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Career Objective:

Highly dedicated and devoted to work for achieving the proposed and desired goal. | ever excel

myself by learning everything which comes in my way, which helps me to work in a

challenging environment.

Personal Objective:

To attain the greatest height in my life and to give the best out of me in every endeavour.

Educational Qualifications:

Program Institution/School
Ph.D. in Thermal Engineering IIT Indore

M.Tech. in Energy System and Pollution NIT Raipur

B.E. in Mechanical Engineering Pt. R.S.S.U. Raipur
Xl Bhilai Vidyalaya, Bhilai
X Bhilai Vidyalaya, Bhilai

CGPA/%

8.33

9.49

8.35

70.2

69

Year of Completion
2017
2011
2007
2003

2001

Major Courses taken in Ph.D. and M.Tech. Program:

e Computational Fluid Dynamics (CFD)

Principle of Measurements

Design of Thermal System

Heat Exchanger Design

Alternative Fuels and Advance in I.C. Engine

Conventional Energy Conversion System

Energy Management

Recent Advances in Heat Transfer
Computational Numerical Methods

Non-conventional Energy Sources

Energy Pollution and Control

Noise and Pollution Monitoring Instrumentation
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Position of Responsibility:

e Teaching Assistant for Heat Transfer, Basic Mechanical Engineering and Heat Transfer
Lab in the Discipline of Mechanical Engineering at Indian Institute of Technology Indore.
(January 2013 to August 2017)

Achievements:

e Received DST Travel Support for attending an International Conference (IMPRES 2016)
held at Taormina, Sicily, Italy.

e GATE score card

e Secured First Rank in the Institute level in M.Tech. Program at NIT Raipur.

e Secured Third Rank in the college level in B.E. Program at RCET Bhilai.

Computing Skills:

e Languages: C, MATLAB
e Software: AutoCAD, Polysun

Technical Interests:

e CO2 Capture and Sequestration

e Adsorption based Gas Storage Systems
e Adsorption based Cooling Systems
e Thermal Energy Storage Systems

Projects:

e Ph.D. Level: Measurement of CO2 Adsorption Isotherms and Kinetics of Activated Carbons
Suitable for the Development of CO2 based Adsorption Cooling Systems (Please refer
annexure ) (January 2013 to August 2017)

e PG Level: Energy and Exergy Analysis of a Steam Power Plant (Please refer annexure I1)

(July 2010 to December 2011)

e UG Level:
v" Thermodynamic Analysis of Catalytic Converter for Vehicular Emission Control of S.1.
Engine. (July 2006 to May 2007)
v Study of Bio-Diesel & Its Application. (January 2006 to May 2006)
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Professional Experience:

- Name of Organization ~ Position Held ~ Nature/Type of Work ~ Period (From - To)
MITS Madanapalle Sr. Assistant Professor Teaching/Research 08/01/2018 — Till Date

CCET Bhilai Assistant Professor Teaching 03/01/2011-10/12/2012
RCET Bhilai Lecturer Teaching 09/08/2008-16/02/2009

Co-Curricular Activities:

e Two weeks vocational training at “Bhilai Steel Plant” after 5" semester.
e One-month project-based training at “Bhilai Steel Plant” in 51 MW Power Plant-1 after

M.Tech. 3" semester.

Extra-Curricular Activities:

e Active member of editorial board of college magazine “EYE”.
o Participated in Senior UN Information Test.

e Active member of organizing committee of various events at college level.

Publications:

Journals: (January 2013 to Till date)

1. Vinod Kumar Singh, E. Anil Kumar, Measurement and analysis of adsorption isotherms of
CO- on activated carbon, Applied Thermal Engineering 97 (2016) 77-86. (I.F. - 4.725)

2.Vinod Kumar Singh, E. Anil Kumar, Measurement of CO adsorption kinetics on activated
carbons suitable for gas storage systems, Greenhouse Gases: Science and Technology 7 (1)
(2017) 182-201. (I.F. - 1.979)

3. Vinod Kumar Singh, E. Anil Kumar, Experimental investigation and thermodynamic analysis
of CO; adsorption on activated carbons for cooling system, Journal of CO, Utilization 17
(2017) 290-304. (I.F. - 5.993)

4.Vinod Kumar Singh, E. Anil Kumar, Thermodynamic analysis of single-stage and single-
effect two-stage adsorption cooling cycles using indigenous coconut shell based activated
carbon-CO pair, International Journal of Refrigeration 84 (2017) 238-252. (I.F. - 3.461)
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5.Vinod Kumar Singh, E. Anil Kumar, B.B. Saha, Measurement of adsorption isotherms,
kinetics and thermodynamic simulation of CO2-CSAC pair for cooling application, Energy 160
(2018) 1158-1173. (I.F. - 6.082)

Scopus/Conference Proceedings:

1. Vinod Kumar Singh, E. Anil Kumar, Comparative studies on CO2 adsorption kinetics by solid

adsorbents, Energy Procedia 90 (2016) 316-325.
2.Reema Saxena, Vinod Kumar Singh, E. Anil Kumar, Carbon dioxide capture and

sequestration by adsorption on activated carbon, Energy Procedia 54 (2014) 320-329.
3.Vinod Kumar Singh, E. Anil Kumar, Comparative studies on CO2 adsorption isotherms by

solid adsorbents, Materials Today Proceedings 5 (11) (2018) 23033-23042.

International Conferences:

1.Vinod Kumar Singh, E. Anil Kumar, B.B. Saha, Performance evaluation of adsorption
cooling system: A comparative study, ICP 2019, Kyushu University, 15"-17"" May 2019,
Japan.

2.Vinod Kumar Singh, E. Anil Kumar, Estimation of thermodynamic properties of CO>
adsorption on activated carbon, 6" International Conference on Advances in Energy
Research (ICAER 2017), IIT Bombay, 121-14" December 2017, Mumbai, India.

3. Vinod Kumar Singh, E. Anil Kumar, Characterization of carbon dioxide adsorption isotherms
and Kkinetics on activated carbon for cooling system, IV International Symposium on
Innovative Materials for Processes in Energy Systems 2016 (IMPRES 2016), Hotel Villa
Diodoro, Taormina, 23"-26™ October 2016, Sicily, Italy.

4. Vinod Kumar Singh, E. Anil Kumar, Comparative studies on CO2 adsorption kinetics by solid
adsorbents, 5" International Conference on Advances in Energy Research (ICAER 2015),
IIT Bombay, pp. 968-975, 15"-17"" December 2015, Mumbai, India.

5. Vinod Kumar Singh, E. Anil Kumar, Comparative studies on CO> adsorption isotherms by
solid adsorbents, 5" International Conference on Advances in Energy Research (ICAER
2015), 11T Bombay, pp. 959-967, 15"-17"" December 2015, Mumbai, India.

6. Vinod Kumar Singh, E. Anil Kumar, Studies on adsorption isotherm and kinetics of CO2 by
activated carbon, International Conference on Polygeneration (ICP 2015), Anna University,
18"-20" February 2015, Chennai, India.

7.Vinod Kumar Singh, E. Anil Kumar, Studies on CO, adsorption by activated carbon,
International Conference on Environment and Energy (ICEE 2014), INTU Hyderabad, 15"-
17" December 2014, Hyderabad, India. (ISBN: 978-93-81212-96-7).
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8.Reema Saxena, Vinod Kumar Singh, E. Anil Kumar, Carbon dioxide capture and
sequestration by adsorption on activated carbon, 4™ International Conference on Advances in
Energy Research (ICAER 2013), IIT Bombay, pp. 785-793, 10M-12" December 2013,
Mumbai, India. (ISBN: 978-81-928795-0-5)

9. Vinod Kumar Singh, Rahul Salhotra, Energy and exergy analysis of a 36 MW thermal power
plant, 1%t International Conference on Mechanical Engineering: Emerging Trends for
Sustainability, MANIT Bhopal, pp. 1069-1077, 29""-31% January 2014, Bhopal, India.

Citations:
Google Scholar  Scopus
Total Citations 260 211
h-Index 7 7
i10-Index 7 7

Workshops/Seminars/Short term Courses:

1. Delivered Webinar on “Development of CO2 based Adsorption Cooling Systems” during 2"
June 2020 at 11:00 AM organized by Department of Mechanical Engineering, Sagar Group of
Institution Bhopal.

2. Attended two days International workshop on “Materials for Energy Conversion and
Storage” during 24" to 25" December 2019 organized by Department of Mechanical
Engineering, IIT Tirupati, Tirupati, India.

3. Attended one-week Workshop on “Electronic Systems for Mechanical Automation &
Robotic Technology (eSMART 2019)” during 20" to 24" May 2019 organized by Department
of Mechanical Engineering, NIT Silchar, Silchar, India.

4. Attended one-week Quality Improvement Programme on “Instructional Design and Delivery
System” during 25" to 29" June 2018 organized by Department of Mechanical Engineering,
MITS Madanapalle and NITTTR Chennai, Madanapalle, India.

5. Attended one-week GIAN Course on “Fundamentals and Applications of Absorption Heat
Pumps and Refrigeration Systems” during 14" to 19" December 2017 organized by
Department of Mechanical Engineering, IIT Indore, Indore, India.

6. Attended two-week GIAN Course on “Adsorption Science and Technology for Cooling and
Desalination Applications” during 11" to 21% September 2017 organized by Department of
Mechanical Engineering, IIT Indore, Indore, India.
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7. Attended one-week GIAN Course on “Introduction to Thermal Systems Design” during 11™
to 15" September 2017 organized by Department of Mechanical Engineering, IIT Indore,
Indore, India.

