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Abstract: According to the projections, world net electrigiisoduction is predicted to increase from 18.0iaril
kWh in 2006 to 31.8 trillion kWh in 2030. Coal cabution to world electricity supply remains theyhest and is
said to even slightly increase to 43% in 2030. Befre most abundant and competitive, coal recoleraberves
could satisfy the world’s energy needs in the peripe of about 120 years at the current consumpgguels.
There is, however, a need for further improvemérttoal-fired power generation in terms of its ecmits and
environmental impact. The so-called Clean Coal Tetdgies (CCT) enabling energy efficient and
environmentally friendly use of coal include: caglgrading, improvements in efficiency of existirgygr plants,
advanced power generation technologies, near zeiss®n technologies and technologies for,@@nsport and
storage. In the paper the future role of coal iergy systems with a special focus on Polish enpaljgy, and the
main trends in coal processing in the aspect cdiC{@oal Technologies are presented.
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Introduction

A continuous increase in the demand as well ashénshare of coal in the energy
consumption and electricity production is declamedhe reports and forecasts for energy
sector. In 2006 the respective values equaled DINBQ., 27% and 42% [1]. The energy
demand is expected to reach 16,95Q.Nt 2030 and the share of coal in the energy
consumption and power generation are said to bthersimilar significant levels of 28%
and 42% for it is regarded as a safe and relialdé, favailable from large reserves and
worldwide market free of geopolitical constraintdien compared with other fossil fuels as
crude oil or natural gas.
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The estimates of coal R/P ratipr@ved reserves to production) in 2009 support the
forecast for its future major role in energy mixitssreserves are said to be sufficient for
122 years, while those of crude oil and naturalfgad2 and 60 years, respectively.

The prices of coal are generally lower and moraliptable than prices of crude oil
fluctuating in the last decade from about 14 toveb®0 USD/bb! (with a peak in 2008 of
100 USD/bbl) and prices of natural gas dependethetatter ones [2]. Coal price levels in
the relevant period in Northwest Europe have risem about 30 to 80 USD/ton (with a
peak in 2008 of about 150 USD/ton). Storage andspart of coal is also economically
competitive, eg it does not require high pressipelimes.

Nevertheless, coal is considered the most carbtensive fuel. Global dependence on
all fossil fuels since the mid-19th century ledthe release of over 1100 Gtg@to the
atmosphere [3]. World CCemissions from fuel combustion account for abd®o of total
greenhouse gas (GHG) emissions and 80% of total €€mission [4]. The emission of GO
from energy sector is expected to grow from 29lidbhi metric tons in 2006 to 40.4 billion
metric tons in 2030. Coal share in world £#nissions is also expected to grow from 42%
in 2006 to 45% in 2030 [1].

In the light of the above, the technologies aimatgnore sustainable coal processing,
the so-calledClean Coal Technologies (CCT) are of special importance in regard to
economies with energy sectors heavily dependecbah The paper presents the up-to-date
trends in coal utilization technologies for energgeds in the aspect of CCT and
characteristics of Polish energy system, with acigpeemphasis put on coal gasification
with CO, capture.

Clean Coal Technologies

Coal processing technologies are regarded as ortbeofnost CQ@ intensive with
present-day 42% share in fossil fuels-based, @@ission [5]. But with an increasing
deployment of energy efficient and low carbon tedbgies coal could be considered
addressing its environmental challenges.

The term Clean Coal Technologies refers to teclyietodeveloped and implemented
in order to mitigate the negative environmental actpof coal utilization. During about 40
years of CCT development the focus in CCT movethfB0, NO,, Hg and dust emissions
reduction to GHG emission reduction, with a speeraphasis put oparbon capture and
storage (CCS) technologies. At present there are five gsoof technologies with a high
potential for CQ reduction from coal processing specified by th&erimational Energy
Agency (IEA). These include coal upgrading, improeats in efficiency of existing power
plants, advanced power generation technologies!ifemyrated Gasification Combined
Cycle, IGCC), near zero-emission technologies and tdolgies for CQ transport and
storage. It is estimated that wider deployment o&lcupgrading technologies, well-
established in developed countries, such as coshing, drying and briquetting, could
contribute to 5% C@emission reduction, while increasing thermal édficy of existing
coal-fired power plants to 40% by equipment upgrgdind monitoring would reduce it by
22% [6].

Ubbl - barrel
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Advanced power generation technologies includepercritical (SC) and
ultrasupercritical (USC) giving outlet steam temperature of 540+566f@50 bar and over
590°C under pressure over 250 bar, respectivetyetsed thermal efficiency of up to 45%
at present and 50% expected in the future (with @G& Pressurised Fluidized Bed
Combustion, PFBC) results in lower levels of GQvhich would havdo be captured per
kwWh produced.

