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Abstract. Cogeneration is an important item of energy cowaton techniques and also an adequate method of
reducing environmental impacts when the centralieeeérgy structure of a country is based on thermpaver
generation (especially if coal is the preferredlfufraditional thermal cycles burning natural gase nowadays
recommended to several applications, and in paldiceombined gas/steam cycles because of their tighmal
efficiencies, which is nowadays in the range ot®50%. A good idea may be, however, improved —thatlis the
way in which advanced cogeneration cycles are pgegdoSeveral technologies are under developmerdiiming a
“(near) zero-emission” of C@ niche, i.e. concepts and schemes that integrat@epagenerating systems to
technologies for reducing or eliminating GOIn this paper, a discussion about the taxononpegposed for
classifying zero-emission technologies is presengsdwell as the most representative schemes &baile the
literature in each category is also analyzed.

Keywords: cogeneration, C@emissions, advanced thermal cycles, zero-emissaimologies.

1. INTRODUCTION

Several articles present the capture and storaggOpfby describing a great profusion of technologiesost of
them not usual technologies - and they do not atlowhe non-initiated readers to be appropriatabefl to the great
diversity and variability of the denominations. this article, low carbon emission technologies @eéned, and the
taxonomy of the different separation alternatived storage of COis also described. In this context, several prajsos
of solutions are presented, both the ones that@mamercially available and the ones that are ddvige potentially
appropriate to be available in medium and long term

2. ANALISYS OF ADVANCED TECHNOLOGIES FOR CO , EMISSION REDUCTION

2.1.Initial concepts

The search for advanced technologies that redueesignificant way the emissions of €@ the atmosphere has
been the object of intense evaluations on univessénd thermal cycle manufacturer’s research centéanufacturers
not only see in that theme significant commercgartunities for their activities in the medium dodg-term but also
their survival condition in a competitive markeatlis more and more limited for environmental coxists.

Advanced technologies are defined as the onesathatevealed to be better than the conventionad onéerms of
energetic and/or exergetic efficiency, smaller ainiss of chemical species and/or energy, smallesiment costs,
smaller costs operational and/or specializatiogsested for their operation, and with a largermiglity (LIOR, 1997).
In that context, zero emission technologies (ZEMear-zero emission technologies (NZET) concegsraroduced.

Grubler, Nakienovic and Victor (1999) divide technological developmentsix stages: invention, innovation,
market/commercialization niche, diffusion, satwatiand obsolescence. For them, the technologiegestmust be
associated to radical, incremental or mature telogies. Radical technologies introduce new conc#ps stand out
significantly of the previous practices, while tilmeremental technologies refine and improve exispgncesses; the
incremental technologies explore the potentialstélelished projects (mature technologies) and &etiy reinforce the
domain of market of the companies that own therteldyy for their development and implantation.

2.2.Advanced technologies taxonomy

According to the state-of-the-art review, the dimisof technologies proposed by Géttlicher and Emak (1997)
is accepted as the more general; it is then prederid adopted as the basis to include the conaeptsew thermal
cycles described in another references. In agreewitinsuch authors, five families of technologes be identified:

Family 1. processes in which GQs captured from the synthesis gas produced kanmsteforming process, partial
oxidation of natural gas or gas coal gasificatibDarfen et al., 2006); the fuel is rich in hydroged & is
burned with air after the separation of &hd CQ. The separation of Hand CQ with or without catalytic
shift reaction is also possible. For Feron (20€&,techniques of this technological family arerappiate
to be used when a new thermal power station i® toomstructed. Fig. 1 illustrates Family 1 struetur
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Fig. 1 — Family 1 structure (pre-combustion)

processes in which fuel is burned in an atmospbénmixed oxygen and recycled G@nd/or steam,
resulting in a concentrated flow of G@nd steam (kD)) that can be separate for condensation. Instead
of separating C®from the exhaust gases, basically nitrogen in twge, N is removed from the
combustion air by an air separation unit (ASU)tha energy generation process, the thermal cyaiesbu
the fuel with the oxygen obtained in ASU. Eide kt(2005) refer to that technological route as ¢xgt
technology; Lyngfelt and Leckner (1999) refer a3, firing; Feron (2006) calls it denitrogenation. Fig

