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FOSSIL FUELS:

We love to hate ...

The Big Picture, Revisited, why do we care?

Types, amounts, how long and what are the trends?
Combustion and reforming, why some chemistry headache?
Combustion phenomena, where do they fit?

Burners and Combustors, some hardware?

Power Cycles, conventional and advanced, what are the trends?
Emissions and their control, successes or failures?

Fuel Cell; what do they have to do with fossil?

Biomass, what 1s the connection?



THE GLOBAL PICTURE



The Terawatt Challenge
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Energy Sources and Demand

Source: M.l. Hoffert et. al., Nature, 1998, 395, 881

Graph removed for copyright reasons.

Wigley, Richels and Edmonds, ppmv of CO2,
pre-industrial concentration is 280 ppmv



COZ2 emissions and
Global Temperature!
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Figure Ib  Increased CO; Emissions Causing a Rise in Atmospheric CO;
Associated with a Rise in Global Temperature (Sources: €Oz data from Ethridge
etal. 2001, Keeling and Whort 2002: temperature data from Jones et al. 1995,
Peterson and Vose 1997)

From “Basic Research Need for a Hydrogen Economy”,
Report of DOE BES Workshop, May 13-15, 2003

Predictions are always wrong! But it is good to have a plan ...



THE DOMESTIC PICTURE



Diagram 1. Energy Flow, 2003
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By Source, 2003
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U.S. 2002 Carbon Dioxide Emissions from Energy
Consumption — 5,682" Million Metric Tons of CO,™ E

Renewables 3***

Electricity
power sector
2,249

Natural Gas
1,203
Residential/
commercial
2,206
_ Industrial
Coal coke imporis 6 1.674
Petroleum
2,453
Transportation
1,850
Source: Energy Information Adminlstration, Emissions of
Greenhouse Gases in the United States 2002, Tables 4-10.

“Includes adjustments of 42.9 milllon metrlc tons of carbon dloxide
from U.S. territorles, less 80.2 MtCO; from International and military bunker fuels.

“*Previous verslons of this chart showed emisslons In metrlc tons of carbon, not of COs.

“"Municlpal solld waste and geothermal energy. Lawrence Livermore Natlonal Laboratory, May 2004
Note: Numbers may not equal sum of components because of Independent rounding. http:/eed.linl.gov/flow/



Figure 2. Energy consampiion by fuel, T970-2025
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Dollars per kiloWatt Hour

(in 2003 Dollars)
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FOSSIL FUEL TYPES
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FOSSIL/ORGANIC FUELS

COAL, OIL, NATURAL GAS.
OIL SHALE, TAR SAND, PEAT.
“BIOMASS” .. Young, “renewable”.

» Formed due to the fossilization of organic matter, under ground
(although evidence of earth mantel inorganic methane 1s rising).

« All formed of carbon and hydrogen, some with little oxygen,
plus sulfur, mercury and other minerals, and non combustibles.

* Most require some form of processing: sulfur removal, grinding
and washing, oil refining, gas desulfurization.

14



COAL

(fossilized vegetations)
lignite, subbituminous, bituminous, anthracite.

Coal 1s carbon + hydrogen (CH, , m < 1) + sulfur (up to 10%
by weight) + nitrogen + ash (non combustibles).

Some sulfur can be washed away before combustion, but
mostly 1s scrubbed from combustion products using limestone.

In fluidized bed combustors, pulverized coal 1s mixed with
limestone and burned at lower temperature 1n blowing air.

In gasification, rich burning in oxygen and water forms syngas

(CO+H,), desulfurization before combustion or gas separation.
15



OIL

(or petroleum, liquid rock, fossilized marine life. algae)

* Made up of many organic compounds + hydrogen + nitrogen + sulfur.
Sweet and sour refer to the amount of sulfur. CH_, 1 <m <2,

* “Light oil” 1s generally composed of three hydrocarbon families:

 Saturated hydrocarbons: paraffins (or normal alkanes), C H,,.,,
with gas, n = 1-4, liquid, n = 5-15, and solids, n > 15.

 Unsaturated hydrocarbons, or aromatics, like benzene, C H,,
toluene, C;Hg and nephthalene, C,,H;.

« Resin and asphaltenes, heavier hydrocarbons rich in nitrogen,
oxygen, sulfur and vanadium.

