Theoretical, Practical, and Zero-
emission Exergy Recovery in
Energy Conversion Processes

Part |: Definition and importance of the
exergy concept

An introduction to the exergy
concept



Outline

Energy versus exergy: Carnot engine

Exergy definition

Physical and chemical source of exergy: driving force

EROI

A simple example

Parts of My research

0 Case study 1: Natural gas treatment and transport

0 Case study 2: UCG process with spontaneous CO, capture
and sequestration

2 Case study 3: Geothermal energy
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\ Energy and its quality

REFLECTIONS

ON THE

“ Nicolas Leonard Sadi Carnot MOTIVE POWER OF HEAT
(1796'1832) FROM THE ORIGINAL FRENCH OF

N.-L.-S. CARNOT,

. ags Graduate of the Polytechnic School.
“ Cycle and reversibility SEEs
AN ACCOUNT OF CARNOT’S THEORY.
UMV LLIWPLL WL WP BLAwRl ‘p’llu‘r LI ¥ T RICLEL L I.J'I..-I.El.ll.- l.-'l..l""‘u.ﬂ.J”. By SIR WILLIAM THOMSON (LORD KELVIN).
their theory is very little understood, and the at- p—
tempts to improve them are still directed almost [ EL R, e e e
by chance. e =

The question has often been raised whether the
motive power of heat* is unbounded, whether the
possible improvements in steam-engines have an
assignable limit,—a limit which the nature of
things will not allow to be passed by any means
whatever; or whether, on the contrary, these im- e e

provements may be carried on indefinitely. We NEW YORK:

JOHN WILEY & SONS.
Loxpon : CHAPMAN & HALL, LiMITED.
1897.

*We use here the expression motive power to express

tha neafnl affont that o matar je sarahla AF roeadnnine
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James Joule (1818-1889) Sadi Carnot (1796-1832)

James Watt (1736-1819)
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Carnot Cycle

Heat reservoir
at TH

Heat reservoir
at T(‘
The Carnot engine cycle

Ref: Van Ness, H. C., Understanding Thermodynamics
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T-S Diagram of Carnot Cycle
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Cendel Y. A., Boles M. A., “TherrAodptrasiicsioante ibiexeinisty approach”, 5t edition ’
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\ Energy or Exergy

Heat Source @
900 K

Heat Source @
500 K

W__, = (1-300/900)Q,
= 0.670Q,

W, = (1-300/500)Q,
= 040Q,

( Heat Sink @ 300 K W
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\ Quantitative Definition

First Law:
W =Q,+AH

Second Law:
Sgen = AS + AS, AS, =Q,/T,

Control volume

Environment (Q,

enters the
environment at
P,and T,)
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Quantitative Definition

W=AH-T,AS+T,S and  AH=H-H,

gen

Gives:

Wmn=H_-H,-T,(S-S,) +T,S,, and Isentropic path (S, = 0)

gen gen

Gives:

Wmin = (H = T, S) — (H, — T, S,)

Definitions:
Availability:
BT,P = HT,P _To ST,P
Exergy:
EXT, P~ BT, P BTo, PO
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‘Driving Force (A)

“ Potential energy (AZ)

= Kinetic energy (AV)

“ Chemical energy (Ax)

" Heat (AT)

Mechanical energy (AP)

X 2000
W 0 !
S 500 2500

ST 000”~
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.. o000
1 . "
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Chemical

Exergy

atep 1:

Zj

Cp Oy Ci ... C

Reference State

Mizture of C; components
Equlibrium condition at
Tg, Po, composition Z

atep 4
e Ml
X3 Ay
X M_f

MNew components formed
from elements of step 3
at T, Py

Step 2: atep 3.
| 2 Ly
Zl cl UCIEI UCIEE UCIE;,;
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Zj S U,:I:}_El U?',;}_EE UE_E;C
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X1 M X
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Ay My MsoL0 M
i M
Individual components in Final mizture of M_j
equilibrium condition at compeonents
T,F Equilibrium condition at T, P,
composition &j
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Chemical Exergy

Standard chemical exergy of elements has been
reported in the literature based on the average
composition of earth’s crust, oceans, and the
atmosphere

EX,, | = AqGOj,To + 2 v, EX;
>vie>C
EX,; Is the standard chemical exergy of element |

AG' , Is the standard Gibbs free energy of formation of
component |
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Theoretical, Practical, and Zero-
emission Exergy Recovery in
Energy Conversion Processes

Part IlI: Formulation and Case studies

An introduction to the exergy
concept 13



EROEI

Energy Return On Energy Investment

Definition:

2 How much of the energy available in a “natural
resource” can be extracted per unit energy
consumed in the recovery process, e.g., upstream
operation, transportation, etc.

Shortcomings:

2 Does not consider the energy quality, i.e. exergy

2 Highly depends on the current state of technology
and its development



EROEI

How much of the energy available in a
natural resource can be extracted per unit
energy consumed in the recovery process,
e.g., upstream operation, transportation, etc.

