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Summary

In the work at hand basic experimental results are presentefdr the mechanical/thermal

dewatering (MTE, German abbreviation for "Mechanisch/Themische Entwasserung', also
used for ‘mechanical/thermal expression' in English), durg which lignites or other moisture
containing materials are dewatered by the combined applitan of heat and mechanical
forces. Models are developed for the description of the kires during the dewatering of the
di erent materials based on soil-mechanical fundamentglsheology and rate-process-theory.

Using mercury intrusion porosimetry (MIP), helium pycnoméry, CO» adsorption and other

techniques, it is investigated, how MTE process conditionsuch as temperature and pres-
sure, a ect the physical properties pore size distributiomand pore diameters, speci ¢ surface
area, skeletal and "true' density, hardening, compresdgiby and shrinkage behaviour of low

rank coals from Australia, Greece and Germany.

The results provide a detailed insight in process kineticsnd mechanism, in coal structure
and structural changes during the dewatering process. Aduinally re-hydration and com-
bustibility of MTE products as well as the removal of minerad from lignites during the MTE
process is investigated. Results from the mechanical/thmial dewatering and water leaching
tests are compared, which prove, that the MTE process is a peviul technique for the re-
moval of both water and alkali components from lignite and yanger biomass fuels like straw.
Reductions of the concentration of sodium in lignite and paissium in straw between 70 and
85 % are obtained. The results thus demonstrate, that the MTEprocess is also suitable for
the upgrading of lignites and biomass fuels to prevent cosmn and slagging in power plants.

The development of the plant and process engineering for tldewatering of lignite and for
the combined leaching and dewatering of biomass fuels is peated and technological mod-
i cations required for the dewatering of waste materials ath suspensions like galvanising
sludge are described. The technical implementation is demsirated based on the labora-
tory and technical scale dewatering units at the Universityof Dortmund and the pilot and
demonstration plants located in Frechen and at the power pté Niederau em.

E ciencies for dierent dry lignite red power plant concep ts with integrated mechani-
cal/thermal lignite dewatering are calculated and compaikto the results obtained for other
drying and dewatering processes. Depending on the origindawater content of the lignite,
power plant e ciencies can be increased by up to 20 percent drspeci c CO, emissions can
be reduced by the same amount by the implementation of the MTRrocess in technical scale
power plants. The results prove, that the MTE process is a reankable advance compared
to the existing methods.
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1 Introduction

The future energy supply of mankind is characterised by the mcreasing energy demand of the
growing population, the limitation of fossil fuels and the impacts of the energy utilisation on the
environment, in particular the question of greenhouse gasmissions. Therefore the utilisation of
fossil fuels for power generation is likely to depend upon th development of advanced technologies
with minimal environmental impact and high e ciencies.

Lignite is one of the most favorable and largest energy soues worldwide and there is still a large
potential for an e ciency increase during electric power generation with low rank coals. The water
content of lignites typically ranges from 50 to over 60 % by wéght and if high-moisture coal is burnt
in conventional power plants, a substantial amount of the erergy content is required to evaporate
the water. With a view to secure and strengthen the position d brown coal as a highly available
energy source in a rising global energy market, many attemp have been made to develop new
technologies for energy-e cient drying or dewatering processes in recent years.

Despite an almost one-hundred-year development of the dryig processes and power plant tech-
nology the potential for the energy e cient use of brown coal resources is not fully exploited yet.
Optimised power plants indeed allow e ciencies { based on the lower heating value { of up to 43
percent today [P-99] HK99], however, economic limits are ateady reached or exceeded by the im-
plementation of expensive heat transfer systems. Neverthess still a large amount of the chemical
energy of the coal is wasted burning raw coal using conventimal technology since the whole water
contained in the coal is evaporated during the mill-drying process. Depending on the origin and
water content of the coal the power plant e ciencies could beincreased by up to 20 percent and
speci ¢ CO, emissions could be reduced by the same amount [BSS04, HB97] the implementation
of drying or dewatering processes in technical scale powelgnts.

The mechanical/thermal dewatering (German abbreviation: MTE, "Mechanisch/Thermische Ent-
wasserung', also used for ‘'mechanical/thermal expressio in English) is a new energy e cient
process for the non-evaporative reduction of the water corgnt of lignite prior to combustion by
means of mechanical forces at elevated temperatures. The pcess was developed at the University
of Dortmund by Prof. Karl Strauss  [Sir94, [Sir962, [SBB 96] and is a remarkable advance on
existing methods like the well known thermal [Ele26 [ELWT87, [DA97] and mechanical [BB84 [ BB8Y]
dewatering processes, which are restricted in the techni¢application due to very high temperatures
(> 235 C) respectively pressures ¥ 16MPa). During the MTE process the coal water is removed
in liquid state without evaporation by means of mechanical pessure (4 to 6 MPa) and moderate
heating (between 180 and 200C) with a comparatively low energy demand.

Detailed research has been done on the process fundamentaisthe University of Dortmund since
1995 and a 25t/h MTE demonstration plant has been constructel at the Niederau em power
station of RWE in Germany and came into operation in 2001 [SBEY1].

In this work the results of basic experiments are presenteddr the dewatering of lignite from di erent
origins. The in uence of the process parameters temperatug, pressure and time is investigated in
a wide range and models for the description of process kinets and dewatering are developed based
on soil mechanics and rheological principles.

As a consequence of the MTE process design, both structurahanges and the temperature depen-
dency of thermodynamic properties of the wet coal have to bedken into account in experimental

investigations. During the heating the coal releases partof the water as a result of the collapse of
the colloidal lignite structure. The subsequent mechanichdewatering is improved and accelerated
by the decrease in uid viscosity and density at elevated tenperatures, leading to a highly consoli-
dated coal. This way both physical changes in the porous strature occur, which are investigated by
means of di erent characterisation techniques. Considemg storage, transport and ring of MTE
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products properties like pore volume, speci ¢ surface areaapparent density, compressibility as well
as shrinkage behaviour upon drying, water re-adsorption ad ignition behaviour play an important
role and will therefore be investigated.

Apart from the energy e cient dewatering of solid materials the MTE process also provides a
simple technology for the dewatering and volume reduction ® suspensions of ultra ne particles
and semisolid materials and sludged [SB99], which o ers a gat potential for cost reduction in the

disposal of waste materials (FigureL1L).

Both in the solid dewatering and in the water removal from wade materials the direct contact of
the heating uid (water or steam) with the materials treated and the removal of the water in its
liquid state leads to a leaching of inorganic (demineralizéion) and organic compounds which has
an bene cial e ect on the properties of the dewatered produds. Especially for low grade lignites
and biomass fuels the dewatering as well as the demineralisan are e ects which are of interest
as advanced technologies.

Therefore an overview on di erent areas of application for he MTE process is given as well as
a review on the dierent MTE technologies and scales of techital implementation of the MTE
process (Figure[T.R). Calculations are presented which pke, that the procedure is an economical
alternative to existing concepts for the dewatering of mois solid fuels such as peat or brown coal just
by increasing the net calori ¢ value and simplifying power plant technology. The implementation
of the mechanical/thermal dewatering in a dry lignite red p ower plant will be demonstrated for a
500 MWg, power station concept.
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2 Motivation

Low-rank coald] constitute almost half of the reserves of the coal existing wrldwide. Typically
deposits occur in thick seams with relatively thin cover andmining operations are generally inexpen-
sive. Despite their excellent combustion characteristicsand other attractive properties, utilization
of lignite and subbituminous coal has been largely con ned ¢ the generating of electrical power at
or nearby the mining site [SS99] up to the present. The widesgad utilization of low rank coals in
traditional and/or distant black coal markets is constrain ed by

the high inherent moisture content and high energy speci ¢ ©st of transportation,

the fouling and slagging problems in power plants caused byigh alkali metal contents,
the high risk of spontaneous combustion and the

weathering and resultant dust emissions.

Although high moisture contents lower the heating values aml thus increase the costs of trans-
portation and handling, positive features, such as low cosper MJ and excellent combustion char-
acteristics have been ignored except for few countries likéustralia and Germany where lignite

dust or briquette ring also is used in district energy systems and industrial rings [Dur91] §599].

Nevertheless, no commercial drying process is currently alable that can economically produce a
conventional, dried bulk coal product, that will conform to the demands of storage, handling, and
transportation.

In the following a brief overview on coal structure and techrologies and technological limits of lignite
utilisation is given. Special attention is drawn to new oppatunities resulting from the development
of the mechanical/thermal dewatering and its application in lignite preparation.

2.1 Coal structure

Lignites are a relatively young product from the coali cati on process from plants to black coal and
anthracite. The solid structure consists of a complex systm of condensed aromatics with many
di erent, particulary oxygen containing functional group s. Due to the complexity of the main

components, lignin and humic acids, and the number of possibk variations, only statistical models

for the chemical structure of coal have been developed so farFrom analytical investigations on

elemental composition and functional groupsHettinger  and Michenfelder  [HM87] constructed

the model for the chemical structure of German lignite (Rhineland) shown in Figure[Z1b. From
X-ray scattering experiments of Hirsch et al. [Hir54, BH55, [CH60] a more dimensional model for
the development of coal ne structure during coali cation w as developed (FigurdZlla).

For the explanation of colloidal properties of lignites like high water holding capacity, shrinkage,
swelling and ion-exchange properties also micellar model-igure E2) where introduced by Agde
et al. [ASJ424d] and Carmier and Siemon [CS784&]. The colloidal properties can be summarised
as follows: Lignite consists of nely dispersed solid parttles <1 m) [ASJ42H, [CS78a,[CS78b]
with a comparatively high (280 m%g dry basis) speci ¢ surface [BS52 [SAE74[/ASM95]. So in raw
coal solid and water form a gel structure [Eva73b]. E ects of an electrical double layer at the
coal/water interface can be detected which play an importarn role on physical structure and ion
exchange [[RO8B[ OR87]. During adsorption and desorption ofvater a hysteresis can be observed
and the coal structure undergoes swelling and shrinkagé [AELD, [Eva73a].

Lignite and brown coal (German: Braunkohle) are used synony mous with low rank coal in this work. Nevertheless
it has to be considered, that there are di erent classi cati on systems in Germany and the United States of Amerika

[ECWS7] TT0Z]lwith additional sub-divisions.
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For Australian brown coal (water content W 1.5g/g db.) detailed investigations of Allardice ,
Evans and Stewart [SE67,[AE7Ta,[AE7Ib,[Eva73h] lead to a characterisation oftte di erent
portions of water as follows:

More than 60 g/g of water is contained in pores larger than 100im as capillary water,
about 7-12 g/g water is adsorbed in multi layers,

about 7-8 g/g water is adsorbed in mono layers and

about 1.5g/g water is chemisorbed to the coals surface.

According to results from dierential scanning calorimetry (DSC) and 'HNMR measurements
I0W79b, NKH *97,[FCMJ04] the di erent proportions of water in lignite can also be classi ed
as “bulk' or “free' water (freezing at 0 C), “bound' water (freezing between {40 and {30C: 20 to
304g/g of dry coal) and "non freezing' water (by di erence: 40to 55 g/g of dry coal).

2.2 Drying and dewatering

When lignite is heated at ambient pressure to temperatures hove 100C, most of the water can
be removed by evaporative drying. For water contents below %wt.% higher temperatures are
required and the heat of evaporation increases due to highdsinding forces [AE710H [FIW87,[WFE9Q].
However, traditional thermal drying methods (Table EZT) are not e ective on the production of
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bulk products from lignite, because of the resulting disinegration of the structure during drying
as a consequence of shrinkage. Therefore bulk fuels from ddaave been produced for centuries
by crushing, grinding and subsequent briquetting, which isan expensive and energy consuming
method.

When lignite is heated under pressure to temperatures above 80 C, increasing amounts of the
coal water are released from the coal by the di erent chemichand physical mechanisms, which
are commonly described as thermal dewatering (TD)[[FleZ26| 1®s29,[ES7D['ME7R]. Above 15CC
decomposition of organic functional groups (mainly -COOH)takes place and the released C@dis-
places and expels coal water. Further heating to higher tempratures changes the surface properties
of the lignite due to the increasing loss of functional groug. The coal becomes more and more
hydrophobic and a hardening of the lignite can be observed wich leads to a rigid coal structure.
In addition to this, at higher temperatures the viscosity, density and surface tension of the water
decrease, which promotes the release of the water from thisgat-mobilised system. Usually thermal
dewatering processes are designed for temperatures abov8(2C for optimum operation and low
water contents (<30 wt.%). Due to the increased rigidity, the dried products can be utilised also
as bulk fuels for industrial or private heating [Fle26,[Ros3, HE9Q].

A purely mechanical dewatering is not practicable for the technical application, since the required
pressures and dewatering times are too high>(16 MPa, > 1 hr) [Dul54], BB89)]. This would lead
to enormous costs for large plants. But in combination with higher temperatures (180C), where
the intermolecular forces between water and solid matrix ae reduced, increased amounts of water
can be removed (water contents below 25 wt.%) by applying comparatively low pressures (6 MPa)
[Ber03,[Ber04]. In this temperature range the melting of way and bituminous components further
eases the compression of the solid coal structure by weakeg the mechanical rigidity of the entire
coal/water system.

There are also concepts for microwave drying of lignite, salr drying, drying with low temperature
ue gas [Z[95], solvent extraction [MMA*02Z], but the respective processes have either not been
proven in technical scale or are regionally limited (solar aying) or are even more energy consuming
than the known processes (microwave drying). Reviews on thetage of development of alternative
methods are given byAllardice  [AII9QT] and Fohl et al. [EL\W87].

Technologies  Since a process for the dewatering of lignite in large poweltations must be suitable
for handling mass ow rates as high as some hundred metric tos per hour (tph) and it must have

Table 2.1: Processes for the drying and dewatering of ligné

Process Thermal drying Thermal dewatering Mechanical dewa tering
Energy type Thermal energy Thermal energy Mechanical energy
Physical Evaporation of the wa- Removing water in liquid form by Removing water in liquid
principle ter after heating to ap- heating to >235C at the cor- form by compression to
prox. 100 C at atmo- responding saturated steam pres->16 MPa at ambient tem-
spheric pressure sure of>3 MPa perature
Commercial Mill-drying plants Flei ner process (steam heating) Not in commercial use for
operations Rotary tube dryer Viag process (hot water) lignite
SFBD-process Voest-Alpine process (steam)
WTA-process HTD / HWD process (hot water)

L ——

Mechanical/thermal dewatering

Physical principle removing the coal's water in liquid form by
30 {heating the coal to 180-200C and
{compressing to 4 - 6 MPa
M:I:E> Features compared low energy demand
SRV, to other processes consolidation pressure and saturated steam

temperature at low level
short process times
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water. conversion .
evaporation loss evavg%tr%rtion conl\c/)esrssmn
12.4 % 495 % 16.6 % 475 0%

wet lignite wet lignite
(53.3 wt.%) (62 wt.%)
chemical chemical
energy: - energy:
100.(? %A) electricity 100,(? %A) electricity
38.1% 35.9 %

Figure 2.3: Energy loss due to coal water evaporation in corentional lignite red power plants for
German (53.3 wt.%, left) and Australian (62 wt.%, right) lig nite

a low energy consumption, the development of plant technolgy for various drying and dewatering

processes was intensi ed in the last decade. The technologs described in the respective literature
can be classi ed roughly according to the type of water remoal into the categories of drying

(evaporative removal of the water) or dewatering (removal d the water in its liquid state) as shown

in Table 2.

In conventional power plants lignite is dried with hot ue ga s (1000 C) and air in so called beater
wheel mills during a combined grinding and drying step. Due b the high temperatures of the
ue gas this drying method is exergetically disadvantageos. The maintenance costs for the mills
are high and the latent heat of the water vapour is released fom the power plant without being

used for the energy conversion process. The heat losses foGarman (53.3 wt.%, Rhineland) and
Australian lignite (62 wt.%, Latrobe Valley) are shown in Fi gure[Z3.

In view of reducing the energy consumption (or the loss by theelease of vapour), the development of
advanced drying processes was particularly concentratedrolowering the temperature and pressure
level of the heating medium and also on recovering the energgontained in the vapour. Particularly
to be mentioned here are the steam- uidised bed drying procss (SFBD, German abbreviation:
DWT, Dampf-Wirbelschichttrocknung) which was originally developed at the Monash University,
Melbourne [Pof81] and as a further development the WTA process (uidised bed drying with
internal waste heat recovery, German: Wirbelschichttrocknung mit interner Abwarmenutzung) of
Rheinbraun [KIu88]. In the latter case, the vapour leaving the dryer is cleaned and compressed
according to the heat pump principle to such an extent that its latent heat can be used to heat the
dryer. Both the SFBD process and the WTA process exist as techical scale demonstration units
with about 50 tph capacity (SFBD: Loy Yang power station, Australia [ST96], WTA: Rheinbraun
AG, briquetting factory Frechen [KKL94]l and power station N iederau em).

Previous implementations of thermal dewatering processewere of comparable size (up to 100 tph
dry coal [HEQQ]) but according to its own information, the only European manufacturer (Voest-
Alpine) has abandoned work on this eld. Nevertheless both h the USA and in Australia research
work is done on hydrothermal dewatering (HTD) and hot water drying (HWD) which utilised hot
water instead of steam as heating medium. In all variations & the process the coal is heated with
steam (Fleissner process) or water (VIAG procesd [Wir52]) @ temperatures above 235C assuring
pressures high enough to prevent the evaporation of water. nl this temperature range the coal
water is released from the coal structure in liquid state andcan be used for the preheating of raw
coal.

Based on the synergetic e ect of heat and mechanical pressarthe development of the mechani-
cal/thermal dewatering process { which combines the advanages of thermal and mechanical dewa-
tering and avoids their disadvantages { began in 1994 as an &h of Prof. Strauss at the University
of Dortmund, Germany [Sfr964d, BBS98]. Meanwhile the proces is proven in pilot scale and a 25 tph
technical scale demonstration unit has been commissioneduscessfully in 2002 at the power sta-
tion Niederau em [BSS04,|BBS 99]. Additionally other technologies for this process havebeen

proposed [MHO3].
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2.3 Minerals in fuels, slagging and fouling

Based on di erent mechanisms involved in the development ofash deposits on heating surface, two
general types of ash deposition have been de ned as slaggiagd fouling. Slagging is the formation

of molten or partially fused deposits on furnace walls or comection surfaces exposed to radiant
heat. Fouling is de ned as the formation of deposit on convetion heat surfaces such as superheater

and reheaters [Smo93].

Typical initial deformation temperatures (or so called “ash fusion' temperatures) are 1100 { 1200C.
At furnace gas temperatures in excess of 135C semi-molten ash exists, that may stick to the cooler
walls and tube surfaces. If the furnace is too small and the @k gas temperature therefore is too
high or if the melting point of the ash is relatively low, molten ash may not have enough time
to cool down and resolidify before hitting the heating surface. This ash then easy sticks to the
surface and causes the accumulation of deposits leading tdagging. Depending on the strength
and physical characteristic of the deposit, steam or air sobblower may be able to remove most
of them. However, the base deposit generally remains atta@d to the tube and allows subsequent
deposits to accumulate much more rapidly.

Fouling is generally caused by the vaporisation of volatileinorganic elements in the coal during
combustion. When heat is absorbed and temperatures decreasn the convection area of the boiler,
compounds formed by these elements condense on ash partglend heating surface, forming a glue
which initiates deposition.

Inorganic species, such as alkaline and alkaline earth mel® (AAEM) play an important role in
low temperature fouling and slagging since they both evapate at low temperatures and also form
low melting eutectic solutions with other components of the ash. Inorganic species in coals are
typically present in three main forms. The rst form include s species that exist as discrete mineral
inclusions in the coal matrix (e.g. Fe in the form of pyrite). The second form includes species that
are dissolved in the interstitial pore water (e.g. NaCl), while the third form includes species that
are ion exchanged onto carboxylic and phenolic functional gups (e.g. N& , Ca*), see Figure[Z#

[Smo93].

The binding strength to oxygen containing functional groups largely varies depending on the in-
organic species and functional group type. Additionally, t has to be distinguished between acid
soluble and inert discrete minerals. Therefore usually foudi erent types of minerals in lignites are
distinguished:

A water-soluble fraction,

an organically bound fraction, ion exchangeable at pH 7,
a fraction soluble in acidic solutions and

an inert fraction.

The rst three types can be quanti ed directly by chemical fr actioning [LG52)]. The inert fraction
can be calculated by the mass di erences determined by acidelching and ash analysis.

carbon matrix

4
A
dissolved
organically
minerals: discrete (solids)bound Figure 2.4: Types of minerals in coal
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Water-soluble minerals The water-soluble fraction mostly consists of salts, that dssolve easily
in water. These are mainly salts of alkaline and alkaline eah metals like e.g. sodium chloride.
By adding an excess of water to a moist coal sample, it is to bexpected that the solubility of
the salts is not exceeded in the solution and all water-solule minerals dissolve. The organically
bound minerals are hardly soluble in water so that they are no expected to dissociate in this step.
Nevertheless they can partially dissociate in very diluted coal/water suspensions. Therefore the
in uence of the coal concentration usually has to be taken ino account.

Organically bound minerals The organically bound fraction is formed by metal cations, which
are bound to functional groups in the coal matrix, like carbaxyl or, in a certain amount, also weaker
acidic hydroxyl groups [QR87]. These bonds are often chelas and can be compared to the bonds
in technical cation exchangers like resins or zeolites. A ¢an exchanger is able to exchange the
bound cations against protons, or the other way round, as shan in Eq. 7.

2H'R +Ca®** +H,0! Ca"R, +H30" (2.1)

Concerning lignite, an equilibrium on the left hand side (lhs) of the reaction is preferred during
the removal of bound cations in leaching processes. This cabe achieved by adding hydronium
ions using acidic solutions. But in this case, also acid sohie minerals are removed. Therefore
the samples are prepared with an ammonium acetate solutiondr the quanti cation of the organic
fraction. Organically bound univalent and divalent cations then can be exchanged forming hardly
dissolving ammonium humates and alkali metal acetates[[LG3]. As ammonium acetate has pH
bu ering properties, the pH value of the solution remains in a neutral range. Furthermore, no other
cations are added to the solution, which could in uence the esults.

Acid soluble minerals The acid soluble fraction is made up of discrete salts, whicthave a low
solubility in water, but dissolve easily in acids. Examplesare the carbonates or sulphates of alkaline
earth metals. These minerals are dissolved during the treahent of lignite with hydrochloric acid
and can be detected in the solution afterwards.

Inert minerals The inert fraction of the minerals is formed by even in acidic solutions hardly
dissolving minerals, like feldspar or other silicates. Thee minerals can only be dissolved in hy-
dro uoric or nitrohydrochloric acid. They are also thermal ly stable, so that they can be quanti ed
by the ash analysis in addition to the chemical fractioning. The ash analysis then shows the to-
tal amount of a metal in the coal, where the other three fractions (determined by the chemical
fractioning) can be subtracted from.

Solubility In addition to the di erences in solubility in water and acid , also the solids concen-
tration in the solution and temperature show an in uence on the mineral release during leaching
experiments. As shown byBehimann [Beh0Z] the organically bound minerals can be dissolved
partly in very diluted suspensions, depending on the coal/vater concentration. Furthermore the

solution equilibrium of the acid soluble fraction can be shited towards the lhs of Eq.[Z1 by in-

creasing the temperature. This e ect is due to the increasedmobility of the ions, which provides

the energy to overcome weaker electrostatic bonds, and to # dissolution and the partial thermal

decomposition of functional groups (at temperatures> 150 C).

Depending on the absolute solubility for some species alsolamit of solubility is reached at higher
solid concentrations. This requires that the maximum solulility is already reached or exceeded in
the coal water itself. Therefore also in water leaching expéments at di erent concentrations three
cases of solubility can be distinguished as follows. Mineta contained in the coal

are soluble in water in nitely,
they are organically bound and partly dissociating or
their solubility is limited by the solubility product, whic h is exceeded in the raw coal.
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Figure 2.5: Di erent types of mineral release during leachng

The mineral release for the three cases is shown in Figufe_2#&s a function of wet coal to water
concentration and scaled water volume. The graphical repreentations in (a) and (b) are often
used for the description of equilibrium leaching experimets [GM79, [Bsh0Z]. For the calculation
it is assumed that the complete water (coal water + leaching vater) is removed to reach the given
concentration and mineral removal.

Nevertheless during the mechanical/thermal dewatering tre water is not removed completely during
the combined heating and demineralization stage and even &dr the expression stage parts of the
coal water remain in the product. Therefore the graphical rgresentation in Figure[Z3(c) is chosen
in Chapter BZ.3 for the comparison of equilibrium leachingand MTE experiments since both the
removal during heating and leaching { from the knowledge of he speci c water volume added to the
coal { and the maximum removal of water soluble salts for in nite dilution { from the extrapolation
to the right axis of the diagram (c) { can be estimated this way.

2.4 Physical and chemical properties of dry products

Chapter 23 of this work focuses on the e ects of MTE on the phyical properties of low rank coals.
Of particular interest are the e ects of MTE temperature and pressure on pore structure, speci c
surface area determined by mercury intrusion porosimetry MIP) and CO , adsorption, apparent
density, compressibility as well as shrinkage behaviour upn drying and water re-adsorption. This
will provide valuable information for the utilisation of MT E products in current and new generation
power plants and gives an indication to their suitability for the export market.

Currently, there is no clear understanding of the basic paraneters which are in uencing the above
described physical properties during the coali cation process, despite some properties appearing to
correlate to coal rank and carbon content [SDK54[ GNW.J72[TT72,[NEK84, [Mah84]. As studies by
Hulston et al. [HBCS04,[HBCS,[HBCS05] andChaffee et al. [CEJOQ] have shown the chemical
composition of MTE treated coals to remain relatively unchanged during the MTE process, MTE
treated coals provide an excellent system for disentanglig the e ects of physical and chemical
factors. In the early stages of coali cation [ONLC96, [Hua96 [CB97, [BCOBOQ] it is thought that
conditions can to some extent be mimicked by those found durig the MTE process, so that the
e ects of processing conditions on physical properties wilalso shed light on changes occurring
during natural coali cation [TT0Z]l

The physical structure of dried porous materials, including coal, can be characterised by a num-
ber of techniques, including CQ adsorption experiments and mercury intrusion porosimetry
While CO, gas adsorption provides information on the specic surfacearea, pore volume and
pore size distribution of pores in the micopore size regionMIP provides similar information
in the macro- and mesopore size region. Numerous MIP studiesn coal have been undertaken
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since the rst experiments of Zwietering and van Krevelen  [ZK54], including detailed anal-
yses of compressibility [SDY95, NEK8#], reintrusion and réention of mercury [Klo94], as well
as pore volume and mercury surface area determinations foroals of di erent rank and location
INEK84] [T72] EM88]. Since the combined application of CO, gas adsorption and MIP
covers the whole range of dimensions describing the micro, @o and macro structure of porous
solids, both techniques are applied in characterisation oMTE products.

Combined physical and chemical e ects play an important role in water reabsorption into the porous
coal structure and ignition and combustion of coal. Knowledye about changes in both processes
resulting from the MTE treatment is of interest especially considering storage and handling of the
dry products and ring of the coal in power plants and will the refore also be investigated.

2.5 Biomass fuels

With their huge potential, the widespread application of renewable energy systems can contribute
signi cantly to the longterm world energy supply. One of the various renewable energy options is
the utilisation of biomass. Today, biomass already contritutes to about 14 % of the world's energy
supply and is considered as one of the key renewable energysaeirces of the future. Biomass refers
to all forms of plant-based material, that can be converted hto usable energy, such as wood and
residues from wood processing, straw, sugarcane and foregtresidues. The energy supply from
biomass is considered nearly C@neutral and the utilisation of biomass as substitution of fossil
fuels therefore contributes to the reduction of CG, emissions.

Biomass o ers considerable exibility of fuel supply due to the range and the diversity of fuels which

can be produced at small or large scales, in a centralised orighersed manner. It can be burnt

directly, converted to liquid fuels (for transportation), anaerobically digested to produce biogas, or
gasi ed by means of pyrolysis.

At present, solid biomass is usually burnt directly and then used to produce energy for room heating
or for other heat-demanding applications like cooking or ceain industrial applications, such as co-
generation of electricity and process steam at sugar factées, paper mills and wood processing
factories.

However, due to the high potassium and chlorine concentratins (straw) and the high humidity
(bark) there are still many problems in the utilization of re newable energy source$§ BP9, SHi0D,
Nal0Q]. Although systems have been developed for the strawebching and drying to reduce the
corrosion rate at the heating surfaces and slagging and foirlg in power plants, these systems
result in considerable energy losses caused by leaching,veitering and thermal drying which are
in the range of approx. 8% of the calori ¢ value of the raw mataial [NLN_*98]. Additionally, low
fuel densities cause increasing costs of storage and transp, when utilising biomass in centralised
plants. This cost is partly o set by the prolonged life of the boilers, because corrosion problems
are avoided. Leaching of straw is also expected to give advéames in respect of the subsequent
application of the y ash, since straw ash, that does not contiin alkaline salts and other impurities,
can be used as a ller in building materials [JBW98, [NLN* 9d].

As for lignite, a combination of leaching, dewatering and conpaction by MTE processing is thought
to o er a simpli ed and energy e cient possibility for a econ omical preparation of such biomass
fuels, which is investigated in Chapter[Z].

2.6 Treatment of other materials

Apart from the energy e cient dewatering and demineralisation of carbonaceous solids the MTE
process also provides a simple technology for the dewategnand volume reduction of suspensions
of ultra ne particles and semisolid materials which o ers a great potential for cost reduction in
the disposal of waste materials[[SB99, BCBS99]. Di erent sidges and semi solids are investigated
in Chapter EE2 and the materials for which the MTE process is @plicable are classi ed according
to their behaviour during dewatering.
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One mayor issue during the development of the mechanical threnal dewatering was the investi-
gation of the in uence of the parameters temperature, presare and time on the dewatering of
lignites from di erent locations. Additionally models wer e developed to describe the dewatering
kinetics depending on the process parameters and dried pragtts were characterised physically and
chemically [Ber03,[Ber04BHSC[HBCS05]. During the chemial characterisation also leaching ex-
periments have been performed in laboratory scale to gain fither information about the amount of
minerals that can be removed from lignites with the MTE process. In this chapter the results from
the dewatering and demineralization of lignites and from the characterisation of raw and dewatered
samples are presented.

Basically three lignites from Australia, Greece and Germary (Table B are investigated in detail.