« Refining: distillation (separation of lighter components), catalytic cracking
(heating) and reforming (with steam or hydrogen). Products are typically
refinery gas, LPG, gasoline (mostly octane CgH,y), aviation fuels (JPx)
diesels, heating and lube oils .... 16



A Large Demand for Hydrogen is due to the

Declining Quality of Available

Crude Oill

ORNL DWG 2001-107R2
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Non-Conventional “Heavy” Oil
(all require intensive processing)

O1l Shale:

impermeable hard rock containing (organic, non petroleum)
kerogen (pre-oil), which pyrolyzes into o1l + (organic, petroleum)
bitumen that liquifies with heating.

Tar and Tar Sand:

a mixture of sand and bitumen (coal-like) can be reformed into o1l
components.

Peat:;
“Duff” material in forests and woodland ..

18



NATURAL GAS

Mostly methane, CH,, ethane C,H,, some propane, C;Hg, and
little butane, C,Hg, with small fractions of higher hydrocarbons,
may contain sulfur, oxygen, CO, at small quantities.

Requires least processing.
Biogenic Gas: near surface, difficult to exploit.
Methane hydrides/hydrates, found in deep oceans, and

permafrost, encapsulated in water (estimated to exceed 2 orders
of magnitude of proven gas reserves) in ice like structures.

19



One way to classify fuels 1s through their heating value,
In this table it 1s the LHV, in MJ/kg fuel.

Commercial Fuoels

MNatural gas 36-42
(rasoline 47.4
Foerosens .4
Mo 2 ol 435
Mo, G ool 42.5
Anthracite coal 32-34
Bituminous coal 258-36
Subbituminous coal 20-25
Lignite |4-18

Biomass Fuels

Wood (fir) 21
Crrain 14
Manure |3




Some Combustion Fundamentals:
Chemical Thermodynamic

“Classical Thermodynamics is the only physical theory of
universal content which .... within the framework of its
basic notions, will never be toppled.” Albert Einstein.

21



HYDROCARBON COMBUSTION IN AIR

C H, +(n+ j(O +3.76N,) > nCO, + — , H0+376(n+ 4)N

 Hydrocarbons store energy in their chemical bonds. Highest
energy storage per unit mass or unit volume (in liquid form).

* Chemical Energy 1s converted into thermal energy during
combustion, or other chemical energy in refining and
reforming (processes that require energy).

* In complete, stoichiometric combustion of hydrocarbons, the
products are water and carbon dioxide.

22



Ragone plot of Energy Storage
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* Oxyfuel combustion, that 1s burning 1n pure oxygen, 1s also used
to further raise the products temperature, in gasifiers
(reformers), or to avoid the formation of nitric oxides.

C H, +(n+ j(O)—)nCO + 2HO

 Even with stoichiometric combustion, carbon monoxide and
nitric oxides form, as well very small amounts of hydrocarbons
and their fragments (PAH).

e The amount of CO, NOx and “CH” in the products depend on
the fuel, combustion conditions, nature of the combustion
process, and how fast the products are cooled.

24



* The amount of heat transferred out this reaction, when burning
at constant pressure 1s known as the enthalpy of reaction.

H,+— (0 +376N)—>H0+¥N AR,

H, at
(T .p,).carrying Iy,
H,() at

1/2 O, at (T.p,).carrying hH 20

5 |': |_ -'| -
(T,.p,).carrying, P

e

* For most hydrocarbon the enthalpy or reaction per unit mass
of fuel 1s 45 - 50 MJ/kg, for hydrogen it 1s 123 MJ/kg.

25



Total
reaclants’
nthalpy

n A

Total
products
enthalpy

Enthalpy of

reaction

Craseous H,0O)

Liquid H,0O

>
T

This 1s also the Higher Heating Value, if water 1n the products 1s
in the liquid phase, or the Lower Heating Value, 1f 1t 1s 1n the
gaseous phase (getting either depends on T and p of the process).

26



Thermodynamic Properties of Fuel Combustion at 25°C and One Atmosphere Pressure®

Molecular Weight ~ FHV* (hh S Af FHV
Fuel Symbol  (g/mol) (MVke fuely  (A/F),  (MVke product)  (MI/ke fuel)  (M)/ke C)

q

4 d
Pure Compounds

Hydrogen H, 2016 |19.96 34.28 3,400 |17.63 NAT

Carbon (eraphite) Loty 12,01 32,764 11.3] 2614 32.834 32,764
Methane (H, 16,04 50.040 1723 2,145 21016 66.844
Carbon monoxide (0O 2801 10.104 2467 2914 9.1835 23.564
Lihane L,H, 30.07 47513 16,00 2,780 45522 349480
Methanol CH,0 3204 20.142 6470 2696 22.034 33,139
Propane (5Hy 44.10 46.534 15.6/ INEE, 41,793 36, /U5
Lihanol (,H0 46.07 21728 9,000 2113 25,903 3318l
lsobutane C,H, 38.12 43576 15.46 2,769 33,142
Hexane 0, 86. 15 46.093 [5.24 2838 .013
Uctane LgHyg |14.2 M. 785 15.12 213 23.246
Decane CyoHly 142.3 44,50 15.06 27108 52838
Dodecane CHy /0.3 440N 15.0] 27108 32567
Hexadecane Lyatly 2264 4.503 14.95 2713 32208
Octadecane G, 2.5 44.25] 14.93 2718 32102