2 illustrates the Family 2 structure.
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Fig. 2 —Family 2 structure (denitrogenation, oxy-fuel, g#QD, firing)

these processes include the forms of power geparbtsed in the burning of fossil fuels in which G©
removed of the exhaust gases after the combugimst-Combustion). This technique is recommended for
existent power plants; for Lyngfelt and Leckner 429 as the energy for the G@moval is obtained
from the thermal cycle as low pressure steam, ghefficiency is reduced (Fig. 3).
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Fig. 3 —Family 3 structure (post-combustion)

this technological route refers to the process Hgarb, in which carbon is separate from the fuébree
the combustion. Developed by Brookhaven Nationdddratory, it was conceived to produce carbon and
methanol starting from coal with excess of hydrodemrogen is obtained from a methane rich gaschvhi
is thermally decomposed in a reactor (Lane andrGR801). For Steinberg (1997), the process Hydloca
is based on three reactions - the hidrogasificatiothe coal, the decomposition of the methane thed
synthesis of the methanol - whose complete reacicH, ,O, 7+0,34 CH - 0,66 C+CHOH (Fig. 4).

coal or biomass heat source
hidrogasifier methane pyrolysis methanol
synthesis
A l
I (GHHz, H0) c @#CHs, CO)
CH recycled gasy(KCHs) GaH

Source: Steinberg (1997)
Fig. 4 — Family 4 structure — Hydrocarb process

this technological route includes €Qeparation processes with fuel cells adapteddaning fossil fuels
derived gases. Eide et al. (2005) report fuel aalid chemical looping as un-mixed technologies ¢aat
be included in this technological route.
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2.3.Air and CO, separation processes

Smith e Klosek (2001) state the set of air sepamadivailable technologies as:

» Criogenic process:cryogenics is nowadays the most efficient way anth Wwetter cost/benefit ratio among
existing technologies to produce large amountsitobgen, oxygen and argon as liquid or gaseousymtsd This
technology is based on low temperature distillatiorseparate atmospheric air into its three maimpmnents,
being specially recommended when 100 ton per dayare of oxygen is needed; design pressures imamge
0.44-0.72 MPa are common, although the productthisf process are disposed at near-atmosphericupesss
(Wimer et al., 2006). The higher the pressure,nioee compact will be the equipment, and this redube ASU
investment cost; another potential advantage isptssibility of injecting nitrogen into gas turks) a way of
justifying the economic feasibility of air sepamatiprocess.

* Non-cryogenic processessome of these technologies are under developmgnhdre presented to state their
potential for a future association to energetideys:

0 Adsorption: is the phenomenon for which, contacting a saitd a mixture of fluids, one of them is retained
by the solid, resulting in an enrichment of the ralsorbed fluid; it is based on the capacity of soratural
and synthetic materials of preferably adsorb nirogin the case of zeolites, non-uniform electiatds
present in the material's empty spaces are redperisr preferential adsorption of molecules whigk more
polarizable as those that have greater electrogjathdrapolar moments (Smith and Klosek, 2001jhénair
separation process, molecules of nitrogen are rawomgly adsorbed than molecules of oxygen andrargo
when the air is passed at a zeolite bed, nitrogeetained and a rich flow in oxygen leaves the bed

o Polymeric membranes such process is based on the diffusion rategréifice between the oxygen and the
nitrogen through the membrane that separates mdHoav pressure flows. Flow and selectivity (pertitiy
rate of gases to be separated) are propertiedétetmine the economic attractiveness of membrygsterss.

o lon transportation membranes these are inorganic solid oxide ceramic mateitiadd produce oxygen by
passing ions through a ceramic crystal structuene@ally operating in temperatures greater tharfG9the
molecules of oxygen are turned into ions of oxygethe membrane surface and transported in the marab
by the application of an electric voltage or byfetiénce of oxygen partial pressure. This processdcbe
integrated with energy generating systems thategiqoxygen for combustion or gasification processes

According to Gambini e Vellini (2003), GG@eparation can be done by means of physical asmhichl absorption

methods. After C@separation from exhaust gases, it is necessagynpress, liquefy and dehydration of £%0 that it

can be transported, stored or employed in a proeéhsut future energetic consumption. An ultim&e, drying is
also necessary because its combination with witecarbonic acid (3€0s), is corrosive.