The IGCC technology has been under developmenaliout thirty years now. The
level of operating expertise required for its eaoi competitiveness still has not been
reached, though there are examples of commeradd-$acilities operating worldwide.

In the gasification process known since the t@thtury coal is converted into synthesis
gas.

The first step of gasification process is pyrolysaking place at temperatures above
400°C, resulting in carbon-rich char and hydrogeh-kolatiles production in the absence
of oxygen. In the second step, at temperatures @3@TC, the char is gasified. In the IGCC
process thewvater gas shift (WGS) step is introduced to convert CO into ,Cihd thus
increase the COcontent in the final gas. The following reactionstviieen coal and
gasifying medium, like oxygen and/or steam canibérdjuished (the heats of reactions are
calculated for 850°C using HSC Chemistry ver.3]p:[7

C+0,, — CO,, AH =-394.9 ki/mol (1)
C+050,, — CO, AH =-113.0 ki/mol 2)
CO+050,,, — CO,, AH =-281.9 ki/mol 3)
C+H,0,, — COy +Hyg AH = +135.7 ki/imol 4
COy, +H,04 — COyp+Hyg AH =-33.2 kd/mol ®)
2CQ,, - CO,,+C AH =-168.9 ki/mol (6)

CH, +H,0 — COy +3Hy, AH = +226.7 kd/mol )
C+2H,q — CH,, AH =-91.020 kd/mol ®)
CHy) +COy — 2COy +2H,,, AH = +259.942 k/mol 9)

In general, gasification technology and IGCC intigatarly, offers higher potential
efficiencies, wider variety of feedstock and pradufeg electricity, synthetic natural gas
SNG, H, chemicals) when compared with SC or USC.

The CCT focus is moving in developed countries freonventional pollutants
emission control to decarbonization of coal procesdy increasing efficiency and GO
capture and storage.

CCS technologies are of special importance in ihlet lof Kyoto Protocol targets,
increasing energy demand and role of fossil fueksniergy supply.

The technologies for CQeparation have been used in industry for a cemtovy but
with and aim of producing pure GQtreams rather than of its emission mitigation., CO
capture is performed among the others in purificatf natural gas and in chemical plants
for ammonia, alcohols and liquid fuel productiomeOof the processes of GEeparation
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from methane in natural gas treatment is chemibabption. Amine scrubbing could be
also used in post-combustion €€apture processes, applicable for conventiondHoea
power generation and gas-fired power generationgusombustion turbines. In this case,
however, the C@ concentration in the gaseous mixture is lower,uat%, and the
relevant energy cost for new power plants is 20+25%lant output, resulting from the
energy requirements of the process (for ,C@esorption from the amine solution,
dehydration and compression) and reduced plartieffty. The chemical absorption and
other components of the post-combustion capturesgs although operated commercially,
have not been used and optimized for large scaleoalfired plants yet. Still, they are
attractive in terms of modernization of the exigtplants.

In oxyfuel combustion process, operated in a nundfesystem worldwide, coal is
burned in oxygen. The flue gas is mostly £Dd thus the cost of amine scrubbing is about
half the cost of C@ capture from conventional plants. The cost of sEparation unit
operation for oxygen production is however constta. It is applicable tpulverized coal
(PC) oxygen-fired combustion in an enriched oxygmvironment using pure oxygen
diluted with recycled C® or H,O. In the oxy-combustion process with flue gases
recirculation: Q/CO,, fuel is combusted in the mixture of oxygen and,G&hich is next
recycled with flue gases for combustion temperaeoatrol. In a result the flue gases
contain mainly C@ and steam, which can be condensed. The resulisgtgeam contains
high concentration of sequestration ready,CO
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The pre-combustion CQapture is applicable to gasification plantsslisuitable to be
used in the IGCC plants where coal is gasified wiam to gas composed of hydrogen and
carbon monoxide, which is further converted in W&&ctors to hydrogen and carbon
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dioxide mixture. After separation hydrogen is uasd fuel and carbon dioxide is ready for
sequestration. Still no commercial scale systethisftype is operated yet.

A novel method of the pre-combustion £€apture is under development consisting in
CO, absorption by CaO [8-16]. The idea of the coalkldalydrogen production and €O
capture in a single step is presented in Figure 1.

In the process coal is gasified in a presence lofura oxide at 600+700°C and under
the pressure of 3 MPa [9].