While the Australian coal has a high moisture, but low ash corent, the Greek coal has high levels
of both moisture and ash. The German coal has a slightly lowemoisture content, with an ash

level between those of the other two coals.

Table 3.1: Properties of the raw coals investigated

Provenance Germany  Greece Australia
Rhineland Ptolemais Latrobe Valley
Open cut Hambach Loy Yang
water [wt.%wb.] 53.1 60.4 60.8
ash [wt.%db.] 6.3-8.1 14.1-174 1-1.2
heating value 24.9 26.4
[MJ/kg db ] wb.: wet basis, db.: dry basis

3.1 Experimental methods

During the development of the MTE process di erent experimental rigs and technical scale units
have been constructed at the Chair of Energy Process Engineeg and Fluid Dynamics, Univer-

sity of Dortmund, which have been used for the investigationof dewatering and heating kinetics,
equilibrium and kinetics of the removal of water soluble sals from fuels and for the testing of the
process scale up. In the following a brief description of thdaboratory unit, which was used for
all basic investigations, and details on the physical and cbmical methods for analyzing removed
water and dry solids are given.

3.1.1 Laboratory dewatering unit

The experimental apparatus used in this study is a double wdlcylindric compression cell (@ 70 mm)
made of stainless steel, see Figule=3.1. It is designed forgesures up to 13 MPa and can be heated
and cooled by oil. A combination of a ne steel mesh (40 m) and a coarse steel lter cloth is used
as Iter medium for the dewatering as well as the retention ofthe solid material both at the piston
and at the bottom of the cylinder.

Temperatures and pressures at the bottom Ilter medium and the piston can be measured by means
of thermocouples (T) and two inductive pressure sensors (p)respectively. The compression of the
solid is carried out via a piston sealed with two O-rings aganst the cylinder. The piston is driven
by a tension/compression device (model 1195) made by INSTR®. The entire force (max. 50 kN)
applied by the machine is measured with a load cell attachedd the top of the compression device.
The water released from the coal structure during axial conelidation leaves the cylinder through a
cooler and a pressure relief valve { set to at least 3MPa { ands collected in a vessel. Its weight is
measured continuously by a balance. The position of the pisin and therefore the height of the bulk
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Figure 3.1: Compression cell and experimental rig

is determined by a length measurement device attached to thérame of the INSTRON machind.
All experimental data are recorded by a computer.

The setting of the pressure relief valve avoids the evaporabn of the coal water during heating.
The water pressure inside the vessel is always kept higher #n the saturated steam pressure cor-
responding to the temperature of the experiments. The e ectve compression pressurepi of the
solid is therefore calculated from the di erence of appliedpressure and water pressure.

Mechanical/thermal dewatering The experiments are carried out at temperatures between
25 and 235C and pressures from 1 to 10 MPa with crushed lignite (100 g, @G:0 mm) in 4 steps:

Filling the lignite into the cylinder with additional deion ised water. The use of this slurry
ensures a completely lled pore space between the particles

Heating the coal up to a chosen temperature (2400 s for the hlgest temperatures investigated)
and waiting for 1200 s afterwards for an equilibrium of thermal dewatering. A total leaching
time of at least 1 h also was ensured for experiments at ambig¢rtemperature to enable the
comparability of dewatering and leaching experiments.

Fast lowering of the piston (50 mm/min) until the desired pre ssure is reached and then com-
pression with constant pressure for 10000s or 100000s.

Cooling of the coal still under pressure to prevent ash evamration and removing the coal
for further analysis.

For the product coal the nal water content, the weight loss due to thermal decomposition and the
density of the solid matter are determined. The latter one iscalculated from the water content and
volume of the compressed coal. Additionally samples are chacterised physically and chemically
as described later.

Experiments with smaller and larger coal llings (50g, 2009 have been done to check the in uence
of I g [mg’o“d/m 2] on the required time for the completion of the primary consdidation process.
For the determination of the amount of salts removable at di erent coal/water concentrations
experiments are performed also with a second laboratory riglescribed in [WQCS02 [WBS0#4].

1The time dependent water content of the coal can be back-calculated either from the nal water content of the
coal and the water mass measured by the balance or from the nal water content and the time dependent position
of the piston, which also gives a displaced uid volume. The | atter calculation scheme always is used at higher
temperatures, when thermal decomposition of parts of the coal structure leads to gas formation and the expelling of
additional amounts of water from the apparatus.
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Thermal dewatering Additionally experiments are performed in the same apparaus to inves-

tigate the thermal dewatering of German lignite. In these exeriments coarse lignite particles are
heated under steam pressure for 1200 s and then slowly coolddwn under pressure again. The coal
is kept in a bag made of a stainless steel mesh hanging belowetlpiston in steam atmosphere with

the “reservoir' only half lled with water during the whole p rocess. Therefore the water, which was
released from the coal and has dripped from the mesh during simkage and thermal dewatering,

can not be reabsorbed during thermal treatment and cooling.In a second set of experiments the
coal bag is kept under water only during the thermal treatmert and lifted to the steam atmosphere

for the cooling phase (hydrothermal dewatering).

Dry coal compression To quantify the in uence of temperature on the consolidation and shrink-
age of the coal, some constant rate consolidation experiménare also carried out with dried lignite
in nitrogen atmosphere at temperatures up to 235C.

Permeability measurement Furthermore the pressure drop at constant ow rate is measued
for this lignite during steady state ows applied by a high pressure pump (up to 16 MPa). According
to Darcys -law [Darb8, [Sch74] the permeability

K=-—Huy= —Hu" 3.1
p P p (3.1)

is calculated from the pressure dierence p. and the Darcy velocity uy (velocity of the uid
before entering the porous medium) or the pore velocityu. H is the lling height, . the dynamic
viscosity of the liquid and " the porosity.

3.1.2 Moisture content

The moisture content was determined based on a method similato the DIN 51718 standard
[BINGZ]. Since the shrinkage behaviour of samples was invegated, the whole pellets were dried
in an air atmosphere at 105C for 48 hours to ensure complete moisture removal. The ovenrdd
MTE products were subsequently used for helium density and rarcury intrusion porosimetry ex-
periments.

3.1.3 Helium density

The helium density of the coal %y, is determined by helium pycnometry using an AccuPyc 1330
(Micromeritics, Norcorss, GA, USA) Pycnometer. The unit is calibrated on a daily basis and

measurements were carried out on oven dried 1.5 to 2.5 g subsales. Prior to taking measurements,

samples are purged with helium 99 times to ensure complete neoval of adsorbed gases. The helium
density is determined from an average of ten measurements.

3.1.4 Mercury intrusion porosimetry

Pore size measurements are obtained by mercury porosimetrysing an AUTOPORE Il 9220 mer-
cury porosimeter (Micromeritics). The instrument is capable of applying pressuresp between
3.4kPa and 414 MPa, which, according to the Washburn equatio [WO97]

2 cos 4 cos

p= = g (3.2)

equates to a pore size range of 0.0036 to 437h diameter d at a surface tension of 0.485Nm !
and a contact angle of 140 . r is the pore radius. Experiments are carried out in calibratel
powder and solid penetrometers with a volume of 3 criusing about 0.5 g oven dried MTE product
with a particle diameter of 2 to 10 mm. All experimental data are corrected for mercury compress-
ibility and penetrometer deformation by subtracting the in truded volume of blank runs with empty
penetrometers.
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All results are expressed on the basis of volumes per gram ofycoal (db.) or on a dry and ash
free basis (daf.). During the course of an experiment, both he intruded and extruded mercury
volumes (V; [cm?], v, [cm®/g]) are determined. This allows to determine the compresdbility  of the
coal matrix from the slopes of either a cumulative intrusion volume versus intrusion (compression)
pressure graph, or from a cumulative extrusion volume verss extrusion (decompression) pressure
graph.

1 QV _ 0/p|e @Mercury :msample = O/p{e% (33)
V @p; @p T @p

For reasons described in more detail in Sectioli=3:3.2, the ogpressibility correction for the coal
matrix is based on the slope of the extrusion, rather than intrusion data.

corrected — .
\ =V, %pi X (3.4)
The extrusion is measured down to at least 0.21 MPa (correspuding to a pore diameter of 7 m),
up to which point the extrusion curve is parallel to the intru sion curve. The percentage of retained
mercury upon extrusion R [%] can therefore be calculated via the following relationkip:
R = V7exrtr|1’usion V7intrf#sion

- intrusion intrusion *
VO:0036 m V7 m

(3.5)

The inter/intra particle boundary is taken as 50 m. The macro and mesopore volumes\{, ..o
Vieso [CM3] OF Voo Vineso [€MP/G]) are taken as the total volumes with diameters ranging beween
0.05 and 50 m and 0.0036 and 0.05 m respectively. The micropore volume ¢,,...,) is calculated
from skeletal density (calculated from maximum mercury intrusion after compressibility correction)
and He density (Figure 329, pagd1).
1 1
V.. = —-— — (3.6)
it O/leletal 0/p|e
Intrusion volumes expressed on a dry and ash free basis arelcalated based on the mean values
of the ash content and helium densities (Tabld=3R). The deriy of the mineral matter is taken as

2.7 g/em? [GNW.I77].

Table 3.2: Ash content and He density of MTE samples

Provenance Germany  Greece Australia
Rhineland Ptolemais Latrobe Valley
Open cut Hambach Loy Yang
ash [wt.%db.] 6.3 14.1 1
He denstity [g/cm3] db. 1.444 1.517 1.407 db.: dry basis

Pore size distributions are calculated from the compressillity corrected intrusion data as logarith-
mic di erential intrusions

V. V.
i+1 i (37)

o= logd, logd,,,

after interpolating the 240 experimental data points to 80 diameters which are equally spaced in
the logarithmic scale. From the corrected MIP data also specc surface area A (from the work of
wetting)
P d.=0:0036 m
d.=50 m BV 1

A= (3.8)
cos msample




3.1 Experimental methods 15

and the mean pore diameterdY%ume (by volume)

1 X d=0:0036
doume = gv = = V) (3.9)

mean 2 di =50 m 1

are calculated. To avoid errors introduced by inter-particle void space lling at the beginning of
an MIP experiment, the surface area and mean pore diameter d¢eulations according to Eqgs. [338)
and (33) are based on intrusion data collected in the macroand mesopore size regions.

3.1.5 Pore volume and shrinkage

During MTE experiments the pore volume of both wet and oven died MTE Iter cakes is deter-
mined. This allows the characterisation of the e ect of MTE and oven drying on pellet shrinkage.
The pore volume of wet MTE lter cakes V,}’é’,‘?épe"et is calculated from the di erence between the
total pellet volume (determined from calliper measuremens) and the volume occupied by the coal,
such that

Vwetpellet — _D2 mcoal — vV

pore 4~ wet wet o/P| water T gas’
e

(3.10)

where D, and H,, represent the diameter and height of the wet pellet, andm_,,, and %, the
mass and helium density of the dry coal respectively. It shold be pointed out, that while the
pores are predominantly lled with water, V., they contain a small amount of gas,V,., which
is produced during thermal dewatering. In addition, a small amount of gas (i.e. air) is introduced

when the pellet expands upon release of the applied pressusdter the MTE process [HBCS04].

The pore volume of oven dried MTE products,Vpo'cf%’epe"‘3t , is determined from the mercury intrusion

experiment as sum of macro, meso and micropore volume. Addidnally the dry pore volume
is determined from the di erence between the total dry pelle& volume (determined from calliper
measurements) and the volume occupied by coal, such that

Vdry pellet — D 2

Meoal .
pore 4 drdery ()/;(;a ; (3.11)

where D ary and Hgry represent the diameter and height of the dry pellet. The pelét shrinkage is
thus determined from the di erence between the wet and dry pae volumes.

3.1.6 Water uptake measurements and equilibrium moisture ¢ ontent

To mimic the water uptake of MTE pellets under ambient conditions, samples are exposed to a
constant relative humidity of 52%. As the samples have prewusly been oven dried for the exact
determination of shrinkage, water content and mass loss, ta MTE pellets are initially re-hydrated

in an atmosphere of 100 % relative humidity. This is achievedby placing samples inside a partially
water lled and evacuated desiccator for 73 days. Samples athen exposed to a relative humidity
of 52 %, which is created inside an evacuated desiccator ugjra saturated Mg(NO3), 6H,O solution
kept at 30 C. A constant solution temperature is maintained by storing the desiccators in a constant
temperature incubator. After completion of the experiment (14 days), the samples are removed
and their equilibrium moisture content (EMC) is determined .

3.1.7 Surface area and micropore volume

Surface area and micropore volume measurements are detemed by CO, adsorption at 0 C using
a Coulter Omnisorp 360 CX analyser. Experiments are carriecbut on oven-dried 0.3 g sub-samples,
which are further dried under vacuum at 105 C for 12 hours to ensure complete drying and removal
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of adsorbed gases. C@surface areas and micropore volumes (pores 2 nm diameter) are calculated
using the Dubinin -Radushkevitch  [Dub66, [DINOT] equation

" #
RT ? 2
W, = Wy exp ?0 %

; (3.12)

where W, [cm® S.T.P] is the CO, adsorbed in the micropore structure at a relative pressure=p,
Wy the limiting micropore volume. Eg is a characteristic energy of adsorption for the reference
vapour and is the anity coe cient, which has a value of unity when the ad sorptive is the
reference vapour,R the universal gas constant andT the absolute temperature.

3.1.8 Dierential Thermal Analysis

Di erential Thermal Analysis (DTA) is carried out with simu I[taneous Thermogravimetric Analysis
(TGA) on a Setaram TAG24 Thermobalance. Tests were carried at on 8 mg samples with a
heating rate of 5 C/min and an air ow rate of 50 cm 3/min. Measurements with a particle size of
less than 63 m were carried out on air dried samples. During the tests samigs were heated to
650 C before being cooled down again. An AlO3 crucible was used as a reference. Results are
corrected by blank tests with empty crucibles.

3.1.9 Chemical Analysis

Chemical fractioning 59 of each coal in raw condition is mixed with 50 ml of fully deslted

water (determination of water soluble fractions), 50 ml of al.5-molar solution of ammonium acetate
(organic fraction) or 50 ml of a 1-molar hydrochloric acid (acid-soluble fraction) and is shaken at
least 24 hours at ambient temperature. Afterwards the liquid is separated from the coal by vacuum
Itration, the solids are discarded and the residual liquid is diluted for concentration measuring by
atom absorption spectrophotometry (AAS).

Equilibrium leaching experiments Di erent concentrations of lignite in water are prepared

and stored for 24 hours in stainless steel pressure vessels2b C, 115 C and 200 C respectively.
After this time the vessels are cooled down to ambient tempeature, the solids are separated from
the liquid by vacuum ltration and the liquid fraction is ana lysed for cations by AAS.

Acid exctractable metals in dry MTE samples Acid extractable metals Al, Fe, Ca, Mg
and Na in dried MTE products were determined by HRL Technology Pty. Ltd. (Melbourne) by a

method based on Australian Standard AS 2434.9[JAS200]: An @n dried coal sample (105C/N »)
is wetted with ethanol and a solution of 0.003M H,SO, is added to the mixture which is then
brought to boil, allowed to simmer uncovered for 15min and ceered (with a watch glass) for a
further 45min. The mixture is then ltered and the lter cake is washed with more hot 0.003 M
H,SO4. The Al, Fe, Mg, Ca and Na contents of the ltrate are determin ed by AAS.

Ultimate and proximate analysis of MTE samples The analysis of dry MTE samples and
the corresponding raw coals was done by HRL Technology Pty. td. (Melbourne). Carbon, hy-
drogen and nitrogen levels were determined on a Leco CHN60Onalyser, while ash yields were
measured on a Leco MAC400 analyser. Total sulphur and chlornie levels were determined using
an inductively-coupled plasma-optical emission spectrorater (ICP-OES). Total Al, Fe, Ca, Mg, Na
and Si concentrations present in the ash were determined by &orate fusion/ICP-OES method.
Acid extractable species including Al, Fe, Ca, Mg and Na weremeasured by AAS.

Additional ash analysis was done by Rheinbraun and EON Engieering. The ash for these tests
was produced in a mu e furnace at 575 C.
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3.2 Dewatering

Mechanical dewatering of porous materials is a time dependw volume reducing process. Generally
three phases occur (Figure=312). During the initial consolilation the gas lled pore volume is
instantly reduced by the external pressure. This stage can b neglected in the present case, since
the pore volume of brown coal is completely lled with water [GA7T].
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Figure 3.2: Decrease in void ratioe during Figure 3.3: Decrease in void ratio due to
consolidation [[W793] primary consolidation (a,b,e) and creep (c,d)

[OW79al. Determination of the preconsolida-
tion pressure (f) according to [Cas35].

During the primary consolidation, which is traditionally d escribed by theTerzaghi theory [[MW793a),
[Ter?5] (theoretical curve in Figure [33), the excess pore mssurep. (pressure of the water owing
out) decreases while the e ective pressurepi carried by the solid skeleton increases (Figuré3l4).
This stage is completed when the excess pore pressure has igred everywhere in the porous

structure.

During the consolidation of soft soils like clay and lignite the secondary consolidation can be
observed as a third phase. Buisman [Bui36] was the rst who investigated this “creep' phase.
Generally a linear relationship between the void ratid e and the logarithm of time t is found during
the consolidation of soft soils. For consolidation pressies lower than the apparent preconsolidation
pressurepg of the respective materials “creep' is the dominating pararater in consolidation kinetics.

pl results from the geological history (time, temperature, owerburden (geological) pressurepg,
chemical and biological environment) and can only be deterrimed experimentally as shown in
Figure [33. The diagram shows the relationship of void ratioe and e ective pressurepi at the end
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of the primary consolidation for low (a) and high (b) preconsolidated materials which are subjected
to rising pressure (a,b,e) or creep under constant geologit pressure (c,d). The determination of
the preconsolidation pressure (f) according toCasagrande [Cas36], which is suitable for lignite
too [Ana87], is also shown in the gure.

For pressures higher thanpg the consolidation velocity e is limited by the pressure drop of the
water owing inside the coal's macro structure during the primary consolidation.

In the following the creep and consolidation phases will berivestigated in detail for the three
coals from Australia, Greece and Germany and a model will be eveloped for the description of
both consolidation stages including the e ects of initial layer height, temperature and consolidation
pressure on the time dependent void-ratioe [Ber03,[Ber04]. It will be shown, that for lignites with

low preconsolidation pressures, high water contents and i@ permeabilities especially the in uence
of the coal layer height on the kinetics of the dewatering pr@ess has an important impact on
the process parameters, which have to be chosen for the teclwal implementation of the process
while the in uence of the coal layer height can be neglecteddr highly preconsolidated coals. The
creep phase will be investigated rst since then its in uence on the primary consolidation can be
accounted for in the development of a model for both phases (Rapter B223).

3.2.1 Creep of lignite

In Figure BH the water content wet basis (v) and dry basis (W) during mechanical/thermal dewa-
tering at di erent temperatures is plotted versus time in a semi logarithmic scale for a consolidation
pressurepi of 5MPa. According to soil mechanics a straight line (as for # experiments with Ger-

man lignite) is characteristic for long term creep or “secodary consolidation'. Deviations from
this straight line can only be observed for the lignites fromGreece and Australia for the rst 500s
of mechanical expression at lower temperatures. During ttg time of “primary consolidation' the
expression rate is limited by the pressure loss p. of the water owing out. In this stage p. de-
creases continuously, while the pressure load on the solid airix increases with time. The “primary

consolidation' only takes place for consolidation pressugs, that are signi cantly higher than the

apparent preconsolidation pressurepg of the coal. This condition is only true for the coals from
Greece and Australia but not for the German lignite which is from a very deep open cut (340 m).

Nevertheless, even if a primary consolidation period is fond in the experiments it is very short
compared to observations of other researcher§ J[R0363] whoemasured values between 1000s and
10000s. Thisis due to the fact, that they used solid samples ith a lower porosity and permeability
than the crushed coal used in the experiments presented herénce the coal is crushed, additional
larger channels and fractures between the individual parttles are present for the water removal
during compression.
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Figure 3.5: Time dependent water content during mechanicdthermal dewatering of the three coal
samples at 5MPa pressure. () experimental () regression for creep.
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constants. pi =5MPa for all experiments ments

The "void ratio' e = W %=9%, (ratio of pore volume and solid volume, % and %, are the densities of
the solid phase and water) is a more common variable for the dsription of consolidation processes.
In Figure B8 the void ratio e is shown for two coals and three temperatures as a function afime
in a semi logarithmic scale. The mean solid densitie$fgi for each coal sample were determined
from water content and volume balance of the compressed coalt the end of the experiment (see
Figure [32). Of course the pore space contains some gasesnfrdhe thermal decomposition at
higher temperatures [BerO1 [HBCS04] and it also has to be meioned that the values are higher
than the He and MIP densities of dried products given later (Hgure [229, pagd_4ll). Due to several
uncertainties in the determination of densities from driedlignite samples (discussed in Chapte[-313)
the values given in Figure[3Y are thought to be more reliabldor the description of the mixed coal
and ash density of wet MTE pellets and therefore these valuesre used for the calculation of the
water lled pore space which is the main variable during the investigation of the dewatering and
consolidation process.

From the results shown in Figure[3® the void ratio €qop at the end of the primary consolidation can
be determined with two tangents on the primary and secondaryconsolidation branches. Due to
variations in permeability and height of the initial coal | ling, the times for primary consolidation

and therefore also the value oiaeop vary depending on the experimental conditions. For this regon
the value e, which can easily be determined by regression with

&t T;Ps) = €eop(T;P)  C (T;py) log(t=[s]) (3.13)

is used instead. Sincee,,, is linearly extrapolated to t=1s it is a characteristic value for all
experiments and independent of the height dependent coursef primary consolidation. In Eq.
BI3) C represents the slope in the semi logarithmic plot. This paraneter is a measure for the
velocity of consolidation and is called “coe cient of secomary consolidation' or “creep coe cient'.

Below 145 C Figure B3 and[3® show a nearly constang,,, while C increases (see also Figure
33, 1), especially in case of the German lignite. From the imrease in creep velocity an energy of
activation for the creep can be determined (dashed line fronEq. (BI9), discussed on pagE23).

At higher temperatures e,,, decreases as a result of the "thermal dewatering’ during héiag and also
C decreases (Figur¢=318, II). In this stage the colloidal strgture of the coal is partially destroyed
and the water is released from the coal structure without addtional forces [ME7Z]. Figure[33 also
includes the results for the other two coals (b) and the varidion of C with pressure (c)-(e). In all
casesC rst increases with rising temperature (1) or pressure (I11') due to the higher mobility or
force applied to the process and stagnates or decreases aghitemperatures (I1) and high pressures
(IV) due to the simultaneous decrease of the void ratio.
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Consolidation at ambient temperature The pressure dependence of the void rati@,,, and
water content We,, can be compared to literature data [NJ56,/R0os63] only for themeasurements
at ambient temperature, since to the author's knowledge no snilar experiments on the creep of
lignite at elevated temperature have been done before. The vk of Guo [Guo00,[GTUO3] only
provides short compression times which can not ensure, thathe secondary consolidation phase
has already been reached. This may explain his conclusion #t the creep constant (de ned by the
Terzaghi -Voigt model [SMI8@], Figure[3I#, pag€&A7) is "virtually constarit independent of pi
and T.

The comparison with data from Neumann and Jacob [N.J56] for German coal (a) andRosengren
[Ros63] for Australian coal from the Latrobe valley (b) is shown in Figure B3. Since these authors
obtained their results from long term consolidation tests (Neumann: 24 h, Rosengren: 7 days) the

values measured here have to be compared with a corrected fgin consolidation curve'. The
correction
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Figure 3.10: (a) Comparison of thermal TD, hydro-thermal HT D and mechanical/thermal (MTE)
dewatering at elevated temperature, (b) mass loss of dry s mg due to thermal decomposition.

can be calculated from the literature data using the seconde/ consolidation coe cient shown in
Figure [38 assuming that the creep coe cient is of the same oder of magnitude.

The measured values for lignites from Hambach and Loy Yang sirt at higher values of the water
content compared to the raw coal because crushed coal is usé@dthis work instead of solid samples
like in the experiments in literature. Nevertheless it can be observed, that at higher pressures the
measured curves are identical with the corrected virgin corolidation curve. From the intersection
of the corrected virgin consolidation curve and experimenal data the apparent preconsolidation
pressurepg of the coals can be estimated to 4.5 MPa for the Hambach coal ah3 MPa for Loy Yang
coal. A comparison of the experiments for Greek coal with daa from Kavvadas et al. [KPK94]
and Anagnostopoulos  [Ana87] also results in a value of 3MPa.

Thermal dewatering The decrease in water content due to thermal dewatering canlao be ob-
tained from separate experiments, if lignite is treated in $eam or water atmosphere under pressure.
The results of these experiments performed with German and Astralian [CEJOQ] lignite are shown
in Figure BI0a. For comparison, the water contentWe,, from consolidation at 5MPa pressure is
additionally depicted in this gure. Since this pressure is only slightly above the apparent pre-
consolidation pressurepg of German lignite, in the beginning of consolidation no dewé#ering takes
place. Only the pore space, which is additionally created dting the grinding, is closed. Therefore a
good agreement between mechanical/thermal and thermal deatering can be observed up to 150C.
The deviation at higher temperatures results from the di erence in both processes. The thermal
dewatering is done in steam atmosphere { as in the originaFleissner process[[FleZ6] { where the
gases resulting from decomposition can drive out additionbwater easily. In contrast to that the
mechanical dewatering experiments are performed with wate lled samples. Therefore the coal
can reabsorb the water which was expelled during heating, wén the decomposition is completed
after the process temperature is reached [ME72]. This is atsin good agreement with the mass loss
of dry substance, which increases from 2% at 15€ to 10% at 250 C due to the rising thermal
decomposition (Figure[3IDb).

During hydrothermal dewatering the coal is heated in water and cooled down either in steam
atmosphere according to the experimental procedure desdred by Murray and Evans [ME72]
and Bergins [Ber01] or also cooled in water. Cooling in steam atmospheré as during the Viag
process[[Wir52] { results in slightly increased water contets (Figure BZI0a, German coal, HTDD).
Heating and cooling under water as during hydrothermal dew#ering (Figure BI0a, Australian
coal, HTD®@) [BAY95] EJMO03] leads to an signi cant increase in resdual water content
since water can be reabsorbed during cooling and also addithal water on the surface of small
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coal particles and in larger cracks can not be separated su éntly from the mixture after thermal
treatment.

3.2.2 Creep kinetics

In order to describe the in uence of time, temperature and pressure on the creep process a new
semi-heuristic model was developed. This approach coversoth the physics of ow-processes by the
application of rate process theory for the secondary consilation coe cient C and the complex
behaviour of porous media by the heuristic description of the temperature and pressure dependency

of the void ratio after primary consolidation e,

According to rate process theory [GLE41 [Eyr36] the activaion energy for ow-processes can be
calculated from

N[

G .
u= exp BT sinh (3.15)

h KT

In this equation u is the velocity of a volume 2 at a temperature T and a shear stress . k is
Boltzmann's constant and h Planck's constant. G is the free energy of activation for the ow
process, see Figur€&311. If the energy supplied by shear esis is small compared to the thermal

energy XT 3, which is true especially for small particles and dimensios ( 10 °m) Eq. (BZ139)
can be simpli ed by approximating sinh % %
4 G
u= ——ex — 3.16
h &P RT (3.16)

For uids the term 2 can be obtained from the quotient of molar volumeVy and Avogadro's
constant N. Furthermore the relation between velocity u, which is proportional to the time
derivative of void ratio e or height L of the material in consolidation, and the viscosity of the liquid
phase . is given as

u= — e L (3.17)

Since strong hydrogen bonds exist in uids like water, the free energy of activation is not
temperature-independent. Especially at low temperaturesthe hydrogen bonds restrict the molec-
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ular mobility which leads to higher activation energies. Inserting Eq. (3I1) in (32I8) and di eren-
tiating leads to

Z
1 Z@n( , V)
T, T1 o1, @1=T)

Gy =+R dT = 13:2kJ=mol: (3.18)

for the mean activation energy for water between 25 and 120C. Precise viscosities and densities
according to the IAPWS-IF97 steam table [WCD™* 00] were used for the calculation of G,,.

Creep coe cient The determination of activation energies from the experimets requires the
comparison of dewatering velocities at process times revéag “similar' porous structures. For this

reason only the experiments for German coal between 25 and Q2C were used since the starting
point ey, is identical for all experiments at 5MPa pressure. Using

@n( e=T) - Cexp (3.19)
@1:T) e=const R
and the time derivative of Eq. (BZI3)
c((m 1
= — 2
e t Inl1l0 (3.20)

with t=1s an activation energy of 13.4kJ/mol is found. Eq. (2I9) is drawn as a dashed line in
Figure[3da and shows excellent agreement with the experinmés. From this and the good agreement
of the theoretical and experimental activation energies itcan be concluded that the pressure drop
of the water-out ow from smallest pores within the micro-porous structure of the lignite particles
is the time dominating mechanism during creep. With respectto temperature the parameter C
should therefore be inversely proportional to the viscosiy of water.

cC(mM 1= ,(): (3.21)

Regarding pressure it is known from literature, that C rst increases with rising pi for highly
precompressed materials[[Ana82]. This is in accordance witrate process theory, see Eq.[317)
and [320). Since the decrease in void ratio with increasingressure also leads to smaller capillaries
inside the porous structure, C decreases, if the compression force is higher than the praesoli-
dation pressure pg. This was also found in experiments from [[Mes73[_"MSACA7,_AM3]. In the
current investigation both e ects are covered by

C(Tip) P Eeop(TiP) (3.22)

whereeeOIO is replaced bye,,,, which is independent of the initial coal lling level. As a consequence
the increase ofC with increasing temperature, pressure and void ratio can bealescribed as

,(25C) pAMPa] “1

Cmp==m o
w 0

€oop(T: P 2; (3.23)

with (25 C) and p, as normalization constants.
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Void ratio  To complete the description of the creep process with Eq.[{I3), alsoe,,, has to be
expressed as a function of pressure and temperature (EJ—Z)). In Figure B9 the semilogarithmic
plot shows a straight line, at least for pressures above the @parent preconsolidation pressurepg.
Therefore the expressiorC, log(p,.=[MPa]+ C 0 ) describes the consolidiation in the whole pressure
range. The additional constant Co takes the precompression into account. Due to the shrinkage
and thermal dewatering the variation of e,,, with temperature is more complicated. The thermal
dewatering starts at di erent temperatures (see Figure[33) depending on the geological history
of the coals and also includes the e ect of thermal decomposon at higher temperatures. For this
reason, based on the experimental results the heuristic fonulation

|
Ce

(T C] C)%
is used. The constants of Egs.[[333) and(324) have been damined from the experimental data

by multidimensional regression and are listed in TableZ3B.The table also includes the constants
of the regression function

Ps

Ca 199 P

eeop(T; ps) = C3 + Cp + C5 exp (324)

Mgi = C, T3+ Cp T2+ C. T + Cy (3.25)
for the description of the mean solid density?4i kg=m*® from Figure B2 as a function of tem-
perature T [ C], which is used for the conversion between water contentV (db.) and void ratio e
with e = W%=9%,.