Physical absorption consists of dissolving,@@ough a solvent at high pressures and smalleestyires because
the solubility of CQ increases with such conditions. After the physatadorption, CQis removed of the solvent by a
slow process of reduction of the pressure. As #tieest gases of thermal cycles are with near-athes&ppressures,
this flow should be compressed to an appropriateevaf pressure for which the retreat of £ possible, and this
represents an energy consumption in the compregsamess; because of this, Gambini and Vellini @Q&ffirm that
the physical absorption is not recommended for tthatment of exhaust gases in the post-combustionepses
(Family 3); however, the same can be convenienprfocesses of pre-treatment of gases.

Chemical absorption is the most appropriate proteshie CQ separation of the gases when it presents low
concentration (5 to 15% in volume) in the gas fltvatmospheric pressure. The chemical absorpti@Osfconsists of
two stages: the absorption of €y chemical solvents at low temperature (betwe@C4nd 65°C), and the recovery
of CO, from the chemical solvents with low temperaturati®etween 100°C and 150°C), usually available ftioe
thermal cycle. Aqueous solutions of amines abs@b I6y means of complex chemical reactions that depenskveral
variables, as the pressure of the absorber, therstdlow and concentration, and the number ofgglén the absorption
column. Different solvents can be considered, asnaathanolamine (MEA), diethanolamine (DEA),
diisopropanolamine (DIPA), diglycolamine (DGA), mgldiethanolamine (MDEA) and triethanolamine (TEA).

3. ANALYSIS OF ADVANCED CO ,-FREE THERMAL CYCLES UNDER DEVELOPMENT

Energy generating thermal cycles were consideredisnpaper considering the innovations presergednieting
the objectives of increasing thermal efficiencytembial of burning alternative fuels and/or redaotiof atmospheric
emissions. Gottlicher and Pruschek (1997) propdkedaxonomy here adopted for analyzing,@€&duced thermal
cycles, and Damen et al. (2006) established othearpeters for comparing the same technologiescldssification
divergences will not be discussed in this paperreddeer, for the space limitation, it will just beepented the most
representative schemes of each technological réamejy 4 will not be presented given the limitatiof its current
development.



3.1.Technological Family 1 (pre-combustion)

According to Otter (2004), pre-treatment processespositively distinguished from post-treatmengoFamily 3)
by the lower volume content of G@n the exhaust gas; this reduces the gas sepanatib capacity, and consequently
its investment cost. Furthermore, less selectitéighniques can be recommended, whit lower energguoption,
because of the higher GOoncentration. The gasification of coal, biomasd gefinery wastes produces a synthetic gas
(synga$ and as some of the advanced technologies argnéekfor burning such syngas, it is necessarydie stome
information about the conversion of thermal machite the new fuel. Wimer et al. (2006) present irtgrd results
about this; the difference in composition and hegtialue of this exhaust gases impose two chalkefareadapting gas
turbines to the new fuel, and both can be partgdlyed by integrating gas turbine to the air sefi@n unit:

» different combustion characteristics recently, the use of low-NOx burners for natugak combustion in gas
turbines became a reality. Because of syngas cdinbuharacteristics, a one-stage diffusion conibosthamber
is recommended to avoid hot spots and to controk @mation (according to these authors, it is mdifécult to
avoid hot spots because of the high adiabatic flaemeperature of hydrogen, 2047°C, and of CO, 2100°
compared to 1875°C from methane). Turbine inlefpenature (TIT) is reduced by introducing diluenistsas N
produced in the ASU, low-pressure steam or evepnvat

* higher (mass and volumetric) fuel and exhaust gadofwv in the combustion chamber and gas turbinegas
turbine net power is dependant on mass flow; becafismechanical limits, such torque and surge fihere is a
maximum mass flow (and as a consequence, a maxipmwer) in which gas turbine can be safely operated.
determined amount of fuel heat power must be predudor an air mass flow entering combustion chamber
whichever fuel is to be burnt; using syngas, whuos&ting value is lower than methane’s one, highesan{5 to 6
times) and volumetric flow (4 to 5 times) of synga# be necessary to produce the same fuel hdaeva