8. Attended one-week GIAN Course on “Second Law Analysis of Thermal Energy Storage
Systems” during 17" to 22" July 2017 organized by Department of Mechanical Engineering,
IIT Indore, Indore, India.

9. Attended two-week GIAN Course on “Introduction to Heat Pipe Science and Technology”
during 6" to 19" December 2016 organized by Department of Mechanical Engineering, IIT

Indore, Indore, India.

Project:

Project Title: Experimental and theoretical assessment of figures of merit and development of
framework for the optimization of modified microencapsulated organic Phase
Change Materials (Submitted)

Funding Agency: DST Govt. of India (Indo-Israel Collaboration)

Amount: INR 10750000/-

Duration: 2 Years

Designation: Co-PI’s

Personal Profile:

Name: Vinod Kumar Singh

Father’s Name: Mr. Gokaran Singh

Mother’s Name: Smt. Prema Devi

Date of Birth: 16" April, 1986

Gender: Male

Marital Status: Married

Languages Known: English, Hindi

Contact Address: Orchid 18, Chouhan Green Valley, Nearby Shri Shankaracharya

College of Engineering and Technology, Junwani Road, Bhilai,
Dist.- Durg, State: Chhattisgarh, Pin:490020

Email-id: vinod.1016singh@gmail.com

Mobile No.: +919993539637
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References:

1. Dr. E. Anil Kumar
Associate Professor
Department of Mechanical Engineering
Indian Institute of Technology Tirupati
Email-id: anil@iittp.ac.in
Mobile No.: 7879779188

2. Dr. Santosh K. Sahu
Associate Professor
Discipline of Mechanical Engineering
Indian Institute of Technology Indore
Email-id: sksahu@iiti.ac.in
Mobile No.: 9589116530

3. Dr. Devendra Deshmukh
Associate Professor
Discipline of Mechanical Engineering
Indian Institute of Technology Indore
Email-id: dldeshmukh@iiti.ac.in
Mobile No.: 9407156827

4. Prof. Bidyut Baran Saha
Professor and Principal Investigator,
Thermal Science and Engineering Division
International Institute for Carbon-Neutral Energy Research (WPI-I2CNER)
Professor, Mechanical Engineering Department Kyushu University
Adjunct Professor, Kyushu University Program for Leading Graduate School, Green
Asia Education Center
Email-id: saha.baran.bidyut.213@m.kyushu-u.ac.jp
Tel. No.: +81-92-583-7903

Declaration of Authenticity:

| declare hereby, that the information furnished above is true to the best of my knowledge and
belief.

Place: Madanapalle
Date: 02/11/2020

VINOD KUMAR SINGH
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Annexure |: Ph.D. Thesis

Title: Measurement of CO2 Adsorption Isotherms and Kinetics of Activated Carbons Suitable
for the Development of CO; based Adsorption Cooling Systems.

Thesis Supervisor: Dr. E. Anil Kumar (Associate Professor, IIT Indore)

Abstract: Adsorption of CO> on activated carbons is widely utilized in gas storage systems and
adsorption-based cooling systems. Selection of CO»-activated carbon pairs for gas storage and
cooling systems is mainly influenced by adsorption isotherms, adsorption Kinetics,
thermodynamic properties and operating conditions. The elaborated research work aims at
experimental and theoretical studies on CO; adsorption of various activated carbons namely
Norit RB3 (steam activated rod) (AC1), Norit Darco (100 mesh size) (AC2) and Norit Darco
(12x20 US mesh size) (AC3) and coconut shell based activated carbon (CSAC) for the
development of CO> based adsorption cooling systems.

The numerical simulation is carried out to study the rate of adsorption of the CO> gas on
activated carbon. A one-dimensional mathematical model is proposed based on the Dubinin’s
theory of volume filling of micropores, and analyzed along with the unsteady heat transfer. A
parametric analysis is carried out to study the effect of various crucial parameters like radius of
bed, cooling fluid temperature, initial bed temperature and heat transfer coefficient on the
adsorption amount. The results show that lower bed radius is ideal for obtaining high amount of
CO- adsorbed assuming constant packing density. Also, a high heat transfer coefficient up to
100 W/m? K and low cooling fluid temperature of 283 K is necessary for speeding up the
process. High initial bed temperature also supports greater adsorption amount under the same
conditions.

In the present study, the CO2 adsorption isotherms of activated carbons are measured
using a Sievert’s type experimental setup at wide range of temperatures from 273 to 358 K.
Experimental data of CO> adsorption isotherms is modelled using Langmuir, Téth, Dubinin-
Astakhov (D-A) and modified Dubinin-Astakhov model. Pseudo-saturation pressure of CO:
plays a significant role in the estimation of thermodynamic properties of supercritical gas
adsorption, and it is evaluated using measured adsorption isotherms data. The thermodynamic
properties namely isosteric heat of adsorption at surface loading, Gibbs free energy, and entropy
are evaluated using classical Clausius-Clapeyron equation and Dubinin-Astakhov model for
both subcritical and supercritical phases of CO2 respectively. Adsorbed phase specific heat
capacity, entropy, and enthalpy are also estimated.

The adsorption kinetics of CO2 on activated carbons (AC1, AC2, AC3 and CSAC) are
measured at different supply pressures (1, 5, 10 and 20 bar) and temperatures (298, 308, 318 and
338 K) using volumetric method. Activation energies at different pressures are calculated by

fitting the Arrhenius equation to the adsorption Kinetics data. Analysis of mechanism of
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interaction between CO2 molecules and adsorbents during the adsorption process is attempted
using interparticle and Boyd’s diffusion models. It has been found that the film-diffusion is an
important rate controlling step in CO2 adsorption process.

The adsorption-based cooling/heating systems have been paid more attention owing to
free of moving parts, simpler control, lesser operational cost and utilization of waste heat. They
are non-toxic and eco-friendly as compared to the mechanical vapor compression cooling
systems. CO, has emerged as a next generation promising refrigerant for an adsorption-based
cooling system for the possible applications in commercial/residential cooling, vehicle air-
conditioning, and large refrigeration systems. The measured adsorption isotherms data and
estimated thermodynamic properties are used for the thermodynamic analysis of single-stage
and single-effect two-stage adsorption cooling system. The single-stage CO> based cooling
system performance parameters in terms of maximum theoretical specific cooling effect (SCE)
and coefficient of performance (COP) are estimated for the driving heat source temperature of
80°C at four cooling temperatures of 0, 5, 10 and 15°C with a fixed adsorption/condenser
temperature of 25°C. All the four activated carbons are found suitable for developing CO-
activated carbon pairs-based cooling system. The maximum SCE and COP are obtained as 25.87
kJ/kg and 0.10 respectively.

In addition, the performance of the adsorption cooling cycle in terms of the maximum
theoretical SCE and COP of single-effect two-stage adsorption cooling system using CSAC at
different driving heat source temperatures (80°C for single-stage and 65°C for single-effect two-
stage) and evaporator temperatures (0, 5, 10 and 15°C) is estimated. The maximum values of
specific cooling effect and coefficient of performance are obtained as 9.26 kJ/kg and 0.06 for
single-stage and 8.85 kJ/kg and 0.04 for single-effect two-stage cooling system respectively.

This thesis presents important data related to experimental measurement and theoretical
modelling of CO: adsorption isotherms and Kkinetics of activated carbons. Important
thermodynamic properties are estimated from adsorption isotherms and kinetics data. Single-
stage and single-effect two-stage adsorption refrigeration cycles are analyzed
thermodynamically. The results obtained will add value to the knowledge base of CO:
adsorption isotherms and kinetics, thermodynamic properties of activated carbons and CO>

based adsorption cooling systems.
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Annexure Il: M.Tech. Thesis

Title: Energy and Exergy Analysis of a Steam Power Plant.

Thesis Supervisor: Prof. Rahul Salhotra (Professor, NIT Raipur)

Abstract: This work is based on the application of second law of thermodynamics for energy
efficient design and operation of the conventional coal fired power generating stations. The
steam power plant has been used for the analysis at both design conditions and at present
working conditions. The usual energy analysis evaluates the energy generally on its quantity
only. However, the exergy analysis assesses the energy on quantity as well as the quality. The
primary objectives of this thesis are to analyze the system components separately and to identify
and quantify the sites having larges energy and exergy losses. In addition, the effect of varying
the reference environment state on this analysis will also be presented. The aim of the exergy
analysis is to identify the magnitudes and the locations of real energy losses, in order to improve
the existing systems, processes or components. This thesis deals with an energy and exergy
analysis performed on an operating 36 MW unit of steam power plant at power station-1, Bhilai
steel plant, Bhilai, India. The exergy losses occurred in the various subsystems of the plant and
their components have been calculated using the mass, energy and exergy balance equations.

The comparison between the energy and exergy losses of the individual components of
the plant shows that the maximum energy losses of 52.64 MW in occur in the condenser,
whereas the maximum exergy losses of 55.52 MW occur in the boiler. On the other hand, the
exergy analysis of the plant showed that energy lost in the condenser is thermodynamically
insignificant due to its low quality. Energy loss in the boiler system, it was found to be 46.19%
and also less than 4% for all other components. In addition, the calculated thermal and exergy
efficiency of the power cycle was 33.86% and 30.25%, which is low compared to the modern
power plants.