Fy Total reactants’

enthalpy
h
lotal products
P enthalpy
Enthalpy of
. reaction at Iy
['otal total products
reactants enthalpy
enthalpy lr
Z, T, T, T

Under adiabatic conditions, the products’ temperature 1s
high ~ 2000 C (depending on the initial temperature and the
process). It 1s called the Adiabatic Flame Temperature.

28



Products Composition
in Equilibrium Combustion

There 1s no complete combustion!

C H, +(n+ j(() +3.76N,)—>

(n—a)CO, +@— ﬁjﬂza +(3.76(n +%j——

+aCO+ fH,+yNO_ +someO,

equilibrium dissociation and NOx formation

/4
2

"
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Impact of Equivalence Ratio and Initial Temperature
On Flame Temperature

Graph removed for copyright reasons. Figure 11 in Docquier, N., and S. Candel.
"Progress in Energy and Combustion." Science 28 (2002) 107-150.
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* COMBUSTION PROCESSES
« COMBUSTION DEVICES

* COMBUSTORS

* BURNERS

33



Power, what 1s it and what controls it ..

Two photos removed for copyright reasons. Donkeys pulling cart and a fuel cell car.
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Power Density in Combustion Processes

Coal: pulverized
fluidized bed

SI engine

Gas boiler

Aero engine (overall)

(primary)
Vehicle brakes

0.01 GW/m?
0.04

0.1

0.2

2.0

4.0

S

Premixed flame (peak)
Spark

6
10

WSR (at T*)

10-50
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Hydrocarbon Oxidation Mechanisms .....

Methane ;Hso \
CHy  eQe — B0 — PO —> 00 —C0
CH, / CHy CHO CO
Ethane
C2H6 _>C>EC>
C,H30 CcO
CoHy
O CARBON
C,H> O OXYGEN
CZHZ\ C,H,0 \CDEC) O HYDROGEN
CO
OO~ —
C2H

Figure by MIT OCW.



Practical Combustion Processes

A 4

Premixed ...... H H Non premixed | | Partially premixed
Flame§ Singlé phase | | Multi phase Piloted ,
SI engines combustion

Detonation Gas jet flames drp plets: Flameless
Most burners Diesels :
! , combustion
) (Gas turbine
Catalytic

Recirculating | | combustion

flows

WSR | | Swirling
flow

Coal
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Flame Types

A rich, long, sooty, jet
diffusion flame, heavy HC or
coal, strong radiation, typical
in boiler burners

A well mixed (swirling)
compact flame of a lighter
HC, typical of modern
burners, gas turbines, etc.

Photos removed for copyright reasons.
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FOSSIL BASE ENERGY CONVERSION:
ADVANCED POWER SYSTEMS

The fuel does not matter much!!

Do we have an Energy or an Entropy Crisis?

41



-1-T, /T,

77 carnot

“Nature, in providing us with combustibles on all sides, has given
us the power to produce, at all times and 1n all places, heat and
the impelling power which is the result of it. To develop this
power, to appropriate 1t to our uses, 1s the object of heat engines.
The study of these engines is of greatest interest, their importance
1s enormous, their use 1s continually increasing, and they seem
destined to produce a great revolution in the civilized world.”

Sadi Carnot, Reflection On The Motive Power Of Heat And On
Machines Fitted To Develop That Power, 1824.

42



Gas turbine Open (Brayton) Cycles

State 1 fuel
Air ﬂ

combustor

State 2
Compressed

air

Compressor
work

State 3,
Combustion
products

State 4,
Products

Turbine
work

>

Figure 1. The components and states in a Brayton combustion gas turbine cycle.
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Figure 2. the temperature entropy diagram of an ideal Brayton cycle,
and one with finite isentropic efficiencies for the work transfer
components. A Carnot cycle is superposed between the two extreme
temperatures.

Q,=hy—h,= Cp(T3_ Tz)
Wnet — (h3 - h4)_ (hz - hl)
- Cp[(T3_T4)_(T2_Tl)]

net mechanical work out
43
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Gas turbines have advantages in electric power generation:

1.
. They can are capable of meeting peak load demands.
. They are compact and easy to operate, and take

W N

)

They operate at high temperatures.

advantage of aerospace propulsion applications.