GHG

sion_~
{ 1 ) I."/--—

Natural ~.] Upstream
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Data?

Translate the recorded economical data to
energy data using commercial databases

SRR

Conversion

Energy



What happens?

Table 9-3. Estimated Energy Requirements for

Benefication of Limestone

Energy Consumption
Equipment Daily Single
(number of hours/ Unit All Units All Units All Units
Units unit Btu/ton Btu/hour Btu/da Btu/ton
Tertiary
Crushing ®
(1) 18.00 1,660 552,000 9,940,000 1,660
Secondary
Crushing *
(1) 18.00 995 332,000 5,970,000 9
Screens °
(1) 18.00 332 111,000 1,990,000 332
Conveyor *
(1) 18.00 165 55,000 990,000 165
Calcining”
(1) 18.00 6,120 2,040,000 36,720,000 6,120
Total 3,090,000 55,600,000 9,270

CaCO3+Q - CaO + CO2

Q(calculated) = 3074 kJ/kg CaO

211



‘Process Flow Diagram

Natural gas, Crude oil, Coal § I—
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' 1 '
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Theoretical, Practical, and zero-
emission exergy recovery

Theoretical exergy recovery
0 Based on the reversible processes shows the maximum possible exergy
recovery with the following assumptions:
No mechanical exergy loss in the process equipments

No cumulative exergy consumptions (CExC) in the material and energy
streams

Practical exergy recovery

0 Based on the irreversible processes and considering the current
technology, uses the following assumptions:
Mechanical efficiency of process equipments
Cumulative exergy consumption (CExC) in the material and energy streams

Zero-emission exergy recovery

0 Considering the exergy consumption in cleaning the environmental
footprints of fossil fuel life cycle in addition to the practical recovery

An introduction to the exergy
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Calculation of theoretical, practical and
sustainable exergy consumption

Ex, Fxs
Method i (preparation) (abatement) Y
¢ "
Theoretical 1 h{ﬁJE:ﬂ:l 0 Eres — Exy
(Minimum) EZros
. . )
Practical pra;tlcal E:Ef — Eﬂ;l 0 Eﬂi-res - E:I:l
values m Fro.
1 L t — Fp8 _ FEpS
Sustainah].e pri'lCtlcal E_L"i _ E:El E£3 _ E:Er) Ex res E.I:]_ E,L'g
vatues m 72 Eﬂ:res

An introduction to the exergy
concept

20



A simple example
7 W = Wisentropic/nc

Py, Ty, Sy, Hll
EXch
—_—
CHy .
Elec_trl cal | Compressor
Driver :
Power W |
- r]ed ________ -
Plant Electricity
EX, =n,, EX®"
Heat EXp = Wisentropic / Ne / MNeg / r]pp

Sink
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Natural Gas

High Pressure Natural Gas
-

Sweet Gas

Cooler

Lean Amine Solution

ba

Natural gas Rich Amine

Liquid HC Gas Sweetening

Sour Gases
(CO2, H2S)

Water

Dry Gas

>

Compressor Station

Cooler

Dehydration




\ Results for Natural Gas

Exergy Consumption (% of total 20 years of Natural Gas produced)

Theoretical Practical Sustainable

drilling 4.10E-04 8.20E-04 1.04E-03

Well Steel 1.39E-03 1.00E-02 1.27E-02

Cement 1.10E-04 2.89E-04 3.65E-04
Transport Compressor 0.90 2.26 2.85
Steel 9.19E-02 0.66 0.84
Refinery Compression 3.04E-02 0.08 0.10
Heating 0.38 1.50 1.90
Total (exclude CCS) 1.40 4.51 5.70
CCS Total - 26.44 33.43

Total (include CCS) 1.40 30.95 39.13




‘ Underground Coal Gasification
(UCG)

n-minable coal resources: less than 15% of the known coal resources can
be extracted using conventional mining methods
-Environmental issues of mining
-Low quality coal seams

UCG process Source: UCG Partnership

Low air amissions o ]
Electricity G0, separation

production

! Gas cleaning

g

CO; separation
Stream to _
Injection well unminaable coal Production well
ooy gen + Water Ha, CH_,. C0, COy
+ minor
constituents

Strossad & contaminated zone

Coal saam

Ash + char
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'UCG with mineral injection

Combustion Products

Hat coal

2z

Caco3

Water for gasification Enough air to burn 1 unit
| reaction and wolurme of cogl

Gasification
products

Cac for COZ2 adsorption
(based onvolume
canstraint)
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Chemical reactions

Combustion
2 C+0,-> CO, + 393.77 kd/mol

Gasification

2 Global reaction
C + 2 H,0 + CaO € CaCO, + 2 H, + 87.9 kd/mol

9 Boudouard reaction
C + CO, €-> 2 CO - 172.58 kJ/mol

2 Shift reaction
CO+H,0 &> CO, + H,—41.98 kd/mol

3 Methanation
C+2H, &> CH,+ 74.90 kd/mol

An introduction to the exergy
concept
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\ Equilibrium relations

y:: gas phase mole fraction

P°: standard pressure (1 bar)