The two proposals of configurations presented énsiaquence are classified in this technologicakrdbe structure
presented in Lozza and Chiesa (2002a) presentnbiced cycle based on partial oxidation (Fig. Sghvabsorption of
CO, for physical or chemical process. The scheme ptedein Lozza and Chiesa (2002b) involves combicyde
with reform of methane (Fig. 6); the configuratieith partial oxidation of natural gas and chemigbsorption of CQ®
was the one that was revealed more promising, effttiency of 48.5%. The system based on steanrmefg presents
lower generated power and efficiency, but produnesogen with 95% of purity, while the partial oattbn generates
fuel with nitrogen dilution.
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Figure 5 — combined cycle with partial oxidatiow,lbzza and Chiesa (2002a)
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3.2.Technological Family 2 (denitrogenation oroxy-fuel)

The employment of nitrogen for dilution can incredise useful life of the components of gas turbamed to reduce
the formation of thermal NOx for eliminating hotatp in the combustion chamber. The dilution of agen can
especially be beneficial for gas turbines that apein high temperature atmospheres and that switér the low
density of the ambient air (WIMER et al., 2006)sides, the injection of nitrogen represents aneiase of net power
(between 20 and 25%) in the gas turbine since dtemses the mass circulating flow (GTW, 2007a/2D0The
integration between ASU and the extraction of &ithe gas turbine compressor is recommended, arrepriesents a
process of energy improvement for the auxiliary ppwonsumption reduction, it reduces the costsnobxra air
compressor and improves the global air efficienéythe installation. It is recommended that the &otion of
compressor be in the range 30% to 40% (GTW, 2007b).

The proposition of cycles based on L€eparation and its use as energetic fluid is bgrgposed in this
technological route; Shao et al. (1995) presenagsal that is based on a fuel burnt in an atmagpbf oxygen and
recycled CQ and/or steam, resulting in a concentrated flouC06 and separate steam for condensation, with oxygen
supplied by ASU; this scheme was named P2C2 (pplaet with CQ captures). Some cycles are more commented in
the literature, as the MATIANT (Mathieu and Nihat999), AZEP and Graz (DAMEN et al., 2006) cyclegy. 7
present the MATIANT cycle scheme and Fig. 8 illastr the AZEP cycle. AZEP (advanced zero emissionepo
plants) consists of a combined cycle in which thmbustion chamber is substituted by a reactor @edhconducting
membrane (MCM) which includes a combustion chamdélow” temperature heat exchanger, a MCM meméramd
a high temperature heat exchanger (EIDE et al5200

3.3.Technological Family 3 (post-combustion)

Gabrielli and Singh (2003) present three schematsatte framed in the group of the combustion teldgies with
pure oxygen, whit the water/steam mixture as wayKinid. From the operational point of view, thetmal cycle uses
pure oxygen; the gas natural pass through a stefommer, producing synthesis gas (basically CQ,¢0,, CH, and
steam) that is burned in the combustion chamb#heofias turbine in the presence of water steam.
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Figure 7 — MATIANT cycle, by Mathieu and Nihart9@9)
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Figure 8 — AZEP cycle, by Eide et al. (2005)

The exhausted gases contain 90% in volume of ss®hCQ that expand in a steam/G@irbine and furnish heat
to the steam reformer and later to the recovergnstgenerator. A portion of these gases is mixettieéosteam of the
recovery steam generator, being in the sequennspoated by a battery of compressors before emgtehia reformer



and combustion chamber; the non-recirculated gacbhdensed and sent to a fi@ter separator. Fig. 9(a) presents
the first of the proposed schemes, once the otfifes slightly for some pressure levels, preseaca@absence of heat
exchangers and intermediate cooling.