The major source of exergy destruction was the boiler system where chemical reaction
in a combustion chamber is the most significant source. Exergy destruction in the combustion
chamber is mainly affected by the excess air fraction and the temperature of the air at the inlet.
The inefficiencies of combustion can be reduced by preheating the combustion air and reducing
the air-fuel ratio. Although the percent exergy destruction and the exergy efficiency of each
component in the system changed with reference environment temperature, the main conclusion

remains the same; the boiler is the major source of irreversibility in the thermal power plant.
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SEM1 | SEM2 | SEM3 | SEM4 | SEMS | SEM6 | SEM7 | SEMS8

SPI * » 8.09 L4 * * * L

Date  20/04/2005 A ”J LJ)
8. O, (Ciden. Some.

arunmnlw
Pt. Mﬁ"m UglaRamersd Raipur (C.G)
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Pt. RAVISHANKAR SHUKLA UNIVERSITY, RAIPUR (C.G.)
Grade Sheet '

B.E. SEM. 4TH MECHANICAL ENGG. MAY.2005

Roll No. 46432 Name VINOD KUMAR SINGH
Enroliment No. NN 25909 Father's Name  GOKARANSINGH
Mother's Name Smt. PREMA DEVI

Center Name RUNGTA COLLEGE OF ENGG.& TECHNOLOGY ,BHILAI

Subject L T P | Credit | GA | GP | CP
MECHMEASUREMENTS & METROLOGY 2 114 5 AB 9 | 45
'MANUFACTURING  SCIENCEaI | ¥l sde .l . : 3 | ec| 7 |2
APPLIED THERMODYNAMICS | Tl e 6 | BB | 8 |48 | *®
'AB{@&&&Q&@&&'&%&&M """"""" s 1]le ] o se] 21 |
| KINEMATICSOFMACEDE | 3 s a3 6 | BB | s | 48 |
'MQEAL%@%&&&;&&&@& & a1 1s | ¢ | | o4 @
"ég}ééiigl;ﬁ}iﬁ&i{& """""""""""" o1 Gda k¢ s 2| aal| 10 20

.
. [
Grand Totals ' 32 258

SEM1 | SEM2 | SEM3 | SEM4 | SEM5 | SEM6 | SEM7 | SEMS8

SP| * * * 8-06 * & * *

Date : 24/10/2005

PL. Ravish ;Reg;tra?.:.f r},p;t
Pt. R.S. Shukla University,Raipur (C.G)
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Pt. RAVISHANKAR SHUKLA UNIVERSITY, RAIPUR (C.G.)
Grade Sheet
B.E SEM.-5TH MECHANICAL ENGG. NOV.2005

Roll No. 46432 Name VINOD KUMAR SINGH
Enrollment No. NN 25909 Father's Name  GOKARAN SINGH
Mother's Name Smi. PREMA DEVI

Center Name RUNGTA COLLEGE OF ENGG.& TECHNOLOGY,BHILAI

Subject L T P Credit GA GP CP

MANAGEMENT SCIENCE 2 1 3 AB 9 27
WT'ERNALCOMBUSTION ENGINE 2 1 3 5 BB 8 40

MﬁCHINE DESIGN-1 3 1 3 6 BB 8 48

DYNAM]CS OF MACH]NE 3 1 3 6 BB 8 48

I"LUID MACH]NERY 3 Lo -3 6 AB 9 54

GENERAL PR()FICIENCY 2 AA 10 20

Grand Totals 32 273

SEM1 | SEM2 | SEM3 | SEM4 | SEMS | SEME | SEM7 | SEM8 | REMARKS

sei| ¢ | » * * 8.53 » = .

Date - 04/04/2006

~TEwam]
arsifs
PLR.S. Shulid “Rw";'fgr"l’é’
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Pt. RAVISHANKAR SHUKLA UNIVERSITY, RAIPUR (C.G.)
Grade Sheet

B.E.SEM.-6TH MECHANICAL ENGG. MAY.2006

Roll No. 46432 Name VINOD KUMAR SINGH
Enrollment No. NN 25909 Father's Name  GOKARAN SINGH
Mother's Name Smt. PREMA DEVI

Center Name RUNGTA COLLEGE OF ENGG.& TECHNOLOGY BHILAI

Subject L T P Credit GA GP CpP
PROJECT MANAGEMENT & BUSINESS MANAGF 2 1 3 BB 8 24
. ]NDUS’I’RIAL ENGINEERING ---------------------------- S l ------------------------ 3 BC --------- 7 | 21
: PR{)DUCT EEVELOPMENT 3 I ---------------------- st BC --------- 7 IIIIIII 2 8
MacipDESIGNH ool 3 1] s | 6| am| e s
--.-I;I-II\IERGY CONVERSION  SYSTEM 3 1 il = 6 ------- BB 8 48
IHOPERATION RESEARCH RIEE o wAnGaakaw SWOKLA] 3 ---------- l 3 --------------- 6 --------- AA ------- iD 8 60
”-COMPUTERA]DED DRAFTING ey (e 3 2 7 AB K 9 ------ 18
"}3'&&@}1{6&5&&& """"""""""""""""""""""""" S 2| aa|l 0| 2
- e B I T R
Grand Totals 32 273

SEM1 | SEM2 | SEM3 | SEM4 | SEM5 | SEM6 | SEM7 | SEMS8 REMARKS

SPI * * * * * 8.53 * #*

Date: 21/11/2006

DeputiR@gisirad: (Exam.)
PL R.SpSimdbiler Liniversily, iRepvertilyG.)
RAIPUR [C. G.]




B.E. SEM. -7TH MECHANICAL ENGG. JAN.2007

Roll No. 46432
Enrollment No. NN 25909

Name
Father's Name
Mother's Name

VINOD KUMAR SINGH
GOKARAN SINGH

Center Name RUNGTA COLLEGE OF ENGG.& TECHNOLOGY,BHILAI

Smt. PREMA DEVI

4. (e Yo favataemea, &g (8.7.)

Pt. RAVISHANKAR SHUKLA UNIVERSITY, RAIPUR (C.G.)
Grade Sheet

Subject L T P Credit GA GP CP
AUTOMOBILE ENGINEERING 2 1 3 5 AB 9 45
HEAT & MASS TRANSFER 3 1 3 6 BB 8 48
COMPUTER AIDED DESIGN 3 1 3 6 AB 9 54
ENTREPRENEURSH]P 2 1 3 AB 9 27
QUALITY CONTROL & MAINTENANCE ENGG 3 1 4 AB 9 36
PROJECT SEMINAR 7 4 AA 10 40
GENERAL PROFICIENCY 2 AA 10 20
Grand Totals 30 270

SEM1 | SEM2 | SEM3 | SEM4 | SEM5 | SEM6 | SEM7 | SEM8 REMARKS
SPI * * * * * * 9.00 *

Date : 20/04/2007

31:}"(

Pt. R.S. Shukla University, Raipur (C.G.)
Assistant Registrar (Exam.)

Pt. Ravishankar Shukla University

RAIPUR (C. G.)

_T—_‘
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Pt. RAVISHANKAR SHUKLA UNIVERSITY, RAIPUR (C.G)

Grade Sheet
B.E.SEM.-8TH MECHANICAL ENGG. APRIL-gOO?

Roll No. 46432 Name VINOD KUMAR SINGH
Enrollment No. NN 25909 Father's Name  GOKARAN SINGH
Mother's Name Smt. PREMA DEVI

Center Name  RUNGTA COLLEGE OF ENGG.& TECHNOLOGY,BHILAI

Subject L T P Credit GA GP | CP
ENGINEERING ECONOMICS 3 1 4 AB 9 36
"mmmm&m coNDmonG 41 i=Es 7 | | s | s
mmpmm ENMRNG v I : 5 39340
MAGHDETOOLDESIGN .| 3| 1| ] Al e
mnoaoncsmcpu.momas 4 ....... % P A 5 BC 735
 PROJECT SEMINAR o s KA P N 1 sl Wl
mﬁmmmcmﬁ& U (GO, SAVEHAMKAR, SHUKUAY <. e e SRS S Qmw =
Grand Totals 3 263

SEM cP CREDIT

First 250 32 e 8.48

P 252 32 CPI - 8.35

Third 259 32 RESULT  PASS 1ST WITH HONOURS

Fourth 258 22

Fifth 7y 2

Sixth 273 32

Seventh N =

Eighth L -
. 8062007 mﬂvf

r
PL R.S. Shytla, SO Rialnsar i )
Pt. Ravishankar Shukla Universily
RAIPER(C. G.)

|

i



PT. RAVISHANKAR SHUKLA UNIVERSITY. RAIPUR

surie oife Sofifaaizar.
(BACHELOR OF ENGINEERING)

gaifora fean wmar & o

0PIV GP RIS IE
A Qo0 % 7w favafauram W damz ol Siferafian
Qe ZIR M § @ erre Te e
. geief Y| TE AT PR IaEE?

isifrafen & dass2 oiie sslfaafzar =1 sufs sT=
oot g\ :