For all three coals the dierent constants are of the same or@r of magnitude. Of course they
cannot be identical due to the complex process of consolidain, the di erences in ash content and
geological history. Nevertheless the model gives the opptumity for quantitative investigations of
consolidation and consolidation kinetics.

Equilibrium of dewatering Even if in the experiments an equilibrium is not reachefl, the
linear decrease of the water content as a function of time in e semi logarithmic scale and the
increase ofC with temperature indicate, that a rise in temperature not only leads to an increase
of the creep velocity at the beginning of consolidation but dso increases the amount of water that
can be removed at all. There are at least two reasons that supgrt this assumption:

3Investigating lignite Dulhunty measured a time of about 750h for 98% of the equilibrium response to
the given force. Rosengren found the linear course of e in the logarithmic timescale even after 7 days of compression

[Ros63].

Table 3.3: Model constants determined by the
regression analysis shown in Figuré&313

Provenance  Germany Greece  Australia
C 0.7757 0.7639 0.5848
Co 1.9489 2.3174 1.6020
Po 739.73 1336.3 4489.5
Cs 3.3620 3.4598 2.9508
Cy 1.6617 1.4929 1.3368
Cp 2.8397 1.9196 1.5332
Cs for T>C- -1.5271 -2.0184 -2.2147
otherwise Cs 0 - -
Ce 22543 9392.4 454.37
Cy 51.017 0 0
Csg 2.1198 1.7923 1.1774
Ca 1.4522e-5 -2.2811e-6 6.5457e-7 . .
C, -7.7932e-3 -1.0610e-3 -1.86666-3 D chemisorbed D adsorbed . mobile / bulk
Cc 4.8242e-1 -8.8068e-2 -3.5050e-2
Cyq 15247e+3 1.6072e+3 1.4061e+3 Figure 3.12: Classi cation of water in lig-

nite (micro- and mesoporous system)
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1. From the observation of the two experiments at 115C in Figure B8 it is obvious, that
void ratios and water contents are reached within one day corpression at comparatively low
pressures, that are much lower than the water contents origiating from millions of years
natural compression. For German lignite a minimum value ofW=0.4 (0.6 for Greek lignite)
was determined.

2. The rise in consolidation velocity (@=@7T according to Eqg. (220) for two experiments (1,2)
with di erent temperatures is only constant { which is a phys ical necessity { if it is calculated
at an arbitrary but constant time t. As a consequence the change in equilibrium water content

€= € €&(t) (or so called mobile water) from (Eq.[ZI3) is given as

&T) _ C (T),
&T2) C (To)

On the other hand the comparison at constant values o= e;(T1)= €x(T2) below e, giving
e(T1)= €(T,) would lead to a permanent increase in acceleration with tine according to

(3.26)

C (T2)
T C (T oo 1
&T1) C (Ty)
with % 1 always > 0 for T, > T;. This additional acceleration with increasing time

and simultaneously decreasing void ratio can only be explaied by a better mobility of the
water and therefore by an increasing amount of removable wadr at higher temperatures.

For this reason, the current experiments can also give an adtlonal evidence, that apart from the
water directly chemisorbed by polar groups of the solid matix [AE7Z1al, large amounts of the water
in lignite are strongly adsorbed within the porous structure, see Figurd-32. Parts of this can be
mobilised easily by increasing the molecular kinetic energ at higher temperatures.

Comparison of experiments and model Figure BI3 shows a normalised comparison between
experiments and the model forC as a function of e, (a) and for e, dependent on temperature
(b) and pressure (c). For normalization the following expressions are used:

C(EXP3)
fl(eeop): C ; (328)
(25 C)  p_IMPa] 1
(M) Py
—  (exp) — .
f2(T) = €op C;+ C,log pAMPa]+ C (3.29)
7@ 6°
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eeop ['] T[C]

Figure 3.13: Comparison of experimental data and model
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CG
(T4 C] C)%

fa(p) = e®  C, Cyexp (3.30)

Since the e ects of pressure and temperature oi€ are eliminated in the normalised form, the slope

of the straight line in Figure EI3a givesC, in Eq. (EZ3). The good agreement between the lines
and the experimental data points con rms the validity of the applied functions and the constants

determined from the experiments. For a direct comparison b&veen experiments and calculations

the values obtained from Eq. [3ZB) are also plotted in Figue[38a to[ZBe as lines.

In the same manner there is a good agreement of experimentalnd theoretical values for .,
in Figure B3, if the in uence of pressure (b) or temperature (c) is eliminated. This also gives
evidence for the underlying assumption, that the in uence d temperature and pressure ong,, can
be considered separately.

3.2.3 Primary consolidation of lignite

The change of void-ratioe during primary consolidation can be described by the di erential equation

0 1
@ @ @ _@g KG @g

@t @w ‘@w @w .(1+e@w ' (3:31)

which results from a material balance of solid material and vater and also includesDarcy s-law
[Dar56] for the description of the pressure loss@ p=@xin the liquid. In Eq. (&3 K represents
the permeability of the macro-porous coal structure duringthe primary consolidation, - is the
liquid viscosity and p, the pressure carried by the solid matrix. Since both partices and uid
move towards the Iter medium during compression, the lengt scalex is already substituted in
Eq. (831) by solid particle distribution w (solid volume per unit sectional area) and porosity" is
replaced by void spacee:

@x 1
— = ——=1+e€: 3.32
s T (3:32)
The analytical solution of Eq. (B331)) according to Terzaghi [Ter?5] or Shirato et al. [SMI8H] is
n #
g X 1 (2n 1) 2
e=a 1 — —— ex —_ 3.33

In this equation a is the coe cient of compressibility (a= €' = p) and is the time factor

o it Ceit
T 2 (3.34)
-0

with Terzaghi s coe cient of consolidation c¢,, the initial height of the coal lling H, the number
of drainage surfaces (1 or 2, always 2 for the experiments presented in this sectim), Shirato s
modi ed consolidation coe cient C, and the total solid volume per unit sectional area! o.

Equation (B:33) { which is the physical description of the Kelvin -body in Figure BI4a { provides
a good representation of the hydrodynamic (dashpot, waterjJand compression (spring, solid) e ects
during primary consolidation, but can not describe the creg@ behaviour during secondary consol-
idation of soft soils and lignite, which undergo a delayed cmpression (creep) without reaching
an ultimate void ratio change el in technical time scale (Footnote[3, pagd_24) as shown in the



3.2 Dewatering 27

previous section. Nevertheless Eq.[1333) is often used fahe determination of permeability data
from lignite consolidation experiments [Ros6B[/Ana8P], nglecting the deviations due to creep.

For a better description of the whole process the secondary onsolidation, which also takes
place partially during the primary consolidation, has to be taken into account. Shirato et

al. [SMIN8®, [SMI86] developed an extension of theTerzaghi model by adding a secondary
Kelvin -body to the solid model (Figure [313a). The analytical soldion [SMIN86] derived for

this model { containing two time constants { is also used for the description of mechanical
dewatering by Murase et al. [MIB*89] or of mechanical/thermal dewatering by Guo et al.

[Guo00, [GTU9Y, [GTUO3]. Both authors found a “virtually constant' time constant for creep of

0.0004s 1, independent of consolidation pressurepi and temperature T, since a simple exponen-
tial function can not describe the course of the dewatering dring creep. A rheological model,
which seems to be more applicable for this purpose, was dewgled by Wahls [Wah62] and is

brie y described and modi ed for physical necessities negtcted in the original development in the

following.

Rheological model The model shown in Figure[3I#c represents an in nite serie®f Kelvin -
bodies (a) (for the description of the primary consolidation) in series with an additional secondary
dashpot (for the description of the secondary consolidatia) and can be regarded as a superposition
of primary and secondary consolidation

et) = e(t)+ e(t); (3.35)

which in particular takes into account, that the secondary consolidation already starts before pri-
mary consolidation is completed.

For the n'" Kelvin -body in the series the deformation equation of the spring ad the dashpot in
terms of void-ratio reduction are €™ =AM (p, p,) and @& =@t B p.. p, is the preconsol-
idation pressure from a preceding consolidation step,=0 for all experiments in this paper), p,
the pressure carried by the solid matrix, p. the pressure loss of water out ow and p the actual

l,p0+ p u':‘poJf p

P Pe

p® ps
1 1 p
\:JB A LHB( ) A®

l Pot P
Po+ P

2) 2
(a) Kelvin body P J Ps

2 2
Po+ P B A Tpo+ p
\T‘ (d) Shirato model

TPOJ“ L S Figure 3.14:

(b) Kelvin body and (c) model for con- Rheological models
secondary dashpot solidation process [Wah62, [SMINSH, [SMI86]




28 3 Lignites

pressure increment. Then the void-ratio reduction is
n #

DS B(M
t = pA, 1 t :(3.36)

B (M
(n)
A" exp o)

>4(n)
el—pAlexpm

n=1

1
Ap n=1

The constants are expressed in terms of th&erzaghi  solution (Eq. B333), since this equation is a
good representation of the kinetic of primary consolidatian:

8 1
A=A -~ - BMW=2A_ and = ; 3.37
P 2(2n 1) Pt (3.37)
" #
~ g %R 1 (2n 1) 2
e=Ap pl — @n 17 exp 1
n=1

(3.38)

In the development of the modelWahls [Wah62] assumed viscous yielding' of the grain structure s
the main reason for the secondary consolidation. In his opiion “viscous reorientation of the grains
gradually reduces the capacity of the intergranular presste to be transferred to the pore water' and
‘it is assumed, that the particle reorientation occurs so sdwly, that the pore pressure developed
by the process is negligible’. For the dewatering of ligniteit was shown before (ChapterC3Z1L,
[Ber03]) from the process activation energies, that the oubw of water from the microstructure is
the time determining step in the dewatering during the secomlary consolidation comparing probes
with similar void-space. An in uence of the solid matrix on t he process kinetics can only be found
with decreasing void-ratio. From both results it can be dedwced, that the "void-ratio e ect' is based
on a rapid decrease of the microstructure permeability withdecreasing void-ratio.

Schiffman et al. [SLC6E] have shown, that "an in nite number of parameters (continuous distri-
bution)' in a series of Kelvin elements “would provide a secondary curve which is linear ithe
logarithm of time'. Such a model can also be interpreted as a @scription of a solid matrix with a
wide distribution of micropores, which are connected to a nevork of macropores for the water re-
movall. A similar conclusion was drawn from Berry and Poskitt [BP72] during the investigation
of peat consolidation.

A system showing such a behaviour should consequentially beegarded as non-linear. This is also
con rmed by investigations of peat and clay consolidation by Barden [Bar68]. For this reason the

simple extension of theTerzaghi model by an additional (linear) Kelvin -body [SMINS6] can not

describe the real behaviour of the creep phase, even if theseodels are often used for simplicity in

the mechanical dewatering of lignite [MIB* 89, [GLio00)].

There are many suggestions for the extension of rheologicahodels by non-linear elements[[Bar68].
In most cases the complexity of the single systems leads to arge number of unknown parameters,
which can not be determined exclusively by independent expéments. Therefore these models can
only provide a mathematical description of the consolidatbn process. In contrast to this the model
proposed byWahls with a single secondary dashpot

@ c
= + 3.39

has many advantages.

“*Investigations on the capillary microstructure of lignite , which also con rm such a structure for lignites have

been performed by Evans et al. [AEZTal Eva73h]
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The “dashpot constant' C(" for the n!" dashpot is the only unknown parameter in the system.
In the following it will be expressed in terms of the coe cient of secondary consolidationC
which is well investigated as a function of temperature, pressure and void-ratio (Chapter[32Z1)
and also describes the time dependent behaviour of EQCT3B9since the rate of compression
during secondary consolidation is inversely proportionalto time, if (B(M=AM)t is much
greater than 1.

A(M=B(M js the time-constant in Eq. 3338) and determines the time reuired to complete
the primary consolidation. Now this time is also related to that which is necessary for
the secondary consolidation to develop the linear relatioship in the logarithmic scale. The
relation is a physical necessity, since the velocity of the econdary compression depends on
the pressure transferred to the solid matrixp,= po+ p p-, which increases with time. On
the other hand the driving force p. for the primary consolidation and therefore the proportion
of Eq. (3338) on the whole process decreases with time.

The factor “1' in the expression 1+ B(M=AM)t = 1+ (@2n 1)2( 2=4) is not chosen
arbitrarily but provides for a smooth transition of the two ¢ onsolidation phases for 1
(see Fig.[3TD).

The void-ratio reduction for an in nite series of secondary dashpots then is

X b3 B (M)
&= €W=Cqep AMlog 1+ t o (3.40)
A
n=1 n=1
with
R ocm
Career = (Po+  P) IN(10) lc (3.41)

B
1

n=

Substituting the values of A(™ and B (M |eads to

g% 1 (2n  1)? 2
=C — ——log 1+ — 3.42
© z (@n 17 4 (3.42)
n=1
0.0 TSR
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Figure 3.15:  ¢() for two ratios of consoli- Figure 3.16: e(t) for dierent values of !
dation due to secondary (creep) and primary with (a) and without (b) the correction in

e ects. Eq. 3Z3).
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Then the whole consolidation process is described by

g X 1 2n 1) 2
o(T:p iloit) = ei(T:pi;!o)—znzlmexp %(T;pﬁ;!o;t)
4. 8% 1 n 1%, _ .
C (T’pi)_zn:lmbg 1"‘*( T:pl;!ot)
g X 1 2n 1) 2
+€uop(T5 PL) (3.43)
with
2
e (T;pe;to)= e(T:pl)+ C (T;p) log :—Z (3.44)
and
o C(Tph)ir iz K(Tip)i
(TRl ilot)= Tt—ﬁ \(T)h@%e(“e)i t: (3.45)

In Eq. (B45) KK i represents the mean permeability of the macro-porous struare. Compared to
the formulation of Wahls , Eq. (3Z3) has been modi ed for two physical necessities: fie curves
for constant pressurespg =p,+ pand temperature T should start at the same e-value at t=0
and merge into identical creep-curves for large times indepeneht of the total volume of solid per
unit sectional area! o [(W79a, [Ler96]. As a result e}l increases with increasing o. Eq. (323)
follows from the increase in time necessary for the completn of the primary consolidation, which
is quadratical with ! o, cf. Eq. (323). The dependency ofe(t) on ! ¢ according to Eq. (Z43) with
and without the correction of Eq. (B44) is shown in Figure[ZI8.

As an advantage of Eq. [34B) the two constantses,,, and C can be determined easily and precisely
by linear regression of the consolidation data for long terncreep (Chapter[32Z1, [Ber0B]) according
to

&t Tip, ) = €op(T;R, ) C (T:p; ) log(t=[s]); (3.46)

while only Cg(T; pi )yand e (T, pi ) have to be determined by a curve- tting procedure. Therefore
the error in the determination of all parameters is reduced ad the tted curve is especially forced
to t the course of the experimental data during the creep phase.

While the modi ed coe cient of consolidation Cg can be assumed to be constant during one pressure
step in consolidation [SMI86], it is known, that both the permeability K and the value of @ e=@{1+
e) decrease with time during the primary consolidation.

Nevertheless the mean permeabilitytrKi can be calculated by use of the proper mean value of
h@e=@@ + e)i, which is approximated as
_ @e

@p T;pl =2;t= =2
The compressibility of the solid matrix @e=@ean easily be calculated by di erentiation of Eq.
(BZ8) with all dependencies as described in Chaptdr_32.1n each experiment(1 + €) is calculated

from the mean value ofe during primary consolidation. is the time constant calculated from the
tted value of Ce=1!3=(i% ).

@Q;(l + e a+o: (3.47)
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In Figures 317 andCZIP a comparison

of the void ratio from experiments and model calculations isshown for the lignites from Greece and
Australia. There is an excellent agreement for all experimats, while only in the range of 1
slight deviations can be recognised. This is due to the facthat the primary consolidation is nearly
nished in this stage while the secondary consolidation is 8ll developing according to Eq. (Z22).
The slope of Eq. [34P) isonly 0771C at =1andreaches0:97C at =10. The deviation only
appears for experiments with both high creep rates and high eid-ratio changes during primary
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consolidation (between 50 and 150C and at pressures above 5MPa) and disappears completely, if
either the creep rate or void-ratio change is su ciently small.

The results for the German lignite are shown in Figure[3JIB. The agreement between model
calculations and experimental data is also very good excepfor the time range 0.5 < < 5 at
higher pressures. For the German lignite the void ratio chage in the primary consolidation phase
is very small as a result of the high preconsolidation presse of the coal. At the beginning of the
consolidation only parts of the additional void space creaed by grinding are closed at pressures
below the preconsolidation pressure. This happens very fasince the permeability of the coal is
very high at low pressures.

Model parameters From the good agreement for all three lignites and in a wide rage of
temperatures and pressures it can be concluded that the modigrovides a good description of the
consolidation process. Therefore the model parameters anesed for further investigations of the
process physics. The parameters from the regression anaigsare shown in Figure[32D (a-d). Both
1=C. (a measure of primary consolidation time) in Figure[ZZ0a anl e, (Figure BZ0b) decrease
with temperature since the permeability of the coal is increased with rising temperature while the
viscosity of the water is decreased. Additionally the amoum of water which is removable only by
high forces decreases with temperature because the coal stture shrinks as a result of the thermal
dewatering. The water, which is released by thermal dewaténg during heating, is no longer part
of the coal structure itself and can be easily removed from thk lignite without additional time and
force requirement.

On the other hand the amount of water removed from the coal duing primary consolidation
increases with pressure (Figuré=320d), especially abovéa¢ preconsolidation pressure. Since the so
called “virgin consolidation curve' is linear with pressuie in a semi logarithmic scale for pressures
above the preconsolidation pressure, a similar behavioursifound for e;. For a better comparison
of the parameters all values el(pg ; T) are normalised with the values of e;(10MPa,T).

While the permeability of the coal decreases with higher presure and decreasing void ratio the
amount of removed water increases. Therefore also the durain of the primary consolidation
and 1=C. (Figure BZ0c, also normalised with the values atpi =10MPa) increases. This is of
course a contradiction to the assumptionC 6 f (p,) used for the analytical solution of Eq. (Z31).
Nevertheless the good agreement of calculations and experental data proves, that C¢ can be
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Figure 3.20: Modi ed consolidation coe cient (a,c) and change in void ratio (b,d) during primary
consolidation as a function of temperature and pressure
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Table 3.4: Model constants determined by regression analys (consolidation)

Provenance  Germany Greece  Australia
Ci1 1.7881e+0 2.4249e+0 2.2358e+0
C, 5.2038e+2 7.4429e+2 1.2933e+3
Cs 1.1406e+1 3.4412e+3 1.0790e+3
Cs 3.6157e+0 1.5015e+0 9.7560e{1
Cs 3.7029e{3 5.5695e{3 2.2807e{3
Cs 8.8913e{l 1.8723e+0 8.0108e{1
C; 1.2531e+0 4.4874e{l 8.0305e{l
Cg 6.5544e{1 3.4997e{2 3.8400e{2
g [m] 0.08 0.08 0.08

assumed to be constant for the small void ratio range e;. At this point it has to be emphasised
that not the consolidation pressurepg but the void ratio and the void ratio change @e=@{.+ €) are
the primary variables in the dependency ofC.. On the other hand the use ofT and pi simpli es the
description of the consolidation process since they are therimary process parameters. Therefore
T and pi are used in a second regression analysis for the descripti@mf C. and e; according to

Equations (ZZ3) and (329).
Cs (p! MPa])

Ce(T;pl ) = C.THCl+ G, (3.48)
1
e(T;p; )= Cylog [I\/Fl)ls:’a] Cs GCs % + Cg (3.49)

The results for all constants are listed in Table[3% and can le used (together with the description
of the creep process in Chapte[Z32]1 for the calculation ofaid space/water contents as a function
of temperature T, pressurepi and initial solid volume charging wp.

3.2.4 Model veri cation

Permeability In Figure B2Z1 the mean lignite permeability KK i calculated with Eq. (B-25) from
the experimental data and the permeabilities from steady sate ows is drawn for the three lignites
as a function of the mean void ratio hei during primary consolidation. From the diagram it can
be seen that the permeability decreases sharply with decreing void ratio/increasing pressure as a
result of the reduced hydraulic diameter. For the German lignite both the calculated values from
the consolidation experiments and the direct measurementagree well and therefore also prove the
theoretical model of consolidation. Slight deviations resilt from possible variations in the bulk
properties of the coal due to the di erent experimental procedures.

10 14
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10 15 oo oa Steady state ow
— O T= 25C
‘€10 o 85 C
; O 145 C
. A 205 C
10
10 8 Germany Greece Australia
0.5 15 2 0.5 0.75 1 15 2 05 0.75 1 15 2
- 321 e[] e[] el]
igure 3.21:

Permeability measured in steady state ows and calculated fom the consolidation experiment
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Figure 3.22: Comparison of the experimental results with malel calculations for the water content
at three times, depending on MTE temperature and pressure.

For the German coal much higher permeabilities than for the aher lignites are found. This di er-

ence can be explained by the higher preconsolidation presmupg. The porous structure formed of
hard grains supports more channels for the water removal dung primary consolidation than the
softer particles of the Greek and Australian lignites. Thos particles are distorted at relative low
pressures whereby the porosity is reduced.

The permeability (compared at constant void ratios) increases with temperature which is simply a
result of the thermal dewatering and shrinkage of the coal attemperatures above 100C . Similar
results are reported byBanks and Burton [BB89] who found an increase in permeability of lignite
after thermal pre-treatment.

Water content In Figure B2 the water content w (wet basis) of the three lignites is shown

at three times of consolidation as a function of temperatureand pressure. For all coals there is a
very good agreement in the whole range of process parameteasid times. Even at the beginning

of consolidation or at low temperatures or high pressures, Wwen primary consolidation plays an

important role in the dewatering kinetics, only slight devi ations occur. It was shown before (Chapter
B2, [Ber(3]) that the neglect of primary consolidation knetics would lead to larger deviations in

calculated process times.

The preconsolidation pressurepg of the Australian and Greek lignite was found to be much lower

than pg of the German coal (Chapter 3221, pagd—0) and therefore mbsf the bigger pores

created by using crushed coal are closed at rather low presses. Therefore with increasing pressure
a delayed dewatering (higher water contents after 1 and 100 gompression) can be observed in
comparison to the experiments with German coal.
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3.3 Physical properties of dewatered coals

A detailed knowledge about physical properties of dried MTEcoals besides the water content of the
wet product is of importance for the use of MTE products in power plants, which always includes
further drying and grinding or when considering the production of an economically transportable
fuel by brown coal dewatering and densi cation. Therefore adetailed investigation of pore structure
(related to the bulk density), mercury surface area and compessibility of dried coal samples[[BHSC]
as well as a quantitative analysis of the shrinkage behaviouduring drying and the water uptake

of dry products is presented in the following [HBCSO#4 [ HBCSH].

Temperature and pressure induced structural changes on théignites during MTE processing are
analysed which can explain also the variation of physical d& for raw coals, which seem to be
chemically identical but were maybe exposed to di erent physical environments for di erent du-
rations during natural coali cation. During MTE processin g only minor changes in the chemical
composition of the products occur [CEJOD,[HBCS] (ChapterZ3) due to the relatively mild pro-
cess temperatures, so all results are related to the changes pore volume, water content and
microstructure and some “arti cial coali ciation', which is found to start at process parameters as
low as during MTE processing [CB97], while also lower tempeatures than during the MTE process
(over longer periods of time) are thought to be the only facta explaining large scale incolation
changes in coal basins during natural coali cation [TT0Z].

To investigate the porous nature of MTE treated coals, MTE products from the dewatering exper-
iments described in Chapterd3Zll and“3213 were characised by mercury intrusion porosimetry
(MIP). The advantage of the MIP technique is, that it allows p ore size distributions to be easily
determined over a broad pore size range, spanning severaldars of magnitude.

The technique is however limited, in that samples need to be @ampletely dry, thus allowing porosity
and pore size distribution data only to be obtained for oven died MTE products, which are known
to have undergone shrinkagel[Ber01, HEC]. However, as the pe volume of the wet MTE product
is known, the pore volume measured by MIP can be used to determe the degree of shrinkage
during oven drying, an important parameter in itself and a useful index of physico-chemical changes
occurring during the MTE process. This will be further analysed in Chapter[3:34.

Furthermore, care needs to be taken when interpreting the laver mesopore diameter range, as
the high intrusion pressures required to measure pore sizeim this region may lead to sample
compression or degradation[[NEK84|/ SDY95]. There have beeseveral attempts in the literature
to calculate the compressibility of various coals by MIP andto correct the pore size distribution
accordingly [TT172) [Spi81,[SDY95,[ZK54]. As the literature data have shown coal compressibility
to vary widely with coal rank and location [I[LTZZ) $pi81], all MTE products are characterised for
their compressive behaviour and pore size distributions we corrected accordingly.

The ne structure of the coals (true density, surface area aml microporosity) is investigated rst,
since it is an important factor in uencing the ignition and ¢ ombustion (Chapter [33) behaviour and
since a “true density' also is required for micropore volumealculation from MIP data.

3.3.1 True density, Helium density and CO » surface area

Even if the de nition of a “true density' for micro porous mat erials like coal is di cult, usually the
He-densities are used for the calculation of volumetric chages in drying and dewatering processes.
The uncertainties in the determination of the densities arethe de nition of an equilibrium crite-
rion for the gas pressure measurement in He-pycnometry sieceven He-di usion is slow in small
micropores and also the structural changes during the dryilg and shrinkage of brown coal, which
lead to smaller and partially closed pores. Nevertheless ging is essential in the application of
He-pycnometry.

Similar problems occur on the determination of specic surbice areas in micro porous materials.
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Nitrogen, which is usually used for the determination of speic surface areas in coal, does not
possess enough kinetic energy to penetrate into the coal migpores at 77 K. Additionally at 77K
capillary condensation takes place before the apparent maslayer capacity is reached such that
BET N, areas are unrealistic high. Therefore surface measurementusing CQ, at 0 C or 25 C
[MS68, [THT * 77] is thought to yield more realistic results, even if this nethod is also criticised

[Mah9T].

Density  Measuring the pore volume of coals of di erent rank with Helium and also di erent
organic liquids Franklin  [Fra49] and Nelson et al. [NMW80] found di erences for the calculated
densities of up to 10%. Nelson et al. argued, that “micro pores formed by cage-like structues'
exist in dried low rank coals, which are accessible to solvés only as the extent of solvent induced
swelling increases. Based on this work and their own measumeents with water and methanol Yost
and Creasy [YC90] developed the "nut cracker model' (FigureC323c) as anechanical model for
the description of sealed cavities in lignites.

Franklin  [Fra49], Fujii and Tsuboi [FT67], Gan et al. [GNWJ77], Toda [Tada7d] and Ng et

al. [NEK84] measured the He density for coals of dierent rark and found a decreasing density
with increasing carbon content with a minimum at about 82%, se Figure[3ZBa. The Figure
also contains the results for the Australian, Greek and Gernan coal investigated in this work
(see Table[3b, pagéd2) as well as the densities for further ME and HTD samples (Australian
coal, LYLA) from [CEJOQ], which all are in a narrow region for both density and carbon content.
Though the change of carbon content is low for the MTE and HTD samples, the densities for MTE
and HTD show a signi cant trend towards lower values for increased temperature, and pressure
or dewatering time (Figure B22Z3b). The lower densities of tle samples from MTE experiments
performed at 6 MPa/10000s may result from the fact that theseexperiments have been performed
with a di erent sub-sample of the coal.
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CO, surface area The CO; surface areas shown in Figuré_324 indicate a decrease of Iiing
micropore volume with increasing severity of MTE conditions and therefore also a decrease in
speci c surface area for the Australian coal. Similar resuls were found in the temperature region
up to 400 C by Toda et al. [THT * 7] during heat treatment of di erent Japanese coals. From
their results they argued that in this temperature region very small micropores are closed during
the treatment by tarry materials oozing out of the coal structure.

Similar CO, surface areas which show the same trends are reported b@ghaffee et al. [CEJO0]
for Australian coals treated hydrothermally while He densities (Figure [3Z3b) also decreased with
increasing temperature.

While the exact determination of daf. He densities was di cult for German and Greece coal due
to the high ash content and large di erences in the results fo di erent coal samples, the measured
CO, surface areas clearly show the trend of increasing surfaceems with increasing processing
temperature which is thought to result from structural chan ges further discussed in Chapte[23313.

The results and literature data presented in this section fo the Australian coal support { at least
for this coal { the idea of an increase in closed pore volume wth increasing severeness of dewatering
conditions, whereas chemical changes of the coal structuige not required necessarily. This concept
will be analysed further in the following sections.

3.3.2 Compressibility and density

Shown in Figure [32Z%a are cumulative intrusion curves for tle Australian coal. A sequential de-
crease in intrusion volume can be observed with increasing VE temperature at a constant applied
pressure of 5MPa. The same results are shown in Figufe=3125kvhere the applied pressure has
been plotted on linear coordinates. For ease of interpretdon, the intrusion volume for each set
of curves has been o set by 0.015 cifig according to the maximum intrusion volume for each ex-
periment. In addition, for each set of intrusion and extrusion data, a linear regression has been
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Figure 3.25: (a) Intrusion and extrusion of mercury, (b) determination of compressibility and (c)
corrected LDI curves

done, which allows the compressibility of the sample to be dermined according to Eq. (333). The
corresponding pore size distributions, expressed as a logdamic di erential intrusion are shown in
Figure EZ9c¢.

Extrusion data The linear regression line for the extrusion data, as illustated by a dashed line
in Figure BZ3b follows a linear part of the measured values\@r a broad pressure region, ranging
between 200 and 400 MPa. Furthermore, the slope is fairly indpendent of temperature. This
results in a constant compressibility value with temperature as shown in FigureC3ZBb. The trends
are also consistent for the two other coal types investigaté (Figure B2Z8b). Similar small changes in
coal compressibility were seen bySchuyer et al. [SDK54], who used sound velocity measurements
to determine the compressibility of various coal ranks, wih carbon content values varying between
82 and 90 %.

