR ST Sl
& T Y TRaA U= Tonferdt Bl S g H ARTGH St §, ForaeT ded st Bl
SIHIAd BT, T&fel T GUR HAT 3R 31 fedrss SR e €9 ¥ dgr
e b1 BT A TR =T 5

THh A0S Alec Faefor fafis fsgad amil & Ay IR ard wRita gonfer &
ST Y= H R FardT IR YehT=1 STerdl ¢ | ST, 31 Xfhorc & a1y fafie Hre-
MR TS BT JUTNT HReb Thl-aR0T AT WRIT JUMTeHT I JWIAT TR S
BT g faar a1 § | ol & R4 e, w=itae SR arg ufthT srueet & o ue
B T W TAHN-3RA a0 3Hhls & 1Y SaT T ¢ faxqa S /g T
AUGS! 3R Bic TRMROR ¥ SR Uari SodM $aTd & UHTal & ARy 3T Sl
@ERS), U= &7 Ui (&3, ITRT G&faT (n,), 3R a8 e F o Trar ek
UM WR 31eqg foban a1 § a1fcs U SIyaNT & fore Suged TRaHT uerdf 3R e

I TSl & Uga Bt off Tob | TRagad Uie-cJd Sauivd & a1 Ud HTRASHSH
IR ST SRS URURD I F 19-30% T5aR UGRM BT | TP AT,
IR SR SIRITT® UGl 7 1 dhadt T Uit SIuRINT & forg I=aer Alefidt ofR
Gerdl & 1Y IHY UexH fewmn, afcs IR ame 36 § g8 seF & ufd gfe
SOUHT H Fifesd UHT T R b oI HH & S H Al H SRS B 2 Sfa=gehan gidil
gl

viii



s I9d IR IR & yHd U &1 9gq A Ifaa Jareq urifad), amgam sik
SIS A=MeMl & Aey I TCIdl SATG B HH B W &M digd H3- ardl Th ATUD
T M g1 faawo & q-as RiferesT o td o Siret-1emid IR 2iaed
TUTTCR T ISR BT gt faw =mfia B, fored i gemifey ofR Terae @ud & &4
HA & UM SR 7T ug st BT udr A T 7| fafRy srafkad-iadT Jadie, S gt
I, TeTId fosTell WU, 3R 3ST & BT SR 8, SEANTISD! BT GERT FIH Garr
% 10 T Ahasd & =0 T B Bl ¢ | TATHS i HIShd ad A YO
& Y Tl IdeT H AT 63% B HH Gl 7, AR HRIG-Ag™ ard
STiERUIGA & A1 ARy srufkad=iaar # 229% & &t HH! foam 51 396 sifafa,
TATHGNT || 3IR R da-iet o) Fiford axa gu, o siwr ofiR 7 wafin gt
R R Fd §U U Tg3ed e AT far oimar 31 <y & e miff awgeht
AT & T W WR &d gU, Soit a1 & Wepfer, weifen siR wafkin ufanst &
He@yul GNTeH &1 ISR axd o fAfSha a gvife & dgd dreidt sik fafky o
faT=T (ep) & TRATTAT MG Hew, d1g gAY & faeT yomelt &t ga & wawn:
+18.56% 3R -27.63% & JUR &1 Thd & & |

YRA H B Y T, S dd T I YA W ST &1 THT ¥ ST g3l &, oy
STaary ufkac, e e fRiam oiR far e gt 7, T R g ¥ 39 T @
SIugad SRS ¥ gg YRt SR Sl ek & SRUT SIRINor g=itds &l
HATGARITHROT & FTeTSHf BT ATEAT HAT TSl 1 Q1 Farsil Bl gr H & (o, Id=
3T G =TT, fIga @201 qui SR TR had SfaRiSt ¥ U fagad Afehd rai-
% fePhIe SN R Hisd §1 KOH & I1Y AfehRia forar T sr&ied SER, T &t
TS (CEER) & T 2002 m2/g 3R WRTET (SIRUIT & 1T 1241 m?/g & TaT Tdg
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3R fewrs; Sftaer iR dT9-ufthn srua & for siRieHeS SufieaR §41d § | Rarfad
TS 32T Sie! T 3=y Bt qo 8 3= YHTdl T8 3R et g Uerid
HCl B, S YRV Tfohar BT Y et Y Ui et 7 1 a5 iy TRefad afssa wre
DI HRIA R VT e 3R ag-UfthT SFyanT & fog smeieHe SEigar! & &9 §
SIRIRIT BT &, S e A=Y Fae gAfaat 3R TReT U=iia Wienfiest & wada &
foT T S THTe™ UGH vd & |