' This ig to cextify that
7 irewdt Peagnir SLivp

baving passed the Bachelor of Engineering €xamination of 2227 of

the Wniversity in the Trs? Bivision, L Ll Hrre s

is abmitted todap to the Begree of the Bachelor of Engineering

" Hectpredead Cngineering.
Raipur, Dated /@TANKI0E

jssued on.—= 3 1 JUL 2008 KULPAT)
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BTG, A
CHHATTISGARH, INDIA
HTEZT 37w ATl
MASTER OF TECHNOLOGY

e frr ot @ B AR g EE
Noqf 2011 ¥ =7 T gRT ST ISR i Sawiaioil

& oden AT T 0ve O™ ¥ fafersearn
aftd  AREEd st {9 AW qigd
& STt Bl

This is to certify that VINOD KUMAR SINGH
having passed the MASTER OF TECHNOLOGY examination
with specialization in  ENERGY SYSTEM & POLLUTION from
the Department of =~ MECHANICAL ENGINEERING of this
institute WITH HONOURS, in the year 2011, is being
awarded the degree of MASTER OF TECHNOLOGY.

e afed e Ud 3reue, 3rfiug 3reger, IRt AT
Registrar Director & Chairman
Chairperson, Senate Board of Governors
gy, 19 7¥ 2012

Raipur, 19 Mgy 2§12

Enroll. No. : 080820

TR



YR ST JEerm= g<R
INDIAN INSTITUTE OF TECHNOLOGY INDORE

w4 s RUIE /SEMESTER GRADE REPORT

fé=17ep / Date: July 17, 2013

BT / AT T ATH AT . R ayg fasmr g
Student's Name Roll No. Semester Year Deptt. Code
Vinod Kumar Singh 12120304 | Spring 2013 1 ME
%3 / Programme: Ph.D.
fq99T / Department: Mechanical Engineering
Course Code Course Name Course Credit | Grade Obtained
ME 601 Principles of Measurements 4.0 AB
ME 618 Computational Fluid Dynamics (CFD) 3.0 BC
ME 798 Seminar Course 2.0 AB
Al TF WA i vede
Current Semes ter Performance Cummulative Performance
Total Credit Registered | Grade Points SPI Total Credit Registered | Grade Points | CPI
9.0 75.0 8.33 9.0 75.0 8.33

)
Deputy Registrar (Academic)

Dy.aegistrar (Academic)

IIT Indore




il denforast diveme soclz E-mail : dracademic@iiti.ac.in
Aaifirs Rsmst
mm‘ msﬁn: ‘-;"a HH?H&III%QI_ m

Indian Institute of Technology Indore
Academic Section
Khandwa Road, Simrol, Indore - 453 552, Madhya Pradesh, India

|Jopuj 1ii

PROVISIONAL DEGREE CERTIFICATE

This is to certify that

Vinod Kumar Singh
Roll no. 12120304

has successfully completed all the prescribed requirements for award of the degree of

Doctor of Philosophy (Ph.D.)
n

Mechanical Engineering

of the Institute securing a CPI of 8.33 out of the maximum CPI of 10.00
on October 23, 2017.

The title of his thesis is:
“Measurement of CO: Adsorption Isotherms and Kinetics of Activated Carbons Suitable for
the Development of CO: based Adsorption Cooling Systems”

The degree shall, however, be conferred at the next convocation subject to the ratification by
the Senate and Board of Governors of the Institute.

0 San— q,‘lll“’ Y
Date: October 27, 2017 Dy. Registrar, Academic Affairs
Place: Indore '

Dy. Registrar {Acauenie)
IIT Indore

Scanned by CamScanner



MADANAPALLE INSTITUTE OF

V& TECHNOLOGY & SCIENCE
N (UGC - AUTONOMOUS)

PRO
CEEDINGS No. MITS/Estt./H.R/Appt.271/2017-18, Dated: 08/01/2018

intm r
Committee’s report dated 22.12.2017,

am Singh, resident of philal \s appo\nted as a
f Mechanical gngineering in this institute

6/- p.m. as per AICTE VII Pay Scal_e.

the Selection
h, S/0. shri Gokar
2 in the Department 0

lary of Rs. 1,08,72

In pursuance of

Dr. Vinod Kumar Sing
Sr, Assistant Professor -
and he will be paid gross sa
nable him to
s stipulated.
desires to
f notice

the career of the selected applicant and e

handle, a minimum service of 2 years i
year. If the applicant

y2 month’s salary in lieu O

In order to provide stability to

complete the projects he may
However, probation will pe only for a period of one
leave, he needs to give two month’s prior notice or pa

period.

s to relieve him, one month prior notice shall be given or

ge intend
f notice period.

» In case this colle
hall be paid in lieu o

one month salary s
»He shall submit all him original certificates at the time of joining.

bide by the rules & regulations of the college.

08.01.2018.

»He shall 2

He shall report to duty on
O
=, S
D Prira:iga\
pancipal
e Madanapalle Institute
Technology f# sciencs
MADANAPALL v

Dr. Vinod Kumar Singh

5/o Shri Gokaram Singh

# Block No ~ 1/A, Street = 43,
Sector = 7, Bhilai,

purg (D) - 490006,
Chhattisgarh,

India.

__,_.____.—_,__.——-—_.—____ I =
yo it VO

2P F\F_(‘)D"f DL \ O L pPOEN

- RANG
AN ENGINEE ainG COLL EGE SPC JNSORED B Y } ASN Hed 1O SNTUA, plf\m“.ﬂ““““(“,
AICTE. Noew Delihil anc 3 8 : o -
Approvud o5t ads apalle 517 325 (:)'I’\\\V;f)( Dist AndnTa Pradesh Lo, e
P.B. No 14, Angally, pMadanapa! na57 - '/?",t'}A".'_', W TS o NS e TONS
280706 Fax » re5C

_ 280255

Phone : 08571



\3 CHRISTIAN COLLEGE OF ENGINEERING & TECHNOLOGY

\‘\ k"',/ Run By S Thomas Mal: lII|\ o Orthodox Syrian Chrach Mission, Bhilal (Minority ron Institutior

Fonfeh PR o) Mo BT B0088 11 FO
> .,_____ = ,l g FVormeoerly Known ans

rmmmt@lnpu‘t‘.et.;-u‘..in www.Impccel.ac.in MPCCET

Ref/CCET/Admin/2012/ 1717 11/12/2012

EXPERIENCE CERTIFICATE

@
This is to certify that Mr. Vinod Kumar Singh was working in
Christian College of Engineering & Technology, Bhilai as
“Assistant Professor” in the Department of Mechanical
Engineering of this institution from 03.01.2011 to 10.12.2012.
This certificate is being issued on his request for his own accord.
(“\
e Y8 !t
Dr.M.Venu Gopala
Director
.\Q Director
Christian C et
i .
\\\\‘)/ of Enga. & lech,y i".ih"_'z;;g :
Pin : 480026

Approved by All India Council for Technical Education and Affiliated to C.G.Swami Vivekanand Technical University, Bhilai
Kailash Nagar, Industrial Estate P.O. Bhilai, Durg, Chattisgarh, 490026. INDIA. Ph:No. 07882286662/3/4, Fax:No. 07882285266



List of Publications

List of Journal Publications:

1. Vinod Kumar Singh, E. Anil Kumar, Measurement and analysis of adsorption isotherms of
CO; on activated carbon, Applied Thermal Engineering 97 (2016) 77-86. (LF. - 3.771)
(ISBN No.: 1359-4311)

2. Vinod Kumar Singh, E. Anil Kumar, Measurement of CO, adsorption kinetics on activated
carbons suitable for gas storage systems, Greenhouse Gases: Science and Technology 7 (1)
(2017) 182-201. (I.F. - 1.991) (ISBN No.: 2152-3878)

3. Vinod Kumar Singh, E. Anil Kumar, Experimental investigation and thermodynamic analysis
of CO, adsorption on activated carbons for cooling system, Journal of CO; Utilization 17
(2017) 290-304. (I.F. — 5.503) (ISBN No.: 2212-9820)

4. Vinod Kumar Singh, E. Anil Kumar, Thermodynamic analysis of single-stage and single-
effect two-stage adsorption cooling cycles using indigenous coconut shell based activated
carbon-CO;, pair, International Journal of Refrigeration 84 (2017) 238-252. (L.F. — 3.233)
(ISBN No.: 0140-7007)

5. Vinod Kumar Singh, E. Anil Kumar, B.B. Saha, Measurement of adsorption isotherms,
kinetics and thermodynamic simulation of CO,-CSAC pair for adsorption chiller application,

Energy 160 (2018) 1158-1173. (LF. — 4.968) (ISBN No.: 0360-5442)

List of Conference Proceedings:

1. Vinod Kumar Singh, E. Anil Kumar, Comparative studies on CO, adsorption kinetics by
solid adsorbents, Energy Procedia 90 (2016) 316-325. (ISBN No.: 1876-6102)

2. Vinod Kumar Singh, E. Anil Kumar, Comparative studies on CO, adsorption isotherms by
solid adsorbents, Materials Today Proceedings 5 (11) (2018) 23033-23042. (ISBN No.:
2214-7853)

3. Reema Saxena, Vinod Kumar Singh, E. Anil Kumar, Carbon dioxide capture and
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In the present work CO, adsorption isotherms of a commercially available activated carbon, Norit Darco
type obtained from lignite granular material, were measured. Adsorption isotherms were measured at
different temperatures 298 K, 308 K, 318 K and 338 K and over a pressure range of 0-45 bar using Sievert’s
type experimental setup. Experimental data of CO, adsorption isotherms were modelled using Langmuir
and Dubinin-Astakhov (D-A) isotherm models. Based on coefficient of correlation and normalized stan-
dard deviation it was found that D-A isotherm model was well suited with the experimental data of CO,
adsorption isotherms. The important thermodynamic properties viz., limiting heat of adsorption at zero
coverage, entropy, Gibbs free energy and isosteric heat of adsorption as a function of surface coverage
were evaluated using van't Hoff and Clausius—Clapeyron equations. These thermodynamic properties were
indicating that CO, uptake by activated carbon is a physisorption phenomenon. The adsorption iso-
therms data and the thermodynamic parameters estimated in the present study are useful for designing
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of an adsorption based gas storage systems.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Development of modern civilization has led to rapid utiliza-
tion of fossil fuels. As a consequence emission of carbon dioxide (CO,)
has substantially increased. CO, is released to atmosphere as a com-
ponent in flue gases emitted by power plants, gas processing
industries, refineries, chemical and petrochemical industries, iron
and steel industries and cement industries. These industries are
mainly responsible for anthropogenic CO, emissions [1]. The Inter-
national Panel on Climate Change (IPCC) estimates that average CO,
concentration level may rise to 570 ppm by the year 2100 causing
an increase in mean sea level height from the reference of 38 cm
and the rise in mean global average temperature of about 1.9 °C [2,3].
Several approaches have been suggested and implemented for re-
ducing the concentration level of CO, in the environment: (1)
improve the energy efficiency, (2) reduce the CO, emission by ex-
panding non-fossil fuels like hydrogen, nuclear energy and renewable
energy, (3) capturing the CO,. The most suitable approach among
these is capturing CO, from power industries [4].