Intrusion data The corresponding mercury intrusion data in Figure[32Z%b slow a continuously
changing slope, with the linear region (dash-dotted line) mnging over a much narrower pressure
region of between 300 and 400 MPa. Such a change in slope is amonly associated with the
simultaneous lling of pores and sample compression. It isnteresting to note, that under the
experimental conditions, no linear behaviour is observeddr intrusion data in the 100 to 200 MPa
region, as it has been reported for lignites and sub-bitumius coals by other researchers [T142,
[EM88]. However, this e ect may be due to the changes in slope écoming more pronounced due
to the higher intrusion pressures (414 MPa) used in this invstigation, compared to the previously
reported studies, which used pressures up to 207 MPa.

Furthermore, from Figures [Z23b and[3ZBa it can be seen thathe slope determined from the
intrusion data increases with increasing MTE temperature Y to 205 C. Again, this could be due
to changes occurring in pore lling, where an increase in terperature results in an increase in pore
lling in the mesopore size region. Possible explanations 1@ the transformation of macropores
to mesopores by the MTE process and/or the suppression of mepore shrinkage at higher MTE
temperatures due to coal hardening which is discussed later Other contributing factors could
be increased sample compression, which would involve the egpression of the coal skeleton, the
deformation of the porous structure (with a closure of pore$ or a combination of the two (Figure
B28). Shown in Figure[3ZBa, is the compressibility data otained from the (uncorrected) mercury
intrusion data as calculated according to Eq. [32B). The valies are signi cantly larger (up to 100 %)
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compared to compressibility data obtained from mercury extusion data, and they increase with
increasing temperature for all three coal types investigagd.

If there is indeed a shift from larger to smaller sized pores wh an overall reduction in total

pore volume, one would expect a decrease in compressibilityf the combined coal and pore matrix
(Figure BZH). This is due to the formation of an increasing umber of particle-particle interactions,
which increase the network strength and hence the resistarcto further compaction.

Assuming the increase in mesopore volume with increasing ME temperature to be true (as shown
in Figure B334), the measured increase in intrusion compresbility should be due both to the coal
skeleton and an increased number of empty meso- and micropes experiencing compressive forces
(like also indicated by the detailed analysis of He densitie in Chapter[3:371) and from the lling of
mesopores with mercury. The observed increase in intrusiocompressibility therefore just re ects
structural changes of the porous network but not changes in he skeleton compressibility.

Intrusion versus Extrusion From Figure B29a, it can be seen, that there is a hysteresis ect
between the intrusion and extrusion curves. Such hysteresiis associated with mercury retention
and has been ascribed to a number of factors. One such factos ithe “ink-bottle' e ect, where
the mercury is not being extruded due to a breakage of the menary column in a narrow neck as a
result of non-steady capillary pressurel[KIo94[WO9V7] (Figire [3228). Other possible reasons include
contact angle hysteresis[[KIo94[WO977], irreversible samlp destruction, as well as the (reversible)
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Figure 3.28: Compressibilities of the three coals
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compression[[SDY95] of meso- and micropores, which do not+expand directly after lowering of the
mercury pressure. Since the slope of the extrusion curves &milar for all experiments, while the
slope of the intrusion curves increases with increasing MTEemperature this leads to an increase
in the degree of hysteresis with increasing temperature.

It is interesting to note that for most experiments the percentage retention of mercury relative to

the maximum intrusion volume remained relatively constant at around 45%, with a slight decrease
to 35% for temperatures between 175 and 23% as shown for the Australian coal in Figure[3ZFY.
Consequently, while there is a larger di erence between intusion and extrusion volumes at higher
MIP pressures with increasing MTE temperatures, this is eqalised by higher extrusion volumes (i.e.
higher gradients) at medium pressures. This behaviour is tbught to result from a hindered/delayed,

but fully reversible relaxation/reordering [SDY95], of th e macro-molecular network structure in

the coal samples treated at higher temperatures. This alsot®ws, that an increase in irreversible
destruction of pore structure during MIP experiments is out of question for these samples. For
MIP pressures up to 100 MPa Spitzer|[[Spi8[l] did not found any @struction of coal samples at all.

From the mercury intrusion data shown in Figure BZ8a it is interesting to note, that no discernible
trend in compressibility can be identi ed with increasing M TE pressure. This nding suggests that
the increase in network compressibility is the result of an ncrease in MTE temperature. This e ect
could be due to thermal dewatering [FIle26 ME72]. From expements on thermal and hydrother-
mal dewatering it is known that the colloidal structure (i.e . skeletal matrix) of coal shrinks during
heating, resulting in the release of water and an increase ihardness after drying relative to conven-
tionally dried lignites [Ele26]. Thermal dewatering starts at temperatures around 140C [MEZ7Z],
which is also the starting point of compressibility increase in Figure [I2Z8. Under the viewpoint
of hydrogel physics the shrinkage and water release duringhermal dewatering can be understood
as an aggregation of the backbones/chains of the coal matrixvhich is thermodynamically more
e cient due to the reduction of surface exposed to water [[HOBO3J]. This also leads to a more
rigid structure. This increased rigidity of the wet coal then leads to a decrease in shrinkage (see
Chapter B333), especially of the smaller pores, which comsjuently are believed to result in higher
compressibilities.

When interpreting the above described results, great care mst be taken as the e ects of pore lling
and compression are not easily separated, thus making corcgons for sample compression di cult
[EM88]. For this reason, the e ects of coal skeleton and coahetwork compression can also not be
separated based on compressibility data from MIP as tried byXu et al. [X[XZ99].

From these considerations it can be recapitulated, that thechange in curvature during intrusion
as a function of increasing MTE temperature can be attributed to an increase in pore volume in
the mesopore region (Figure325c), the shift in pore size diribution to smaller diameter pores
due to the transformation of larger to smaller sized pores (kgure [3333) and suppressed shrink-
age. From this, a coal structure results, which additionally contains more “closed pores' (Chapter
B:37) and more pores which are too small for mercury intrusin and which has naturally a higher
compressibility (including deformation of the network) th an the coal skeleton itself (Figure[32Zb).

Literature Data Comparing the absolute values of compressibility (0.610 °Pa 1{
2.210 °pPa 1) these values cover the whole range of values given in litetare for coals with
carbon contents between 65 and 95 % [ZK%4, TT42_NEK84[_SDYYp Even if it is common to
correlate the changes in compressibility to changes in cadn content { getting a curve with at
least one minimum and one maximum at about 80 and 90% carbon etent [TT72] NEK84] {
the results presented here only allow the conclusion, that he MIP determined compressibility is
a function of porosity, pore structure and strength of (thermal) dewatering because the change in
carbon content at the highest process temperature is as lowsa2% [HBCS04]. This explains why
the investigation of coals from di erent countries or open auts results in di erent compressibility
curves when plotted only as a function of carbon content, corpare [TT72]. This result is also in
accordance with the nding of Teichmuller that "the water ¢ ontent of lignite stage is a far better
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Figure 3.29: Skeletal densities calculated from mercury ittusion at maximum pressure (with and
without correction for compressibility) and He densities

measure of the degree of incolation than the carbon contentrocontent of volatiles' [TT0Z].

MIP data correction Due to the potential compression of pores and coal matrix at gher
intrusion pressures (i.e. mesopore diameter region), thentrusion volume needs to be corrected
to prevent an overestimation of the micro- and mesopore volme. This can be seen clearly from
the comparison of skeletal densities calculated from uncoected MIP data with helium densities
determined by helium pycnometry. As illustrated in Figure B229, for all three coal types investigated,
the helium densities are found to be lower relative to the skietal densities determined from MIP.
This is unexpected as the MIP technique is only capable of meauring pore diameters down to
3.6nm, compared to 0.16 nm for a helium molecule. While a numér of researchers base their
intrusion volume corrections on compressibility values c&ulated from mercury intrusion data, it
was decided to base the calculations on mercury extrusion da for the following reasons:

Without the correction negative micropore volumes would result from Eqg. (B&) since MIP
determined densities are higher than pycnometry densities

Using the extrusion compressibility at least takes into acount all elastic deformations - ne-
glecting relaxation e ects which also take place in a longertime scale and at lower pressures
but which are due to the “reordering of the macromolecular n&vork structure' [SDY95] and
therefore mostly include reversible deformation of the cohnetwork structure.

Using the (higher) ‘intrusion compressibility' for correction would lead to zero di erential
intrusion in the high pressure regime (FigurelC3Zbc, dash dited lines) with an underestimation
of the mesopore volume. Correction by the intrusion compresibility would also result in a
positive intrusion during depressurisation, which can notbe motivated physically.

The e ect of compression correction calculated from both mecury intrusion and extrusion data
is shown in Figure 32Zbc. As illustrated, in both cases the awmection results in a reduction in
the overall mesopore volume. Furthermore, it should be notd, that the maximum di erence in
mesopore volume using both corrections is only about 0.02 cffg, which is reasonably low compared
to the total pore volumes and could only lead to mayor errors @lculating the micropore volumes
from the di erences of reciprocal helium and mercury densites. Nevertheless the calculation of
micropore volumes from the corrected densities (Figurd—3Zlb) gives reasonable values for both
corrections. These results are discussed in Chapt&r3.3.3.
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3.3.3 Pore size distribution, pore volume and surface area

In this section the logarithmic di erential intrusion (LDI ) curves (pore size distributions) and the
other parameters derived from the intrusion data are discused for the three coals for di erent MTE
conditions.

Shown in Figure[3330 is the e ect of MTE temperature on the pore size distribution of all three coal
types treated at a constant mechanical pressure of 5 MPa. Theorresponding e ects of MTE pres-
sure for four di erent temperatures are shown in Figure[3:31to Figure B333. All results have been
expressed as logarithmic di erential intrusion curves. The intrusion volumes have been corrected {
as all other results { for compressibility e ects. Furtherm ore, for each condition, the baseline has
been o set by 0.05 cn?/g, where the dashed lines (marked with corresponding symbis) represent
the actual zero line for each experiment. For ease of intermtation, the pore size distributions
have been divided into macro- and mesopore size regions, wigethe inter/intra particle boundary
has been set at 50 m. To allow easy comparisons to be made between the di erent @al types
and processing conditions, the individual macro- and mesogre volumes, as well as the calculated
micropore and total pore volumes have been shown in FigurEZ34a to d. Additionally, from the
distributions the mean pore diameter (Figure[3:33%) and specc mercury surface areas (Figure[3:36)
have been calculated. It should be noted that the surface ams calculated according to Eq. [3B)
are only valid for pores intruded by mercury, i.e. 3.6nm to 50 m. No assumptions concerning
the pore geometry are included in Eq. [(3D), since only the mehanical work of wetting the coal
surface is calculated { even if the calculation of surface aas from the lling of cylindrical pores
would lead to the same equation. Concerning the trends presged, also any error in compressibility
correction seems neglectible, since similar curves withightly higher or lower absolute values result
from calculations, which have been performed without any carection or with a correction using
the compressibility calculated from the intrusion curve.

As indicated by the water content values shown earlier (Figue 3222, pagd—34) the total pore volume
(including the presence of a small amount of gas) for all thre coal types decreases signi cantly
with increasing MTE processing severity. The results show e overall in uence of MTE process

and shrinkage during oven drying (resulting in further pore volume loss, see ChaptelZ3.34) on the
pore size distributions and pore volumes. This has to be kepin mind during the data analysis.

Australian coal As illustrated in Figure and Figure 3331, most of the poe volume for
the Australian coal treated under mild MTE processing condtions is in the macropore size region,
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di erent coals
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with a peak volume at a pore diameter of about 0.4 m. Upon the application of increasing
MTE temperature and pressure, the distribution is observedto atten and shifted towards smaller
diameter pores. The corresponding mean pore diameter redslin Figure B:33a show this shift to
be more pronounced as a function of increasing temperaturehian pressure. Furthermore, Figure
shows, that while this shift is associated with a decrese in macopore volume and an increase
in mesopore volume with increasing MTE temperature, both the macropore and mesopore volumes
(at high temperatures) again decrease with increasing MTE pessure. The observed trends support
the idea of the pores just being deformed during dewatering Wich then results in an increasing
number of small pores just by the transformation of “bigger pres' to “smaller pores'.
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Figure 3.33: Logarithmic dierential intrusion as a functi on of MTE process temperature and
pressure for German coal

The MIP determined micropore volume shows a slight increasein MTE temperature (Figure B232kc).
Even if CO, adsorption experiments (Chapterf3Z31) have shown di eren trends for Australian and
Greek/German coals, the increase is consistent for all coaih this case. The observed di erence
in absolute numbers and trends is due to two dierent reasons On the one hand the limiting
micropore volumeWj in the Dubinin -equation 3I2) just gives the extrapolated value of adsdred
CO; volume for pp=p! 0 and therefore maybe overestimates the micropore volume. ©the other
hand the He density used for the calculation of micropore vaime according to Eq. [3®) from
MIP data is not the “true density' and therefore underestimates the micropore volume. Since the
shift towards smaller pores is evident for all MIP experimeris performed the trends shown for the
micropore volumes determined this way is thought to be more eliable.

Despite the observed decrease in macropore volume and ina® in mesopore volume, the total
pore volume decreases with increasing MTE temperature (Figre [3333d), which is consistent with

the decreased moisture content results. Similar decreases total pore volume are also seen as a
function of increasing MTE pressure.

As shown in Figure[336, the shift from macropores to mesop@s with increasing MTE temperature
is associated with an increase in surface area, as determishdoy mercury intrusion porosimetry
experiments. The reverse trend was seen with increasing pssure, due to the continued decrease in
mesopore volume. The surface area values obtained via this eéthod are about 80 % smaller than
the values obtained by CO, adsorption measurements with products from MTE experimens with
Loy Yang Low Ash coal [HEC] and the three coals investigated m this work (Chapter B23). This
is expected, as the MIP method is only valid for larger sized pres ranging between 3.6 nm and
50 m in diameter. In comparison, the CO, adsorption method measures the area contribution of
smaller sized (0.16 to 2nm diameter) pores, which play a morsigni cant role in controlling the
surface area of a substance.
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deviation for correction with intrusion compressibility)

Nevertheless the surface areas obtained from the MIP methodre useful for a deeper understanding
of trends in dewatering and combustion concerning the tranport of water and gas, which mainly
takes place in macro- and mesopores, rather than micropores

In comparison to other researchers, surface areas calcuid in this work are about three to ten

times higher than values quoted in the literature [ZK54, [Sp81].

This can be explained by the

higher mercury intrusion pressures used in this work, whichleads to the increased surface area
contribution from smaller sized pores intruded at high presures.

It is interesting to note that at very high temperatures ( > 205 C), the mesopore volume (Figure
[B34b) and surface area (Figurd—-3.36) decrease again. This most likely due to the onset of
severe thermal decomposition, leading to chemical changdBer03, [HBCS04,[HEC,[HBCS] similar
to those observed during natural coali cation. In addition, there may be some melting of waxes,
which can block parts of the pore system once the coal is higiilcompressed. The decrease can
only be observed at intermediate and high consolidation presures. There is also a slight decrease
of mesopore volume and surface area with increasing pressusince parts of the porous network are
possibly closed to mercury intrusion in highly compressed ME products. Nevertheless this trend
is not as pronounced as the increase with MTE temperature.

Greek and German coals Under mild MTE processing conditions, the total porosity of the
Greek and German coals is signi cantly lower compared to theAustralian coal (Figure B:34d). This
is due to the signi cantly lower macropore volume shown in Figure[3:33a, where the distinct macro-
pore peak seen for the Australian coal (Figurd_3:30a) is abse Increasing the MTE temperature
has only minor e ect on the macropore volume, but signi cantly increases the mesopore volume.
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Figure 3.36: Speci c surface area calculated from MIP data

This increase in mesopore volume is particularly pronounce for the Greek coal, where at tem-

peratures and pressures above 178 and 5MPa the total pore volume exceeds the volume of the
Greek coal treated under mild MTE processing conditions. Tte total pore volume increases contin-
uously for all pressures with temperature (Figure[3:3ld). Most of the increase in mesopore volume
occurred in the 0.02 to 0.04 m diameter region as shown in Figurd=3:30b.

For both the Greek and German coals, this increase in mesopervolume was associated with a
decrease in the mean pore diameter (Figur€-3B5) and an incase in the MIP calculated surface

area (Figure[3338). As for the Australian coal, the micropore volume remains relatively unchanged

(Figure B334c) and only increases slightly at the highest tenperatures. An increase in pressure leads
to a slight reduction in the macropore volume. Likewise, themesopore volume decreases slightly,
with the e ect being most pronounced at higher temperatures particularly for the Greek coal.

The observed increase in mesopore volume, particularly fothe Greek coal, seen as a function of
increasing MTE temperature could be due to a number of reasaos, including the generation of
pores during the MTE process. However, this mechanism is uilely, considering, that thermal
dewatering starts at about 140 C, leading to the collapse of the coal structure due to water elease.
Since the water contents of all coals are of the same order of agnitude for constant MTE process
parameters, this suggests that the increase in mesopore wohe is more likely due to a hardening
of the coal structure and leading to changes in shrinkage belviour as a function of increasing
MTE temperature. This latter hypothesis is further support ed by the fact, that for all three coal
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types the increase in mesopore volume was not seen with inasing MTE pressure. To investigate
this e ect further, the shrinkage behaviour of all three coa types was monitored as a function of
increasing MTE temperature and pressure.

3.3.4 Shrinkage

A comparison of the total pore volume of oven dried MTE produds measured by the MIP method
and the direct measurement of pellet dimensions using cafiers ( 0.1 mm) is shown in Figure
B34. As illustrated, the pore volumes from calliper measuements are signi cantly higher than
those from the MIP measurements. This is believed to be due tdhe presence of cracks formed
upon oven drying, which are not being captured by the MIP techmique, even if the maximum
pore volume is set to 420 m (grey symbols), which corresponds to the minimum pressurapplied
during MIP measurements. Since crack formation is dependdrupon temperature, which a ects
the binding strength (e.g. during binderless briquetting), all shrinkage data are calculated using
dry pore volumes determined from MIP measurements with an iter/intra particle cut o diameter

of 50 m.

E ect of temperature on shrinkage Shown in Figure[Z38a is the e ect of MTE temperature
on the dry pore volume of all three coal types, plotted as a funtion of the total wet pore volume,
determined from wet pellet dimensions. It should be noted, hat since crack formation occurs in the
later stages of drying, the error in the total wet pore volume can be neglected. The corresponding
volume di erence between wet and oven dried MTE products, aswell as the percentage shrinkage
(di erence relative to the total wet pore volume) are shown in Figure :38b and c respectively.

For the Australian coal, at a constant applied MTE pressure d 5MPa, the dry pore volume
decreases continuously with increasing MTE temperature. th the case of the German coal, the dry
pore volume remains relatively constant, while for the Greé& coal, values are found to increase at
the higher MTE temperatures investigated. The corresponding percentage shrinkage results shown
in Figure B3dc indicate, particularly for the Greek and Geman coals, a decrease in shrinkage at
temperatures above about 85C. Thus, indicating that a hardening of the coal structure is indeed
occurring at elevated MTE temperatures. For the Australian coal similar behaviour is seen at
various pressures, although the e ect is not as pronounced.

Coal hardening and consequent porosity retention at elevatdd temperatures were also observed by
Bongers et al. [BJWOO], who investigated the e ects of steam drying an the pore structure of
Loy Yang coal. Bongers et al. observed that the use of steam drying at elevated tempmtures
(e.g. 182-225C) with a low degree of superheat, resulted in little moisture loss, which lead to the
retention of much of the bed moist porosity upon oven drying @ 105 C. Bongers et al. argued
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Figure 3.38: Total pore volume of wet and dry MTE pellets and dirinkage as a function of MTE
temperature

that this e ect is due to the occurrence of cross-linking reations, where pore collapse is prevented
by the presence of water inside the pores. The conditions exgienced by the coal in the rst
stage of the MTE process (i.e. thermal dewatering), at very bw applied pressures, are very similar
to those of the low super heat steam drying experiments cargd out by Bongers et al. so that
similar cross-linking reactions may be occurring during tre MTE process. This again supports the
conclusion that the non-evaporative water loss during themal dewatering/treatment causes the
observed e ects of increased resistance to shrinkage.

E ect of pressure on shrinkage The e ects of MTE pressure on the dry pore volume, absolute
volume reduction and percent shrinkage for all three MTE treated coal types are shown in Figure
B39a to c. For the Australian coal, an increase in pressureehds to a reduction in the dry pore
volume, which is associated with an increase in shrinkage. Ais trend is consistent for the various
temperatures. The results therefore show, that MTE products treated at di erent temperatures
and pressures may have similar moisture contents, but have ery di erent shrinkage properties.
For instance, while an Australian coal treated at 85 C/10 MPa has a similar moisture content to
a sample treated at 205C/1 MPa, upon oven drying the sample treated at 205 C has twice the
pore volume than a sample treated at 85C. Shrinkage studies undertaken byEvans [Eva73d] on
raw Yallourn coal showed, that shrinkage is mainly associatd with the removal of capillary and
multilayer water rather than bulk water due to the action of c apillary forces. The observed increase
in shrinkage of MTE products with increasing pressure couldtherefore be due to the shift from
larger to smaller diameter pores as illustrated in Figurd:339 and therefore increased capillary forces
acting on the coal structure during drying. While a similar shift in pore size distribution is also seen
as a function of temperature in Figure[3:3b, the reverse tred in shrinkage i.e. a decreasing shrinkage
with increasing MTE temperature in Figure B:39c (T) is believed to be due to the dominating e ects
of hardening of the coal structure above 85C.
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Figure 3.39: Total pore volume of wet and dry MTE pellets and dirinkage as a function of MTE
pressure

For the German coal an increase in pressure at 8& and 145 C results in an initial decrease in the
dry pore volume (Figure [339a), which levels out at about 0.m?3/g at the higher pressures tested.
The corresponding percentage shrinkage results (FigurE=39c) show an initial slight increase in
shrinkage with increasing pressure [§) which, is believed to be due to a shift in porosity to smaller
(e.g. capillary/multilayer) diameter pores as for the Australian coal.

At subsequently higher pressures, the degree of shrinkageifthe 145 C case (squares) is found
to decrease p ) again. This is believed to be due to the fact, that the minimum achievable pore
volume (i.e. 0.1 cn?/g) is reached under these conditions. This minimum appeardo be present for
all three coals, and is consistent with the work ofEvans , who observed a zero di erential shrinkage
at a pore volume of about 0.1 cni/g [Eva73a). At a temperature of 205 C, the shrinkage remains
relatively constant with increasing pressure, which couldbe related to the hardening of the coal
structure at elevated temperatures.

In terms of pressure dependent shrinkage behaviour, the Gek coal shows similar trends to the
German coal, with the exception that the initial increase in shrinkage at 145 C is absent.

As shown above, temperature and consolidation pressure arthe main factors in the dewatering,
dominating the kinetics of the water removal during primary consolidation. For the evaluation
of time e ects on the pore structure six samples pressed for @000 and 100000s (mainly creep
phase/secondary consolidation) have been examined addanally. In Figure BZ0 also the total
pore volumes and mean pore diameters determined by MIP and peentage shrinkage values are
given. The results show a slight decrease for the total porealume and for the mean pore diameter
as well, which again supports the idea of transformation of Igger pores to smaller pores with
increasing water removal. For the Australian coal percentge shrinkage increases while it slightly
decreases for Greek and German coal. The shrinkage resultbdrefore show the same trends as
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Figure 3.40: In uence of dewatering time on dry coal properies

can be seen for increasing consolidation pressure in Figufg39. Therefore it can be concluded
that the hardening e ect (and decrease in shrinkage) is onlyin uenced by processing temperature,
while pressure and consolidation time have similar e ects increase or decrease) depending on the
absolute values of pore volume.

From the results obtained so far it is obvious, that the di er ences in pore size distribution between
the three coal types mainly result from di erences in shrinkage behaviour. The percentage shrinkage
of the German and Greek coals is about twice as much as that ofie Australian coal, even if the
water contents of the MTE products are at the same order of magitude for constant MTE process
parameters. One explanation for this behaviour could be thehigher ash content and elevated acid
extractable Mg and Ca levels present in the Greek and Germanaals [HBCS04]. These elements
and other clay components are known to undergo signi cant shinkage and swelling [Vel9% [ 'Schdo0].
On the other hand, there could also be di erences in the orign of the plant material and cell wall
structure contained in the amorphous phase of the coals.

3.3.5 Dry coal compression

To investigate the in uence of temperature on the rigidity of the coal matrix itself, German dry

coal samples (raw coal) were compressed at di erent tempetares in nitrogen atmosphere (Figure
B41). All experiments were performed at constant consolidtion rate and the relaxation of the

pressure was measured at 4.5 and 6.5MPa. The time dependenburse of the pressure during
the whole experiment is shown for three di erent temperatures in Figure[3Z1a, relaxation of the
pressure at 4.5 and 6.5MPa is drawn normalised as a functionfdime in Figure BZIb and ¢ and
as a function of temperature in Figure[3Zle. Pore volumes & calculated from the pellet height
during the experiments. The coal mass was corrected for thenal decomposition (up to 5% in these
experiments) and density was corrected for thermal expansin [BE46, [ZK54].

Compared to the total pore volumes measured during MIP expeiments (Figure 3234, pagel4b)
all values given in Figure[3Z1d are higher due to the additioal inter-particle pore volume also
included in the calculated values. Nevertheless, the relate changes also show signi cant trends
which can be compared with the results measured by MIP.

Due to the softening of the coal structure above approx. 80C the compressibility is increased and
pore volumes are lower when compared at the same pressuresigbre [ZZ1d). With the onset
of thermal decomposition hardening occurs i.e. the compresbility is decreased again and pore
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volumes are increased. However, the rate of pressure relaian continuously increases between 20
and 235 C due to the increasing thermal energy, since the relaxatioris a dynamic process which can
be described also by rate process theory (Chaptdr_3.d.1) asi¢ linear course in theArrhenius -plot
in Figure BZde shows. Deviations from the regression linenithis plot for 4.5 MPa and medium
temperatures are thought to result from a slight in uence of hardening on relaxation. At 6.5MPa
this in uence disappears due to the high forces applied. Ale the increase in pore volume at 6 MPa
in Figure BZ1d is much smaller than at lower consolidation pessures.

These results give additional evidence for the increase inigidity of the coal structure during the
thermal treatment which consequently leads to a decreaseshsinkage at higher temperatures. The
di erence in pore volume of approx. 0.1 cni/g between 130 and 200C in Figure BZ1d shows a good
agreement with the di erence in shrinkage and the increaseri total pore volume for the German
coal in Figure [3:34d.

3.4 Demineralisation

In order to determine the e ect of MTE on the chemical compostion of treated coals, samples of
Australian, Greek and German coals were characterised in tens of their ultimate and proximate
analyses and inorganic species concentration. Inorganigscies, such as alkaline and alkaline earth
metals (AAEM) play an important role in pyrolysis and combustion behaviour and lead to low
temperature fouling and slagging [Sma93]. Thus, it is of imprtance, to establish, how the concen-
trations of these species are a ected by the MTE process. In Gapter B.43 the demineralization
e ect of the MTE process is therefore investigated and compeed to leaching experiments, which
allow the determination of the maximum fraction of inorganics removable from the coal.
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3.4.1 Ultimate and Proximate Analysis

The MTE process has little e ect on the ultimate analysis, which includes an analysis of the C, H,
N and total S content, see Table[3b. This suggests, that the ME process, under the conditions
tested, has little e ect on the overall organic composition of the coals investigated. It should however
be noted, that at present no investigation into the e ects of MTE on changes in composition and
nature of organic functional groups has been carried out.

Table 3.5: Ultimate and proximate analysis of raw and MTE treated coals
(HRL Technology Pty. Ltd. analysis of dried samples)
Volatile Fixed
Condition Ash matter carbon wt.% daf
(%db) (%daf) (%daf) C H N Stotal Oui
0:1 0:7 0:7 1.3% 0:12% 0:1% 0:05% 0:14%
Australia (raw) 1.0 52.5 47.6 68.2 4.70 0.51 0.30 26.3

85C 3MPa 1.0 51.9 48.2 675 4.59 0.55 0.33 27.0
85C 10MPa 0.9 51.6 484  67.6 4.60 0.56 0.30 26.9
206C 3MPa 0.8 50.2 49.8 69.0 4.65 0.57 0.28 25.5
206C 10MPa 0.8 48.8 512 684 4.33 0.53 0.30 26.5
25C 5MPa 0.9 51.7 484  67.3 451 0.53 0.26 27.4
85C O5MPa 0.9 51.6 484  67.6 4.57 0.52 0.26 27.1
145C 5MPa 1.0 51.2 48.8 67.8 4.45 0.52 0.29 26.9
206C ©5MPa 0.9 49.7 50.3 67.5 4.31 0.51 0.28 27.4
235C 5MPa 1.0 48.5 515 69.8 4.49 0.55 0.31 24.9
Greece (raw) 14.1 57.7 423  62.7 4.99 1.57 0.76 30.0
85C 3MPa 135 56.4 436  63.5 4.73 1.62 0.62 29.6

85 C 10MPa 13.8 55.0 450  63.7 4.49 1.61 0.58 29.6
206C 3MPa 132 54.5 455  66.2 4.34 1.65 0.60 273
206C 10MPa 13.3 53.7 46.3 64.6 4.29 1.64 0.63 28.8
Germany (raw) 6.3 54.6 454  66.7 4.93 0.77 0.43 27.2

85C O5MPa 5.3 53.2 46.8 66.3 4.59 0.79 0.40 27.9

85 C 10MPa 52.3 47.7  66.8 4.62 0.77 0.40 27.4

5.4
206C ©5MPa 6.0 53.1 46.9  67.7 4.65 0.82 0.43 26.4
206C 10MPa 6.0 53.5 466 67.2 4.45 0.78 0.41 27.1

The e ect of MTE on the ash yield is minimal, although any e ect may be masked by sampling
inhomogeneities (particularly for the German and Greek co#). The volatile content decreases
for both the Australian and Greek coals, indicating the onsé of thermal transformations (e.g.
decarboxylation reactions, cross-linking etc). Howeverthis e ect is not as evident for the German
coal, possibly because it has experienced greater compamti during its depositional history. The
increase in xed carbon content is a result of a decrease in Vatile matter, which is not evident for
the German coal.