CONTENTS

Declaration
Certificate
Acknowledgements
Abstract

Contents

List of Figures

List of Tables

Nomenclature

Chapter 1

Chapter 2

il

il

\Y

Xi

XV

XiX

XX

Introduction 1
1.1 Background 1
1.2 Development of adsorption refrigeration systems 2
1.3 Principle of adsorption refrigeration system 3
1.3.1 Adsorption process 3
1.3.2 Adsorbents 4
1.3.3 Adsorbates or refrigerants 5
1.3.4 Operation of adsorption cooling cycle 6

1.4 Classification of adsorption cooling systems 8
1.5 Current status of commercialized adsorption chillers 10
1.6 Stubble burning in India 11
1.7 Second law of thermodynamic analysis of ACS 13
1.8 Motivation for the study 14
1.9 Organization of the thesis 15
Literature Review 18
2.1 Introduction 18
2.2 Performance enhancement strategies 18
2.2.1 Multi-stage and multi-bed techniques 18
2.2.2 Heat and mass recovery techniques 22
2.2.3 Design of adsorber with extended surfaces 25
2.2.4 Hybrid and integrated adsorption systems 27

2.3 Micro- and meso- pores adsorbent materials 29

xi



Chapter 3

Chapter 4

2.3.1 Activated carbon, zeolite, and silica gel
2.3.2 Metal chlorides, hydrides, and oxides
2.4 Composite and compound adsorbents
2.5 Entropy generation minimization and multi-objective
Optimization
2.6 Research gaps
2.7 Objectives of the present research
Bioenergy-Driven Adsorption Cooling System
3.1 Introduction
3.2 Working pairs and combustion fuel
3.2.1 Maxsorb IlI-based activated carbon
3.2.2 Ha-treated activated carbon
3.2.3 Biomass-derived activated carbon
3.2.4 Ethanol
3.2.5 Biomass fuel for combustion heating unit
3.3 Performance evaluation of the adsorption cycle
3.3.1 Adsorption equilibrium model and kinetics
3.3.2 First law of Thermodynamics based modeling
3.3.3 Mathematical models for thermodynamic
Performance
3.3.4 Modelling for uptake efficiency and minimum
regeneration temperatures
3.4 Discussion of results
3.4.1 Evaluation of Wmin and Wmax
3.4.2 Parametric investigation
3.4.3 Ice production or refrigeration application
3.4.4 Space cooling or air conditioning application
3.4.5 Heat pumping application
3.5 Summary