Adsorption is considered as the most promising and versatile
technique among other available processes likes absorption, cryo-
genic separation, membrane separation and micro algal bio fixation
for CO, separation. The advantages are reduction in cost of CO, sep-
aration, increased CO-, carrying capacity, lower regeneration energy

* Corresponding author. Tel.: +91 7324 240730; fax: +91 7324 240761.
E-mail addresses: anil@iiti.ac.in, mreanilkumar@gmail.com (E. Anil Kumar).
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1359-4311/© 2016 Elsevier Ltd. All rights reserved.

requirements and minimum pressure drop [5,6]. According to the
literature, the activated carbons are one of the most appropriate as-
pirants for CO, separation/capture, adsorption capacity of CO, being
dependent on the adsorbent qualities viz., surface area, pore struc-
ture and the properties of surface chemistry [7,8]. Activated carbons
are inexpensive and insensitive to moisture. They exhibit high surface
area, high CO, adsorption capacity and thermal stability [9,10]. Phys-
ical adsorption on activated carbons has been widely used for the
applications of separation and purification of gases and adsorp-
tion based gas storage systems [11,12]. To design and develop these
systems, it is important to determine the adsorption isotherms and
isosteric heat of adsorption of the adsorbate-adsorbent pairs.
Saha et al. [13] measured CO, adsorption isotherms of different
adsorbents such as activated carbon fiber of type A-20 and acti-
vated carbon powder of type Maxsorb III at different temperatures.
They have found that the CO, adsorption capacity decreased with
increase in temperature from —18 to 80 °C. Garcia et al. [14] mea-
sured CO; adsorption isotherms on phenol-formaldehyde resin-
based activated carbon at three different temperatures 298 K, 318 K
and 338 K. They have observed that the CO, adsorption capacity
dropped from 440.14 to 264.08 mg/g as the temperature increased
from 298 to 338 K. CO, adsorption isotherms on Kureha carbon at
different temperatures (298-323 K) showed that the adsorption ca-
pacity dropped from 462.15 to 374.12 mg/g with increase in
temperature from 298 to 323 K as reported by Yu et al. [15].
Siriwardane et al. [16] and Zhang et al. [17] performed compara-
tive studies of CO, adsorption isotherms on activated carbon and
zeolite at 298 K; they observed lower CO, adsorption capacity of ac-
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Abstract: The adsorption kinetics of CO, on three commercially available activated carbons namely
Norit RB3 (steam activated rod) (RB3), Norit Darco 100 mesh size (Darco 100 mesh), and Norit Darco
12 x 20 US mesh size (Darco 12 x 20) are measured using Sievert’s apparatus at different supply
pressures (1, 5, 10, and 20 bar) and temperatures (298, 308, 318, and 338 K). Extracts of experimental
results of CO, adsorption kinetics are used for mathematical modelling using different standard
models, such as pseudo-first order, pseudo-second order, Elovich, and intra-particle diffusion kinetics
models. The adsorbate-adsorbent interactions and kinetics behavior of CO, adsorption on adsorbents
are deduced from the best-fitted kinetics model. Based on coefficient of correlation and normalized
standard deviation, it has been found that pseudo-second order kinetics model very well suits with the
experimental data of CO, adsorption kinetics. Activation energies at different pressures are calculated
by fitting the Arrhenius equation to the adsorption kinetics data. Analysis of the mechanism of
interaction between CO, molecules and adsorbents during the adsorption process is attempted using
interparticle and Boyd’s diffusion models. It has been found that the film-diffusion is an important rate
controlling step in CO, adsorption process. © 2016 Society of Chemical Industry and John Wiley &
Sons, Ltd.

Keywords: activated carbons; activation energy; CO, adsorption; diffusion coefficient; kinetics models

Introduction CO,.>* Compared to other available processes like
absorption, cryogenic, and membrane separation,
adsorption is considered to be a promising solution for
CO; separation due to a lower regeneration energy
requirement, enhanced CO, carrying capacities, faster
reaction rates, and minimum pressure drop, etc.*™°
Recent literature” shows that activated carbons are
one of the important candidates for CO, separation as
they are inexpensive and insensitive to moisture. These
materials also exhibit fast kinetics, high surface area
and pore size distribution, high CO, adsorption
capacity, and thermal stability. Physical adsorption on

(CO,) concentration in the atmosphere has been

increasing continuously at an approximate rate of
2 ppm (parts per million) per year due to the
consumption of heavy fossil fuels as reported by the
Inter-Governmental Panel on Climate Change
(IPCC).! CO, is considered to be a major greenhouse
gas (GHG) released from various industries, that is
responsible for global warming and climate change.
Carbon capture and sequestration is suggested as one
of the options to reduce the anthropogenic emission of

I n recent years, the level of carbon dioxide
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In the present study, the adsorption isotherms of CO, on three commercially available activated carbons
are measured for possible application in cooling systems. The adsorption isotherms are measured using a
Sievert’s type experimental setup at various temperatures from 273 to 358 K. Experimental data of CO,
adsorption isotherms is modelled using Dubinin-Astakhov model. Pseudosaturation pressure of CO,
plays a significant role in the estimation of thermodynamic properties for supercritical gas adsorption,
and it is evaluated using adsorption isotherms data. The thermodynamic properties namely isosteric heat
of adsorption at surface loading, Gibbs free energy, and entropy are evaluated using classical Clausius-
Clapeyron equation and Dubinin-Astakhov model for both subcritical and supercritical phase of CO,
respectively. Adsorbed phase specific heat capacity, entropy, and enthalpy are also estimated. These
thermodynamic properties are used for the thermodynamic analysis of CO,-AC based adsorption cooling
system. The cooling system performance parameters like specific cooling effect (SCE) and coefficient of
performance (COP) are estimated for the driving heat source temperature of 80°C at four cooling
temperatures of 0, 5,10 and 15 °C with a fixed adsorption/condenser temperature of 25°C. All the three
activated carbons are found suitable for developing CO»-AC based cooling system. The maximum SCE and
COP are obtained as 25.87 kJ/kg and 0.09 respectively.

Keywords:

Activated carbons

CO;, adsorption
Pseudosaturation pressure
Thermodynamic properties
Cooling system

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Activated carbons are found more suitable for adsorption of
carbon dioxide (CO,) compared to other solid adsorbents. They
exhibit high adsorption capacity, fast kinetics, high surface area,
better pore size distribution and thermal stability [1-5]. They are
also inexpensive and insensitive to moisture. Adsorption of gases
or vapors onto activated carbons is widely utilized in different
applications like separation and purification of gases, gas storage
systems, adsorption-based heating and cooling systems, cryo-
coolers and energy storage systems |6-10]. Functioning of these
applications are mainly influenced by selection of adsorbate/
adsorbent pair, adsorption isotherms, adsorption kinetics, isosteric
heat of adsorption, entropy generation, specific heat capacity and
internal energy of adsorbent. Several researchers have studied the
adsorption isotherms and pore size distribution of many adsor-
bate/adsorbent pairs using traditional methods. But the charac-
terization of any adsorbate/adsorbent pair is incomplete without
information on the thermodynamic properties like isosteric heat of
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http://dx.doi.org/10.1016/j.jcou.2016.12.004
2212-9820/© 2016 Elsevier Ltd. All rights reserved.

adsorption, entropy, specific heat capacity, adsorbed phase
volume, Gibbs free energy, and internal energy. While designing
any gas storage system or adsorption-based heating/cooling
system, knowledge of the above mentioned properties helps in
achieving high level of confidence.

Hill [11,12] and Everett [13] developed theoretical models for
physical adsorption systems using solid adsorbent, and then
Guggenheim [14] described a general approach for modelling of
physical adsorption systems with exchanging of heat and work.
Young and Crowell [15] investigated the thermodynamic proper-
ties of solid adsorbents and suggested that two new variables:
surface area and spreading pressure are necessary in the case of
physical adsorption. Myers [16] estimated the thermodynamic
properties such as Gibbs free energy, enthalpy and entropy using
adsorption isotherms data. He has concluded that the specific heat
capacity on porous adsorbents of both, adsorbed phase and
gaseous phase are equal. Further, Chakraborty et al. [17]
investigated that the thermodynamic properties of CaCl,-silica
gel/water pair and activated carbon/CH,4 pair.