3.4.2 Total elemental and acid extractable concentrations

To gain an understanding of how the MTE process a ects the belaviour of these species, samples
of all three coal types were characterised in terms of theirdtal elemental as well as acid extractable
concentrations (Table [3®). The results of an additional a$ analysis for the three coals and two
other Hambach coals are given in Tabld_3]7.

Australian coal With the exception of Na and ClI, the MTE process has little e ect on the total
elemental concentration of the Australian coal. Total Na levels are similar to the acid extractable
values, indicating that the Na is present as a dissolved salin the bulk water and/or is bound to
surface functional groups such as carboxylates or phenokc With increasing temperature increasing
amounts of Na are removed, while increasing pressure onlydes to slight changes in the Na content
of the samples. These trends are discussed in detail in the resection.
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After an initial loss of Cl for the Australian coal in Table 8 under mild MTE processing conditions
(85 C/3MPa), CI levels remain relatively constant at elevated temperatures and pressures. A
possible explanation is that some of the Cl is removed as NaClith the remainder consisting of
organic CI, which can not be removed by dewatering.

While the total elemental Al concentration remains unchanged by the MTE process, the acid
extractable form of Al decreases in concentration with inceasing MTE processing severity. This
indicates that the Al species is changing to a less acid solu® form during MTE processing. Similar
e ects were observed byChaffee et al. [CEJO0] and Favas [Fav0d] for hydrothermally treated Loy

Yang coal at signi cantly higher temperatures (> 300 C). Nevertheless the total Al concentration

of the Loy Yang coal is very low.

Table 3.6: Acid extractable and total elemental concentraions
for raw and MTE treated coals (HRL Technology Pty. Ltd. analy sis)

Acid Extractable Inorganics Total Elements
Condition g/kg (db) (of untreated coal)* o/kg (db) (of untre ated coal)*
Al Fe Ca Mg Na Al Fe Ca Mg Na ClI Si S

Australia (raw) 0.7 05 0.7 0.7 1.2 09 04 05 06 10 14 05 .B
85C 3MPa 0.7 05 0.7 0.6 0.7 0.8 3.0
85C 10MPa 0.7 06 06 0.6 0.6 0.7 3.0
205C 3MPa 05 04 0.7 05 0.3 0.6 2.7
206C 10MPa 0.1 06 09 0.5 0.3 10 05 06 06 02 06 05 29
25C 5MPa 06 08 09 0.7 0.7 0.7 2.6
85 C 5MPa 08 0.7 0.8 0.6 0.6 0.6 2.6
145C 5MPa 06 08 08 0.6 0.4 0.7 2.9
205C 5MPa 05 0.7 09 0.6 0.3 0.6 2.7
235C S5MPa 0.1 0.7 08 0.5 0.2 0.6 2.9
Greece (raw) 26 48 385 5.2 0.2 59 57 44 53 02 03 100 7.6
85C 3MPa 29 48 318 5.1 0.1 0.2 6.1
85C 10MPa 2.3 49 288 50 0.2 0.2 5.7
205C 3MPa 2.3 4.6 293 4.7 0.1 0.2 5.7
206C 10MPa 2.1 48 279 438 0.1 51 55 42 4801 02 7.7 6.0
Germany’ (raw) 0.4 109 115 44 0.9 09 113 124 45 10 03 3.6 43
85C 5MPa 04 59 115 44 0.8 0.3 4.0
85C 10MPa 04 69 113 43 0.8 0.2 4.1
205 C 5MPa 04 81 114 42 0.4 0.3 4.1
206C 10MPa <01 20 96 34 0.3 09 61 121 40 03 02 56 39

Error 0.1 g/kg for concentrations of 0.1-1.0 g/kg
0.2 g/kg for concentrations 1 g/kg
*Hambach low ash, HLA |

Table 3.7: Total elemental concentrations for raw coals
(Rheinbraun and EON Engineering ash analysis)

g/kg (db)
Si Al Fe Ti Ca Mg Ba Zn
Australia 024 142 0.26 0.02 0.38 0.980.01<0.01
Greece 12.12 783 6.90 0.44 63.20 7.27 0.05 0.04

Germany (HLAl) 143 0.69 540 0.06 12.66 4.59 0.12

Germany (HLAIl) 0.33 0.46 3.86 0.05 12.80 4.31 0.12

Germany (HLA IIl) 2.08 0.35 2.81 0.12 12.61 5.43 0.150.01

Cu Mn Na K S P Cl Cr
Australia <0.01<0.01 144 0.06 1.72 0.000.01<0.01
Greece <0.04 0.07 0.23 0.79 1141 0.29 0.13 0.08

Germany (HLA 1) 0.09 1.15 0.28 266 0.12

Germany (HLA II) <0.04 227 0.28 2.78 0.10

Germany (HLA 1Il) <0.01<0.04 1.93 0.31 5.96<0.01 0.23<0.01
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Greek coal While the mineralogy of the Greek coal is not investigated, fudies undertaken by
Filippidis and Georgakopoulos  have shown, that Greek coals obtained from the main and
northern lignite elds in Ptolemais contain signi cant amo unts of CaCQOs, SiOy, feldspar and mica
[EG9Z]. Consequently, as the coal sample studied in this inestigation was sourced from Ptolemais,
it is likely, that the sample contains similar mineral species. Under the processing conditions used,
the MTE process has only little e ect on the total elemental composition.

The sulphur content decreases slightly under mild MTE procesing conditions, but remains constant
at higher temperatures and pressures. This indicates that lsemical changes are occurring at quite
mild temperatures, making the sulphur less water-soluble. Thermal dewatering studies (250 C)
carried out on South Australian coals byDunne and Agnew [DA9Z] identi ed a decreasing amount
of organic sulphur and an increasing amount of sulfate sulptarr under the conditions tested.

The data for the extractable species and total elements showa signi cant reduction in Al and Mg
concentration. The removed Al and Mg is thought to be mainly in the form of AICI 3, Al2(SOy)3,
MgCl, or MgSO, since these salts are su ciently soluble in water. The sulfaes should contribute
to the mayor part of the removal, because the Cl concentration both of raw and dewatered samples
is low.

In terms of acid extractable species, a 25 % reduction in Ca lels is observed, which again indicates,
that the chemical form of Ca is changing, since total Ca leved remain relatively unchanged. One
explanation could be the formation of less soluble carbonas.

German coal  For the German coal, the MTE process results in signi cant reductions in total and
acid extractable Na levels with increasing processing temgrature. Similar to the Australian coal,
the reductions in Na levels are smaller for increasing MTE pessures (and therefore just an increase
in water removal). This implies, that most of the Na is presert in forms other than dissolved salt
in the German coal. Studies undertaken byWild et al. [WQCS04,[WBS04] andQi showed
that signi cant amounts of Na are removed by MTE upon acidi ¢ ation, indicating that most of
the Na is present in an organically bound or acid soluble mineal form.

In addition to lowering the Na level, the MTE process resultsin a reduction of more than 45 % in
total and acid extractable Fe levels. For Mg and S under the mat severe MTE condition tested
(205 C/10MPa), a reduction of 10% is found.

3.4.3 Sodium removal during dewatering and leaching

In the following the reduction of sodium content during the mechanical/thermal dewatering is
examined in detail. The results from MTE experiments are conpared to those obtained from 24 h
(not stirred) leaching experiments. Sodium is chosen sincéigh Na concentrations are known to
be one crucial factor in fouling and slagging in boilers. Wagr and acid leaching of lignites is
investigated for years to provide a clean fuel for burning inpower plants. As examples,Readett
and Quast [Rea89] have shown for South Australian coals (Bowmanns) tat more than 70 % of
the sodium can be removed at lignite to water ratios of 1:5 andthat a removal of up to 90% is
possible, if the coal additionally is dewatered mechanicdy at 16.8 MPa [ROFK87|. Readett and
Quast also showed, that the removal of the water soluble fraction & sodium is di usion limited,
i.e. only mild agitation is required to reach an equilibrium within 1 h for particles smaller than
8mm Reas9].

There where also several investigations, which showed an énease in removal kinetics and total
amount of removed minerals by leaching at increased tempetares ([Rea89], South Australian
coal; [NNK77], lllionois Coal) especially in combination with thermal or hydrothermal dewatering
([DA9Z], South Australian coals; [FJ03], Australian, Indonesian and American coals). Only few
investigations are published concerning the removal of miarals during the mechanical/thermal
dewatering [OL01,[WOQCS02 [AC0O4 [ WBS04[ HBCS04,_ HBCS0%, HEL; which are all limited to the
analysis of the change in concentration of selected elementiepending on MTE process parameters
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Figure 3.42: Dewatering and sodium removal during mechanil/thermal dewatering (a,c) and
water leaching experiments (b,d) in comparison to the resuk of chemical fractioning (a,c), Loy
Yang coal.

temperature and pressure. Therefore in the following the laching process and its in uence on
the sodium removal is included in the investigation additionally. This will provide also a deeper
understanding of the in uence of the form of minerals (water or acid soluble, organically bound)
on the removed fraction.

Australian coal The results for the dewatering and sodium removal during melkanical/thermal
dewatering and water leaching experiments as well as the rafts of the chemical fractioning are
shown for two sets of MTE experiments in Figure[34P as a fundon of residual water content after
MTE (Figure &Z2Zh/c two dierent ratios of raw coal and water ) and suspension concentration
during leaching (Figure [3242b).

The data in Figure B:2da are taken from Table[3® and a value 00.1 g/kg is added to correct for the
di erences in total elemental concentrations determined ty HRL Technology Pty. Ltd. and EON
Engineering and for the di erences in acid extractable sodim determined by HRL Technology Pty.
Ltd. and during chemical fractioning. This correction is essential for further comparisons and just
compensates for systematic di erences in German and Austriéan Standards and the procedure of
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chemical fractioning. The results given in Figure[ZZPb/d and c can be compared directly since they
are calculated based on the AAS analysis of both water from lgching experiments and expressed
water from MTE experiments.

The leaching results in Figure[3:ZPb/d show a deviation of the data points from the dotted line
for concentrations lower than 0.1 g of raw coal per g of added ater. In such diluted suspensions
already sodium associated to functional coal groups is retesed to the leaching water. Therefore the
water soluble fraction determined by chemical fractioning(measured at the same coal to water ratio
of 0.1) is also too high in this case. With increasing temperture additional (organically bound)
sodium is released to the leaching water, see also [Behi0Z, BE02].

From the solids concentration in the MTE experiments { starting point of the arrows at the top of

the plots in Figure BZ2b/d { and the extrapolation of the dot ted leaching line to the dewatering
diagrams (Figure[342a/c) the maximum and minimum concentrations to be expected during MTE

processing can be estimated, which is graphically shown demding on the residual water content
for 25 C and 200 C by the continuing arrows in Figure E4da/c. In both plots th e results for
MTE experiments at temperatures up to 115 C (1',2',6', 7' and 1-4) are in close agreement to the
expected values. As the dierence in the slope of the arrowsn (a,c) shows, the residual sodium
content after dewatering depends on the initial coal to wate ratio, temperature and the residual

water content.

From the investigations of other researchers[[ROMK84 [ Rea8l] and similar experiments with the
coals investigated here[[Wild] it is clear, that the resultsobtained from the laboratory MTE experi-
ments (described in Chapte311l) only represent a conseative estimation on the total amount of
minerals that can be removed during combined leaching and nehanical/thermal dewatering, since
the heating is undertaken without further agitating of the suspension and only for one hour. This
also explains the slightly higher residual sodium contentsin comparison to the estimated values
(Figure BZ23da/c).

While increased dewatering only leads to a small increase isodium removal, a temperature in-
crease can improve the sodium release dramatically by the atitional release of organically bound
fractions (3'-5',8',9"' and 5, 6) as also found byBailey et al. during experimental diagenesis of

peats [BCOBOO].

In contrast to the results of chemical fractioning the leacting and dewatering results show that only
about 40 % of the sodium in the Australian coal is present in the water as a dissolved salt, about
25 % are organically bound. During dewatering at low tempergures the water soluble fraction can
be removed nearly complete by dilution and dewatering, seelso [RQOFK87]. Under the most severe
conditions tested (e.g. 235C/10 MPa) the MTE process is able to remove about 70 % of the iniial
sodium content of the raw coal, which includes { according tochemical fractioning { also a small
fraction of acid soluble sodium. These ndings are consistat with previous work undertaken by
Wild et al. [WQCS0Z] and Hulston et al. [HEC]. The reduction of mayor parts of the sodium
may also be bene cial for the reduction of fouling problems n power station boilers [BSS04].

German coal  Results for the dewatering and sodium removal during mechaical/thermal dewa-
tering of the three Hambach coals (Tabld3¥) and the correspnding water leaching experiments are
plotted in Figure as a function of residual water conten after MTE (Figure £43&: Hambach
coals I-11l) and suspension concentration during leaching(Figure BZ3b: Hambach coals Il & 1lI).
For the Hambach Il coal absolute values for removed and resiual sodium contents are given. For
the two other coals the results are plotted as percentage vaks corresponding to the right axis of
diagram Figure [3Z43a. The acid extractable values for the Hembach | coal (Table [Z8) have been
corrected for the di erences of the two ash analyses and theniert fraction of sodium by adding
0.15mg/g plus 0.1 mg/g.

During leaching at ambient temperature (circles in Figure[343b) the Hambach coals Il & Il show
a similar behaviour with only about 10 to 15% of water solublesodium. There is an increasing
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Figure 3.43: Dewatering and sodium removal during mechanial/thermal dewatering (a) and water
leaching experiments (b) in comparison to the results of chmical fractioning (a), German coals
(HLA 11l as absolute values, HLA | & Il as percentage values).
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Figure 3.44: Dewatering and sodium removal during mechanial/thermal dewatering (a) and water
leaching experiments (b) in comparison to the results of chmical fractioning (a), Greek coal.

deviation between the dotted line and the experimental valies for solid concentrations below 0.5 g/g.
Therefore it can be concluded, that the amount of organicaly bound sodium is much larger than
for the Australian coal. Due to the larger deviation of the data points from the extrapolation, also

the amount of water soluble sodium determined from chemicafractioning (45 %) is overestimated
largely. Increasing the leaching temperature leads to a coplete removal of the water soluble and
organically bound sodium ( 88 %) at 200 C and the lowest solid concentration.

Using the leaching curves for the prediction of the percentge removal of sodium leads to a good
agreement. A small overestimation of the removal is again de to the shorter leaching times and
missing agitation in the MTE experiments.

There is also a good agreement in the course of percentage rewal with the residual water content
for all three coals. Slight di erences in the water contentsfor similar temperatures can be explained
with di erent consolidation pressures and solid loadings n the experiments (26 kg/m? for HLA |,
53 kg/m? for HLA 11, and 39 kg/m 2 for HLA 111) while the dewatering time was always 10 000s.
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Greek coal The results for the dewatering and sodium removal during melanical/thermal de-
watering of Greek coal and the corresponding water leachingexperiments are shown in Figure
BZ4. Even if the absolute Na levels are comparatively low fothis lignite, the similar trends as
for the German coal can be observed. Only about 20% of sodiumra water soluble at ambient
temperature. Temperature and dilution of the coal/water mixture have to be increased severely
to remove additional amounts of Na during leaching (b) or devatering (a,5). Therefore it can
be assumed, that the stability of the sodium binding to the caal and the thermal stability of the
oxygen containing functional groups, which are thought to ®@ntribute for the mayor part of such
bindings, is much higher than for the German coal.

3.5 Physical/chemical properties of dewatered coals

Both physical and chemical properties play an important role in the further utilization of MTE
products. But besides the direct in uence of physical and ctemical properties like porosity, water
and minerals content on transportation, handling and grinding and slagging there are also indirect
e ects. The long term stability of MTE products against re-w etting is of interest regarding the pro-
duction of an not only transportable but also exportable fud from lignite in countries like Australia
[HBCSO04]. Concerning the combustion of lignite in power plats it also has to be investigated, if
the compaction of the coal and the decrease in pore space haggative e ects on ignition and
combustion behaviour.

3.5.1 E ect of MTE on water uptake behaviour

To gain a further understanding of how the MTE process a ects the material properties of MTE
treated coals, samples are characterised for their water upke properties. The e ects of MTE on
the equilibrium moisture content (EMC) at ambient conditio ns are of particular interest. As the
samples have previously been oven dried (to establish shrikage behaviour), the MTE treated prod-
ucts are re-hydrated at a relative humidity of 100 % for 73 days. To mimic ambient conditions, the
re-hydrated samples are then subsequently exposed to a reiee humidity of 52 % at a temperature
of 30 C for 14 days.

The most signi cant water uptake occurred within the rst th ree weeks, beyond which further
water uptake is relatively slow (Figure [343). Of the three mal types investigated, the Greek coal

0.50 T T T 0.50 T T T T 0.50 T T T
0 3MPa/ 85 C o 5MPa/ 85 C
0451 410MPa/ 85 C 0.45¢ 1045 410MPa/ 85 C
| o 3MPa/205 C ] | o 5MPa/205 C
0401 2 oMPa205 G 0.40 040F  F OMPa205 C

0.35} LT {1 035}
0.30} {1 0.30t
0.25} {0.25
0.20}
015} f
0.10 ff

1 0.30¢
1 0.25¢

1 1 0.20 (T
Py /T

oampa 85 ¢ | %19
q10MPa/ 85 C | 10
¢ 3MPa/205 C

Water content [g/g] (db.)

0.05 1 0.05 ol0OMPa/205 C { 0.05
Australia Greece Germany
0.00 - - - - 0.00 - - - - 0.00 - - - -
0O 20 40 60 80 100 0O 20 40 60 80 100 0O 20 40 60 80 100
Time [days] Time [days] Time [days]

Figure 3.45: Rewetting of oven dried MTE products at 100 % rehtive humidity (day 1 to 73) and
determination of equilibrium moisture content at 52 % relative humidity (day 74 to 88)
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Figure 3.46: Comparison of the volume of re-adsorbed waterl00% relative humidity) to the pore
volume of wet and oven dried MTE products. The sum of “shrinkagye' and “dry pore volume' gives
the total pore volume of the wet MTE pellets.

has the highest overall moisture content after re-hydratia, followed by the German coal, with the
Australian coal having the lowest moisture content.

To determine if there is a relationship between water uptakeand pore volume, the volume of

re-adsorbed water is compared with the pore volume of wet andven dried MTE products as

shown in Figure[3Z®%. For all three coals investigated, the e-hydrated moisture content remains

relatively constant for the various processing conditionsinvestigated and no clear dependence on
the pore volume of the wet and oven dried MTE products can be iénti ed. Nevertheless, the

results Greek coal indicate a decreasing re-hydrated moiate content with increasing severeness of
MTE processing conditions.

In most cases, the volume of re-absorbed water exceeds the ngovolume of the oven dried MTE
products and in the case of the Greek and German coals even es@ds the total pore volume of the
wet MTE Iter cake under severe MTE processing conditions (eg. 205 C/10 MPa). The results
therefore indicate, that the forces associated with water dusion into the dry coal structure can
partly reverse the process of mechanical thermal dewaterigp and shrinkage. Studies undertaken by
Ozaki et al. [ONG*97] and Guy on the water absorption behaviour of Victorian brown
coal model briquettes established, that the swelling behawur of these coals is controlled by the
concentration of metal carboxylates and the number of free arboxylic groups. Of the various
cations present in Victorian brown coal, Guy identi ed the magnesium ion to be the
most signi cant cation contributing to swelling behaviour in Yallourn and Morwell coals. Ozaki
et al. [ONG*97] also pointed out, that the degree of swelling is reducedbheat treatment at
temperatures below 200C. The authors argued, that this e ect is due to a hardening of the coal
structure through the formation of hydrogen bonds, as well & the removal of water from the coal
structure, which causes the collapse of micropores, thus pwventing the re-absorption of water. As
little correlation are observed between the re-hydrated masture content and porosity, the observed
trends are most likely controlled by the presence of inorgait species in the coals.

The chemical analysis of the inorganic content of the three cals showed elevated acid extractable
Mg and Ca levels for the Greek and German coals (Chapte[—=34).This can explain the higher
re-hydrated moisture content of these coals relative to theAustralian coal. Another possible ex-
planation could involve the re-hydration of clays, which are known to undergo signi cant swelling
when in contact with water [Vel95], Sch00]. Furthermore, thee may be di erences in the surface
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functionalities of the di erent coals, which could be contributing to the di erent water absorption
capabilities.

Once the samples have been re-hydrated, the MTE products arexposed to a relative humidity
of 52% for 14 days. This causes the moisture content to drop ghi cantly, and the equilibrium
moisture content is reached after several days. As the restd showed for the 100 % relative humidity
experiment, the Greek coal has the highest equilibrium moitire content, followed by the German
coal, with the Australian coal having the lowest moisture cantent. Very little di erence in moisture
content is observed for the various processing conditionsivestigated. Again, the results suggest,
that the EMC may be controlled by other factors, such as the irorganic and mineral content, as
well as the nature of surface functional groups.

3.5.2 Thermal analysis

Shown in Figure[3Z4T are the DTA (Di erential Thermal Analys is) curves for the three coals. For
each coal four samples treated under mild and severe condiths were investigated. The integrated
and normalised DTA curves as well as the mass loss from the Thmogravimetric Analysis (TGA)
are shown in Figure[3Z8.
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The zone labeled | (endothermic peak in Figurd=347), around.00 C, is due to the loss of inherent
moisture, which is re-adsorbed to the dry coal during the prearation of the sample. The combustion
zone between 250 and 42% can be subdivided in the release and combustion of volatilenatter (I1a)
and the combustion of residual char (llb). From detailed andysis it is known that this separation
results from (lla) the destruction of aliphatic grouping, C H groups, carbohydrate components and
to some extent of oxygen containing (alcoholic, phenolic) ad amino groups and (lIb) the thermo-
oxidation of aromatic, mono- or polycyclic rings [PTE93, KKP04].

For the Australian raw coal two well de ned exothermic peaks for the two combustion zones are
found. Similar results were obtained byChen et al. and Arenillas et al. for high volatile bitumi-
nous coals [CMP96[ ARA" 04]. The weight loss of the TG curve (Figure[3ZBb) at the temperature
determined by the tangents on the integrated DTA curve at the transition between lla and 1IB
(Figure BZ8Db) is almost equal to the volatile matter contert of the Australian coal. The transi-
tion temperature of approx. 400 C is consistent with ndings of Chen et al. [CMP396] during the
investigation of a similar Loy Yang coal.

However, the Greek and German coal show a totally dierent caurse of the DTA curves. The
second combustion peak is shifted to lower temperatures shacthat one broader peak results for
zone |l. Therefore the whole combustion process is nishedtadower temperatures which indicates
a higher reactivity for these coals [ARA04]. Similar results are reported byPan et al. [Pan8§]
for a North Dakota lignite (33.9 % moisture, 32.9 % volatiles 27.5% xed carbon, 5.7 % ash) and a
further shifting of the combustion peaks to lower temperatures was reported due to treatment with
calcium acetate. The calcium in form of its oxide is thought to promote the extent of decomposition
via [McK83] Pan8d]

CaO+30, ! Cabs;
CaO,+C ! CaO+CO:

Since the Greek and German coal contain signi cant amounts 6 Ca and Mg the catalytic e ect
[McK83, RRP93] of these elements can explain the low ignitin/combustion temperatures of these
coals.

The additional exothermic peaks (I1l) for the Greek and German Coals at 540C are probably due
to the release of pyritic sulfur as suggested byshao et al. [SHH" 94]. Both Fe and S are contained
in larger quantities in the two coals.

From the comparison of the DTA-TGA curves for the di erent MT E conditions just on basis of the
results in Figures[ZZ4T and_3B no clear trends for the vartton of MTE pressure and temperature
can be observed. But remembering the signi cant increase irmesopore volume (Chaptef=3:313),
there seems to be a shifting of both DTA and TGA curves to lowertemperatures for samples
treated at severe MTE temperaures/low consolidation presares. This is true especially for the
Greek samples treated at 3 MPa/205C.

To investigate a possible correlation between mechanicathermal treatment, pore volume and
shape of the DTA curves as characteristic values, the tempetures for 50 % mass loss and 50 %
heat release were determined from the curves in FigureEZ3¥8aand plotted for the three coals as
a function of the combined macro- and mesopore volume in Fige Z49. From this, a clear trend
towards lower temperatures for increasing pore volume beaoes obvious.

This can be explained by the fact, that ignition at low temperature gradients also is a di usion

limited process which is promoted by larger pores and largepore volumes and inhibited in low

porosity fuels like high temperature and/or high pressure reated MTE products. Examples for

the rst case are the Greek coal samples treated at 3 MPa/205C and the German coal samples
treated at 5MPa/205 C and for the latter one the Greek and German MTE samples treaéd at

10 MPa/205 C, 3&5MPa/85 C and 10 MPa/85 C like the shift of the DTA curves in Figures BZ44

shows.
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For the Australian coal this e ect becomes signi cant only for most severe MTE processing at
10 MPa/205 C.

Similar results were obtained by Ogunsola and Mikula
susceptibility to spontaneous combustion of western Canai@n lignite and subbituminous coals after
thermal upgrading even at temperatures as low as 20@. The authors argued that the thermal
treatment caused pore blockage which could reduce access @fygen to the coal matrix.

[OM92] who found a reduction in the



4 Dewatering of biomass and sludges

4.1 Carbonaceous materials

During the last years a considerable interest in the utilisdaion of biomass for district energy systems
has been developed. When readily available, wood or wood wes sawdust and straw can be used
as economical and ecological sustainable fuels for such ssms. Virtually all biomass can be burned

in energy conversion systems. This way also biomass wasterche converted to a valuable resource.

Nevertheless there are still many problems in the utilizaton of renewable energy sources like straw
and bark due to the high potassium and chlorine concentratios (straw) and the humidity (bark).
Therefore di erent systems have been investigated for thedéaching and drying of biomass, especially
straw or straw char, to reduce the corrosion rate at the heathg surfaces of power plants[[JBW9B,
KJISDJ9§, JSDJ01,[Dem03].

The MTE process provides a more energy e cient method for both leaching and dewatering of
biomass due to its basic concept. While a leaching step alrely is included by the direct heating
with water and steam, the energy consuming drying of the leaaed fuels is avoided by the mechan-
ical dewatering at elevated temperatures. Additionally, the MTE pilot and demonstration plants
already cover the range of capacity required for biomass rd power stations.

Therefore in the following also the results of the dewaterig and leaching of di erent biomasses,
which are younger than lignites, are presented.

4.1.1 Straw leaching and dewatering

For the water leaching of wheat straw Jenkins et al. [JBW96] found a decrease of the potassium
content by 85%. The chlorine content was decreased by 89 % anithe total ash content by 49 %.
For their experiments they submerged 100 g of straw in 7 lites of water for 24 hours, which leads
to a rather low solids concentration compared to the MTE expeiments undertaken in this work.
For the leaching of rice straw they obtained similar resultsand a nal water content after drainage
of 85wt.%.

Thompson et al. [TSLO3] measured an increase in the removal rate at imeased temperature but
only investigated the region up to 50 C. Similar results for a variety of agriculture residues wee

reported by Demirbas [Dem03].

During combined leaching and multi step mechanical dewateng of banana grassTurn et al.
[TKT97] found a decrease in potassium (90 %), chlorine (98 %)sodium (68 %) and sulphur (55 %)
with an estimated ash fusion temperature increase of more thn 250 C (based on the phase diagram
SiO,/Ca0/K ,0). For the combined leaching and mechanical dewaterindgnudson et al. [KISD.J98]
determined a time of 10 minutes leaching at 60C to be su cient for the removal of 90 % of the
potassium (8 to 24 g/kg in raw samples). Dewatering with a pressure of 3MPa lead to a nal
water content of 54wt.% at 50 C and an increased value of 58wt.% at 80C, possibly due to a
degradation of the organic structure.

In Figure BTl the water content during the combined leaching(30g straw per 300 g water, heated
for 6 400 s) and mechanical/thermal dewatering (constant pessure expression for 10 000 s) of wheat
straw is plotted as a function of time (Figure & Jla) and tempeature for two consolidation pressures
(Figure Eb/c). As for lignite there is both an increase in mnsolidation rate and decrease in nal
water content with increasing temperature up to approx. 120 C. At this temperature the thermal
decomposition already starts, which leads to an increase ofater content in the high temperature
range (Figure[Z1b/c).
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Figure 4.1:

(a) Time dependent water content during the mechanical/thermal dewatering of wheat straw,
back-calculated from length measurement, and model calcations ({). (b, c) Final water content
for di erent consolidation times (symbols) and corrected values for thermal decomposition at higher
temperatures (--)

The time dependent course is back-calculated (Chaptd-31]) based on the nal water content, nal
mass of dry matter and time dependent change of the pellet hght. For tests at higher temperatures
and therefore higher rates of thermal decomposition theseurves give exact values only for the end
of the experiments. But especially at the highest temperatues a signi cant, increasing amount
of the cellular material is released to the water and presse@ut, which can be quanti ed easily
by the loss of dry matter (Figure EE2a). The thermal decompo#ion leads to a drift of the time
dependent curve at 160C only for longer dewatering/heating times, as it can be seenin Figure
ETa. Therefore the e ect can be neglected considering tectical processes, since already a short
time heating and dewatering (5 to 10 min) of the straw is su ci ent for the removal of the water
added for the leaching process. Neglecting the time range ave 1000s for high temperatures, the
model developed in sectiori=3Z]3 also provides an excelledescription for the time dependence of
the water content.

As shown in Figure [Z2b/c, at higher temperatures also the renoval of potassium and chloride
is increased. While at 50C only 78% of the water soluble potassium is removed, the dis@arge
is increased to up to 100% at 160C. In this temperature range the chloride removal is slightly
increased by 0.5g/kg. The amount of water soluble potassiunce! Pe [g/kg straw db.] was
determined in a separate water leaching experiment with 1 g bstraw in 50 g water.

Values of about 90 % removal of potassium are also reported ithe literature for lower temperatures.

Nevertheless in previous attempts always very low solid cotentrations were investigated which are
di cult to handle in technical implementations. The advant age of MTE processing is therefore
that neither the high solids concentration nor salt concentations of the leaching water in uence

the process negatively, since both dissolution/exchange fosalts and water removal are a ected

favorably by increased temperatures.

It has to be mentioned, that the mass loss in FigureCZPa not oly re ects the release of organic
material to the water but, also contains the decrease of ashantent (from about 6.4 wt.% to 3.6 wt.%
at an ashing temperature of 575C), resulting from the dissolution of salts.