. They operate at relatively low pressures.
. Many 1nstallations burn natural gas, or in dual fuel

mode burning NG and/or oil.

. They do not handle wet gases, and are not as

vulnerable to corrosion as steam turbines.

. Combustion gas turbines do not require heat transfer

equipment on the low-temperature side, and no
coolant either.

44



However, gas turbines suffer from several limitations:

1. They have relatively low efficiency since their
maximum temperature is limited by material.

2. Their efficiency is low because of the high compressor
work, and low efficiency of compressors.

3. Open cycle turbines are limited by the high exhaust
temperature, which limits the turbine work.

4. They cannot be used with “dirty” fuels, such as coal,
since sulfur oxides can damage their blades.

Steam, or vapor Rankine cycles overcome some of
these limitations, and hence have been very popular in
electric power generation.

45



Rankine (Vapor) Cycles:

turbine

condenser
’

>
Figure 12. the T-s diagram of an open Rangine cycle, 1p-2p-3-4p, and a
closed Rankine cycle, 1-2-3-4, with subatmospheric pressure

Figure 12. The components of a Rankine cycle.

Critical point: Tc =374 C, Pc=22.088 MPa
Cooling available at: T =15 C, where Psat=5.63 kPa

46



Rankine cycles:

Fuel flexible, works well with coal (closed cycle).
High efficiency, low pumping power.
Lower flow rate (latent enthalpy).

NS

Works well with nuclear energy:
Pressurized WR: T =350 C
Boiling WR: T =400-500 C
Gas Cooled R: T = 600-800 C
High Temperature GR T > 800 C

BUT
1. High inertia, good for base load but not for load following.
2. Require cooling, big condensers, .. Water ...

Run at low T (works with geothermal and solar), but high p.

47



COMBINED CYCLES:

Figure 18. A supercritical steam cycle, and a “matching”

gas turbine cy cle for use in a combined cycle plant.

Combined cycles take advantage of high T gas turbine exhaust.

Combined cycle efficiency: 7n = Ty + Mo (1= 11y ).

For: 1,,=0.25 and 7,, =04, 1., =0.55

48



Table 2.1: Efficiency of current power plant types and efficiency potential stemmung from possibilities for im-

provement and for future power plant cycles [22]

Vear of Innhal Exznple Operating Charactensties Efficency m
Operation %1
Natural Gas-Fired Power Plant Cveles
1998 (zas turbine simple cyele TIT apprax. 1190°C (150 2314) approx. 1340
1997 GT with reheat approx. 33
1998 T with recuperation approx. 40
1996 CT with steam injection (STIG/Cheng) <43
1998 Humnd A GT (HAT) approx. 38-39
==2000 (T wnth chemmeal recuperanon (CEGT) 5542
1998 Gaz / steam turbine combined cycle power plants | TIT appronc 1190°C (150 2314)° 38-39
Fuel cells, natural gas-fired:
1995 / =2000 PAFC / PEMFC [23, 4] approx. 40
=2000 =005  [MCFC/SOFC combined cyele plant [23, 24, 25] 35 .. 260

Courtesy of U.S. DOE.
Source: Gottlicher. "The Energetics of Carbon Dioxide Capture in Power Plants." DOE, 2004.
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Coal-Fired Steam Power Plants

Operational smee | Coal-fired steam power plant Steam: 283 bar/ S80°C/380°C380°C 47
1998 (seawater cooling system) Feadwater preheatme; 300°C
Nordjyllandsvaerket [26] Condenser pressure: .022 bar
10 feadwater preheatme stapes
Planned for 1999 | Coal-fired steam power plant Steam: 273 bar/380°C/800°C t0dd]
(adjusted) (wet cooling tower system) Feadwater preheatme; 300°C
Gelsenkirchen-Hefler[27] Condenser pressure: .037 bar
9 feedwater preheating stages
Flanned for Coal-fired steam power plant (seawater coolmz sys- | Steam: 200 bar/380°C/800°C 30

2001-2003

tem) Avedoere 1 [28, 291

Condenser pressure: (022 bar

Courtesy of U.S. DOE.
Source: Gottlicher. "The Energetics of Carbon Dioxide Capture in Power Plants." DOE, 2004.
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Cual-Fired Combined Crelz