For the adsorption process, CO, molecules get attracted and
accumulated in the pores of the adsorbent surface with phase
transformation. The transformed phase of the CO, molecules is
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Analyse thermodynamique des cycles de refroidissement a
adsorption mono-étagés et bi-étagés a simple effet
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Abstract

Adsorption kinetics of carbon dioxide (CO,) on activated carbon (Norit RB3 type steam activated rod) and zeolite 5A
(Si/Al = 1.33) are compared at various temperatures (298, 308, 318 and 338 K) and supply pressures (1, 5, 10 and 20 bar).
Sievert’s type experimental setup is used for adsorption kinetics measurement. The experimental data is subsequently modelled
using pseudo first and second order kinetics models, which revealed that the pseudo second order kinetics model well fitted the
CO; adsorption kinetics data than pseudo first order kinetics model. The rate constants and activation energies of CO, adsorption
on activated carbon and zeolite 5A are estimated. It is found that at 1 bar supply pressure, the rate of CO, adsorption on zeolite
5A is more than that of the activated carbon, while at higher pressure, the rate of CO, adsorption on the activated carbon is
greater than the zeolite 5A due to large surface area and pore volume. Activation energies are calculated at different pressures by
fitting the Arrhenius equation to the adsorption kinetics data. It is observed that the activation energies of activated carbon are

slightly more than that of the zeolite 5A.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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Abstract

Activated Carbon (AC) materials was selected as suitable adsorbent for the carbon dioxide (CO2) capture and a numerical
analysis was carried out to study the rate of adsorption of the gas on ACs. A one dimensional mathematical model was proposed
based on the Dubinin’s Theory of Volume Filling of Micropores, and analyzed along with the unsteady heat transfer. A
parametric analysis was carried out to study the effect of various crucial parameters like radius of bed, cooling fluid temperature,
initial bed temperature and heat transfer coefficient on the adsorption amount. The results show that lower bed radius was ideal
for obtaining high amount of CO2 adsorbed assuming constant packing density. Also, a high heat transfer coefficient up to 100
Wm2K-" and low cooling fluid temperature of 283 K was necessary for speeding up the process. High initial bed temperature
also supports greater adsorption amount under the same conditions.
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1. Introduction

Large scale development of modern civilization has led to very fast depletion of fossil fuel energy resources.
Especially the exponential increase in consumption of fossil fuel has resulted in emission of CO; in a huge quantity.
Severe environmental issues like global warming and climate change are the result of emissions from fossil fuel
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Abstract

The present study provides the necessary thermodynamic data required for the design of CO,
based adsorption systems using the activated carbon (Norit type RB3 steam activated rod) and
zeolite 5A (Si/Al = 1.33). In this work, the CO, adsorption isotherms of activated carbon and
Zeolite 5A are studied at different temperatures (298, 308, 318 and 338 K) and pressures (0-30
bar) using a Sievert’s type experimental setup. Experimental data of CO, adsorption isotherms
on adsorbents are modelled using Langmuir and Freundlich isotherm models. The coefficient of
correlation and normalized standard deviation are estimated, which revealed that the
Freundlich isotherm model is well suited to the experimental data of CO, adsorption isotherms
than Langmuir model. The thermodynamic parameters are estimated and these parameters
indicated that the adsorption process is spontaneous, exothermic and physisorption in nature.
Isosteric heat of adsorption and limiting heat of adsorption are calculated using the Clausius-
Clapeyron and van’t Hoff equations respectively.
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Abstract: The objective of the present study is to measure the adsorption isotherms of CO, on activated carbon at
different temperatures from 273 to 358 K and pressure up to the saturation pressure of assorted temperature using a
Sievert s type experimental setup. Extracts of experimental data of CO, uptake are correlated to the Langmuir and Toth
adsorption isotherm models. The Téth adsorption isotherm model is well suited to the experimental data of CO, uptake.
The essential thermodynamic properties are evaluated using an experimental data of CO, uptake. In this work, the CO,
uptake and isosteric heat of adsorption of CO, on the activated carbon are obtained and compared with other available
activated carbons and it is found that the results are a good agreement of present measured result. These
thermodynamic parameters are useful for designing of any adsorption based gas storage and cooling systems.

Keywords: Activated carbon, Carbon dioxide, Isotherm model, Saturation pressure, Thermodynamic properties.
1. INTRODUCTION

The rapid development of modern civilization and the increasing living standard have led to an exponential increase in
energy consumption. As a consequence, environmental pollution has become a serious problem. Among the various
effects of environmental pollution, global warming has been a critical one. Worldwide, many researchers are seeking
ways to reduce the anthropogenic emission of CO,. Adsorption is selected as the most versatile and promising process
among other available processes like adsorption, cryogenic, membrane and micro algal bio-fixation for CO, separation.
The advantages are lower regeneration energy requirements during desorption process, increased CO, carrying capacity,
reduction in the cost of CO, separation and minimum pressure drop [1, 2]. According to the published literature, the
activated carbons are an appropriate candidate for CO, separation, the amount of CO, adsorbed being reliant on the
adsorbent qualities such as surface area, pore structure and the properties of surface chemistry [3-8]. They exhibit high
CO, adsorption capacity, high surface area, thermal stability, inexpensive and low cost [9, 10]. Physical adsorption on
activated carbon is widely utilized for various applications like adsorption based gas storage systems, adsorption based
heating and cooling systems, separation and purification of gases, cryocoolers and energy storage systems [11-15].
Functioning of these applications is required to accurate information of adsorption isotherms data and isosteric heat of
adsorption helps in achieving a high level of confidence.

Many researchers [7, 8, 16-20] have measured the adsorption isotherms of CO, on commercially available
activated carbons at different temperatures and pressure conditions using a volumetric method. They have observed that
the adsorption temperature increases with the decrease in CO, uptake and have also noticed that the isosteric heat of
adsorption varies with an increase in surface loading due to an energetically heterogeneous surface of the adsorbent.
Two points have been observed from available literature: first, the CO, adsorption isotherms of activated carbon at a
wide range of temperatures and pressures (up to saturation pressure of assorted temperatures) have not yet been
estimated. Secondly, the vital thermodynamic properties like the heat of adsorption at zero and surface loading, entropy
and Gibbs free energy of the activated carbon at different adsorption temperatures and equilibrium pressures are not
available.

The aim of the present study is to measure the adsorption isotherms of activated carbon for the probable
development of an adsorption based cooling system. The adsorption isotherms of CO, on activated carbon are measured
at various temperatures from 273 to 358 K and pressures (up to saturation pressure of assorted temperatures) using the
volumetric method. The measured adsorption isotherms data are fitted with Langmuir and Téth adsorption model.
Further, the thermodynamic properties viz. heat of adsorption at zero loading and surface loading, Gibbs free energy
and entropy are extracted from the measured isotherms data.

2. EXPERIMENTAL SECTION

The description of physical properties, material characterization of activated carbon and procedure for adsorption
isotherms measurement are briefly discussed in this section.

2.1 ADSORBENT/ADSORBATE USED

In this study, the commercially available activated carbon (Norit Darco 100 mesh size) is procured from Sigma
Aldrich. The BET surface area, total pore volume and average pore diameter are evaluated using a BET analysis and the

1
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1. Introduction

The rapid development of modern civilization and increasing living standard has lead to exponential
increase in energy consumption. As a consequence, environmental pollution has become a severe problem.
Among the various effects of environmental pollution, global warming has been a critical one. Worldwide,
many researchers are seeking ways to reduce the global warming. Conventional refrigeration units have
always act as an important source for global warming. Methods like, replacing Hydro Chloro Flouro Carbon
(HCFC), with Hydro Flouro Carbon (HFC) refrigerants also, could not have significant effect on global
warming. It is projected that refrigeration and air conditioning units would contribute approximately 9-19%
of total greenhouse gas emission in 2050 [1]. On the basis of reliability and ecofriendliness, adsorption based
cooling systems seem to be feasible solution. Many researchers have reported about various natural and low
global warming potential refrigerants including water, ammonia, methanol, ethanol and HFO-1234ze. Solar
energy or low grade energy like, waste heat can be used as driving media for adsorption based cooling
systems. Adsorption based cooling system like water/zeolite, water/silica gel and ammonia/activated carbon
are already commercialized. The main hindrances of these systems are poor systems performance, bulkiness
of adsorbents and low heat transfer rate inside the adsorber/desorber bed.

With very low values of global warming potential and ozone layer depletion potential, carbon
dioxide (CO,) has emerged as an appropriate refrigerant for adsorption based cooling system for the possible
applications of commercial/residential cooling, vehicle air-conditioning and large refrigeration systems. CO,
is a non-toxic and non-flammable natural refrigerant. As an adsorbent, activated carbon has received
considerable attention due to its suitable properties like, high surface area, large pore size distribution, high
adsorption capacity, fast kinetics and thermal stability etc.