The values for the low temperature removal of inorganic and oganic fractions of straw are in a
good agreement with the cited data from literature. Furthermore the results show a great potential
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Figure 4.2: (a) Dry matter mass loss, (b) potassium removal ad (c) chloride removal for straw
leaching and MTE dewatering at two di erent consolidation p ressures as a function of temperature

for the application of the MTE technique in biomass preparation since both demineralization and
dewatering show an optimum at process parameters that are thnically feasible with MTE tech-
nology (100 C< T < 140 C; 2MPa< p < 6 MPa). At process parameters which are in this range,
a maximum dewatering (w <40 wt. %) and high K removal (>80 %) can be obtained at acceptable
values of the mass lossq 10 %) and expression times smaller than 10 min. The leachatdself can
be further utilised as liquid fertiliser in agriculture. If the MTE process is performed at tempera-
tures above 140C, the leachate then contains higher amounts of di erent su@rs and can be used
for the liquid bio-fuel production in fermentation processes [TT.J" 04], which further increases the
overall e ciency of the straw utilization.

Higher temperatures do not only e ect the absolute amount ofpotassium removed, but also increase
the leaching rate. This is shown in Figure[ZBa/b for two temperatures and di erent particle sizes
of the straw. The di usion limited leaching process can be dscribed by a two scale di usion model
() [ISD.JOT] for the remaining potassium concentration

C

remaining _ C}r?w

1 COf( 1t C—Cfclf(z;t);

C,
X
f(;t)= 1 exp (n)* ;
n=1
) 2 L2
= — (cos(n) 1)cos(n); D= — (4.1)

with two time constants 1 and 5, which are inversely proportional to the e ective diusion co-
e cient D divided by the square of the length scale of diusionL. Accordingly decreases with
temperature, seeArrhenius -plot in Figure E3k. Leaching times of less than half an hourequired
for medium sized particles (Figure[ZBb) and also the other ppcess parameters seem to be realistic
for a technical implementation of combined straw leaching ad mechanical/thermal dewatering.

4.1.2 Dewatering of other biomass fuels

In the following, the dewatering of paper sludge, bark and pat as alternative fuels treatable with
MTE is investigated (Table ET). For the experiments with peat a commercial, pre-dried sample
has been used which was also tested in its natural form with a ater content of 87 wt.% after
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being suspended in water for three days. The paper sludge udeoriginated from a waste paper
preparation plant and therefore also contains a high ash caent.

The time dependent water contents for the dewatering of the derent materials in Figure £ZIshow
similar trends to the dewatering of lignite and straw, which were investigated in detail before. For
low temperatures there is a signi cant in uence of the primary consolidation on the process kinetics,
which nearly disappears for high temperatures. At higher tenperature lower water contents can
be observed already at the beginning of the mechanical dewating due to the thermal dewatering,
which takes place during the heating process.

Even if the loading = was low for the dewatering tests with paper sludge, especigl for the low
temperature experiments the primary consolidation was not nished within the rst 2000s. This

is likely due to the high mineral content resulting from kaolin coated paper residues in the sludge
and leading to a low permeability of the Iter cake, compare dso Chapter[ZZ2. Nevertheless the
time dependent course of dewatering is well described for lamaterials and temperatures by the
model developed previously ({).

For all samples nal water contents can be reached which aredw enough to result in positive

lower heating values without additional drying. This is an essential advantage for the treatment of

residues from paper and wood processing, since these residuotherwise have to be burned using
auxiliary fuels.

Table 4.1: Raw properties of MTE treatable fuels
w [wt.%] ash [wt.% db.] loading ™ [kg/m?]
peat 63-87 3.0 23-64
pine bark 71 3.9 39
paper sludge 57 43.8 31
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Figure 4.4: Time dependent water content during the mechantal/thermal dewatering of paper
sludge, bark, and peat.

4.1.3 MTE products as economically transportable fuels

The Fleissner process[[FleZ6] was developed originally for the productio of transportable fuel
from lignite. The advantage was the mass reduction and incrase of the lower heating value, the
decrease of the (energetic) e ort for the reduction of the waer content and the production of a fuel
with a rigid structure, which also could be utilised in house heating and industrial heating.

However, apart from raw lignite red power plants the (binde rless) briquetting is the second largest
use for brown coal around the world. Even if the total production was reduced worldwide over the
last two decades, still a substantial amount of industrial and commercial heat applications in
countries like e.g. Germany, Australia and India relies on lwown coal briquettes [AYO1]].

Due to the energy e cient water removal and signi cant volum e reduction (see FigurdZb), the MTE
process thus also provides a new technology for the produath of a transportable and exportable
fuel, which is of interest for countries like Australia, where the coal mining in open cuts already
starts few meters below the earth's surface. As the compara in Figure &3 shows, MTE samples
produced at 5MPa/205 C and commercially available lignite briquettes (Loy Yang coal) have the
same apparent density.

For the strengthening of the position of biomass fuels on theenergy market, the cost of trans-
portation and preparation have to be reduced. Thermal drying and pelletisation of wood chips,
saw dust (see Figure[4b) or straw actually already providesa method for the production of an
economical transportable fuel. Nevertheless this process very energy consuming { with a low
overall e ciency { and the product prices are near to those of oil and gas with respect to the higher
investment cost for the ring technology.

Straw and other biomass fuels are also considered to be utked in large scale conventional power
plants or liquefaction processes in Europe, but up to now noa of the existing preparation processes
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provides an economical method making such processes fedsibDue to the low densities of the raw
materials transportation costs are high considering centalised conversion technologies.

By the combination of leaching and mechanical/thermal dewdering a high grade fuel both for
conventional power plants and liquefaction process is prodced. The energetic density of the MTE
pellets can be adjusted by variation of process parametersso that also transportation is an eco-
nomical option, see Figure[ZB. Therefore the MTE processim of low density solids like straw or
high water content residues from wood processing like barkelads to valuable biofuels.

Figure 4.6:
Comparison of straw pellets leached and
dewatered at di erent temperatures.

160C

2 70mm

4.2 Suspensions and semi-solids

The application of the MTE process for the dewatering of susgnsions and volume reduction of
other wet, semisolid waste products was investigated in paallel to the technical development of the
process for the integration in power plant process. In the fdowing some results for the mechani-
cal/thermal dewatering of di erent semi-solid sludges and suspensions are given.
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4.2.1 Galvanizing sludge

For the experiments presented in this section a sludge fromhe water treatment (alkaline precipita-
tion and occulation) of a galvanizing plant is used. The composition (ICP measurements) is given
in Table £2. The organic matter content was determined to 183 g/kg by acid occulation with
HCI, the mass loss on ashing at 550 is 230 g/kg and the density of the dry matter is 2.82 g/cm?®.
The particle size resulting from the alkaline precipitation was smaller than 1 m, see Figure[41H,
pagel 5.

Table 4.2: Elemental concentrations of the galvanizing sldge
Element Cu Cr Fe Zn

Concentration [g/kg] db. 0.6 12.9 111 260

The sludge dewatering was tested on two samples containing4& wt.% (semi-solid, predewatered
at 2 MPa with a lter press) and 94 wt.% water (raw suspension). Additionally a series of thermally
pretreated samples was dewatered at di erent temperatures Between 120 and 240 g of suspension
were dewatered through the lower Iter medium in the laboratory MTE device at constant total
pressure and temperature until the uid pressure at (in these experiments impermeable) upper
Iter plate disappeared. In Figure 7 the typical course of uid pressure (p.) and solid pressure
(ps) at the piston and the water content (db.) is shown as a function of time.

Due to the high water content and low rigidity of the solid matrix against compression, in all
experiments also a constant-pressure ltration phase (Il) after the initial constant-rate Itration
() occurs in addition to the primary (1) and secondary (IV ) Iter cake consolidation. For the
presentation of the results the two timescalest t; (ltration analysis) and t t, (consolidation
analysis) are used.

In Figure EE3 the time dependent water content for the experiments with the three samples is
given both for the total Itration and consolidation (a) and the consolidation without Itration (b).
Filtration and primary consolidation dominate the kinetic s for all samples, since a larger amount of
water has to be removed during these phases compared to thel&ts (lignite, biomass) investigated
in the previous sections.

For the description of the lItration period a modi ed lItrat ion equation is used. For Itration at
cross sectional areaA, with a Iter cake of porosity ";. and permeability K the relationship between
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7t (1)  Primary consolidation
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10000 Figure 4.7: Filtration, consolidation

and creep during sludge dewatering
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Figure 4.8: Mechanical/thermal dewatering of galvanizing sludge. a) Water content w during
Itration and consolidation period. b) Water content W db. during consolidation period as a
function of normalised time (Eq. 4Z)] The small circles ar e the experimental results, dashed and
solid lines are values from the calculations with Eq. [4B) ad Eq. (&ET).

Itrate volume V or mean water content W (t) db. and applied pressure p can be written as

V1, ev. omg 2 Wi, + %=%@WE) .

% We WOIGE—EEEa

p: n n - v A O
KAZ" " @t KAZ %

4.2)
In this equation - is the viscosity of the uid, mg the total dry mass of solid in suspension and

lter cake. % and % are the densities of solid and liquid phaseW;, and W, are the water contents
db. of lter cake and raw suspension.

The resistance of the Iter medium can be omitted in the equaton since the calculations are done
only for the constant pressure lItration between t; and t,. Due the the preceding constant rate
Itration the pressure drop in the Iter cake is already high enough to justify this simpli cation.

The time dependent mean water content, which is determined rfom the experiments, then can be
calculated from

wi=w, tl)Cif+(wsp Wi)?; 4.3)

with the water content W, after constant rate ltration time t;.

2 _
m, ~ Wi * %=%. (4.4)

c= —— .
TO2KAZ p % W, W
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The only unknown parameter in this equation is the permeabilty K of the Iter cake, which is
determined by regression. There is an excellent agreemenetbween the model calculations according
to Eq. (E3) (dashed lines in Figure[Z8, symbols explainedn the legend are drawn at the end of
constant pressure ltration period) and the experimental values.

The consolidation process of the Iter cake can be describetby a slightly modi ed version of the
model developed in ChaptefZ32Z13 for the consolidation of ¢inite. The di erential equation (I3T)
(pagelZB) was solved assuming the uid pressure to be zero ahé beginning of the consolidation
in the whole cake, which is true only for solid dewatering. Inthe case of sludge dewatering, a
sinusoidal distribution can be assumed according tBhirato et al. [SMI88].

Therefore the equation which describes the water content dring primary and secondary consoli-
dation of the semi-solid sludge is

2
W(TR o) = Wi (Tipgsto) e o (Tiplitoit o)
CY(T;p; ) log 1+ZZ( T:plilot to)

+CY(T;p! ) log ZZ( T;p;lot tz=1s)

+Weop(T: P ) (4.5)

with
Wi (T:plito)= Wy (T;pt)+ CY(T;pl) log :—Z 2 (4.6)

and
(Tt itat = SR o B KTRIY (4.7)

onN

1 MmE&ae

For simplicity the equation is written in terms of water cont ent W instead of the void ratio e. CW
and W, are the slope and intercept att=1s of the creep curve. Ce is the coe cient of primary

consolidation and ! ¢ is the total solid volume per unit sectional area. The numberof drainage
surfacesi is 1 for all experiments. p; is equal to the constant solid compression pressure p which
is reached after primary consolidation in the whole Iter cake.

As for lignite in the previous chapter, the parameters for ceep CV, Weop) @nd primary consoli-
dation phase (C¢) are determined in two regression steps. The permeabilityk can be calculated
afterwards according to Eq. (&) from the course of solid cmpression pressurg, and water content
(or void ratio €) with time.

The results from the detailed analysis of the dewatering praess for the experiments shown in
Figure L8 are given in Figure[Z®Pa-d. As for lignite the wate contents (Figure £9a) at the start
of the primary consolidation and the nal water contents at t he end of the experiments decrease
with temperature (thermal dewatering) and pressure. Thereis also a small irreversible e ect of the
thermal pretreatment on the nal water content.

The permeability (Figure E9b) determined during ltratio n does not change with temperature but
there are two di erent levels for the dewatering at 2 MPa and the dewatering of the raw sludge on
the one hand and the dewatering at 4 MPa on the other hand. The derence for the dewatering at

2 and 4 MPa results from the decrease of the permeability withpressure, which is usually found for
highly compressible lter cakes. The di erence for the dewaering of raw and predewatered sludge
can be explained similarly by the higher precompression oftte predewatered sludge.
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Figure 4.9: Model constants and further results of the dewagring of galvanizing sludge. a) Water
content at start and end of consolidation b) Permeability during lItration and consolidation period
c) Coe cient of consolidation d) Creep coe cient

As the permeability decreases continuously during consadliation, the values determined at constant
solid compression pressurg, or at constant water content W can be compared for the di erent
temperatures. The results show again only a slight change ippermeability, when comparing the
values calculated from experimental data at constant pressres although porosity and water con-
tent decrease. Nevertheless the permeability is a physicatonstant, related to the pore size and
pore structure and therefore values at constant water contats have to be compared to obtain ex-
pressive results. In this comparison, permeability (blackcircles) shows an increase with increasing
temperatures, which only can be explained by changes in porehape or size distribution and by
temperature induced changes in the ow structure in the smalest pores. For the ow between
very small particles, the breakdown of viscosity anomaliedLow61, [DC81,[TK94] near the particle
surface is thought to give the largest contribution to this e ect at elevated temperatures. Similar
results are reported for lignites and clay [Ber0# [ TK94], conpare Chapter[ZZ22.

The creep coe cient CY in Figure EE9d shows the same trends for the galvanizing sluge as for

lignite, i.e. an increase with increasing temperature (in e low temperature region) and a decrease
with decreasing water content at higher temperatures or prasures. This behaviour can be well
described by the equations developed in Chaptdir32.2, pad&.

4.2.2 Kaolin

The results for the ltration and consolidation of pasty kao lin sludge (particle size: 90%<2 m,
see Figure[ZTW, pagET5) are shown in FiguieZ110 and Figure€I. In contrast to the dewatering
of the galvanizing sludge the increasing temperature doesat in uence the nal water content and

there is also only very little creep which therefore can be nglected in the determination of the
model constants.
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Figure 4.11: Model constants and further results of the dewtering of kaolin. a) Water content
at start and end of consolidation b) Permeability during It ration and consolidation period c)
Coe cient of consolidation

As for the galvanizing sludge there is a signi cant accelertion of the lItration phase { exceeding
the decrease of uid viscosity and indicated by a doubling ofthe permeability at an increase of
temperature to 205 C, Figure E1Ab. This e ect occurs both in ltration and prim ary consolida-
tion phase and gives additional evidence for the breakdown fo uid-solid interactions at higher
temperatures.

The excellent agreement of the course of water content with itne during the consolidation period
(Figure EETdb) proves the reproducibility of the MTE experiments.

4.2.3 Coal suspension

In Figure EETA and Figure [ZTIB the results for the lItration and consolidation of otation coal
residues (particle size: 90 %< 63 m, see Figured[ZTW, pagET5) are shown.

As for kaolin there is no change in nal water content with temperature. Due to the larger particle
size, the increase in consolidation coe cient (Figure[ZTR) is limited to the decrease of viscosity
with temperature. This behaviour is expected for larger paticles and pore diameters due to the
disappearing in uence of viscosity anomalies[[DC81].
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Figure 4.12: Mechanical/thermal dewatering of coal nes. § Water content during Itration and
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Figure 4.13: Model constants and further results of the dewtering of coal nes. a) Water content
at start and end of consolidation b) Permeability during It ration and consolidation period c)
Coe cient of consolidation

The permeability during ltration is nearly constant in the whole temperature range. A slight
increase can be explained with sedimentation e ects. Due tahe larger particle size compared to
kaolin and galvanizing sludge partial sedimentation can no be prevented during the heating of the
sample. This may lead to a separation of particle fractions,an uneven distribution of porosity in

the lter cake. As a consequence the total porosity of the Iter cake and the permeability during
Itration also slightly increase.

4.2.4 Classication of MTE-treatable materials

From the results presented in ChapterdB[Z1l andZ]2 the di eent materials which can be treated
with MTE can be classi ed according to the in uence of temperature on the kinetics and water
removal during the Itration and consolidation and the frac tion of organic components contained.

In Figure EET4 a summery of the results from the previous chagers is given. The nal water content
w (Figure EET34a) is determined at the normalised time = 1. The reduction in dewatering time
(Figure EI4Db) is the total Itration and primary consolida tion time until w = w( = 1) at a given
temperature T normalised with the dewatering time at ambient temperature T=25 C. The time
dependent water contents are given with a normalised time sale which removes the hydrodynamic
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in uence of solid mass and uid properties on ltration and ¢ onsolidation. Therefore all deviations
of experiments for di erent temperatures are just the resut of MTE speci ¢ mechanisms.

Category |  All materials of category (I) are porous solids containing water in a capillary or
colloidal structure. Examples are younger materials from he coal genesis like peat and brown
coals but also residues from agriculture and forestry. Due d stronger bonds between water and
solid matrix a purely mechanical dewatering requires the aplication of very high consolidation
pressures ¥ 15 MPa). The water can be mobilised (thermal dewatering) at Hgher temperatures
during the MTE process, which enables a su cient dewatering even at comparatively low pressures.
The dewatering itself is not accelerated by a temperature igrease since also the amount of water
which is removed during primary consolidation is increasedsee Figure 4.14.

The velocity of dewatering is high since bigger particles ¥ 1 mm) provide channels su ciently large
for a low pressure loss in the water owing out during primary consolidation. Nevertheless these
particles also represent the rigid framework which is necesary to prevent the pores from being
blocked during expression.

Once the primary consolidation is completed and all larger pres are closed, the kinetic is dominated
by an ongoing creep of the solid matrix. This secondary condilation proceeds for month or years
[Dul60] with continuously decreasing rate. Therefore the ceep is not o interest for technical
processes but for the description of the whole kinetic, sine it already starts during the primary
consolidation.

Category Il The materials of category (Il) are suspensions with small pdicles (mean particle
diameter <50 m). Usually such suspensions are di cult to dewater by lItra tion, since the pressures
required for su cient short dewatering times are high due to small permeabilities of the lter cake.
There is no in uence of temperature on the physical propertes of the solid material which leads to
a constant nal water content, which is reached quickly since there is nearly no creep.

Due to the decrease of viscosity with increasing temperatw also the pressure loss of the wa-
ter removed during ltration and the primary consolidation is smaller and the lItration rate is
higher. For particles which are su ciently large, this temp erature induced lItration rate increase
is the dominating kinetic e ect. After normalization all ti me dependent curves are nearly identical
(otation coal in Figure 4.14).

For very small particles the high temperature breakdown of \scosity anomalies [DC81] near the
particle surface leads to an additional increase in ltration velocity (Chapter 4.2.2, kaolin dewater-

ing).

Category Il Examples for materials of category (l11) are industrial waste suspensions and pasty
materials like galvanizing sludge and waterworks sludge. Mese are products of occulation with
mainly organic occulants. The particle size of the solids B smaller than for category (Il) even if
the occulation also leads to bigger aggregates.

The permeability of the Iter cake is low due to the small particles and higher occulant contents
of these suspensions. Increasing dewatering temperatureékerefore leads to an increase of both
Itration and consolidation rate like for category (I1). Ad ditionally the compressibility and remov-
able amount of water increases with temperature like for caggory (l) since the mechanical rigidity
and stability of the occulants is reduced.

The in uence of secondary consolidation on the dewatering ketics depends on the organic content
of the Iter cake and is lower than for category (I).

Due to both small particle sizes and organic content a combiation of the mechanisms leading to
a higher dewatering rate and lower water content is e ectivefor these materials.
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In the following a short review is given on the di erent scales of technical development of the MTE
process (Table 5.1). Following some in-depth research of thliterature, the idea of combining the
advantages o ered by the thermal and mechanical dewateringprocesses { which are su ciently
known in the literature for reducing brown coal's water content { was developed by Prof. Strauss
at the Chair Energy Process Engineering and Fluid Dynamics,University of Dortmund in spring
1994. In the summer of 1994, initial laboratory-scale testson the mechanical/thermal dewater-
ing were carried out at the University of Dortmund using a compression-tension testing machine
(INSTRON), which proved the idea to reduce the water content by applying thermal energy and
mechanical forces (project phase la). On the basis of the redts obtained from the indirect heated
laboratory unit, a process development unit was designed isummer 1995 to verify the water con-
tent reduction in a semi technical scale (larger area, greadr Il height), when the coal is heated
directly by saturated steam (project phase Ib).

Table 5.1:
Technical development Laboratory Process Pilot
Il plant [[|[{ development |||{ press [|[{
unit
Operating mode [I1]I discontinuous |||][I]] qguasi
continuous
Heating type [{ indirect |{ [NII{ direct (steam) |||]]]| {
Preheating [{ without |[|]]  [IlI] with hot water |||[{
Temperature [ C] 180 180/250 190 210 210
Press area [M] 0.008 0.004 0.06 1.2 1.3
Dimensions [mm] 72100 270 1 270 1500 x 780 1300 x 1000
Max. Il height [mm] 200 200 650 450 460
Max. coal mass  [kg] 0.8 0.4 20 320 390
Max. pressure  [MPa] 3.2 6.5/13 6.0 7.0 6.1
Commissioned June 94 Dez 94 March 95 Oct 95 March 96 Feb. 98
Project phase la Ib [l 1"

A reduction of the amount of required heating steam was made pssible by the development of a
system for storing and recirculating the energy from the hotwater pressed out from the coal. The
process development unit was commissioned in Dortmund in Giober 1995. During project phase
| the process parameters were optimised concerning the naWater content, throughput per unit
area and speci c energy demand.

Following successful trials in mechanical/thermal dewateing using the laboratory-scale plant and
the process development unit, the companies MaschinenfaliJ. Die enbacher GmbH & Co., Rhein-
braun AG and RWE Energie, along with the University of Dortmu nd, Chair of Energy Process
Engineering and Fluid Mechanics (Prof. Strauss ) concluded a collaboration agreement for the
further development of the MTE process. Within the scope of ajoint project (project phase II)
promoted by the Federal Education and Research Ministry (BMBF), a discontinuously working
pilot press was developed for the implementation of the proess, then set up at Rheinbraun AG's
Sibylla research center, Frechen, and commissioned in thgpang of 1996.

This pilot press proved the feasibility of scaling up the press area by a factor of 20 from the
process development unit to pilot press, accounting for thegiven requirements for commercial
implementation like high throughputs with even heating and dewatering of the coal layer as well
as low speci ¢ energy requirements [SBB97].
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In project phase Ill a newly developed dewatering unit has ben built into the existing pilot press,
and various plant-speci ¢ components have been tested [SB®]. The new technology realised
the quasi-continuous operation and permitted low-cost andreliable integration of the process into
continuous power plant operations. From this development he process and technology for the
dewatering of solid materials with a su ciently rigid solid matrix resulted, which are described in
the following.

5.1 Process design for the dewatering of solids

All basic investigations on mechanisms of dewatering and orthe in uence of process parameters
on the dewatering results of coals o di erent origin were carried out in laboratory scale due to the
excellent reproducibility of the results gained during MTE dewatering with indirect, even heating
(see Chapter 3, [Ber01, Ber03, Ber04]). For the scale up of thprocess to technical scale, however,
three other requirements must be met besides dewatering:

Maximising throughput with a corresponding minimum plant s et-up.
Minimising energy consumption
Reduction of e ort for treating discharged water by optimis ing the process

At rst, surface speci c throughput can be increased by a reduction of process time. Instead of a
time-intensive, indirect heating, a direct heating of the material is preferred. This can be achieved
using saturated steam since the utilisation of condensatio heat for direct heating provides the
advantage of higher heat ows due to the high heat transfer ce cient.

Minimising the energy consumption can be achieved by optinging energy ows within the process.
The hot waste process water expelled in the pressing phasertdoe used for the preheating of the
next batch just by transferring latent heat to the raw coal. T herefore the hot water from a previous
batch is lead through the raw coal.

Optimising the process is aimed to achieve a simpli cation @ the required water treatment. Due
to the lter e ect and the adsorptive properties of the coal, the ow of preheating water through
the bulk leads to a considerable reduction of waste water imprities and thus to a reduction of the
equipment required for water treatment [Ber02].

The nal process design developed from these consideratignis shown in Figure 5.1. The MTE
process involves, rst of all, a slight precompression (0.20.5 MPa) to create a uniform permeability
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distribution throughout the coal lling. In the second step the coal is preheated by adding hot water
from the previous batch (1, 2 in Figure 5.1). During owing th rough the coal lling, driven by the
steam pressure, its heat is directly transferred to the raw oal. Owing to the pronounced plug ow,
the hot water and some of the steam condensate cool down to theoal temperature in the ow and
can be removed from the process in a cold state (5, 6). Next, th steam condensing inside the coal
[l heats the coal to process temperature [BBS98, CB02, BCSB]. In the following compression, the
coal is dewatered mechanically and the removed hot water (&) is stored (7) for the next process
cycle. Once the mechanical pressure is removed, subsequevaporation of the coal's residual water
occurs, involving a pre-crushing of the coal cake and a furter decrease in water content.

This process design was tested in numerous experiments at ¢hprocess development unit and pilot
plant. During these experiments the results of the laboratoy test were veri ed concerning the
dewatering kinetics. Additionally the in uence of process parameters like loading, pre-compression
pressure, steam pressure and particle size on heating timesgas determined [BerO1, Ber02, Cro03,
CB02, BCSO05].

Details of the process development unit are shown in Figure 2. The experimental rig consists of a
steel cylinder (7 270 mm) with an inner te on insulation to prevent heat loss during consolidation
phase. The pressure vessel is directly heated by hot water @nsteam. The heating medium is
distributed across the surface of the piston by a system of dinnels and holes. A compression force
up to 6 MPa can be applied by a hydraulic plunger. Temperatures and pressures inside the vessel
can be measured at di erent locations inside the vessel to t@ck the heating process. The stainless
steel Iter mesh, which is also used in the pilot and demonstation unit, is installed at the piston
and the bottom of the vessel.

As an example, Figure 5.3 shows water content (a), temperattes (b), process pressure and com-
pression height (c) of the bulk as function of process time ad also surface-related throughput for
a test run (d) at the process development unit.
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Figure 5.3: Course of process parameters during heating andewatering

At the beginning of the process the coal lling is precompresed to p,.=0.7 MPa (Figure 5.3c,
phase 0), then the hot water is added to the coal. The water cotent (Figure 5.3a, w) is calculated
from a mass balance for the test cylinder. It can be recognigkthat the input of preheating water
(phase 1) causes a rapid increase in water content at the bawgaing of the process. During the ow
of hot water through the bulk, the void volume in the bulk is | led completely, so that the water
content remains constant in this phase.

In the subsequent course of the process, the steam displactd®e preheating water from the bulk
completely and the water content decreases again (phase 2)After an increase of temperature
(Figure 5.3b, T bottom) of the out owing steam condensate or when steam totdly penetrates the
bulk, the outlet of the press vessel to the atmosphere is clesl and steaming is continued until the
bottom of the bulk has also attained process temperature. Tle water content rises slightly during
this additional steaming phase (phase 2a).

After attaining process temperature, the consolidation phase follows, in which the pressure is
increased to 6 MPa by lowering the piston (Figure 5.3c, phas8). The water content reveals an
asymptotic curve with process time. While large quantitiesof water are discharged in a few seconds
at the start of the pressing phase, small changes in water cdent require long times as the process
progresses in the creep phase (Chapter 3.2.1). The ash evapation (phase 4) leads to an additional
decrease in water content to less than 25 wt.%.

The surface-related throughput illustrated in Figure 5.3d is calculated from the quantity of test
material fed per surface unit [/m?2] in relation to the process timet required to attain a certain
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Figure 5.4: MTE pilot press Frechen

water content w. Here the process time is composed of heating phase and pregsphase, for which
the representation of water content as a function of surfaceelated throughput rst takes place
at the start of the pressing phase since a reduction of waterantent rst occurs here. As can be
recognised, throughput decreases sharply as a result of thapid decrease in the reduction of water
content after primary consolidation is completed.

These results also were proven at the discontinuously workig pilot press, which was constructed at
Rheinbraun AG's Sibylla research center, Frechen, and comimsioned in the spring of 1996. During
operation of this MTE unit, also the feasibility of scaling up the press area by a factor of 20 from
process development unit to pilot press has been demonstratl. Additionally, hot (preheating)
and cold water was analysed and it could be shown, that the Itering e ect of the coal during
preheating leads to a signi cant reduction of the chemical ad biological oxygen demand (COD,
BODs). The COD value of the cold process water is reduced to 170-DD g/m?2 ( ltrated samples)
and the BODs to 50-350 g/me, respectively. Cooling the water to below 30C during the MTE
process permits direct discharge into a simple biological fcess water cleaning unit, which was
also tested in Frechen. To clean the MTE "cold water', a cokdbased xed-bed biology was installed
on a laboratory scale, which provided evidence of a reductio of the COD value to below 50 g/m®
[BBS* 99]. However, there are also other methods for the MTE water leaning and utilisation.
Nakagawa et al. [NNBMO04] have shown, that 90 % carbon conversion can besached by catalytic
hydrothermal gasi cation of the MTE waste water.

After intensive testing of di erent sealing systems, of thein uence of coal preparation and coal type
on the process results and optimisation of the control engieering, the press was modi ed completely
in 1998 for testing a quasi-continuous MTE process with new [ant components [SBB99]. Figure
5.4 shows the quasi-continuous pilot press. The press chamb consists of six components, movable
relative to one another: the upper press stamp, the lower prss plate, the two side walls (not shown
in the drawing) and lock gates | (movable up and down) in the drection of ow at the feed-in side
and lock gate Il at the discharge side. The chamber formed bydck gates Il and Il has on the
upper side a connection pipe on which a control valve is mourgd, through which the ash vapour
can be discharged into atmosphere. Lock gates | and Il, side alls and press stamp have ducts
permitting indirect heating of the plant with steam to compe nsate for heat losses.
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Figure 5.5: MTE demonstration plant Niederau em

In the course of a process cycle, the bunker is lled with coalvia a conveyor belt. At the start
of the process, the coal is transported by a continuous stedhbric belt at a speed of 0.5m/s from
bunker to press chamber. Lock gates | and Il then are closed ahthe coal is compressed under the
lock gates. During the process, the side walls and the variaisealing systems are relocated in such
a way that a press chamber is formed, that is sealed o to atmophere. After completion of the
MTE process, press stamp and lock gate Il are lifted and the rsulting ash vapour is discharged
instantly through the chamber between lock gate Il and lock cate Il via the ash vapour valve.
Finally, lock gates I, Il and Ill are opened, the dried coal isremoved from the system by conveyor
belt, and a further batch of raw brown coal is fed into the sysiem. The press chamber has a press
surface of 1.3 and the compression pressure is limited to 6.1 MPa. The plantan handle a coal
Il height of 0.46 m. The press piston and the lower press plae have horizontal ducts and vertical
drill-holes (nozzles) through which the heating medium canbe fed, and the removed coal water can
be discharged.