The summary reactions may be presented as follows:

C + 2H0 + Ca0 = CaCo+ 2H, AH,,, = —69.420kJ/mol (10)
Calcination reaction used to produce CaO and reganet for cyclic application
should also been taken into account in a heat balafthe process:
CaCQ — CaO + CQ AH,,, =166786kJ/mol (11)
Other materials (CaOSpOMgO) have also been tested as L&0Orbents in the process

but it was calcium oxide which was proved to praggas of the best quality and highest
volume (K 75%, CH 24%) [17].

Table 1
Selected C@storage sites operated or planned [19-25]
Location, reservoir name and process | Injection start | Average injection | Total planned storage
type, scale [year] rate [ton of CO,/d] [ton of COg]
Fenn Big Valley, Canada, ECBM, pilot 1998 50 200
Sleipner, Norwey, Utswe saline formatiop, 1996 3,000 20,000,000
commercial
Weyburn, Canada, EOR, commercial 2000 3,000-+5,00( 0,000,000
Mmaml—l\_lagoaka, Japan,_ aquifier, gag 2002 40 10,000
filed, demonstration
Recopol, Poland, ECBM, pilot 2003 1 10
Qinshui Basin, China, ECBM 2003 30 150
Yubari, Japan, ECBM, demonstration 2004 10 200
In Salah, Algeria, depleted gas field, 2004 3,000+4,000 17,000,000
commercial
Frio, USA, saline formation, pilot 2004 177 1,600
K12B, the Netherlends, EGR, 2004 100 8,000,000
demonstration
Salt Creek, USA, EOR, commercial 2004 5,000+6,000 7,020,000
CSEMP, canada, ECBM, pilot 2005 50 10,000
Pembina, Canada, EOR, pilot 2005 50 50,000
Teapot Dome, USA, EOR, demontration 2006 2,600y@20/
Snohvit, Norway, saline formation 2007 1900 23,000,
Ketzin, Germany, saline formation 2008 100 60,000
Otwey, Australia, _sallne formatlon_s ang 2008 1265 100,000
depleted gas field, demonstration
Gorgon, Australia, saline formation planned for 200 10,000 120,000,000
Belchatovy,_ Poland, onshpre saline planned for 2014 - over 500,000
aquifiers, commercial

In summary, C@ concentration from the post-combustion process1%% vol. in

coal-fired systems and 3+4% vol. in gas-fired tnds) and pressure is low, which implies




302 Adam Smolhski and Natalia Howaniec

the need for treatment of high volumes of gas amulirities such as particulate matter,,SO
and NQ present in flue gas degrade sorbents. The prewstob and oxy-combustion
processes utilize air separation units to combaat m an oxygen-enriched environment,
but the amount of oxygen required in oxy-combustisnsignificantly higher than in
the pre-combustion process, increasing Capture costs.

In the pre-combustion process £&ream is much more concentrated than in the
post-combustion flue gas, and less oxygen is reduiin comparison with the
oxy-combustion process, which makes the, Capture less expensive. At present, however,
there are few gasification plants in full-scale igi@n and capital costs are higher than for
PC plants [6, 18].

Captured C@can be commercially utilized for enhanced oil &ad recovery or for
enhanced coal bed methane recovery from deep ubhrinaal seams.

The CQ storage capacity is estimated to be on the lewél$75+900, 3+200,
1,000+10,000 GtC®for oil and gas fields, unminable coal seams andpdsaline
formations, respectively [19]. The first industrgadale CQ storage was started at Sleipner
gas field in the North Sea (Norway), where commddigjuid CQ separated from methane
is injected into a deep saline aquifer below trelsed.In Table 1 selected G@torage sites
operated or planned are listed [19-25].

Role of coal in energy mix of Poland

Poland is listed among the major world coal prodsicé#s energy system depends
heavily on coal with 58% of electricity generatadlard coal and 32% on lignite (data for
2007) [26], while as much as 70% of natural gas @%b of crude oil is imported [27].
Polish proved reserves of crude oil in 2007 amalitded.096 billion bbl and of natural gas
5,820 billion cubic feet [28].

6,85% 0,36%

47,52%

/

O hard coal pow er plants | lignite pow er plants

O coal heat and pow er generating plants O natural gas heat and pow er generating plants
B hydroelektric pow er stations O wind pow er stations
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Fig. 2. Total installed electricity capacity forltaad (2008) [26]
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The production, consumption and capacity of eleityrigeneration in Poland in years
1998-2008 are given in Figures 2 and 3. The totsthiled electricity capacity in Poland in
2008 was 35,850 GW. The prognosis of power gemaratiructure up to 2020 is given in

Figure 4. The total electricity generation is expdcto amount to 128.7, 140.10 and
156.10 TWh in years 2010, 2015 and 2020, respégti26].
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Fig. 3. Net electricity generation and consumptiofoland (2002-2007) [5]