Multi-Objective Optimization of Adsorption Cooling System

4.1 Introduction
4.2 Heat-powered adsorption cooling system

4.2.1 Schematic of chiller

Xii

29
34
37
43

48
49
51
51
52
52
52
52
53
53
54
55
56
58

59

60
61
63
70
72
74
76

78
78
79



Chapter 5

4.2.2 Identification of actual P-T-w cycle

4.3 Numerical modelling

4.3.1 Equilibrium uptake model
4.3.2 Energy analysis

4.3.3 Exergy destruction analysis

4.4 Multi-objective optimization algorithm

4.5 Results and Discussion

4.5.1 Numerical validation

4.5.2 Exergy destruction in sorption reactor

4.5.3 Exergy destruction in condenser and evaporator

4.5.4 Exergy destruction in cooling tower and thermal
energy source

4.5.5 Exergy destruction in heat transfer, mass transfer,
and hot flushing processes

4.5.6 Total exergy destruction

4.5.7 Performance estimation

4.5.8 LINMAP-based multi-objective optimization using
NSGA II

4.6 Summary
Synthesization and Characterization of Biomass Adsorbents
5.1 Introduction

5.2 Experimental work

5.2.1 Synthesization of biomass activated carbon
5.2.2 Sample collection
5.2.3 Sample preparation

5.3 Characterization of biomass-derived activated carbon

5.3.1 Proximate analysis
5.3.2 Ultimate (CHNS) analysis
5.3.3 Heating value analysis

5.3.4 Thermal stability analysis

5.4 Discussion of results

5.4.1 Nz adsorption-desorption analysis

5.4.2 Differential scanning calorimeter investigation

xiii

82
82
83
84
86
91
93
93
94
97
98

99

101
104
108

111
112
112
112
113
113
114
122
122
122
124
125
127
128
131



Chapter 6

Chapter 7

References
Appendices

List of Publications
Achievements

About the Author

5.4.3 Determination of crystalline structure and crystallite
Size
5.4.4 Morphology study
5.4.5 Functional group analysis
5.5 Laboratory scale cost analysis of prepared carbons
5.6 Potential application and future scope
5.7 Summary
Cooling Performance Assessment of Novel Adsorbents
6.1 Introduction
6.2 Experimental details
6.2.1 Thermal conductivity measurement
6.2.2 Specific heat capacity measurement
6.3 Experimental measurements of ethanol uptake
6.4 Results and discussion
6.4.1 Pore structural examination
6.4.2 Surface morphology
6.4.3 Isobars and isotherms of ethanol adsorption
6.4.4 Isosteric heat of ethanol adsorption
6.4.5 Effective uptake estimation
6.4.6 Cooling performance assessment
6.5 Uncertainty analysis of the experimental measurements
6.6 Summary
Overall Conclusions and Recommendations
7.1 Overall conclusions

7.2 Recommendations for future work

Xiv

132

133
135
137
139
142
143
143
144
144
145
146
149
150
152
153
157
158
160
168
169
171
171
174
176
205
207
211
212



LIST OF FIGURES

Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4
Figure 1.5
Figure 1.6
Figure 2.1

Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 3.1
Figure 3.2

Figure 3.3

Figure 3.4
Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Global energy consumption in different sectors

Physical and Chemical adsorption

Stages of ideal adsorption refrigeration system

Clausius-Clapeyron diagram

Classification of adsorption-based cooling systems

Crop residue generation and in-situ burning statistics

Diihring diagram of single effect two-stage adsorption cycle for
activated carbon-CO; pair at evaporator temperature of 10 °C
Conceptual Diihring diagram for triple effect ACS

Diihring diagram for ACS with MR scheme

Schematic of the adsorption cooling cum desalination system
Structures of: (a) activated carbon; (b) silica gel; and crystal cell unit
of (c1) zeolite type A and (c2) X, Y

P-T-w diagram for MaxsorblII-CO> pair

Conceptual diagram of consolidated composite adsorbent

Schematic diagram (a); and thermodynamic cycle on P-T-w plane (b);
of two-bed single-stage adsorption cooling system

Input data and energy flow distribution diagram of adsorption cooling
system

(a) Variations in Wnin corresponding to Tdes; Wmax for (b)
refrigeration, (c) cooling, and (d) heat pumping applications

Effect of uptake on Qs value at Taes of (a) 50 °C; (b) 70 °C; (c) 90 °C
Effect of Tevap and Tges on SCE for (a) adsorbent 1; (b) adsorbent 2; (c)
adsorbent 3; and (d) adsorbent 4

Effect of Tevap and Taes on COP. for (a) adsorbent 1; (b) adsorbent 2;
(c) adsorbent 3; and (d) adsorbent 4

Effect of the heat exchanger to adsorbent mass ratio on COP. for (a)
adsorbent 1; (b) adsorbent 2; (¢) adsorbent 3; and (d) adsorbent 4
Effect of Tevap on a typical P-T-w diagram at Tges = 90 °C and Tecond =
Tags =30 °C