Gambini and Vellini (2003) present conventionalrthal cycles and an advanced mixed cycle (AMC) wpitist-
combustion recovery of COthe AMC cycle presented in Fig. 9(b) consistaajas/steam combined cycle in which
the steam constitutes a closed cycle. An initiating of the steam is observed, followed by a regsive process in
which the same is partially sent to a separatod, artially mixed with exhausted gases resultimrfmatural gas
combustion. In this cycle, the separation of watet the recovery are necessary to operate the stgaenin the closed
mode; the removal of C{s done by chemical absorption.
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Figure 9 — (a) thermal cycle by Gabrielli and Sir{g803); (b) AMC cicle, by Gambini and Vellini (28D
3.4.1GCC - integrated gasification combined cycle

It was decided to include IGCC after the preseotatf the first three Families because this teabgwlcontains
elements of all of them. IGCC cycles were describgddamen et al. (2006) as composed by the th@entdogical
families, being considered as pre-combustion (Rafjithe employment of shift reactor after the mecof cleaning of
the synthesis gas, as denitrogenation (Family ethployment of ASU providing Jor the combustion of synthesis
gas or new gas turbines, projected for operating ®0,/H,0 as work fluid, and as post-combustion (Familyh#) use
of chemical absorption after the gas turbine, withshift reactor or gas turbine modifications.

From the point of view of the development stage;@>can be considered a radical technology in tineodstration
phase - although it counts with more than 30 yehdevelopments and tests, once the Linen un@grmmany, is from
1972 (GTW, 2007a). The reasons for the delay iwses for the larger coal power plants refer toltve operational
reliability demonstrated (in the last years, howgel®CC have already reached reliability indexe®wér 90%) and to
costs (between 10 and 20% higher than pulverizepmeer plants). Figure 10 present a possible IGCi@zme.
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Figure 10 — IGCC with dual cycle (gas turbine arid, &covery) by Duan et al., 2004
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3.5.Technological Family 5 (fuel cells and chemical Igong cycle)

Family 5 presents processes of separation of ®ith fuel cells and chemical looping technologyeF cells
nowadays constitute an interesting niche of teatgiohl development because of their highly favaeadficiency and
emissions characteristics, while the processeberacal looping is best defined in the contexthef €nergy generation
associated to industrial transformation processpscfally chemistry and petrochemical industri€gures 11 and 12
illustrate concepts of combined cycles integrategdpectively, to fuel cells and chemical loopingaters.
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Figure 11 — IG-MCFC cycle with high temperature giesning unit (HGCU), by Jansen and Mozaffarig®9(7)
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Figure 12 — combined cycle integrated to a fliddizatalytic cracking unit in a chemical loopingley

* Fuel cells: For Sjunnesson (1998), the technology that inwlftesl cells was proposed in 1839, when William
Grove demonstrated its principle, that is quitedénthe combination of hydrogen and oxygen to iob&mergy
from that reaction having water as product; thénnetogy of cells of fuel based on phosphoric adtdgC) is
closer of the commercialization condition and is &me in a position to compete with other genenatchnologies.
For Lunghi, Ubertini and Desideri (2001), pilot tenfuel cells based on polymer electrolyte (PEM)solid oxide
(SOFC) and in molten carbonate (MCFC) in commemsxgale are under test in Europe and in United State

« Chemical looping cyclesDamen et al. (2006) classify chemical looping cydtethe Family 2 technological route,
instead of classifying them, as Géttlicher and Bmek (1997), as belonging to Family 5. Certain psses of
petroleum refining, that actually operate sepayatelch as catalytic cracking and distillation spitan be
energetically benefited if integrated to heat armvgr generating systems (cogeneration). The teolgobf
chemical looping (CLC, chemical looping combustias)based on the burning of a fuel in two separadetors in
which nitrogen is separate from the combustion pets] in the reduction reactor, the fuel is oxidize general by
a metallic oxide, such as the oxide of zinc. Trduoed metallic oxide is returned to the oxidatilmdf bed reactor,
in which it reacts with oxygen. The oxidation oftimetal is highly exothermic and provides high terafure
exhaust gases that can be used in power genecgtites (Damen et al., 2006).

4. FINAL REMARKS

In the present article it was presented concepteearaing advanced technologies of £f@e power generation
systems, as well as a classification of some oktthemes found in literature. Based on this cliassibn, technological
routes were described in the form of "families"gooups of technologies; several configurations dfaaced thermal
cycles available in the literature were also pressbn

This research theme still presents great techiaicdleconomic challenges; however, as environmentastraints
are quickly growing and as a consequence of oltgipirofits for integrating power generation cyctesenergy-
intensive processes, power generation advanceddkagdies will be a reality the next decades.
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