The investments in Polish energy system plannedhernext ten years are given in

Table 2.
Table 2
The planned investments in Polish energy syster [26
. Capacity | Start date
Compan Location Technology / Fuel
bany MW] | (year) o
Opole 460 2012 hard coal
Opole 460 2013 hard coal
Polska Grupa Turow 500 2014 lignite
Energetyczna combined cycle gas turbine
Dolna Odra 400 2016 (CCGT)
Dolna Odra 400 2019 CCGT
Poludniowy Koncern Halemba up to 440 2012 hard coal
Energvgyczny ' Blachownia 100+200 2012 hard coal or coke oven gas
EC Bielsko-Biala 100 2012 hard coal
Vatenfall Vatenfall Heat Poland 400 2013 hard coal
Warsaw
CEZ Skawina 600+1,00p 2014 hard coal
Polish Power Zarnowiec 1,600 2013-20014 hard caadifigation)

As can be seen their majority are coal-based plamtieh comes as no surprise, taking
into account the domestic fossil fuel resourceseretgy police principles specified below.
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The documented balance resources of hard coallan&®are estimated on the level of
43 201 million tons (31.12.2008) with 75% of steemals and 25% coking coals (see Table
3). The resources located in operating depositstitate 37.2% of the balance resources
and amounts to 16,082 million tons. The resourgesla@cated in three basins with the
largest being the Upper Silesian Coal Basin (Gdastiee Zaglebie Weglowe - GZW) with
the area of 5,800 kirand over 78% of total domestic hard coal deposftsshich 19% are
classified as exploited, 24% reserve and 27% puisge

Table 3
Hard coal resources in Poland (2008) [29]
No. of deposits Geological resources [million tons] Industrial
balanced off balance
Total 138 43,201 24,667 4,338
of which resources of exploited deposits:
Operating plants | 47 | 16,082 | 8,464 | 4,166
of which resources of off balance deposits:
Total 50 26,493 12,291 171
1. Deposits explored 37 13,569 5268 171
2. Deposits pre-explored 13 12,923 7,023 -
of which resources of abandoned deposits:
Total | 41 | 626 | 3,922 | -

The Lublin Coal Basin (Lubelskie Zaglebie Weglowd.ZW) covers the area of
9,100 knf with 21.5% of the total domestic hard coal deposit which only 0.8% are
exploited, 10% reserve and the majority - prospecftlhe identified and exploited deposits
of the Lower Silesian Coal Basin (Dolnoslaskie 2&i Weglowe - DZW), abandoned for

technical and economic reasons, are placed inréee af 350 krh and amounts to about
150 million tons.
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The documented balanced lignite reserves in tha sohount of 13,563 million tons
are located in Belchatow, Turow, Patnow and Adanf@8}. The levels of geological and
industrial lignite resources are given in Table 4.

Table 4
Lignite resources in Poland (2008) [29]
No. of deposits Geological resources [million tons] Industrial
balanced off balance
Total 77 13,5623 4,599 1,371
of which resources of exploited deposits:
Total 13 1,744 104 1,371
1. Operating plants 12 867 90 751
2. Plants under construction 1 877 14 620
of which resources of off balance deposits:
Total 59 11,810 4,491 -
1. Deposits explored 29 2,791 715 -
2. Deposits pre-explored 30 9,019 3,776 -
of which resources of abandoned deposits:
Total | 5 | 9 | 4 |

The principles of Polish Energy Policy by 2030

The primary directions of Polish energy policy ur#030 include strengthening the
fuels and energy supplies security, improvemergnafrgy efficiency and mitigation of the
hazardous environmental impact of power industnythle light of unquestionable leading
role of coal in domestic energy mix and limited gudtality for import of liquid and gas
fuels and electricity (up to 10%) the energy andldusupplies security is defined as
ensuring stable supplies to meet domestic neealscaptable prices and with optimal use of
own resources, that is coal as the main fuel fowgvoindustry. The meaning of
diversification of liquid and gas fuels supply waslened and now takes into account not
only diversification of supply directions but aldiversification of technologies. The latter
one refers to a development of coal-based techieslagf liquid and gas fuels production.
Meeting the expected increasing demand for elédtricy creation of new generation
capacity is to be performed using low-emission mebbgies of coal-based energy
generation to ensure meeting the required pollstantission levels, including SONO,,
dust and C@Q in line with climate protection and climate-engqackage adopted by EU
[30]. The reduction of C@emission is to be performed to the extent techlyidehsible,
while avoiding too strong dependence on importedsturhe above mentioned technologies
include coal gasification to synthetic natural ¢8kIG) and coal liquefaction to liquid fuels
as well as efficient coal-pretreatment technolag{@snstruction of new, highly efficient
power generation units and cogeneration technolyg020 is also declared among the
policy objectives. CCS technologies are plannedbéo implemented to enhance fuel
recovery in gas and crude oil extraction. New wafy€0O, industrial utilization are to be
subject of R&D activities in terms of CCS developmeAt least two demonstration CCS
installations are expected to be located in Polaihe. electricity transmission system is to
be modernized and extended to enable cross-boxdbaege of at least 15% by 2015 and
25% by 2030 of electricity used. But at the sameetindependence in terms of electricity
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and heat generation is expected to be maintaindbabeost entirely on domestic coal
resources.