Operating experience gained in manually controlled sequeres was turned into the development of a
fully automatic control of the overall process. During the operation of the plant the new developed
components and the availability of the technology were impoved continually and in parallel the
engineering for the demonstration plant started.

Figure 5.5 shows the quasi continuous 25 tph demonstration lant at the power plant Niederau em.
As in the nal stage of the pilot plant the press chamber conséts of six components movable with
respect to each other. Those components are the upper presamp (1), the lower press plate (2),
two sidewalls (3, 4) and the lock gates (5, 6).
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Starting the process the raw coal is transported from a contiuously fed bunker into the press
chamber (8) by a continuous steel fabric belt (7). When all the walls are moved to their position
forming the press chamber, the process steps are carried oabnsecutively. After process completion
the upper press stamp is lifted and ash evaporation takes phce. In contrast to the pilot plant
setup, the ash steam is removed from the press through the ter medium (stainless steel conveyor
belt), the drill holes and ducts inside the press stamp and pess plate to avoid the discharge of
solids to the condenser. Finally the coal is removed from thesystem by the conveyor belt and
transported to the crusher and cooled to 60C with air in a chain conveyor. A detailed description
of the process and plant engineering is given bperger [Ber02].

Cold process water emerged from the unit is led to a waste watetreatment. This MTE demon-

stration unit with a raw coal throughput of 25 metric tons per hour is a direct scale-up of an
pilot unit which was tested 1996 to 1998. The unit is part of the PTA plant for proof testing and

demonstration of the brown coal dewatering with the MTE method including the conditioning of
the coal water at the RWE Energie power plant in Niederau em. The construction was completed
in January 2001 and the commissioning was done at the end of PQ. At the beginning of 2002
RWE Energie has taken over the demonstration plant.

5.2 Dewatering of semi solids and suspensions

Since the initial Iter cake formation is of great importanc e in particular during the treatment of
suspensions, modi cations are necessary in the procedurend plant design. The low permeability
of the Iter cake already requires a preheating of the suspesion before beginning the process since
only then the kinetic advantages can be fully utilised. The sispension can be heated either by
steam injection (direct heat exchange) or by a combination ¢ indirect heat exchange with hot
ltrate and direct heating with condensing steam. Since sem solids or high compressible solids like
younger lignites also cannot be heated directly by hot waterand steam, a second process for the
dewatering of such materials has been developed at the Univgity of Dortmund [BCBS99, SB99],
see Figure 5.6.

Though the dewatering device is similar to the plant for dewaering of bulk materials, the process
takes into account the requirements speci ¢ to suspensionreatment. Raw suspensions are fed to
the mixing tank (1) and are preheated.
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Figure 5.7: Process scheme for sludge dewatering

Semi solid materials have to be suspended and mixed with adtibnal water from the hot water
tank (3). The design allows the direct preheating of the raw sispension by a) ash steam from the
MTE press and by b) ash steam from the hot water pressure rel@ase (3) and c) indirect preheating
by the hot water from tank (3) just before it is further cooled down (9). All tanks are arranged in
three levels as shown in the sketch, such that the feeding ofhe suspension to the heating tanks
(2) and the MTE press (4) can be carried out by gravity. To ensure a quasi-continuous operation,
the are two lines of vessels for preheating (1) and heating {2

After preheating the suspensions are fed to the pressure t&n(2) where the nal direct heating
with saturated steam is done. After this phase the suspensiois fed through the suspension vent
(5) to the MTE-press by steam pressure and gravity. Then the lItration starts and the hot water
is collected in tank (3).

The dewatering is nalised by the consolidation of the lter cake and the subsequent ash evapo-
ration. The ash steam is utilised for the preheating of the next batch of suspension in (1). The
dry lter cake is removed from the MTE press by opening the lodk gate and transporting via the
conveyor belt which also acts as the Iter medium.
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Figure 5.8: Products from the dewatering of ultra ne coal. a) Black coal “briquette' after cooling,
without ash evaporation. b) Coal after precrushing by ash evaporation.

This technology was developed in a cooperation of Die enbarer and the University of Dortmund
[Bie97, Str97] and after testing in laboratory scale (Chaper 4.2) and at the process development
unit (Figure 5.8) a feasibility study for the dewatering of ultra ne coal (waste product from black
coal processing) showed, that the reduction of the plant sig due to shorter Itration time results
in lower cost compared to conventional technologies and prades the economical application of
the MTE procedure also in this case. In Figure 5.9 the sketch ba 50 t/h dewatering unit for ne
coal suspension is shown. The technology described is esfadly suited for the handling of large
throughputs. For the dewatering of smaller mass ows a simpi ed apparatus, similar to the process
development unit, can be used as shown in Figure 5.10 [MHO3].
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Figure 5.10: MTE dewatering unit for lignites and other semi solids [MHO03], modi ed scheme.

Heating tank and dewatering unit are combined in this setup kut also can be separated to enable
an easier heat recovery [Str97]. The suspension is directlyeated with hot water and/or steam and
afterwards fed to the dewatering unit by the pressure arisirg from the heating with steam inside
the heating vessel. The water can be removed either throughhte walls of the cylinder or through
the Iter medium covered pistons. The dry product is pushed aut to the rhs of the dewatering unit.
A similar unit has been tested for the dewatering of Australian lignite by the CRC for Clean Power
from Lignite, Melbourne in pilot scale (1t/h) and the constr uction of a 15 t/h demonstration plant
is planned for late 2005.

5.3 Dimensioning

The length L of a numbern of MTE dewatering plants for a throughput m can be calculated easily
from the times t required for the individual process steps and a given width bthe presswpress (Up
to 3.2m in technical scale):

L = tlling + tpreheating + theating + tconsolidation + tash evap : + tadd . (5 1)
Wpressn + 1 . .

m Vconveyor belt

tiing is the lling time for the feeding of suspensions to the MTE press ( jing =0 for the dewatering

of solids). tpreheating @nd theating are the times for the heating of solids with hot water and stean.

tpreneating @Nd theating CaN be neglected for the dewatering of suspensions, which reealready heated
outside the MTE press. For the dewatering of solids they haveto be determined experimentally
[Ber01] or estimated based on simpli ed models [Ber01, Ber®, BCS05]. For consolidation and ash
evaporation the timestconsolidation (depending on the nal water content and loading ") and t ash evap -

(50s) are included. taqq is an additional time with respect to the opening and closingof lock gates,
the movement of the side walls and the precompression of theofid (70'S). Vceonveyorbeit IS the speed
of the conveyor belt (0.5 m/s) feeding raw solids to the presand removing the dewatered material
simultaneously. The transportation time tyansportation IS given by the ratio L=Vconveyorbelt - From

the ratio of loading ~ and the summation of the times for the individual process st@s the specic
throughput can be calculated, which is about 2 t/(m?h) for lignite dewatering and 3-4t/(m 2h) for

the Itration and consolidation of ultra ne coal suspensio n.



6 Combination of lignite drying and
dewatering with power plant processes

In the last chapters the dewatering of di erent water containing materials was analysed concerning
the amount of removed water, kinetics and physical/chemic& changes in solid structure. In the
following the dierent drying and dewatering processes knavn from literature (Chapter 2.2) are
compared to each other and to the mechanical/thermal dewateing process concerning the e ciency
increase and required changes in the power plant technologylhe six processes which are analysed
are the

thermal dewatering (TD),

mechanical/thermal dewatering (MTE),

mechanical dewatering (MD),

steam heated rotary tube dryer (SHRTD),

steam uidised bed dryer (SFBD) and the

steam uidised bed dryer with internal heat recovery (WTA).

Even if a large scale technical implementation for a pure metanical dewatering does not exist,
di erent concepts already exist for such technologies [MIB 89, S4 €99] and from the extrapolation
of the dewatering results presented in Chapter 3 it seems to & possible to achieve su cient high
throughputs for a Iter press working at 16 MPa and 100 C. Therefore this concept, which is similar
to the MTE dewatering but works at atmospheric pressure (corcerning the uid phase), should be
analysed, too.

6.1 Implementation

There are some previous studies on the e ciency increase ofrg lignite power stations by some
of the processes given above [WMJ83, FLW87, BKK92, EBWE96]put there is neither a detailed
comparison of all processes under de ned and comparable hiasconditions with respect to both
drying and power plant processes nor a comparison taking it account the changes in boiler and
steam cycle design which actually dier in a wide range for the six processes. As a basis for
all calculations a power plant similar to the new lignite re d power station of RWE Energie in
Niederau em with a steam cycle e ciency of 51% is chosen, whth is the state of the art for
conventional power plants [HKKW96, HK99, P 99]. This power plant is connected to the coal
preparation process via several heat ows as illustrated inFigure 6.1. As in all following energy
balances ¢, always denotes a specic heat ow [kJ per kg of raw coal] whichcan be transferred
easily to an absolute heat ow Qy, by multiplication with the mass ow rate of raw coal. An aster isk
(*) denotes heat ows to the coal preparation process (demad), all other values are recovery heat
ows to the power station or losses. Generally there are two jssibilities for the supply with process
steam for the coal preparation which are

the usage of bleed steam from the medium pressure section dfe turbine ( ¢,.\,p ) [Str96c],
which has the advantage of utilizing the positive e ect of cogeneration on the total e ciency,
since mainly “waste heat' is used for the drying/dewatering]WKH91] and

a ue gas heated auxiliary boiler for saturated steam (¢, :fg), placed at the cold end of the
boiler which o ers several advantages in the overall desigrof the power station especially for
the MTE process [Str96b, SBBO1].

In this concept waste heat from the coal preparation procesgsan be recovered in the power station
process by a) preheating of the combustion air ¢, .,;,, b) in the preheating of the feed water
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Figure 6.1: Heat ow chart of the dry lignite red power stati on

Okh-ph OF c) for power generation in a low pressure turbine. Since layer heat ows to the feed
water preheaters would act similar to an additional regeneative feed water preheating this heat ow
will be limited to the condensate of bleed steam and small amants of exhaust steam. Larger steam
ows from processes that use bleed steam (SFBD) can be furtheexpanded in the low pressure
turbine of the steam cycle ( q;.p) Or an additional exhaust vapour turbine. Larger exhaust
vapour ows, which are not pure enough for power generation,can also be used for the combustion
air preheating (limited to a minimum temperature di erence of 30 C). For safety reasons and to
prevent spontaneous combustion of the coal in bunkers, the ried product has to be cooled down to
60 C after the preparation process. Nevertheless the remainimp sensible heat (di erence between
ambient temperature and 60 C) can be recovered ( ¢,.qy ). Additional heat losses from radiation,
which occur for all processes, are not considered since thegan be minimised by insulation and
naturally decrease with increasing plant size. Therefore rmasurements from pilot plants can not be
used for an upscale of the technologies and the available numers are also not consistent concerning
the e ort on heat loss minimisation.

6.2 Energy and mass balances

For the calculations two di erent low rank coals are consideed, one from the Rhineland, Germany
with 53.3 wt.% water, 8 wt.% ash (db.) and one from the Latrobe Valley, Australia with 62 wt.%
water and 2 wt.% ash (db.). In this section the results for theheat ows in all processes are given for
the German coal as direct results from the energy and mass bahces. From the basic balances the
heat demand, electricity demand for blowers, compressorsral hydraulic pumps and the recovery
heat ows can be determined. These numbers are used in the nésection for the calculation of the
total e ciencies and changes in power station dimensions ad design. The additional electricity
demand for crushing and grinding raw and dry coals is estimatéd based on previous works and also
given in the next section.

6.2.1 Thermal dewatering (TD)

During thermal dewatering the water of the lignite is released in liquid form when the colloidal
structure of the coal collapses during heating under presge. High steam/water pressures have to
be applied to prevent the evaporation, i.e. in all processesutoclaves or other pressurised reactors
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are used. A generalised ow chart, shown in Figure 6.2, is ugkfor the calculations due to the large
variety of proposed and realised processes [Fle26, FMTS83MT85, FLWT87, HF90, ES70, DA92]

utilizing steam or water as heating medium (thermal dewateing or hydrothermal dewatering/hot

water drying), working continuous (Voest-Alpine) or discontinuous (Fleissner , VIAG). For each

stream speci ¢ enthalpy g (basis 0 C), speci c massm, temperature T and pressurep are given as
well as water contentw (for coal), humidity ' (for air) and water saturation x (for wet steam).
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Figure 6.2: Thermal dewatering process

During the process the coarse grainedd <50 mm) raw lignite is preheated in the rst two steps
(I+11) with exhaust vapour (18) and (14) from the ash evapor ation (V) of the coal and the
depressurisation of the waste water. In the third step (Ill) the coal is heated to the process
temperature of 235 C with saturated steam (10). During heating and keeping the emperature at
this level the water released from the coal (35wt.% water cotent after step IV) can be removed
in liquid state (13) and afterwards depressurised to 0.79 MR. The exhaust steam (14) from this
depressurisation is used for the second preheating, the wat phase (15) is further depressurised
to ambient pressure while the additional exhaust vapour (1) is used for the preheating of the
combustion air. The coal (6) after depressurisation (100C) has a water content of below 24 wt.%
which is further reduced slightly during cooling to 60 C with air (21). Air cooling can be applied in
this process because the dry coal product contains only smliahmounts of nes and therefore does
not tend to spontaneous combustion like the ne grained prodicts of all drying processes (WTA,
SFBD, SHRTD).

Due to the high organic load of the water (16), which originates from partial coal decomposition
at temperatures above 210C, a further heat recovery from this ow would require extensive con-

struction work (due to the risk of fouling) on piping and heat exchange with the power plant and is
therefore not considered in this case. Due to the direct corgct of the heating medium steam with

the coal also for the case of heating with bleed steam a secoary low pressure steam generator
( T=10K) fed with cleaned waste water (19) is arranged in the ow chart to prevent the loss of

high-purity boiler feed water.

All heat and mass ows in Figure 6.2 refer to 1kg of raw coal. The temperature basis for the
speci c energies is 0C. The chemical energy (heating value) is not regarded in thenumbers for
the heat ows (as in all following diagrams for the other processes) since the balance only should
give the connective heat ows for the implementation of the process in a power station process.
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1 kg raw coal (53.3 wt.%)
29 kJ/kg

steam 18
282 kJ/kg

steam 10
506 kJ/kg

steam 14
264 kJ/kg

preheating 3
575 kJ/kg

dewatering unit 4
1080 kJ/kg

air preheating 11-12
176 kJ/kg

waste heat 12
25 kJ/kg

water cooling 16-17
165 kJ/kg

49 aIzj]r/kzgl .
air 22 waste heat 17 Figure 6.3:
103 kJ/kg 41 kg Energy ow chart for the thermal
dry coal (21.9 wt.%) dewatering. All enthalpy values are
73 kifkg given in kJ per kg of raw coal.

Utilizing the waste heat from the exhaust vapour ows (11, 14, 18) for the preheating of air and raw
coal provides a nearly complete recovery of waste heat withi the process in this concept (Figure
6.3) and is an essential requirement for a high overall e ciency as the calculations in the next
section will show.

6.2.2 Mechanical/thermal dewatering (MTE)

The process of mechanical/thermal dewatering [Str96a, BBS8] as described in the last chapter can
be subdivided into the four phases

I. preheating with hot water,
Il. heating with steam,
I1l. pressing phase and
IV. ash evaporation.

The ow chart of the process is given in Figure 6.4. During the rst phase the coal is heated directly
in the pressure chamber of the MTE press by hot process waterl@) which is led to the coal through
a system of channels, nozzles and a stainless steel Iter madn at the top pressure plate. The
pressure chamber consists of an upper and lower pressure fda movable sidewalls and two lock
gates at the entrance and exit. The preheating water is coold down to nearly ambient temperature
due to the excellent heat transfer conditions and can be fed idectly to a biological waste water
processing unit after leaving the press (14) due to the addibnal Itering e ect during the direct

contact of water and coal. After the preheating saturated seam (10) is led into the coal (Il). The
steam condenses and a plug ow with a at condensation front develops during heating the coal
to the process conditions of 195C at 1.4 MPa. In the third process phase the heat mobilised cda
water (and little remaining condensate) is pressed out by lavering the upper pressure plate and
increasing the pressure to about 6 MPa (Il). The water (13) removed from the press during this
phase is stored for the preheating of the next batch and the cal is de-pressurised by lifting the
upper pressure plate (IV). Due to the release of pressure anthe still high temperature of the coal
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Figure 6.4: Mechanical/thermal dewatering process

a ash evaporation occurs. The exhaust vapour (11) is used fothe preheating of the combustion
air (17). After further crushing and cooling the dry coal water content is about 22 wt.%. As in
the thermal dewatering process a secondary steam generatis used due to the direct contact of
heating uid and coal.

The results of the thermal analysis in Figures 6.4 and 6.5 dewnstrate, that most of the heat from
the hot water pressed out of the coal is recovered during the iocess itself due to the optimal heat
transfer during preheating. An additional advantage compaed to the thermal dewatering is the
lower temperature level, which eases the technical implemeation of dewatering and waste water
processing. The speci ¢ mechanical workvmech [KWs/Kg of raw coal] necessary for the consolidation
of the coal can be estimated from the solid compression pregge p (maximum: pi =6 MPa),
compression heightx (which also can be written in terms of water content reduction W, W, )
and coal massm. W, and W_.. are the water contents (dry basis) of the raw coal and the MTE
coal after step (llI).
Roadx % pa m pw,, W

p - pPA dry dw t s raw mte . (6.1)
mraw A O/Qvater O/Q/ater W + 1

raw

Wmech =
raw

For the two coals under investigation this calculation gives a speci ¢ mechanical work of 2.3 (Ger-
man) and 3.0 (Australian) kWs/kg of raw coal. Additionally t he energy consumption of transport
belt, lock gates and crusher has to be taken into account. Albgether the electric energy consump-
tion does not exceed 10 kWs/kg of raw coal.

6.2.3 Mechanical dewatering (MD)

A pure mechanical dewatering at ambient temperature does nbseem to be practicable at the cur-

rent state of the art. Nevertheless former investigations kow a potential for a moderate tempera-

ture (100 C) mechanical/thermal dewatering with a pressure of about 6 MPa [BB89, Ber03, Ber04]

since even in that temperature range a remarkable increasanidewatering kinetics and decrease of
water content down to 22 wt.% can be observed. The resulting bat and mass ows for this concept

are given in Figures 6.7 and 6.6. The mechanical work for theampression can be calculated to 5.7
and 7.5 kWs/kg of raw coal for the two coal types. Including additional electrical devices a value

of 20 kWs/kg is used for the calculations.
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Figure 6.7: Mechanical dewatering process
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Besides the MTE press technology [Str96a] also other press¢Sd €99] can be used for a process like
this, because there is no need for a closed press chamber dwethe low pressure and temperature
of the heating uid.

6.2.4 Steam heated rotary tube dryer (SHRTD)

In a steam heated rotary tube dryer [KN78] the raw coal (1) is died by indirect heating in tubes
which are mounted in a rotating, inclined drum (Figure 6.8). Due to the rotation and the inclination
of 6-10 of the drum the coal (d <10 mm) moves slowly through the tubes which are heated by
condensing, saturated steam on the outside of the tubes. Thevaporated coal water is carried by
air (6) which ows in an co-current ow to the coal through the tubes. The steam (4) is injected in
the drum at the upper axle shaft. The condensate (5) is remove through the lower one. As during
the other drying processes, the water content of the dry coal2) can be decreased to 12 wt.%.
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Figure 6.8: Steam heated rotary tube dryer
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The biggest dryers of this type that are used for lignite drying in briquetting factories can evaporate
about 25 tph of water with 1600 tubes of a length of 8 m in a drum vith 5.6 m diameter and a total
weight of 280t. Apparatuses of this weight and increasing poblems with bearings are the limit for
a further increase of the throughput. Therefore this dryer is not really an option for a real power
plant but represents the state of the art of lignite drying with experiences for nearly 100 years.
Concerning the energy e ciency of dryers like this one, the krgest problem is that the latent heat of
the humid air can only be recovered in heat exchangers with attinuously decreasing temperature
on the cooling side due to the decreasing dew point of humid ai In this case the preheating of the
combustion air (12-13) therefore is limited to 55 C providing a minimum temperature di erence of
30 C. Two thirds of the energy fed to the dryer are contained in the exhaust vapour (8, see Figure
6.9) and released without further usage. The electrical sélconsumption of the dryer is assumed to
10 kWs/kg of raw coal.

6.2.5 Steam uidised bed dryer (SFBD)

During steam uidised bed drying [Pot81, WMJ83, WKH91] (Fig ure 6.10) the raw lignite (d <6mm)
is fed to the top of the dryer (1), uidised with slightly supe rheated recycled exhaust vapour (7)
and additionally heated with saturated steam (4) condensirg in heating tubes mounted inside the
dryer.
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1 kg raw coal (53.3wt.%)

29 kJ/kg
air 6

7~ 11 kilkg

steam 4
1748 kJ/kg

condensate 5
386 kJ/kg

condensate 9

exhaust vapour 8
27 kJ/kg

1092 kJ/kg
air preheating 12-13

191 kJ/kg
cooling 2-3 . .
37 kilkg Figure 6.9:
dry coal Energy ow chart for the steam
55 kJ/kg (12.0 wt.%) heated rotary tube dryer

To provide su ciently high heat transfer, the temperature o f the heating steam ranges about 40C

above the drying temperature. The sensible heat of the condesate (5) can be recovered in the
preheating of the main steam cycle. The larger part of the exhust vapour (9), which is not used
for uidisation can be used for the preheating of combustionair or { as shown in Figure 6.10 { for

electricity generation in the primary or a secondary steam gcle. Even if the vapour (8) leaving

the dryer is cleaned by an electrostatic precipitator, it is not pure enough to be used directly in a
turbine. Therefore a secondary steam generator has to be itelled [EBWE96].
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Figure 6.10: Steam uidised bed drying
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1 kg raw coal (53.3wt.%)
29 kJ/kg

blower
12 kJ/kg

steam 4
1729 k/kg

uidisation steam 6
1139 kJ/kg

dryer 2909 kJ/kg

latent heat 9-12
1047 kJ/kg

condensate 5
403 kJ/kg

cooling 2-3 ; .
46 kdlkg Figure 6.11.:

dry coal Energy ow chart for the steam u-
56 kd/kg (12.0wt.%) idised bed dryer dryer

waste heat 12
218 kJ/kg

The condensate (12) also has to be cleaned prior to further s since it still contains coal particles
and the pH value ranges in the acid region. From the energy baince in Figure 6.10 it is obvious,
that the large energy content of the exhaust vapour (9) has tobe recovered completely for providing
high total e ciencies.

The coal leaves the dryer with a temperature of 110C and a water content of about 12 wt.% and is
cooled down to 60C. The fraction of uidisation vapour (6, 7) depends on the physical properties
of the raw lignite ( neness, caking tendency). In the operaton of the large scale demonstration
plant at the Loy Yang power station, Australia, 0.73t vapour per t of raw coal have to be recycled
[ST96].

6.2.6 Steam uidised bed drying with internal heat recovery (WTA)

In a steam uidised bed dryer with internal heat recovery (WT A, “Wirbelschicht-Trocknung mit
interner Abwarmenutzung', Figure 6.12) [Klu88, KKL94, KH96] the raw coal (1) is dried like in
the SFBD process in a steam (8) uidised bed. Unlike during the SFBD the heating steam (13) is
recompressed exhaust steam (10).

By the three stage compression with water injection (12) thetemperature and enthalpy is increased
to a level that the latent heat can be used for the heating of tre dryer. This way the process acts as
a heat pump, recovering the latent heat on expense of the elétcity required for the compressor.
Additionally the sensible heat of the condensate (18) is reavered completely during (indirect)
preheating of the raw coal. By this, all energy rich streams @ recycled within the process, see
Figure 6.13. The coal leaves the dryer with a temperature of 10 C and a water content of about
12 wt.% and is cooled down to 60C to prevent self combustion. The energy of the (small) exhast
vapour ow (9) can be transferred to the preheating of the steam cycle.
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0.110| 110.3,
0.915|2467.0

)

0.110] 110.3
0.470[1265.0
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bed dryer L
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0.125| 124.2
0.446(1214.0

12.2 kWs/kg "aW

04
0.101| 60.0
0531 552 dry coal

12.0% '

14

0.500| 151.8
0.564| 361.2

0.500| 151.9
0.564|1551.0f 15
0.150| 111.3]
0.564| 361.2 16

7.8% 0.150| 111.3 0.110| 109.0
0.044] 118.1 0.044] 118.1 cooler

10
* vapour compressor 0.110] 110.3
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03
0.110| 110.3
0.531| 101.6

12.0%

11 09
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19 0.500] 111.3 —]
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0.455] 76.2 ¢ > Strearn #

01 cooled water piMPal | T[] 20
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1.000] 29.0 w i x %) 0015 6.7

53.3%

raw coal

Figure 6.12: Steam uidised bed drying with internal heat recovery

1 kg raw coal (53.3 wt.%)
29 kJ/kg

11 exhaust vapour +

12 condensate 1375 kJ/kg
uidisation
steam 8

1214 kd/kg

preheating 18
212 kJ/kg

waste heat 19
76 kJ/kg

blower
12 kJ/kg

compressor
176 kd/kg

dryer 2942 kJ/kg

heat 9-20
33 kJ/kg

cooling 3-4
46 kJ/kg

condensate 20
7 kd/kg

dry coal
55 kJ/kg

Figure 6.13: Energy ow chart for the steam uidised bed dryer with internal heat recovery dryer
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6.3 Energetic analysis

The total e ciency of the power station 22{

on the one hand as the product of an e ciency factor f

dry
net

ow
and the raw coal red e ciency

(based on the lower heating valueH 2) can be written

raw
net -

On the other hand it is the product of the thermal e ciency fac tors of drying processfth:dlo and
steam generatorf th:sgr of the electrical e ciency factors (self consumption) of drying process and
power plant (f ¢.q, fep.pp), Of the steam cycle e ciency factor f and of the steam cycle and steam
generator e ciencies of the raw coal red power station ( &", &"), see the illustration in Figure
6.14.

raw f dry
net ' net

o o — m m m m m — —  — — — — — — — m m m  m m m — — m m — —  — — — — ———— i — — ———————————

I
I ) . I
I _______boundary for electrical connections __ __ } ,,,,,,,,,,,,,,,, !
1 } 1
1| ' 1
I Gt : mp ‘ I
1 1 ; Pel:dp P pp
: 1 Gih :1g ; :
\ |
I I
| fth :dp ! !
[ N SN raw ¢ raw I
| ; Il | sg th :sg sc sC | f el dp f el :pp !
I Y T T T ! —_ = [ | — |
! samaman il | ! A P P
| | |
1! i | | | I ! "
Hiay 11 ! proggggg(dp) : Hdy steam ; Q steam p glross dry p ﬁ\lfter dp } Ip "IEI
| low | el el el
—— ) } ~p| generator | cycle —p{ water \ —p( power —f—f—’
i dewatering | I I I I ] removal ' station
L : process I | (s9) | | (sc) o ! ‘ P!
| |
Lo ' I 1 ! ! o 7'y [ \ P
[ | | | K | | 7'y T b i :
00ty L v L I R _ K
p e 4-F1--" | electrical |
: ! g?;g?ary Gy * G air ; self consumption :
\ |
: ; Gh:p * Oin :ph | :
I
[ I Pei:d I
1! Gth :loss i |
I I

Figure 6.14: lllustration of the calculations

For the calculations the thermal heat ow Qy, which is transferred to the steam cycle is set to a

constant value for all processes, see Table 6.1. The boileroency S = sg" Tin:sg (Calculated
according to [DIN94]) of a dry lignite red power plant depends on the water content of the coal.
Itis increased by the e ciency factor f .., compared to the e ciency of a raw coal red boiler due

to the reduced heat losses by hot ue gas.

Additionally the heat ows between boiler, steam cycle and dying or dewatering process have to
be regarded in the calculations. The thermal e ciency factor of the coal preparation processfy, .y,

includes additional heat ows to boiler (sensible heat of dy coal ¢, .4, and preheated combustion
air Gy .,) and steam cycle (feed water preheating ¢.,,) as well as the heat demand of the

process Q.4 Sgy (from a secondary steam generator). The additional increas in lower heating

value by decreased water content can be calculated from theemoved water m, ... (kg water

removed per kg of raw coal, calculated from the water contert w) and the heat of evaporation
h

evap*

From these considerations the equations for the calculatio of the raw coal mass ow to the power
station m,,,, and the thermal e ciency factor f .., result.

— dr
m - QTh:sg + rﬂraw( qh g™ sgy qh;ph) . (6 2)
—raw raw raw ] .
|_|Iow + qh:sg |_|Iow + qh:sg
raw — dr
f _ |_|Iow + mwater hevap Oth fg™ sgy + Qh:ph . (6 3)
thdp - raw ) .

low
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Table 6.1: Basic design data

Power station process Steam generator e ciency

steam pressure to MP turbine 5.55 MPa 53.3 wt.% German lignite 89.7 %
steam temperature to MP turbine 599 C 22.0 wt.% German lignite 91.7 %
net heat to steam cycleQ 1078 MW 12.0 wt.% German lignite 92.0 %
electrical power (basis)PJ*® 550 MW 62.0 wt.% Australian lignite 88.7 %
ue gas temp. after air preheater 160 C 22.0 wt.% Australian lignite 91.8 %
reference temperature 10 C 12.0 wt.% Australian lignite 92.1 %
condensation temperature 246 C

isentropic e ciency MP turbine 93 % Properties of lignite

isentropic e ciency LP turbine 88 % speci ¢ heat capacity (db.) 1.4 kd/kg
e ciency of steam cycle 51 % upper heating value (25 C) daf. 24.45 MJ/kg
isentropic e ciency compressor 85 % ash content German lignite 8 %

e ciency generator / motor 98 % ash content Australian lignite 2 %
Combustion air  (15% excess air) thermal losses (power station)

German lignite 4.158 kg/kg raw coal | radiation 0.375 %
Australian lignite 3.588 kg/kg raw coal |slag / ash 05 %
air humidity 0.006 kg/kg dry air

Table 6.2: Concepts of processes, heating sources and exkawvapour usage
# process / concept energy source exhaust vapour usage

1 raw coal red power station (reference)
2 drycoal red power station (max. e ciency without energy d emand for drying)
3a SHRTD steam heated rotary tube dryer bleed steam (MP-turtine) -

3b SHRTD bleed steam (MP-turbine) air preheating

3c SHRTD secondary steam generator (ue gas) air preheating

4a SFBD steam uidised bed dryer bleed steam (MP-turbine) -

4b SFBD bleed steam (MP-turbine) air preheating

4c SFBD bleed steam (MP-turbine) steam cycle (LP turb.)
4d SFBD secondary steam generator (ue gas) secondary turlpie

5 WTA steam uidised bed dryer with internal heat recovery
6a MTE mechanical/thermal dewatering bleed steam (MP-turbine) -

6b MTE bleed steam (MP-turbine) air preheating

6¢c MTE secondary steam generator (ue gas) air preheating

7a MD mechanical dewatering at 100C  bleed steam (MP-turbine)

7b MD secondary steam generator (ue gas)

8a TD thermal dewatering bleed steam (MP-turbine) -

8b TD bleed steam (MP-turbine) air preheating

8c TD secondary steam generator (ue gas) air preheating
Wraw Wdry .