XV

© oo -3 &

12
20

21

25

28

29

31

38

55

61

62

63

66

67

69



Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7
Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Effect of Tdes on mad/mer for (a) adsorbent 1; (b) adsorbent 2; (c)
adsorbent 3; and (d) adsorbent 4

(a) P-T-w diagram; (b) SCE; (c) COP¢; (d) nu; (e) mag/mcr; and (f)
COP. versus mygx/mad for refrigeration application

(a) P-T-w diagram; (b) SCE; (c) COP¢; (d) nu; (e) mag/mer; and (f)
COP. versus muex/mad for air-conditioning application

(a) P-T-w diagram; (b) SCE; (c) COPp; (d) Mu; (€) mag/mer; and ()
COP, versus mugx/mag for heat pumping application

Layout of the experimental setup of two-bed adsorption chiller along
with the image of control valve arrangement

Schematic of two-bed chiller with (valve 10) and without heat
recovery mechanism

Diihring diagram of the heat-powered cooling cycle: (a) without HR;
and (b) with HR

Computational validation of outlet streams for various components of
the system

Exergy destruction variations in various processes of thermal
compression

Percentage exergy destructions in thermal compression for (a) without
HR; and (b) with HR mechanism

Exergy destruction variations in condenser and evaporator

Exergy destruction variations in cooling tower and thermal energy
source

Percentage exergy destructions in various components during (a)
without HR; and (b) with HR mechanism

Exergy destruction variations in heat transfer, mass transfer, and hot
flushing processes

Percentage exergy destructions in heat transfer, mass transfer, and hot
flushing during (a) without HR; and (b) with HR mechanism

(a) Total exergy destruction variation; percentage exergy destructions
in all processes (b) without HR; and (c) with HR mechanism
Comparative performance based on COP versus (a) Tdes; (b) Teoot; and

(c) Tenin

XVi

70

71

72

75

79

80

82

94

95

96

97
98

99

100

101

102

105



Figure 4.14  Comparative study based on COP versus (a) Mhotcool; (b) mehin; and (¢) 106
Mcond

Figure 4.15 Comparative performance based on ep versus (a) Tdes; (b) Teoot; and (c) 107

Tenin

Figure 4.16  Comparative study based on ep versus (a) Mnocool; (b) Mehii; and (c) 108
Mcond

Figure 4.17  Optimal Pareto solution based on LINMAP for (a) without HR; (b) 108

with HR mechanism

Figure 5.1 Schematic of the experimental setup for carbonization and activation 115
processes

Figure 5.2 (a) Time-dependent heating for carbonization; Effect of carbonization 119
temperature on %Yield and C% for (b) SB_Char; and (c) RS_Char

Figure 5.3 Synthesizing steps including stages of slow pyrolysis and chemical 120
reactions during KOH activation for ACs

Figure 5.4 Experimental setup for proximate and ultimate analyses 123

Figure 5.5 Van Krevelen diagram of H/C and O/C ratio for precursors (SB and 124
RS), biochars (SB_Char and RS _Char) at different Tcarbo, and
activated carbons (SBAC and RSAC)

Figure 5.6 Thermogravimetric analysis (TGA) for SBAC and RSAC 126
Figure 5.7 (a) N2 ads-des isotherms; (b) BET plot; (c) Pore size distribution 130
(NLDEFT); (d) t-plot for SBAC and RSAC
Figure 5.8  DSC plot for SBAC and RSAC 132
Figure 5.9 XRD analysis for SBAC and RSAC 133
Figure 5.10 FESEM for (a) SB_Char; (b) SBAC; (¢) RS_Char; (d) and RSAC 135
Figure 5.11  FTIR analysis for SBAC and RSAC 136
Figure 6.1 Scope of the prepared ACs based on SgeT versus Vpore,tot 144
Figure 6.2 Experimental setup for thermal conductivity measurements 145
Figure 6.3 Specific heat capacity for SBAC and RSAC 146
Figure 6.4 Schematic diagram of the experimental setup for ethanol uptake 147
measurement
Figure 6.5 Linear fitting of ethanol adsorption experimental data with the D-A 149

equation for SBAC and RSAC

Xvii



Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11
Figure 6.12

Figure 6.13
Figure 6.14
Figure 6.15

Figure 6.16

Figure 6.17

(a) Adsorption-desorption isotherms; (b) NLDFT study; and (c)
Comparison of SBAC and RSAC with other similar adsorbents
available in the literatures