P: system pressure

K:: equilibrium constant of reaction j
v,;: stoichiometric coefficient of component i in reaction j

D: fugai'fy coeffigient of component i in a gas mixture

— vi,le.
exp RT =K,

0 T 0 T 0
AG AG —AH| A if J~A Pt
RT RT, TT » RT

Z v jHy=A4H,

.
2.V, C5 LAC,
l
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UCG process flow diagram (1)
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Minerals (Magnesium
Calcium Silicates)

-

UCG process flow diagram (2)

Water (optional) /_L _
Nitrogen
—
Crusher \-‘"#T:«litroger]
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Water { » ! > Pure gas
g Sy
¥ Y
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g S
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product products
Compressor Gasifier
k 4
CCS unit
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Application in UCG process

RUCG _ Exprod — EXcon

coal — Ch
Ex coal

th
Exr:on — Wpump -+ Wr:amp + EXCaO - Exwater

ExPr — Wpump 4 Wcomp EXCaO 4+ EXW&I‘EF
con Npump Nelec NecompNelec __prod prod
pump P T’CaO water
£y _ Wpump i Wcomp + EXCaO 4+ Exwater
con — d d
NpumpTlelec ~ TlcompTlelec T gﬁ) Eﬁer

out comb
+E Xccs - Exr:cs + Excr:s
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\ Exergetic recovery of UCG (1)

100.0

§0.0

60.0

40.0
m=Theoretical

20.0 =>=Practical
Volero-emission

Coalexergy recovery (%)

0.0
v
vvvvvvvvvvvvvv
e
40,0
. ; ! ; ; 7 ; ;

Water to oxygen molar ratio
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‘ Exergy (W)

i |
) Hot Water (80°C),
Cold Water (15°C) 100 m3/hr

|

Power (P) 2000 m




Pressure drop in the pipes

A.P 2
A
Jo, D 2

0.3m —

= friction factor:
/ 16

2000 m f =—For laminar flow
Re

For f in other flow regimes, see Moody diagram[}
L = Length of pipe [m]

D = Diameter of pipe [m]

v V = Liquid flow velocity [m/s]

p = Liquid density [kg/m’]

AP = Pressure drop [Pa]




Pressure drop in porous media

¢ = Fluid viscosity [Pa.s]

k = Permeability [m?]

u = Darcy velocity [m/s]

L = Length of porous media [m]

AP = Pressure drop [Pa] AP = E ul
k

L= 1000 m

100 m




‘ Pumping exergy

Electrical Fossil Fuel

Driver (ng)

Pump
Mechanical
Efficiency (n,)

Q(AP,,, +AP,, )
Ex p = Ex, = Pump exergy consumption [J/s]
ﬂp ﬂpp?]d O = Volumetric flow of water [m¥/s]
AP, = pressure drop in pipes [Pa]

APy, = pressure drop in porous media [Pa]




Steel and Cement embodied exergy

0.3m —

4

P

2000 m

wells

Depth

Cement thickness
Tube inside
diameter

Tube thickness

2
2000 m
30

300
10

Steel
Cement

Steel
density

Cement
density

58094.71 kJdkg
2323.79 kJkg

7850 kg/m?

2000 kg/m?




‘ Exergy Consumption & Production

kl/s Y%

Ex —Ex
Pump 8.29 21.91 Ny = — ~x100
Drilling 0.44 1.15 Ex,
Piping 28.15 74.44 623.38 —37.82
Cement 0.94 2.50 - 62338 x100
Sum 37.82 100.00 —03.99%

Exergy Production = 623.38 kl/s




‘ Sustainable exergetic recovery of
foccil fiialc

70

60

80

40

30

20

Sustainable recovery (%)

10

0

N.G. (Lit) N.G. (Cal Gasoline (Lif) Coal (Li) UOG Sc.1(Caf) UCG Sc.2(Cal)

-10

-20

An introduction to the exergy
concept



	An Introduction to the Exergy Analysis
	Outline
	Energy?
	Slide 4
	Carnot Cycle
	T-S Diagram of Carnot Cycle
	Energy or Exergy
	Quantitative Definition
	Slide 9
	Driving Force (∆)
	Chemical Exergy
	Slide 12
	Slide 13
	Slide 14
	EROEI
	Slide 16
	Slide 17
	Process Flow Diagram
	Theoretical, Practical, and zero-emission exergy recovery
	Calculation of theoretical, practical and sustainable exergy consumption
	A simple example
	Slide 22
	Slide 23
	Slide 24
	UCG with mineral injection
	Chemical reactions
	Equilibrium relations
	UCG process flow diagram (1)
	UCG process flow diagram (2)
	Application in UCG process
	Exergetic recovery of UCG (1)
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Sustainable exergetic recovery of fossil fuels