— — dry . — . —
QTh - QTh:sg_ SErJy ! Qh:sg - Qh:dry + Qh:air ) mwater - (6'4)

1 Wary

If the drying or dewatering process is heated with bleed stea from the turbine, this stream is
taken into account in the decrease p,.,,» Of electricity output from the turbine as the additional
electricity production  p,. p in the low pressure turbine from the exhaust vapour heat recoery
(only for the SFBD concept) for the calculation of the steam g/cle e ciency factor.

gross raw grossdry
f = I:)el rnraw( Pei:mp peI:LP) — I:)el . (6 5)
sc P gross raw - P grossraw - :

el el

The electrical self consumptionPel:dIO of the drying process (preparation, crushing, grinding, pever
loss due to bleed steam pg.yp =  Gp.mp= 4) @s Well as the additional electricity production in
a separate turbine Pg.qp = My, Pe.p, during SFBD) are taken into account in the electrical
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e ciency factor f of the drying process.

el:dp

grossdry
I:)el I:)el:dp + P

el:dp = Pgrossdry
el

f elidp . (6.6)

The electrical self consumption for coal preparation and cal grinding or crushing is estimated to

26 kWs/kg of raw coal for all drying concepts. Similarly the electrical e ciency factor fel:pp with
respect to the self consumptionPel:pp of the power plant is calculated.
gross dry afterdp
f - I:)el Pel:dp + I:)elzdp I:)el:pp - I:)el I:)elzpp - Pen|et . (6 7)
el:pp grossdry after dp afterdp * '
I:)el I:)elzdp + I:)elzdp I:)el I:)el

The self consumption (normally about 5 %) is decreased due t¢éhe reduced volumetric ow of air
and ue gas and less e ort for milling proportional to the red uction in coal mass ow. This can be
estimated by

P

etpp = 0:05PF™ (1 (fy () 1)0:4): (6.8)

For a comparison of investment costs the dimensions of the Isc aggregates for the dierent
concepts can be compared by scaling factors for the raw coal ass ow (concerning mills, boiler
and ue gas cleaning) and the thermal heat ow to the steam cyde (concerning boiler, heating
surfaces, turbine, condenser) at a constant net electricatapacity of the power station:

i mdry coalI red i dhry coal red

scaling — "Uraw coal scaling = =t :

f boiler T mraw coal red net and f steam cycle Q{aw coal red et . (6-9)
—raw coal PS® = const: h P~ = const:

The basis for these calculations are the results from the prgous section and the design data in
Table 6.1. Several di erent possibilities for the connecton between coal drying and power plant
were calculated according to Table 6.2.

6.4 Overall e ciency

In the following the results of the calculations shown in Figure 6.15 to Figure 6.18 are discussed.

The complete results are given in Tables 6.3 and 6.4. As showy the values off,?g and the total
e ciencies! = ﬁ{g{ in Figure 6.15 the highest e ciency increases can be reachethy the process
concepts optimised energetically and heated with bleed stam or electricity (8-12 %). In the former
case the highest e ciencies are reached since the steam hasleased most of the mechanical work
just before it is used for the dewatering or drying process Ke in cogeneration. In the latter
case (WTA) the latent heat of the exhaust vapour is upgraded ly the compression. Since the
electricity used for the compression is already produced wh a lower overall steam cycle e ciency,

the e ciency factor for WTA is slightly lower.

Using steam from a secondary ue gas heated steam generatoedds to lower e ciency increases
especially for the processes with a large speci ¢ energy deand. In Figure 6.16 the speci c thermal
energy feed from outside is given for all processes. Eleatity is weighted with ﬁ?{ From the
values it becomes clear that the high e ciencies for all dewaering processes (TD, MD, MTE) {
even if heated with steam from a secondary steam generator {asult from the low specic heat

demand.

LE ciencies are given based on the lower heating value. The e ciencies based on the higher heating value are
listed in Tables 6.3 and 6.4. E ciency factors %Y are valid for e ciencies based on the LHV as well as for those
based on the HHV.
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G't'a'rt;nlalrll ,”.q.n.if‘?. S—— Australian lignite
TD (SSG / HR air) 8¢ =47 .4% =49.4%
TD (BS / HR air) 8b =48.4% =50.7%
TD (BS / no HR) 8a RXKKKIKKAKKA =47.5% =49.5%

VD (550) 7 N ~<:..> | I 50 %%

MD (BS) 7a =48.9% =51.5%

MTE (SSG / HR aif) 6 0.3 | I -5
MTE (BS / HR air) 6b =49.1% =51.7%

MTE (BS / no HR) 62 [RXOORIKIK] =48.3% =50.9%
WTA 5 [T =48.3%

SFBD (SSG / HR SSC) 4d | =46.29 | =46.6%
SFBD (BS / HR SC) 4c =49.0% =51.3%

=50.3%

SFBD (BS / HR air) 4b A =48.7% 1 =50.2%
SFBD (BS / no HR) 4a =47.3% =48.6%
SHRTD (SSG / HR air) 3c ! =43.7% ! =43.2%
SHRTD (BS / HR air) 3b ] =48.3% ] =49.8%
SHRTD (BS / no HR) 3a RO =47.3% =48.8%
max. e ciency increase 2 -
PR S P P P I Sl P ) P e P e N P P S P e
0O 2 4 6 8 10 12 14 16 O d2 4 6 8 10 12 14 16 18 20 22 24 26
. ry
E ciency factor f,f 1 [%]
SC: steam cycle SSC: secondary steam cycle
heat recovery (HR): |:| total /] partial m none
energy supply: [ etectricity [ bleed steam (BS) Il sccond. steam gener. (SSG)

Figure 6.15: E ciency factor and overall e ciencies ﬁ?{ (basis: [&Y=43.5% for German coal

and 43.0 % for Australian coal)

In the SHRTD and SFBD process more than 2.8 MJ/kg have to be suplied to the process, since
not only the water is heated up and evaporated but also coal ad air (SHRTD) have to be heated
up. High e ciencies can only be reached if the exhaust vapourenergy is completely recovered
which is practically impossible for the air-vapour mixture leaving the SHRTD. Therefore at high
water contents the full potential of e ciency increase can be realised only by dewatering processes
with low speci ¢ energy demands.

For all concepts variations in the electrical self consumpion of 10 kWs/kg or water contents of
1wt.% lead to changes in the overall e ciency of about 0.1 percentage points. Therefore the
uncertainty in some of the assumptions does not have a large ect on the results presented.

TD -1
MD -1

MTE -1

Australian lignite, 62.0 wt.%

WA German lignite, 53.3 wt.%

N
S 777777 7777 77 7

I B S PR AR Figure 6.16:
0 500 1000 1500 2000 2500 3000  gpecjc energy demand for water removal
speci ¢ energy demand g =¢ [kJ/kg water removed] with the di erent drying technologies
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German lignite Australian lignite _

TD (SSG / HR air) 8¢
TD (BS/HR air) 8b |-

TD (BS/no HR) 8a - R
MD (SSG) 7b |
MD (BS) 7a |

MTE (SSG / HR air) 6¢c |-
MTE (BS / HR air) 6b -
MTE (BS / no HR) 6a -

WTA S5 |-

SFBD (SSG / HR SSC) 4d
SFBD (BS / HR SC) 4c |-
SFBD (BS / HR air) 4b |-
SFBD (BS/no HR) 4a |-

SHRTD (SSG / HR air) 3¢ -
SHRTD (BS / HR air) 3b

SHRTD (BS /no HR) 3a |- R

max. e ciency increase 2 -

-6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8 10

Scaling factor steam cyclefsear ge 1 [%]

Figure 6.17: Scaling factor steam cycle

German lignite ___
TD (SSG / HR air) 8¢ |-
TD (BS / HR air) 8b |-
TD (BS/no HR) 8a |- PRI |- XXX XXX XXX XXX XN

Australian lignite

VD (eSO To |  ——
MD (BS) 7a | -
| |
MIE@ESG/MRance | I—  ——
MTE (BS / HR air) 6b | -
MTE (BS/no HR) 6a |- PO = DXAHIXAKHXX KX XK KKK XXX KX XX
WTA 5 (R R

SFBD (SSG / HR SSC) 4d
SFBD (BS / HR SC) 4c
SFBD (BS / HR air) 4b
SFBD (BS / no HR) 4a

SHRTD (SSG / HR air) 3¢
SHRTD (BS / HR air) 3b
SHRTD (BS / no HR) 3a

max. e ciency increase 2

P P P PR P
-14 -12 -10 -8 -6 -4 -2 0O -20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0

Scaling factor boiler f 2" 1 [9]

Figure 6.18: Scaling factor boiler

6.5 Power plant dimensions

In Figure 6.17 and Figure 6.18 the scaling factorsf Soam?, . and f 55t are given. For the pro-

cesses using bleed steam or electricity and having high specenergy demands, the steam cycle
throughput is increased by 4 to 10 % while it is about 2 % smalle for very e cient processes, which
use steam produced in a secondary steam generator.

An exception is the SFBD with a secondary steam cycle (SSC).r this process the implementation
of a secondary turbine for the recovery of the exhaust vapouenergy leads to a larger decrease (up
to 8%) in the size of the main steam cycle. Nevertheless the decase in the main boiler size for
this concept is smaller than for most of the others, since theoverall e ciency increase is smaller.
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Table 6.3: Calculation results for German coal
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6.5 Power plant dimensions

Table 6.4: Calculation results for Australian coal
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104 6 Combination of lignite drying and dewatering with powe plant processes

Accordingly the decrease in boiler size is high for the conges with a high overall e ciency. Since
both boiler and steam cycle contribute to a large proportion of the costs of the power station itself,
the reduction in the size of these components can also compsate a bigger proportion of additional
investment costs for the implementation of a drying or dewatring process [BSS04].

6.6 Concept for a dry lignite red powerplant

From the dewatering and demineralisation results and the e ciency calculations it is obvious, that
the implementation of a dewatering process like MTE into a paver plant has many advantages, see
Table 6.5. Reducing the water content prior to combustion leads to an increase of heating value
and a decrease of C@ emissions resulting from a higher e ciency as described in lhe last section.
Furthermore the water removal { which provides large mass ows of water for other applications {
eases the process engineering for mills, burners and the lami itself. The new technology resembles
that of a black coal power plant and is much cheaper than conwvational ones. Additional bene ts
result from the lowering of the fouling potential of the coal since alkali components are partially
removed with the coal water. This way the furnace exit tempemture can be increased slightly.

Table 6.5: Bene ts of dry coal technology in lignite combustion

Reduction of the water content of raw lignite to T .
about 20 to 25wt.-% Simpli cation of the ring system

(‘black coal system’)

Hot gas coal drying no longer required
Beater wheel mills replaced by bowl mills

Cleaned water available for other
applications

Increase of the net heating value

Partial removal of the alkali components of the )

coal with the water Lowering of the fouling potential of the coal

Signi cant reduction of the high pressure
heating surfaces

Reduction of the mass-specic air and ue gas ) Reduction of the stack loss
volume Increase of the boiler e ciency

Reduction of the power consumption of the
plant (mills and fans)
+ +
Decrease of the CQ emissions to the same level

as for black coal Reduction of boiler cost

The most remarkable change is the reduction in the mass speci ue gas volume and ow rate
(Figure 6.19) which leads to a smaller boiler size and a reduion in heat transfer surface. The
self consumption of the boiler is also smaller due to the redetion of power consumption for fans
and mills. Even though the boiler size can not be reduced in aopliance with these values in
consideration of the higher ring temperatures resulting from the increase in heating value, they
give at least an idea of possible savings.

Concerning the physical properties of the coal further advatages for the power plant arise from
the dewatering since the brown coal gets more similar to harccoal after the MTE treatment. This
has remarkable consequences for the layout and operation tiie ring systems and the boiler itself.
Due to the reduced water content there is no necessity to usedt ue gas for coal drying, as it is
needed for raw coal. For grinding the MTE coal bowl mills, as sed for hard coal, can be utilised
and burners and ring systems as for hard coal can be used.

In cooperation with Alstom Power Boiler, Stuttgart, and Die enbacher GmbH & Co. KG, Eppingen,
a concept for the implementation of the MTE process in a powerstation process was developed.
The scheme of the installation which takes into account all banges is shown in Figures 6.20 and
6.21. The power station has a capacity of 500 MVWy,. Main components installed additionally for
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the integration of the MTE-process are the machinery for thedewatering process (coal preparation
and MTE press), the auxiliary steam generator for the MTE process steam and the additional air
preheater for the utilisation of the ash steam (not shown).

The heating surfaces of the MTE steam generator are arrangetbetween the economiser and the
combustion air preheater of the boiler. Therefore there is o direct steam-sided connection between
the power station process and the MTE steam generator. Thiss advantageous for the operation
of the MTE plant and for the arrangement of the boiler heating surfaces. The separation of both
steam cycles is also more economical since the requiremerda the steam (and water) quality are
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Figure 6.20: 500 MW, power station with MTE plant and dry lignite ring (Designed by Alstom
Power Boiler) [BSS04]
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Figure 6.21. 500 MW power station with MTE plant and dry lignite ring, 3D arrang ement
(Designed by Alstom Power Boiler)

much lower in the MTE process. The MTE steam generator is congucted as a bu er with pressure
uctuations between 3.7 and 4.3 MPa to equalise the energy dmand of the three MTE process lines
on the power station.

There are three MTE lines for the dewatering installed including a system of coal preparation
utilities and bunkers. Since the permeability of the coal lgjer is of crucial importance for the
uniformity of the heating with water and steam, roll sizers are installed for the separation of
ne particles which later form the coal layer on the bottom of the transport belt. By this a
so called gradient layer is formed which guarantees a homogeous ow by increasing the uid
pressure loss during the progress of the heating front [Biel) Cro03]. Each bunker contains the coal
demand / output for 15 minutes and acts as interface between e batch dewatering process and
the continuously working power station. Each MTE line provides the coal for one bowl mill which
feeds one burner level. This is also the usual arrangement fdnard coal red power stations.

First calculations have proven, that the savings for reducel coal demand and self consumption
and from the simpli ed ring system and boiler design compensate for the additional MTE cost.

This way, the cost of an integrated MTE power station correspond approximately to the cost of

a conventional, high e ciency power plant like the new BoA power station of RWE Energie in

Niederau em.
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In the work at hand basic experimental results for the mechaical/thermal dewatering (MTE) dur-
ing which lignites or other moisture containing materials are dewatered by the combined application
of heat and mechanical forces have been presented. Modelsnealeveloped for the description of
the kinetics during the dewatering of di erent materials and physico-chemical properties of MTE
products have been investigated. E ciencies for power plan concepts with di erent drying and
dewatering processes have been calculated and it has beenopen, that the MTE process is a
remarkable advance on the existing methods.

Dewatering kinetics Dewatering experiments for three di erent lignites from Germany, Greece
and Australia have shown, that for all coals nal water contents between 25 and 30wt.% can be
achieved at moderate pressures and temperatures. The dewaing kinetics depending on time,
temperature and pressure can be described by a new model deed from soil-mechanical funda-
mentals, rheology and rate-process-theory (Chapter 3.2)Due to di erences in lignite composition

and behaviour during dewatering, the experimental determnation of some model parameters is
necessary for each coal.

Activation energies were determined from the dewatering egeriments, which showed two consoli-
dation phases, namely a primary and secondary consolidatio ("creep') region. It can be deduced
nally, that the drainage of water is the dominating process in these phases. While the water from
larger capillaries and inter particle fractures is removedduring primary consolidation, the water

from small pores is expelled during the creep phase. The expgments also provide a clear distinc-
tion between the e ect of the so-called "thermal dewatering due to heating of the lignite and the

subsequent mechanical expression.

A rheological model was presented for the description of thelynamic behaviour of lignite during
mechanical/thermal dewatering. The dewatering during the MTE-process is described depending
on the technically relevant process parameters time, temp®ture, pressure, lignite permeability,
creep velocity and the initial height of the coal lling in a p ress. Lignite permeability is expressed by
the modi ed consolidation coe cient Cg, creep velocity by the coe cient of secondary consolidatian
C and the height of the coal lling is expressed as solid volumeper unit sectional area! q.

The model was veri ed comparing the calculations with expeimental data in a wide range of pro-

cess parameters and it provides an excellent prediction of @lvatering kinetics and water contents

for the three lignites investigated. The same model was alsapplied successfully to the description

of the dewatering of other carbonaceous materials. Due to th good agreement of experiments
and model, the model and experimental procedure developedithis work are also applicable for

the investigation of other coals and moist materials and forthe technical process design. How-
ever, theoretical and experimental results also provide a deper understanding of the consolidation
process.

Additional experiments and calculations have been perforred for a detailed analysis of the hydraulic
pressure drop during the expression of water from lignite. i was found that the di erences in
geological history result in large variations of the lignite permeability and have remarkable in uence
on the duration of the primary consolidation. From the results it is also apparent, that at low
temperatures the initial lignite height feasible in technical scale plants is limited by the increasing
time for the completion of the primary consolidation. This limitation has to be considered especially
for lignites with low preconsolidation pressures or duringthe mechanical/thermal dewatering of
suspensions and sludges which form Iter cakes with a low peneability. For such materials a
di erent technology has been developed, which takes into aoount the speci ¢ requirements.
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It was found from detailed analysis, that the best operating point for the MTE-process is near
200 C and 6 MPa. At higher temperatures the thermal decomposition increases, which would
cause high additional cost in the plant engineering to prevat fouling of the Iter medium and
piping. Additionally the dry coal recovery from the processwould decrease and increasing cost also
would arise from higher pressures due to the required machary.

Dry products In Chapter 3.3 it was investigated with mercury intrusion porosimetry (MIP) and
other techniques as investigative tools, how MTE processig conditions, such as temperature and
pressure, a ect the physical properties pore size distribution and pore diameters, speci ¢ surface
area, skeletal density, compressibility and shrinkage bedwiour of the three low rank coals originating
from Australia, Greece and Germany. Macro-, meso- and micrpore volumes were determined from
the MIP data and densities which were measured by helium pycametry. Additionally, micropore
volumes were calculated from the CQ adsorption experiments using theDubinin-Radushkevitch
equation.

It has been shown, that the mechanical/thermal dewatering poduces coal products with a very low
porosity, which undergo further shrinkage upon drying. The lowest total pore volumes measured
are in the range of 0.1cmi/g, which appears to be a limiting pore volume for MTE products
undergoing shrinkage during oven drying like also the dewaring is limited due to the resistance
of the solid against compression.

All samples showed fairly constant mesopore volumes, as wels surface areas, at low MTE temper-
atures. However, values increased with increasing MTE temegrature above 85C, which is believed
to be related to a hardening of the coal structure during themal treatment, resulting in decreased
shrinkage. The increase in mesopore volume for samples trea at higher temperatures also leads
to higher compressibility values measured in the high presse regime during MIP experiments. The
reverse trend was seen with increasing MTE pressure, wheréh¢ percentage shrinkage increased
up to the limiting pore volume. This is believed to be caused ly an increase in capillary forces, as
the average pore diameter of the dried products was also fowhto decrease with increasing MTE
pressure. Once the limiting pore volume had been reached, thpercent shrinkage decreased again
with increasing pressure and also temperature.

Due to the comprehensive analysis with di erent techniques the results presented in this work
provide a clear understanding, of how the MTE process a ectscoal (pore) structure and shrinkage
on drying.

Upon re-hydrating the dry MTE products in a 100 % relative humidity environment , swelling was
found to occur, where in some cases, the pore volume of the hgrdrated product exceeded the
pore volume of the original wet MTE sample. Upon exposing there-hydrated MTE products to
ambient conditions (52 % relative humidity, determination of the “equilibrium moisture content’,
EMC), a moisture loss was observed. However, at both relatie humidities, the various processing
conditions investigated had little e ect on the moisture content. No relationship between the EMC
and pore volume could be identi ed and for 100 % humidity only the MTE samples from tests
with Greek lignite showed a slight decrease of moisture comint with increasing severeness of MTE
processing. The results therefore suggest, that the water ptake behaviour may be controlled by
other factors, such as inorganic and mineral content, as welas the nature of surface functional
groups. Comparing the three coals, an increase of the moista contents at both humidities with
increasing ash content of the coal was found.

The MTE process had little e ect on the organic composition, although the volatile component of
the Australian and Greek coals decreased while the xed carbn content slightly increased with
increasing temperature, suggesting the occurrence of theral transformations.
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The investigation of the demineralisation e ect and the comparison of dewatering and leaching
results showed, that the MTE process is also a powerful techique for the removal of alkali metals,
as evidenced by signi cant reductions in the sodium and potasium content of the di erent fuels.

For the sodium concentration in lignites reductions of up to 70% were obtained, depending on
the process parameters temperature, dilution during leacing and on coal type. This reduces the
problems of slagging and fouling in power plants.

During the combined leaching and dewatering ofwheat straw (Chapter 4) up to 90 % of the water
soluble potassium and also signi cant amounts of chloride wre removed, thus proving, that the
MTE process is also suitable for the biomass fuel upgradingd prevent corrosion and slagging.

The results were veri ed in experiments with other carbonaeous materials like peat and bark and
also for di erent inorganic semi-solid materials and suspesions. In all cases a remarkable enhance-
ment of the dewatering velocity and the total amount of water removable from these materials was
found. From the results it is clear, that the MTE process allows an energy e cient dewatering and
compaction, which is essential for both biomass fuel prepation and waste disposal. The apparent
densities of the MTE products are comparable to those of commrcial lignite briquettes or wood
pellets.

Results from thermal analysis have shown, that the ignition behaviour of lignites is changd only
slightly towards higher temperatures with increasing redwction of pore volume. Thus it can be
stated, that no serious changes in combustibility have to epected when ring the MTE products
in power plants. Concerning the risk of spontaneous combugin also only a slight enhancement is to
be expected by the MTE processing. The change in “ignition teaperature’, which was investigated
gualitatively, depends on the decrease in pore volume, whitis a function of coal type and processing
conditions.

Process and plant technology Regarding the moderate temperatures and pressures which ka

to be applied, the equipment (Chapter 5) to carry out the process in technical scale is simpli ed
in comparison to other methods and the cost of investment is educed. This is the reason, why the
development of process and plant engineering was supporteoy several German companies and
could be done in the comparatively short time of 8 years (fromlaboratory scale to demonstration

plant).

The process engineering, including heating with recycled @t water and steam, was developed and
tested in technical scale at the University of Dortmund. After developing the plant technology,
a pilot scale plant was constructed within the scope of the jint project promoted by the Federal
Ministry of Education, Science, Research and Technology,nvolving the companies Die enbacher,
RWE Energie and Rheinbraun, and the University of Dortmund. Testing was done on process-
speci ¢ plant components designed to permit low-cost and réable integration of the process into
continuous power plant operations.

A further development step towards commercial implementaton of the MTE process involved
converting the discontinuous pilot press to quasi-continwus fully automatic operations with a
throughput of approximately 1.6 metric tons dry brown coal per hour. Parallel to testing the MTE
plant technology, Rheinbraun and RWE Energie investigated the feeding of the MTE press with
coal in quasi-continuous operations, treatment of the raw lvown coal and subsequent treatment of
the dry brown coal produced. The various project phases proied evidence of the cost e ectiveness
and energy e ciency of dewatering brown coal using the MTE process.

After completion of this development RWE Energie ordered a MTE demonstration plant with an
output of 15 tonnes of dry brown coal per hour, which was constcted at the Niederau em power
station and successfully went in operation at the end of 2001
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Technical scale implementation In Chapter 6 the thermodynamic basics of di erent processes
were analysed and described. It has been shown, that for ligie red power plants overall e -
ciencies above 50 % (based on the lower heating value) are féble based on available technologies,
which provides a reduction in fuel and CG, emission of about 10-20 %, depending on the local
quality of the raw coal. For the technical realisation of sud projects the existing demonstration
plants for the competing processes have to prove their opetimnal availability. Steam uidised bed
drying with and without heat recovery (SFBD/WTA) and MTE pro cess seem to have the greatest
potential, since these technologies are farthest advanceith technological development and internal
heat recovery. However, the processes show great di erensén the requirements of power station
design concerning the dimensions of important componentsKe boiler and steam cycle since they
di er in the heat and electricity demands and interconnection of heat ows between power station
and coal preparation process.

Due to the speci ¢ process design presented in Chapter 6, th®ITE process can be implemented in
power station concepts energetically optimised without lage energy ows being interconneted to
the power station itself. Moreover the electrical self conamption is very low and from the deminer-
alisation e ect additional operational bene ts arise. The se features are advantageous concerning
operational and economical reasons and unique charactetiss of the MTE process compared to all
other processes.
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Latin letters

Symbol
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Quantity

coe cient of compressibility
cross-sectional area

speci ¢ surface area
compressibility constant
compressibility constant
constant

modi ed consolidation coe cient
concentration

constant

“dashpot constant', creep constant
creep coe cient

coe cient of consolidation

modi ed consolidation coe cient
(pore) diameter

(pellet) diameter

e ective di usion coe cient

void ratio

energy

force

function, (e ciency) factor

free enthalpy

Planck -constant

height

lower heating value

number of drainage surfaces (1,2)
index variable

Boltzmann -constant
permeability

loading

lenght

mass

index variable

Avogadro -constant

pressure

total consolidation pressure
preconsolidation pressure
apparent preconsolidation pressure
speci ¢ work

power output

De nition
a= @e=@p

— 2
o = CiH?!

C @e=l@g(t)
Cc= @e=@y(ps)
C.=K(a(@+e¢)*!

e=W%%'="(1

" 1

Unit

Pa !

m?kg !
Pa 1
Pa 1
Pa 1s 1
m2s 1
kgkg *

Pa 1s 1

Jmol 1
Js

Jkg 1

JK 1
kgm 2

kg

mol 1
Pa
Pa
Pa
Pa

Wskg !



112 A Nomenclature

Latin letters (continued)

Symbol Quantity De nition Unit
q speci ¢ heat Jkg 1!
r radius m

extrusion intrusion
— (V7 m V7 m )

R mercury retention - (Vlntrusmn yntrusion )

0:0036 m 7 m
Q heat J
R universal gas constant Jmol 1K 1
t time S
T temperature K
u velocity (pore velocity) ms 1
Up Darcy -velocity Up=u" ms !
v speci ¢ volume m3kg *
v velocity of the conveyor belt ms 1
\Y volume m3
w water content (wet basis) w=m.=(m. + m)
w speci ¢ work Wskg !
Woress width of the MTE press m
W water content (dry basis) W =m.=mg
Wp limiting micro pore volume W, = Wpexp R—To ’ %0 ’ m3
X length scale m
X steam saturation
<xX> time-, volumetric-mean value of x [X]
X time-mean value x [x]
X derivative of x with respect to time X]s !

Greek letters

Symbol Quantity De nition Unit
constant
a nity coe cient
di erence
" porosity "=V V)V + VY
e ciency
compressibility Pa 1
length m
dynamic viscosity Pas
kinematic viscosity m?s 1
' humidity
% density kgm 3
surface tension Nm 1!
shear stress Pa
time constant S
normalised time, time factor = Cei?t! 4?2
contact angle rad

o solid volume per unit sectional area o= V=A m
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Subscripts and Superscripts

Symbol

0

a

C

D

di
dp
dry
el
eop
evap
exp

mech

MP
Na
pc
ph
pp
raw

SC
sg
sp
th

Meaning

starting or reference value
adsorbed

consolidation

Darcy

from di erence

drying process
correlated to the dry coal
electrical

end of primary
evaporation
experimental

Itration

ue gas

Iter cake

geological (pressure)
generator

determined by helium pycnometry

inert gas, air

liquid

potassium

low pressure turbine
mechanical

molar

medium pressure turbine
sodium

precompression
preheater

power plant

correlated to the raw coal
solid

steam cycle

steam generator
suspension

thermal

vapour

water

nal value

reference value (dewatering)
demand (energy ows)
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Abbreviations and Acronyms

AAS
BS
BoA

BOD5
COD
daf
db
DTA
DWT
EMC
HHV
HLA
HR
HTD
HWD
Ihs
LDI
LHV
LYLA
MD
MIP
MTE

PT
rhs
RPT
SC
SFBD
SHRTD
SSC
SSG
S.T.P.
tph
TD
TGA
wb

wt
WTA

atomic absorption spectrophotometry
bleed steam

Braunkohlenkraftwerk mit optimierter Anlagentechnik
(lignite red power plant with optimised technology)
biological oxygen demand

chemical oxygen demand

dry and ash free basis

dry basis

di erential thermal analysis
Dampf-Wirbelschicht Trocknung
equilibrium moisture content

higher heating value

Hambach low ash

heat recovery

hydro-thermal dewatering

hot water drying

left hand side

logarithmic di erential intrusion

lower heating value

Loy Yang low ash

mechanical dewatering

mercury intrusion porosimetry

Mechanisch/Thermische Entwasserung (mechanical/thermal dewatering)

mechanical/thermal expression
Ptolemais

right hand side

rate process theory

steam cycle

steam uidised bed dryer
steam heated rotary tube dryer
secondary steam cycle
secondary steam generator
standard temperature and pressure
metric tons per hour

thermal dewatering
thermogravimetric analysis

wet basis

weight

Wirbelschicht-Trocknung mit interner Abwarmenutzun g

(steam uidised bed dryer with internal heat recovery)
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