The preparatory works in terms of legal, socialeptance and technical aspects of
nuclear energy systems are to be undertaken. Tevedle energy production in Poland
nowadays takes place mainly in small local poweregation units and for local users. An
increase in renewable energy sources in the fimadgy use to the level of 15% in 2020 and
20% in 2030 and biofuels in the transport fuelskaato 10% by 2020 is, however, to be
strongly supported.

The importance of CCT should therefore be recoghiespecially in countries with the
energy systems dependent on coal and commitmentsrims of international activities
aiming at sustainable development and GHG emissaatuction in particularly. The
technical advances within CCT development can moathieved without partnership and
cooperation between enterprises and local govertsmanwell as between companies and
scientific and research communities. Creation ef litmovative Silesian Cluster of Clean
Coal Technologies, constituting the platform for R&nd policy activities, aimed at
promotion of such wide cooperation in terms of G§&velopment in Poland [31].

Summary and conclusions

The Clean Coal Technologies are of special intesest importance in the light of
increasing energy demand and stable role of coahsuring energy security. The focus of
CCT development has changed and nowadays theseiifothis regard are more devoted to
optimization and implementation of highly efficientero-emission coal-based power
generation technologies. The importance of CCT ldgweent, as a part of sustainable
energy system, is recognized worldwide as over 40%ontinuously increasing electricity
demand is and will be generated in coal processystems. Considerable financial support
is secured for R&D projects worldwide within nataand international programs.

The need for undertaking intensive activities ia field of CCT is also acknowledged
in Poland. This should come as no surprise corisglghe structure of Polish energy
system, characteristics of domestic fossil fueloveses base as well as national
commitments in terms of European climate packagergdts and means aiming at
facilitating development of CCT are included in thaergy Policy for Poland by 2030.
There is also a considerable level of know-how awgertise available from the R&D
institutes and industry traditionally related toning and power generation fields.
Coordination and support of future and already wadten efforts as well as cooperation
between different stakeholders of research andloewent, scientific and industry circles
have, however, to be ensured. Some activitiesignréigard have already been initiated.
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PRZYJAZNE SRODOWISKU TECHNOLOGIE PRZETWORSTWA W EGLA

DLA ZROWNOWA ZONEGO ROZWOJU
POLSKIEGO SEKTORA ENERGETYCZNEGO

Zaktad Oszcadnasci Energii i Ochrony Powietrza, Gléwny Instytut Gémtwa, Katowice

Abstrakt: Wedtug analitykéwswiatowa produkcja energii elektrycznej wémee z 18,010'2 kWh w 2006 do
31,810 kWh w 2030. Udziat wgla jako surowca do produkciji energii elektryczpeyostaje najwkszy od lat
i w roku 2030 ma osgna¢ 43%. Ocenia 8 ze z uwagi na najbogatsze zasoby i konkurengyjmgnkowa

dostpne zasoby wgla mog zaspokat swiatowe zapotrzebowanie na energi perspektywie okoto 120 lat przy
obecnym poziomie zycia. Istnieje jednak konieczbo doskonalenia technologii produkcji energii
z wykorzystaniem wgla w zakresie ich sprawsa i oddziatywania narodowisko. Tak zwane czyste technologie
weglowe (CTW) umaliwiaja wysoko sprawne i przyjazrseodowisku uytkowanie vegla i obejmug: technologie
wzbogacania wgla, poprawy sprawroi istnieacych elektrowni wglowych, zaawansowane technologie
produkcji energii elektrycznej, technologie zerogyjrie oraz technologie transportu i sktadowania.G® pracy
przedstawiono przewidywanrolg wegla w energetyce ze szczeg6lnym uwdgieniem polityki energetycznej
Polski oraz gtéwne tendencje w zakresie technolpgiietwarzania wgla w aspekcie czystych technologii
weglowych.

Stowa kluczowe:wegiel, przetwarzanie, energia