The objective of the present article is to measure the adsorption isotherms and kinetics of
COy/activated carbon pair for the probable development of an adsorption based cooling system. The
adsorption isotherms of CO, on activated carbon are measured at various temperatures from 0 °C to 75 °C
and over a pressure range of 0 to 95 bar using a Sievert’s type experimental setup. CO, adsorption kinetics is
also evaluated at different supply pressures (1, 5, 10 and 20 bar) with same adsorption temperatures
respectively. The adsorption isotherm parameters are correlated using a Dubinin-Astakhov (D-A) isotherms
model with volume correction. Further, the values of isosteric heat of adsorption and specific heat capacity
are extracted for the assorted CO,/activated carbon isotherms data. Also the apparent activation energies for
different supply pressures at different temperatures are evaluated. In addition, the coefficient of performance
(COP) and specific cooling effect (SCE) of cooling system are simulated for different driving heat source
temperature ranging from 30 °C to 90 °C, evaporator temperature of 0 °C, 5 °C, 10 °C and 15 °C and cooling
source temperature of 25 °C.

Keywords: Activated carbon, Adsorption, CO,, Cooling system, Isotherms, Kinetics
2. Experimental Section

2.1 Material

In this study, the commercially available activated carbon (Norit Darco 100 mesh size) is procured
from Sigma Aldrich. The BET surface area, total pore volume and average pore diameter are evaluated using
BET analysis and the respective values are 876.45 m*/g, 0.73 cm’/g and 3.33 nm. The elemental contents and
average particle size of the adsorbents are evaluated using an Elemental analysis and SEM instrument
respectively.

2.2 Experimental procedure
The details of experimental setup, adsorption cell design and data reduction for adsorption
isotherms measurement is given in author’s recent article [2]. The adsorption isotherms and kinetics of
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Abstract

The present study provides the necessary thermodynamic data required for the design of CO; based adsorption
systems using the activated carbon (Norit type RB3 steam activated rod) and zeolite SA (S1/Al = 1.33). In this work, the CO,
adsorption isotherms of activated carbon and Zeolite 5A are studied at different temperatures (298 K, 308 K, 318 K and 338
K) and pressures (0-30 bar) using a Sievert’s type experimental setup. Experimental data of CO, adsorption isotherms on
adsorbents are modelled using Langmuir and Freundlich isotherm models. Coefficient of correlation and normalized
standard deviation are estimated, which revealed that the Freundlich isotherm model is well suited with the experimental
data of CO, adsorption isotherms than Langmuir model. The thermodynamic parameters are estimated and these parameters
indicated that the adsorption process is spontaneous, exothermic and physisorption in nature. Isosteric heat of adsorption and
limiting heat of adsorption are calculated using the Clausius-Clapeyron and Vant® Hoff equations respectively.

Keywords: Adsorption Isotherms; Carbon dioxide; Isosteric heat of adsorption; Thermodynamic properties.

1. Introduction

Development of modern civilization has led to rapid utilization of fossil fuels. As a consequence CO,
concentration level has continuously increased year by year. CO, is an important greenhouse gas released from
various industries like power plants, gas processing industries, cement industries, iron and steel industries, etc. is
responsible for global warming and climate change [1]. Carbon capture and sequestration is one of the options to
reduce the anthropogenic emission of CO,. Physical adsorption is considered as the most suitable technique for
CO, separation due to lower regeneration energy requirement, increased CO, carrying capacity, faster reaction
rates and minimum pressure drop etc. when compared with other processes like absorption, cryogenic and
membrane separation. Property data like adsorption isotherms and isosteric heat of adsorption is very essential
for the design of any adsorption system. Adsorption processes based on solid adsorbents are widely used for
room and moderate temperature applications mainly using inorganic porous materials such as activated carbon
and zeolite due to large surface area, porosity. surface chemistry. easy to design pore structure, availability and
lower cost [2].

Saha et al. [3, 4] and Himeno et al. [5] performed the CO, adsorption isotherms on different activated
carbons at various temperatures. They have found that the CO, adsorption capacity decreased with increase in
adsorption temperature. Singh et al. [6] measured the CO, adsorption isotherms on Darco type activated carbon
at different temperatures and pressure range of 0-45 bar. They have observed that the CO, adsorption capacity
decreased with increase in adsorption temperature from 298 to 338 K. Garcia et al. [7] and Yu et al. [8]
measured the CO, adsorption isotherms on activated carbons at different adsorption temperatures. They have
also found that the adsorption capacity dropped from 440.14 to 264.08 as the temperature increased from 298 to
338 K and 462.15 to 374.12 mg/g with increase the adsorption temperature from 298 to 323 K respectively. Lee
et al. [9] performed the CO, adsorption isotherms on zeolite 13X and zeolite 13X/activated carbon at various
temperatures with low pressure range of 0-1 bar. They have observed that at low pressure the amount of CO,
adsorbed on zeolite 13X is higher than that of activated carbon. Liu et al. [10] measured the CO, adsorption
isotherms on zeolite 5A at different temperatures (303 to 423 K) with a pressure range of (0-1 bar). They have
observed that the adsorption capacity of CO, adsorbate is more as compare to N; adsorbate.
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Abstract

Adsorption kinetics of carbon dioxide (CO,) on activated carbon (Norit RB3 type steam activated rod) and zeolite
5A (SV/Al = 1.33) are compared at different temperatures (298 K, 308 K, 318 K and 338 K) and pressures (1 bar, 5 bar, 10
bar and 20 bar). Sievert’s type experimental setup is used for adsorption kinetics measurement. The experimental data on
activated carbon and zeolite SA are subsequently modelled using a pseudo first and second order kinetics model, which
revealed that the pseudo second order model well fitted the CO; adsorption kinetics data than pseudo first order model. The
rate constants and activation energies of CO, adsorption on activated carbon and zeolite SA are estimated. It is found that at
1 bar supply pressure, the rate of CO, adsorbed on zeolite 5A is more than that of the activated carbon, while at higher
pressure, the rate of CO, adsorbed on the activated carbon 1s greater than the zeolite 5A due to large surface area and pore
volume. Activation energies on activated carbon and zeolite 5A are calculated at different pressures by fitting the Arrhenius
equation to the adsorption kinetics data. It is observed that the activation energies of activated carbon are slightly more than
that of the zeolite 5A.

Keywords: Activation energy; Activated carbon; Adsorption kinetics; Carbon dioxide; Zeolite 54.

1. Introduction

Nowadays global warming and climate change is the major challenges all over the world. Carbon capture and
sequestration is suggested as one of the options to reduce the greenhouse gas emissions. Physical adsorption on
porous solid adsorbents is widely used for different applications like water treatment, adsorption based cooling
system, gas storage and purification and separation of flue gases [1]. Published data of several researchers [2-6]
on CO, adsorption isotherms of various solid adsorbents at different temperatures reveals that the amount of
CO, adsorbed decreases significantly with increase in adsorption temperature owing to low binding forces
between the adsorbate-adsorbent interactions. Shen et al. [7] measured CO, adsorption isotherms and kinetics on
pitch-based activated carbon beads at different temperature (303 to 423 K) with a pressure range of 0-1 bar.
They have suggested that the designing of any gas storage system requires the knowledge of adsorption
isotherms and kinetics data for increasing the adsorption capacity. Balsamo et al. [8] reported that the adsorption
rate increases with increasing CO, gas pressure, but with increasing temperature the adsorption rate decreases.
Zhang et al. [9] measured the adsorption isotherms and kinetics of CO; on activated carbon and zeolite 13X at
different temperatures (298 K. 308 K, 318 K and 328 K) and pressures up to 30 bar. They have observed that the
adsorption rate of zeolite 13X is more at lower pressure than activated carbon whereas at high pressure the
adsorption capacity is higher in activated carbon than that of zeolite 13X.

Most of the researchers studied adsorption capacity of solid adsorbents by measuring adsorption
isotherms, a few researchers studied the €O, adsorption kinetics on solid adsorbent. Adsorption kinetics is
useful for better understanding the phenomenons involved during adsorbent-adsorbate reaction and also to
estimate the time require to complete the adsorption process. Adsorption process time is one of the criteria to
select the solid adsorbents used in gas storage and adsorption based cooling system. The motivation of the
present work is to compare the adsorption kinetics of CO, on activated carbon and zeolite 5A at different
temperatures (298 K. 308 K, 318 K and 338 K) and pressures (1 bar, 5 bar. 10 bar and 20 bar). The rate constant
and activation energies of CO; on activated carbon and zeolite 5A at different pressures and temperatures are
also estimated.
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Abstract:

Emission of carbon dioxide gas into environment is the main reason for global
warming. Information of adsorption isotherm and adsorption kinetics of pure CO, gas is
required for planning the adsorption process of a new material that can be scaled-up to large
capacity. In this work, adsorption isotherms of pure CO, on activated carbon are measured at
different temperatures (298 K, 308 K, 318 K and 338 K) and pressures from 0 to 45 bar and
kinetics are measured in a wide range of pressures (1bar, 5 bar, 10 bar and 20 bar) at different
temperatures (298 K, 308 K, 318 K and 338 K) using a volumetric method. The
thermodynamic parameters are estimated and these parameters indicated that the adsorption
process is spontaneous and exothermic in nature and physisorption is the dominant
mechanism for CO, adsorption. In addition, the adsorption activation energy for CO; on
activated carbon decreased with the increase of pressure. The structural information, surface
chemistry, chemical composition and thermal behaviour of the activated carbon are studied.