SEM analysis for (a) SBAC; and (b) RSAC

Adsorption isobars as a function of temperature for (a) SBAC; and (b)
RSAC

Adsorption isotherms as a function of relative pressure for (a) SBAC;
and (b) RSAC

Adsorption isotherms as a function of equilibrium pressure for (a)
SBAC; and (b) RSAC

Isosteric heat of adsorption for (a) SBAC; and (b) RSAC

Percentage improvement in effective uptake of studied working pairs
with Maxsorb composites

SCE as a function of Tevap and Tges for (a) SBAC; and (b) RSAC
Effect of Tdes on COPcool for (a) SBAC, (b) RSAC, and (c) COPyp
Schematic illustration of bioenergy-powered single-stage two-bed
ACS with assorted working pairs

Ratio of mad¢/mer as a function of Tevap and Taes for (a) SBAC; and (b)
RSAC

Comparison of the present working pair with other literatures

Xviii

151

153

154

155

156

158
160

161

164

165

166

168



LIST OF TABLES

Table 1.1
Table 1.2
Table 3.1
Table 3.2
Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 5.1

Table 5.2

Table 5.3

Table 5.4

Table 5.5

Table 5.6

Table 6.1

Table 6.2

Table 6.3

Table 6.4
Table 6.5

Physical properties of adsorbents for adsorption cooling system (ACS)
Physical properties of adsorbates for adsorption cooling systems (ACS)
Porous properties and fitting parameters for selective carbon adsorbents
Coefficients for specific heat equations for adsorbents and refrigerant
Fitting parameters of Toth equation for silica gel-water pair and
thermophysical properties of different heat exchanging components
Design and tuning parameters used for multi-objective optimization by
NSGA II

Exergy destruction (kJ/kg) at various state points of cycle time under
typical operating conditions

Optimal design parameters obtained by a multi-objective optimization
Optimal design parameters: GA v/s PSO v/s NSGA 11

Optimal objective parameters COP.yc, ep, heat input, and ncniier obtained
by the multi-objective optimization algorithm

Physical and chemical characterization of precursors, biochar, and ACs
of SB and RS at Tcarbo = 600 °C

Information about all the instruments used, including their model
number, and country of manufacture

Porous properties of agro-waste biomass-derived ACs

Laboratory scale cost analysis for the production of activated carbon
Comparison of the BET surface area (Sget) of SBAC and RSAC with
commercial activated carbons (CACs)

Comparison of the BET surface area (Sget) of SBAC with similar
SBACs from literature, based on their activation agent and conditions
Thermophysical and porous properties of SBAC and RSAC

Adsorption parameters of D-A isotherm model for studied working pairs
Effective uptake of assorted adsorbent-refrigerant pair at various
desorption temperatures for studied applications

Minimum desorption temperatures at different evaporator conditions

Optimum values of COP, SCE, and mad¢/mcf corresponding to optimal T ges

Xix

53

54

81

93

103

109

110

110

125

127

131

138

140

141

146

149

159

162
167



NOMENCLATURE

LHV

m or M

Area of cross-section of mass transfer, (m?)
Antoine equation coefficients, (-)
Specific heat, (kJ/kg-K)
Heterogeneity parameter, (-) or diameter, (mm)
Preexponential constant, (m?/s)
Average pore width, (nm)
Activation energy, (kJ/kg)

Exergy destruction rate, (kW/kg)
Specific exergy destruction, (kJ/kJ)
Height, (mm)

Higher calorific value, (kcal/kg)
Latent heat of vaporization, (kJ/kg)
Thermal conductivity, (W/m-K)
Pre exponential Toth’s constant, (Pa’)
Lower heating value, (kcal/kg)
Mass, (kg)

Mass flow rate, (kg/s)

Index parameter, (-)

Number of segments

Pressure, (kPa)