1994 Pressurized Fludized Bed Combustion (PFBC) | Gas turbme: 850°C/12 bar 36-40
combined cyele (1999 =45)
=010 Pressurized Pulverized Coal-Fired combined cyele =50
power plant (with hot gas clean up or warm zas
clean up accordme to heat exchanger)
Mai?em Hydro Dynamie generator (MHD) + steam 30-60
Cye
IGCC Power plant _
1993 Bugzenum (NL) TIT1050°C (TS0 2314)° 411
1998 Puertollano (E) TTic - 5
=] 998 Study, ready for construction m 1998 [21] TIT=11%°C - 515
IGFC (TGCC wath fuel cells):
21998 PAFC (spht fuel stream) / GT combmed cyele plant [ [31] approx. 30
=2000 MCFC combmed cvele plant [32] =35
=003 SOFC combmed cyele plant [32] = §5
Multiple steam cycles 50-31
Kalma cycle =47
Courtesy of U.S. DOE. 52

Source: Gottlicher. "The Energetics of Carbon Dioxide Capture in Power Plants." DOE, 2004.




TEMPA ELECTRIC POLK IGCC POWER PLANT

250 MW, 35.3 % efficiency, 2500 TPD coal, 200 TPD sulfuric acid, built 1996, $600M

Facility schematic diagram removed for copyright reasons.
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RESOURCES |

GASIFIERS I

ENVIRONMENTAL |
CONTROL | ENERGY CONVERSION I

PRODUCTS

Air/Oxygen
Coal
Biomass
Petroleum Coke
Heavy Oil
Refinery Waste

Orimulsion

Other Wastes

Tampa Electric 250 MW, Florida
PSI energy (Cinergy) 262 MW, Indiana
Dow Chemical 160 MW, Louisiana

QOXNCENRLOMNWN
Entrained Flow - Texaco

- E-GAS

- Shell

- Prenflo

- Noell
Fluidized Bed - HT Winkler

Moving Bed - British Gas
Lurgi
- Lurgi(Dry Ash
Al BLONNDY
Fluidized Bed - HT Winkler
- IGT “Ugas”
- KRW

Spouting Bed - British Coal
- Foster Wheeler
Entrained Flow - Mitsubishi

Transport Reactor - Kellogg

Particulate Removal
and Recycle

- Filtration

- Water Scrubbing
Chloride and Alkali
Removal
Acid Gas Removal

-Amine Processes

-Rectisol
-Selexol

COS Hydrolysis

Sulfur Recovery
- Claus Process
- SCOT Process
- Sulfuric Acid Plant

Water Treatment

Tail Gas Treating
- Mercury Capture
CO, Capture

S. Cal Edison 100 MW, California °

Gas Turbine

Heat Recovery Steam
Generator

Steam Turbine .
Boiler
Chemicals
Catalytic Conversion
Shift Conversion

Fischer-Tropsch

Fuel Cell

H, Turbine

China market ..
India ..

Steam
Electric Power

Liquid Fuels
Chemicals
Methanol
Hydrogen

Ammonia/Fertilizers

MHI built 250MW 1n Japan, 56.5%
* They are building a 500 MW coal.

54

Environmental assessment of IGCC Power, Ratafia et al, SAIC and DOE/NETL, 2002



Reforming, Gasification & Synthesis

From Fossil: Coal/Tar Sand/Biomass

In Gasifier: 3C+0,+H,0 catalsis \3CO+H )

Gas-shift CO+H,0—445 s cO,+H,
Synthesis
methanation CO+3H, WOC reatabysis y cH 4 +H,0

Synthesis+Liquefaction
CO+2H,——>CH,0OH

Methanol production
Fischer-Tropsch: cO,+3H,——>CH,OH + H,0

Probstein and Hicks, Synthetic Fuels, 1990. 33



Fuel Reforming and Synthesis: Efficiencies, and Fuel life Cycle Analysis

Thermal Efficiencies of Synthetic Fuel Production
FUEL PRODUCT EFFICIENCY™* (%)
Coal Synthesis 72-87

Coal Methane 61-78

Coal Methanol 51-59

Coal Hydrogen 62

Qil Hydrogen 77

Methane Hydrogen 70-79

Coal, Qil, or Gas Hydrogen (Electrolytic) 20-30

Oil Shale Oil and Gas 56-72
Methanol Oil and Gas 86

Wood Gas 90

Corn Ethanol 46

Manure Gas 90

*Thermal efficiency is the ratio of the heating value of the synthetic product divided by the
heating value of the parent fuel.

56
Figure by MIT OCW. Source: Table 3.3 in Fay, J. A., and D. Goulomb. Energy and the Environment. New York, NY:

Oxford University Press,2002. ISBN: 0195150929.