Introduction

Carbon dioxide (CO,) is an major greenhouse gas released from power industries, gas
processing industries, refineries, chemical and petrochemical industries, iron and steel
industries and cement industries [1,2]. The CO, removal from industrial emissions has
become essential in the fight against global warming and climate change [3]. Scripps Institute
of Oceanography recently observed that as the CO; concentration increased from 315 ppm in
March 1958 to 398 ppm in January 2014 resulting in increase in global average temperature
by 0.6 to 1°C. The International Panel on Climate Change (IPCC) estimates that, average
CO; concentration may rise to 570 ppm by the year 2100 causing a rise of about 1.9°C and
3.8 m in the global average temperature and mean sea level respectively [4]. Consequently
the most recommending alternative to alleviate the effect of CO, on the world climate is to
capture the CO; from industries [5,6].

Adsorption is considered as a most proposing and versatile technique among other
processes likes absorption, cryogenic separation, membrane separation and micro algal bio
fixation for CO, separation. It shows the advantages like reduction in cost of CO, capture,
increased CO, carrying capacity, lower regeneration energy requirements, faster reaction
rates and minimum pressure drop [7-9]. Songolzadeh et al. [10] is reported that the cost of
CO; capture is reduced by using an adsorption technique. Among the properties expected in a
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Abstract: Carbon dioxide (CO,) removal from industrial emissions has become essential in
the fight against climate change. In the present study, adsorption on activated carbon is
selected as a reasonable solution for CO, separation because it is simple and relatively less
costly when compare to other available CO, separation techniques. The objective of this
work is to study the CO, adsorption and kinetics by commercially available activated
carbons namely NORIT type RB3 steam activated rod. The adsorption isotherms and
kinetics curves are measured using volumetric method at different temperatures (298 K,
308 K and 318 K) and pressures (0 to 45 bars). The structural information, surface
chemistry and thermal behaviour of the adsorbent sample are characterized by X-ray
powder diffraction (XRD), infrared spectroscopy (IR), elemental analysis (EA), field
emission scanning electron microscopy (FESEM), energy dispersive X-ray spectroscopy
(EDX) and thermogravimetric analysis (TGA).

Keywords: Activated carbon; CO; separation; Isotherms, Kinetics

1. Introduction

The World’s energy consumption has been continuously increasing at a vigorous rate in
recent year because of population growth and economic development. Due to increasing emission
amounts of CO, from fossil fuel combustion and enhancement of the greenhouse effect, the carbon
capture and storage (CCS) have attracted increasing attention. Reducing the anthropogenic
emission of CO, has recently become a political and technological priority. One approach is CCS in
which CO, is sequestered to reduce its concentration in the atmosphere; another is the development
of renewable and clean energy sources, or energy carriers, in order to reduce our dependence on
fossil fuels, such as petroleum and coal, which contribute significantly to global CO, emissions [1].

CO; is considered to be the major greenhouse gas (GHG) contributing to global warming
[2]. The International Panel on Climate Change (IPCC) estimates that, average CO, concentration
may rise to 570 ppm by the year 2100 causing a rise of about 1.9°C and 3.8 m in the global average
temperature and mean sea level respectively [3].

Adsorption is considered as a reasonable solution. It shows the advantages like reduction
in cost of CO, capture, increased CO, carrying capacity, lower regeneration energy requirements,
faster reaction rates and minimum pressure drop [4, 5]. Reduction in cost of CO, capture by using
adsorption technique is recently reported by Songolzadeh et al. [6]. Among the properties expected
in a good adsorbent, fast adsorption kinetics is one of the most important criterions for selection of
the proper adsorbent [7, 8].
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Abstract: Carbon dioxide (CO,) emissions are believed to be a major contributor to global warming. As a
consequence large anthropogenic CO; sources worldwide will eventually be required to implement CO; capture
and sequestration (CCS) technologies to control CO, emissions. Adsorption is then chosen as the preferred
technique due to its relatively simple and cost-effective design. Activated Carbon (AC) materials are selected as
suitable adsorbents for the CO, capture and a numerical analysis is carried out to study the rate of adsorption of
the gas on ACs. A one dimensional mathematical model is proposed based on the Dubinin’s Theory of Volume
Filling of Micropore, and analyzed along with the unsteady heat transfer. A parametric analysis is carried out to
study the effect of various crucial parameters like thickness of bed, cooling fluid temperature, supply
temperature and heat transfer coefficient on the adsorption amount. The results show that lower bed thickness is
ideal for obtaining high amount of CO, adsorbed assuming constant packing density. Also, a high heat transfer
coefficient up to 100 Wm K" and low cooling fluid temperature of 283 K is necessary for speeding up the
process. High initial bed temperature also supports greater adsorption amount under the same conditions.

Keywords: AC, Bed thickness, CCS, Mathematical model, Unsteady heat transfer
1. INTRODUCTION

With the rapid development of modern civilization, the widespread use of fossil fuels within the current energy
infrastructure is considered as the largest source of anthropogenic emissions of CO,, which is largely responsible
for global warming and climate change [1, 2]. In fact, more than 30 billion tons of CO, are added to the
atmosphere every year. Moreover, the emission of CO,, one of the major greenhouse gases, may have
contributed to urban smog, acid rain, and health problems [3].

Since the beginning of the industrial revolution around 1850 to 2013, the average atmospheric concentration of
CO; has increased from 280 to 397 parts per million (ppm) and as a result, the average global temperature has
increased between 0.6°C and 1°C in the same time period [4]. The International Panel on Climate Change
(IPCC) predicts that, by the year 2100, the atmosphere may contain up to 570 ppm CO,, causing a rise in the
mean global temperature of around 1.9°C and an increase in mean sea level of 3.8 m [5]. Continued uncontrolled
greenhouse gas emissions may contribute to sea level increases and species extinction. There is an emerging
understanding that CCS technology offers a way of using fossil fuels while reducing CO, emissions by 85% or
more, while CCS is not the ‘silver bullet’ that in and of itself will solve the climate change problem, it is
powerful addition to the portfolio of technologies that will be needed to address climate change [6].

CCS is actually a suite of technologies to carry out three operations: capture of CO, emitted from industrial and
energy-related sources before or after combustion, compressing it, and injecting it deep underground in secure
geological formations, its disposal by a method that will ‘permanently’ isolate it from the atmosphere. There are
three approaches to CO, capture: pre-combustion, post-combustion and oxy-fuel combustion [7].
Post-combustion capture offers some advantages as existing combustion technologies can still be used without
radical changes on them. This makes post-combustion capture easier to implement as a retrofit option (to
existing power plants) compared to the other two approaches. Therefore, post-combustion capture is probably
the first technology that will be deployed [8]. There are several post combustion gas separation and capture
technologies being investigated, namely; (a) absorption, (b) adsorption, (c) cryogenic separation, (d) membrane
separation and (e) micro algal biofixation. Adsorption may be considered as a competitive solution, it is basically
divided into two fold such as, adsorber beds (Alumina, Zeolite and AC) and regeneration methods (Pressure,
Temperature, Vacuum and Electric swing). Its major advantage is to reduce the cost of CO, capture by designing
durable sorbents with efficient materials handling schemes, increased CO, carrying capacity, lower regeneration
energy requirements, faster reaction rates and minimum pressure drop. However, the application of adsorption
from either technology, require easily regenerable and durable adsorbents with a high CO, adsorption capacity. It
has recently been reported that the cost of the CO, capture can be reduced by using this technology [9].

Selection of the proper adsorbent is the most crucial step when designing a new adsorption process. For CO,
recovery in the process considered here, a material is needed that will selectively adsorb CO, in the presence of
CO. Because the process requires that we also produce CO, during the blow down step, we need a material for
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Abstract

In the present work, the energy and exergy analysis performed on an operating 36 MW thermal power plant at
power station-1, Bhilai Steel Plant, Bhilai, India is presented. The primary objectives of this paper are to analyze
the system components separately and to identify and quantify the sites having larges energy and exergy losses.
Energy losses have mainly occurred in the condenser where 52.64 MW is lost to the environment while only
55.52 MW has been lost from the boiler. In addition, the calculated thermal and exergy efficiency based on the
lower heating value of fuel was 33.86% and 30.25%. For a moderate change in the reference environment state
temperature, no drastic change was noticed in the performance of major component and the main conclusion
remained the same; the boiler is the major sources of irreversibilities in the power plant.
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1. Introduction

The power industry is pillar of the national economic development, so its sustainable development
level is a symbol of a country’s comprehensive national strength. Analysis of power generation
systems is of scientific interest due to continuously increasing energy demand and depreciate fossil
fuel resources and also essential for the efficient utilization of energy resources. The researchers,
throughout the world, have made considerable efforts to understand the economics of power generation
as reported by Lee, C.C. and Miketa, A. et al. (2005).

Efficient power generation requires improvement and modifications in the power generation system.
This requires accurate thermodynamics analysis of thermal systems for design and optimization
purposes. The most commonly used method for analysis of an energy conversion process is the first
law of thermodynamics. The first law of thermodynamics states that when observe at the system and
surroundings together, the total amount of energy will remain constant. The first law treats the
different forms of energy as equivalent and does not decide the difference in quality between, among
others, mechanical and thermal energy as stated by Bejan, A. (1988) and Moran, M.J. et al. (1998).
Exergy is defined as the maximum reversible work obtained as a system interacts with an equilibrium
state. Exergy is generally not conserved as energy but destructed in the system. Exergy destruction is
the measure of irreversibility that is the cause of performance loss.

Therefore, an exergy analysis assessing the magnitude of exergy destruction identifies the location,
magnitude and source of thermodynamic incapability in a thermal system as described by Moran, M.J.
et al. (1998) and Song, T.W. et al. (2002). Exergy analysis based on the first and second law of
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