Equilibrium pressure, (kPa)
Relative pressure, (kPa/kPa)
Saturation pressure, (kPa)

Thermal energy, (kJ)

Isosteric heat of adsorption, (kJ/kg)
Heat transfer rate, (kW)

Gas constant, (kJ/kg-K)

Radius of adsorbent particle, (m)
Surface area, (m?/g)

Specific cooling energy, (kJ/kg)
Entropy generation rate, (kW/kg-K)
Temperature, (K)

XX



t Time, (s)

To Reference or dead state temperature, (K)

UA Overall heat transfer capability (kW/K)

\Y Volume, (m?)

Va Volume of gas adsorbed, (cm?/g)

Vp Micropore volume, (cm?/g)

W or Xeq Equilibrium adsorption uptake, (kg/kg)

W Maximum adsorption uptake, (kg/kg)

X Concentration of refrigerant, (kg/kg)

x* Saturation concentration of refrigerant, (kg/kg)
Greek symbols

a Correlation coefficients

B Constant

A Difference

n Efficiency

0 Surface coverage

P Density, (kg/m?)

[0) Time of commencement of switchover phase, (s)
Abbreviations

AC Activated carbon

ACDS Adsorption cooling cum desalination system
ACF Activated carbon fibre

ACS Adsorption cooling system

BET Brunauer-Emmett-Teller

BP British Petroleum

CAC Commercial activated carbon

CC Cooling capacity

COF Covalent organic framework

COP Coefficient of performance

CP Cooling power

DI Deionised water
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DSC
ED
FESEM
FFT
FTIR
GA
GNP
HEx
HMR
HR

HS

HT
LINMAP

LMTD

MOF
MR
MXC or ACC
N
NLDFT
NRMSE
NSGA
PSO
PVA

RS
RSAC
SB
SBAC
SCP
SDWP
T&S
TCE
TFT

Differential scanning calorimetry

Exergy destruction rate

Field emission scanning electron microscopy
Flat finned tube

Fourier transform infrared

Genetic algorithm

Graphene nanoplatelet

Heat exchanger

Heat and mass recovery

Heat recovery

Hybrid system

Heat transfer

Linear programming technique for multidimensional analysis of
preference

Logarithmic temperature difference
Mangrove wood

Metal-organic framework

Mass recovery

MaxorbllIl composite

Number of pores

Non-local density functional theory
Normalized root mean square error
Non-dominated sorting genetic algorithm
Particle swarm optimization

Polyvinyl alcohol

Rice straw

Rice straw-derived activated carbon
Sugarcane bagasse

Sugarcane bagasse-derived activated carbon
Specific cooling power

Specific daily water production

Tube and shell

Thermal conductivity enhancer

Traditional finned tube
xxii



WP Working pair
WPT Waste palm trunk
XRD X-Ray diffraction

Sub- and Super- scripts

act Actual or activation
ad Adsorbent

ads Adsorption

adsr Adsorber

amb Ambient

appx Approximately

avg Average

bed Adsorbent bed

carbo Carbonization

Cdev Combustion device or gasifier
cf Combustion fuel

chill Chilled water

comb Combustion

cond Condenser

cool orc Cooling or adsorption
coolT Cooling tower

cyc Cycle

des Desorption

desr Desorber

eff Effective

eq Equilibrium

evap Evaporator

exe Exergy

exp Experimental

f Final

HEx Heat exchanger

hot or h Heating or desorption
hotF Hot flushing

hp Heat pumping
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HR
Hrej
HT

in
max
meso
micro
min
MR
MT
norm
num
opt

out

pore
preC
preH
rec

ref
short
switch
thermC
thermS
tot

void

Heat recovery
Heat rejection
Heat transfer
Initial or inner
Inlet or input
Maximum
Mesopores
Micropores
Minimum

Mass recovery
Mass transfer
Normalized
Numerical
Optimum

Outlet

Particle

Pores

Precooling
Preheating
Recovery
Refrigerant
Shortest

Switching
Thermal compression
Thermal energy source
Total

Uptake

Voids in adsorbent

Water
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